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Abstract: The ESA funded project SIDUAQ made it possible, for the first time in Bulgaria, to use satellite
data on atmospheric chemistry for improvement of air pollution modelling at national and local scale, and to use
TROPOMI-S5p data for elaboration of maps for particulate matter (PM) concentrations at ground-level. We discuss
the effect of satellite data assimilation in the Bulgarian Chemical Weather Forecasting System (BgCWFS) on
different pollutants concentrations based on simulations for one summer and one winter months. We present results
from downscaling of BgCWFS results for the territory of Bulgaria (9 km spatial resolution) down to city of Plovdiv
(250 m resolution) by means of the Local Air Quality Modelling System (LAQMS). The performance of the models
is evaluated based on comparison to observational data and to models from the Copernicus CAMS service. The
results of models for converting TROPOMI —S5p aerosol data to PM concentrations over Bulgaria are also outlined.

M3nonsBaHe Ha catenuTHa MHcpopmMaLmsa 3a Ka4eCTBOTO Ha aTMoccepHUA
Bb3AyX B rpaacka cpeaa B bbnrapusa — peayntatu ot npoekta SIDUAQ
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Pe3rome: poekmbm SIDUAQ, ¢puHaHcupaH om EKA, dade 8b3mMOXHOCM 3a nMbpeu nbm 6 bwbrzapus
camenumHu 0aHHU 3a ammocghepHa xumusi 0a ce usrnon3sam 3a nodobpsisaHe Ha MOOGEIHU cUCMeMU 3a Ka4ecmao
Ha ammocgpepHusi eb30yx (KAB) e HauyuoHaneH u rnokaneH mawab, Kakmo u 3a cb30agaHe Ha Kapmu 3a
pasnpedeneHuemo Ha ¢puHume rnpaxosu Yyacmuyu (®r1Y) e bvneapusi no aepo3onHu daHHu om TROPOMI —S5p.
Huckymupa ce egekma om yceosieaHe Ha camenumHu OaHHU 68 bbreapckama cucmema 3a npoeHo3a Ha
xumuyeckomo epeme (BgCWFS) ebpxy npuseMHUMe KOHUEeHmpauyuu Ha pasfu4yHu 3ambpcumeniu Ha 6asa
npecmsimaHusi 3a e0UH 3uMeH u eOuH iemeH mecel. [pedcmaseHu ca pe3ynmamu om ceexoaHe Ha U3X00HUme
OaHHU om BgCWFS (xopu3oHmarsHa pe3ontouust 9 KM) KbM JIOKaslHO HUBO 3a patioHa Ha epad [1nosdus (250 m
pesonoyusi) nocpedcmeom AucrnepcuoHHama JiokanHa cucmema LAQMS. ModenHume pe3ysimamu ca OueHeHU
Ha ba3a cpasHeHusl ¢ HabndeHUs U cpasHeHus ¢ pedynmamu om molenu Ha cucmemama KonepHuk — CAMS.
lNoka3zaHu ca u pe3ynmamu om modenu 3a KOoHeepmupaHe Ha aepo3osHu daHHU om TROPOMI —S5p kbm
npusemHu KoHueHmpauuu Ha @14 e bwrnzapus.



Introduction

Air quality issues in urban areas in Bulgaria continue to be of big concern, as EU limit values for
particulate matter concentrations are often exceeded, despite the measures for reduction the emissions
of pollutants. Better understanding of air pollution problems is the key for effective measures.
Recognizing that air pollution is a complex problem linked to various processes over different spatial
and temporal scales, requiring multi-disciplinary approach with application of different tools, the project
SIDUAQ was carried out by a team composed of two partners with complementary expertise. The
National Institute of Meteorology and Hydrology (NIMH) has a long-year experience in development and
applications of numerical air quality modelling systems at national and urban scale. The Space Research
and Technology Institute at the Bulgarian Academy of Sciences (SRTI-BAS) is the leading institution in
Bulgaria in the field of remote sensing of the Earth and regional and global monitoring of the environment
and security.

Within SIDUAQ [1, http://space.bas.bg/SIDUAQ/] we investigated the possibility of using
satellite retrieved data on atmospheric chemistry for improving the capabilities of air quality modelling
systems for surface concentrations of key pollutants at national and local level, for analysing air pollution
problems in Bulgaria, and for exploring the spatial distribution of pollutants at ground-level based on
data from TROPOMI-S5p. The results from the analysis of regional and local pollution over Bulgaria
based on multi —year GOME2 and recent TROPOMI-S5p data were presented and discussed in [2,3].

Here we focus on the results related to air quality modelling with satellite data assimilation and
on results related to converting TROPOMI-S5p aerosol data to surface particulate matter concentrations
over Bulgaria.

Results from air quality modelling with the upgraded system BgCWFS

The operational chemical weather forecast system BgCWFS [4, 5] based on the meteorological
model WRF [6] and the chemical transport model CMAQ [7], was set-up to assimilate GOME-2 (MetOP
A,B,C) data for aerosol optical depth (AOD) and the columnar NO2 (VCD_NO2) and SO2 (VCD_S02)
over 3 nested domains — Europe with horizontal resolution 81 km, Balkan Peninsula (27 km) and domain
Bulgaria (9 km). Data at the time of satellite overpass hour (set to 09:00 UTC) were used. BgCWFS is
running operationally at NIMH since 2012. The system provides 72h forecast for key pollutants — ozone,
nitrogen dioxide and particulate matter over the 3 mentioned domains, plus another two domains — Sofia
region (3 km) and Sofia city (1 km).

For SIDUAQ the system was modified for: a) calculation of AOD and vertical column densities
of NO2 and SO2; b) assimilation of GOME-2 data; c) interface for links to local air quality management
system for Plovdiv (LAQMS); d) post-processing of output to facilitate model validation. Five different
schemes were investigated for estimation of aerosol extinction coefficients and AOD [8], with the
algorithm FlexAOD [9] selected for further use. The assimilation of satellite retrieved data is made for
the three nested domains (Europe- Balkan Peninsula, Bulgaria) and to our knowledge, represents a
novelty, as in the literature satellite data algorithms applied for one domain can be found. Another
novelty is the simultaneous assimilation of AOD, VCD_NO2 and VCD_SO2.

To investigate the effects of satellite data assimilation, BQCWFS was run in two versions: mod
(without satellite data assimilation), and sat (with assimilation of satellite data). Simulations for two
periods of one month — August 2017 and February 2019 were carried out in off-line mode of BgCWFS,
with output on hourly basis for each version of the system.

The performance of BgCWEFS in the two versions was studied using different approaches: a)
analysis of (sat-mod) differences on hourly and monthly basis for different model domains; b)
comparison to observed concentrations at regular air quality (AQ) stations in Bulgaria; c) comparison to
AOD at AERONET stations; d) comparison to results of third party advanced modelling systems, or
model inter-comparison. These models include the EMEP-MSC-W [10] used regularly by the European
Environmental Agency for annual assessment of the air quality and transboundary pollution in Europe,
the operational Copernicus regional air quality system CAMS-ENS [11], and the global operational
Copernicus model providing also atmospheric chemistry data CAMS-ECMWF [12]. We will discuss
below part of these extensive analysis.

Differences (sat-mod). The spatial distribution of pollutants was analyzed for the difference
between the BgCWFS outputs with assimilation of satellite data (sat) and without satellite data
assimilation (mod). A common behavior was found for the pollutants PM10, NO2, SO2, and O3 in the
three model domains. At the time of satellite overpass hour (Hs fixed to 09:00 UTC) a disturbance in the
fields appears resampling area source of pollution. These disturbances have different shapes that
evolve in time due to atmospheric transport and transformations. The values of the differences decrease
with time and became small or disappear by the end of the day (for ozone they remain to the next day).
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More details can be found in [13]. Fig.1 shows, as example, the difference (AODsat-AODmod) in domain
Balkan Peninsula at different time intervals on a selected day. More maps can be found at the dedicated
web page http://meteorology.meteo.bg/siduag/about.html.
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Fig. 1. Time evolution of the AOD difference (sat-mod) on 22.08.2017 at h=0, 8, 9(Hs), 10, 14, 23,
in model domain Balkan Peninsula

The domain mean values of the differences (sat -mod) of surface and columnar parameters are
shown in Fig.2 for domain Balkan Peninsula. The values are monthly means for the summer and the
winter months. The assimilation of satellite data lead to an increase in all domain mean parameters,
except for NO2 and respectively VCD_NO?2. The increase in the summer month is in general higher
than the increase in the winter month. One of the reason is in the higher availability of satellite data in
summer. For SO2 (VCD_SO02) the effect in the winter month is more pronounced, and is probably linked
to higher share of emission sources from energy production.

Monthly mean differences (sat-mod) for Monthly mean differences (sat-
oz surface parameters - Balkan Peninsula mod) for columnar parameters -
= 03 Balkan Peninsula
- Aug-17 © Feb-19 Aug-17

1
10
0.5
5
o 0
s PM0  PMm25 NO2 03 s02 0s AOD VCD_NO2  VCD_soz2

Fig. 2. Monthly differences (sat-mod) in domain mean parameters for domain Balkan Peninsula, left — surface
parameters (units are pgem-3), right — columnar parameters (units for VCD are pgcm-2)

Comparison to surface observations. Data from about 34 AQ stations in Bulgaria were used to
test the performance of the two versions of BqCWFS obtained for domain Bulgaria. Stations with more
than 75% data availability were included, for PM2.5 the stations with sufficient data were 8 for the
summer month and only 4 for the winter month. The comparison of the monthly mean values (Fig.3)
indicates clear improvement of sat model results for PM10, PM2.5 and SO2. The normalised mean bias
for PM10 is reduced by the sat results by more than 30%.The notable underestimation of NOZ2,
suggested also by the domain mean values, points to deficits in the emissions data in BQCWFS.
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Fig. 3. Mean monthly concentrations (ugm-3) of OBS, and mod and sat of BgCWFS results for
August 2017 (left) and February 2019 (right)

Comparison to CAMS-ECMWE This model inter-comparison was useful in analyzing the spatial
distribution of vertical column densities, as these parameters are not measured. Domain mean columnar
parameters differ by BgCWFS and CAMS-ECMWEF, notably for columnar SO2, Fig.4. Possible reason
is linked to different emissions input. We recall, however, that at surface level the modelled values by
BgCWFS with satellite data assimilation (sat) are more closed to observational ones. The lower domain
mean values for VCD_NO?2 indicate again that the emission sources related to nitrogen oxides, used in
BgCWFS, need to be revised.

Domain averaged columnar parameters Domain averaged columnar parameter,
AUG'17 FEB'19

O BgCFWS_sat O CAMS-ECMWEF [ BgCFWS_sat [ CAMS-ECMWF

NO2_C 502_C AOD NO2Z_C 502_C AOD

Fig. 4. Monthly mean values of columnar parameters averaged in domain Bulgaria,
left — for August 2017; right - for February 2019

More results from the model inter-comparison for particulate matter can be found in [14].

Results from air quality modelling with the upgraded system LAQMS for Plovdiv

The Local Air Quality Management System of the city of Plovdiv (LAQMS), was developed at
NIMH and is being working operationally since 2004 [15].The system has 4 main modules:
meteorological pre-processor, emission modules, dispersion modules, and interface for appropriate
presentation of modelling results (Expert Module). All these modules were upgraded within the project
SIDUAQ for including satellite retrieved data on air pollution down to urban scale, but also for
incorporating more precise data for local scale emission sources on fine scale air pollution simulations.
The simulations are performed by a combination of emission module for specific group of sources
(household heating, traffic, industrial, and all) and two dispersion models complementary to each other
— Poltran (an Eulerian type) and AUSTAL2000 (a Lagrangian type, [16]). A characteristic feature of
LAQMS is the possibility to calculate the concentrations caused by different emission sources in the
city, and from outside. In this way it allows to assess the impact of the different groups of emission
sources on the air quality and to take the most appropriate action for air quality improvement.

LAQMS was set-up for 2 domains: domain “Plovdiv region” (horizontal resolution 1kmx1km) and
domain “Plovdiv city” (horizontal resolution 250x250m), Fig.5. The systems was linked with the output
of BQCWFS. The output of BgCWFS for the two domains consisted in 24 meteorological parameters at
surface level and 8 pollutants. For some meteorological parameters 3D data using the 11 lowest vertical
levels of BgCWFS were extracted. Using the meteorological pre-processor of LAQMS the hourly data
from BgCWEFS were reformatted and interpolated to the computational grids of LAQMS. The value of
the parameter at a point of the computational grid is obtained as a linear interpolation from the four
points of the BQCWFS grid between which the point of the computational grid falls.
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Fig. 5. The computational grids for Plovdiv: domain “region” (left) and domain “city” (right)
black dots: BgCWFS’s grids points for wind components data, red dots: BgCWFS’s grids points for other
meteorological & pollutants variables, shaded areas — settlements

Upgrade of the emissions in LAQMS. The emission module of LAQMS was significantly modified
applying a “bottom-up” approach for emissions inventory in ArcGIS environment. This approach is a
novelty in urban air pollution modelling in Bulgaria. The emissions from the traffic and the household
heating were compiled based on data from traffic camera and answers in 450 questionnaires on type of
heating distributed in the city of Plovdiv. Fig.6 shows as example the emissions of PM10 from household
heating and road traffic.
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Fig. 6. Emission of PM10 (kg/h) left: from the residential heating,
right: from the segments of the road network in the city of Plovdiv

Comparison to surface observations in Plovdiv. The LAQMS model results were compared to
data from the two automatic monitoring stations in the city — Kamenitza station (urban background type)
and Trakia station (traffic station). Fig.7 and Fig.8 show observed and modelled monthly mean PM10
concentrations for the two months, respectively for each station.

PM10 mean FEB'19 - Kamenitza PM10 mean AUG'17 - Kamenitza
60 60
40 40
. l l . - -
0 0
NO sat data WITH sat data OBS NO sat data WITH sat data OBS
B Household heating ™ Traffic ™ Industry = Background from BgCWFS B Household heating W Traffic M Industry m Background from BgCWFS

Fig. 7. PM10 concentrations (ugm) at Kamenitza station; left — mean for February 2019; right —
mean for August 2017; OBS- observed PM10, the modelled values LAQMS+BgCWEFS are without
(No sat data) and with satellite data assimilation (With sat data); The colors indicate the contribution
of different sources to the total modelled PM10
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Fig. 8. PM10 concentrations (ugm3) at Trakia station; details as in Fig. 7

The LAQMS results provide the PM10 concentrations due to various emission sources —
household heating, traffic, industry, and the background concentrations, provided by BgCWFS. As seen
in Figs. 7, 8 the contribution of the household heating to PM10 concentrations is significant in the winter
month at both stations, on average it is about 45%. The contribution of the traffic is more evident at
Trakia station, especially in the summer month, when it contributes with 78% to the monthly mean PM10
concentrations. The effect of the satellite data assimilation is seen in the contribution of the “background”
provided by BgCWFS. This contribution is on average 36% for the summer month, and 25% for the
winter month.

In the “satellite” case, the background concentrations are by 50% higher for February 2019 and
by 95% higher for August 2017 with respect to “no satellite” case. The relatively big difference in the
contribution of the background concentrations in “no satellite” and “satellite” cases indicates the
important of the satellite data inclusion in the systems BgCWFS and LAQMS. In fact, the relative error
between model and observation, averaged for the two stations and two months, was reduced from
modulus value 16% in case without satellite data assimilation to modulus value 9.6% in case with
satellite data assimilation.

More results from the simulations with LAQMS can be found on a dedicated web page,
http://meteorology.meteo.bg/siduag/about.html.

Upgrade of the Expert Module of LAQMS. The output of the LAQMS system is on hourly basis
— hourly maps of pollutant concentrations. On the other hand, most of the air quality standards are
defined on daily, monthly, seasonal or yearly basis. The “row” hourly information is not very convenient
to use by the air quality decision makers. The task of the Expert module of LAQMS is to post-process
the hourly concentrations into values more meaningful for local AQ experts. A notable feature of the
LAQMS and its Expert module is their possibility to simulate separately the dispersion of pollutants,
emitted by different group emission sources - household heating, traffic, industry. Fig.9 shows, as
example, screenshots of the Expert module for mean monthly PM10 concentrations in the city in
February 2019 caused by the residential heating, and by the traffic in the city.

T - T T -

Fig. 9. Mean monthly PM10 surface concentration for Feb 2019;
left: from residential heating, right: from the traffic
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Inferring PM10, PM2.5 at ground level from TROPOMI-S5p

Collection and processing of TROPOMI-S5p data and data observed at the ground. Fig.10
shows the algorithm for collecting TROPOMI-S5p level 2 AAI data in two different wavelengths — 340—
388 nm and 380-354 for the territory of Bulgaria (BG).

NO

Fig. 10. Algorithm for collecting AAI data from TROPOMI S5p for the territory of BG

DB-S-5P-Pre Ops Product Type-L2_AER_AI —this is the Source Product Type-L2_AER_Al file,
available from [17]

FID-BG — controls if L2_AER_AI —files are available for the territory of BG

SDB-AAI-BG Product Type-L2_AER_Al is the created Data Base with L2_AER_AI —files for the

territory of BG.
A database was created with all files containing AAIl data over Bulgaria for the period from July
2018 to December 2019. The next step in the processing of these data is the conversion from AAI to
AOD. The algorithm, shown in Fig.11, is based on empirical relationship [18]. A toolbox model was
elaborated in ArcGIS environment for the automatized conversion of the database files from AAl to AOD
for the territory of Bulgaria (SDB-AAI-BG to SDB-AOD-BG).

DB-BG-S5P-
TROPOMIProduct m
Type-L2 AER Al ' K SDB-AAI-BG

AOD = -0.01848 + 0.145414+AAl
SDB-AAI-BG SDB-AOD-BG

Fig. 11. Algorithm for conversion of AAl to AOD for files for the territory of BG (SDB-AAI-BG to SDB-AOD-BG,
DD — Decimal Degree, SDB-AAI-BG — Sub Data Base of AAI for territory of Bulgaria, SDB-AOD-BG - Sub Data
Base of AOD for territory of Bulgaria

The data for PM10 and PM2.5 observed at automatic monitoring stations (AMS), maintained by
the national Executive Environmental Agency, were downloaded from [19] and processed for extract
data at the time of the satellite overpass (the hour closest to the satellite overpass time is used).
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Models for converting AOD to PM10 and PM2.5 at ground-level. Different models for AOD to
PM10 and PM2.5 conversion were created in a toolbox in ArcGIS, see Fig. 12.

3 COVERTION
SDB-AAI-BG AAlto AOD
rfA_’—'\

] —— RA _ RE

3 Phlﬁ 3 \'; ,.J 3
CCF < FMC
Pllz; l AOthPMg@_

Fig. 12. Block diagram of different models for AOD to PM10 and PM2.5 conversion

The abbreviations refer to:

SDB-AMS-BG PM2.5 - SubDataBase with measurements of PM2.5 by AMS in BG
SDB-AMS-BG PM10- SubData Base with measurements of PM10 by AMS in BG

RA PM2.5 — Regression Analysis between AOD and PM2.5 using SDB-AMS-BG PM2.5 and SDB-
AOD-BG

RA PM10 — Regression Analysis between AOD and PM10 using SDB-AMS-BG PM10 and SDB-

AOD-BG

RE PM2.5 — Regression Equation after AOD and PM2.5 using SDB-AMS-BG PM2.5 and SDB-AOD-

BG

RE PM10 — Regression Equation after AOD and PM10 using SDB-AMS-BG PM10 and SDB-AOD-

BG

EFC PM2.5 — Equation Function Calculation using minimizing of Discrete Function Measurement

(DFM) from SDB-AMS-BG PM2.5 and Polynomial Function(PF)

EFC PM10 - Equation Function Calculation using minimizing of Discrete Function Measurement

(DFM) from SDB-AMS-BG PM10 and Polynomial Function (PF)

CCF PM2.5 — Comparison Calculation Function and Regression Equation. Testing of the models
and choice for the final model.

CCF PM10 - Comparison Calculation Function and Regression Equation. Testing of the models
and choice for the final model.

FMC AOD to PM2.5 - Final Model Calculation AOD to PM2.5
FMC AOD to PM10 - Final Model Calculation AOD to PM10.

The criteria for selection of FMC AOD to PM10 / to PM2.5 / is maximal correlation between the values

of the Discrete Function Measurement (DFM) and the respective Model Calculation AOD to PM10 /
PM2.5.

(1) DFM, 5 = {PM, . (t;, W, @, )}
2) DFM = {PM,, (t;, Wn, @,, )}
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() PFy5=a,*a; « AOD(t;, Wy, @,)+...+ ax x AOD (t;, wm, @)
4) PF1p = Bo*B1 * AOD(t; ,wpm, @, )+...+ B * AOD (t; ,wm , @)

The values of the coefficients ag,ay,..., a, and By,B1,..., Bk in the expressions (3) and (4) for PF, s and
PF;, are obtained from the calculation of the two systems of linear equations with respectively k
unknown dy,dy,..., ax and By,B1,..., B - The two systems of linear equations are obtained after the
minimization of the Difference Functions A, s ( dg,04,..., dx) and Ag ( Bo,B1s---» Bk)-

%) MIN {A;5(ap,ay,..., a)} = XL, {DFM, . —PF;5}
(6) MIN {Ago ( Bo,B1,--- Be) = ZiL, {DFM,, — PFyy }

where:
* Wy, ¢, are the coordinates of AMS ( longitude, latitude in Decimal Degree (DD) );
e ay= 255696, a,= — 158.886 , a,= 323.464;
e [y=67.89, 3= —289.86, 3,=488.08;
e tiisthe UTC end of time interval for scanning the territory of Bulgaria from S-5P TROPOMI

Upon substitution with the values for the coefficients, the following empiric equations are formed for the
AOD to PM2.5 and AOD to PM10 conversion:

(7) PM, 5(t;) = 25.5696 - 158.886*AOD(t) + 323.464*A0OD?(t;)
(8) PM,o(t) = 67.89 - 289.86*A0D(t) +488.08*A0D?(t,)

Fig. 13 shows the FMC for AOD to PM2.5 and PMO.

PM 25.5696 — 158886 %A0D(1; 321644002
SDB-AOD-BG 25(4) = D(4;) + (7] SDB-BG

PMyo(t;) =67.89 — 289.86+« AOD(t;) + 488.08« AOD(t;) SDB-BG

SDB-AOD-BG
PM;,

. E
&

Fig. 13. Conversion model of AOD to PM2.5 and to PM10

The models for AOD to PM10 and PM2.5 calculation were embedded in the ArcGIS toolbox.
The comparison between AOD retrieved PM values and observed PM concentrations at AMS was
carried out using two of the developed models:

e Empirical polynomial discrete function of 2-nd order (PF); and

e Statistical one (non-linear regression of 2-nd order (STF).

Bi-linear interpolation in space is used for matching to TROPOMI —S5p points and AMS locations.
Further, satellite data retrieved by S5P-TROPOMI were not used in case the presence of cloud cover
for the territory of Bulgaria was greater than 10%.

Based on the collected data during the period 2018-2020, the correlation coefficient and the
errors between the values of PM10 and PM2.5 measured by AMS and those obtained from different
models after AOD conversion of data by S5P-TROPOMI were calculated. The correlation coefficient of
the sample data for PM2.5 is R = 0.873 - 0.875, and for PM10 is R = 0.863 - 0.866. The error for PM2.5
is = 8 ygm-=3, for PM10 it is £ 10 pgm-2 with insignificant changes for the two conversion models PF and
STF.
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Maps for PM10 and PM2.5. Using the developed techniques and models various maps for the
spatial distribution of PM10 and PM2.5 in Bulgaria were produced. Fig.14 and Fig.15 show, as example
the maps for one summer and one winter day.

S5P-PM25-20180806 TOS5051 20180806T113221-b1-8G S5P-PM10-20180806T095051 20180806T113221-b1-8G
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Fig. 14. PM2.5 (left) and PM10 (right) concentrations (ugm) on 06.08.2018,
overpass time 09:50:51-11:32:21 UTC, b1-band: 380 to 340 nm. Note different scales
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Fig. 15. PM2.5 (left) and PM10 (right) concentrations (ugm3) on 07.12.2019,
overpass time 11:36:10-11:41:10 UTC, b2-band: 388 to 354 nm. Note different scales

A very important advantage of the applied techniques is the fact that PM surface concentrations
can be obtained over the whole territory of the country with the resolution of TROPOMI data (7 km x 3.5
km). Thus, they could be used to complement standard AQ monitoring data and indicate possible AQ
problems where standard measurements are missing. However, the satellite retrieved PM
concentrations refer only to the time of the satellite overpass, and data availability in case of clouds can
be limited. Thus, long-term data sets are required to provide a basis for reliable AQ assessment using
satellite retrieved aerosol data.

Conclusions

SIDUAQ activities addressed, for the first time in Bulgaria, the use of satellite retrieved data on
atmospheric chemistry for improvement of air pollution modelling and air quality management at urban
scale, for assessment of the spatial distribution of surface particulate matter concentrations, and for
analysis of multi-year variability of key pollutants in the country and selected hot-spot areas.

This was achieved by using a combination of various models (meteorological model, chemical
transport model, dispersion models, and statistical models), data from different instruments on-board of
satellites (GOME-2 and TROPOMI), and ground based air quality observations.

The assimilation of MetOp satellite retrieved data in the Bulgarian Chemical Weather Forecast
System and the downscaling of the model output with the Local Air Quality Management System for the
city of Plovdiv led to improvement of simulated concentrations of surface pollutants.

The technology created for Plovdiv could be implemented for other Bulgarian cities, making
possible more Municipalities in Bulgaria to benefit from the use of satellite air pollution information in the
assessment and forecast of key pollutants concentrations. The algorithms can be adapted also to data
from other instruments (e.g. TROPOMI-S5p) that have finer spatial resolution and could be used for
data assimilation in the smaller domains of BgCWFS (Sofia region, Sofia city).
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Abstract: Durankulak Lake is part of the European Ecological Network of NATURA2000 and a Ramsare
Convention Site for the wetlands. The protected site covers an area of 446.5 ha. It is one of the well-preserved
coastal wetlands in Bulgaria with international importance for the protection of over 260 endemic, rare and
endangered species of plants and animals. One of the problems of the lake, as well as of many other wetlands in
Bulgaria is the excessive reed overgrowth. Regular monitoring is necessary for protection and maintenance of this
wetland therefore satellite data have a great advantage. This study monitored the lake for the period - December
2019 - July 2020, including three seasons - winter, spring and summer. Satellite data from Sentinel 2A and Sentinel
2B were used. One satellite image was used for each month. Pre-processing of the satellite data was made and
spectral indices were generated. The results obtained show the development and condition of the vegetation in
Durankulak Lake. NDVI was generated in order to assess the vegetation in the lake. The orthogonal transformation
model called Tasseled Cap Transformation (TCT) has also been used. This is a model for classifying and analyzing
the processes related to the dynamics of changes, affecting the main components of the earth's surface: soil,
vegetation and water. The results show the development of Durankulak Lake for the period of the observed three
seasons, which assess its condition and changes that occur in a short monitored period.

