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Introduction

Croatia was admitted to the International Union of Geodesy and Geophysics
(IUGG) soon after gaining independence: its membership status had been pro-
visionally granted by the IUGG Executive Committee already in 1992 and the
status was ratified by the IUGG Council at the meeting held in Boulder in 1995.
From the beginning, the Croatian Academy of Sciences and Arts was the adher-
ing organization, which supervised the election of members of the Croatian Com-
mittee of Geodesy and Geophysics. After being admitted to the IUGG, Croatian
geodesists and geophysicists took part in the activities of IUGG associations and
in the general assemblies. Moreover, they prepared reports on their work, cover-
ing five intervals: 1991-1994 (Geofizika, 11, 1994), 1995-1998 (Geodetski list,
53, 1999), 1999-2002 (Geofizika, 18/19, 2001/2002), 2011-2014 (Geofizika, 32,
2015), and 2015-2018 (Geofizika, 36, 2019). With this report, the practice of
informing the ITUGG community on Croatian geodetic and geophysical measure-
ments and investigations is continued.

In the following pages, the work carried out between the years 2019 and 2022
by Croatian scientists, active in geodesy and in five geophysical disciplines (geo-
magnetism and aeronomy, hydrology and physical limnology, meteorology, phys-
ical oceanography, and seismology), is documented. The work has been shaped
by at least three external factors. One of them was COVID-19 pandemic, which,
on one hand, has adversely influenced field work in various disciplines, e.g., due
to frequent postponements of research cruises, but, on the other hand, has stim-
ulated analysis of data, modeling activities and publication of the results thus
obtained. The other factor was a series of earthquakes, the strongest ones being
the Zagreb earthquake of 22 March 2020 and the Petrinja earthquake of 29
December 2020. Again, the consequences were twofold. The earthquakes had
resulted in a serious damage to numerous buildings housing faculties and insti-
tutions in Zagreb, which has led to demanding reconstruction works and even
to relocation of several research groups. Still, the Croatian geophysicists and
geodesists reacted to the earthquakes in a proper way: the seismological net-
works were considerably expanded, the earthquakes and the corresponding af-
tershocks were carefully recorded and studied, the seismological studies were
complemented by the remotely sensed data analyzed by geodesists, and a pos-
sible influence of earthquake-generated noise on the quality of geomagnetic data
was explored. Finally, also important for the shaping of research work were
weather- and climate-related extremes in the atmosphere and hydrosphere. Con-
sequently, the relevant observation networks were modernized, extreme events
(e.g., heat waves, droughts, heavy precipitation episodes and consequent flash
floods) were analyzed and modeled, and the coastal floods due to the sea level
rise and exceptional atmospheric conditions were analyzed by using a decompo-
sition method that had been developed in Croatia but is now increasingly used
in other countries. All the findings are documented in some detail in the present
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report. Also visible from the report is the fact that the expansion of research

activities in Croatia received a boost from an access to international scientific

projects. It is to be hoped that international collaboration of Croatian scientists

will further intensify in the future and that the IUGG-related activities will
contribute to the intensification.

Mirko Orlié,

President,

Croatian Committee of Geodesy and Geophysic

G:c) This work is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License.


http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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Geodesy in Croatia, 2019-2022

Report submitted to the International Association of Geodesy
of the International Union of Geodesy and Geophysics

Bosko Pribicevié!, Tea Duplancié Leder? and Marko Pavasovié!

! Faculty of Geodesy, University of Zagreb, Zagreb, Croatia

2Faculty of Civil Engineering, Architecture and Geodesy, University of Split, Split, Croatia

This report presents a brief overview of research activities in the field of
geodesy in Croatia in the period from 2019 till the end of 2022. The activities
have been carried out mainly by the Faculty of Geodesy, University of Zagreb,
and, to a smaller extent, by the Faculty of Civil Engineering, Architecture and
Geodesy, University of Split. Research activities resulted in many scientific and
educational projects as well as scientific and educational publications, listed
below.

Horizon 2020 projects:

* Twinning Open Data Operational (TODO), Duration: 2019-2023, Project co-
ordinator: Assist. Prof. Ana Kuvezdi¢ Divjak, PhD.

* European Solar Telescope Preparatory Phase (PRE-EST), Duration: 2017—
2021, Project coordinator: Davor Sudar, PhD.

Croatian Science Foundation scientific projects:

* Interaction of COronal HOles and Solar Storms (ICOHOSS), Duration: 2021—
2025, Project coordinator: Mateja Dumbovi¢, PhD.

* Research of recent regional and local geodynamic processes in the Republic of
Croatia using modern satellite geodetic methods (GEOMSAT), Duration:
2018-2022, Project coordinator: Prof. Bosko Pribicevié, PhD.

+ Millimeter and submillimeter observations of the solar chromosphere using
ALMA (MSOC), Duration: 2018-2022, Project coordinator: Roman Brajsa,
PhD.

* Geospatial Monitoring of Green Infrastructure by Means of Terrestrial, Air-
borne and Satellite Imagery (GEMINI), Duration: 2017-2021, Project coordi-
nator: Prof. Damir Medak, PhD.



GEOFIZIKA, VOL. 40, NO. 2, 2023, 207-307 211

European Space Agency (ESA) scientific projects:

Forbush decrease analysis using model fitting to SOHO/EPHIN data (Forb-
Mod), Duration: 2021-2022, Project Coordinator: Mateja Dumbovi¢, PhD.
Automatic monitoring of narrow-leaved ash (Fraxinus angustifolia Vahl) for-

ests by remote sensing methods and Copernicus data (RS4EST), Duration:
2021-2023, Project coordinator: Assoc. Prof. Mateo Gasparovié, PhD.

European Regional Development Fund projects:

Multisenzorsko zracno snimanje Republike Hrvatske (LiDARH), Duration:
2020-2023, Project co-coordinator: Prof. Bosko Pribicevié, PhD.

Integrated hydrographic system for sustainable development of the marine
ecosystem (HIDROLAB), Duration: 2017-2021, Project coordinator: Prof.
Bosko Pribicevié¢, PhD.

Climate cHallenges on coAstal and traNsitional chanGing arEas: WEaving a
Cross- Project Adriatic Response (CHANGE WE CARE), Duration: 2019-2021,
Project coordinator: Prof. Bosko Pribicevié, PhD.

Civil Protection Emergency DSS based on CITIzen Journalism to ENhance
Safety of Adriatic Basin (E-CITIJENS), Duration: 2019-2021, Project co-coor-
dinator: Assoc. Prof. Martina Baucié¢, PhD.

European Education and Culture Executive Agency (EECEA) educa-
tional projects:

Spatial Data Infrastructures and Earth Observation Education and Training
for North-Africa (SEED4NA), Duration: 20202023, Project coordinator: Assoc.
Prof. Vesna Posloncec-Petri¢, PhD.

University Network for Disaster Risk Reduction and Management in Indian
Ocean Rim (UN4DRR), Duration: 2020-2023, Project coordinator: Prof. Zeljko
Bacié¢, PhD.

Business driven problem-based learning for academic excellence in geoinformat-
ics (GEOBIZ), Duration: 2019-2022, Project coordinator: Prof. Zeljko Bacié, PhD.
Towards an innovative strategy for skills development and capacity building

in the space geo-information sector supporting Copernicus User Uptake (EO-
4GEOQO), Duration: 2018-2021, Prof. Zeljko Baci¢, PhD.

EU programme for education, training, youth and sport (Erasmus+):

open SPatial data Infrastructure eDucation nEtwoRk (SPIDER), Duration:
2019-2022, Project coordinator: Assoc. Prof. Hrvoje Tomié, PhD.

European Social Fund (ESF) projects:

Development and formation of profession standards, qualifications and study
programs in geodesy and geoinformatics (LABIRINT), Duration: 2019-2022,
project coordinator: Prof. Damir Medak, PhD.
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Figure 1. Epicenters of reliably located earthquakes of the Ston-Slano sequence overlain on the
ascending orbit interferogram (Govor¢in et al., 2020).
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Geomagnetism and aeronomy in Croatia,
2019-2022
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and Aeronomy of the International Union of Geodesy and Geophysics

Igor Mandi¢

Department of Geophysics, Faculty of Science, University of Zagreb, Zagreb, Croatia

This report presents an overview of activities in the field of geomagnetism
and aeronomy in the four-year period between 2019 and 2022. Scientific, profes-
sional and educational activities are carried out mainly at the Department of
Geophysics (DG), Faculty of Science and the Faculty of Geodesy (FG), both under
the auspices of the University of Zagreb. The report first presents the profession-
al work, as the results of some studies mentioned in this report are closely relat-
ed to them. A summary of research activities is given next and the report closes
with a brief overview of educational activities.

The professional work mostly includes permanent measurements of geomag-
netic elements at the Lonjsko Polje (LON) observatory and periodical measure-
ments at the Croatian Geomagnetic Repeat Stations Network (CGRSN), as
shown in Figure 1(a). The observatory, established in 2012, works under the
auspices of DG, while FG is responsible for the establishment, maintenance and
survey at CGRSN since 2004.

The period 2019-2022 was characterized by a series of unfavourable circum-
stances that adversely affected professional and field work activities. Along with
the COVID-19 pandemic, Zagreb was hit by a series of earthquakes. The main
shock had a magnitude M = 5.5 (on 22 March 2020). Nine months later, 30 km
from LON observatory, a series of earthquakes occurred in the area of Petrinja.
On 29 December 2020 the main shock hit with a local magnitude M = 6.2. Despite
these and a larger number of instrumental problems at the observatory, the
continuity of measurements was successfully maintained. Upon removal of the
instrumental and anthropogenic degradations in the data (simple example is
given by Mandi¢, 2021), the annual datasets submitted to INTERMAGNET con-
tain around 99% of the data. The percentage of missing data per day is shown
in Figure 1(b). One-second data from the LEMI-035 magnetometer were contin-
uously delivered to the EMMA network. Operational problems of this magneto-
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meter were solved relatively quickly, so for 2019, 2020, 2021 and 2022 the data
availability is 95%, 88%, 84% and 99%, respectively. During 2021 the facility for
the LEMI-018 magnetometer was completed and data processing protocols were
modified for processing the data acquired by the new magnetometer. Thus, from
2021 geomagnetic variations are recorded simultaneously with three vector mag-
netometers at the observatory. This upgrade will ensure better operational reli-
ability and increase data quality. It should be mentioned that at the start of 2020,
a new generation of global geomagnetic models was released (P. Alken et al.,
Earth Planets Space, 73 (49), 2021; A. Chuliat et al., Technical Report, National
Centers for Environmental Information, NOAA, 2020), in which LON data were
used for the first time. With this contribution, Croatia is affirmed as an active
member of the global geomagnetic community.

Due to the above mentioned circumstances, the survey planned for 2020 at
CGRSN was postponed and carried out in 2021. This survey, as well as the one
conducted in 2018, was carried out in the framework of the project “2"¢ Geomag-
netic Information Renewal Cycle” at the request of the State Geodetic Adminis-
tration and Ministry of Defense. Due to destruction or local anthropogenic con-
tamination, two initial repeat stations LOSInj and MEDdJimurje were replaced
by new ones, PUNta Kriz (PUNK) and SVEti Martin (SVEM), shown in Figure
1. The new stations were set up as close as possible to the old ones. In order to
perform the measurements in accordance with the recommendations of IAGA
and MagNetE, the instrumentation used for the survey was tested at the LON
observatory. The mechanical correctness of the non-magnetic theodolite was
examined at the Laboratory for Measurements and Measuring Technique of FG.
The instrumentation was tested before and after the survey at CGRSN. Cur-
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Figure 1. (a) Locations of CGRSN stations and LON observatory. (b) The percentage of missing data
(upon removal of degradations) per day in the period 2019-2022. For only five days more than 10%
of data is missing.
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rently the “3" Geomagnetic Information Renewal Cycle” is in progress with the
aim to repeat measurements at CGRSN and update the information about geo-
magnetic field over Croatian territory.

Published studies in this period are diverse, covering a few topics: investiga-
tions of the local geomagnetic field properties, physical processes that occur in
the near-Earth space environment, changes in the interplanetary space and on
the Sun. Studies are presented in this order according to the topic.

Brki¢ (2019) emphasized that continuous monitoring the actual Geomagnet-
ic Information (GI) model error is essential, in order to have reliable information
about the declination and its annual change over Croatian territory. Partial
declination solutions for the 2008.5, 2009.5 and 2010.5 epochs were reduced to
the epoch 2018.0, using IGRF12 model and data from neighbouring countries.
Data from LON observatory and CGRSN network were used to verify the model
solution. Comparison between the final model GI2018v2 declination and obser-
vations was found to be <2.4’ (arcminutes). The study also recommends using
the last 12 months of the observatory quiet day declination means for predicting
declination up to the next 6 to 12 months.

Furthermore, the model GI2018v2 was updated to the version GI2020v1
(Brkié et al., 2020). The declination for the epoch 2020.0 over Croatian territory
was between 3.7° and 5.4°. The annual change was between 7.6"/yr and 8.7/yr.
The maximum GI2020v1 error at CGRSN locations for the epoch 2020.0 is esti-
mated to be <3.6". This model has been further enhanced, with possibility to
model daily declination changes and meridian convergence. Using LON time
series and spectral analysis (FFT), harmonic coefficients were determined for
24, 12, 8 and 6 hour period, for each month. In this way, twelve sets of harmon-
ic coefficients were determined and used to model diurnal change of declination
(during geomagnetic quiet days).

Possible significance of earthquake-related noise for the geomagnetic infor-
mation renewal was presented in the study by Brkié et al. (2022). Hypothetical-
ly, the noise at the geomagnetic repeat station site (or observatory), far enough
from the hypocentre so that the surveyor is not aware of the ongoing earthquake,
could affect the quality of measurements. The contribution of earthquake noise
in DIF measurements may further propagate into the reduced elements, models
and maps. The study aimed to determine whether shallow and nearby earth-
quakes, comparable to the earthquakes that occurred in the Zagreb area on 22
March 2020, are visible in minute magnetograms. These magnetograms are
regularly used in quality control analysis, immediately after the geomagnetic
survey, as well in reduction afterwards. By analysing the influence of the select-
ed Zagreb earthquakes on minute magnetograms of the observatories LON and
NCK (Nagcyenk, Hungary), the authors found negligible contributions with
amounts less than 10” for D, 5” for I and 0.6 nT for F.
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Verbanac et al. (2022) investigated the influence of solar wind high-speed
streams (HSSs) on the thermospheric neutral density (o) during the declining
phase of solar cycle 23. The investigation of p at the latitudinal bins (high, mid
and low) in both hemispheres at dayside and nightside showed that p values
increase/decrease from high to low latitudes at dayside/nightside. Augmentation
of p from high to low latitudes at dayside caused by solar radiation is most prom-
inent around magnetic local time (MLT) 14 and decreases rapidly with departure
from this MLT. The difference between N and S hemispheric p values are not
the same prior and after the equinox. Quiet time p differs among latitudinal bins;
p contains a clear imprint of solar and geomagnetic activity. The cross-correlation
analysis reveals a high degree of correlation between p and different p indicators
employed (based on solar wind parameters and geomagnetic activity measures).
Time lags based on all p indicators suggest that p disturbance occurs about 4 h
earlier at higher than at lower latitudes. The disturbance likely propagates fast-
er between polar and mid latitudes at dayside and between mid and low latitudes
at nightside. The study provided the most probable characteristics of the p var-
1ations during the periods in which the magnetospheric-thermospheric system
is affected primarily by HSSs.