Ce30HeH MOHUTOPUHT Ha e3epoTo [lypaHKynak, C U3NoN3BaHeTO Ha AaHHU
oT CeHTUHen 2

MBa UBaHoBa, Hatanua CtaHkoBa, MapuaHa 3axapuMHoBa

WHecmumym 3a kocmuyecku uscnedgaHusi U mexHosoauu — brneapcka akademusi Ha Haykume
e-mail: ivaivanova@space.bas.bg

Knroyoeu dyMU: camenumHu 0aHHU, 81aXHU 30HU, MOHUMOPUHe, OuHamuka

Pe3rome: Ezepomo [ypaHkynak e 4acm om Egponelickama ekonoau4dHa mpexa Ha NATURAZ2000. To e
u Yacm om Pamcapckama KOHBEHUUSI 3a eriaxHume 30HU. 3awjumeHussim obekm obxesawa now, om 446,5
xekmapa. Toea e edHa om Hall-0obpe 3arnazeHuUmMe KpalibpexHuU enaxHu 30HU 8 bbrzapusi ¢ mexOyHapoOHO
3HaveHue 3a ornasgaHemo Ha Had 260 eHOeMuYHU, pedKU U 3acmpaweHu 8udose pacmeHus u XueomHu. EOQuH om
npobremume Ha e3epomo, Kakimo u Ha MHO20 Opyau eraxHuU 30HU 8 bbrieapus, e npekomepHomo obpacmeaHe
Ha mpbCmuka U HamasisieaHe Ha omkpumume 600HU mnowu. Heobxodumo e usebpwieaHemo Ha pedoeeH
MOHUMOPUH2 3a ona3saHemo U no0dbpxXaHemo Ha ma3su enaxHa 30Ha. CribmHukogsume OaHHU umMam 20J15IMO
npedumcmeo 3a mosa. Hacmosiujomo ripoy4ysaHe Habnodasa e3epomo 3a rnepuoda om dekemspu 2019 e. do ronu
2020 e. Tosa gKo4Y8a MpuU ce3oHa - 3uma, rposem u 1smo. M3rnon3eaHu ca cribmHukosu 0aHHU om Sentinel 2A
u Sentinel 2B. 3a sceku mecel, e u3rnon3gaHo Mo e0HO CbLMHUKOBO U30bpaxeHue, crioped 00CMbIIHUME HallUYHU.
Hanpaseera e npedsapumersniHa obpabomka Ha cribmHUKogume daHHU, c/1ed KOemo ca U3ron38aHu CriekmparsHu
uHOekcu. TexHume pe3ynmamu rioka3eam pa3sumuemo u duHamukama Ha esepomo [ypaHKkynak. HOekcbm
NDVI e u3nonssaH 3a OUeHKa Ha pacmumesiHocmma 8 e3epomo. V3non3eaH e u ModOesl Ha OpMmo20oHasHa
mpaHcehopmayusi, HapeyeH Tasseled Cap Transformation (TCT). Tosa e moden 3a knacuguyupaHe u aHaau3 Ha
rpoyecume, cebp3aHU C OuHamukama Ha MpoMeHume, 3acs2alju OCHOBHUME KOMMOHEeHMU Ha 3eMHama
noebPXHOCM: ro4ea, pacmumesHocm u 8oda. Pe3ynmamume roka3eam pa3sumuemo Ha e3epomo [ypaHKynak
3a nepuoda om HabnrodasaHume mMpu ce30Ha, KOemo OUeHsI CbCMOSIHUeMO My U MPOMEHUMe, KoUmo ce criy4eam
3a KpambK HabnrodaeaH repuoo.
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Introduction

Durankulak Lake is part of the European Ecological Network of NATURAZ2000. It is a Ramsare
Convention Site. The protected site covers an area of 446.5 ha. It is one of the well-preserved coastal
wetlands in Bulgaria with international importance for the protection of over 260 endemic, rare and
endangered species of plants and animals.

Durankulak Lake Protected area is situated in the northeastern part of Bulgaria, about 6 km from
the Bulgarian-Romanian border and 15 km north of the town of Shabla.
It was announced by Order No. 123 / 21.02.1980 of the Committee for Protection of the Natural
Environment. It has a management plan developed by the Ministry of Environment and Water in 2002.
Importance of the area [1]:

° Since the lake is located on the Via Pontica migration route and close to the Danube delta, it is
one of the most important stations for birds on the Bulgarian Black Sea coast;
° Every year the wetland maintains internationally significant numbers of wintering water birds. The

place provides refuge to 7 globally endangered bird species. Together with the Shabla Lake
Complex, Durankulak Lake forms the largest modern wintering ground for the globally
endangered species of red-breasted goose (Branta ruficollis) and part of one of the three places
in Europe with the highest concentrations of the great white-fronted goose (Anser albifrons).

D Durankulak Lake
D Bulgaria

Fig. 1. Location of Durankulak Lake, Sentinel 2, 2019

Important habitat types for birds in Durankulak Lake which are the subject of the present study
are [1]:

. Open water areas in the Large water body of the protected area;
. Open water areas in Kartaliisko (Orlovo) marsh;
. Reed massifs / water vegetation (Fig. 2).
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Fig. 2. Important habitat types map in Durankulak Lake Protected area

The table below shows the bird species that inhabit the respective habitats.

Table 1. Important bird habitat types in Durankulak Lake

Kartaliisko (Orlovo)

P. onocrotalus

Habitats Character of residence
Nesting Migration Wintering

Open water areas in Ph. pygmeus Branta ruficollis

the large water body Chlidonas sp Anser albifrons

of the Durankulak Ph. pygmeus

Lake Cygnus olor
Cygnus cygnus
An. platyrhynchos

Open water areas in Ph. pygmeus Branta ruficollis

Anser albifrons

Circus aeruginosus
Porzana porzana
Porzana parva
Porzana pusilla
Acr. agricola

Acr. scirpaceus
Emb. schoeniclus

Ardea cinerea
Ardea purpurea
Circus
aeruginosus
Circus cyaneus
Porzana porzana
Porzana parva
Porzana pusilla

marsh Aythya nyroca Ph. pygmeus
Chlidonias sp. Cygnus olor
Cygnus cygnus
An. platyrhynchos
Reed massifs / water Ixobrychus minutus Ph. pygmeus Phalacrocorax
vegetation / Botaurus stellaris Botaurus stellaris | pygmeus
Aythya nyroca Egretta alba Botaurus stellaris

The analysis and comparison of the literature data and the results of the latest hydro chemical
and hydro biological studies in the large water body of the protected area and in the Kartaliisko marsh
clearly show the eutrophic to hypertrophic nature of the studied water objects. Natural succession has
accelerated significantly over the last 30 years from anthropogenic activities. The natural balance in
Durankulak Lake and in the Kartaliisko Marsh has been disturbed and shifted to an accelerated
eutrophication process. Urgent restoration measures are needed to restore the stability of the aquatic
ecosystem and avoid its rapid degradation. The main threats affect some of the most vulnerable bird

species (Table 1) [2].
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Some species of birds that nest in the lake (Aythya nyroca, Botaurus stellaris, etc.) depend on
the small open water areas and channels among the reed massifs, and the spills in the periphery of the
waterfowl massifs (as nesting and feeding sites). Increased eutrophication leads to clogging and
overgrowth of these channels and open water areas, and a decrease in water level to the absence of
spills. Populations of all nesting birds in the wetland are concerned about the excessive presence of
humans and grazing livestock.

Remote sensing methods are a good approach for establishing the current state and season
dynamics of the lake.

Data and Methods

Satellite data from the Sentinel 2A and Sentinel 2B satellite platform of the European Space
Agency's Copernicus programme were used for the present study [3, 4]. Input data for the period -
December 2019 to July 2020 are shown in Table 2.

Table 2. Input data

Year Satellite Date
2019 Sentinel 2A 09/12
2020 Sentinel 2B 02/02
2020 Sentinel 2B 28/03
2020 Sentinel 2A 07/04
2020 Sentinel 2A 27/04
2020 Sentinel 2A 26/06
2020 Sentinel 2A 16/07

Satellite image processing includes:
Primary processing of satellite data:
. Creation of composite images, necessary for further processing and analysis;
. Vectorization of the protected area and the main types of habitats in the lake (according to
NATURA 2000 data);
Crop the protected area for each of the satellite images;
Calculation of water areas in the lake.

Secondary processing of satellite data:

. NDVI calculation. Based on the input composite images from Sentinel 2, Normalized Difference
Vegetation Index (NDVI) was generated [5, 6, 7]. NDVI in addition to the vegetation assessment
and for the accurate identification of reed massive in the Durankulak Lake was used:

(1) NDVI — PNIR—PRED

PNIRTPRED

pnir= the spectral reflectance measurements acquired in the near infrared band

prep= the spectral reflectance measurements acquired in the red band

. For a precise assessment of the dynamics of the seasonal state of Durankulak Lake, a model of
TCT (Tasseled Cap Transformation) images were obtained as results for implementation of the
proposed approach. After the TCT model, the decomposition of each of the Tasseled Cap
components — Brightness (BR), Greenness (GR) and Wetness (W) was made, based on which
the spatial distribution graphs for each of the components were plotted [8];

. A spatial distribution of the three components of the earth's surface was made. It is shown in the
form of graphs by months (for the data from the satellite Sentinel 2). They are obtained from the
model for the orthogonal transformation [8, 9].

Results

. Satellite images of Durankulak Lake for the period December 2019 — July 2020.
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Fig. 3. Satellite images of Durankulak Lake, Sentinel 2

The real state of Durankulak Lake from the satellite images (Sentinel 2) are shown on the figures
above. The images are in the visible spectral bands, which serve for subsequent assessments and
analyzes of the site.

. Assessment of water areas in Durankulak Lake

An assessment of the areas of the two open water bodies in Durankulak Lake was made - the
Large water body and the Kartaliisko marsh. The assessment after precise vectorization of the water
areas was made. The table below shows their areas for the observed months, and the results are shown
in the following graphs (Fig. 4).

Table 3. Areas of the open water bodies in Durankulak Lake

Date Large water body Kartaliisko (Orlovo) marsh
09/12/2019 210.117 ha 33.6883 ha

02/02/2020 215.315 ha 33.94 ha

28/03/2020 221.867 ha 39.3147 ha

27/04/2020 221.835 ha 40.2426 ha

26/06/2020 213.437 ha 33.3613 ha

16/07/2020 205.072 ha 33.0684 ha

2/2/2020 /03/ 2 9/12/2019  2/2/2020

a) Large water body areas b) Kartaliisko marsh areas

Fig. 4. Areas of open water bodies in Durankulak Lake
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The figures above show that the areas of both water bodies in the protected zone begin to
increase in March, remaining the same in April. Respectively, the Large water body area in March is
221,867 ha, in April it remains almost the same. The Kartaliisko marsh area increases from December
2019, where it is 33,688 ha to 40,242 ha in April. In the following months (June and July) there is a
decrease in the area of both open water bodies. Respectively, for these months the area of the Large
water body decreases to 205,072 ha per month, and the Kartaliisko marsh to 33,068 ha. Accordingly,

the reduction of water areas leads to the gradual development of vegetation in them, represented mainly
by reeds.

. NDVI,

NDVI in Durankulak Lake is calculated on the basis of composite satellite images. The results are
shown in the figures below:
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Fig. 5. NDVI index of Durankulak Lake

NDVI of Durankulak Lake for the period December 2019 - July 2020 was shown on the figures
above. There is a clear trend towards a decrease in water area and overgrowth, especially in the
Kartaliisko marsh (Fig. 5 b). This was noticed in March, when the water area of the swamp was still
large. The most significant overgrowth was observed in June and July (Fig. 5 e, f). For the Large water
body the appearance of vegetation was also observed in the months of March and April on the periphery

of the area, which gradually decreases in the following months. This also leads to a reduction of its open
water area. This may be due to the drought during the summer months.

. Spatial distribution of the tested components Brightness and Wetness

The decomposition of the Tasseled Cap components — Brightness (BR) and Wetness (W) are
shown in the following figures:
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From the Spatial distribution of the Tasseled Cap components — Brightness and Wetness the
following can be seen: During the first months observed, the spatial distribution between the two
components remained relatively unchanged, in the months of December and February. In March there
is a gradual dominance of the Brightness (soil) component, which maintained in the following months,

most significantly in July (Fig. 6 f). In this period the water areas significantly decreased.

Spatial distribution of the tested components Greenness and Wetness

The decomposition of the Tasseled Cap components —Greenness (GR) and Wetness (W) in the
following figures are shown:
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Fig. 7. Spatial distribution of the tested components Greenness and Wetness
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From the Spatial distribution of the Greenness and Wetness the increasing of Greenness was
noticed mostly in April (Fig. 7d). The Greenness component continues to increase in the following

months. In July, the open water areas in the territory of the Durankulak Lake significantly decreased and

the Greenness (vegetation) component dominated over the water (Fig. 7f).

Spatial distribution of Greenness by months

The distribution of the Greenness (vegetation) component, which is compared by month for the
observed period from December 2019 to July 2020 was shown on the figures below:
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Fig. 8. Spatial distribution of Greenness component by months

The comparison of the Greenness component from the TCT transformation model by months
for the observed period shows the development of vegetation in the Durankulak Lake territory. For the
period December 2019 - March 2020 their distribution by months was constant (Fig. 8 a-b). For the
months of March / April (Fig. 8 c) a predominance of vegetation in April was observed. For the next

period - the months of June and July this trend is maintained with the dominance of vegetation for each
subsequent month (Fig. 8 d, e).

Conclusion

The study monitoring shows the seasonal dynamic of Durankulak Lake. The results obtained
show that there is a significant overgrowth of the open water areas in the territory of the Durankulak
Lake and the reduction of their areas. This is established mostly in the months of April-July, when it is
the active phase of vegetation. This leads to expansion of the reed massifs in the lake and to gradual
eutrophication of the water bodies that reduces their area. This trend, if observed every year, will lead
to a gradual reduction of the open water areas and hence to the loss of valuable habitats. It is necessary
to carry out regular seasonal monitoring of the lake so that some conservation measures can be taken.
The vegetation observations are mainly for higher aquatic vegetation represented mainly by reeds. The
presence of biogenic nutrients in the water comparable to the presence of reeds vegetation will be
necessary observed in future studies.

These results are important in order to assess what measures are needed to prevent reed
overgrowth in the lake in the future. The present study shows a methodology for monitoring the seasonal

state of Durankulak Lake, which can help to better management the territory and preserve vulnerable
habitats tips.
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MpunoxeHune Ha catennTHM SAR AaHHU 3a ycTaHOBsIBaHe aedopmauumn
Ha 3eMHaTa Kopa crnep 3emeTpeceHusi
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YHecmumym 3a kocmudecku uscnedeaHus U mexHosio2uu — bbnieapcka akalemusi Ha HayKume
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Knrovoeu dymu: DINSAR, npupodHu 6edcmeusi, 3eMempeceHusi

Pesrome: CamenumHoba3upaHume padapHu anapmypHU Kommnekcu npedocmassam OaHHuU, Ha bazama
Ha KoUumo e 8b3MOXHO Oa ce Mony4u UHgopMayusi 3a pasMmepa Ha Hacmbhunu OBUXEHUS Ha 3eMHama
rnosbpxHOCM om riopsidbka Ha caHmumempu. lTo0obHa UHGhoOpMayUsi € Om U3KIHHYUMESHO 3HayeHUe 3a OUueHKa
Ha nocneduyume om npupodHU 6edcmeus Unu makuea ¢ aHmpornaeHeH npousxod. Tbl kKamo 3eMempeceHus ce
crlyd48am MOCMOSIHHO U He e 8b3MOXHO 0a 6b0am npedckal3aHu 8csika OOMbrIHUMEIHa UHGOopMayusi OMHOCHO
obxeama Ha KOHKpPemHU CeusMu4yHo cbbumue e Oom U3KMYUMesHa 8aXHOCm 3a MecmHuUme U HauuoHasHu
enacmu, KOUmMO ca OMm2080PHU 3@ OmcmpaHsisaHe Ha wemume [PUYUHEHU Ha HaceneHuemo,
UHpacmpykmypama u naHOwagpma cned makuea cbbumus.. B moea uscrnedeaHe ca npedcmaseHu
pesynmamume nony4YeHu cned cbemecmHa obpabomka Ha 0ea Habopa SAR OaHHuU, OONbIIHEHU U C OaHHU Oom
Opyeu U3MOYHUUU, Ha 4Yusimo ocHosa ce chopmupam 08e UHMEPEEPOMEMPUYHU U30OPaXeHUs, Koumo
npedocmassm uHgopmayusi 3a Hacmbruaume 0ehopMayUoHHU Mpouecu 8 palioHU om 3eMHama fno8bPXHOCM
cried nopeduya om 3eMemMpPECEHUs], CmaHaJsu Ha mpu pasu4yHU Mecma Ha bankaHcKusi nosyocmpos - eOHUSIM 8
6nusocm 8o ocmpos Koc u epad 5odpym, dpyausm 6nu3o do ocmpos 3akuHmMoc u mpemusim Ha MoHutickomo
Kpatbpexue Ha Anbanus. [lonyyeHume kapmu, ompassieawu Oegopmayuume Ha 3eMHama Kopa cried
crioMeHamume cbbumusi, ce OocHogasam Ha OaHHU Oom 8b3xo0swja u Hu3dxodswa opbuma Ha CrbMHUKa
Sentinel-1, kotimo e yacm om npoepama ,KonepHuk® Ha EC 3a HabnwdeHue Ha 3emsima. [lonydeHume
pesynmamu 3a mpume u3scriedgaHu cbbumMuUs BKIIOYEHU 8 moea fnpoyysaHe Ookaszaxa ceosima HadexoHocm
mbl kamo 6sixa cpasHeHu c in-situ uamepeaHus. Tas3u KOHCmamauusi 0aea ocHosaHue Oa ce mebplou, 4Ye Ha
6asama Ha nony4yeHume pesysimamu e 8b3MOXHO Ha KOMIIemeHmMHume HayuoHaHu opaaHu da ce npedocmasu
HadexO0Ha UHgopMayuss OMHOCHO Hacmbrunume OeghopMayuu Ha 3eMHama Kopa 6 PeauoHU, Koumo ca
npobrnemamuy4HU 3a OUPEKMHU MmepeHHU MPOB8EpPKU, Koumo umam 3a 3adadya 0a ycmaHoesm Hacmbruaume
dechopmayuu.

Application of satellite SAR data to detect deformations of the Earth's crust
after earthquakes

Hristo Nikolov?, Mila Atanasova?, Valentina Protopopova?

1Space Research and Technology Institute — Bulgarian Academy of Sciences
°National Institute of Geophysics, Geodesy and Geography — Bulgarian Academy of Sciences
e-mail: mila_at_zl@abv.bg, hristo@stil.bas.bg

Keywords: DInSAR, natural disasters, earthquakes

Abstract: The data provided by satellite-based active radar instruments after appropriate thematic
processing are transformed into information that reflects the amount of movements on the Earth's surface of the
order of centimeters. Such information is of crucial importance for assessing the consequences of natural or
anthropogenic disasters. Because earthquakes occur constantly and it is not possible to predict them any
additional information about the scope of a particular seismic event is essential for local and national authorities
who are responsible for mitigating the damages caused to the population, to the infrastructure and to the
landscape following such events. This study presents the results obtained by jointly processing two sets of SAR
data with other additional data to obtain two interferometric images that provide information on the deformation
processes after a series of earthquakes that occurred on three different locations at the Balkan peninsula — one
close to island of Kos and Bodrum town, the other close to the island of Zakynthos and the third on lonian coast of
Albania. The obtained maps reflecting the deformations of the Earth's crust after the mentioned events are based
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on data from the ascending and descending orbits of the satellite Sentinel-1 under Copernicus EU program, which
were compared with in-situ data to increase the reliability of the drawn conclusions. The results of the all
researched events included in this study proved to be reliable as they were compared with in-situ measurements.
This finding suggest that on the basis of those results it would be possible to provide reliable information to the
national authorities on the deformations of the Earth's crust and most specifically in that regions which are
problematic for direct field inspections needed to establish the occurred ground deformations.

The obtained maps of the deformations of the earth's crust are based on data from the ascending and
descending orbits of the satellite Sentinell under the EU program "Copernicus”, which were compared with field
data to increase the reliability of the drawn conclusions. The results of the study proved to be reliable as they
were compared with in-situ measurements, which in turn suggest that on the basis of the results it would be
possible to provide reliable information to national authorities on the deformations of the Earth's crust and most
specifically in those regions which are problematic for direct field inspections aimed at establishing the occurred
deformations.

1. BbBegeHue

3emMeTpeceHussiTa ca npupogHM OedcTBMSl, KOWUTO MPUYMHSABAT CEPUO3HM  LLETU Ha
00LecTBOTO, BKMNOYMTENHO 3aryba Ha YOBELLKU XMBOTU, HapaHsBaHWUS U MaTepuarnHun WeTu BoAeLLm
A0 MKOHOMMYeCKK 3arybu. Taka n3bpoeHute BpegHU Bb3OeNCTBUSA € Bb3MOXHO Aa 6baaTt 3HauyMTenHo
HamaneHu, 4ypes3 ocurypsiBaHe Ha HagexgHa W HaBpemeHHa WHdopmauus OTHOCHO pa3mepa Ha
cbbuTMeTo, KOATO No3BonsBa Aa 6baat nogobpeHu npeanpveMaHuTe MEpKU 3a OTCTpaHsiBaHe Ha
nocrnegcTeuaTa OT Hero. B HacToswarta cratmsi € HanpaBeH npernes Ha Bb3MOXHOCTUTE 3a
Cb3gaBaHe Ha MHTepPEepPOMETPUYHN KapTu Ha 3acerHatuTe OT 3eMeTpeceHusTa yacTu OT 3emHaTta
MOBBPXHOCT NPefocTaBsHM OT MHAOPMAUUOHHUTE MNPOAYKTU MoflydaBaHW cnej  TemaTtudHa
obpaboTtka no metog DINSAR 6asvpaHu Ha gaHHW OT pajapu CbC CUMHTe3upaHa anpetypa (PCA)
pasnonioXXeHn Ha caTtenuTHW nnatdopmn. Te3n MHOPMALNOHHU MPOAYKTM MoraT Aa noanomMorHar
HaUMOHanHWTe U MECTHM BNAacTW NPy B3eMaHe Ha peLUeHusi 3a OTCTpaHABaHe Ha HacTbNUNUTe creq
cbOUTMETO nocneacTeus M Mpu npegnpuemMaHe Ha cnacutenHu onepauuun. PasrnegaHn ca Tpu
OoTAENHN CbLOWUTMSA, KOUTO SICHO MOKa3BaT npeaumcTBaTa Ha M30paHWs NOAXOA4 — Bb3MOXHOCT 3a
OLleHKa Ha HacTbNUNUTE B pe3ynTaTt Ha CbOMTUETO 3eMHU NMPEMECTBaAHUA Ha ronemu nnowm (noseve
oT 200 km2), peructpmpaHe Ha CpaBHUTENHO Marnku npemecTBaHus (~ 1 cm), KakTo 3a nonyyaBaHe
Ha [daHHM HEe3aBUCUMO OT METEOPOSIOTMYHUTE YCIOBUSE U CPaBHUTENHO MarkuTe WHTepBanuM Ha
NMOBTOPHO NPEMWHABaHe Ha caTenuTa Hag €4vH 1 Cbll, pavoH OT NOBBLPXHOCTTA Ha 3emsaTa.

Ha 20 tonmn 2017 r B 6nmnsocTt go octpoB Koc ctaHa 3emeTpeceHne ¢ MarHUTy4 o CensmMuyeH
MomMeHT Mw 6.6 u Ha gbnbounHa 2 km (no pgaHHM Ha NOA, KOERI). EnvueHTbpbT Ha
3emeTpeceHneTo ce Hamupa B Erelicko Mope, Ha okoro 1 km HXHO OT HeobuTaemus OCTpPOB
Kapaapa, kaTo 3acerHatu ca rpbLkus octpoB Koc v rp. bogpym B torosanagHata 4act Ha Typuust (BX.
durypa 1). Cnep, 3emeTpeceHneTo e HabnogaBaHa BbJHa LlyHamMu, KOATO 3anvBa GperoeeTte Ha rp.
Bogpym. Cnopea koHCTaTauumuTe HanpaBeHW cred MOoNeBW NPOYYBaHWS M OOKMagu Ha OYeBMALM, B
3anagHaTta 4acT Ha nonyocTtpoB boapym noutu oTcbCTBa [OBWXKEHME Ha Bogarta. Edektute ot
BbfHaTa LUyHamu ca HabnwgaBaHW Mo XHUS Gpar Ha nonyocTtpoB bogpym, camo ot 27.255E po
27.528E reorpadcka ObIMKMHA, KakKTO M MO CEBEPOU3TOYHOTO Kpambpexme Ha ocTtpoB Koc.
MakcumanHaTa BMCOUYMHA Ha BbIHaTa uyHamu e okono 1,9 m, HabnogasaHa B YCTUETO Ha MarbK Cyx
notok B 3anuea ['ymbet (Gumbet bay), KOWTO e HaW-CUMHO 3acerHaTt OT LyHaMWUTO Ha MOSyoCTpOB
Bogpym. NHTepeceH e hakTbT, Ye no kpanbpexmeto Ha 3anuea butes (Bitez bay), Hamupalw ce
3anagHo ot 3anuBa ['ymbeT u no npuctanvwe boapym, Hamupaly, ce Ha u3Tok, He ca HabrnogaBaHu
pa3pyLleHusi, KOeTO NMoKa3Ba, Ye OCHOBHUTE BbL3AEWCTBUSI OT LiyHaMW ca JoKanusvMpaHu B 3anuea
'ymbeT. MNpn TepeHNTe NPOBEPKM 1 MO AaHHU OT ONTUYHMA ceH3op Ha bopaa Ha catenuta Sentine2A
He ca YCTaHOBEHW rofieMun CBNayuLLa HUTO Ha rpbLika, HATO Ha Typcka Teputopus. (Yalginera,2017)

Ha 25 oktomBpu 2018 Ha okono 45 km torozanagHo oT ocTpoB 3akuMHTOC 6e pernctpmpaHo
3eMeTpeceHne C MarHWTyd Mo ceum3muveH MomeHT Mw 6.8 n Ha gbnbounHa 10 km. To Oewe
npegLecTsaHo ot opwok ¢ Mw = 4.1 Ha 17 oktomBpu 2018 r. (T.e. eaHa cegmMuua nNpeam OCHOBHOTO
CcbOuTME) N NnocnegBaHoO OT BTOPUYHM TPYCOBE, Pa3npoCTpaHsiBally ce B ronsiMa odLliopHa 30Ha Ha
3anagHarta XeneHuacka awra (Ganas, 2020).

Ha 26 HoemBpu 2019 B ceBepo3anagHaTa 4acT Ha AnbaHusi ce Criyum Hanl-onyCTOUTENHOTO
3emeTpeceHune 3a nocrnegHute 40 roguHn, koeTo 6e BTOPOTO NMogobHO cbbuTUE 3a nNepuog OT Tpu
mMeceua. B pesyntat Ha Hero okono 50 gywm 3arybuxa xuBoTta cu 1 noseye ot 5000 octaHaxa 6e3
noAacnoH. MecTononoXeHNeTo Ha Hali-CUNTHOTO 3eMETPECEHUE € Ha OKorlo 8 Km ceBepou3TO4HO OT
npucTaHnHua rpag dypbe, KbAETO HAKOMKO crpagu ce cpytuxa. O6wuTe WweTn NpMynHeHu oT ToBa
cbbuTune, BCe olle ca HEYTOYHEHU, ThI KaTo 3a MHOMO OT CrpaguTe BCe Olle Ce U3BbPLUBAT NPOBEPKM
3a [a ce yCTaHOBM TAXHaTa CTPYKTYpHa 3apaBuHa 1 6e3onacHoCT 3a obutasaHe.
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openocoyeHnTe CbOMTUS Ca MpuYMHaTa aBTOpPUTE Aa pellaT Aa n3BbpliaTt ToBa u3cregBaHe
— [Ja YCTaHOBAT JanM uma HacTbnuiM WM3MEeCTBaHMS MO 3eMHaTa MOBBbPXHOCT (gedopmaunm)
BCNeACTBME Ha Te3W eKCTPEMHM CLOUTMS B pamMK/UTE Ha ronemu nnoLu, KOuTo MoraT Aa ce usnonssat
KaTo MHAMKATOp KOM OT HamupalluTe ce B 3acerHatuTe parioHu Crpagu u MHAPACTPYKTYPHM 0BEKTM
ce o4akBa ga 6baaT no-nogatnmeM Ha weTtu. B ronsm 6pon HayyHu ctatum (Roland, 1999),(Motagh,
2010) e nocoyeHo, Ye MHGopMaLmsaTa 3a OBWKEHUS Ha 3eMHaTa MOBBPXHOCT MOMyyYeHa no MeTosn
DInSAR e HagexaHa v Moxe Aa 6bAe ycnewHo nHTerprpaHa B npoLeca Ha B3eMaHe Ha pelueHus oT
KOMMNEeTEHTHUTE BNacTu crnegj censMmmnyHun cubuTusi. TpsabBa ga ce nocouu, Ye 3a macregBaHuTe Tpu
KOHKPETHU CbOMTUS Tasn uHdopmauus Oelle nonydaBaHa B paMKUTE HA OTHOCUTENHO Masku
BpeMeBM Nepuoaun crnepq semeTpeceHneTo bnarogapeHme Ha nonutukata Ha EKA 3a otBopeHn gaHHu
W KpaTKMsa nepuog OT Bpeme 3a NOBTOPHO NpeMunHaBaHe Ha [BoWkaTta catenutu ot mucusTa Sentinel-
1. OcHoBHa 3apava Ha ToBa npoy4dBaHe Oelle ga ce yCTaHOBU BenuuMHaTa Ha gedopmauuuTe no
3eMHaTa MOBBbPXHOCT U Ja Ce U3roTBAT KapTu Ha NpeMecTBaHuATa. 3a nocTuraHeTo Ha Ta3u Ler Bb3
OCHOBa Ha pdaHHu wu3BneyeHn ot EMSC (EMSC, 2020) 6elwe cb3gaBaH KpaTbK Kartarnor Ha
3emeTpeceHusita ¢ MarHuTyg no-ronsm ot Mw 3 3a nepvop OT ABe ceamMuum Npeav W crep BCSKO
efHo oT cbbuTusTa. KoHkpeTHuTe AaTtu 3a Te3m Kkatanoau ce nogdvpaxa B 3aBUCUMOCT OT HaNU4nMeTo
Ha wm3nonseaHuTe u3xoaHW AaHHM oT PCA. Heobxogmmo e ga ce nopdeprae, ye pesynraTute,
NpeacTaBeHN B Ta3un cTaTusl, OTpassaBaT KyMynaTUBHMSA ePeKT NPUYMHEH OT Nopeamua 3eMeTpeceHuns
B paMKWTe Ha BCEKM eduH OT M3cregBaHUTe paoHM, a He OTpassBaT MpoyyYBaHe Ha eaVHWYHO
cbbutue.

2. ODaHHM n meTog

CensmonornyHn gaHHu 3a ncnegBaHuTe cbomntus

BemempeceHrue o0-8 Koc (IMpyus)

Cnopep, BCUYKM CEeU3MUYHM LeHTpoBe noaanu I/IHCbOpMaLLI/IFl 3a MexaHu3bM Ha
3emeTtpeceHneto ot 20 tonm 2017 r. B 6nusoct go octpoB Koc (Bx. durypa 1) OBMKEHMETO € C
HOpManeH pascedeH xapakrtep, 6e3 unmM ¢ MHOrO Marnka oTcegHa KOMMOHeHTa. Bcuykm no-cunHu
aCbT'prIJOLI,I/I nMmaTt CbLlUA TUN MeXaHN3bM Ha pas3fioMABaHe, KaTo HAKOW NoKa3BaT Nno-CUINMHO U3pa3eHa
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durypa 1. MexaHn3bMm Ha 3emeTpeceHuneTo ot 20 tonm 2017 r., B 6rnm3ocT go octpos Koc (https://www.emsc-
csem.org)

oTcedHa KOMMOHEHTa, HO HUTO e€dHO CbOUTME HAMa YMCTO OTCedeH xapakTep. ToBa Mnokasea, 4ye
NPUYMHUTE 3a NPou3xod Ha KatacTpodanHoTO 3eMeTpeceHue ca MPUYMHEHU OT eKCTeH3WsiTa Ha
3eMHaTta kopa B Erencko-AHatonuinckaTta obnact, a He nopau KoBepreHuusTa Ha ErenckaTta nnova ¢
MukponnoyaTa Hybua.
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TpygHO MOXe fa ce Kaxe, eOVHCTBEHO OT (POKaNHUTE MexXaHu3MM, KOS OT ABeTe HoJallHu
paBHUHM € pa3roMHa, HO MO-BEPOSATHO € pa3fioMHaTa HogalnHa paBHVHa da € Ta3u, KOSTo 3aTbBa Ha
lOr, C MPOEKUMs Ha MOBBPXHOCTTa pasnorioKeHa mexay nonyoctpoB bogpym (Ha cesep) m ocTpoB
Kapaaga (Ha tor) n brbn Ha 3aTbBaHe okono 50°, cbaenkm oT edeKkTUTe OT BbiHaTa LyHamu U oT
INSAR pesyntatute. (BX. Purypa 1)

3emempeceHue o0-8 3akuHmoc (bpyusi)

Ha 25 oktomBpu 2018 ce cnyun ronsiMo NAUTKO 3emeTpeceHne B 3anagHaTta XeneHuacka
avra (WHA), ~ 40 km torozanagHo OT OCTPOB 3akMHTOC, Wonwnitcko mope, Mbpums. OCHOBHUSIT LLIOK
bewe pernctpmpaH ot [pbukaTta obeanHeHa cemsamonornyHa mpexa (HUSN). HeroBata MomeHTHa
BenuuMHa, nsuucrneHa ot HaumoHanHata obcepsatopusa B AtnHa (NOA) e Mw = 6.7 (N0 gaHHuM OT
NOA v apyrn natouHuum) (Bx. durypa 2 a). HaHeceHun 6axa He3HauYUTENHN LWeTM Ha KbLUM 1 YacT oT
npucTaHnweTo Ha octpoBa. CbobueHo Ge ce 3a cBMayMwia Ha HSAKOMKO MecTa Mo 3anagHoTo U
HOXXHOTO Kpambpexume Ha ocTtpoBa. Manko uyHamu € perncTpupaHo ot ABe mapeorpadHn CTaHumu B
Kanabpusa (Utanus) n gee B lNenonoHec (Purypa 2 6).

ParioHbT Ha 3akuMHTOC Ce Hamupa B CIOXEH rPaHW4YeH pervoH, KbAeTO [OBE OCHOBHM
TEeKTOHCKM nnouun, Hybusa n EBpasus, ce cbnumxkasar, obpasyBaiikm obpasyBaHeTo Ha XeneHuackra
Abra. KomnnekcHusi xapakrep Ha ABWXKEHMETO Ce ObJKU Ha KOMOMHauMsITa OT ABWXKEHUA: cyOayKUmns
Ha ceBep Ha nMo-Texkata okeaHcka (Hybusa) nnova n KOHTMHEHTaneH cbnbCcbk Ha Agpus
(KOHTI/IHeHTaJ'IeH dparMeHT Ha Hy6v|;|) ¢ EBpasus (Ganas, 2020).
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®urypa 2. OcHoBHO cbbuTHE B 6rm3ocT o 0-B 3akmHTOoC. (dhurypa 6) e no (Ganas, 2020))
BemempeceHue 8 6iuzocm 9o ep. ypbc (AnbaHusi)

CwvnHoTo 3emeTtpeceHne (Mw 6.3) yoapu anbGaHCKOTO kpanbpexue Ha ALpuaTtuyecko mMope
6nm3o go rpag Oypbc B 2:54 UTC. YceTeHu 6axa 1 HAKONKO Mo-cnabu dopluoka, Han-CUIMHUAT cpes
Tax ce cnydn B 1:47 UTC (ML 4.4). OcHOBHUAT WoK Gelle nocneasaH oT Abfra adTbpLUOKOBA
nocrneaoBaTesnHOCT € noBeye OT 25 3emMeTpeceHuss ¢ MarHuTyg no-ronsim oT 4 camo npe3 nbpBaTta
ceamumua.

PeweHneto Ha OKyCHMS MexaHM3bM Ha OCHOBHMS LIOK MoOKasBa u4uMCTO 0bpaTHO
npunnb3BaHe (Purypa 3). [BUXKEHMETO € Mo pasfnom C nocka cesepo3anag-toroustok (okono 330°),
KOETO € B CbOTBETCTBME C TEKTOHMKaTa Ha pernoHa (Purypa 3). Toea nokasea, 4e ,CTbManoTo” e
pasnonoxeHo nod AgpuatMdecko Mope, a MOABWXKHAaTa ,BUCsLla CTeHa” e pasnonoXeHa Bbpxy
KOHTUHEHTanHaTa 3eMHa kopa (Ha Teputopusita Ha AnbaHus). Kato ce nma npensug cucremara ot
napanenHy pasnommn B pernmoHa ¢ Haco4YeHa B MocoKa 3anaj v opuMeHTaumns Ha pasnoMu CEBEPOU3TOK-
torosanag, Kakto U XMNOLUEHTbPBLT Ha 3eMeTpeceHneTo oT [lypbC npoekTupaH Bbpxy AApuaTuyeckoTo
Kpanbpexue MOXe Aa ce 3akmouyu, Ye MpoekumsaTa Ha MOBbPXHOCTTa pa3KbCBAHETO Ha pasfnoma e
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no3numMoHMpaHa kbM Agpuatmdecko mope. ToBa ce noTBbpXAaBa 1 oT pesyntatute ot INSAR, konto
nokasear nsguraHe no 6peroeaTa MBuLUa U NMNca Ha NOTbBaHUS MO 3eMHATa MOBBPXHOCT.

dokanHUTe MexaHu3MM Ha Mo-CUIHUTE BTOpu4YHM TpycoBe (M>4,5) nmat nogobHo obpaTHO
npunib3BaHe M ygap nogobeH kato TO3M Ha OCHOBHUSA TpycC. HAKOM OT Te3n MNo-CUiHM CbOUTUS
(ocobeHo Mo-NNUTKMTE) CbLLO MOoraT Aa NPUYMHAT Marku NOBbPXHOCTHU Aedopmauunn, OpWU ako He
BCUYKM OT TSIX Ce CnyyBaT Mo eOuH U CbluM pasnoM. [MoBbpXHOCTHUTE Aedopmauun BUOUMU B
nHTepcepomeTpudHmuTe nsobpaxeHusa (MON) nonydeHn ot PCA gaHHMTE OTpassiBaT KymynaTUBHUS
e(eKT OT BCUYKM NO-CUMHU 3EMETPECEHUS, HACTbLNUNKN B pernoHa B nepuoaa mexay 15 Hoemspu - 02
aekemepun 2019 r. 1 He ca B pe3ynTtaT caMO OT OCHOBHOTO CbOMTUHE.

g
P

o AR ), 1 b Ly i3 i S P
Tt By '~\l_§~,‘.a.{= S & e \" 73‘ Vratsa
. o T, : e
s % S
e skt
- o -m,r,- O™ g
\\ ristina ‘j‘l ‘D%ﬁs'k f
(GCMT ; 3V Il DR,
S S o SR A...,f'("— e
Mw 6.4 ¥ mw6d g 7 ﬂ )l
2= 23 km | Z-19km -+ Shopie AgHNE ?—%’;
., 19 km > £
s . £ T

{8 S potenza
0y ’:,, %

",

®urypa 3. OcHoBHO cbbuTHne B 6rm3ocT o rp. dypbe

Obpabomka Ha daHHU om PCA no memod DInSAR

B pamknTe Ha HaACTOALWOTO M3crneABaHe OCHOBEH M3TOYHWMK Ha OaHHM 3a peructpupaHe Ha
pe3yntatute ot cemsMmumyHuTe cbbutua ca ot PCA anapartypa pabGotewa B C obxsat (5.4 GHz)
pasnonoxeHa Ha 6bopaa Ha aBowikata catenutu Sentinel-1 (®Purypa 4 a). bnarogapeHue Ha go6poTo
UM ynpaBfeHne B paMKUTE Ha 3agageHata um opbutm wn geata catenuta dopmupaT TscHa
opbuTanHa Tpbba ¢ guameTbp 100 m. ToBa e npegnocTaBka 3a NOfly4aBaHe Ha TakaBa reoMeTpus Ha
pagapHUs curHan no BpeMe Ha noryvyaBaHeTo Ha AaHHu (Purypa 4 6), KoATO BOAM A0 HaMansiBaHe Ha
reomMeTpuyHaTa gekopenauus HanvyHa B Cb3fgaBaHMTe B npoueca Ha obpaboTka Ha AaHHWTE OO0
NOWN. PernctpvpaHus OT npueMHaTa aHTeHa Ha pajapHaTa anapaTypa OTpa3eH OT 3emHaTa
MOBBPXHOCT CUrHam € KOMMIIEKCEH W CbAbpXa AaHHW KaKTO 3a HeroBata amnnuTyga, Taka u 3a
HeroBaTta asa. 3anucaHuTte Ha 6opaa Ha HOCUTENs AaHHW Ce NPEXBBbPMAT KbM Ha3eMHMU CTaHuun 3a
npegBapuTtenHa obpaboTtka. Crnepn kato ToBa ObAe W3BbPLUEHO Te Ce 3anvcBaT B creuuduyeH
dopmaTt M ce NpefoCTaBAT Ha KpalHWTe noTpedbuTenu 3a nocregpawia TemMaTudHa obpaboTka
nocpeacTBoM  cneumanusavpaHuM xpaHunuuia 3a  gadHu  (Hanp.  https://scihub.copernicus.eu/
dhus/#/home ).

3a nony4aBaHe Ha KpalHWTe pe3ynTaTu 3a HacTosALOTO uscneaBaHe Gelwe Heobxooumo 3a
BCSKO €[HO OT U3crnefBaHuUTe CbOUTUA A Ce OCUTypsAT HeOOXoauMUTE M3XOOHW AaHHW. 3a Ta3u uen
3a BCSKO cbbuTUe Gele HabaBeH Habop ot PCA gaHHM oT Bb3xogsawm (nocoka KO-C) u Husxogawm
(mocaka C-HO) opbuTK, KaTo MO TO3M HauMH ce dopMupaxa No MUHUMYM OBE VMHTeEPdEPOMETPUYHN
asonkn (Md[). BpemeBuaTt mHTepBan 3a Bcska MO Gewe nogbpaH Taka, 4ye ga ce ocurypu
MUHMMarnHa BpeMeBa Jdekopernauus T.e. nogbpaHuTe gatm ga ca MakcumanHo 6nv3o npegu u cneg
cbbutneTo. Becregcteme Ha ToBa ce nonlydaBaxa BMCOKM CTOMHOCTU 3a OLEeHeHaTa KOXEpPEHTHOCT
(Rocca, 1997) Ha Bcska D[ Ha owe Ha eTana Ha TAXHOTO ¢bopmupaHe, koeTo 6e rapaHums 3a
BMCOKOTO Ka4eCTBO Ha nonyvaBaHuUTe OT TAX pe3ynTaTu Ha criegBalimte etanu Ha obpaboTka.
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3a ga ce peructpuvpart 3eMHUTE OBWXEHUS, AbIDKALLM Ce Ha 3eMeTpeceHne e Heobxoaumo ga
ce cb3gage VL. Beaka NP e pesyntat oT ABe pafjapHU n3obpaxeHus 3anvcaHyn permctpupaHi B
pexum InterferometricWide ot pasnuuHu 3putennn brim (Bx. Purypa 4 B) n 3anucanm B Single Look
Complex (SLC) dopmat. B 1031 dhopmat ca 3anMcaHu gaHHW KakTo 3a amnnuTydaTa, Taka u asarta
Ha OTpas3eHus pagapeH curHan. A MMEHHO pasnukaTta BbB 0a3oBUsi CUrHan nonyyveH oT npeau v cneg
CEN3MUYHOTO CbOUTME HOCKM MHpOpMaUWsS 3a HACTBNUINTE NPEMECTBaHWSA MO 3eMHaTa MOBbPXHOCT
(Bx. durypa 4 r). Heobxoammo e ga ce obbpHe BHUMaHWE Ha hakTa, Ye Ta3n nHdopmaums e camo 3a
HacTbNUNUTE MpemMecTBaHUs MO BU3MpHATaA JIMHWA Ha aHTeHaTa, a 3a MoflyYaBaHeTo Ha
npemMecTBaHusTa B XOPWU3OHTanHa M BepTUKanHa paBHMHM ca Heobxogumu UL ot geaTta Tmna
opbuTH, KaKTO M MpPeumnsHn OaHHW 3a NONOKEHMETO Ha HOCUTENsI CMPSIMO U3CMeABaHWs paioH OT
3eMHaTta MoBbPXHOCT. HanuumeTo Ha AaHHM OT ABaTa Tuna opOMTU CbLO Taka criomara 3a U
HamarnsiBaHe HebnaronpusTHUTE edheKTU NPUYMHEHN OT NPOMEHM B penedha kaTo HanpuMmep pagapHa
csiHKa (shadow) mnu npomeHu B pasmepa Ha ODOeKkTUTe, AbIDKALLO Ce Ha MONOXEHWeTO Ha pajapa
CcnpsIMO M3cnegpaHata 4YacT OT 3eMHaTta NnoBbpxHOCT (layover). Cneg nogxoasiwa obpaboTka ot NP
ce nomnyyaBaT WHTepdepoMeTpuyHn unsobpaxenns (NPW), B kouto kaTo OTAENHM CroeBe ca
BKITIOYEHN amnnuTyaarta, dasaTa u KoxepeHTHocTTa Ha V®[. VIMeHHO koxepeHTHOCTTa € MapKa 3a
Ka4yeCTBOTO Ha KpanHuTe pe3ynTaTu, Cbabpxalwm ce kpenHoto MPW. (Rocca, 1997)
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durypa 4. Cxema Ha catenuTa Sentinel-1 a), reomeTpusi Npy nony4yaBaHe Ha AaHHWTE 6), NPUHUMMNHA CXeMa Ha
paboTta no DINSAR meToa v nanonssaHe Ha pa3oBus CUrHan 3a oTkpuBaHe Ha gedopmaumm no 3eMHaTa
NOBBPXHOCT

Camarta TematuyHa obpaboTka Ha pgaHHuTe oT PCA 6Gewe u3BbplIEHa NOCPEACTBOM
cb3gadeHns 1 npegocTtaBsH 3a cBobogHo nonssaHe nporpameH npoaykt SNAP (SNAP,2020) no
yTBbpOeHaTa MeToauka onucana B (Braun,2020). B Tasu meTogumka ce BKMOYBAT CNegHUTE etann —
n3bop Ha eguHUYHA MOA-CLieHa OT ABaTa M3X0A4HM Habopa oT AaHHu SLC; npunaraHe Ha nNpeumnsHu
edemepuaHn annose; npeuusHa CbBMECTHa perucTpauus U dopmMupaHe Ha uHTepdeporpama;
npemaxsaHe Ha M3KpMBSIBaHWS Ha (as3oBUSA curHarm, ObKawm ce Ha peneda M BUCOKOYECTOTHA
dunTpauus; n3BnmMyaHe Ha pamoHa Ha u3criefBaHe; pasrbBaHe Ha pasoBusa curHan (unwrapping);
nonyyaBaHe Ha nNpemecTBaHWsTa MO BU3MPHA NWHUS U MO BepTuKana; NpeMuHaBaHe KbM >XenaHa
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KapTorpadpcka npoekuusi. 3a ga nonyyaTt BepTuKanHMTE MpemMecTBaHWs 3a BCEKUM eOuH MuKcen oT
NOU nonyyeHn cnep pasrbBaHe Ha ha3oBuMs curHan 6elle npunoxeHa crnegHarta opmyna:

unwrapped phase=0.056 [ ]

(1)

vertical displacement = —
—4#mmd[c‘as{mc:d9nce angle}}

Cnep u3BbpLlUBaHe Ha onucaHuTe npoueaypu 3a TemaTudHa obpabotka Ha gaHHuTe ot PCA
OKOHYaTeNnHUTe pe3yntatn Osixa 3anMcBaHWM W B Apyrn dawnnoBu ¢opmatv 3a nocrefpaila
BM3yanusaumsi U AOMbIHUTENHN aHanM3u B gpyru NporpaMHu NpoaykTu.

BaxxeH enemMeHT OT TemaTnyHaTa obpaboTka e olle B CaMOTO HEMHO Ha4vano ga ce nogbepar
camo Te3n panioHM OT 3eMHaTa MOBBbPXHOCT, KOUTO Ca 3acerHaTm OT KOHKPETHOTO 3eMeTpeceHue.
3aToBa OT MbIiHMSA HAabop M3XOOHW OaHHKU, CbCTosW, ce OT 3 noA-cueHn (obwo nnowTa Ha ysanata
cueHa e ~ 1000 km?) ce nsbupa camo Tasu, KOATO BKIHOYBA XKEaHWs palioH 1M gaxe € Bb3MOXHO Aa
ce nsbepar camo OHe3u MBULM, B KOUTO nonaga pamoHa (BX. durypa 5). Ha cwbuwarta curypa ca
UIIOCTPUpaHn N reomeTpuaTa npu nonyvyasaHe Ha PCA naHHuTe 3a ABaTa Tvna opouTu.

Bb3amMoXXHOCTTa 3a cb3gaBaHe Ha VP[] oT gBaTa Tuna opbuTy NO3BOMM Aa Ce HamnpaBu OLEHKa
3a HanNUUMeTo Ha BepTUKanHW OBWXKEHWs B U3CnensaHWTE paloHW Ha BCAKO efHo cbbutme. [pyra
npegnocTaBka 3a TOBa € npoueca Ha cb3gaBaHe Ha MOU ot Bcaka egHa VD[ Ha etana Ha
reoMeTpu4yHO CbBMECTSIBaHE, KakTo U C orfneq enMMUHUpaHe BIIMSIHMETO Ha peneda BbpXy KpanmHus
pesyntaT, Oewe wu3non3eaH pedepeHteH LIMT ot SRTM c¢ pasgenutenHa cnocobHocT B
Xopu3oHTanHarta paeHuHa 1arcsec (~30m). Cnen ToBa B camute OU Bsxa nokanmanpaHu LBETOBO
KoOupaHuTe MHTepdepeHYHM MBMUUM (No3HaTU n kaTto interferometric fringes), nokassawwm nnowmTe,
KbAETO ca NpoTeknu aedopMaLMOHHUTE npoLeck pesynTtaT oT cbbuTtueTo. Npu nHTepnpeTaumsita Ha
Bcsko egHo NPU ce oTumta, Ye egHa MBULA CbOTBETCTBA Ha gedopmaums oT 28mm no BusnpHaTta
NVHNS U KakTo ce Bwxkaa Ha Purypm 6 a) u r), 7a) n 6), 8 a) n r) 3a obnacture B BGNN30CT OO
enuueHTbpa ce Habngaea No-recTa Nopeauvua Takmea MBULN.

C uen nopobpsiBaHe Ha CbLOTHOLIEHMETO curHan/wym (nosHaT kato edyekt ,con/nunep”
XapakTepeH 3a pagapHute usobpaxeHuss M MNpOsiBABALL, Ce KaTO Hannyme 3a pe3knm MNpOMEHU B
apkoctTa Ha VI®WU) cnep cb3gaBaHe Ha koHkpeTHO VIOW Ge nmpunaraH agantuBeH OUATbP KbM
crnekTpanHa NbTHOCT Ha MOLLHOCTTA Ha curHana, KomTo HamarnsiBa LUMPOKOCNEKTbPHUS LWyM. To3n
Wwym e xapakTepeH 3a gaHHuTe oT PCA, a cneg npunaraHe Ha unTbpa MNpOCTpaHCTBeHaTa
pasgenuTtenHa cnocobHOCT Ha M300paxeHMeTo HesHauuTenHo ce Browasa. OT gpyra cTpaHa To3u
GuUNTbLP [onpuHacA 3HauuTenHO 3a nogobpsABaHe Ha pes3ynTatuTe OT crefBaliMTe eTanu Ha
obpaboTka, Npu KOMUTO OT CTOMHOCTUTE Ha perncTtpupaHusi asoB curHan crneg npunaraHe Ha
npouenypa 3a pasrbBaHe Ha asaTa ce NpemMuHaBa KbM METpUYHa cucTema.

®urypa 5. FeomeTpr4HO NpeacTaBsHe Ha eQNHUYHN NOA-CLEHM BbB Bb3X0OAALLA (NSBO) U HU3XOAALWA (AACHO)
OpbuUTK N HAaNMMUMETO Ha NBULM B TAX
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PesyntaTtun

Mpn n3ydyaBaHeTO Ha OTAENHUTE CLOUTUSA Osixa NOCTaABEHM Pa3fNYHU LiEenu 3a macrnensaHe
KaTO HanpuMMep YCTaHOBSIBaHE Ha Ka4yecTBOTO Ha KpanHute VOW, Bapupaiikm ¢ napameTpute Ha
npoueaypute npunaraHu B npowleca Ha TemaTudHa obpaboTka Ha gaHHuTe oT PCA.

Tbi KaTo B Ta3n cTaTusa ce pasrnexaaT egHOTUNHU CbOUTUS U Npu TpUTE 3a HamansiBaHe
edpekTa Ha BpemeBaTa Aekopenauus gatute Ha obpaboTtBaHuTe PCA paHHW M3nonseaHu npu
uHTepcepomeTpuyHata obpaboTka 6saxa wu3bupaHnm NO TakbB HauuWH, 4Ye Jda ygoBneTsopsiBat
cnegHUTe N3UCKBaHUS:

- [a npomsxoxaaT OT eAuH U Cbly CNbTHUK (B criyyas Sentinel-1A) — ToBa 6elue HanoxeHo ¢
uen MuHMMM3MpaHe Ha neprneHauKynapHata 06asoBa NUHUA Mexay [OBeTe MNpeMuHaBaHusa Ha
catenuta (BX. ®durypa 4 B)), Tbi KaToO KOMKOTO No-manka e 6asoBaTa NuHWs, Tonkosa no-gobpa e
Kopenauusita B paMKnTe Ha eguMHUYHoOTO NOU;

- pa 6baaT makcumarnHo 65130 4O Aata Ha OCHOBHOTO CbOuTMe (Mpeawn u crief Hero) 3a ga ce
eNMMMHMpPa KOJIKOTO € Bb3MOXHO MoBeYe BNUSHMETO Ha TponocdepaTta BbpXy KOHKpeTHO LU,
KOeTO e OT ocobeHa Ba)XHOCT 3a KOHKPETHUTE CbOUTUS, Tbil KaTo U TpUTe ca B ONM30CT OO ronemu
BOAHW MoLwy;

- AJa ce Hamanu BpemeBaTa Aekopenauusl, npuyinHeHa OT MPOMEHM B OTpPa3eHus curHan
nopagn OBWXEHUSI UM NMPOMEHU Ha 0DEeKTUTe, Hamupalln ce B paMKUTE Ha eauHUYEH MUKcen oT
Noln.

Mpn oueHka Ha kadyecTBOTO Ha oTaenHuTe VIOW Gewe M3NON3BaHO NOMYYEHOTO 3a BCSKO
€[HO OT THAX M300paxeHue CbC CTOMHOCTM Ha KOXEPEHTHOCTTa. Ts MpeacTaBnsiBa CTaTucTUyecka
oueHka Ha 6nusocTtTa mexay asete oTaenHu PCA un3obpaxeHusa, oT kouTo € cb3gageHo DU, B
KOMMMEKCHOTO MPOCTPAHCTBOTO (POPMMPAHO OT PErnmcTpupaHvMs amnautygHu m ¢as3oBu CUrHamnm
OTpa3eHn OT 3eMHaTa noBbpxHocT (Rocca, 1997).

Opyr obuw, enemMeHT M Mpu TpuTe CbLOUTUA € OTHOCUTENHWUS XapakTep Ha nonyyYaBaHUTe
pe3yntaTi OTHOCHO npemecTBaHusiTa. CrnegBa ca oT4veTe, Ye Te3an NpemMecTBaHWs ca camMo 3a
nepvoga mexay AseTe gaTu Ha peructpaumsa Ha PCA gaHHuTe.