Different plasmapause structures observed in nature are a sign of the com-
plex processes that cause the formation and evolution of the plasmapause. Bandi¢
et al. (2020) analysed the characteristics of the main plasmapause over a longer
period and succeeded to simplify and systemize the global plasmapause behav-
iour. The study showed that by employing only three types of Kp (planetary
geomagnetic activity index) jumps: sharp Kp increase, sharp Kp decrease, short-
time burst enhancement in Kp, together with the theory based on interchange
instability mechanism, the formation and evolution of the main plasmapause
can be statistically explained.

Verbanac and Bandi¢ (2021) conducted an exhaustive study on the origin
and characteristics of the southward component (Bs) of the interplanetary mag-
netic field IMF). In this analysis, 28 years (1990-2017) of hourly values of the
IMF data were used. Two important steps were made in this study. First, the
IMF data ordered in Geocentric Solar Magnetospheric System (GSM) are trans-
formed to Geocentric Solar Equatorial System (GSEQ). Second, Bs fields are
separated according to the IMF polarity — toward/away from the Sun. The ob-
tained results showed that Bs fields exist also in fall/spring when the IMF points
toward/away from the Sun. In these unfavourable seasons, the field is reduced,
but it is not zero. Thus, in unfavourable seasons, geomagnetic activity can be due
to reduced Bs and not because the field is pointing northward. The authors
showed that patterns of the experimental Bs fields are not in agreement with
the well-known Russell-McPherron model of Bs. The obtained results open a way
to correctly interpret variations seen in the IMF components and geomagnetic
indices.
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Heinemann et al. (2019) investigated the evolution of 16 long-living Coronal
Holes (CH) between 2010 and 2019 with the aim to reveal processes that drive
the observed changes in the corona hole parameters and the associated proper-
ties of the high-speed solar wind streams (HSSs) peak velocity at 1 astronomical
unit (AU). They find that the CH area evolution shows a general trend of grow-
ing to a maximum followed by a decay. This study suggests independence be-
tween the CH area evolution and the evolution of the signed magnetic flux (and
flux density) enclosed in the projected CH area. The derived CH area changes
show a reasonable anti-correlation with the solar activity, approximated by the
amounts of sunspots. The signed magnetic flux and the signed mean magnetic
flux density change rates were found to be dependent on solar activity rather
than on the individual CH evolution. Relation between CH area HSS peak ve-
locity is valid over each individual CH evolution with varying correlation coeffi-
cients and varying slopes of the linear regression line.

A prediction of the 25™ solar cycle maximum amplitude (4,,,,) is presented
in the work presented by Brajsa et al. (2022). A modified version of the mini-
mum-maximum method is used considering not only the minimum activity years,
but also years before and after the epoch of the solar minimum activity. The
solar parameter used in this work was the sunspot number. The input data were
the 13-month smoothed monthly total sunspot numbers for the period from 1794
to March 2020, from Sunspot Index and Long-term Solar Observations/SIDC.
The first aim of this work was to check whether the assumption that 3 years
before the activity minimum is the best epoch to predict the next solar maximum
is true. The second aim was to make a prediction of the amplitude of the next
solar cycle maximum, using the modified minimum-maximum method. The last
aim was to check reliability of the method by reproducing the maxima of the last
four solar cycles using the proposed modified minimum-maximum method. The
reliability of the “3 years before minimum” predictor is experimentally justified
by the largest correlation coefficients (CCs) and sufficiently explained by two
empirical well-known findings: the extended solar cycle and the Waldmeier ef-
fect. The proposed method predicts maximum A,,,, = 121+ 33 for the solar cycle
25. Finally, the solar maxima of solar cycles 21-24 calculated with the proposed
method are preferred over those obtained by the simple minimum-maximum
method, since the proposed method implies higher CCs and lower statistical
errors.

Finally, the education engagement is briefly presented here. The education
is actively performed at DG through several university undergraduate and grad-
uate courses (Planetology, Geomagnetism, Aeronomy, Geophysical Practicum)
and an university doctoral course (Planetary Magnetism). Within the course
Geophysical Practicum, the students’ visit to the LON observatory is organized.
There, the students have an opportunity to gain some practical experience with
geomagnetic measurements, which help them to better adopt the theoretical
knowledge provided by other regular courses. Furthermore, at FG the education
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1s performed in the framework of two university courses (Geomagnetic Survey,
Geomagnetic Networks). During the period of the COVID-19 pandemic, classes
took place in accordance with the regulations and recommendations of the Civil
Protection Headquarter of the Republic Croatia.
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This report presents the main activities in the field of hydrology in the Re-
public of Croatia for the period from 2019 to 2022. The main state institutions
responsible for hydrological research and measurements are the Croatian Me-
teorological and Hydrological Service and the Croatian Waters, as well as uni-
versity faculties throughout the country (Faculty of Civil Engineering, Faculty
of Mining, Geology and Petroleum Engineering, Faculty of Science and Faculty
of Geotechnical Engineering from University of Zagreb; Faculty of Civil Engi-
neering, Architecture and Geodesy at the University of Split; Faculty of Civil
Engineering at the University of Rijeka; Faculty of Civil Engineering at the
University of Osijek). Scientific research within the framework of various re-
search projects has intensified due to the increasing use of EU funds. In addition
to scientific projects, the Croatian Waters is also involved in professional projects
for flood protection in endangered areas. The results of scientific research in the
field of hydrology have been published in national and international journals
(Journal of Hydrology, Catena, Science of the Total Environment, Hydrological
Sciences Journal, Water Science and Technology, Water, Geosciences, Sustain-
ability, Hydrology, Hydrology and Earth System Sciences, Theoretical and Ap-
plied Climatology, Acta Hydrotechnica, Journal of Hydrology and Hydromechan-
ics, Journal of Hydroinformatics, Water Supply, Rudarsko-geolosko-naftni
zbornik, Geofizika, Geologia Croatica, Hrvatske vode) and at numerous scien-
tific and professional conferences.
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Projects from different institutions are listed below:

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

CroClimGoGreen — Croatian climate variability and change — From
global impacts to local green solutions.

AdriaMORE — Adriatic decision support system exploitation for inte-
grated MOnitoring and Risk management of coastal flooding and Ex-
treme weather.

DriDanube — Drought risk in the Danube region.

UKYV - Carstic coastal water management endangered by climate chang-
es.

VEPAR Project — Improvement of non-structural measures of flood risk
management in the Republic of Croatia.

Development and implementation of a regional Flash Flood Guidance
System (FFGS) in southeastern Europe region.

Flood risk Slovenia-Croatia operations — Strategic project 1 — Nonstruc-
tural measures FRISCO 1.

Programme for improving national early warning system and flood pre-
vention in Albania PRO NEWS.

SeCure — Saltwater intrusion and climate change: monitoring, counter-
measures and informed governance.

NATURAVITA — Demining, restoration and protection of forests and
forest land in protected and Natura 2000 areas in the Danube-Drava
River region.

WACOM — Water management in emergency situations in the Sava
River basin.

CROSScade — Cross-border cascading risk management for critical in-
frastructure in Sava River basin.

DAREFFORT — Danube River basin enhanced flood forecasting coop-
eration.

ForMURA — Upgrade and development of the Mura River warning sys-
tem and prognostic model.

ASTERIS — Adaptation to saltwater intrusion in sea level rise scenarios.
WATERCARE — Water management solutions to reduce the microbio-
logical impact on the environment in coastal areas.

MoST — Monitoring saltwater intrusion in coastal aquifers and testing
pilot projects to mitigate saltwater intrusion.

SIMONA — Sediment-quality Information, MONitoring and Assessment
system to support transnational cooperation for joint Danube basin wa-
ter management.

Hydrodynamic modeling of Plitvice Lakes system.
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Two of the projects are addressed here in more detail.

Project 4: Carstic coastal water management endangered by climate
changes:

The UKV project is focused on researching the consequences of climate
change in coastal karst aquifers —increasing salinity and water temperature and
deteriorating water quality — and on finding measures of climate change adapta-
tion in the water resources, tourism, agriculture and health sectors. One of the
most important factors that amplify the impacts of climate change on water
resources is excessive seasonal exploitation of aquifers for water supply pur-
poses, especially during the summer when water needs are greatest. The project
will establish monitoring of groundwater and surface water in three pilot areas
(Zadar, Korcula and Cres) for which the quality and quantity of surface and
groundwater will be analyzed and projections will be made to the end of the 21st
century using meteorological and hydrological models. Some preliminary find-
ings are shown in Figs. 1 and 2.
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Figure 1. Annual cycle of the mean monthly precipitation (mm; first row) and annual cycle of the
coefficient of variation of the monthly precipitation amount (dimensionless; second row). First col-
umn: models included in the RCP2.6 scenario; second column: models included in the RCP4.5 sce-
nario; third column: models included in the RCP8.5. scenario; blue: mean and standard deviation
within the RCM ensemble; green: range within the RCM ensemble; red: measurements. Period:
1981-2010 Source: DHMZ measurements and original simulations of regional climate models
(Biondié¢, 2023). Location: Cres.
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Figure 2. Annual cycle of relative correction of mean monthly precipitation (dimensionless). The
mean and standard deviation of monthly corrections within the RCM ensemble are presented for
models included in the scenarios RCP2.6 (first column), RCP4.5 (second column) and RCP8.5 (third
column). Period: 1981-2010. Location: Cres (Biondi¢, 2023).

Project 19: Hydrodynamic modeling of Plitvice Lakes system:

Physical limnology topics were mainly investigated within an interdiscipli-
nary project encompassing meteorology, hydrology, physical limnology and
hydrogeochemistry (Hydrodynamic modeling of Plitvice Lakes system). The pro-
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Figure 3. Power spectral densities (PSDs) computed from the 1 h and 2 min mean lake temperatures
at the two points in Kozjak Lake (K1 and K2) and one point in Prosée Lake (P1) at the depth of 15
m for the period from 6 July 2019 to 4 November 2019 (Klaié et al., 2020a, 2020b). Full lines and
shaded areas show the PSDs and 95% confidence intervals, respectively.



236 REPORT OF THE CROATIAN COMMITTEE OF GEODESY AND GEOPHYSICS ON ACTIVITIES ...

ject was collaborative between three institutions: Department of Geophysics
(Faculty of Science, University of Zagreb), Faculty of Civil Engineering (Univer-
sity of Rijeka), and Faculty of Geotechnical Engineering (University of Zagreb),
and, it was funded by the Plitvice Lakes National Park, Croatia. Within the
project activities, a multi-year lake-temperature measurements were performed
at multiple depths of the two largest lakes (Kozjak and Prosce). Analyses of
these measurement data provided an insight into differences between the two
lakes in stratification, internal seiching (Fig. 3, left) and fine-scale internal os-
cillations (Fig. 3, right) (Klai¢ et al., 2020a, 2020b). Furthermore, lake-tempera-
ture experimental data served as a basis for the development of a simple 1-D
energy budget model (SIMO) for the prediction of the vertical temperature pro-
files in small monomictic lakes (Fig. 4, Sarovié et al., 2022).
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Figure 4. Observed and predicted water temperatures of Kozjak Lake for different simulation
lengths for 2019. Periods with 425 missing data are seen as white vertical stripes (adopted from
Sarovié et al., 2022).

List of publications

Baresi¢, J., Parlov, J., Kovac, Z. and Sironié, A. (2019): Use of nuclear power plant released tritium
as a groundwater tracer, Rudarsko-geolosko-nafini zbornik, 35(1), https://doi.org/10.17794/
rgn.2020.1.3.

Biondié, R., Measki, H., Biondié¢, B. and Loborec, J. (2021): Karst Aquifer Vulnerability Assessment
(KAVA) method — A novel GIS-based method for deep karst aquifers, Sustainability, 13(6), https:/
doi.org/10.3390/su13063325.

Biondié, R., Ed. (2023): Governing coastal karst aquifers endangered by climate changes. Faculty of
Geotechnical Engineering, University of Zagreb, Varazdin, 219 pp (in Croatian).

Bloschl, G., Hall, J., Viglione, A., Perdigao, R. A. P., Parajka, J., Merz, B., Lun, D., Arheimer, B.,
Aronica, G. T., Bilibashi, A., Boha¢, M., Bonacci, O., Borga, M., Canjevac, 1., Castellarin, A.,


https://doi.org/10.17794/rgn.2020.1.3
https://doi.org/10.17794/rgn.2020.1.3
https://doi.org/10.3390/su13063325
https://doi.org/10.3390/su13063325

GEOFIZIKA, VOL. 40, NO. 2, 2023, 207-307 237

Chirico, G. B., Claps, P, Frolova, N., Ganora, D., Gorbachova, L., Gil, A., Hannaford, J., Harrigan,
S., Kireeva, M., Kiss, A., Kjeldsen, T. R., SKohnova, S., Koskela, dJ. J., Ledvinka, O., Macdonald,
N., Mavrova-Guirguinova, M., Mediero, L., Merz, R., Molnar, P., Montanari, A., Murphy, C.,
Osuch, M., Ovcharuk, V., Radevski, I, Salinas, dJ. L., Sauquet, E., Sraj, M., Szolgay, J., Volpi, E.,
Wilson, D., Zaimi, K. and Zivkovié, N. (2019): Changing climate both increases and decreases
European river floods, Nature, 573, 108—111, https://doi.org/10.1038/s41586-019-1495-6.

Bonacci, O. (2022): Hidroloski modeli, Acta Hydrotechnica, 35(62), 33—40, https://doi.org/10.15292/
acta.hydro.2022.03 (in Slovenian).

Bonacci, O., Durin, B., Bonacci, T. R. and Bonacci, D. (2022): The influence of reservoirs on water
temperature in the downstream part of an open watercourse: A case study at Botovo station on
the Drava River, Water, 14(21), https://doi.org/10.3390/w14213534.