Bemempecenrue o-8 Koc (Mpuyus)

Ha ®urypa 6 a) u r) ca nokasanun nonyyeHnte NOW 3a paiioHa 3a 3emMeTpeceHneTo npeau
pasrbBaHeTO Ha pasaTa, Ha KOUTO Ce BWXAAT pPas3nukym BbB (pasoBuA curHam, AbribkaliM ce Ha
cbbutneto. Ha cbwarta curypa ce Bwxga W ceBepomsTouHua 6Opsar Ha octpoB Koc, HO
pernctpupanute ot PCA paHHM OT ABeTe opbuTu 3a Tasm obracTt ce pasnuyaBaT 3HAYMTENHO KaTo
TOBa Ce AbIDKM Ha Mocokata Ha HabniogeHve KbM TepeHa OT anapaTtypaTta. B T1o3m cnydanm no-
AocTOoBepHaTa nHdopmMaums 3a NpoMeHMTe No TepeHa 3a Tasu YacT OT pawnoHa 6y buna pesynTtaT oT
WHTEpnpeTauuaTa Ha JaHHU OT HM3XoaswaTa opbura.

MonyyeHuTe pesynTaTn B pamkuTe Ha obpabotka Ha N®U u oT gBaTta Tmna opbutun ca c
BMCOKO KayeCTBO, KOETO € MOTBbPAEHO OT BUCOKUTE CTOMHOCTM Ha KOXEPEHTHOCTTa 3a u3cneaBaHuTe
parioHu OT cywiara, 3a kouto Te ca Hag 0.4 (Bx. ®Purypa 6 6) n g)). Te 69xa o4akBaHu, Tbl KaTo oOLLe
Ha eTana Ha gopmupaHe Ha NPL] koxepeHTHOCTTa Oelle oLeHeHa kaTo B1coka U 3a asete — 0.96 3a
Bb3xoasuwa u 0.98 3a Hu3xoaswa opbura.

HanuuneTo Ha WHTepdepeH4yHU MBUUM U B OBeTe u3obpaxeHus (Purypa 6 B) M €)) e
JokasaTencTso 3a hakTa, Yye peructpupaHata ot PCA npomsHa BbB (ha3aTa Ha OTpaseHuns pagapeH
CUrHan ce OAbikKU Ha ceM3MmmyHaTa OenHOCT, a He Ha aTMocdepHU CcMyLLeHnd. Ha cbmte dourypm 3a
pavioHN OKONI0 enuueHTbpa Ha CbOouUTMETO ce BWXAa, Ye 6pos MHTepdEepeHYHU MBULKM MO OCTPOB
Kapaaga oT Bb3xogswara u Husxogswarta opbutn e pasnuyeH CbOTBETHO 7.5 n 6 uBnun. ToBa e
npumep 3a BNUSIHMETO Ha pasnuyHaTa reomeTpusi Npu ABaTta Tuna opobuTv B MOMEHTA Ha noriyvyaBaHe
Ha PCA paHHWTe T.e. Ha pasnuyHus brbi, NO4 KOMTO € HacoveHa NpuemMHaTa aHTeHa 3a ejHa U cblua
YyacT OT 3eMHaTa noBbpxHocT. OT pe3ynTaTuTe 3a ABaTa Tuna opbutn e BUOHO, Ye perncTpupaHuTe
aedopmaumm otyeTeHn no susnpHaTta nuHua Ha PCA ca oT nopsigbka Ha 20CM € NOMNOXUTENEH 3HaKk.
OTTYK MOXe [Ja ce HanpaBu 3akniovyeHMeTo, Ye Tuna Ha pernctpupaHaTa no gaHHute ot PCA
aedopmaums e NoHWKEHNEe Ha TepeHa, KOeTo e NOTBBbPAEHO U Npu TepeHHUTe nposepku (Yalginera,
2017).

3emempeceHue o0-8 SakuHmoc (Mbpyusi)

Mpn npoBedeHOTO u3cnedBaHe Ha ToBa CbbOMTMe 3a uUen Oelwe MOCTaBEeHO Aa Ce Mpoy4u
BNMSAHWETO Ha gBaTta Tvna edemepugHun hannose Bbpxy nonyyaBaHute VIOW — Bb3CTaHOBEHW ©
nsumucneHn. Bb3 ocHoBa Ha Te3n hawnoBe ce ornpefens MeCTOMOMOXEHMEeTO Ha caTenuTHaTta
nnatgopma BbB BPEMETO Ha perucrpauusaTa Ha AaHHWTe CnpsiMO pedepeHTHUS enuncoua Cbe
CbOTBETHATa TOYHOCT. Bb3cTaHoBeHWTEe no3BonsiBat obpaboTka Ha gaHHuTe oT PCA B KpaTbk
BPEMEBU UHTepBan cnej TAXHOTO perncTpupaHe (Tosun uHTepsarn obxsalla nepuoga oT permctpaums
0O 3anvcBaHe B KOHKPETHOTO XpaHunuiwie 3a AaHHKW), JOKaTO M3YUCNEHUTE Ce NpeaocTaBAT creq
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€[VH MOo-NPOABLIIKMUTENEH nepuog. B To3m cnyyam e HeobxoaMMo fa ce oT4YeTe AOKOJSIKO € CMeLHo Aa
ce nony4yaT KpawHuTe pe3yntatu OoT obpaboTkata — npuM HEoOXOAMMOCT 3a NpedoCcTaBsiHE Ha
WHpopMaunss B KpaTbK nepuog cnej cbOMTUMETO M3NON3BaHETO Ha Bb3CTAaHOBEHUTE edemepuaHu
dannoee wWe gage [obpa oueHKa KbAe ca HacTbMUIM NPEMEeCTBaHMS Ha 3eMHaTa MOBBLPXHOCT.
[okaTo B criyyan, 4ye pesyntaTuTe Le Ce M3MNON3BaT 3a YCTaHOBSIBAHE Ha ABWMXXEHMWSI CbC CTOMHOCTU
OT MOpPsabK OECETKM MUIIMMETPU € HanoXUTesNHO npu obpaboTkaTta ga ce M3nomnseaT M3YUCIIEHUTE
edemepugHn cannose. Toea e untocTpupaHo Ha ®durypa 7 a) u 6), Ha kouto [obpe e mnokasaHa
pasnukaTta npu n3nona3eaHe Ha Aggarta Tuna epemepngHu annose npu cb3gasaHe Ha NPU u e sacHo
pasnuyMmMa no 3anagHuUTe CKIIOHOBE Ha OCTpPOoBa U Bpera cpeLly Hero.

Mol ot gatn 12.07-24.07. 2017 Bb3xoasiwa opbuta S-1
- ) N

(coherence) B8 . =)

a) Non ©0) N3o06paxeHne Ha B) N®U cnep pasrbBaHe Ha
KOXepeHTHocTTa 3a U ¢asata

o ot gatn 18.07 - 30.07.2017 oT HM3xoaswa opbuta Ha S-1

-

3.1
iR

r) Non A) N3obpaxeHre Ha e) N®W cnep pasrbBaHe Ha
KOXepeHTHoCTTa 3a O ¢aszarta

durypa 6. NOU ot gBaTta Tmna opbuTtn Npeam pasrbBaHe Ha has3oBust cUrHan (a) 1 r)), KOXePeHTHO n3obpaxeHne
Ha N®W (6) n a)) n Aedopmaummn nonyyeHn crned pasrbsaHe Ha das3oBus curHan (B) u e))
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a) Bb3cTaHoBeHU echemepugHn dainose ©) nsuncnenn edoemepuaHmn darnose

durypa 7. Pasnuuna B cbagageHo oT MOW npeam pasrbBaHe Ha ha3oBUsA CUrHan npu U3nonaeaHe Ha
Bb3CTAHOBEHM U NPY U3YUCTIEHN edheMepuaHm daiinoBe

Bemempecerue e briuzocm 0o ep. Aypbc (AnbaHusi)

MbpBuTE nonyyeHwn pesyntatm oT obpabortkata Ha PCA paHHM 3a ToBa cbbutme bGsaxa
Haco4yeHW KbM Hal-3acerHatute pamoHu cbrnacHo (Newsletter, 2020), a MMeHHO no ABe NUHWUK
NpUGMM3NTENHO OPUEHTUPAHU NO U3BECTEH CEN3MOreHeH pasfioM, OKOJSIO0 KOWTO Bsixa KOHLeHTpUpaHu
HacTbNUNUTe 3emeTpeceHnsi. Ha durypa 8 ca nokazaHu OCHOBHWUTE pe3ynTaTu nosly4yeHun BCneacTene
Ha HacTbnunuTe CLOUTMA — MHeTepdepoMeTpUyHUTE UBMLUU NonydeHn oT obpaboTeHuTe dasosu
curHann ot PCA paHHM OoT gBeTe opbuTtu a) u r); gedopMauunute nosnyyeHn crnep pasrbBaHe Ha
dasosus curHan (6) n 4)) n nsdmcneHo no dopmyna (1) BepTukanHu aswxeHus (B) u e). MNokasaHute
NOPUN Ha pasoBua curHan Osixa cpaBHeHM B nopobHu BkmtodeHn B (Newsletter, 2020) n Gewwe
YCTaHOBEHO rOfisiMO CXOACTBO, (PaKT KOWTO NOTBBbPAM KayecTBOTO Ha Tean NPW. 3a Tsx cneaea ga ce
B3eMe npensua, 4Ye nokasaHute WNOPU npepoctaBAT camo npegBaputenHu uHgopmauus 3a
OTHOCUTENHO roniemmn obnactTi oT 3eMHaTa NOBbPXHOCT, Thil KATO Pa3MepbT Ha NMUKCENUTE 3a BCSAKO
€[HO OT n3obpaxeHusiTa € okono 14 x 14 m nopagu Tasm NpUYNHa ce pasrnexagaT KaTo NIoLleH, a He
KaTo TOYKOB MHAMKaTOp 3a Aecdopmaumm. OcHoBaHWE fa ce TBbPAW, Ye MHGopMauusiTa nony4vyeHa
cnep etan pasrbBaHe Ha ha30BUS cUrHan v 3a Aeata Tuna opbuTy No OTHOLIEHWE Ha ABWXEHMSTA Ha
3eMHaTa Kopa e goctoBepHa ce Gasupa Ha chakTa, Ye 3a mscnegBaHuTe obnacTm CTOMHOCTUTE B
cnoesete oT NDU 3a koxepeHTHocTTa Ha NDU ca Bucokn. ToBa ce pokasBa OT MPOLIEHTHOTO
CbOTHOLLUEHNE Ha BanuaHUTE AaHHU B MOJTydeHUTe N3006pakeHUs Ha KOXEPEHTHOCTUTE 3a paroHuTe
okono rpag Oypbc, KOMTO UMaT CTOMHOCTM Hag 3agjageHus npar ot 0,35 - 74% 3a Bb3xoaswaTta
opbuta n 70% 3a Huaxoasiwata opbuta cbOTBETHO. 3a TO3M parioH BepPTUKANHUTE U3MECTBaHMS,
pernctpupanm no metoga InSAR, ca B gnanasoHa —0,009 go 0,13 m, nony4yeHun OT HMU3XoAdLlaTa
opbuta n B gnanasoHa —0,036 go 0,074 m ot Bb3xogsLaTa opbuta. PasnmunsaTta B CTOMHOCTUTE Ha
nony4yeHNTe pesynTtatv Han-BeposTHO Ce OblihKaT Ha reomeTpusTa Ha HabnogeHwe mnanonsesaHa oT
PCA 1 No-TOYHO CTOMHOCTUTE Ha bIbJla Ha pPerncTpupaHe Ha BCEKM e€AVH eNleMeHT OT 3emMHaTa
noBbpPXHOCT. KakTo e nokasaHo Ha durypa 5 3a ga ce monydaTt gaHHM 3@ u3crnegBaHus pavioH Ha
CcbOuTMETO OT ABeTe opbuTn, ca 0OpaboTeHN pasnMyHM NOA-CLUEHN, KOETO O3Ha4aBa, Ye CTOMHOCTUTE
Ha brbfla Ha perucTpupaHe Ha OTpas3eHus pajapeH CurHan ce pasnuyasaT 3a Tuna opbuTa, KoeTo
BOAM [0 TakuBa HECBLOTBETCTBUS MeXOY CTOMHOCTUTE Ha BEPTUKANHN U3MECTBaHUS.

B npoueca Ha uHTepnpeTauusi Ha Nony4aBaHUTE pe3ynTaTu Bb3 OCHOBa Ha (ha3oBUSl CUrHan
TpsibBa fa ce OTYETE M BIMSHUETO Ha TepeHa KbM HelHaTa npoMsHa. Ha ®urypa 8 a) u r) ce Buxaa,
Yye nma ronemu obnacTtu, B KOUTO pasata ce NMPOMEHsI B paMKUTE Ha Mariku pasctosiHus. To3n edekT
e fobpe untoctpupaH Ha durypa 9, KbAeTo NpoduIbT HaMpaBeH No Xbnrtata nuHusa B UPU nokasea,
Ye TEPEHBLT € CUMHO NPeceYeH U € Bb3MOXHO JaHHUTe pernctpupadm ot PCA 3a Hero aa ce gbikat
Ha HebnaronpuaTHW edekTn, Ob/Kaln ce Ha pagapHa csiHka. VMIMeHHO To3u edekT BMAMM BbB
(a3oBOTO M3006paxeHne MoXe NeCHO da Ce TbiiKyBa MOrPeLHO KaTo rofiemMr MnpemMecTBaHu Mo

34



3eMHaTa MOBbPXHOCT B Pe3ynTaTr Ha 3eMeTPEeCEeHMeTO, HO B KOHKPETHMsSI Criyyail ToBa Mo-CKOpO ce
ObIDKN Ha CUITHO MPEeCceYeHmnst TEPEH.

nog ot patm 01.12. — 19.11.2020 Hm3xoaswa opbuta 153

a) 6) B)

o4 ot gatm 02.12 — 19.11.2020 Bb3xXoaswa opbuta 175

) a) e)

durypa 8. MOU ot gBaTa TMnNa opbutn — npeam pasrbBaHe Ha a3oBus curHan (a) v r)); aedopmamm nony4eHn
cnep pasrbBaHe Ha dasosus curHan (6) n 4)) n nsdmcneHo no dopmyna (1) BepTukanHu ABmxeHns (B) u e)

durypa 9. Bapuauum Ha dpasosus curHan B UOU, gbrkawum ce Ha peneda

Kakto e nocouyeHo B (Newsletter, 2020) cenmsmoreHHMTe pas3nomu, HamuMpalwu ce B mM3crnegBaHata
30Ha, umaTt npmnbnusntenHa opueHTaumnsa C3-HOE. OcHoBaBawki ce Ha TO3n hakT aBTOpUTE pelunxa
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na npoy4yat gecdopmaummte, nonyyenn B IOU no npoTtexxeHne Ha maructpana 6nm3o go rpag dypbce,
KOATO criegBa NpubnuanTenHo cblyata NocokKa KaTo Tasu Ha pasnoma. Toan nHpacTpykTypeH obekT
€ 130paH, Tbil KaTo M 3a ABeTe opbuTM B HEro Ce o4yakBaT BMCOKM CTOMHOCTU Ha KOXEPEHTHOCTTA,
KOETO OT CBOsI CTpaHa NpaBuW CTOMHOCTUTE 3a W34YUCIIEHUTE BepTUKanHu npemectBaHus B VOU
HagexaHu. 3a ga ce usBneye camo Heobxogmmata nHdopmMaumsa ot okono 100 TOYKM, pa3nonoXeHu
Ha cnomeHaTaTa MarucTparna, camo 3a Te3u, KOUTO MMaT KOXEPEHTHOCT U 3a AseTte opbuTtun Hag 0,3,
Osxa npueTu 3a u3non3BaeMu. 3a Te3an TOYKM Osixa YCTAHOBEHW MWHMMANHU M MaKCMMarHu
CTOMHOCTM 3a ABeTe opbuTn, KOUTO Ce oKasaxa A0CTa PasnnyHU - Minasc = 0,02 m / maXasc = 0,033 m
N Mindesc = 0,078 M / maXdesc = 0,092 m. lNopagn Tasu npuunHa 3a ga Ce YCTaHOBAT pearHuTe
CTOMHOCTM Ha NMpPeMecTBaHMsATa 3a Ta3n 30Ha ca HeoOxoaMmMu namepBaHus Ha msacto. Ha ®durypa 10
ca nokasaHu CTOMHOCTUTE Ha BepTUKanHUTe NpemMecTBaHWs, U3YUCIIEHU OT (has3oBUSA curHan cnej
HEroBOTO pa3rbBaHe OT Hu3xogsiaTta opbuta. 3a uamecTtBanusita B LOS pesyntatute cnegsar
cbllata TeHAeHUMst - Minasc = 0,016 M / maxXasc = 0,029 m 1 Mingdesc = 0,056 M / MaxXdesc = 0,071 m.
ToBa ole BeAHbX MOTBbpXAaBa TBYPAEHNETO, Ye pesynTtatute ot obpaboTkata no metog DINSAR
He MoraT ga ce nony4yaT TOYHW CTOMHOCTM 3a MpeMecTBaHUSATa Mo 3eMHaTa NOBbPXHOCT CPaBHUMU C
pe3yntatn oT TepeHHM GNSS wmaMepBaHus, a MO-CKOpPO AaBaT MNpuMONM3MTernHa OLeHKa Kbae ca
HacTbNWUM TakMBa NPEMeCTBaHWSA

Durres town

Displacements fram the descendng ot resuting from the earthqualkees event dong a higheay

Legend
® Displacements [mm] -
® Eahouske lecstions

®urypa 10. CTOMHOCTM Ha BepTUKanHUTE NnpemecTBaHus peructpupanu B UGN ot Hu3xoasiwata opbuta

3aknro4veHusn

B Tasn ctatua 6axa npeacTaBeHn pe3yntaTute nonyyYeHu ot obpaboTkaTta Ha faHHu oT PCA
no meton DINSAR HacoyeHW KbM OMNpefenisiHe CTOMHOCTUTE Ha HacTbNUAWTE B pes3ynTaT Ha Tpu
CWIMHK, NITUTKM 3EMETPECEHM NPEMECTBAHUSA Ha 3eMHaTa NOBbPXHOCT. KayecTBOTO Ha nonyyaeaHuTe
pe3yntatn B MHTepdepoMeTpuiHuTe asoBu kaHann Ha NOU oT Bb3axogsiia U HU3Xodsiwa opbuta
Ca C KayeCcTBO CbMOCTaBMMO C MNONy4yaBaHOTO OT APYrM HayyHW ekunu. Tyk ca JoknagBaHu wu
pe3yntaTuTe 3a U34UCIEHNTE NPEMECTBAHNS crieq pa3rbBaHe Ha ha3oBUS CUrHam, KOMTO cbBnaga C
KOHCTaTMpaHUTe OT reono3nTe pasfnoMu. 3a [Aa ce YBenu4M [OCTOBEPHOCTTA Ha MorlydeHTa
MHdopMaUns 3a orpaHM4eH Habop OT TOYKWU, MPU KOUTO KOXEPEHTHOCTTa U 3a ABeTe opbuTu e Hag
0,3, HacTbNUIMTE 3EMHM NpemecTBaHus Bsixa onpedeneHn KaTto NoTbBaHe. Bcuuku nonyyveHu
pe3yntatun ca B OoOpo cbriacve C perMoHanHata TeKTOHMKa M OGuxa MornuM gonpuHacaT 3a no-
[obpoTo pasbupaHe Ha MexaHu3aMa Ha macnegsaHuTe cbouTuss M Guxa mornm ga ce usnonseaT oOT
KOMMNEeTEHTHUTE OpraHu Npu U3roTBsSIHE Ha MnaHoBe 3a NpeoforisiBaHe Ha MOCMNeACTBUSITA OT TaKbB
TN NpupoaHu 6eacTeus.
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BnarogapHocTtu

Tean wn3cnedBaHuMs Cca peanuanpaHu € nogkpenata Ha npoekT "HauvoHaneH
reonHdgopmaumoHeH ueHTbp (NGIC)", dwmHaHcMpaH OT HauuoHanHaTa nbTHA KapTa 3a Hay4vHa
nHppacTpykTypa 2017-2023 r. u no npoekTt ¢ P“HN“ Ne IH14/1 oT 11.12.2017T.
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MoHMTOpPUHI Ha cBna4vuLHu npouecu no CeBepHoTo YepHoMopue
Ha Bbnrapus, usnonssanMkn AaHHU ot nporpama KonepHuk

Muna AtraHacoBa, Xpucto Hukonos
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Knroyoeu dymu: GNSS, INSAR, MOHUMOPUHe Ha cenadyuwa

Pe3tome: OcHosHama uesnl Ha moea u3crie0gaHe € MOHUMOPUHZ Ha rpouyecume rnpomuyawu 8
cenavuweH paloH ype3 donmbrgawo usnonsgaHe Ha daHHU om SAR (padapu cbCc cuHmesupaHa anepmypa -
PCA) u GNSS (anobanHu Hagu2ayUOHHU CIbMHUKOBU cucmemu). Pe3dynmamume om u3criedgaHemo
npedocmassm HalexOHU OaHHU 3a npomuyYawu PUCKo8U 2eonpouecu 3a peeuoHa Ha CesepousmoyHa
Bbrizapusi u3secmeH C HSIKOMIKO 20/1eMu  akmueHu cenaquwa. [lonyyeHume pesynmamu ca 8axHU 3a
pasbupaHemo Ha npousdxoda U OuHamukama Ha cefadulyHume npouecuy, Kakmo U 3a OueHKa Ha
npousmuyawume om msix ornacHocmu.

B Hacmosiwjomo uscnedsaHe e usrnonideaH memod DINSAR 3a ycmaHoesisaHe Ha Oechopmayuu Ha 3eMHama
rnogebpxHocm 6 patioHa Ha CeeepHomo YepHomopue Ha bwbreapusi ¢ uyen onpedesnsHe Ha paloHU C
peaucmpupaHu Oechopmayuu Ha 3eMHama Mo8bpXHOCM U udeHmugbuyupaHe Ha npomuYawu cenaqyulHu
npouecu. JlokanusupaHume cenayulya, Kakmo eede peasucmpupaHume, maka u nomeHyuanaHu Mmoeam d0a 6b0am
u3dcnedeaHu ¢ nomowyma Ha u3epadeHa soKa/iHa 2eolduHamuyHa GNSS Mpexa 3a mMSXHOmMO MpPeyusHo
HabmoOeHue. 3a yesima Cb8MECMHO Ce aHanu3upam pesynmamu om nposedeHume om aemopume npe3 2019e.
u 20202. mepeHHU npoy4eaHusi u pesynmamu om obpabomka Ha Habop om SAR OdaHHU. Bb3 ocHosa Ha
rnonydeHume pe3ynmamu Moxe 0a ce 3ak/oyu, Ye u deama u3rosi3eaHu U3MmMOYHUKa om OaHHU 800sim 00
nodobHuU pesynmamu (MIpemecmeaHusima ca 6 Ouarna3oHa Ha caHmumempu) U me nomebpxdasam
usiiocmHomo rnogedeHue Ha uscredeaHume cenaduwa. Pasnukume mexdy msx mo2am 0a 6b0am 0b6siCHEeHU ¢
2onemusi 6poll ebHWHU ¢hakmopu, enusiewu ebpxy OaHHume 3a SAR, kamo pacmumenHocm u epemesa
Oekopenauus. lNpu cbrnocmassHe Ha 0sama mMemoda mpsibea Oa ce e3eme rnpedsud, ye cmolHocmMumMe Ha
eneMeHmume Ha uHmepgepomempuyHume uzobpaxeHus (IFl) cbomeemecmeam Ha MHO20 fo-2onsma rnow; (14
M. Ha 14 m.pa3mep Ha nukcer), dokamo GNSS ce omHacsi 00 omdenHuU MoyKu.

Monitoring of landslide processes on the Northern Black Sea of Bulgaria
using data from the Copernicus program

Mila Atanasova, Hristo Nikolov

National Institute of Geophysics, Geodesy and Geography — Bulgarian Academy of Sciences
Space Research and Technology Institute — Bulgarian Academy of Sciences
e-mail: mila_at_zl@abv.bg, hristo@stil.bas.bg

Keywords: GNSS, InSAR, landslide monitoring

Abstract: The main purpose of this study is to monitor the processes occurring in a landslide area
through the additional use of data from SAR (Synthetic Aperture Radars) and GNSS (Global Navigation Satellite
Systems). The results of the study provide reliable data on ongoing hazardous geoprocesses for the region of
Northeastern Bulgaria known for several large active landslides. The obtained results are important for
understanding the origin and dynamics of landslide processes, as well as for assessing the dangers arising from
them.

In the present study, the DINSAR method was used to establish deformations of the Earth's surface in the
region of the Northern Black Sea coast of Bulgaria in order to determine areas with registered deformations of the
earth's surface and identify ongoing landslides. The localized landslides, both already registered and potential, will
be able to be studied with the help of a local geodynamic GNSS network for their precise monitoring. For this
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purpose, the results of the conducted by the authors in 2019 and 2020 yr. are jointly analyzed and in-sute studies
and results of SAR data processing. Based on the obtained results, it can be concluded that both used data
sources lead to similar results (displacements are in the range of centimeters) and they confirm the overall
behavior of the studied landslides. The differences between them can be explained by the large number of
external factors influencing SAR data, such as vegetation and temporal decorrelation. When comparing the two
methods, it should be taken into account that the values of the IFI elements correspond to a much larger area (14
m by 14 m), while GNSS refers to individual points.

1. BbBegeHue

Llenta Ha ToBa npoy4BaHe e ga ce uaeHTudunumMpaT panoHn ¢ akTMBHO ABWXXEHWE Ha cBrnadvuvLia
no ceBepHOTO YepHomopue Ha bbnrapusa n ga ce ocbLECTBY MOHUTOPUHIBT UM Ype3 KOMOUHMpaHe
Ha gaHHM oT GNSS n mnHTepdepomeTpmnyHn n3obpaxeHns ot SAR. GNSS gaHHM OT NOCTOSIHHU U
rniokanHu reodesnm4yeckn Mpexu ce usnonssaT 3a BanuvavpaHe Ha nonyyeHaTta ot SAR uHdopmauus,
OTHacsLWa ce OO 30HaTa Ha uscnegBaHe. M3cnegBaHeTo We Aaje HaaeXxAHW OaHHW 3a Tekywute
PVCKOBU CBrauuLLHK npouecu 3a pervoHa Ha CU Bbnrapums.

leoguHaMnyHWTE MNpouecuM M CBRayulHaTa akTMBHOCT Ce cyMTaT 3a OCHOBEH ABuraten Ha
XOPM3OHTAaNHN U BepTUKanHu ABMXEHUSA Ha 3emHaTa kopa Ha CU Bwnrapma. EavH gokasaH metop 3a
HenpekbCcHaTO HabnwaeHue Ha 3emMHUTe AedopmauuyM € U3MNON3BaHeTO Ha AaHHU OT aKTMBHO
pPagMonoKaLuMoHHO AMCTaHUMOHHO HabnogeHve. Tesn JaHHM ca OcHoBata 3a Cb3faBaHe Ha
UHTEPEPOMETPUYHMN M300paeHNs 3a KONMYecTBEHa OueHKa Ha perucTpupaHuTe ABWXEHWS Ha
3eMHaTa MOBBLPXHOCT B pPaMKuTe Ha duKcupaH uHTepBan OT Bpeme. 3a ToBa u3cnegBaHe Oele
cb3pgageH Habop ot IFI 3a panoHute CeBepHoTO YepHomopue Ha Bbnrapus.

2. MeTtop

Hanocnegbk WHTEPEPOMETPUYHMAT NOAXO4 € LUMPOKO M3MOon3BaH B reofe3nyeckuTe
uscnegBannsi. Tosm meTogd wmanonssa WHTepdepomMeTpuyHo 06paboTeHuM AaHHW OT Ha3eMHU Unu
caTenuTHU pajapu CbC CUHTe3upaHa anepTypa. Llenta Ha obpaboTkata e ga ce perucrpupa
npoMsiHaTa Ha a3oBusA curHan, NpPUCbCTBaLY, B ABE padapHu M300paXkeHus, MONydeHn Ha pasnnyHm
natu. Bb3 ocHoBa Ha Tasu pasnvka MoXe Aa ce NpocnefaT reogMHaMUYHN SIBNIEHMS OT pPasnuyeH Tun
- 3eMeTpeCeHs], CBradnLLa U CKanHu nagaHust 1 ap.

Tpsbea ga ce otbenexu, Ye MHCTPYMEHTLT SAR e akTuBHa pagapHa cuctema 3a nsobpaxeHus,
KOSAITO OOMKHOBEHO € MOHTMpaHa Ha neTdawmM nnatdopmu, 3a ga kapTorpadupa noBbLPXHOCTTA Ha
3emaATa. B TO3M MHCTPYMEHT OCHOBHUAT enemMeHT e SAR akTBHata aHTeHaTta, KOATO M3nbyvBa U
npuema obpaTtHO OTpa3eHUTE OT 3eMHATa NOBbPXHOCT padapHu CUrHamMu.
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MonyyeHnTe aaHHM obpa3syBaT pagapHO M3o00paXkeHne, KOEeTO € CbCTaBEHO OT ABa PasfiMyHu
KOMMOHEHTA Ha ernleKTpoMarHuTHaTa BbJiHa - amnnuTtyga u ¢dasa. Tpsabea ga ce uma npeasuvi, ve
AbIKMHaTa Ha BbiiHaTa M (pasaTa Ha pagapHMs CUrHan ca B3auMMHO CBbp3aHu. 3a mM3nonseaHe Ha
MHTepdepoMeTpuyHMA MeToq TpsibBa ga 6baat obpaboTeHn 3aegHO ABe padapHuM u3obpaxeHus
(4ecto HapudaHu MHTepdepomeTpuyHa aBorka - IFP) n B nonyyeHoTo m3obpaxeHue ce 3anuceBa
daszoBaTa pasnuka Ha obpaTHOTO OTpas3eHWst curHan Mmexay OBeTe M3MepBaHus. Tasu pasnuka e
NPSKO CBbp3aHa C MPOMEHMTE (ako uMa TakuMBa), HACTbNUMM Ha MOBBLPXHOCTTA Ha 3emsaTa BLB
BpEMEBMA MHTEepBan Mexay nonyasaHeTo Ha aBeTe SAR m3obpaxeHus. Cblio Taka Tpsibsa ga ce
oTyeTe, Ye perncTpupaHuTe no TO3M HaYMH U3MECTBaHMS ca B NUHMATA Ha 3acHemaHe (LOS) Ha
aHTeHaTa M He morat Aa 6bAaT OUPEKTHO MHTEPNPETUPaHW KaTo ABMXKEHWE B XOPWU3OHTanHa wunu
BepTMKanHa paBHuHa. 3a fa ce HanpaBu ToBa ca HEOOXOOUMM AONBNAHUTENHN U3YUCTIEHUS.

2.1.NMpunoxeHne Ha DINSAR 3a onpepensiHe Ha npemecTtBaHus B CU Bbnrapus

MopxoabT DINSAR (andepeHumnaneH nHrepdepomMeTpudeH pagap ¢ CUHTETUYHa anepTtypa),
M3MNon3BaH 3a Nofy4vyaBaHe Ha pe3ynTaTtuTe B TOBa NpOy4YBaHe, Ce CbCTOW OT CrnegHuTe etanu.

MepBUAT € NoaroTBUTENHMAT €Tan Ha JaHHWUTE, Npu KOWTO Ha OasaTta Ha ekcneprtu3aTa Ha
aBTOpUTE OT HaNUYHUTE OHMAaNH apxmBu ¢ AaHHU 3a SAR, nogabpXaHu OT pasnUYHM UHCTUTYLMK, ca
nonydyeHn Heobxoammmte. B TO3M npouec GaAxa M3YMCNEHW NepneHanKynapHuTe 06as3oBu NUHUK
MeXay BCUYKM Bb3MOXHU IFP n 6sxa M3bpaHu Har-nogxogswmnte 3a no-HataTbluHa obpaboTka Ha
cnegBawmsa etan. CbbpaHa e n gonbnHUMTENHA NomoliHa uHdopmauma (LMdPPOBU KapTn U Apyru
AaHHW) OTHOCHO TonorpadguaTa Ha uscnedBaHusi pervoH. [pyro cbobpaxeHue, koeTo Gelue B3eTO
npeaBua 3a cMekvyaBaHe Ha cnomeHatute edektun, bewe obpaboTkata Ha AaHHM OT Bb3xogsilia U
HM3xodsLwWwa opbuta n CbBMECTHOTO UM peructpupaHe. (BXx. dur. 1).

2.2.Mpouenypa 3a o6padboTka no metop DINSAR

BbB BTOpUS eTan oT ToBa u3cnedBaHe Gelle npunoxeHa npouedyparta 3a obpaboTka no
meTtog DINSAR 3a Bcsika egHa IFP, KosiTo ce cuuTa 3a egHa OT HaW-BaHUTe 3a ga ce nonydar
KpanHWTe pesynTtaTu.

Ha T03M etan 6sixa obpaboTeHn camo gaHHM BbLB dopmat Single-Look Complex (SLC). B
TO3n chopmMaT ce perncTpupar KakTo JaHHM 3a aMNnuTyaHWs, Taka u da3oBust curHan. OcBeH ToBa
Te3n gaHHu umaT gobpa no3nuMoHHa nHdopMaums 3a reorpadcka WwWnprHa/gbmkmHa (BX. dur. 1) n B
CbLLOTO BpeMe OCUrypsiBaT NPOCTPaHCTBEHA Pe30noLms, KOSATO e OT 3HayeHue 3a uenuTe Ha ToBsa
nacrneaBaHe. 3a cb3gaBaHeTO Ha eauHudeH IFP SAR paHHuTe Gsixa obpaboTeHu cbC codpTyepa
SNAP, npegoctaBeH oT ESA, B KOWTO NnecHo ce peanusnpa gobpe yctaHoBeHa MeTOAonorvs 3a
DInSAR (Bx. ®ur. 2).

B pamkuTe Ha ToBa Npoy4yBaHe e cb3gagdeH apxus oT IFP 3a nepuoga mexay anpun 2015 1. 1
HoemBpyu 2020 r. TpsibBa Aa ce m3sicHU, Ye obpaboTeHnTe IFP nokpuBaTt YeTupmMmeceveH UHTepBar,
KOWTO € OT CbLUECTBEHO 3HAYEHWE 3a MUHUMU3MPaHE Ha HeraTMBHUTE edEKTU KaTO 3aTMXBaHE Ha
pagapHus curHan u HamarnsiBaHe Ha CcbllacyBaHOCTTa, MPUYMHEHA OT pacTUTENHOCTTA, MPUCHhCTBALLA
B U3cneaBaHuWTe panoHu. [Jpyro orpaHu4eHue, koeTo belle oTY4ETEHO B Ha4yanoto Ha obpaboTkaTa,
Oelwe ga ce makcumusvpa mogenvpaHaTta cbriacyBaHocT 3a Bceku IFP. o Bpeme Ha cb3gaBaHeETO
Ha UHTepdepoOMETPMYHOTO M300pakeHne OT 3HaveHue e ga ce nsbepe Takbe LIMP (DEM - Digital
elevation model) KoWTO Lle ocurypu BB3MOXHO Han-gobpaTa NpPOCTpPaHCTBEHA pasgenuTenHa
CnocoBHOCT Ha kpanHusa npoaykT [1]. Twi kaTo No Bpeme Ha obpaboTkaTta He Oelle npegocTaBeHa Mno-
nobbp DEM, Gewe uanonssaH 1arcsec SRTM. 3a ga ce rapaHTupa BUCOKOTO Ka4yeCTBO Ha KpanHuTe
IFP, ©sixa wu3non3BaHM camMoO TOYHM oOpbuTanHM p[aHHM 3a CbBMeCTHaTa perucTpauus Ha
nbpBoHavanHute SLC usobpaxeHus. Tasn cTbhka e OT 3HavyeHue 3a popMUpaHEeTO Ha eduHU4YHA
WHTEepceporpamMa, Tbil KaTo NpU Hesl fa Ce OCUTYpU CbBMNAfAEHWe Ha PErMcTpupaHnTe amniuTygHU U
da3oBu curHanu ot e4uH NUKCcen (3eMeH eneMeHT) KakTo Mo nocka Ha obxeaTa, Taka 1 Nno asumyTa oT
asete SLC n3obpaxeHus.
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dur. 2. Metogonorusi 3a obpaboTka Ha IFI

CnepBaulata cTbhka B obpaboTkaTta Gewe ga ce nogodpu ka4ecTBOTO Ype3 BUCOKOYECTOTHA
dunTpauua n HamansaesaHe Ha LWyma fa ce oopmupat KBagpaTHU NUKCenu, OTroBapsLLn Ha enemMeHTH
OT 3eMHaTa noBbpxHOCT, B IFl. Thin kKaTo 3a ToBa M3cneaBaHe HMe CTECHUXME panoHa Ha uscrnenBaHe
Oewe Heobxoaumo fa ce cb3gafde Mo-manbK MOMWIoOH 4vpe3 noamHoxectsa Ha IFl. Cnep Ttasm
npouenypa IFl moxe ga 6bae reokogMpaH K ekcnopTupaH kbM Apyr codptyep (Hanpumep QGIS,
Google Earth) 3a Budyanusauusa v gonbnHuTeneH aHanus. LiBeTtoBeTe, npucbcTBawm B T1e3n IFI,
nokaseaTt CTEeneHTa Ha NpoMmsHa Ha a3oBusi curHan. B cnyyan Ha eguHUYeEH rmagbk LBAT,03Ha4YaBa
Ye HAMa MpomsHa Ha dhasaTta, T.e. He Ce OTKpuBaT MOBBLPXHOCTHWM dedopmauuun. B obnactuTte,
KbAeTo edeKTbT ,,coNn n nunep“ e BUAMM, MOXe Aa ce 3akmouu, Ye dasaTta € CUITHO JeKopenupaHa
nopaan HMUCKaTa KOXEPEHTHOCT B €AMHWNYHUS OCHOBEH enemeHT. Camo 3a Te3n obnactu B IFI, kbgeto
UMa MHTEPEEPOMETPUYHU MBULM, MOXE Oa Ce 3akmouu, Yye gecdopmaummte Ha 3emsaTa ca Gunu
HaZeXOHO perucTpmpaHn oT npomsiHa Ha ¢asoBus curHan B LOS.

3a ga ce nony4art NOBbPXHOCTHU M3MecTBaHMs No LOS B MeTpuyHM eamHuum e Heobxoguma
owle efHa npoueaypa, U3BECTHa KaTo pa3rbBaHe Ha (pa3oBuda curHan. BebLHOCT TOBa € npoLec Ha
Bb3CTaHOBsIBaHE Ha (pa3oBaTa pasnuka yYpes3 fobaBsiHe Ha NPaBUITHOTO LSO YMCHO, KpaTHO Ha 21T
KbM MHTepdepomeTpuyHuTe meuumM [2]. Tasu npouenypa 3a pasrbBaHe Ha pasaTa MOxe fa ce
U3BBLPLUN OT HAKOMKO COPTyepHM NPOAYKTa, HO B TOBa NpOyyYBaHe HWe usnonssaxme moayna Snaphu

(3].
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our. 3. IFI (Bb3xogswa opbuta 36) 3a gatute 20Nov2015_11Mar2016

3a u3cnegBaHe Ha TekywwuTe reoguHamuyHM npouecu B permoHa Ha CW Bbnrapusa e
Cb34adeHo NoKanHo xpaHunuuie/apxme ¢ gaHHu 3a SAR ot mucudata Sentinel-1. N3nonssarikn rope
onucaHusa meton, bewe cb3gageH Habop ot IFI Ha nHTepBanu ot 4, 8 1 12 Meceua u B crnyyauTe
KoraTo TpsibBalle Ja ce Npoy4Yum KOHKPETHO Heo4yakBaHO CbOUTME MOPOAEHO OT aKkBU3WpaHe Ha
cBraymwH1Te npouecu. BannanpaHeto Ha uHdopmauumaTa, nonydeHa ot IFI, Gewe u3BbpLieHO C
nomMoLlTa Ha JaHHUTe OT cb3fdageHuTe nokanHm GNSS mpexu.

TpeTaTa 1 nocrnegHa CTbKa BKOYBA aHanNM3 Ha MHopMauusaTa, nonyvyeHa ot obpaboTkaTa
Ha DINSAR u ce ocHoBaBa Ha MONy4YyeHWTe KapTM Ha Jedopmaumsi B METPUYHU eauMHuuM 3a
cboTBeTHMA nepuofd. [MbpBo TpsAbBa Oa ce nogyepTae, ye PperMcTpupaHuTe M3MECTBaHUSA Ha
noBbpxHocTTa ca no LOS Ha aHTeHaTa. Owe eaHo NpakTU4ecko CbobpaxeHne nNpu UHTeprnpeTupaHe
Ha LOS gedopmaumm e, ye peanHoOTO TPUNM3MEPHO OBWKEHWE Ha 3eMHaTa NOBBbPXHOCT (CeBep, NU3TOK,
Harope) He e oueHka 1 n3BoauTe TpsabBa Aa ce HanpaBAT BHUMATESHO.

3. PanoHu Ha nscnenBaHe

3.1. CBnauuwe no KpandpexxHUA CKNoH npeau rond knyo6 “Tpakuncku ckann”

3.1.1. F'eonoXKocko onucaHue

CenauuwieTo e peructpupaHo npes 2014 r. nog Homep DOB 17.05009-01-03 1 e pa3Buto no
KpanbpexxHUs CKINOH, HenoCcpeacTBEHO Npeaun Bxoaa Ha rond knyb ,Tpakuinckm ckanu®. MNposiBeHO € B
npegHaTta 4acT Ha [ApPeBHO CTabunuavpaHo cBradulle, M3BecTHO ¢ umeTo “KankaH Tene” —
torozanagHo pasnonoxeHo ot ¢. boxypeu [4], [5].

[peBHOTO cBraunwe e 6nokoB Tun. Ha TepeHa ACHO ce BwXAAT CBMAYMLLHU NaKeTH,
pasnosfioXKeHW Ha pasnuyHyM HuMBa. Mexay Tax ca OhOpMEHM MHOXECTBO HeraTMBHM OE30TTOYHU
GOopMU C pas3nMYHM pasMepu, KOUTO 3agbpKaT rofsiMO KONMYECTBO MOBBPXHOCTHU BOAM.

CenauunwieTto 3acqara tepuTtopus ¢ nnowy, okono 110 gka, pasnonoxeHa Mexay OepeTo npen
c.Tonona n Bxoga Ha rondg Komnnekca, MOpeTo M ApPEeBHUA CBnadvulieH oTkoc. Pasmepute my ca:
LwmpuHa okomno 550 M 1 gbsmkuHa okoro 280 M B M3TOYHaTa 4YacT 1 okono 150 m B 3anagHaTa 4acT.
MaBHUAT cBNayvunLLEeH OTKoC € B1UCOK Ao 12-15 m. Mo uanata wuprHa Ha CBRNaduLLEeTo B MOPETO MMa
cBnauuwleH Ban ¢ BucounHa Ao 3-4 m. [lpeacrtaBnsiBa mMsguraHe Ha rfMHKM, CKanHW KbCOBE C
pasnuyHuM pasMepu U CUBOCUHW Meprenu. Meprenute, KOUTO B €CTECTBEHUS TepeH ca C
XOpPM3OHTAaneH nnacTtopes BbB Barna ca HaKMoOHeHW O0 BepTukanHu. CBnuyaTt ce cuBoGenn rmuHu C
pa3HOPOAHM CKarHM KbCOBE B TAX C pas3nuyHu pa3mepu. B 3anagHa nocoka go gepeto Ha Gperosus
CKMOH SICHO NUYM U CBNayuvLleH NakeT CbC 3anaseHn CeauMEHTU, KOUTO MMAaT HaKMOHEeH nnacrtopes
[4], [5] [6] v [7].
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®ur. 4. Cenauvie npeau rond kny6 Tpakuicku [8]

B panoHa vMa manku u TeCHM MACBYHWM MBMUWM, KOUTO He moraT gda 3awuTtat bpera or
mMopckaTta abpasus. B pesyntat Ha TOBa 1 M3BETPUTENHMTE NPOLECH, NO BUCOKUS U OrofieH MOPCKM
Op4ar Bb3HMKBAT CbBPEMEHHU CBRayvwa u cpytywa. [isata Buaa HeraTMBHN reoguHaMUYHM NpoLiecu
- cBnauyvwa un mopcka abpasns ca B Mpska 3aBUCUMOCT W aKTMBHOCTTA Ha eguHua npouec
npegonpeaens pasBuTMeTo Ha Opyrus.

KoHcTaTaumsta OT BusyanHus orneg HanpaseH Ha 03 anpun 2019 r. e, ye Buammo
CBMayuLLIETO € aKkTUBHO. MNbTAT KbM rond knyba e acdanTupaH U B HOBaTa HacTWUKa Ha MecTa ce
BWXAAT TbHKM NyKHaTUHWM ¢ pa3mep 2-3 cMm. [log nbTa ACHO nuuum nesus 6opa, OT KOWTO € HaceyeH
cBnayuileH naket. MacueHute crpaam (dur. 4) 3acerHaTv OT CBMaYULLHMTE NpoLecu ca Heobutaemm
W BUOMMO Mpunuyat Ha W30CTaBeHW. TeputopuaTa, 3acerHata OT CBMaYvlHMTE npouecu e
3aTpeBeHa, obpacna ¢ BUCOKM XpacTu 1 e TpyAHOA4OCTbMHA.

OCHOBHM MNpPUYMHM 3a aKTUBM3MpaHe Ha CBrAYULLHWTE MPOLECUM ca MNpeoBraXHsBaHe Ha
3eMHUTE Macu OT BOAU C HeACeH Npousxop (Bb3MOXHO € Aa ca NoA3eMHU, NoaxpaHBaHu ¢ OMToBw),
TeyoBe OT KOMMPOMeTUpaHaTa Ha TO3M eTan KaHanuM3auus, usrpageHa B MbTs 3a rond-koMmnrekca u
MopckaTta abpasus.

3.1.2. GNSS Ha reognHaMunyHaTa Mpexa

reognHaMnyHUTE MpPEXn, Cb3dadeHN 3a MOHUTOPUHT Ha CBRayuLla, ce CbCTOAT OOMKHOBEHO
OT ABa TWMa TOYKN - pePEPEHTHU UM HEMOABMKHU TOYKM, Pa3MONOXEHM Ha reoflormMyHo ctabuneH
TEPEH M TOYKM 3a HabngeHne pasnosioKeHN B CBMAYULLHOTO Tsno. 3a ga 0bhaTt nocTurHaTu uenure
Ha HacTOSLLOTO NpPOy4YBaHe ca HeobXooMMU reofe3nyeckyu faHHW OT Te3n ABa Tuna Touku. JaHHuTe
3a CTabunHWTE TOYKM Pa3nonoXeHn B HededopMMpyeMa 30Ha Ce MPefoCTaBAT OT NEePMaHEHTHM
GNSS mpexun. HoBnTe ToukM Ha HabnogeHne ca pasnonoXeHn BbTPe B KOHKPETHOTO CBMNayuLLe U Lie
ObaaT U3MepeHn B HAKOSKO LiMKbNa.

3a ToOBa npoy4BaHe € Cb3fgafeHa KOHTpPONHa reoguHaMuMyHa Mpexa, obxsallawa
cBrayumwiHaTa 30Ha npeawu rond kny6 , Tpakuiickn ckanu” (Pur. 5). Ta ce cbeTom oT o6wo 10 Touku,
cTabunmnsmpanu ¢ metanHm Tpbou ¢ aAbmknHa 35 cm M3non3BaHu 3a HabngeHne Ha gedopmauum no
nbTa. [MbpBUAT UMKbN Ha mM3MepBaHe Ha GNSS Ha reoguHamuyHaTa Mmpexa Oele M3BbPLIEH B
nepvoga 19-23 toHn 2019 r. a BTopus tonn 2020 T.
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®ur. 5. Cenauue npeau rond kny6 , Tpakuiicku ckann” n HoBomarpageHata reognHammnyHa GNSS mpexa

MoHsikora e TpyOoHO Aa Ce U3BbPLIAT U3MEPBaHMSA Ha CBMaYMLLHWTE NPOLIECUM B TOYKUTE OT
GNSS reogesuyeckaTa Mpexa nopaau TeXHUYECKM NPUYMHU, Hanp. HanmM4MeTo Ha BUCOKM ObpBeTa,
KOETO BOAM [0 BriowasaHe u/unu nunca Ha GNSS curHan oT cnbTHUUWTE; TPYAHOAOCTBLMNEH TEPEH;
OMacHOCTMTE OT HanMYMeTo Ha MoslypaspyLleHn crpagy U CbOPBXKEHNUS; aOMUHUCTPATUBHU NPEYKM -
YyacTHa coBCTBEHOCT BbpXYy MMOTUTE B aKTMBHaTa 4YacT Ha cBradveTo. B Tean cnyyaum e ygadHo ga
ce 13nonssaT AUCTaHLUMOHHM MEeTOAM, a B KOHKPETHUS Crydai caTennTHU gaHHu oT SAR.

3.1.3. MpunoxeHune Ha DINSAR 3a onpeaensiHe Ha NpeMecTBaHUA

3a uenuTe Ha TOBa M3cnegBaHe cb3gagoxme Bpemesa nopeguua ot IFI 6asmpaHa Ha gaHHu
oT catenutute Sentinel-1A/B, 3anoyBawla npe3 HoemBpu 2015 r. n 3aBbpuBawm npes anpun 2020 r.
3apgagoxme BpemeTo Mexay ABe cueHu, obpasysawm IFl, pa 6bae yetupm meceua, 3a ga uma
MUWHUMarnHa pacTuTeriHa MOKpPUBKA B M3cnegBaHMTe obnacT nopagu gobpe nosHaTusa edekT Ha
3aTUXBAHETO Ha CUrHana W HamansiBaHeTO Ha KOXepeHTHocTTa. [pyro orpaHuyeHue, C KOeTo
Tpsibeale ga ce cnpaBuMm, belle oa HAMEPUM OHE3N CLEHU, KOUTO MMAaT Hal-kbCca NepneHanKynsapHa
0as3oBa NUHMS 1 BUCOKA MogenupaHa KOXePEeHTHOCT.

Tabnuua 1. Cnncbk Ha caTenuTHUTE M3obpaxeHusa Ha Sentinel 1A / B, nanonseaHu npu cb3gasaHeTo Ha IFI

Master / Slave dates Orbit type B[prﬁ]r P ?JZ;;F]) clz)/lr?grilr?ge
20Nov2015_11Mar2016 Desc. 36 -28.91 -120 0.87
26Nov2016_20Mar2017 Desc. 36 -125.08 -114 0.80
15Nov2017_27Mar2018 Desc. 36 -106.94 -132 0.80
20Nov2018_22Mar2019 Desc.36 -66.42 -120 0.84
29Nov2019_287Mar2020 Desc.36 -86.00 -120 0.82

OT HannyHWTEe n3obpaxeHns B Cb3AadeHUsa apxmB Ha AaHHW, n300paxkeHusTa OTroBapsLwm Ha
nocoveHnTe KpuTepun, ca nokasaHu B Tabnuua 1. o TO3n HaumH Gsixa dopmupaHu LiecT
WUHTEPEPOMETPUYHM OBONKM, KOMTO Osixa U3Non3BaHW B criedBaliute CTbNkM 3a obpaboTka no
meTog DINSAR. O6wo aBaHageceT M3obpaxeHust ca o6paboTeHn N OOMBNHUTENHO aHanuaupaHn B
paMKknTe Ha BpeMeBWTe pegose (BX. Tabn. 1).
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IF1 20Nov2018_22Mar2019

IFI 29Nov2019_28Mar2020

®ur. 6. PernctpupaHnmn npemecTtsaHms B cernavuile , Tpakuicku ckanv® nonyyexm ot IFI 3a pasnuyHnte neprnoau

Ha dur. 6 ca npeacrtaBeHy kapTu Ha NpeMecTBaHWsITa onpeaeneHn ot nHTepdeporpamu 3a
pas3nuyHn 3umMHu nepuogm ot 2015-2020 r. (BuHarM e mnann3eaHa Bb3xogswwa opbuta 36) HanoxeHn
Bbpxy pactep Ha Google Earth, nokpuBawm 3oHaTa Ha cBnauvwe ,TpakMncku ckanu®.
lMpemecTBaHWsTa Ha 3eMHaTa Kopa ca M34McreHn oT has3oBus CUrHan cnegj HeroBoTo pasrbBaHe 1 ca
LBETOBO KoanpaHu. Cnepfga ga ce otbenexu, 4Ye 3a nepmog ot 4 Mmeceua Te Bapupart mexay -2 0o -10
cm. Camo npes nepuoga npes aumaTa Ha 2017-2018 r. CTOMHOCTUTE Ha ABWXeHusTa gocturat -20 cm
3a OTAENHN MUKCenwu.

MonyyeHnTe KpalHu pe3ynTaTu ca npeacTaBeHu no-gony B Tabnuua 2. B Hest ce npegocTtass
UHdopmaumaTa, nonyvyeHa oT nHTepdeporpamarTa OTHOCHO ABWXKEHMATA Ha 3eMHaTa NOBbPXHOCT 3a
onpegenuuuaT nepuog no IFl. 3a Ta3n uen 3a Bcsika Todka OT reogesndeckarta mpexa (B dur. 5 u
dur. 6) ce onpepens NUKCern, Ha KOWTO TA cboTBeTcTBa. B cbwaTta Tabnuua cpelyy Homepa Ha
reogesuyeckara Tovka e npeAacTtaBeHo npemectBaHeTo no LOS /m/ nonyyeHo Ha 6a3ata Ha da3oBust
curHan ¢ nonsipusaud VV 3a BCeku eavH oT nepuoguTe.
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Tabnuua 2. U3uymcneHn croiHOCTM Ha MpemectBaHata no LOS ot nonyyenute IFI B TOukMTE Ha
reogesnyeckaTa Mpexa 3a cenaduie , Tpakmnckm ckanu®

Point Displacements VV (LOS ) /m./
number 20Nov2015- 26Nov2016- 15Nov2017- 20Nov2018- 29Nov2019-
11Mar2016 20Mar2017 27Mar2018 22Mar2019 28Mar2020

03 -0.054 -0.051 -0.091 -0.060 0.00
501 -0.045 -0.091 -0.119 -0.079 0.005
502 -0.061 -0.094 -0.140 -0.085 0.020
503 -0.073 -0.040 -0.189 -0.029 -0.009
504 -0.085 -0.071 -0.170 -0.072 0.013
601 -0.081 -0.073 -0.142 -0.065 -0.008
602 -0.066 -0.078 -0.156 -0.069 -0.011
603 -0.064 -0.069 -0.172 -0.062 0.002
604 -0.052 -0.065 -0.192 -0.017 -0.024
605 -0.058 -0.081 -0.201 -0.028 -0.009

anI MHTEpnpeTaundaTa Ha pe3yntatute OT ropHarta Tabnuua cnegea ga ce B3eme npeaosuag,
4ye nolny4vyeHuTe CTONHOCTM oTpasdBaTt ABMXEeHUdTa Ha 3eMHaTa NOBbPXHOCT CaMO 3a ChnomMeHaTtute
4-mecevyHn nepuoan. B KOHKpPETHUA cnyqal7| € BaXHO ga ce oTtbenwxun cnegHoTo npeanmcTBo Ha
npunaraHna noaxon - Bb3MOXHOCTTa 3a KapTorpad)MpaHe Ha obracTu, KOMTO ca HeAOCTbLMHU MO apyr
Ha4nH nopagu ocobeHocTn Ha pene¢>a M ONMacCHOCT OT CpyTBaHUA Ha crpagun.