Bonacci, O., Andrié, 1., Roje-Bonacci, T., Oskorus, D. and Vrsalovié, A. (2020): Impact of large human
constructions on a karst river hydrology: Case of the Cetina River (Dinaric karst), Acta Hydro-
technica, 33, 59, 155—174, https://doi.org/10.15292/acta.hydro.2020.10.

Bonacci, O. and Oskorus, D. (2019): Human impacts on water regime, in: The Drava River envi-
ronmental problems and solutions, edited by Loczy, D. Cham, Springer, pp. 125-137, https://doi.
org/10.1007/978-3-319-92816-6_9.

Bonacci, O., Terzi¢, J., Roje-Bonacci, T. and Frangen, T. (2019): An intermittent karst river: The case
of the Cikola River (Dinaric karst, Croatia), Water, 11(11), https://doi.org/10.3390/w11112415.
Borkovi¢, D., Kovag¢, Z. and Krajcar Bronié, I. (2022): Time-series analysis of isotope composition of

precipitation in Zagreb, Croatia, Water, 14(13), https://doi.org/10.3390/w14132008.

Briski, M., Stroj, A., Kosovié, I. and Borovié, S. (2020): Characterization of aquifers in metamorphic
rocks by combined use of electrical resistivity tomography and monitoring of spring hydrodyna-
mics, Geosciences, 10(4), https://doi.org/10.3390/geosciences10040137.

Brki¢, Z. and Kuhta, M. (2022): Lake level evolution of the largest freshwater lake on the Mediterra-
nean islands through drought analysis and machine learning, Sustainability, 14(16), https:/doi.
org/10.3390/su141610447.

Brki¢, Z., Kuhta, M., Hunjak, T. and Larva, O. (2020): Regional isotopic signatures of groundwater
in Croatia, Water, 12(7), https://doi.org/10.3390/w12071983.

Brki¢, Z., Larva, O. and Kuhta, M. (2021): Groundwater age as an indicator of nitrate concentration
evolution in aquifers affected by agricultural activities. J. Hydrol., 602, 126799, https://doi.
org/10.1016/j.jhydrol.2021.126799.

Brlekovi¢, T. and Tadié, L. (2022): Hydrological drought assessment in a small lowland catchment
in Croatia, Hydrology, 9(5), https://doi.org/10.3390/hydrology9050079.

Buljan, R., Pavli¢, K., Terzi¢, J. and Perkovié, D. (2019): A conceptual model of groundwater dynamics
in the catchment area of the Zagorska Mreznica Spring, the karst massif of Kapela Mountain,
Water, 11(10), 1983, https://doi.org/10.3390/w11101983.

Caren, M. and Pavli¢, K. (2021). Autocorrelation and cross-correlation flow analysis along the con-
fluence of the Kupa and Sava rivers, Rudarsko-geolosko-naftni zbornik, 36(5), 67—77, https://doi.
org/10.17794/rgn.2021.5.7.

Cosié-Flaj sig, G., Karleusa, B. and Glavan, M. (2021): Integrated water quality management model
for the rural transboundary river basin — A case study of the Sutla/Sotla River, Water, 13(18),
https://doi.org/10.3390/w13182569.

Dadar, S., Durin, B., Alamatian, E. and Plantak, L. (2021): Impact of the pumping regime on electri-
city cost savings in urban water supply system, Water, 13(9), https://doi.org/10.3390/w13091141.

Denié-Jukié, V., Lozié, A. and Jukié¢, D. (2020): An application of correlation and spectral analysis in
hydrological study of neighboring karst springs, Water, 12(12), https://doi.org/10.3390/w12123570.

Divié, V., Galesié, M., Di Dato, M., Tavra, M. and Andric¢evié, R. (2020): Application of open source
electronics for measurements of surface water properties in an estuary: A case study of River
Jadro, Croatia, Water, 12(1), https://doi.org/10.3390/w12010209.

Dogancié, D., Afrasiabian, A., Kranjci¢, N. and Purin, B. (2020): Using stable isotope analysis (6D
and 6180) and tracing tests to characterize the regional hydrogeological characteristics of Kaze-
roon County, Iran, Water, 12(9), https://doi.org/10.3390/w12092487.


https://doi.org/10.1038/s41586-019-1495-6
https://doi.org/10.15292/acta.hydro.2022.03
https://doi.org/10.15292/acta.hydro.2022.03
https://doi.org/10.3390/w14213534
https://doi.org/10.15292/acta.hydro.2020.10
https://doi.org/10.1007/978-3-319-92816-6_9
https://doi.org/10.1007/978-3-319-92816-6_9
https://doi.org/10.3390/w11112415
https://doi.org/10.3390/geosciences10040137
https://doi.org/10.3390/su141610447
https://doi.org/10.3390/su141610447
https://doi.org/10.3390/w12071983
https://doi.org/10.1016/j.jhydrol.2021.126799
https://doi.org/10.1016/j.jhydrol.2021.126799
https://doi.org/10.3390/hydrology9050079
https://doi.org/10.3390/w11101983
https://doi.org/10.17794/rgn.2021.5.7
https://doi.org/10.17794/rgn.2021.5.7
https://doi.org/10.3390/w13182569
https://doi.org/10.3390/w13091141
https://doi.org/10.3390/w12123570
https://doi.org/10.3390/w12010209
https://doi.org/10.3390/w12092487

238 REPORT OF THE CROATIAN COMMITTEE OF GEODESY AND GEOPHYSICS ON ACTIVITIES ...

Dragicevi¢, N., Karleusa, B. and Ozanié, N. (2019): Different approaches to estimation of drainage
density and their effect on the erosion potential method, Water, 11(3), https://doi.org/10.3390/
w11030593.

Dragun, Z., Stipanidev, D., Fiket, Z., Luéié, M., Udikovié Koli¢, N., Puljko, A., Repec, S., Sostarié
Vulié, Z., Ivankovi¢, D., Barac, F., Kiralj, Z., Kralj, T. and Vali¢, D. (2022): Yesterday’s contami-
nation — A problem of today? The case study of discontinued historical contamination of the
Mreznica River (Croatia), Sci. Total Environ., 848, 157775, https://doi.org/10.1016/j.
scitotenv.2022.157775.

Dundovié, I. and Tadié, L. (2022): A field experiment verification of theoretical exponent N1 for
FAVAD method in defining the relationship of pressure and water losses, Water, 14(13), https:/
doi.org/10.3390/w14132067.

Franciskovi¢-Bilinski, S. and Sakan, S. (2021): Geochemistry of water and sediment, Water, 13(5),
https://doi.org/10.3390/w13050693.

Grbcié, L., Lucin, 1., Kranjc¢evié, L. and Druzeta, S. (2020): Water supply network pollution source
identification by random forest algorithm, J. Hydroinform., 22(6), 15621-1535, https:/doi.
org/10.2166/hydro.2020.042.

Hasan, O., Miko, S., Brunovié, D., Papatheodorou, G., Christodolou, D., Ilijanié, N. and Geraga, M.
(2020): Geomorphology of canyon outlets in Zrmanja River estuary and its effect on the Holocene
flooding of semi-enclosed basins (the Novigrad and Karin Seas, Eastern Adriatic), Water, 12(10),
https://doi.org/10.3390/w12102807.

Jajac, N., Marovi¢, 1., Rogulj, K. and Kili¢, J. (2019): Decision support concept to selection of wa-
stewater treatment plant location—The case study of Town of Kutina, Croatia, Water, 11(4),
https://doi.org/10.3390/w11040717.

Jozié, S., Baljak, V., Cenov, A., Lusié, D., Galié¢, D., Glad, M., Maestro, D., Maestro, N., Kapetanovié,
D., Kraus, R., Marinac-Pupavac, S. and Vuki¢ Lusi¢, D. (2021): Inland and coastal bathing water
quality in the last decade (2011-2020): Croatia vs. region vs. EU, Water, 13(17), https://doi.
org/10.3390/w13172440.

Jukié, D., Denié-Jukié, V. and Kadié, A. (2022): Temporal and spatial characterization of sediment
transport through a karst aquifer by means of time series analysis. J. Hydrol., 609, 127753,
https://doi.org/10.1016/j.jhydrol.2022.127753.

Jukié, D., Denié-Jukié, V. and Lozié, A. (2021): An alternative method for groundwater recharge
estimation in karst, J. Hydrol., 600, 126671, https://doi.org/10.1016/].jhydrol.2021.126671.

Karleusa, B., Hajdinger, A. and Tadi¢, L. (2019): The application of multi-criteria analysis methods
for the determination of priorities in the implementation of irrigation plans, Water, 11(3), https://
doi.org/10.3390/w11030501.

Karlovié, 1., Markovié, T. and Vujnovié¢, T. (2022): Groundwater recharge assessment using multi
component analysis: Case study at the NW edge of the Varazdin alluvial aquifer, Croatia, Water,
14(1), https://doi.org/10.3390/w14010042.

Karlovié, 1., Markovié, T., Kandu¢, T. and Vreca, P. (2022): Assessment of seasonal changes on the
carbon cycle in the critical zone of a surface water (sw)-groundwater (gw) system, Water, 14(21),
https://doi.org/10.3390/w14213372.

Karlovi¢, 1., Markovié, T., Smith, A. and Kandu¢, T. (2022): Data on stable isotopic composition of
d18 O and d15 N in nitrate in groundwater, and d15 N in solid matter in the Varazdin area, NW
Croatia, Data in Brief, 45, 1-6, https://doi.org/10.1016/).dib.2022.108686.

Karlovié, 1., Markovié, T., éparica Miko, M. and Maldini, K. (2021): Geochemical characteristics of
alluvial aquifer in the Varazdin region, Water, 13(11), https://doi.org/10.3390/w13111508.

Karlovié, 1., Markovié, T., Vujnovié, T. and Larva, O. (2021): Development of a hydrogeological concep-
tual model of the Varazdin alluvial aquifer, Hydrology, 8(1), https://doi.org/10.3390/hydrology8010019.

Karlovié, 1., Pavlié, K., Posavec, K. and Markovié, T. (2021): Analysis of the hydraulic connection of
the Plitvica Stream and the groundwater of the Varazdin alluvial aquifer, Geofizika, 38, 15-35,
https://doi.org/10.15233/gfz.2021.38.3.

Kekez, T., Andricevi¢, R., and Knezi¢, S. (2022): Flood risk modeling under uncertainties: The case
study of Croatia, Water, 14(10), https://doi.org/10.3390/w14101585.


https://doi.org/10.3390/w11030593
https://doi.org/10.3390/w11030593
https://doi.org/10.1016/j.scitotenv.2022.157775
https://doi.org/10.1016/j.scitotenv.2022.157775
https://doi.org/10.3390/w14132067
https://doi.org/10.3390/w14132067
https://doi.org/10.3390/w13050693
https://doi.org/10.2166/hydro.2020.042
https://doi.org/10.2166/hydro.2020.042
https://doi.org/10.3390/w12102807
https://doi.org/10.3390/w11040717
https://doi.org/10.3390/w13172440
https://doi.org/10.3390/w13172440
https://doi.org/10.1016/j.jhydrol.2022.127753
https://doi.org/10.1016/j.jhydrol.2021.126671
https://doi.org/10.3390/w11030501
https://doi.org/10.3390/w11030501
https://doi.org/10.3390/w14010042
https://doi.org/10.3390/w14213372
https://doi.org/10.1016/j.dib.2022.108686
https://doi.org/10.3390/w13111508
https://doi.org/10.3390/hydrology8010019
https://doi.org/10.15233/gfz.2021.38.3
https://doi.org/10.3390/w14101585

GEOFIZIKA, VOL. 40, NO. 2, 2023, 207-307 239

Kekez, T., Knezi¢, S., and Andricevié, R. (2020). Incorporating uncertainty of the system behavior in
flood risk assessment — Sava River case study, Water, 12(10), https://doi.org/10.3390/w12102676.

Klaié, Z. B., Babi¢, K. and Marekovié¢, T. (2020): Internal seiches in a karstic mesotrophic lake (Pro-
Sée, Plitvice Lakes, Croatia), Geofizika, 837, 157-179, https://doi.org/10.15233/gfz.2020.37.11.

Klaié, Z. B., Babié¢, K. and Orli¢, M. (2020): Evolution and dynamics of the vertical temperature
profile in an oligotrophic lake, Hydrol. Earth Syst. Sc., 24(7), 3399-3416, https://doi.org/10.5194/
hess-24-3399-2020.

Kos, Z., Durin, B., Dogancié, D. and Kranjcié, N. (2021): Hydro-energy suitability of rivers regarding
their hydrological and hydrogeological characteristics, Water, 13(13), https://doi.org/10.3390/
w13131777.

Kovac, Z., Baresié, J., Parlov, J. and Sironié¢, A. (2022): Impact of hydrological conditions on the
isotopic composition of the Sava River in the area of the Zagreb aquifer, Water, 14(14), https://
doi.org/10.3390/w14142263.

Kovac, Z., Krevh, V., Filipovié, L., Defterdarovié, J., Buskulié¢, P., Han, L. and Filipovié¢, V. (2022):
Utilizing stable water isotopes (62H and 6§180) to study soil-water origin in sloped vineyard: first
results, Rudarsko-geolosko-naftni zbornik, 37(3), 1-14, https://doi.org/10.17794/rgn.2022.3.1.

Krajcar Bronié, I. and Baresi¢, J. (2021): Application of stable isotopes and tritium in hydrology,
Water, 13(4), https://doi.org/10.3390/w13040430.

Krajcar Bronié, 1., Baresié, J., Borkovié, D., Sironié, A., Mikeli¢, I. L. and Vreca, P. (2020): Long-term
isotope records of precipitation in Zagreb, Croatia, Water, 12(1), https://doi.org/10.3390/w12010226.

Krajcar Bronid, 1., Baresic, J., Sironi¢, A., Lovrenci¢ Mikelié, 1., Borkovi¢, D., Horvatin¢ié¢, N. and
Kovac, Z. (2020): Isotope composition of precipitation, groundwater, and surface and lake waters
from the Plitvice Lakes, Croatia, Water, 12(9), https://doi.org/10.3390/w12092414.

Krvavica, N. and Rubinié, J. (2020): Evaluation of design storms and critical rainfall durations for
flood prediction in partially urbanized catchments, Water, 12(7), https://doi.org/10.3390/
w12072044.

Krvavica, N., Loncar, G., Oskorus, D. and Ruzié, I. (2021): Prilog unapredenju sustava hidroloskih
mjerenja prijelaznih voda: Hidraulicka i spektralna analiza protoka na rijeci Neretvi, Hrvatske
vode, 29, 118, 255-274 (in Croatian).