3.2. CBnaumweH umpkyc ,,dbunrua Ap”
3.2.1. Onucanune

U3cnepgBaHmaT paroH JObnrua ap“ e cenadvleH UMpKyc nonajaw, BbB BapHeHckus
CBIaymLLEH palioH, KOMTO BKIOYBA KpanbpexHaTa uBuua, KoATo 3anoysa oT rp. BapHa n goctura go
JonvHaTta Ha peka baTtoBa 6nm3o go ceno KpaHeBo. O6pasyBaHeTo Ha AbNOOKM CBNayvLLla B paioHa
Ce ObIKM rMaBHO Ha MopckaTa abpasus. Tol e YacT OT roflieMun CBaYnLLIHM KOMMMEKCH (TUM LIMPKYC)
NPOSIBEHN MO M3TOYHUS CKIOH Ha PpaHreHcKoTo nnaTo - oT pbba My Ao mMopckua Opsar. Ha doHa Ha
Te3n cTapu ctabunmsvpaHu cenayuvila B pesyntart Ha KOMMMEKCHOTO Bb3AEWCTBME HA NPUPOOHUTE
hakTopu M TEXHOreHHaTa akTUBHOCT Bb3HUKBAT CbBPEMEHHW aKTMBHM MECTHM caravuvwa [9] u [10].

WacnegBaHuAT parioH Jdbnrua dp“ e cBrnavvileH UMpKyc, KOWTO OOXBalla HSKOMKO aKTUBHU
CBrayuLla, YMmMTOo rpaHuumM ce NpUnokpuBaTt U nopagu Tasu npuyMHa € TPYQHO Aa ce pasrpaHudar.
Jdopu 3a HAKOM OT M3cnedBaHUTE CBRayuLLla pasnonoXeHW B TO3U palloH BbTpe B TAX MOXe Ja ce
nokanuaupa no-Marko carayuiie

Cenaunwe ,Papa“, pasnonoxeHo wmexay ceno KpaHeBo © TypucTUYECKUA KypopT
"MaHopama"”, obxBalla camo HUCKOTO CTbMana Ha uupkyc ,Obnrusa ap n e ¢ naeHTnuKaLMoHeH
Homep VAR 02.54145-01-17 B peructbpa Ha cBrnaduiwata Ha Penybnuka Bwbnrapusi, To ce
akTnBmaupa Ha 13 oktompu 2012 r., yHULLIOXKaBaKKku papa n BUNUTE OKOSO HEro.
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®ur. 7. CeBnaumwHus umpkyc ,Jbnrusa Ap”

3.2.2. GNSS Ha reoguHaMu4yHaTa Mpexa

3a nocTturaHe Ha LenTa Ha ToBa NpOy4YBaHe € Cb3JafeHa KOHTPOSIHA reogMHaMuUYHa Mpexa,
obxBallalla cenaynwiHata 3oHa ,Obnrua Ap” - ,dapa” (durypa 7). Ts ce cbetomn oT 06wo 30 Touku,
cTabunmnampanu ¢ meTanHu Tpbbu ¢ obmkuHa 35 cm 1 MeTanHu 6onToBe B ckanaTta. MamepBaHusiTa
Ha BCUYKKN TOYKWN Ca U3BBPLUEHU B CTATUYEH PEXMM C NPOABIHKUTENHOCT HA M3MEPBAHETO €AMH Yac, a
pedepeHTHNTE CTaHLUMK HaTpynBaxa AaHHM 3a OKoso 8 yaca.

PedepeHTHaTa cuctema e geuHMpaHa oT CTaHUMM Ha HauuoHanHata nepmaHeHTHa GNSS
mpexa Ha HWIT-BAH. HoBock3gageHaTa reognHamudHa mpexa (Pur. 8), KOATO e pas3nonoxeHa
BbTpPE B 30HATa Ha CBMAYMLLETO Lie Ce u3MepBa BeAHbX rogvHo. B cnomeHaTtaTta reoguHamuyHa
Mpexa "Obnrua Ap" ca BKMHYEHW BCUYKM LUECT TOYKM, OTKPUTU MO-paHO Ha TepeH OT Mpexa,
n3nonseaHa 3a HabntogeHve Ha gedopmaLmm No NbTa (03HAYEHU CbC CUH UBAT Ha dur. 8). MbpBuar
LUUKbT Ha M3MepBaHe Ha reoguHamMunyHaTa Mpexa e u3BbpweH B nepuoga 19-23 toHm 2019 r,a
BTOPUAT B kpasi Ha toHn 2020 r [11].
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0.192

®ur. 8 a) Toukn OT HOBaTa recagMHamMu4Ha Mpexa B U OKOno cenauyuwieTo "Awunrms Ap"
(BnsiBO) 1 6) NpemecTBaHWs B cenayvmweTo "danrmua Ap",
nonyyenu ot IFl ot 2 anpun 2018 r. - 28 HoemBpun 2018 r., opbuTa 36 HM3XOAsALWa

Ha ®wur. 8 6) e nokasaHa kapTa Ha npemecTBaHusiTa onpegenexu B IFI, kouto 6sxa nonyyeHn
OT TeMeTU4HO 06paboTeHn nsobpaxeHus ot gatm 2 anpun 2018-28 Hoemepu 2018 r.. Toea IFI e egHO
OT MHOroTo o6paboTeHn OBOVKM M30OpPaKeHUS BKIOYEHU B HOBOCBH3Aa[EHWs] apXuB, KOWTO Lie ce
13nonaea 3a npocriegsBaHe AvHamMuKaTa Ha CBIavuMLLHTE NPoLEecK Bb3 OCHOBA Ha JaHHM OT TO3U TWM.
LiBeTbT Ha nukcenuTe npeacTaBnsBa [OBWKEHMETO Ha MNOBBLPXHOCTTA B AMMEHCUS MeTbp 3a
uscnegBaHnsi nepvog, Bapupawo OT TbMHOCMHBO A0 nypnypHo. OcobeHo ysA3BUMUTE 30HM ca
nokasaHu B MypnypHo, a No-marko ysa3BMMUTE B XbNTO U 3erneHo. [Npumep 3a oueHka Ha akTMBHOCTTa
Ha cBrayumwleto 6asvpaHa Ha ToBa IFl nokaszaHa Ha dur. 8 6), e Ye cnsiraHeTo Bapupa o -192 mm.
MnowTa, 3aTBOpeHa OT MHOrobIrbHMKa OT Touvkn 208, 209, 201, 102, 111 1 112 e HegoCTbNHA, Tb
KaTo € C Han-Bucoka cTeneH Ha HakroH (dur. 8) n cnegosartenHo He 6elle Bb3MOXHO Aa ce NoCTaBsAT
reogesnyeckn Toukn n n3sbpiat GNSS namepsaHus. NpemecTBaHnsiTa Ha TepeHa B Ta3n 0bnacT Lwe
ce HabniogasaT camo No AaHHW OoT SAR M UMEHHO Tam ce perucTpupar HSKOM OT Haur-ronemuTe
CTOMHOCTM Ha NoTbBaHe 3a 3CrnefBaHs Nepuoa.
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®ur. 9. MNMpemecTBaHma B cBnayuweTto "Oanrua Ap", nonyyenn ot IFIr.,
Hu3xogsLwa opbuta 36 3a eceHHO-3MMHUTE nepuoam ot 2015 go 2020 r.

Ha owur. 9 e npegcraBeH HarnegeH npuMep 3a HACTbMMMUMTE M3MECTBaHUA Ha 3emMHaTa
noBbpxHocT no LOS. Te ce u3umcnaBaTt oT pa3rbHaTva a3oB cUrHarm, KOWTO € KogupaH C LBAT.
Moxe ga ce otbenexu, Ye 3a BCEKN €4MH OT YETUPMECEYHUTE NEPUOAMN OT 3UMHUTE MECELIM HOEMBPU
— mapT 2015-2020 r. n3uncneHuTe M3MeCTBaHUA ca B AnanasoHa mexay 2 (u3gurade) u -25 (cnaraHe)
cm. lNonyyenute IFl paskpuBaT, ye peructpmpaHute gedopmauunm ca KOHUEHTPUpaHuU B HSAKOU
obrnactm c HepaBHOMepHa cTpykTypa. OT TAX € cb3gafeHa WM KapTa Ha KOHUeHTpauusTa Ha
pedopmaumm Ha 3emHata kopa. OT CbLOTO M306pakeHne ca npemaxHaTu oHesun nukcenu ot IFI,
KOUTO MMaT CbOTBETHU CTOMHOCTW Ha KOxepeHTHOCT noA 0.3, Tbi KaTo MHGopMaLmaTa nony4vyeHa ot
TSX Ce cuMTa 3a HeHagexaHa.

MpeactaBeHuTe MO rope pe3yntaTu 3a gBata uM3cnegBaHuM obekTa (CBRaudulieH LMpKyC
LAbnrmsa Ap” n cenauuwe , TpakMickm ckanu®) NnpeaocTaBaT conMaHa OCHOBA, 3a Aa NOTBbPOAT, 4e
IFIl, nonyyeHun ot catenntHm SAR gaHHM ca nogxoasiwm 3a nscnegsaHe Ha gedopmauum Ha 3eMHaTa
Kopa. 3a KOHKpeTHWUs1 nepuop U3dncrneHnTe NnpeMecTBaHns ca B AManasoH OT HSAKOSKO caHTUmMeTpa o
HSAKOMKO AeuMMeTpa, KOeTo € B CbOTBETCTBME C OYaKBaHWTE FOAWMLLHU CTOMHOCTU 3a U3cneaBaHuTe
panoHn. KbM MomeHTa obpaboTeHute no DINSAR gaHHM MOXe Aa ce cuuTaT 3a eAUHCTBEHUNAT
N3TOYHMK Ha MHAOPMaLMS 33 OHE3N YacTU OT KOHKpaTHM O0BEKTU, KoraTo TEPEHBLT € TPYAHO AOCTbLMNEH
W HENpOXoauM UMK € HeAOoCTbMEH No ApyrM npuumMHU. Moxe aa ce kaxe, Yye peanuampaHuaT Noaxon
npu Npoy4YBaHETO Ha ABaTa obekTa MOXe Aa ce M3Mon3Ba 3a NpoyyBaHe M HabnwaeHue Ha uanaTa
cBnayvwiHa 3oHa oT rp. BapHa go Hoc Kanuakpa, Kakto n B ApyrM panoHu no YepHOMOPCKOTO
Kpamnbpexue.

3aknouyeHuns

MonyyeHnTe OT ToBa M3cregBaHe pe3ynTaTy OEMOHCTpMpAT MoTeHuuMana M cnocobHocTTa Ha
paguvonokaunoHHMUTE caTeNUTHU OaHHU U NOAX04a 3a u3non3BaHe Ha BpemeBu pegoBe oT DINSAR 3a
n3crnedBaHe WM MOCTOSIHEH MOHUTOPWMHI Ha pedopmauuuTe Ha 3eMHaTa MNOBBLbPXHOCT B [BaTta
n3crnedBaHn parnoHa.Bb3 ocHoBa Ha Te3u pefoBe ce uM3MepBaT TexHute Bapuauum no LOS cbe
CaHTMMETpOBa TOYHOCT BbB BPEMETO, U3MNON3Bankm cBO6OAHO AOCTbNHKU faHHU oT PCA n 6e3nnateH
codbtyep. TemaTuyHaTa obpaboTka no DINSAR moxe fa ce pasrnexga Kato npuBrekaTeneH MetToa u
onepaTMBEH MHCTPYMEHT 3a peluaBaHe Ha OMacHW 3a4ayun reosioXKM U3crneaBaHus Kato OTKpUBaHe U
HabniogeHwe Ha pgedopmauum Ha 3emMHaTta nNoBbPXHOCT. TpsibBa pfga ce nogdveprae, u4e
NOBBbPXHOCTHUTE AedopMaLmuv, NOony4YeHu OT caTenuTHU OaHHW, U3UCKBAT NPELM3HU U3UUCNEHNS U
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JonbreaT NoneBnTe M3mepBaHnst U Brxa MOrnM ga rM HacodaT KbM KOHKPETHU panoHn/00eKkTn, HO He
MoraT fa ri 3aMeHsiT B MbJ1Ha CTEMeH.

KpanHnte npogyktn ot obpaboTtkata no DINSAR ca kapTm Ha NMOBBLPXHOCTHO MpPeEMeCTBaHe,
nokassallM cpedHuUTe MOBBLPXHOCTHU M3MEeCTBaHus 3a duKcupaH nepuog OoT Bpeme B nocoka LOS.
Owe egHo npeaummcTBo Ha pesyntatute oT DINSAR obpaboTtka, e 4ye Te npegocTaBAT MibTHa
NpoCTpaHCTBEHa MHOpMauus caMO B palioHM C Marka pacTuUTeNnHa MOKpUBKAa, AOKAaTO B CUIHO
panoHVN KbAeTO pacTUTENHOCTTa AOMMHMpA KoxepeHTHocTTa B IFl e Hucka M 3a nonyyaBaHe Ha
pesuntaty ce Hamnara ga ce m3BbpliBa uMHTepnonauuws. KombuHaumsata ot GNSS wmnsmepBaHusa wm
DInSAR noBuwK KayecTBOTO Ha MWHGOpMaUMATa OTHOCHO TEKyLIMTe reoguHamMu4HM npouecu u
NOBBPXHOCTHU OBUXKEHUS.

OkoHuyaTenHuTe pesyntaTu NOMy4YeHU OT CbMeCTHaTa uHTepnpeTauus Ha gaHHu ot GNSS u
DInSAR, kouto Le ce n3BbpLuaTt no nNpoekT ,MOHUTOPUHI Ha CBNayuLiHW npouecu....“ we gage no-
nogpobHa npeactaBa 3a NpoAabirkaBalmTe gedopMaumm Ha 3eMHaTa NoBbPXHOCT 3a nepuoga 2015
+ 2022. HdopmaumsaTa, cbbpaHa vpes asete gocerawHn GNSS kamnaHum, KakTo 1 nnaHupaHuTe 3a
2021/2022 r. we ocurypat gobpa 6a3a 3a TOYHOTO onpefernsiHe Ha XOPU3OHTaNHW U BepTUKanHu
NpeMecTBaHMs 3eMHaTa MOBBbPXHOCT Ha KOHKPETHU reofde3nyeckm TO4YKM, OOoKaTo MHdopmauusaTa
nonyyeHa crnep obpabotka no DINSAR oTpassaBa MOBbPXHOCTHW M3MECTBAHMSA 3a XWUMSOU HA3EMHM
nukcena, Ho camo B nocoka no LOS. MogenbT Ha cKopocTuTe Mony4veH 3a TodkuTe Ha GNSS
MpEXMTE LLe € C BUCOKa TOYHOCT rapaHTupaHa oT MeToAda Ha u3mMepBaHe U nopagu Tasu npuynHa ce
cumTa 3a pedepeHTeH, gokato oT obpaboTtkarta no DINSAR e ce nonyyn nokputMe 3a MHOro no-
ronemu nnowu. CrnegosatenHo KombuHaumsita OT Te3n ABE MeToAa Lie MO3BOMM MO-TOYHO U Mo-
noapobHo nscnegBaHe Ha TEKyLIUTE reogMHaMMYHN MPOLECH B panoHa.

BnarogapHocTu

Te3n um3cnegBaHusa ca peanuaupaHu ¢ uHaHcoBaTa nogkpena Ha HauwoHanHus doHp 3a
HaydeHun wuscnenpanusi, npoekt KI1-06-OMNMP 06/1 ot 14.12.2018r. ,MOHWUTOPUHI Ha CBRAYULLHMK
npouecn no CesepHoTo YepHomopue Ha Bbnrapus, Yypes CbLBMECTHO M3MOM3BaHe Ha AaHHW OT
rnobanHn HaBMrauMoOHHNU CMbTHUKOBU CUCTEMU U MHTEPEPOMETPUYHN M306pakeHnst OT pagapu CbC
CuHTe3upaHa aneptypa“, no nporpama ,PyHOaMEHTanHU HayyHW wuscnenBaHust Mo obLlecTBEHU
npeamssukatenctesa — 2018 r.*

NurepaTypa:

1. Nikolov, H., Atanasova M.. (2017), Influence of different DEMs on the quality of the INSAR results — case
study over Bankya and Mirovo areas. Active and Passive Microwave Remote Sensing for Environmental
Monitoring, edited by Claudia Notarnicola, Nazzareno Pierdicca, Emanuele Santi, 10426, SPIE,
104260M-1-104260M-8. https://doi.org/10.1117/12.2278393

2. Veci Luis (2016). TOPS Interferometry  Tutorial, http://sentinell.s3.amazonaws.com/docs/
S1TBX%20TOPSAR%20Interferometry%20with%20Sentinel-1%20Tutorial.pdf , 2019

3. SNAPHU: Statistical-Cost, Network-Flow Algorithm for Phase Unwrapping https://web.stanford.edu/

group/radar/softwareandlinks/sw/snaphu/

leo3awmTa BapHa OO[ (2017). MloguweH otyet 2017

leosawmTa BapHa O0[ (2018). NognweH otyet 2018

HaHnkvH, P., UBaHoB I1. (2019) AkTyanHO CbCTOSIHME Ha cBnauuwaTa, 3acarawm CeBepHOTO Gbrrapcko

YepHomopue, Review of the bulgarian geological society, vol. 80, part 3, 2019, p. 176-178

7. Nankin, R., Krastanov M., Ivanov PIl. (2020). Geotechnical investigation and spatial orientation of the
sediments of the topola formation in the area of the Topola village landslides, Northeast Bulgaria,
Volume 20, Book 1.1, 20th International Multidisciplinary Scientific GeoConference (SGEM 2020) 18-24
August, Albena, Bulgaria, 2020

8. Nankin, R., PIl. lvanov, M. Krastanov (2020). Thracian Cliffs landslide, Northern Bulgarian Black Sea Coast.
Review of the Bulgarian Geological Society, vol. 81, part 3, 2020, p. 215-217

9. Bruchey, I., Dobrev, N., Frangov, G., Ivanov, Pl., Varbanov, R., Berov, B., Nankin, R. Krastanov, M. (2007).
The landslides in Bulgaria — factors and distribution, Geologica Balcanica, 36, 3-4, pp. 3-12.

10. Evlogiev, Y., D. Evstatiev. 2011. New geological model for the landslides between the Kranevo village and the
Panorama camping-site (North Black Sea coast). — Eng. Geol. and Hydrogeol., 26, 3-26

11. Dimitrov, N., Georgiev |., Atanasova M., lvamov A.. Monitoring of the landslide processes at the "Dalgiya Yar"
landslide. Conference Proceedings of Selected papers, Section Geodesy and Mine Surveying, Volume
20, Book 2.2, 20th International Multidisciplinary Scientific GeoConference (SGEM 2020) 18-24 August,
Albena, Bulgaria, 2020

2

52


https://doi.org/10.1117/12.2278393
http://sentinel1.s3.amazonaws.com/docs/%20S1TBX%20TOPSAR%20Interferometry%20with%20Sentinel-1%20Tutorial.pdf
http://sentinel1.s3.amazonaws.com/docs/%20S1TBX%20TOPSAR%20Interferometry%20with%20Sentinel-1%20Tutorial.pdf
https://web.stanford.edu/%20group/radar/softwareandlinks/sw/snaphu/
https://web.stanford.edu/%20group/radar/softwareandlinks/sw/snaphu/

COPEA4BG 2020

2"d National Workshop with International Participation on EU Copernicus Programme
28 July 2020, 6 October 2020
Sofia, Bulgaria

Use of satellite data by the Copernicus program for assessment of modeled
wind field from atmospheric weather prediction
models for the Black Sea

Marieta Dimitrova

National Institute of Meteorology and Hydrology
e-mail: marieta.dimitrova@meteo.bg

Key words: Scatterometers , ALADIN, HRES, WW3, SWAN models

Abstract: The National Institute of Meteorology and Hydrology of Bulgaria (NIMH) is responsible for the
marine meteorological forecast service in the western part of the Black Sea, according to the requirements of the
World Meteorological Organization (WMO) and the International Maritime Organization (IMO). The issue of marine
forecasts in NIMH is carried out by the numerical wind- wave forecast system for the Black Sea, which was
developed and improved through the years.The existing operational marine forecasting system is based on state
of art numerical spectral wave models SWAN and WAVEWATCH IIl (WW3), providing 72-hours wind wave forecast
for the Black Sea area. The input data for the system are the wind fields at 10 m over the sea surface provided by
the atmospheric model ALADIN, specially set up for the Black Sea. The accuracy of the wind - wave forecast
depends largely on the quality of the wind fields and the type of atmospheric models - global or regional. This paper
present the results of the evaluation of the wind speed at 10 m from the regional atmospheric model ALADIN and
HRES — a global atmospheric model with high spatial resolution of the European Center for Medium-Range Weather
Forecast (ECMWEF). The statistical assessment was made by comparing of modeled wind speed fields with satellites
wind data (in near real time) at 10 m from ASCAT scatterometers of satelltes MetOP B and MetOP C over the
Black Sea, which are disseminated by the Copernicus Marine Environment Monitoring Service (CMEMS), part of
the Copernicus Program. The statistical results show a good agreement between the models and satellite
measurements.

MpunoxeHne Ha CNbTHUKOBU AaHHU OT nporpama ,,KonepHuK” 3a oueHKa
Ha BATbpa OoT aTMmocdepHUTE NPOrHOCTUYHU MoAaenun 3a YepHo mope

MapwueTta ilumutpoBa

HayuorarneH uHcmumym o Memeoposioausi U Xxuoposoausi
e-mail: marieta.dimitrova@meteo.bg

Knroyoeu dymu: ckamepomempu, ALADIN, HRES, WW3, SWAN modenu

Pe3rome: HayuoHanHusm MlHecmumym no Memeopornoeausi u Xudponoaus (HUMX) e kauecmeomo cu Ha
HayuoHasHa XxulGpoMemeoporsiocuyHa cryxba Ha bbreapuss ocbujecmesisa OeliHocmma [0 MOPCKOMO
Memeoporsioau4Ho obcnyxeaHe 8 3arnadHama Yacm Ha YepHo mMope, cbariacHO MexOyHapoOHUMe U3UCK8aHUs Ha
CeemosHama MemeoponoeuyHa OpezaHusauus (CMO) u MexdyHapodHama Mopcka OpezaHusauyus (MMO).
M30asaHemo Ha MOPCKU MemeoposioeuyHU rpoeHo3u 8 HUMX ce ocbuwecmssiga ¢ nomowima Ha paspabomeHama
U ycbebpueHcmeaHa npes 200UHUMe orepamusHa cucmema 3a YucrieHa npo2Ho3a Ha 8empo8omMo 8bJ/IHEHUE 8
YepHo mope. [elicmeauwjama onepamusgHa cucmemama e Harnb/IHO agmomamusupaHa, usepadeHa Ha bazama Ha
CbBPEeMEeHHU YUCeHU criekmparsHu 8briHogu modesiu SWAN u WAVEWATCH Il (WW3), ocueypsisawa 72 4acosa
rpoeHo3a Ha eAmbpa U 8b/IHeHUemo 8 baceliHa Ha YepHo mope. Cucmemama ce 3axpaHea C MpPO2HOCMUYHU
0aHHU 3a esimbpa Ha suco4uHa 10m om eepcusi Ha modernia ALADIN, crieyuanHo nodzomeeHa 3a ammocehepeH
¢opcuHz Ha e8bsiHosume Moldesnu 3a akeamopusi Ha YepHo mope. ToyHOocmma Ha Yuc/ieHume rpo2Ho3uU Ha
8bJIHEHUEMO 3asucu Om Kadyecmeomo Ha uHgopmayusima 3a esmbpa Ha 10 M. om ammocghepHUme modenu u
om euda Ha ammocgepHume modenu - 2nobanHu unu peeuoHanHu. lpedcmasam ce pesynmamume om
rposepkama Ha moYHOCMImMa Ha rpoeHo3ama Ha ckopocmma Ha esimbpa Ha 10 M. om peauoHasiHusi ammocghepeH
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moden ALADIN u enobanHusi ammocghepeH moden ¢ gucoka pesonoyuss HRES Ha Eeponelickusm yeHmMbp 3a
cpedHocpoyHa npoeHo3a Ha epememo (ECMWEF). HanpaseHa e cmamucmuyecka oueHka Ha moYyHocmma 4pes
cpasHeHue Ha ModesTHUME U Ha CribMHUKosume GaHHU (8 NoYmu peasiHo epeme) 3a CKopocmma Ha 8ambpa Ha
10 m om ckamepomembpu ASCAT Ha cnbmHuyume MetOP B u MetOP C 3a YepHo mope, pa3snpocmpaHsigaHu
om Cnyxb6ama 3a HabrtodeHue Ha mopckama cpeda (CMEMS) - yvacm om ycrnyeama Mopcku MoHUMoOpUHa 1o
npoepamama Ha Eeponelickama Komucusi "KonepHuk"”. Cmamucmudeckume pe3ynmamu roka3gam 0obpo
cwbernadeHue mex0oy MoOeslHUMe U CribMHUKo8ume O0aHHU.

Introduction

The western part of the Black Sea area is highly vulnerable to natural hazards. The major
hazards which pose a real danger to shipping and many other human activities in the coastal zone are
strong winds, wind waves and especially the extreme ones, occurring during severe storms as well as
storm surge events. Therefore accurate and reliable prediction of such events and timely early warning
of severe weather, are absolutely necessary in order to minimize the risk offshore and along the coasts.
The National Institute of Meteorology and Hydrology of Bulgaria is responsible for the marine forecasts
services and issue of early warnings on operational basis. The issue of sea state forecasts in NIMH is
carried out by using the numerical wind- wave forecast system for the Black Sea, which was developed
and improved through the years. The system was created in 1996 as a result of the common efforts of
the scientists of NIMH-BAS and Meteo-France (Kortcheva et al, 2010, Kortcheva et al, 2014). The
existing operational marine forecasting system is based on state of art numerical models. It is a coupled
system and consists of third-generation spectral wave models WAVEWATCH Il (WW3; Tolman, 2009)
and SWAN (Booij et al. 1999, SWAN, 2019), and the limited area Numerical Weather Prediction (NWP)
model ALADIN (ALADIN, 2019). The system is used to deliver early warning information for the extreme
weather events along the Bulgarian Black Sea coast to end-users and incorporated into the publically
available European early warning alert system Meteoalarm on the website of NIMH freely accessible by
the public (Dimitrova et al., 2019). Figure 1 shows an overview of the current operational marine
forecasting system in NIMH.The recent advances in satellite technology have created the possibility to
evaluate the quality of the 72 hours wind wave forecast. Use of the remotely sensed wind and wave
data is important for the improvement of the accuracy of the operational numerical wind and wave
forecasts and hindcast applications (Galabov et al, 2015). It has to be noted that the validation of the
models outputs (wind speed and direction, significant wave height and direction, wave period) for the
Black Sea is a difficult task because the number of marine surface observations along the Bulgarian
Black Sea coast are sparse and not sufficient. Therefore we chose the satellite-derived wind and wave
data, which are the only continuous source of information to compare the atmospheric and wave models
results with observations. Satellite altimeter wind and wave data from Jason-2, Jason-3, and SARAL
AltiKa and scatterometer wind data from MetOP ASCAT-B and MetOP ASCAT-C are used for the
statistical evaluation and calibration of the operational models for the Black sea area.

The atmospheric models provide winds field at 10m over sea surface as driving forces for the
numerical wave models which provide detailed sea-state information for any given location in the Black
sea area. The output from wave models depends largely on the quality of the wind fields as well as of
the type of atmospheric models - global or regional. (Holthuijsen et al., 1996, Ardhuin et al., 2007,
Galabov et al., 2013, Umesh, 2017)

This work has been designed to demonstrate how the Near Real Time (NRT) scatterometer
wind data from MetOP ASCAT-B and MetOP ASCAT-C disseminated by the Copernicus Marine
Environment Monitoring Service (CMEMS), part of the Copernicus Program are used operationally to
evaluate the quality of the modeled wind products for the Black Sea.
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Fig. 1. The operational marine forecasting system of NIMH

Data and Methods

In 2019, a fully automated scheme was set up at NIMH for operational use of near real time
satellite altimeter wind and wave data from Jason-2, Jason-3, and SARAL AltiKa and scatterometers
wind data from MetOP ASCAT-B and MetOP ASCAT-C (Fig.1). The scheme work as additional module
to the current operational marine forecasts system and it is integrated into the web-based system of
NIMH. It consists by two parts with algorithms for combining satellites data with numerical models
outputs. The first one is algorithm with a few technological steps for a comparison of atmospheric models
and scatterometers data (Fig. 2).
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Fig. 2. Chart of the technological steps for comparison of the atmospheric models and scatterometers data

Advanced Scatterometers ASCAT on board of polar orbiting Meteorological Operational
satellites MetOP-B and MetOP-C launched by the EUMETSAT, are designed to provide unique global
ocean wind field products operationally (ASCAT, 2015). We used the Royal Netherlands Meteorological
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Institute (KNMI), Global Wind Level-3 ASCAT 12 km
(WIND_GLO_WIND_L3 NRT_OBSERVATIONS 012 002) coastal wind product downloaded from the
CMEMS website (CMEMS, 2019). The scatterometer measurements from MetOP ASCAT-B and MetOP
ASCAT-C over the Black sea are taken two times daily due to descending swaths (between 06:00 and
09:00) and ascending swaths (between 17.00 and 20.00) (Fig. 3 and Fig. 4). The near real time daily
and reprocessing L3 wind products contains gridded L2 scatterometer wind vector observations and
allows for direct use without preliminary manipulation. The scatterometer and models data are at
different time scale. It means that ASCAT wind measurements had to be coordinated with the time of
ALADIN wind forecast. The ASCAT B and ASCAT C scatterometers wind data are chosen to be with a
minimal time difference compared to the NWP models winds (less than one hour). More details about
technical steps can be found in Dimitrova, 2019.