Kulag, A., Markovié, T., Zutinié, P., Kajan, K., Karlovi¢, 1., Orli¢, S., Keskin, E., Filipovi¢, V. and
Gligora Udovi¢, M. (2021): Succession of microbial community in a small water body within the
alluvial aquifer of a large river, Water, 13(2), https://doi.org/10.3390/w13020115.

Kvesié, M., Vojkovié, M., Kekez, T., Maravié¢, A. and Andricevié, R. (2021): Spatial and temporal
vertical distribution of chlorophyll in relation to submarine wastewater effluent discharges, Water,
13(15), https://doi.org/10.3390/w13152016.

Lacko, M., Potocki, K., Skreb, K. A. and Bezak, N. (2022): Joint modelling of flood hydrograph peak,
volume and duration using copulas case study of Sava and Drava River in Croatia, Europe, Water,
14(16), https://doi.org/10.3390/w14162481.

Lajtner, J., Kozak, A., Spoljar, M., Kuczynska-Kippen, N., Drazina, T., Serti¢ Peri¢, M., Tkalcec, 1.,
Gottstein, S. and Zrinscéak, 1. (2022): Gastropod assemblages associated with habitat heteroge-
neity and hydrological shifts in two shallow waterbodies, Water, 14(15), https://doi.org/10.3390/
w14152290.

Larva, O., Brki¢, Z., Briski, M., Seidenfaden, I. K., Koch, dJ., Stisen, S. and Refsgaard, J. C. (2022):
An ensemble approach for predicting future groundwater levels in the Zagreb aquifer impacted
by both local recharge and upstream river flow, J. Hydrol., 613, 128433, https://doi.org/https://
doi.org/10.1016/j.jhydrol.2022.128433.

Lonc¢ar, G., Krvavica, N., Gotovac, H., Oskorus, D. and Kuli¢, T. (2020): Numericka analiza djelova-
nja brane na sprjecavanje prodora slane vode duz korita rijeke Neretve, Hrvatske vode, 28, 112,
113-124 (in Croatian).

Lucié, M., Mikac, N., Bacié¢, N. and Vdovié, N. (2021): Appraisal of geochemical composition and
hydrodynamic sorting of the river suspended material: Application of time-integrated suspended
sediment sampler in a medium-sized river (the Sava River catchment), /. Hydrol., 597, 125768,
https://doi.org/10.1016/j.jhydrol.2020.125768.


https://doi.org/10.3390/w12102676
https://doi.org/10.15233/gfz.2020.37.11
https://doi.org/10.5194/hess-24-3399-2020
https://doi.org/10.5194/hess-24-3399-2020
https://doi.org/10.3390/w13131777
https://doi.org/10.3390/w13131777
https://doi.org/10.3390/w14142263
https://doi.org/10.3390/w14142263
https://doi.org/10.17794/rgn.2022.3.1
https://doi.org/10.3390/w13040430
https://doi.org/10.3390/w12010226
https://doi.org/10.3390/w12092414
https://doi.org/10.3390/w12072044
https://doi.org/10.3390/w12072044
https://doi.org/10.3390/w13020115
https://doi.org/10.3390/w13152016
https://doi.org/10.3390/w14162481
https://doi.org/10.3390/w14152290
https://doi.org/10.3390/w14152290
https://doi.org/https://doi.org/10.1016/j.jhydrol.2022.128433
https://doi.org/https://doi.org/10.1016/j.jhydrol.2022.128433
https://doi.org/10.1016/j.jhydrol.2020.125768

240 REPORT OF THE CROATIAN COMMITTEE OF GEODESY AND GEOPHYSICS ON ACTIVITIES ...

Lukac¢ Reberski, J., Terzi¢, J., Maurice, L. D. and Lapworth, D. J. (2022): Emerging organic conta-
minants in karst groundwater: A global level assessment, J. Hydrol., 604, 127242, https://doi.
org/10.1016/j jhydrol.2021.127242.

Mance, D., Radisi¢, M., Lenac, D. and Rubinié, J. (2022): Hydrological behavior of karst systems
identified by statistical analyses of stable isotope monitoring results, Hydrology, 9(5), https://doi.
org/10.3390/hydrology9050082.

Margeta, J. (2019): A review of sustainable septage management strategies on the islands in Croatia,
Water Sci. Technol., 79(10), 1833-1843, https://doi.org/10.2166/wst.2019.184.

Margeta, J. and Marasovié, K. (2020): The restoration of the Roman water supply system in 1880
for the water supply to Split, Water Supp., 20(3), 1091-1102, https://doi.org/10.2166/ws.2020.038.

Markovi¢, T., Karlovié, 1., Orli¢, S., Kajan, K. and Smith, A. C. (2022): Tracking the nitrogen cycle
in a vulnerable alluvial system using a multi proxy approach: Case study Varazdin alluvial
aquifer, Croatia, Sci. Total Environ., 853, 158632, https://doi.org/10.1016/).scitotenv.2022.158632.

Markovié, T., Karlovié, 1., Percec Tadié¢, M. and Larva, O. (2020): Application of stable water isotopes
to improve conceptual model of alluvial aquifer in the Varazdin area, Water, 12(2), https://doi.
org/10.3390/w12020379.

Markovié, T., Sladovié, Z., Domitrovié, D., Karlovié, I. and Larva, O. (2022): Current utilization and
hydrochemical characteristics of geothermal aquifers in the Bjelovar sub-depression, Geol. Croat.,
75(2), 223-233, https://doi.org/10.4154/gc.2022.21.

Markovinovié, D., Cetl, V., Samanovié, S. and Bjelotomié¢ Orsulié¢, O. (2022): Availability and acce-
ssibility of hydrography and hydrogeology spatial data in Europe through INSPIRE, Water, 14(9),
https://doi.org/10.3390/w14091499.

Measki, H., Biondié, R., Loborec, J. and Oskorus, D. (2021): The possibility of Managed Aquifer
Recharge (MAR) for normal functioning of the public water-supply of Zagreb, Croatia, Water,
13(11), https://doi.org/10.3390/w13111562.

Nakié, D., Djurin, B., Hunt, J. and Dadar, S. (2022): A novel procedure for minimizing the volume
of water tanks in water supply systems, Water, 14(11), https://doi.org/10.3390/w14111731.

Nakié, Z., Kovac, Z., Parlov, J. and Perkovi¢, D. (2020): Ambient background values of selected che-
mical substances in four groundwater bodies in the Pannonian region of Croatia, Water, 12(10),
https://doi.org/10.3390/w12102671.

Oskorus, D., Kapelj, S., Zavrtnik, S. and Leskovar, K. (2022): Suspended sediment metal and me-
talloid composition in the Danube River basin, Croatia, Water, 14(21), https://doi.org/10.3390/
w14213552.

Pandzi¢, K., Kobold, M., Oskorus, D., Biondié¢, B., Biondié, R., Bonacci, O., Likso, T. and Curié, O.
(2020): Standard normal homogeneity test as a tool to detect change points in climate-related
river discharge variation: case study of the Kupa River basin, Hydrolog. Sci. <J., 65(2), 227241,
https://doi.org/10.1080/02626667.2019.1686507.

Pandzié, K., Likso, T., Trninié¢, D., Oskorus, D., Macek, K. and Bonacci, O. (2022): Relationships
between large-scale atmospheric circulation and monthly precipitation and discharge in the Danu-
be River basin, Theor. Appl. Clim., 148(1-2), 767-777, https://doi.org/10.1007/s00704-022-03977.

Paraé¢, M., Cuculi¢, V., Cukrov, N., Gecek, S., Lovri¢, M. and Cukrov, N. (2022): Microplastic distri-
bution through the salinity gradient in a stratified estuary, Water, 14(20), https://doi.org/10.3390/
w14203255.

Parlov, J., Kovag¢, Z., Naki¢, Z. and Baresié, J. (2019): Using water stable isotopes for identifying
groundwater recharge sources of the unconfined alluvial Zagreb aquifer (Croatia), Water, 11(10),
https://doi.org/10.3390/w11102177.

Pavli¢, K. and Parlov, J. (2019): Cross-correlation and cross-spectral analysis of the hydrographs in
the northern part of the Dinaric karst of Croatia, Geosciences, 9(2), 86, https://doi.org/10.3390/
geosciences9020086.

Pavlovi¢, P., Markovié¢, M., Kosti¢, O., Sakan, S., Dordevi¢, D., Perovi¢, V., Pavlovi¢, D., Pavlovié¢, M.,
Cakmak, D., Jarié, S., Paunovié, M. and Mitrovié¢, M. (2019): Evaluation of potentially toxic ele-
ment contamination in the riparian zone of the River Sava, CATENA, 174, 399-412, https://doi.
org/10.1016/j.catena.2018.11.034.


https://doi.org/10.1016/j.jhydrol.2021.127242
https://doi.org/10.1016/j.jhydrol.2021.127242
https://doi.org/10.3390/hydrology9050082
https://doi.org/10.3390/hydrology9050082
https://doi.org/10.2166/wst.2019.184
https://doi.org/10.2166/ws.2020.038
https://doi.org/10.1016/j.scitotenv.2022.158632
https://doi.org/10.3390/w12020379
https://doi.org/10.3390/w12020379
https://doi.org/10.4154/gc.2022.21
https://doi.org/10.3390/w14091499
https://doi.org/10.3390/w13111562
https://doi.org/10.3390/w14111731
https://doi.org/10.3390/w12102671
https://doi.org/10.3390/w14213552
https://doi.org/10.3390/w14213552
https://doi.org/10.1080/02626667.2019.1686507
https://doi.org/10.1007/s00704-022-03977
https://doi.org/10.3390/w14203255
https://doi.org/10.3390/w14203255
https://doi.org/10.3390/w11102177
https://doi.org/10.3390/geosciences9020086
https://doi.org/10.3390/geosciences9020086
https://doi.org/10.1016/j.catena.2018.11.034
https://doi.org/10.1016/j.catena.2018.11.034

GEOFIZIKA, VOL. 40, NO. 2, 2023, 207-307 241

Radisi¢, M., Rubinié, J., Ruzié¢, I. and Brozincevié, A. (2021): Hydrological system of the Plitvice
Lakes — Trends and changes in water levels, inflows, and losses, Hydrology, 8(4), https://doi.
org/10.3390/hydrology8040174.

Rada, B., Bonacci, O., Rada, T. and éantié, M. (2020): The water and biology on a small Karstic island:
The Island of Brac (Croatia) as one example, Environ. Earth Sci., 79(5), 116, 17, https://doi.org/10.1007/
512665-020-8844-5.

Romié, D., Castrignano, A., Romié, M., Buttafuoco, G., Bubalo Kovacié¢, M., Ondrasek, G. and Zovko,
M. (2020): Modelling spatial and temporal variability of water quality from different monitoring
stations using mixed effects model theory, Sci. Total Environ., 04, 135875, https://doi.org/10.1016/.
scitotenv.2019.135875.

Rossi, N., Bacié¢, M., Kovacevié, M. S. and Libri¢, L. (2021): Development of fragility curves for piping
and slope stability of river levees, Water, 13(5), https://doi.org/10.3390/w13050738.

Sakan, S., Franciskovié-Bilinski, S., Dordevié, D., Popovié, A., Sakan, N., Skrivanj, S. and Bilinski,
H. (2021): Evaluation of element mobility in river sediment using different single extraction
procedures and assessment of probabilistic ecological risk, Water, 13(10), https://doi.org/10.3390/
w13101411.

Sakan, S., Franciskovié-Bilinski, S., Pordevié, D., Popovi¢, A., Skrivanj, S. and Bilinski, H. (2020):
Geochemical fractionation and risk assessment of potentially toxic elements in sediments from
Kupa River, Croatia, Water, 12(7), https://doi.org/10.3390/w12072024.

Selak, A., Boljat, 1., Lukac Reberski, J., Terzié, J. and Cenéur Curk, B. (2020): Impact of land use on
karst water resources — A case study of the Kupa (Kolpa) transboundary river catchment, Water,
12(11), https://doi.org/10.3390/w12113226.

Selak, A., Reberski, J. L., Klobucar, G. and Gr¢ié, 1. (2022): Ecotoxicological aspects related to the
occurrence of emerging contaminants in the Dinaric karst aquifer of Jadro and Zrnovnica sprin-
gs, Sci. Total Environ., 825, 153827, https://doi.org/10.1016/j.scitotenv.2022.153827.

Selak, L., Markovié, T., Pjevac, P. and Orli¢, S. (2022): Microbial marker for seawater intrusion in a
coastal Mediterranean shallow Lake, Lake Vrana, Croatia, Sci. Total Environ., 849, 157859,
https://doi.org/10.1016/j.scitotenv.2022.157859.

Stroj, A., Briski, M. and Ostrié, M. (2020). Study of groundwater flow properties in a karst system
by coupled analysis of diverse environmental tracers and discharge dynamics, Water, 12(9),
https://doi.org/10.3390/w12092442.

Sudar, V., Malvié, T., Vujnovié, T. and Ivsinovié, J. (2021): Modeling of the geological probability
procedure for the prediction of high flows in small streams, Case study of Medvednica Mt., Cro-
atia, Hydrology, 8(2), https://doi.org/10.3390/hydrology8020083.

Surié, M., Czuppon, G., Loncarié, R., Bo¢ié¢, N., Lonéar, N., Bajo, P. and Drysdale, R. N. (2020): Sta-
ble isotope hydrology of cave groundwater and its relevance for speleothem-based paleoenvi-
ronmental reconstruction in Croatia, Water, 12(9), https://doi.org/10.3390/w12092386.

Susmel, S., Girolametti, F., Fonti, V., Figueredo, F., Scognamiglio, V., Antonacci, A., Manna, V.,
Bili¢, J., Soljan, V., De Bortoli, N., Martin, T., Mion, M., Kekez, T., Andricevic, R., Ben Aissa, S.,
Celussi, M. and Annibaldi, A. (2022): The Interreg project AASWiM: Managed use of treated
wastewater for the quality of the Adriatic Sea, Water, 14(16), https://doi.org/10.3390/w14162460.

Sarovié, K., Burié, M. and Klaié, Z. B. (2022): SIMO v1.0: simplified model of the vertical tempera-
ture profile in a small, warm, monomictic lake, Geosci. Model Dev., 15(22), 8349-8375, https://
doi.org/10.5194/gmd-15-8349-2022.

éiljeg, A., Marié, 1., Cukrov, N., Domazetovié, F. and Roland, V. (2020): A multiscale framework for
sustainable management of tufa-forming watercourses: A case study of National Park “Krka”,
Croatia, Water, 12(11), https://doi.org/10.3390/w12113096.