Gnh:c()cm = Wind - METOP-8 ASCAT - 12km daly Ascencing V2 - thdﬂﬁcnn - Wind - METOP-3 ASCAT - 12%m daly Descending V2
i %‘ wn:

Ocmas
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Fig. 3. Data for wind speed and direction obtained from MetOP-B ASCAT 12 km, on 17.01.2021,
ascending (left) at 17:58 UTC and descending pass (right) at 06:33 UTC
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Dt 20216117 060 UTC P
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Fig. 4. Data for wind speed and direction obtained from MetOP-C ASCAT 12 km, on 17.01.2021,
ascending (left) at 07:29 UTC and descending pass (right) at 18:49UTC

The second part of the module consist of algorithm for a relevant comparison of wave models
and satellite altimeter data with several important steps, in order to make the time and space scales of
the different systems compatible. The altimeter wind and wave NRT data from Jason-2, Jason-3 and
SARAL AltiKa satellites is received at NIMH through the World Meteorological Organization (WMO)
network Global Telecommunication System (GTS). The European Organization for the Exploitation of
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Meteorological Satellites (EUMETSAT) distributes the wind speed at 10m above the mean sea level and
the significant wave height as the operational geophysical data records (OGDR)-in BUFR format. The
wind and wave data provided by the three altimeter missions mentioned above is passed through
decoding tools to convert the OGDR-BUFR data to ASCII format and then a quality control process
according to the products handbooks (i.e., Jason-3, 2016) and the best quality data is selected for the
study after applying the editing criteria for Jason-2. Jason-3 and SARAL AltiKa altimetry (Dimitrova et
al.,2019). Further details about technical steps can be found in (Dimitrova et al.,2013). Fig. 5 shows the
daily coverage of satellite altimeter ground tracks over the Black Sea on 17.01.2021.
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Fig. 5. Collection of altimeter satellite tracks over the Black sea for 17.01.2021 and wave field from WW3
in the Black Sea (the arrows indicate the mean wave directions), the black line denotes the ground track of Altika
above the Black Sea on 17.01.2021 at 03h06min (down)

The products from the first part of the module are visualize by using GMT (GMT, 2019) software
(Fig. 6) and tables with statistical characteristics (Table 1,Table 2,Table 3 and Table 4) are uploaded on
the internal webpage https://users.meteo.bg/valnenie of NIMH on a daily basis for operational use. The
statistics generated from verification scheme are important to represent effectiveness of the numerical
models and reliability of wind wave forecasts. The statistical results show that the wind speeds from the
limited area model ALADIN show better coincidence with the observed winds. The HRES model also in
a good agreement with scatterometers ASCAT B and ASCAT C measurements, but there is tendency
of some underestimation of the wind fields. This is not general conclusion, because the period of
estimation is not long enought. Overall, the atmospheric models provide accurate forecast of wind field
over the Black sea.
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The outputs of the scheme can be used not only to improve the quality of the marine forecast
and to prepare expert assessments for the benefit of state institutions and private sector.
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Table 1. ALADIN wind speed versus Metop-B ASCAT 12 for the period of 01.01.2018-31.12.2019

Nb. ALADIN | ASCATB 12 Bias RMS Correlation Scatter

wind wind (m/s) error coefficient index
(m/s) (m/s) (m/s)

All 783074 7.63 7.86 -0.23 1.76 0.88 0.23

5-10m/s | 653831 6.93 7.06 -0.13 1.74 0.85 0.25

10- 127459 10.90 11.56 -0.66 1.75 0.91 0.16

15m/s

15- 7582 14.59 16.21 -1.62 | 1.69 0.99 0.14

20m/s

>20m/s | 184 17.66 20.70 -3.04 | 142 0.99 0.16

Table 2. HRES wind speed versus Metop-B ASCAT 12 for the period of 01.01.2018-31.12.2019

Nb. ECMWF | ASCATB 12 Bias RMS Correlation Scatter
wind wind (m/s) error coefficient index
(m/s) (m/s) (m/s)
All 783074 7.30 7.86 -0.56 1.77 0.89 0.24

5-10m/s | 653831 6.67 7.06 -0.39 1.62 0.87 0.24

10- 127459 10.27 11.56 -1.28 2.00 0.93 0.21

15m/s

15- 7582 12.75 16.21 -3.47 | 3.35 0.99 0.30

20m/s

>20m/s 189 13.70 20.70 -7.00 5.36 0.98 0.43

Table 3. ALADIN wind speed versus Metop-C ASCAT 12 for the period of 01.01.2020-31.12.2020

Nb. ALADIN ASCAT C Bias RMS Correlation Scatter

wind 12 wind (m/s) error coefficient index
(m/s) (m/s) (m/s)

All 489616 7.65 7.93 -0.28 1.86 0.87 0.24

5-10m/s | 404468 6.90 7.06 -0.17 1.84 0.83 0.26

10- 82965 10.93 11.66 -0.73 1.86 0.90 0.17

15m/s

15- 5834 14.62 16.13 -1.52 | 1.66 0.99 0.14

20m/s

>20m/s | 184 17.70 20.72 -3.02 | 141 0.99 0.16
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Table 4. HRES wind speed versus Metop-C ASCAT 12 for the period of 01.01.2020-31.12.2020

Nb. HRES ASCAT C Bias RMS Correlation Scatter

wind 12 wind (m/s) error coefficient index
(m/s) (m/s) (m/s)

All 489616 7.36 7.93 -0.57 1.82 0.88 0.24

5-10m/s | 404468 6.68 7.06 -0.39 1.68 0.85 0.24

10- 82965 10.40 11.66 -1.26 2.02 0.95 0.20

15m/s

15- 5834 13.02 16.13 -3.11 | 2.99 0.99 0.27

20m/s

>20m/s | 184 13.93 20.72 -6.79 | 5.24 0.98 0.41

Conclusion

Satellite Earth Observation techniques matured over the last two decades to such a stage, that
quality products of ocean wind and waves, can be produced routinely. The meteorological and
oceanographic satellites information is freely disseminated within the framework of the Copernicus
program of European Commission and has various applications in the field of marine meteorology.

Many studies have confirmed that scatterometers data is important and reliable data source for
marine and NWP communities. The importance for operational real-time marine applications and
oceanographic research is to characterize the differences between the scatterometer and NWP
products (Stoffelen et al., 2006). The greatest benefit of ASCAT measurements is the possibility to
analyze the wind fields over the sea and to understand how reliable the sea state forecast is. The
accurate prediction of wind field by atmospheric models is absolutely necessary for accurate numerical
simulation of the wave conditions over the sea.

The overall conclusion is that the operational marine forecast system produces a reliable wind
wave forecasts for the Black Sea. The results from the evaluation of the wind speeds of the model
systems by comparing very short-range forecasts of ALADIN and HRES with scatterometers ASCAT B
and ASCAT C wind product show a good coincidence. There is a good agreement in terms of statistical
characteristics between atmospheric models output and scatterometer wind data.
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Abstract: This study is focused on the mean characteristics derived from Sentinel-1 time series, on
mountainous forest in Bulgaria, for a four year period of continuous observation. General aim is to demonstrate the
utilization of resulted SAR observables in C-band by means of dual polarimetry, in mountainous disturbed forest,
along the diversity of forest layer and local incidence angle. To study also statistical relationship between the SAR
observables and forest parameters. The SAR observables consists of statistical mean values of both VH and VV
backscatter intensities, and the dual-pol Radar Vegetation Index (dRVI). Three layers describing forest parameters
are used as dependent variables, where - GlobBlomass-2010© and CCI-Biomass-20180, freely provided by
University of Jena (Lehrstuhl fiir Fernerkundung), and also Tree-Cover-Density-2015 in the scope of COPERNICUS
Services. Time series processing is performed within the OS framework “PyroSAR”, developed there. Disturbed
forestis considered, resulted from past Icethrow disaster event. Various RGBs are calculated, in order to distinguish
particular backscatter behavior related to different conditions. Particular SAR responses are summarized for mean
- dRVI, VH and VV, and used for supervised classification using SVM. Forest type and Forest/Non-forest masks
are resulted from SVM-classifications, where highest accuracy achieved is 78%, whereas about forest masks
highest accuracy is 91%. Additional SAR indices - such as dual-pol SAR Vegetation Index (dSVI) and Polarization
Ratio (PR) are also calculated, showing non-significant contribution. Performed regression analysis shown that
none significant correlation is observed between the SAR observables and biomass layers in mountainous forest.
Nonetheless, high correlation exists between dRVI and local incidence angle, with R? = 0.78. Therefore, the mean
characteristics calculated from the Sentinel-1 C-band using time series approach, show good feasibility to study
forest areas. This study was kindly supported by Prof. C. Schmullius, PhD F. Cremer, Dr. N. Salepci from FSU-
Jena, Lehrstuhl fiir Fernerkundung, in the framework of ERASMUS+ Programme.

NMpunoxeHne Ha cpeaHU CTOMHOCTU Ha BpemeBa cepus oT Sentinel-1 B ropu
B NSIAHMHCKN TepuTOpUM — onpeaensHe Buaa Ha roparta U ctaTucTtmyecka
Kopenauusi cbc cnoeBe 6momaca (GlobBiomass, CCI-Biomass, TCD)

3naromup AumutpoB

UHecmumym 3a kocMuyecku uscried8aHusi U mexHonoeuu — bbrzapcka akademusi Ha Haykume
e-mail: zlatomir.dimitrov@space.bas.bg

Knro4oeu dymu: Sentinel-1, spemesa cepusi, 2opu, RVI, CCl-Biomass, GlobBiomass, TCD, pyroSAR

Pe3rome: Tosa u3criedeaHe e (DOKycUpaHO 8bpPXy [PUIIOKEHUe Ha CpedHU CcmouHoCcmu Ha
Xapakmepucmuku, roslydeHu om epemeea cepusi om padapu CbC CuHmesupaHa anepmypa (SAR), om —
Sentinel-1. OcHoeHama yen Ha Hacmosiwusi doknad e 0a ce OeMoHCmpuUpa MOMeHUUabm Ha NPoOOb/LKUMeEHUmMe
u3mepsaHusi 8 MUKPO8B/IHO8 KaHan ,,C* 3a udcnedeaHe Ha 20pCKU mMepumopuu om pasnuyeH mur 8 MiaHUHCKU
patioH. Om cpedHume cmoliHocmu Ha obpamHomo pa3scetisaHe (VH u VV) e usyucneH PadapHusi uHOeKc Ha
pacmumesniHocmma — RVI, kbkemo e mpu-KaHasiHa KoMbuHayus e udcriedgaH obpamHusi 0mao8op om PasfuyHU
sudose obekmu. UN3yucneHu ca u Opyau dea uHOekca — SVI u Polarization ratio, ¢ yen da ce nposepu mexHusi
npuHoc 8 uscnedsaHemo. OcHogeH rnpobrem ce sgss8am eeomempuyHUMe 0eghekmu 8 padapHOmo usobpaxeHue.
UsebpweHu ca HekoHmponupyemu (ISO Cluster) u konmponupyemu (SVM) knacughukayuu, nokassalku pasnudyHa
mOoYHOCM, Kamo e u34yucsieHa U Macka Ha 2opckama pacmumesnHocm. Om HanpaseHusi Principal Component
Analysis ca pasnosHamu pa3nu4yHu obekmu omHeceHU KbM euda Ha eopama u Opyau Kiacoee 3eMHO MoKpumue.
Om Opyea cmpaHa, e Ooknalda ce u3cnedsa cmamucmudyeckama cxodumMocm MeX0y U34uc/ieHuUme
Xxapakmepucmuku om Sentinel-1 u crnoege 3a cbcmosiHuemo Ha eopama. Tosa ca - GlobBlomass-2010© u CClI-
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Biomass-2018© npedocmaseHu om YHusepcumema & MewHa, kakmo u Tree-Cover-Density-2015© & pamkume Ha
COPERNICUS Services. Bpemesama cepusi € usducrieHa cbc coghmyepHu npodykmu Ha YHugepcumema e Uena.
lposedeHusi KopenayuoHeH aHanu3 He rokasea cmamucmudecka cxodumMocm, Mexdy xapakmepucmukume om
Sentinel-1 u cnoeseme 6uomaca. Bbnpeku mosa, ce Habnwodasa kopenayus mexdy dRVI u nokanHusi b2b/ Ha
nadaHe, kbOemo R? = 0.78. HanpaseHomo u3scnedsaHe rokasea 20/1siM romeHuyuarsn 3a uscredsaHe Ha 20pCKU
mepumopuu, 4ype3 epemesa cepusi om Sentinel-1. Toea u3crnedsaHe e nodrnomoeHamo ¢ GaHHU U cogpmyep om
YHusepcumema e Mera (FSU-Jena), Lehrstuhl fiir Fernerkundung, 8 pamkume Ha o6meH rio npoapama EPA3bM+.

Introduction

Forests have been widely studied with SAR via variety of methods and techniques, which
overcome a lot of imitations that frustrates optical approaches [1]. By means of e.m. properties of the
backscattered chirp (e.g. polarization, intensity and phase), the bio-physical properties of the forest
volume could be estimated [2, 3]. Forest parameters estimation, like the Above Ground Biomass (AGB)
and forest stand Height via SAR measurements, are wavelength dependent [2, 4]. Assessed techniques
comprises of scalar interferometry (INSAR) and vector interferometry (POLINSAR) that allows modelling
of the backscattered signal throughout the forest volume [2, 5, 6]. Besides, measuring polarization states
that constitutes of dual- or quad-pol, is of great importance in order to retrieve the geometric properties
of the scattering media [7]. Dual polarization instruments that operates in C-band, like Sentinel-1
constellation, are capable to achieve accurately to delineation of the land cover classes [8]. Nonetheless,
assessing growing stocks via SAR signal could be limited, due to saturation problems as a function of
the wavelength, from which point SAR intensities could not be related with the biomass [9]. A lot of
limitations imposed by environmental issues (e.g. precipitation) could be overcome, when assessing
SAR intensities approach via time series analysis [10]. Considering forests, time series analysis based
solely on SAR intensities is promising to assess forest structure and to delineate broadleaf from
coniferous types [11]. In that relation, the ESA Copernicus - Sentinel-1 dual-pol C-band SAR mission
offers great perspectives such a forest studies, by means of time series analysis. Dedicated world
biomass estimation projects by ESA in the face of GlobBiomass and CCI-Biomass with referent years
of the AGB layers - 2010 and 2018 [11, 12], introduces good basement for biomass change detection.
In spite of that uncertainties should be analyzed, related to the local specifics of the landscape and
environment, or even disaster events like Icethrow. The COPERNICUS Services — Tree Cover Density
(TCD-2015) layer brings also fruitful information to the forest condition estimation.

Bulgarian temperate forests have commonly been affected by abiotic disturbance events, such
as Icethrow. Due to harsh conditions in the mountains in winter, such massive disaster event happened
in the late of 2014, demolishing more than 5 000 Hectares [13]. That brings needs of studying Bulgarian
mountainous forests via SAR methods, where time series analysis is of great potential. Currently, there
are no such studies in Bulgarian literature, which to assess utilization of Sentinel-1’s time series in
disturbed forest, especially on the North-West slope of Stara Planina Mountain. It is not studied also
correlation of the C-band time series observables, with GlobBiomass and CCI-Biomass layers.

This study namely considers time series analysis application in Bulgarian temperate forest,
resulted from for years of continuous observation, using Sentinel-1 SAR data. Resulted mean values of
the backscatter intensities - VH and VV are used to calculate the dual-pol Radar Vegetation Index
(dRVI). The dRVI have proven its potential in vegetation structure mapping, related with the optical NDVI
[14]. In addition, the SAR vegetation index (dSVI) and Polarization ratio (PR) are also calculated. Two
general approaches are followed, where in the first one thematically delineation of the land cover objects
is pursued, via RGB combinations of dRVI-VH-VV, and Principal Component Analysis (PCA). Optical
data is used for reference, comprising the VHR GoogleSatellite base map, and ancillary Sentinel-2
imagery. Resulted are unsupervised and supervised classifications with forest type, and forest/non-
forest masks, where accuracy assessment is performed on those products in QGIS. The second
approach tests statistical relationship between biomass layers provided from the University of Jena,
Lehrstihl fur Fernerkundung — GlobBiomass-2010 and CCI-Biomass-2018, with the Sentinel-1 mean
observables from time series. Also, correlation is pursued with the local incidence angle and TCD-2015
from Copernicus Services. The time series calculations from Sentinel-1 data are performed at the FSU-
JENA, Lerhstuhl fir Fernerkundung, within ERASMUS+ exchange, with the kind support of Prof. C.
Schmullius, Dr. N. Salepci and PhD F. Cremer. This study correlates with the Author’s PhD study.

Data used and test site

The Sentine-1 (S1) SAR C-band data were used for time series analysis, in dual polarimetry
that constitutes of — VH and VV. The S1 data specification used are summarized in the following table.
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Table 1. Sentinel-1A/B SAR data specification, used at test sites — TS20 and TS21

Orbit Descending Product type GRDH
Relative Orbit Number 80 Mean incidence angle 38 deg
Resolution cell 10m Azimuth / range looks 5/1

Begin / End of acquisiton | 23th Oct. 2014 / 17th May 2018 Polarization VH/VV

Time series begins with the first available GRD-SAR image from Sentinel-1A, with benefit of the
highest possible 10 m spatial resolution, and firstly having 12-days of temporal resolution. Since October
2016 the Sentinel-1B observations contribute to the time series, which improved the temporal resolution
up to 6 days. Total period of continuous observation is four years. The SAR data is extracted via API-
Hub of the Open Access Data Hub, by using the software tool developed at the University of Jena —
“esa_sentinel_api®, by Jonnas Erlebe and John Truckenbrodt. Preliminary analysis pointed out that
Sentinel-1’s Relevant Orbit Number — 80 suits to the desired test area, which covers test sites — TS20
and TS21, from the Author’s PhD. Projections used are - World WGS84 (4326), or UTM 34N (32634)

= Selected Test Stes: TS20 - kethrow In SFE "Mijur”, Regianal Forest Depariment “Berkovitsa™ ‘ Q Y Selectod Test Sites: TS21 - keethrow In SFE "Chuprene™, Regional Forest Department “Berkoviisa™ @
oot ¥ = et S P ¥ S D P ¥

sy L

S = 7 Vo

Fig. 1. Test sites maps, of - TS20 in SFE "Mijur" and SFE "Chuprene", with forest disturbances patches from 10%
up to 100% forest loss, from the past Icethrow event in 2014, are overlaid on the DEM slope map

The test sites - TS20 and TS21 are located near North-West slope of the Stara Planina Mountain
massif, in the vicinity of the State Forest Entities (SFE) of “Mijur” and “Chuprene” respectively. Severe
natural disaster - Icethrow happened in late December 2014 erasing whole stands, with damages up to
100% at SFE “Mijur. The total affected area was about 50 000 Decares of century-old forest [11]. Test
site maps of TS20 and TS21 are prepared using reference database for forest disturbances, according
to the author’s PhD study, showing stands with damages from 10 to 100% (Fig. 1). Species distribution
charts are elaborated according to the forest plans, where TS20 showed — 88.8% broadleaf forest,
contrary to - 11.2% for coniferous one. About TS21, the broadleaf forest is — 72.4%, contrary to - 27.6
for coniferous, thus TS21 shows more coniferous forest unlike TS20. In spite of that, many forest stands
were with undetermined tree species in the forest plans, hence was marked out with “no data” (Fig. 2).

Broadleaf and Coniferous Forest distribution In %, TS20 Broadleaf and Coniferous Forest distribution in %, 3a TS21
04

- . Pinus nigra
Pinus sylvestris - Spruce
Pinus nigra
0.2
30.0
0693
1] 380
no data 32
Carpinus
Orientalis

Fig. 2. Tree species distribution on TS20 and TS21, represented in %. Significant percentage of forest stands are
with tree species undetermined - e.g. "no data". The TS21 is much coniferous type, rather than TS20.

Reference biomass data is represented by layers - GlobBiomass-2010 and CCI-Biomass-2018,
exclusively provided by Friedrich-Schiller-Universitat - JENA, Institut fir Geographie, Lehrstihl fur
Fernerkundung. Resolution cell of both raster datasets is 90 m, where the CCl-Biomass layer originally
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may have had coarser spatial resolution, in regard to the GlobBiomass one (Fig. 3). Auxiliary layer —
Tree-Cover-Density — 2015 freely accessed from COPERNICUS Services is also incorporated, coming
with spatial resolution of 20 m, in order to test its correlation with Sentinel-1 SAR observables.

: | TS21, CCl-Biomass |
: ~‘; i ".k; 0
r o

.
3
-

Fig. 3. Raster datasets representing AGB, exclusively provided by FSU-Jena (Lehrstuhl far Fernerkundung)
GlobBiomass-2010 and CCI-Biomass-2018, as well as Tree-Cover-Density-2015 from COPERNICUS Services.

Reference optical imagery used are the VHR GoogleSatellite© base map, and Sentinel-2 from
Lol e o N K BRI W IIS2B MSIL2A 20181006T092029 N0208 R093 T34TFP_20181006T142726AWgle]l:!
bands are resampled, spatial resolution is 10 m. The RGB used is: B8 (842nm) — B5 (705nm) — B3 (560nm).

Methodology

The methodology is based on time series approach that aims direct interpretation of the mean
values of Sentinel-1 GRD data, with benefit of dual polarization states of VH and VV. Methodology also
aims utilization of the dual-pol Radar Vegetation Index (dRVI) in respect to diversity of the temperate
mountainous forest; calculation is performed using the following formula [14]:

0
4oy,

(1) dRVI =
ai?v + Ul?h

General steps are: download of the Sentinel-1 GRD data, geocode and time series generation;
calculation in Python of mean values from time series for - VH, VV and dRVI (formulating S1-mean-
characteristics of the mean backscatter); calculation of the additional - dSVI and Pol. Ratio are followed
up. First approach in methodology considers thematic analysis in GIS with two RGBs — RGB-1
(dRVI-VH-VWV), RGB-2 (SVI-PR-dRVI) and Principal Component Analysis (PCA), where to analyze
particular contribution of the characteristics; summary and classification of distinct land-cover type is
made, referenced by VHR base map of GoogleSatellite© and Sentinel-2 satellite imagery. Forest/non-
forest masks, as well as forest type are resulted from the supervised classification, followed by accuracy
assessment. Second approach tests statistical correlation, which models the local incidence angle,
GlobBio, CCI, and TCD, versus the mean SAR-observables in C-band as independent variables (Fig.4).
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Fig. 4. Workflow chart, representing general steps of the analysis

Results and Discussion

S1 - Time series elaboration

Download of the Sentinel-1 GRD products is made via — “esa_sentinel_api” tool developed at
the University of Jena, by J. Erlebe and J. Truckenbrodt in the framework of ESA project. Desired test
site boundaries are applied, where download is performed via the ESA Copernicus Open-Access / API
Hub. A total amount of 138 successfully downloaded scenes is achieved in “Descending” orbit from 158
available ones at the Hub. The “missing data” or broken archives are especially in the beginning of the
Sentinel-1A lifecycle, as seen on Fig. 5. After downloading, for each pixel the Ellipsoidal (E) radar cross
section by means of gamma-nought (y°) is calculated, from sigma nought (o°) and incidence angle - 6,:

0
0 _ g,
@ 18="0s0,

A topographic normalization is used to derive terrain flattened intensities, based on the method
proposed by D. Small [16], which is needed due to rugged terrain in the test areas. Whole of that is done
during the geocoding of GRD-data, which is made in the framework of “pyroSAR” using the - SENTINEL-
API, by function - geocode(). The SENTINEL-API uses ESA SNAP implemented geocoding methods.
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Fig. 5. Sentinel-1A/B available and successfully downloaded GRD data scenes that covers both test sites. From
total amount of - 158, a 138 have been successfully downloaded and processed.

The pyroSAR is a Python based extensive framework, which includes wide toolset and APIs for
SAR imagery manipulation and processing, developed at the University of Jena (FSU-JENA), Institut fir
Geographie, Lehrstuhl fir Fernerkundung [17]. At the geocoding, the highly scaled reference DEM —
“TanDEM-X DEM12“© provided by DLR, is used, in the frame of “DEM Proposal”. Afterwards, a stack
of geocoded data via “pyroSAR”, using — stack() is elaborated, for each polarization, using ENVI file
container, with BSQ order in a 32-bit pixel depth. Thereafter the mean values from times series
(2, v%,, dRVI — S1-mean-characteristics) are calculated in Python, for both test sites — TS20/TS21 (Fig. 6).

B 521, Mean Ly " o / Mean-RVI
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Fig. 6. Mean values from S1-time series, where from left to right are - E, H, and dRVI, for TS20 and TS21

Statistics are calculated for each dataset, representing statistical distribution of the mean
backscatter on different S1-characteristics, over the test areas of TS20 (SFE “Mijur”) and TS21 (SFE
“Chuprene”) - Fig. 7.
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Fig. 7. Statistics and histograms of the calculated S1-characteristics for TS20 and TS21, using Decibel scale

Statistics on Fig. 7, confirms lower mean of the cross-pols (yJ,) rather than the co-pols ),
with more than 6 dB, due to volumetric backscatter. Histogram profiles of S1-characteristics doesn’t look
very similar for both test sites, except the dRVI distributions. The only difference here is in the range of
the values, where at the TS20, the dRVI show higher response. Also, notable is the standard deviation
of the dRVI versus polarizations, which is one third of the VH and VV. Besides, the cross-pol for TS20
shows little extremum near -17 dB. Reason for that as founded, belongs to the agricultural areas in the
NE part of the scene. Maximums of both polarizations encompass backscatter from forest areas, where
different histogram profiles of TS20 and TS21 are dedicated to the complexity of the landscape.

On the other hand, from the calculated mean values of Sl-time series (Fig. 6) following is
observed: 1) the speckle noise is missing; 2) relief affects differently the three S1-characteristics, where
on the y2, foreshortenings are more obvious (bright stripes), rather than the Yo, This is because
the - v, is more sensitive to the forest volume, despite the response from - 2, that comes mainly from
phase centers located in the crowns. That results to dark areas on dRVI in forest, corresponding to
geometric distortions — foreshortenings. Those areas are related with low local incidence angles
between target vector and the radar beam, below 29 deg. Therefore, dRVI seems to be very sensitive
to the relief; 3) The dRVI “sinks” over forest area, but shows higher values over grassland, crops, water,
and random over bare/urban areas. Specific interestingly, the dRVI shows lower values on South at
TS21, over the Biosphere Reserve (BR) “Chuprene”, characterized with dense and lower height
coniferous species.

Thematic analysis, by means of S1-mean-characteristics

First approach pursue utilization of the RGB-1: dRVI-VH-VV, which underlines well backscatter
contribution in respect to the type of land cover objects (see, fig. 8). Discussed dependencies above are
clearly observed on RGB1, over TS20 and TS21, where more peculiarities are recognized. As seen
from Fig. 8, the dark-red regions belong to grassland, some crops and standing water body; dark-blue
belongs to other crops and bare fields; in light-blue mainly foreshortenings are recognized. Forest is
colored from bright-beige colors, through orange patches and ends up with bluish that’s belongs to the
dense coniferous forest of BR “Chuprene” on TS21. Analysis shows that general reason for color
changing in forest is dedicated to the dRVI. To track out those changes as eigen-based approach, a
Principal Component Analysis (PCA) is calculated from the RGB-1. Herewith the PCA, forest structure
is distinctly recognized, where wine-reddish and greenish regions give imprint amongst the rest of the
pixels. Green areas are related to foreshortenings, while magenta colors reveal non-forest areas.

Those relations are tracked out in GIS by using the VHR optical base map of GoogleSatellite.
The wine-red areas at the PCA-1 that shows up as dark-orange at RGB-1, resulted as a coniferous
forest patches. Those areas exhibits high values in dRVI, above -2.5 dB, but mixed up with values over
water and crops. That means that the dual-pol RVI brings up precious contribution, to differentiate forest
type in C-band SAR! Overlaying the TCD-2015 (COPERNICUS) and CCI-Biomass-2018 (Uni-JENA) in
GIS, showed high values of biomass (above 100 t/ha) and density (above 79%) within those dark-red
patches that constitutes of coniferous forest (see, fig. 9). Whilst, analyzing the dense forest at the BR
“Chuprene” (TS21) via the PCA-1 and biomass layers, showed high biomass (above 250 t/ha) on CClI-
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Biomass, and density above 92 %. As stated, the dRVI there shows low values over forest. To obtain
more information on this particular forest, the Sentinel-2 L2A reference imagery was used, with date of
acquisition — 2018-10-06. Analysis confirmed that this is coniferous forest type, but with rather different
spectral signature from the rest of the coniferous forest. Therefore, additional sensitivity of the dRVI to
particular coniferous species in high mountain is observed (refer to Fig. 9, and Table-2).

In other hand, none distinct color, or values combination of S1-mean-characteristics could be
related to the disturbed forest patches. Interestingly, considering forest loss above 80%, the dRVI
showed higher values, pointing out to fresh vegetation regrowth. Must be stated also that the dRVI solely
could not differentiate forest from non-forest areal

N

Fig. 8. The RGB-1: dRVI-VH-VV, for both test sites - TS20 and TS21, with good representation of the different
land cover objects, based on backscatter response, due to sensitivity of the dRVI to vegetation

km a
Fig. 9. The PCA-1 for TS21, derived from RGB-1 with disturbed patches and BR "Chuprene" overlaid. On the
right: rectangle area, representing: Up - dark-red patches of different forest type/structure that exhibits high
biomass (CCI-Biomass); Down — BR “Chuprene” with different coniferous forest, on reference S2 and dRVI.

Samples of land cover objects with different peculiarity are summarized in a table, where the
land cover type is confirmed by referring the GoogleSatellite© VHR and S2. Also, optical imagery of
Sentinel-2 as second reference is used, within RGB of B8(842nm) — B5(705nm) — B3(560nm), see Table-2.

Table 2. Samples of distinct land cover (LC) objects recognized on RGB-1, showing values of - E ﬁ and
dRVI, referenced by GoogleSatellite© VHR base map, and Sentinel-2 in RGB combination of — B8 - B5 - B3.

Samples object in recognized dRVI yT ],T
RGB-1 Google S2-L2A Land Cover (LC) type [dB] [dg‘] [dg]

Sample 1 — geometric distortions
(foreshortennings) over
mountainous broadleaf -4.163 -10.143 -3.898
forest (collected from
TS20)

Sample 2 — agricultural fields, or
kind of cultivated
areas (collected from
TS20)

-5.065 -18.086 -9.028




Sample 3 — standing water body

(collected from TS20) e e sl

Sample 4 — grassland /
abandoned land, at
open forest or non- -3.451 -19.372 -13.275
forest (collected from
TS20)
Sample 5 — coniferous forest
type (collected from
TS20) *winter VHR -1.602 -12.833 -8.926
image of Google
Satellite is used here.

Sample 6 — broadleaf forest type

(collected from TS20) "2.799 -13.690 | -8.342

. Sample 7 — broadleaf
mountainous forest
on a slope (collected
from TS21)

-0.538 -10.673 -5.199

Sample 8 — second coniferous
forest type, in
Biosphere Reserve
,Chuprene” (TS21)

-1.894 -14.002 -6.853

Sample 9 — bare areas, rocks,
radar shadows -4.048 -17.569 -7.951
(collected from TS21)

From analysis above is obvious that the foreshortenings totally obstruct interpretation, because
of higher sensitivity of the dRVI to geometric distortions. In fact, within certain interval of variations of
the local incidence angle (IncGeo), the interpretation on slopes is possible; such an example is found
on sample-7, where forest is a bit biased, but still interpretable. Other biased interpretation due to IncGeo
is the top hill bare area with rocks and grass, on sample-9; because of the geometric distortions, firstly
grassland is correctly interpreted in reddish, but due to increasing of the local incidence angle, its values
become more alike to the agricultural ones, from sample-2.

From the recognized LC - objects above, training samples are elaborated in order to train
Supervised classification, using Support Vector Machine — non-parametric machine learning algorithm.
Total of eight LC — classes are formulated to classify objects based on the S1-mean-characteristics in
RGB-1, approached differently in both test sites, represented on table-3. Zonal statistics and histograms
are elaborated, about statistical distributions within training zone data, for each class. Largest standard
deviation (STD) have classes — 1 (available only in TS21) and 2, in the reason of that they mostly
describe geometric distortions, and also because those classes comprises mixture of land cover.

Table 3. Zonal statistics with Standard deviation (STD) of S1-mean-characteristics within training zone data, of
classes particular for each test site. *Grey columns does not belong to the particular classification.

STD for TS20 STD for TS21

Formulated classes, of the training samples Mean-VH Mean-dRVI | Mean-VH Mean-dRVI
Class 1 - Radar shadows / Bare area 2.486 1.437
Class 2 - Foreshortenings 1.225 0.332 1.568 0.444
Class 3 - Grassland 0.922 0.336 0.823 0.324
Class 4 - Crops 0.536 0.500 0.640 0.366
Class 5 - Deciduous forest 0.742 0.247 0.938 0.246
Class 6 - Coniferous forest 0.797 0.286 1.008 0.287
Class 7 - Coniferous forest, at BR ,,Chuprene“ 0.817 0.308
Class 8 - Water 0.555 0.238
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The STD for Mean-dRVI in both cases is rather smaller than the mean-backscatter in VH. The
STD is quite the same for both training classes — 5 and 6 comprising the deciduous and coniferous
forests for both test areas and mean-characteristics, but also and the particular class-7 representing
specific coniferous forest type. It should be stated, that the samples were collected over as most as
possible homogenous conditions for conifer and deciduous forest (e.g. constant relief, small slope,
density, etc.). Here, it was expected that standard deviation of both would defer in the expense of
deciduous one, because conifer species are much homogenous, as refer to fig.2, especially for TS21.
Nonetheless, rather the opposite is observed comparing STD of the cross-pol (Mean-VH), with largest
difference at TS21 in amount of 0.070, in respect to 0.055 for TS20. The reason may be in the mixture
of conifer species within the sample and resulting complex volumetric backscatter. The STD for Mean-
dRVI is almost equal for both test areas, pointing out for similar coniferous species at TS20 and TS21,
as a component of the training samples. Here, considering class-7 containing specific conifer type, the
STD for both S1-characteristics is rather higher than regular coniferous in class-6.

Calculated histograms for coniferous training classes are in whole cases non-symmetrical,
where for Mean-dRVI in TS20 histogram have strong negative skewness. Whilst, the specific conifer
forest in BR “Chuprene” show positive skewness within the histogram. In spite of that, the deciduous
class for both test sites are showing almost perfect symmetry. In other hand, sampled Crops showed
smaller STD in Mean-VH rather than Grassland, pointing out to more distinct volumetric backscatter.
However, the STD of Mean-dRVI is the highest at TS20 (because of the plenty of agricultural fields),
and higher than Grassland. The Grassland sampled class-3 showed most symmetrical histograms,
along high STD in Mean-VH. Highest STD is observed at class-1, because it encompass samples from
bare area, urban and shrubs.

Unsupervised classifications are also elaborated, based on ISO-Cluster, resulted with three
particular classes dedicated to forest. Aim is to test differences in accuracy of the resulted classifications
and related products. The supervised classifications using SVM approach are shown below, on Fig. 10.
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Fig. 10. Supervised classifications, using SVM with same number of classes; training samples are overlaid

The class-2 with foreshortenings comprises much large area on TS21, due to higher relief
roughness and incision. Related to that, because of the similarity in values between coniferous forest in
BR ,,Chuprene” and forest in foreshortenings, class-7 comprises large amount of pixels and complement
to class-2. That problem does not exists in TS20. Nonetheless, ambiguities persists in particular to the
test site and thematic class respectively. Accuracy assessment is therefore performed in order to obtain
the Error matrices, including overall accuracy together with the Cohen’s Kappa coefficient, used as a
measure of agreement between two individual pixels [18]. Software used is QGIS with the Semi-
Automatic-Classification (SCP) plugin [19]. For the accuracy assessment of the supervised
classifications, 15-random points per class are generated and furtherly validated by the VHR Google
Satellite© and Bing World Imagery© base maps, facilitated by S2-reference imagery. Results from the
Error matrices for both supervised classifications are summarized below, in Table-4.
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Table 4. Error matrices output summary for both supervised classifications, along thematic classes’ accuracy

Overall Kappa
Classes 1 2 3 4 5 6 7 8 accuracy hat
[%] classif.
o | PA[%] 94.79 79.99 100.0 89.46 100.0 100.0
O | UA [%] 80.0 70.0 80.0 100.0 50.0 100.0 78.723 0.6475
F | Kappa hat 078 065 078 1.00 0.48 1.00
< PA [%] 9.31 96.21 33.00 100.0 79.31 85.82 100.0
0 | UA [%] 70.00 80.0 70.0 10.0 100.0 70.0 30.0 68.897 0.5885
Kappa hat 0.68 0.79 0.63 0.10 1.00 0.66 0.24

As seen from table-4, the overall accuracy is higher for test site-TS20. The class-2 have very
high Kappa-hat for both classifications, of which resulted very good delineation of foreshortenings. In
other hand, the highest Kappa-hat is for deciduous forests. Errors for this class are observed in two
directions — enlargement of the forest edge due to sparse forest areas and higher shrubs, and
misclassification of urban areas that is specific for rural areas in Bulgaria, where houses are surrounded
by lot of trees, especially for abandoned houses, which are very often picture unfortunately in the North-
West Bulgaria. Coniferous forest have lower accuracy in respect to deciduous forest, which is more
prominent on TS20, because there coniferous types are much less. Moreover, the coniferous types here
are mixed up with other forest. Besides, in TS21 conifer patches are more homogenous and better
distinguishable. There is no doubt that water is best classified, because of the highest values in dRVI
and lowest in cross-pols. In crops class, for TS21 accuracy is very low, due to very small agriculture
areas, in respect to the TS20. The grassland class is well classified by means of S1-characteristics.

Comparing supervised with the unsupervised classifications, general conclusion is that
coniferous forest could not be delineated and is misclassified as deciduous one. Besides, whole three
classes depicts forest areas. In spite of that, better performance of unsupervised classification is
observed, in delineation of the forest edge in sparse forest areas (Fig. 11). Also, errors on the supervised
on TS20, related to misclassification of agricultural lands as a forest, at unsupervised they are relatively
small. Sparse forest is better classified here, but mixed up with shrubs and grassland. Agricultural lands
are very well classified on both classifications types.

Resulted products from supervised/unsupervised classifications are - Forest type maps, related
to deciduous / coniferous forest types, and Forest/Non-Forest masks, shown below (Fig. 11).

TS20 - ,,Mijur“ TS21 - ,,Chuprene”
4 - , -

3

Fig. 11. Forest/Non-Forest masks derived from supervised classifications, where - left: TS20, right: TS21,
over Google Satellite© VHR base map

Differences between forests masks approached via supervised or unsupervised classification
are very small. Nonetheless accuracy assessment is approached also here, by generation of 60 points
— 30 by 30 about forest/non-forest classes. Validation is performed again within QGIS environment, via
SCP-plugin, incorporating Google Satellite© base map and Sentinel-2 optical imagery; see Table-5.
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Table 5. Error matrices summary of Forest/Non-Forest Masks, derived from Supervised and Unsupervised

classifications

TS20 TS21
Supervised Unsupervised Supervised Unsupervised

Non- Non- Non- Non-

Forest REEEts Forest HeleEe Forest HEIESS Forest Retests
PA [%] 74.83 95.38 82.33 93.56 63.53 97.62 | 100.00 81.35
UA [%] 86.93 90.22 86.78 91.16 87.34 91.21 61.18 100.00
Kappa hat 0.816 0.664 0.800 0.739 0.841 0.571 0.498 1.000
Overall accuracy [%)] 89.39 89.75 90.63 85.59
Kappa hat classif. 0.732 0.769 0.680 0.665

In overall, whole forest masks have very high accuracy, with high Kappa-hat classification value,
showing strong similarity. Differences in accuracy between supervised and unsupervised approaches
could be neglected. Highest accuracy is for Forest/Non-Forest mask in TS21 derived from supervised
classification, where non-forest class has highest similarity by means of the Kappa-hat. Considering
mask elaboration, foreshortenings touching forest at supervised classifications are incorporated, in order
to fulfil holes in sloped forest. This is not wrong within current test areas, because mostly geometric
distortions are located in mountainous forest areas, rather over bare sloped area. Nonetheless, errors
are observed at TS21 in NE direction, where in the sake of misclassification within supervised approach,
hills covered with shrubs that exhibits small incidence angles toward SAR antenna, are recognized as
forest class-7 that is merged into deciduous and coniferous classes, in order to derive the output mask.
In spite, interruptions within forest at both test sites, are due to misclassified forest as grassland or crops.
In the forest masks by means of unsupervised approach, foreshortenings are not included because of
ambiguities, in spite of that the forest edge is much better delineated (Fig. 12).

Fig. 12. Comparison in details, between forest masks derived from supervised (left), and unsupervised
classification (right), for TS21 in high mountains, near BR “Chuprene” and hut - Gorski Rai

Additional SAR indices

Complementary SAR indices to the dRVI have been also calculated, based on their functional
contribution to describe phenology of crops, mentioned in the literature [14]. Therefore, the dual-pol SAR
Vegetation Index (dSVI) and Polarization ratio (Pol.R) are utilized in that study, where to test their
functionality into forest status, using equation — 3:

0 0 0

, YvH Yva T Yvv

(3)  Pol.ratiogoss—por = —5— 3 SVIguai—pot = ——5——
Vv Yvv

Based on the first approach RGB-2-combination is hereof calculated, based on: dRVI, dSVI u
Pol.R, calculated from the S1-mean-characteristics - yJ9,, andy),. The GIS analysis showed high
correlation in between in the forest territory, with no difference with the dRVI. Thus, in forest high values
(white patches) on dSVI and PR are related with coniferous type, whilst forest in BR “Chuprene” is again
well delineated (dark grey). Histograms show symmetrical distribution, with small differences in standard
deviation, which should be due to diversity in agriculture and forest type (Fig. 13).
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Common Histogram of M::IVI, Mean-5Vi, Mean-PolR, Common Histogram of Mean-RVI, Mean-5VI, Mean-PolR,
TS20
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Fig. 13. Common histograms for distribution of the mean values of - dRVI, dSVI and Pol.R., for both test sites

Main differences are observed over agricultural areas, where values of the indices differ in
general. On the second PCA calculated from RGB-2, eigen values have almost constant difference in
forest area, where: A1 = 1.5, A2 = 0.5, A3 = 0.7. Exceptional cases are over some urban pixels (in green
and yellow), and some pixels with strong backscatter toward sensor (in yellow) in the mountain; the
radar shadows/bare areas from class-1 (RGB-1) are also delineated (in green), see Fig. 14. In the first
case where yellow pixels are observed, in urban and forest regions, we have - A1 > A2 = As, where eigen
are about: A1 = 3.3, A2 = 0.8, As = 0.7. In the second case, where green pixels are observed, in urban
region and radar shadows, we have - A1 < A2 < A3, where: A1 = 3.2, A2= 1.3, 3= 0.7.

TS21, PCA-2

=
T

p L TS20. RGR-2:'dSVI-PR-dRVI
9 - —— o sm— =

Fig. 14. The RGB-2 (dSVI, PR, dRVI) for both test sites, derived from the - y2,, and y2,, and showing high
correlation in between (greyish), with exception over agricultural areas and reservoir. The PCA-2 on the right,
showing differences in urban and within the mountain.

Regression analysis

In the purpose to study the possible statistical relation between S1-mean-characteristics and
environmental characteristics (e.g. biomass, relief) regression analysis is considered. Related to that,
the following regression tests are performed, aiming different combinations of dependent (DV) versus
independent variables (V) — such as: 1 — IncGeo as DV-1, 2 — TCD as DV-2, 3 — GlobBio/CCI as
DV-3; and aiming particular regions of interest — (1) in transect on TS20; (2) for whole scene on TS20/21.
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Area-Of-Interests in Forest only, part of TS20, with transects
and overlaid COPERNICUS Tree-Cover-Density-:

Aspect from TanDEM-X-DEM-12, for Small-Torest-AQ|

N i A

Transect and performed OLSwegression within, between
dRVI-vs-IncGeo, at Smal-Forest-AOL

T4

4

MEANINCGED

MEAMNINCGED

Fig. 15. Thematical map (left) with the two transects over COPERNICUS TCD-2015 base map. Sample
maps (two, on the right) of the selected small transect, within quasi-homogenous environment, in terms
of slope, aspect, and canopy density, in purpose of the regression test.

Regression test — 1: Firstly, the observed correlation between local incidence angle (IncGeo)
and radar vegetation index (dRVI), is taken into account to be statistically tested. For that a small region
that constitutes of 51 resolution cells of 30 x 100 m, is located in the NW part of TS20 - “Transect-small’,
having high terrain slope, constant incidence angle and aspect, whole with small variations. Statistical
distributions and histograms are calculated in transect, followed by single OLS regression in ArcGIS;
please, refer to Fig.15. Regression results proves the preliminary observed correlation, between local
incidence angle and radar vegetation index with very high coefficient of determination (R?); see, table-
6, DV-1. Thereafter, regression over wider transect is performed that constitutes of 196 resolution cells
of 50 x 50 m whole over the TS20, aiming regression with DV-1 and 2, where IncGeo and TCD-2015
are considered as dependent variables (see, table-6). Regression result for DV-1 is again high, using
multi-parametric regression, but with lower coefficient of determination, because of the larger area used
that brings more outliers in statistical point of view. This also points to strong “non-linearity” of the data.
Considering the DV—-2 combination, shows non statistical correlation between TCD-2015 and SAR
observables, by means of S1-mean-characteristics!

Table 6. Regression results of DV-combinations 1 and 2, with single- and multiple-parametric regression OLS -
with the highest correlation result, within the two transects, at TS20

TS20 Transect — small Transect - big
DV Equation tested R? Equation tested R?
1 IncGeo ~ dRVIpeqn 0.7808 IncGeo ~ dRV Iy eqn + VHpean 0.6743

Regression test — 2: For tracking out statistical relationships within whole test area another test
is performed, using forest AOI only, determined by the condition:TCD-2015 > 10%. Full regression
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analysis is performed in that case, using whole DV — combinations mentioned above. Regression
equations with the best coefficient of determination are published and analyzed.

Considering local incidence angle, because of the larger region, correlation between IncGeo vs.
dRVI (DV-1) is quite lower but still exists (please, refer to table-7, DV-1/TS20).

Considering regression of TCD-2015 as dependent variable (DV-2), several equation
combinations are approached testing also additional SAR indices and biomass layers as IV. Highest
possible correlation in that case is achieved by incorporating the S1-mean-characteristics together with
the both biomass layers, pointing out that there is correlative relationship between the tree density and
AGB (table-7, DV-2.1/TS21). In spite of that, regression with GlobBiomass-2010 using same DV gives
no statistical correlation, whilst regression with CCl-biomass-2018 interestingly shows some statistical
relationship, with very low coefficient of determination (table-7, DV-2.3/TS21). Regarding dSVI, there is
no correlation relationship between SAR indices and the tree density (table-7, DV-2.1/TS20).

Considering regression of the biomass layers, using delivered by the Uni-Jena, Lehrstuhl fir
Fernerkundung — GlobBiomass-2010 and CCI-Biomass-2018, the performed regression shows small
differences in depend of the test site environmental conditions. Hence, considering GlobBiomass, better

result is for TS20, by using cross-pol - v, (table-7, DV-3.1/TS20) in the equation, rather than - y2, (table-
7, DV-3.2/TS20) at the multi-parametric regression, possibly because of the better sensitivity of the
cross-pols to the forest volume. It is interesting, that the - dRVI improves regression result, rather than
using equation based solely on both polarizations. In spite, the correlative relationship in between is
very poor, and does not exists for TS21. For CCIl-Biomass, also, considering TS20 a kind of correlative
relationship exists rather than for TS21, where different IV are found to be valuable for the regression
(table-7, DV-3.3/TS20 and TS21). Poorer regression result on behalf of CCI-Biomass than GlobBiomass
is interesting, because reference period for CCl-Biomass matches the four years period of the
Sentinel-1 - time-series. Nonetheless, could be said that correlative relation between biomass and SAR
indices (e.g. dRVI, dSVI) does not exists, which is proved finally by regressing the GlobBiomass versus
Polarization Ratio (table-7, DV-3.4/TS21), or by CCI-Biomass versus dual-pol SAR vegetation index
(table-7, DV-3.5/TS21), despite result of Pol.Ratio is better than dSVI.

Table 7. Highest correlation results from the regression with whole DV-combinations, including single- and
multiple-parametric regression OLS, performed on both test sites

TS20 TS21
DV Equation tested R? Equation tested R?
1 IncGeo ~ dRV I yean - -
TCD 2015 ~ VVinean + VHmean
2.1 TCD 2015 ~ dSVImean + CCI_Bioma552018 0.2111
+ GlobBiomass,yig
2.2 - - TCD 5015 ~ GlobBiomass;,gg
2.3 e = TCD 2015 ~ CCI_Bioma552018 0.1781

GlobBiomass »p19 ~ ARV Iyean 01528 GlobBiomass 5010 ~ VHmean
+ VHpean ) + dRVIpean

3.2 | GlobBiomass p19 ~ ARVIpean + VVpean | 0.1482 | GlobBiomass ;910 ~ VVinean + ARV Ipean
CCI_Biomass 59158 ~ ARV pean

3.1

3.3 CCI_Biomass 3918 ~ VHmean + VVinean 0.1092

+ VVmean
3.4 = = GlobBiomass 5910 ~ Pol.Ratiomeqn
3.5 - - CCI_Biomass 5913 ~ dSVIpean

3.6 CCI_Biomass,y1g ~ GlobBiomass,1¢ 0.2629 CCI_Biomass,y1g ~ GlobBiomass,1g 0.3434
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TS20: GlobBiomass vs S1 TS20: CCI-Biomass vs S1
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Fig. 16. Residual maps for TS20 (left) and TS21 (right) from multiple-parametric regression using OLS, between
GlobBiomass-2010 and CCI-Biomass-2018 vs S1-mean-characteristics, where low statistical correlation is
observed in-between

Taking into account geographical representation of the residuals from both OLS-regressions of
GlobBiomass and CCI-Biomass versus Sl-mean-characteristics, could be stated that S1-SAR
observables loose sensitivity at regions with high biomass levels, which is expected result, due to fast
saturation of the radar backscatter in C-band [9] (see Fig.15 — A). These are residuals with positive
distances > 1.5 STD (reddish). Contrariwise, the residuals with negative distances < -1.5 STD (bluish)
are dedicated to non-forest areas. Besides, due to differences in AGB estimation by GlobBiomass and
CCl-Biomass, residual maps are different, with predominance at CCl-biomass, where distances > 2.5
STD are much more that proofs regression results. In spite, a convergence is observed between low
values in dRVI (dark) and high negative distances (> 2.5 STD) at Residual map of GlobBiomass
(reddish). Residual map for TS21 confirms stated at the above, about lower sensitivity of the S1-SAR
observables at higher levels of AGB, therefore high differences, above — 2.0 STD are observed over
southern part of the test site, near BR “Chuprene”.

For finalization of the regression analysis, a correlation between both biomass layers is taken
into account. Result showed low correlation inbetween, where higher coefficient of determination is at
TS21, unlike the TS20 (see, table-7, DV-3.6). A possible answer to this differnce is given from GIS
based analysis of calculated AGB- change-layer, where:

(4) AAGB = AGB)) 5, — AGBZY®

76



together with the vector information about forest disturbances, from the reference database. A positive
convergence is observed for some disturbed forest stands with damages above 30%, together with the
AGB-change-layer, and where fores loss is: AAGB < -80 t/ha. That is interesting result, but needs more
in depth analysis of those changes, and evaluation of the reference databsse with forest disturbances.
For such utilization, resulted S1-mean-characteristics from the time series are proper tool and could give
reliable results. In other hand, this is not the complete answer for the observed changes in AGB, because
time difference in between is 8-years and forest is changing, as well as a lot of forestry activites are
ongoing in those rural areas.

Conclusions

To conclude the analysis held in that study, it can be categorically confirm that delineation
between deciduous and coniferous forest could be done by means of Sentinel-1 time series intensities
products. Utilization of the dual-pol RVI (dRVI) in mountainous temperate forest is of great importance,
because it provides that sensitivity to the forest structure. General conclusion is also that geometric
distortions influences dRVI, which limitates the correct interpretation in those areas. Thematic analysis
via proposed RGB-1: dRVI-VH-VV gives good representation of the backscattering that originates from
different type of the scattering media — e.g. land cover. Resulted PCA from RGB-1 gives best delineation
between deciduous and coniferous forest type. Additionally tested SAR indices — the dual-pol SVI and
Polarization Rati, gives non additional information apart from the dRVI, pointing out to equilibrium of the
sensitivity over forest by means of the three tested SAR indices. Contrariwise, this is not the case over
other type of natural media, such as agricultural fields and water, where SAR indices differ in-between.
The PCA based on RGB-2 provides interesting strong bias at some distinct pixels with strong
backscatter toward sensor, colored in yellowish or greenis3h that should be studied.

The resulted supervised classifications that also incorporates Forest type map, resulted with
78.8 and 68.9 overall accuracy for TS20 and TS21 respectively. General uncertainties are dedicated to
coniferous forest at BR “Chuprene” (class-7) that constitutes of sloped forest at TS21, whereas crops
biased the correct interpretation of grassland on TS21. Coniferous forest in some degree is also
misclassified as deciduous forest, mainly in areas where coniferous species are sparse or well mixed
up with the deciduous ones. In addition, unsupervised classifications showed better performance in
forest edge delineation. Resulted Forest/non-forest masks resulted with high accuracy, where the only
frustration is the uncertainty in the foreshortenings.

Subsequent Regression analysis that aimed to test in general statistical correlation between
mean characteristics resulted from Sentinel-1 time series, and provided AGB layers from Uni-Jena —
GlobBiomass-2010 and CCI-Biomass-2018, as well as the TCD-2015 in the frame of COPERNICUS
Services, showed very low or no correlation in between. Most prompt answer about the observed poor
correlation between AGB and the SAR observables from Sentinel-1, is the lower saturation level of
C-band intensities from forest [9]. Nonetheless, high correlation is observed between dRVI and local
incidence angle, with R2 = 0.78. Differences in both AGB layers are most likely to be related with the
forest loss, due to forest disturbances caused from a past Icethrow disaster event.

Finally, could be stated that conducted utilization of Sentinel-1 time series in mountainous
temperate forest, on behalf of dual-polarimetric capabilities, as well as SAR indices in the face of dRVI,
gives good results where could be incorporated successfully in variety of thematic analyses for the forest
structure, and mapping.
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