Sperac, M. and Zima, J. (2022): Assessment of the impact of climate extremes on the groundwater
of eastern Croatia, Water, 14(2), https://doi.org/10.3390/w14020254.

Srajbek, M., Kranjcevié, L., Kovag¢, 1. and Biondié, R. (2022): Groundwater nitrate pollution sources
assessment for contaminated wellfield, Water, 14(2), https://doi.org/10.3390/w14020255.


https://doi.org/10.3390/hydrology8040174
https://doi.org/10.3390/hydrology8040174
https://doi.org/10.1007/s12665-020-8844-5
https://doi.org/10.1007/s12665-020-8844-5
https://doi.org/10.1016/j.scitotenv.2019.135875
https://doi.org/10.1016/j.scitotenv.2019.135875
https://doi.org/10.3390/w13050738
https://doi.org/10.3390/w13101411
https://doi.org/10.3390/w13101411
https://doi.org/10.3390/w12072024
https://doi.org/10.3390/w12113226
https://doi.org/10.1016/j.scitotenv.2022.153827
https://doi.org/10.1016/j.scitotenv.2022.157859
https://doi.org/10.3390/w12092442
https://doi.org/10.3390/hydrology8020083
https://doi.org/10.3390/w12092386
https://doi.org/10.3390/w14162460
https://doi.org/10.5194/gmd-15-8349-2022
https://doi.org/10.5194/gmd-15-8349-2022
https://doi.org/10.3390/w12113096
https://doi.org/10.3390/w14020254

242 REPORT OF THE CROATIAN COMMITTEE OF GEODESY AND GEOPHYSICS ON ACTIVITIES ...

éreng, 7., Londar, G. and Grubigi¢, M. (2019): Methodology for determining the die-off coefficient of
Enterococci in the conditions of transport through the karst aquifer — Case study: Bokanjac—
Poli¢nik catchment, Water, 11(4), https://doi.org/10.3390/w11040820.

Svob, M., Dominguez-Villar, D. and Krklec, K. (2022): Characterization of soil drainage dynamics
on karst terrains by developing a site-specific reservoir cascade scheme hydrological model with
preferential flows, J. Hydrol., 612, 128147, https://doi.org/10.1016/j.jhydrol.2022.128147.

Tadi¢, L., Brlekovié, T., Hajdinger, A. and Spanja, S. (2019): Analysis of the inhomogeneous effect of
different meteorological trends on drought: An example from continental Croatia, Water, 11(12),
https://doi.org/10.3390/w11122625.

Telak, L. J., Pereira, P., Ferreira, C. S. S., Filipovié, V., Filipovié¢, L. and Bogunovié, I. (2020): Short-
term impact of tillage on soil and the hydrological response within a fig (Ficus Carica) orchard in
Croatia, Water, 12(11), https://doi.org/10.3390/w12113295.

Terzi¢, J., Frangen, T., Borovié, S., Reberski, J. L. and Patekar, M. (2022): Hydrogeological assess-
ment and modified conceptual model of a Dinaric karst island aquifer, Water, 14(3), https://doi.
org/10.3390/w14030404.

Terzié, J., Grgec, D., Lukac Reberski, J., Selak, A., Boljat, I. and Filipovié¢, M. (2021): Hydrogeologi-
cal estimation of brackish groundwater lens on a small Dinaric karst island: Case study of Ilovik,
Croatia, CATENA, 204, 105379, https://doi.org/10.1016/j.catena.2021.105379.

Vilenica, M. and Mihaljevié, Z. (2022): Odonata assemblages in anthropogenically impacted habitats
in the Drava River — A long-term study, Water, 14(19), https://doi.org/10.3390/w14193119.

Vlaicevié, B., Gulin, V., Matonic¢kin Kepé¢ija, R. and Turkovié Cakali¢, 1. (2022): Periphytic ciliate
communities in lake ecosystem of temperate riverine floodplain: Variability in taxonomic and
functional composition and diversity with seasons and hydrological changes, Water, 14(4), https://
doi.org/10.3390/w14040551.

Vrsalovié, A., Andrié, I., Buzjak, N. and Bonacci, O. (2022): Karst lake’s dynamics analysis as a tool
for aquifer characterisation at field scale, Example of cryptodepression — Red Lake in Croatia,
Water, 14(5), https://doi.org/10.3390/w14050830.

Vrsalovié, A., Andrié, 1., Buzjak, N. and Bonacci, O. (2022): Karst lake’s dynamics analysis as a tool
for aquifer characterisation at field scale, example of cryptodepression — Red Lake in Croatia,
Water, 14, 830, https://doi.org/10.3390/w14050830.

Vrsalovié, A., Andri¢, I. and Bonacci, O. (2021): Recession curve analysis in function of karst lake
hydrogeological regime identification: Case study Red Lake, Croatia, EGU General Assembly
2021, online, 19-30 April 2021, EGU21-8818, https://doi.org/10.5194/egusphere-egu21-8818.

Zakwan, M., Pham, Q. B., Bonacci, O. and Durin, B. (2022): Application of revised innovative trend
analysis in lower Drava River, Arab. J. Geosci., 15, 758, https://doi.org/10.1007/s12517-022-09591-5.

Zhu, S., Bonacci, O. and Oskorus, D. (2019): Assessing sediment regime alteration of the lower
Drava river, E-GFOS, 10, 19, 1-12, https://doi.org/10.13167/2019.19.1.

Zhu, S., Bonacci, O., Oskorus, D., Hadzima-Nyarko, M. and Wu, S. (2019): Long term variations of
river temperature and the influence of air temperature and river discharge: case study of Kupa
River watershed in Croatia, J. Hydrol. Hydromech., 67, 4, 305—313, https://doi.org/10.2478/johh-
2019-0019.

G:c) e This work is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License.s


https://doi.org/10.3390/w11040820
https://doi.org/10.1016/j.jhydrol.2022.128147
https://doi.org/10.3390/w11122625
https://doi.org/10.3390/w12113295
https://doi.org/10.3390/w14030404
https://doi.org/10.3390/w14030404
https://doi.org/10.1016/j.catena.2021.105379
https://doi.org/10.3390/w14193119
https://doi.org/10.3390/w14040551
https://doi.org/10.3390/w14040551
https://doi.org/10.3390/w14050830
https://doi.org/10.3390/w14050830
https://doi.org/10.5194/egusphere-egu21-8818
Vrsalović, A., Andrić, I., Buzjak, N. and Bonacci, O. (2022): Karst lake’s dynamics analysis as a tool for aquifer characterisation at field scale, example of cryptodepression – Red Lake in Croatia, Water, 14, 830, https://doi.org/10.3390/w14050830.

Vrsalović, A., Andrić, I. and Bonacci, O. (2021): Recession curve analysis in function of karst lake hydrogeological regime identification: Case study Red Lake, Croatia, EGU General Assembly 2021, online, 19–30 April 2021, EGU21-8818, https://doi.org/10.5194/egusphere-egu21-8818.

Zakwan, M., Pham, Q. B., Bonacci, O. and Đurin, B. (2022): Application of revised innovative trend analysis in lower Drava River, Arab. J. Geosci., 15, 758, 
https://doi.org/10.1007/s12517-022-09591-5
https://doi.org/10.13167/2019.19.1
https://doi.org/10.2478/johh-2019-0019
https://doi.org/10.2478/johh-2019-0019
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

GEOFIZIKA, VOL. 40, NO. 2, 2023, 207-307 243

Meteorology in Croatia, 2019-2022

Report submitted to the International Association of Meteorology
and Atmospheric Sciences of the International Union of Geodesy
and Geophysics

Zvjezdana B. Klaié!, Branka Grbec? and Kristian Horvath®

! Department of Geophysics, Faculty of Science, University of Zagreb, Zagreb, Croatia
2 Institute of Oceanography and Fisheries, Split, Croatia
3 Croatian Meteorological and Hydrological Service, Zagreb, Croatia

In Croatia, the research in the field of meteorology has been performed at the
following institutions: Department of Geophysics, Faculty of Science, University
of Zagreb (hereafter, DG), Croatian Meteorological and Hydrological Service
(DHMZ), the Physics Department, Faculty of Science, University of Split (PDS),
and the Institute of Oceanography and Fisheries (IOF) in Split. The research at
these institutions spans a wide range of a state-of-the-art topics including nu-
merical weather prediction, severe weather, climatology and climate change, ag-
rometeorology, extreme weather and extensive activities on the intermediary
among meteorology and closely related disciplines such as hydrology, air quality,
oceanography, energy, forestry, and similar. During the 2019-2022 period, at the
above four institutions in total thirty projects (completed and still ongoing) were
implemented. As listed in the Appendix, three of them were funded by the Croa-
tian Science Foundation, twenty six by different funds of the European Union,
and one by other sources. In addition, three Young Researchers’ Career Develop-
ment projects funded by the Croatian Science Foundation and a number of profes-
sional projects funded by various sources (not listed here) were carried out.

A number of the implemented projects addressed various aspects of climate
change, namely, the climate change adverse impacts (e.g., droughts and other
extreme weather phenomena), assessments of resilience, hazards and risks, and
adaptation strategies (including designs of appropriate warning systems). As
geosystems interact, some of these projects were multidisciplinary, and they
dealt with the air-sea interactions and resulting phenomena (e.g., meteotsunamis
and coastal flooding, upwelling and downwelling, etc.). To better understand the
role of the air-sea interactions in dynamic properties of a sea, a network of au-
tomatic meteorological-oceanographic stations has been established by IOF un-
der the framework of several projects (Fig. 1). Interactions of atmosphere and
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freshwater bodies (e.g., internal seiches in lakes, lake-land breezes, and meteo-
rologically forced establishments of a lake stratification) and related issues (such
as, flood risk management and prevention of flood disasters, optimal manage-
ment of coastal karstic aquifers, etc.) were also in the focus of some projects.
Other multidisciplinary projects dealt with the: 1) air pollution (where both ex-
pansion and modernization of the National Network for Continuous Air Quality
Monitoring and modeling activities addressing the long-range transport of pol-
lutants and the role of the traffic in urban air quality were performed); 2) adapt-
ability of agricultural cultivars to climate change and particularly to drought
conditions; and 3) improvement of maritime transport efficiency and safety in
the Adriatic. Finally, the remaining projects addressed the development of train-
ing material based on satellite data and its combination with other meteoro-
logical data, and the applicability of geostatistical and machine learning methods
to spatial and temporal interpolation of meteorological data.

DHMZ conducted the largest modernization of its observation networks in
its history through structural projects funded by the EU Operational Programme
Competitiveness and Cohesion 2014-2020. Modernization of national weather
observation network through implementation of the project METMONIC
(KK.05.1.1.01.0001) includes: (1) around 400 surface automatic weather stations,
(2) six C-band Doppler dual-polarization radars with full national coverage, (3)
five meteorological-oceanographic buoys, (4) two stations with profiling measure-
ments (lidar, wind profiler and microwave radiometer), and (5) calibration labo-
ratories. Modernization also included a major upgrade of supercomputing fa-
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Figure 1. Automatic meteo-ocean stations of the Institute of Oceanography and Fisheries (IOF).
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cilities for improvement of weather and air quality predictions and climate
projections (Atos BullSequana XH2000 with 12.288 cores and 373 teraflop capac-
ity). Furthermore, air quality and hydrological networks were modernized
through implementation of the AirQ (KK.06.2.1.02.0001) and VEPAR
(KK.05.2.1.07.0001) projects. This modernization, as a whole, is an unprecedent-
ed step forward in supporting current and future members of meteorological
research community in Croatia with meteorological infrastructure and observa-
tion data. On average around 25 researchers and 8 PhD students at DHMZ,
together with their colleagues, lead applied research and bring research results
to operations in topics covering numerical weather prediction including data
assimilation, ensemble forecasting, verification and postprocessing, climate
monitoring, regional climate modelling, process studies of extreme geophysical
events (dry spells, droughts, heavy precipitation, fire, fog, hail, winds, meteoro-
logical tsunamis, etc.), agrometeorology, biometeorology and other.

Research efforts resulted in eleven PhD theses, three books, twelve book
chapters and eighty-nine international peer-review scientific papers (full details
are given in the List of publications). Overall, published items addressed a wide
variety of meteorological, climatological and multidisciplinary topics. Some of
these are: ensemble modeling of regional climate at kilometer-scale resolution
(Fig. 2); studies of bora events based on high-resolution wind observations and
high-resolution meteorological model simulations (Fig. 3); investigation of lake-
land breezes produced by a small, elongated lake (Fig. 4); mesoscale modeling of
the background particulate matter concentrations over Europe by two coupled
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Figure 2. Relative bias of a daily precipitation in winter, spring, summer, and fall. White colour
indicates an acceptable bias range which accounts for the uncertainties in the observations due to
the systematic rain gauge under-catch (~20%) (Ban et al., 2021).
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atmosphere-air chemistry models, namely, the Weather Research and Forecast
with Chemistry module (WRF-Chem) and the European Monitoring and Evalu-
ation Programme (EMEP) model (Fig. 5); identification of diverse air pollution
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Figure 3. Median normalized layer-mean wind speed /10, median normalized inversion-top height
h/h0, and barotropic Froude number Fr (solid lines) for several cross-sections along the very long
lasting bora flow over Kvarner region. Shaded areas represent the 10-90% quantile span. The dot—
dashed line represents Fr = 1. The dashed line represents the unit normalized layer-mean wind
speed and inversion-top height. The layer-mean wind direction is shown as blue arrows (Golem et
al., 2022b).
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Figure 4. Observed wind speed (a) and the corresponding normalized wavelet spectrum (b) in the
vicinity of Kozjak (Plitvice Lakes, Croatia) for summer 2018. Time intervals with lake-land breezes
are indicated in red above panel a. The horizontal blue line in panel b corresponds to a period of 24
h. The thick black line indicates the 95% confidence level, with red noise as the background spectrum.
Lighter shadings on both ends in panel b denote regions where edge effects become important
(Staver et al., 2022).
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sources in urban environment based on positive matrix factorization and condi-
tional bivariate polar plots (Fig. 6); and studies of the observed, wind-forced in-
ternal seiches in lakes (Fig. 7).
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Figure 5. Daily mean values of PM;, concentrations (Conc), sea level pressure (Pres), temperature
at 2 m (Temp), planetary boundary layer height (PBLH), and wind speed and direction (WS) for two
days in November 2011, obtained by the WRF-Chem and EMEP models (Gasparac et al., 2020).
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Figure 6. Contribution of five different emission sources and unidentified sources (US) to species
concentrations in PM2.5 (%) determined from positive matrix factorization analysis for Slavonski
Brod, Croatia, during 2015 (Jericevié et al., 2019).
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Figure 7. Prominent lake temperature oscillations observed in Prosée (Plitvice Lakes, Croatia) at
depths of 5, 7, 15 and 17 m. These oscillations point to the second vertical, first horizontal (V2H1)
seiche mode. They are produced by along-basin stronger southern winds, which are associated with
sirocco flow over the Adriatic (Klaié¢ et al., 2020Db).

Here, we presented only a few results of conducted research while addi-
tional information can be found at the web sites of individual institutions: http://
www.pmf.unizg.hr/geof/en (DG), https://meteo.hr/index_en.php (DHMZ), https://
www.pmfst.unist.hr/odjel-za-fiziku/?lang=en (PDS) and https://galijula.izor.hr/
en/ (I0OF). At the end, we conclude that meteorological community was very active
during the reporting period. Furthermore, international and national inter-in-
stitutional cooperation was intense, observational networks were expanded and
modernized, up-to-date field experiments were performed and state-of-the-art
methodologies were used.
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Physical oceanography in Croatia, 2019-2022

Report submitted to the International Association
for the Physical Sciences of the Ocean of the International Union
of Geodesy and Geophysics

Miroslava Pasarié

Department of Geophysics, Faculty of Science, University of Zagreb, Zagreb, Croatia

Research in the field of physical oceanography in Croatia in the period 2019—
2022 has been carried out mainly in five institutions: Geophysical Department
of Faculty of Science at University of Zagreb (FS-UniZG); Institute of Oceano-
graphy and Fisheries (IOF), Split; Faculty of Science at University of Split (FS-
UniST); Hydrographic Institute of the Republic of Croatia (HIRH), Split and at
Ruder Boskovié Institute (RBI) — its Division for Marine and Environmental
Research in Zagreb, and Center for Marine Research in Rovinj. The research
covered a wide range of topics and included data acquisition, empirical studies,
theoretical analyses and numerical modelling.

Oceanographic infrastructure

Field work encompassed permanent or long-term measurements, targeted
short-term measurements and intense high-resolution measurements during
cruises. Measurements at sea were performed from research vessels Bios Dva
(owned by IOF), Vila Velebita (RBI) and Palagruza and Hidra (both from HIRH)
and several smaller boats.

Oceanographic equipment used to study hydrographic properties included
several types of Seabird CTD probes. High-resolution measurements were per-
formed with CTDs mouned onto a towed undulating vehicle (Sea Science). Sono.
Vault acoustic recorders manufactured by Develogic GmbH Subsea Systems
were used to monitor acoustic emissions along the eastern Adriatic coast. Sea
currents were measured with a number of current meters, both bottom and ves-
sel mounted (mainly RDI ADCPs), and high frequency radars (WERA). A set of
directional waveriders were used for measuring wave height, period and direc-
tion of the waves. A meteo-ocean buoy was maintained by RBI to be operational
in the northern Adriatic, off Rovinj. Sea level measurements were performed for
studying processes on a wide range of temporal scales. Permanent tide-gauge
stations at Rovinj, Bakar, Zadar, Split (Luka and Marjan), Ploce and Dubrovnik,
are mostly equipped with classical chart recorders which work aside float-oper-
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ated instruments with A/D converters; in addition, a radar tide gauge has been
operating in Bakar since 2004 and a new one was installed in Rijeka in 2021; all
instruments were manufactured by Ott GmbH. Atmospheric conditions were
also measured at Split-Marjan while the stations at Split-Luka and Zadar were
lately upgraded with a microbarograph. Most of the permanent stations are
operated by HIRH, while Bakar is maintained by FS-UniZG and Split-Marjan
by IOF. A detailed review of sea-level monitoring at Croatian tide gauge network
can be found in Pérez Gomez et al. (2022). In addition to the above mentioned
standard equipment, small bottom-mounted data loggers were used to obtain
continuous measurements of temperature, pressure (i.e. sea level) and dissolved
oxygen.

Nine automatic meteo-oceanographic stations were installed, initially for
studying meteotsunamis in the Adriatic, and maintained by IOF at: Stari Grad
(island of Hvar), Vela Luka (island of Korcula), Sobra (island of Mljet), Vis (island
of Vis), Mali Losinj (island of Losinj), Prosika (Lake Vrana), Bistrina (Mali Ston
Bay), Raslina (Krka River estuary) and Metkovi¢ (Neretva River estuary; Fig.
1). All stations were equipped with radar tide gauges and meteorological sensors,
while stations at Bistrina, Raslina, Lake Vrana and Metkovi¢ were also equipped
with CTD sensors. Atmospheric pressure was recorded with microbarographs:
six were located along the eastern Adriatic coast at Razanj (island of Brac), Vis
(island of Vis), Svetac Island,
Palagruza Island, Vrboska (is-
land of Hvar), Vela Luka (island
of Korc¢ula), while three micro-
barographs were in Italy, at An-
cona, Ortona and Vieste.

As to the computing re-
sources, the RBI numerical
modelling group had access —in
order to conduct high-resolution
atmosphere-ocean-wave simu-
lations in both operational and
climate/reanalysis models — to
the ATOS supercomputer at the
European Centre for Middle-
range Weather Forecast (EC-
MWPF) and to the Slovenian
VEGA high-performance facili-

Figure 1. Meteo-oceanographic station
being installed at Metkovié in the
Neretva River estuary, in November
2022 (photo by Stipe Muslim).
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ty, while storing the processed data at the local data server with ca. 50 TB in
capacity. The ocean modelling with the POM, ROMS and Ichtyop models was
also conducted at IOF, using local servers.

Field work

During the four-year interval considered, the previously established long-
term measurement programs were maintained. Sea level was continuously mea-
sured at the above mentioned network of permanent tide-gauge stations.
Medugorac et al. (2022a) gave a detailed description of measurements that have
been carried out for nearly 100 years by FS-UniZG at the tide-gauge station
Bakar and the dataset itself has been published in SEANOE database (Medugorac
et al., 2022b). Long-term measurements of thermohaline, chemical and biological
properties were performed on a monthly or seasonal basis all along the east
Adriatic coast, as well as along three cross-shore transects (Split-Gargano,
Sibenik-Ortona, Rovinj-Po delta) within the framework of national projects and
studies.

Continuous measurements of various physical parameters were maintained
or established. Sea level measurements continued at previously established sta-
tions (Vela Luka, Stari Grad, Sobra) and started at new ones (Vis, Mali Losinj,
Prosika, Bistrina, Raslina, Metkovi¢) installed mainly within projects funded by
Interreg Italy-Croatia Programme. Previously established high-frequency air
pressure measurements at Vis, Vela Luka, Vrboska, Razanj, Svetac Island,
Palagruza Island, Ancona, Vieste and Ortona were sustained. Waves were con-
tinuously measured near the towns of Rijeka, Split, Ploce and Dubrovnik. Sur-
face currents and waves were measured with a pair of high-frequency radars
installed in the middle Adriatic at Cape Razanj on the island of Brac and Cape
Stoncica on the island of Vis, until November 2019. Temperature along the wa-
ter column, pressure and dissolved oxygen were continuously recorded with
small data loggers at the islets of Jabuka and Blitvenica (middle Adriatic) be-
tween 2019 and 2022.

Among others, five research cruises were performed to document hydro-
graphic properties of an upper layer (0—45 m) using towed undulating vehicle
with mounted CTD. Profiling took place in the northern and in the middle Adri-
atic with high spatial resolution of ~200 km in the horizontal and ~10 cm in the
vertical; during the profiling in the middle Adriatic, also measured were currents,
with vessel mounted ADCP. The northern Adriatic cruises (March 2019, 2020)
were aimed to record mesoscale variability and dense water formation in the
area. The cruises in the middle Adriatic (June 2019, August 2020, May 2021)
were organized to document upwelling in the wider area of Jabuka and Blit-
venica islands and the connecting region (Fig. 2). Several campaigns of high-
frequency CTD measurements were also conducted in the Rogoznica Lake, with
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temperature, salinity and water
level sensors installed inside the
lake and in the nearby sea.

Figure 2. Deployment of towed undulating
vehicle for high-resolution CTD profiling
along a transect between Jabuka and Bli-
tvenica (eastern middle Adriatic), in June
2019 (photo by Hrvoje Mihanovic).

Projects and meetings

The research was done within framework of a number of international and
national projects. The ERC funded project SHExtreme, for which FS-UniST
serves as a host institution, is aimed to estimate contribution of sub-hourly sea
level oscillations to overall sea level extremes in a changing climate. Internation-
al project CBIOMES, funded by the Simon foundation, deals with computation-
al biogeochemical modelling of marine ecosystems. Croatian scientists also par-
ticipated in the project FATIMA, supported by the U.S. Department of Defense
— Office of Naval Research, where the main objective is to investigate formation,
evolution and dissipation of coastal and open-ocean fog.

Mayority of national scientific projects were funded by Croatian Science
Foundation (CSF), many of which were interdisciplinary. Project StVar-Adri is
dedicated to research of strength and variability of the Adriatic sea level ex-
tremes in present and future climates. The major objective of the ADIOS pro-
ject 1s to investigate and to quantify processes driving interannual to decadal
thermohaline variations in the Adriatic-Ionian basin. Within project MAUD,
upwelling and downwelling (U/DW) of water masses in the middle Adriatic is
investigated from physical and biological aspects. Project ISLAND is focused on
island-trapped waves and their impact on pycnocline movements and related
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vertical mixing. SSA@EDAL deals with software sensor augmentation at an
environmental data analysis laboratory, with a large part of research dedicated
to ocean processes. Many of the CSF funded projects (MARRES, MARIPLAN,
EcoRENA, BivACME and SCOOL, ESAmar, BenthicNIS) are focused on chang-
es in the ecosystem. A national project (Project Hydrodynamic Modeling of Plit-
vice Lakes System) financed by the Plitvice Lakes National Park is aimed to
develop a hydrodynamic forecast model for the system of lakes. Demanding
numerical modelling performed within several of these projects required access
to the high-performance computing facilities which was secured through three
ECMWF Special Projects.

Research was performed also within several projects funded by Interreg It-
aly-Croatia Programme: ChangeWeCare, RESPONSe, AdriaClim, CREATE,
ECOSS and SOUNDSCAPE. The CAAT and HIDROLAB projects were funded
by European Structural and Investment Funds, the QUIETMED 2 project was
supported by the DG Environment programme while BLUEMED was supported
within Horizon 2020 initiative. In addition to the scientific work, the researchers
also participated in a series of professional studies dealing with physical param-
eters relevant to ecosystem analysis and categorization of water within the Eu-
ropean directives.

Physical oceanographers from Croatia took part in the IOC assemblies, Med-
GOOS, EuroGOOS and COST Action AGITHAR meetings, and presented their
results at a number of international conferences and workshops, among others
at IUGG (2019), EGU (2019-2022), CIESM (2019), THEMES Workshop (2019,
2022), Ocean Sciences Meeting (2020, 2022), Challenges in Meteorology (2020,
2022), EuroSea (2021), AGU (2022), AMS Symposium on Meteorological Obser-
vation and Instrumentation (2022), MedGU (2022), ICPAE (2022), Ocean Carbon
from Space Workshop (2022). Aside from presenting, they were also part of sci-
ence and/or organization committees for the 1st (2019) and 2nd (2022) World
Conference on Meteotsunamis, HyMEX Workshop (2019), Challenges in Meteo-
rology (2020) and special Adriatic session at the ECSA 59 Conference (2022).

Scientific results

Results were published in scientific papers listed at the end of the report.
The list also contains doctoral theses defended and a university textbook (Orli¢,
2022) published in the period 2019-2022. Here is a short account of the main
results.

The main scientific research was carried our in the following fields: (A) sea
level variability, (B) changes of thermohaline properties and thermohaline cir-
culation, (C) different aspects of numerical modelling, including operational,
climate and stochastic modelling at high resolutions, (D) bio-optical modelling
of primary production and bio-physical interactions in the ocean, focusing on the
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photosynthesis-light relationship, (E) atmosphere-ocean interaction, (F) use of
machine learning for increasing understanding of the main concepts that drive
ocean processes, and (G) diverse interdisciplinary ocean studies.

A. Sea-level research was focused on several topics: (1) climatology of the
Adriatic sea level extremes and their occurrence in expected future climate con-
ditions; (2) numerical modelling and forecasting of coastal floods in the northern
Adriatic, (3) high-frequency sea level oscillation, with special emphasis on me-
teorological tsunamis; the latter includes coastal flooding in the northern Adri-
atic caused by interaction of a storm-surge and a meteotsunami, and specific
extreme events in remote parts of the world caused either by a hurricane or by
an eruption-generated tsunami.

Climatology of the Adriatic Sea level extremes (for 1956-2019/2020 period)
was analysed in detail by éepic’ et al. (2022) with respect to seven sea level com-
ponents. It was shown that positive extremes dominantly occur due to superpo-
sition of tide, 6 h — 10 d, and 10-100 d components, and negative extremes
dominantly occur due to superposition of tide and 10—-100 d component. Trend
analysis points to shortening of negative and prolonging and strengthening of
positive extremes. Ferrarin et al. (2022) carried out a similar analysis of Venice
floods in the period 1872—-2019 and found that storm surges were the main
driver of the most intense events, while tides and longer period contributors
mostly determined recurrent nuisance flooding. Intensity of non-tidal contribu-
tion to floods increased in the last three decades which led, along with relative
sea-level rise, to an increase in the frequency of floods. Duration and intensity
of the northern Adriatic floods will likely continue to increase through this cen-
tury, mainly due to mean sea-level rise (Lionello et al., 2021), while winds that
favor flooding will probably stay unchanged (Medugorac et al., 2021).

Numerical modelling of storm surges in the Adriatic (Bajo et al., 2019)
showed that reproduction of episodes influenced by pre-existing seiches can be
improved by assimilation of residual sea-level series (based on the Ensemble
Kalman Filter) and that simulated seiche decay time approaches the empiri-
cally obtained one if bottom friction was defined using hybrid linear-quadratic
formulation. A review of challenges in prediction of floods in the northern Adri-
atic and potential improvements was given by Umgiesser et al. (2021).

Regarding high-frequency sea level oscillation, simulations of several his-
toric meteotsunami events in the Adriatic (Bubalo et al., 2019, 2021) proved that
modelling of wave heights with flooding and drying included, an algorithm not
commonly implemented in experiments, was more realistic than with cut-off
depth. Croatian researchers were engaged in several empirical studies of high-
frequency sea level oscillation observed at tide gauges over the world oceans.
This includes quantification of severe meteotsunami events in the Persian Gulf
occurring in March 2017 (Heidarzadeh et al., 2020; Kazeminezhad et al., 2021)
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and marrobbio events occurring in 2007 along the southwestern Sicilian coastline
(Zemunik et al., 2021a), and analysis of spatial and temporal changes in Finnish
meteotsunamis between 2004 and 2015, where two types of events have been
quantified (Pellikka et al., 2022). Many of the results were published in a special
issue of journal Natural Hazards and afterwards reprinted as a book (Vilibié et
al., 2021a). With an attempt to go toward objective analysis of nonseismic sea
level oscillations at tsunami timescales (NSLOTTs), Minute Sea Level Analysis
dataset has been created (Zemunik et al., 2021b) and analyzed (Zemunik et al.,
2022a), connecting NSLOTTSs with the atmospheric synoptic patterns (Zemunik
et al., 2022b). A doctoral thesis: ‘Climatology of high-frequency sea-level oscilla-
tions in the World Ocean’ was defended at the Faculty of Science of the Univer-
sity of Zagreb in 2022 (Zemunik, 2022).

A study of the great flood that hit Venice on 12 November 2019 (Ferrarin et
al., 2021) established that occasionally meteotsunami can have an important
impact in creating the flood; the particular eventy was preconditioned by a low-
frequency disturbance of air pressure and wind, the main contribution came from
a storm surge but it was largely reinforced by occurrence of a meteotsunami.
Analysis of destructive sea level oscillations generated in September 2020 in the
Sea of Japan by Typhoon Mysak (Medvedev et al., 2022) showed that, depending
on prevailing atmospheric forces, ocean bathymetry, and coastal topography, sea
level oscillations of various types (storm surges, seiches and meteotsunamis,
infragravity waves) have the strongest impact on the coast. Studies of the Hun-
ga Tonga-Hunga Ha’apai eruption deal with tsunami waves related to the at-
mospheric Lamb waves (Kulichkov et al., 2022; Haiderzadeh et al., 2022) and
tsunami waves related to initial displacement of water surface due to the under-
water volcano eruption (Haiderzadeh et al., 2022). The latter was manifested in
waves reaching maximum amplitudes of up to 90 m (at Hunga Tonga) and up to
3 m along the distanced coasts of the Pacific Ocean (Heiderzadeh et al., 2022),
while the former resulted in waves of less than 0.5 m amplitude but observed
along most of the coasts of the World’s oceans (Kulichkov et al., 2022).

Resonance-driven topographic amplification as found for meteotsunami
waves has been quantified also for the Adriatic tides (Medvedev et al., 2020),
showing its substantial growth when a tidal period is close to the period of an
eigenmode of the basin.

B. Thermohaline CTD profiles measured in September for the period 2005—
2020 covering most of the Adriatic Sea were used to analyze the physical proper-
ties of the sea surface layer based on the depth of the mixed layer, depth of the
isothermal layer, heat storage, potential energy anomaly, surface barrier layer
and wind types, and air-sea energy exchange (Mati¢ et al., 2022).

Substantial changes in the Adriatic thermohaline properties occurring in
recent years have been detected (Vilibié et al., 2019; Mihanovié et al., 2021; Fig.
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3), having potential to substantially influence biogeochemical and biological
properties of the Adriatic Sea. These changes were found to be driven domi-
nantly by changes in river loads and by BiOS oscillations (Ciglenecki et al., 2020;
Vilibié et al., 2020).

Circulation reversals of the Northern Ionian Gyre (NIG) were investigated
in the two studies carried by Rubino et al. (2020) and Gaci¢ et al. (2021). It was
demonstrated, performing experiments in the Coriolis rotating tank (Grenoble)
and using numerical simulations, that reversals of polarity of the near-surface
circulation in the NIG are mainly induced by internal forcing, i.e. injection of
dense water on a sloping bottom. Similarities in temporal evolution and vertical
structure of laboratory and oceanic conditions revealed that overflow of the Adri-
atic dense water formed in 2012, as a result of harsh winter, was a trigger for
sudden switch from cyclonic to anticyclonic basin-wide circulation. Also, thermo-
haline circulation of inland basins was studied by analytical model setting dif-
ferent density distributions in vertical and horizontal (Lazar et al., 2022). Results
revealed different types of circulation (cyclonic and anticyclonic) stretching
through the entire column or limited to the surface/bottom layer.

C. Great effort was spent on high-resolution numerical modelling. To that
end, the Adriatic Sea and Coast (AdriSC) modelling suite was set up. It consists
of Weather Research and Forecasting (WRF) and Regional Ocean Modeling Sys-
tem (ROMS) at resolutions of 15 and 3 km in the atmosphere and 3 and 1 km in
ocean, respectively, in which the SWAN wave and Advanced Circulation (AD-
CIRC) models are embedded, the latter being two-dimensional and going to ten
meter in resolution in coastal regions (Denamiel et al., 2019a). High-resolution
modelling has been used to quantify a number of processes and their behavior
in the present and future climates and to address some other issues: (1) changes
in surface waves in the future climate (Denamiel et al., 2020a), (2) changes in
air-sea heat fluxes and their consequences on the dense water formation (De-
namiel et al., 2020b), (3) assessing the effects of resolution on reproduction of
bora events in the northern Adriatic (Denamiel et al., 2021a), (4) evaluation of
reliability of the Croatian meteotsunami early warning system (Toj¢i¢ et al.,
2021), (5) changes in meteotsunamis in the future climate (Denamiel et al.,
2022a), and (6) reproducibility of the Adriatic-Ionian Bimodal Oscillating System
(B10S) in the present climate (Denamiel et al., 2022b). All except the last ap-
plication is based of short-term (3-day) reproduction of extreme events, while full
present climate (1987—2017) and future climate (2070-2100, RCP 8.5) runs have
been conducted as well and fully evaluated (Denamiel et al., 2021b; Pranicé et al.,
2021). Further, one-year long run with 4D-Var data assimilation of all available
remote and in situ data has been performed to assess enhancement of the ocean
model toward the data-driven dynamic solutions (Janekovié et al., 2020). In ad-
dition, proxy-based circulation index has been constructed and verified in re-
gional climate models, providing an insight into the circulation regimes in the
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Figure 3. a) Hovmoller diagram of salinity data for the Argo float 6902848 in the first 600 m in the
period 2021-2022 (left panel) with corresponding float trajectory (right panel). (b) As in panel (a)
except for the Argo float 6903263 between the surface and the bottom. Note that the vertical scale
in panel (b) is between 0 and 300 m. (c) Salinity profile at the Palagruza Sill transect in August 2022
(left panel), with the map of CTD stations (right panel). Argo trajectories are colored depending on
the location of the float (black—middle Adriatic, red—southern Adriatic). The same color notation is
used in horizontal bars above left panels, indicating periods during which Argos were profiling in
respective areas. Thick black line in left panels denotes 39.0 salinity contour. Vertical gray lines in
left (c) panel denote CTD casts. The figure was prepared by Hrvoje Mihanovié.

northern Adriatic in the future climate (Dunié et al., 2022). As it stands now, it
seems that these models are not quantifying properly some of the Adriatic pro-
cesses, mostly due to their coarseness, set up and inappropriate atmospheric
forcing (Dunié et al., 2019). Stochastic surrogate modelling has been applied to
meteotsunami forecast, optimized by using polynomial chaos expansion meth-
odology, to obtain probabilistic assessment of meteotsunami hazard in endan-
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gered areas (Denamiel et al., 2019b, 2020c). Such methodology was conceptu-
ally proposed for its application in extreme sea level early warning systems
(Denamiel et al., 2021c). Regarding the wave model developments, new numer-
ical schemes and algorithms have been implemented to the WW3 wave model
(Abdolali et al., 2020), with special emphasis on wave-vegetation interaction
(Abdolali et al., 2022). Numerical modelling by ROMS and several other models
has also been applied to elucidate the impact of various physical processes in a
number of interdisciplinary problems which are briefly described further below.

D. Research on bio-optical modelling of primary production resulted, among
all else, in a solution to a problem posed 70 years ago. In his 1953 paper, Harald
Sverdrup argued that the development of a spring bloom in the ocean depends
on the juxtaposition of two depth horizons: the mixed-layer depth and the critical
depth. Mixed-layer depth shallower than the critical depth favours phytoplank-
ton growth in the layer and vice versa. However, mathematically, Sverdrup left
the problem unsolved in the form of a transcendental equation. Despite the high
number of citations that this paper has garnered, the solution to this equation
has not been found, until Kovac et al., (2021) finally presented an analytical
solution for the critical depth, as originally defined by Sverdrup.

Further on, Croatian scientists have done research: on stability in marine
phytoplankton biomass revealing that causes of stability are shading and nutri-
ent limitation (Kovac et al., 2020); and on ecosystem fragility. Ecosystem fragil-
ity is an often-used term in oceanography, yet it lacked a precise and widely
accepted definition. With this aim the concepts of marginal production and fra-
gility, which are defined for marine photosynthesis, were introduced to the ocean-
ographic literature by Kovac¢ and Sathyendranath (2022). It is demonstrated that
marine photosynthesis is always fragile with respect to light, implying variabil-
ity in surface irradiance that acts unfavourably on biomass; but also, that marine
photosynthesis can be both fragile and antifragile with respect to the mixed-lay-
er depth, implying variability in mixed-layer depth that can act both favourably
and unfavourably on biomass.

E. A study of atmosphere-ocean interaction resulted in publication of the
first global-scale comprehensive climatology of marine fog (Dorman et al., 2019).
It is based on ICOADS ship present weather observations for the period 1950—
2007. In general, the median marine fog occurrence away from the polar oceans
is low (0.2%). Substantially greater marine fog occurrences are, in addition to
the polar region, limited to: the western side of the subpolar ocean gyres where
fog occurs during the warm season and over the shelf; seven marginal seas; and
over five wind-driven coastal upwelling zones. A special attention was given to
the northeast Paficic marine fog (Li et al., 2022). The atmospheric circulation
and marine atmospheric boundary layer structure associated with marine fog
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over the northeast Pacific in winter were classified, showing that fog mostly
occurs when the eastern flank of the Aleutian low and the northwestern flank
of the Pacific subtropical high jointly contribute to a northward air flow over the
NEP, resulting in advection of warm and moist air over a cooler ocean surface.
In another study, relationship between hemispheric indices and air temperature
and precipitation patterns has been analyzed by Mati¢ et al. (2019).

F. Regarding the use of machine learning in oceanography, the research was
focused on overcoming obstacles related to gaps in records, which are, for exam-
ple, common for satellite measurements (Kalini¢ et al., 2021; Kalinié et al., 2022).
One way to deal with the gaps is via various reconstruction methods. Different
approaches related to optimal sensor placement were studied and it was shown
that an optimal sensor location can be selected using unsupervised learning
methods such as self-organising maps, neural gas or the K-means algorithm. It
was shown, using wind data over the Mediterranean Sea, that a small fraction
of the data is sufficient to reconstruct wind data over a larger geographic area
with an error comparable to that of a meteorological model.

G. A number of papers resulted from the collaboration of physical oceanog-
raphers with their colleagues from other closely related oceanographic disci-
plines: chemists, geologists, biologists and fisheries scientists (e.g. Talijanci¢ et
al., 2019; Nincevi¢ Gladan et al., 2020; Santi¢ el al., 2020; Soli¢ el al., 2020; Pa-
liaga et al., 2021; Santic¢ el al., 2021; Dzoi¢ et al., 2022; Soli¢ el al., 2022; Vrdoljak
Tomas et al., 2019; Zivkovic et al., 2019; Zuzul et al., 2019). Here are some details
of the interdisciplinary studies conducted. Satellite-based SST measurements
were used to study the influence of environmental factors on phenotypic traits
of gilthead seabream (Talijanci¢ et al., 2019). The Lagrangian dispersal model
Ichtyhop, with temperature, salinity and 3D velocity input fields from hydrody-
namical model ROMS, was used to investigate the dynamics of the gilthead sea
bream ichthyoplankton stage (Zuzul et al., 2019). A non-linear method belonging
to the artificial neural network class called Growing Neural Gas Network anal-
ysis was used to explain the multiple dependencies between the abundances of
early life stages of anchovy (eggs/m2; larvae/m2) and environmental variables
such as salinity, sea surface temperature and chlorophyll (Dzoi¢ et al., 2022).
Great efforts have been made in studying the microbial community and its rela-
tion to environmental parameters (Beg Paklar et al., 2020; Santié¢ el al., 2020;
Solié el al., 2020; Paliaga et al., 2021; Santié el al., 2021; Solié el al., 2022; Vrdol-
jak Tomas et al., 2019; Zivkovi¢ et al., 2019). Variations in seasonal structure
and abundance of bacterial assemblages in an eutrophic marine lake and a more
oligotrophic coastal area of the adjacent middle Adriatic Sea with respect to
environmental conditions were studied by Cankovié et al. (2022). Impact of phys-
ical conditions and circulation in the northern Adriatic on spreding of plankton
species and large organic production of the region was analyzed by Budisa et al.
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Figure 4. Coarse-clast deposit on the island of Mana (NP Kornati, Central Adriatic) brought by
storm sirocco waves (photo by Ivica Vilibic).

(2021), Ciglenecki et al. (2021) and Malej et al. (2022). A dispersive model was
developed by Paliaga et al. (2021) for tracing the paths of alochtonious potentialy
harmful zooplankton species Mnemiopsis leidyi.

Further, the connectivity between bivalve growth, its chemical properties
and ocean dynamics has been analyzed having as a base either long-term obser-
vations or ocean numerical models (Markulin et al., 2019; Peharda et al., 2019a,
b; Vilibié et al., 2020; Ezgeta-Bali¢ et al., 2022). Numerical models have also been
used to quantify the changes in the European lobster abundance in the eastern
Adriatic (Matié¢-Skoko et al., 2022). Various pollution problems were analysed
by Kraus et al. (2019) and Picciulin et al. (2022). Finally, impact of severe storms
on dynamics of coastal boulders (Fig. 4) in different regions of the Adriatic was
assessed by Biolchi et al. (2019a, b) and Korbar et al. (2022).
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The development, activities and areas of research in seismology in Croatia
in the period 2019-2022 were significantly affected by the intense earthquake
activity in 2020. The Zagreb area was first activated by the earthquake that oc-
curred on 22 March 2020, with a magnitude of 5.5, and the location of the epi-
center in the vicinity of Markusevac and éuéerje, about 7 km north of the center
of Zagreb (Markusicé et al., 2020). Both epicentral area and many buildings across
wider city center suffered a significant damage. (Fig. 1). The main earthquake
was followed by a large number of aftershocks.

This event activated awareness of the danger of earthquakes and vulnerabil-
ity to it. Therefore, numerous activities were started with the aim of better
monitoring of seismic activity and studying the mechanisms that caused in-
creased seismic activity, thus attempting to prevent significant extent of damage
in the future (through quality assessment of seismic hazard and risk).

At the end of the year, on 28 December 2020, the Petrinja epicentral area
was activated, where an earthquake of magnitude 5.8 occurred in 1909. The lat-
ter earthquake is known for the fact that Andrija Mohorovici¢ discovered a dis-
continuity between the crust and the mantle based on the analysis of its records.
First, the M5 earthquake occurred and a day later the main M6.2 event followed.
These earthquakes damaged almost 35,000 buildings and caused significant
ground failures as karst sinkholes, visible ruptures at the surface, landslides and
liquefaction. In less than three days after the main earthquake, more than 2,000
aftershocks occurred (Markusi¢ et al., 2021). The seismic activity of this area is
still increased, more than two years after the mainshock (Fig. 2).

After strong earthquakes in 2020, employees of the Croatian Seismological
Survey (I. Ivanci¢, I. Sovi¢ and T. Fiket) participated in the preparation of two
strategic reports: Croatia Earthquake — Rapid Damage and Needs Assessment
2020 (URL 2) and Croatia December 2020 earthquake — Rapid Damage and
Needs Assessment (URL 3), both prepared by the Government of Croatia with
the support of the World Bank.
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Figure 1. Photos of damage in Zagreb caused by the 22 March 2020 earthquake (from Markusi¢ et

al.

magnituda

. 2020).
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Figure 2. Temporal distribution of the magnitudes of the Petrinja series of earthquakes — magni-
tudes greater than 1.5 (URL 1).
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As a result of the mentioned seismic events and extensive large damage,
there was a significant development of operational seismology — investment in
seismological infrastructure (from intervention state funds and the funds with-
in the National Resilience and Recovery Plan, financed by the EU), as well as
the approval of several scientific research seismological projects —two funded by
the Croatian Science Foundation (CSF) and one (international) financed from
the Norwegian Financial Mechanism (NFM).

Seismological infrastructural and scientific research projects

In the following, more is said about the mentioned investments in seismo-
logical infrastructure as well as about the goals of active scientific research
seismological projects.

Mobile pool of seismological instruments

Shortly after the Petrinja main earthquake, state intervention funds
(amounting approx. to 4.5 million HRK) financed the purchase of the mobile pool
of instruments for monitoring the seismic activity of the currently active fault
zone (URL 4). Twenty seismometers with data acquisition system and twenty
accelerometers were acquired. It was the first significant national investment in
the seismological network in the last 20 years. The map of the curent locations
of seismological stations of the mobile network is displayed in Fig. 3.

The data collected by this mobile network will: enable a better determina-
tion of earthquake locations, define the subsoil structure in the wider vicinity
of the active fault zone, and provide valuable information for seismic hazard
assessment, earthquake design and construction. The locations of earthquakes,
even the small ones that were not previously recorded at the stations of the
state seismological network, will enable the determination of the position and
geometry of the currently active part of the Pokupsko fault. As strong earth-
quakes occur relatively rarely in Croatia, the data collected in this way will
be extremely valuable for the study of geological structures in central Croatia.
Accelerograph records are an indispensable part of engineering-seismological
and construction analyzes related to earthquake-resistant design and con-
struction.

Project CROSSNET - Development of a Seismological Data Network

The Croatian Seismological Survey at the Department of Geophysics at the
Faculty of Science started with the implementation of the project “CROSSNET
- Development of a Seismological Data Network” (URL 5) at the end of 2021. The
aim of the CROSSNET project is to strengthen the infrastructural and organi-
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Figure 3. Map of currently active seismological stations of the mobile network (red triangles) and
the locations of the epicenters of the main Zagreb and Petrinja earthquakes (blue stars) (URL 4).

zational capacities of the Croatian Seismological Survey in order to increase the
quality of collection, processing and application of seismic data necessary for the
processes of reconstruction of buildings, planning the construction of new build-
ings and monitoring public infrastructure, as well as strengthening Croatia’s
resistance to earthquakes and related risks. In the scope of the project, 95 per-
manent seismological stations will be installed. The installation of new stations
will create basic prerequisites for modern collection and analysis of seismological
data.

Project ,Investigation of Seismically Vulnerable Areas in Croatia and
Seismic Ground Motion Assessment — CRONOS“

The project “Investigation of Seismically Vulnerable Areas in Croatia and
Seismic Ground Motion Assessment - CRONOS” (URL 6) is financed by the
Norwegian Financial Mechanism for the period 2014—2021. The project started
in January 2022, with duration of 27 months. The main goal of the CRONOS
project is to make Croatian society more resistant to the impact of strong earth-
quakes. This implies the development and modernization of earthquake risk
assessment as well as the acquisition of knowledge and the development of tools
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for reducing earthquake vulnerability. The aforementioned is planned through
the improvement of the scientific infrastructure, the increase of capacity and the
transfer of knowledge, including communication with decision-makers at the
state, regional and local level, and international research cooperation. The pro-
ject will help improve the seismological scientific community in Croatia and
strengthen bilateral cooperation between Croatia and Norway.

The project consists of two components:

Component 1 deals with the assessment of the seismogenic potential and
the characterization of the seismic fault system, the aim of which is to describe
the seismicity in as much detail as possible, determine the 3D structure of the
Earth’s crust (seismic velocities, density and damping) and the anatomy of the
fault system, and to understand the tectonic relations in the area of interest.

Component 2 aims to develop a hybrid-empirical attenuation relation for
earthquake-sampled ground motion prediction (Ground Motion Prediction Equa-
tion — GMPE), based on combining empirical data from earthquakes recordings
and stochastic modeling using characteristic regional seismic parameters for the
investigated area.

Both components are focused on the area of northern and central Dalmatia,
one of the most seismically vulnerable areas in Croatia (Fig. 4). Their activities
complement each other and are equally important in the process of better as-
sessment of the seismic hazard and thus the reduction of the seismic risk.
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Figure 4. The research area of the CRONOS project (URL 6).
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Project ,,Seismic Risk Assessment of Cultural Heritage Buildings in
Croatia — SeisRICHer CRO*

The primary objective of the proposed research in the SeisRICHerCRO proj-
ect (URL 7), funded by the Croatian Science Foundation, is development of ready
transferable methodology and practical procedure for assessing the seismic risk
to cultural heritage which include seismic risk assessments on urban scale (mac-
ro approach) and for individual monuments (micro approach), based on the quan-
titative and qualitative analyses of selected cultural heritage buildings and loca-
tions.

Characteristic locations were selected according to the highest level of seis-
micity criteria. Chosen as target locations are the following: the old city center
of Dubrovnik (comprising a multitude of churches, monasteries, palaces, etc.),
the most significant architectural achievement of the 15th and 16th century in
Croatia — the cathedral St. Jakov in Sibenik, and one of the most attractive

castles in Croatia — Trakoséan Castle. The first two sites are listed on the UN-
SECO World Heritage list.

Project ,,Characterization and monitoring of the Dubrovnik fault sys-
tem - DuFAULT*

The goal of the DuFAULT project (URL 8), financed by the Croatian Science
Foundation, is to investigate the wider Dubrovnik area, one of the most seismi-
cally active areas in Croatia and one of the more active areas in Europe. Ana-
lyzes of previous geophysical and geological research and application of new
seismological and geological methods will enable the definition of fault systems,
the creation of a high-resolution lithosphere model and the simulation of earth-
quake tremors, which will indicate locations with strong tremors and help in
understanding the propagation of seismic waves through this area.

Seismological research and its results

The most important seismological research and its results published in the
period 2019-2022 can be grouped as follows:

a) Determining the structure of the lithosphere under the Dinarides
and surrounding areas

Structural investigations of the Vinodol Valley area (Northwestern Adriatic,
Croatia) were performed by Palenik et al. (2019) based on new geological and
structural data addressing the tectonic evolution of the area. Structural measure-
ments of the fault planes in the study area generally correspond to the existing
structural model of the tectonic evolution of the Dinarides. Cross-cutting rela-
tionships suggest that transpressional and extensional features are structurally
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concurrent or younger than the reverse faults, suggesting a change in the pal-
aeostress field during the Neogene—Quaternary, with prevalent transpression
and radial extension.

Kapuralié¢ et al. (2019) proposed the crustal structure model of the northern
Dinarides and southwestern part of the Pannonian basin based on local earth-
quake tomography. The velocity model reveals crustal thickening beneath the
Dinarides and significant crustal thinning beneath the Pannonian basin. Rela-
tively high velocities were observed below the northern Dinarides at shallow
depths (< 10 km), with low velocities caused by deep local depressions in the
Pannonian basin (Fig. 5). A very pronounced high-velocity body is present in the
transitional part between the Dinarides and the Pannonian basin at a depth
range of 5—15 km. The strong velocity increase at depth of about 20 km indicates
that the Dinaridic crust could be interpreted as two-layered, while the Panno-
nian crust is probably one-layered.

Crustal thickness beneath the Dinarides and surrounding areas was also
obtained based on research performed by Stipcevié et al. (2020). A new Moho
depth map is presented, encompasing wider Dinarides region (Fig. 6). The re-
sulting Moho topography fits well within a structural framework that includes
a thicker crust under the Dinarides, which gradually becomes thinner toward
the Pannonian and Adriatic domains. The Mohorovic¢i¢ discontinuity lies deep-
est in the central and southern Dinarides, at depths of over 55 km. Similarly to
the northwestern segment, a jump in the crustal thickness was observed when
transitioning toward the Internal Dinarides, which hints at possible under-
thrusting (or subduction) of the Adria plate in this region. Moho depths in the
transition zone toward the Pannonian basin and in the Pannonian basin prop-
er vary between 25 and 35 km. In the Adriatic domain, crustal thickness rang-

Distance (km)
Vp [km/s]
45 5.0 55 6.0 65 7.0 7.5 8.0 85
DINARIDIC CRUST -

13.0 135 140 145 150 155 16.0 165 17.0 175 18.0

o
L

Depth (km)
Lok
o o

1

I
[e2]
o

-80 -
13.0 135 140 145 150 155 16.0 165 17.0 175 18.0
Longitude

Figure 5. Section along 45.3 N across the P-wave inversion model (from Kapurali¢ et al., 2019). HV
— high-velocity anomalies, KD — Karlovac depression, SD — Sava depression. Black dashed lines
represent an intra-crustal discontinuity and the Moho discontinuity.
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Figure 6. Depth to the Mohorovié¢i¢ discontinuity below each of the stations is shown by the colored
circles according to the color scale on the right (from Stipcevié et al., 2020). The inter-polated Moho
surface was spatially smoothed with a smoothing kernel of the radius of 41.5 km.

ing from 30 km to more than 45 km around the Central Adriatic islands was
observed.

Belinié et al. (2021) defined shear-wave velocity structure beneath the Di-
narides from the inversion of Rayleigh-wave dispersion. Resulting velocity mod-
el reveals a robust high-velocity anomaly present under the whole Dinarides,
reaching the depths of 160 km in the north to more than 200 km under southern
Dinarides. These results do not agree with most of the previous investigations
and show continuous underthrusting of the Adriatic lithosphere under Europe
along the whole Dinaric region. The geometry of the down-going slab varies from
the deeper slab in the north and south to the shallower underthrusting in the
center. On-top of both north and south slabs there is a low-velocity wedge indi-
cating lithospheric delamination which could explain the 200 km deep high-ve-
locity body existing under the southern Dinarides (Fig. 7).

. Using forward seismic modelling based on new tomographic models
Sumanovac (2022) researched lithosphere structure of the southern Dinarides
and continuity of the Adriatic lithosphere slab beneath the Northern Dinarides.
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The results indicate a continuous lithospheric slab along the entire Dinarides in
the shallow mantle, but it is not continuous vertically. In the Northern Dinarides,
the shallow lithospheric slab extends at least to a depth of 150 km. In the South-
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Figure 7. Schematic interpretation of the Dinarides lithospheric structure (not to scale) from the new
3-D shear-wave velocity model (from Belinié et al., 2021). Subimages a) to d) are the cross-sections
through the new shear-wave velocity model with shaded areas marking the location and shape of the
underthrusting Adriatic lithosphere. Tectonic sketch in the central image depicts the subducted Adria
lithosphere beneath the Dinarides. Dark brown color denotes the thinned lithosphere of uncertain
origin, either thermo-chemically thinned European or possibly Adriatic, thinned due to delamination.
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Figure 8. Two possible structural models of the lithosphere in the Southern Dinarides (from
Sumanovac, 2022). The first model (on the left) assumes a steeply dipping continuous Adriatic litho-
spheric slab. The second model (on the right) presumes that the Adriatic slab consists of two separate
blocks, with the deeper block resulting from delamination of the Adriatic lithosphere in a previous
subduction.

ern and Central Dinarides, there is a deep high velocity anomaly that can be
interpreted in two ways (Fig. 8), due to the weak vertical resolution of teleseismic
tomography. The first model suggests a steeply dipping continuous Adriatic litho-
spheric slab whereas the second model shows that the slab consists of two sepa-
rate blocks, meaning that the deeper block was formed by delamination of the
Adriatic lithospheric slab.

b) Investigations of local soil conditions, seismic site amplification
and attenuation

Stanko et al. (2019a) evaluated the site amplification factors (AFs) estimated
by equivalent linear site response analysis using time series (T'S) and random
vibration theory (RVT) based approaches. Results showed that the AF's estimated
by the T'S-approach are systematically higher than the AFs estimated by the RVT
based method in the short period range (T < 0.5 s), especially when the bedrock
peak ground acceleration is higher than 0.2 g. On the other hand, the AFs calcu-
lated in this study match the empirical AF models utilized in recent ground motion
models well, indicating that the RVT-based AF models may be preferred in the
future to cover a larger range of scenarios than the empirical datasets.

Seismic site amplification in the city of Ivanec using HVSR and equivalent-
linear site response analysis was assessed by Stanko et al. (2019b). The city of
Ivanec (nothwestern Croatia) is located between valley of the Bednja River and
Met. Ivanscica and this area can be prone to significant seismic site amplification
due to local site characteristics. The results are presented in the amplification
maps (Fig. 9) at fundamental/predominant peak frequencies. They indicate two
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Figure 9. Up: Map of the amplitude of HVSR peak at fundamental HVSR frequency. Middle: Map
of site response amplification factor at predominant frequency for input PGAzocx = 0.09 g (95yrp).
Bottom: Map of site response amplification factor at predominant frequency for input PGAgocx =
0.19 g (475yrp) (from Stanko et al., 2019b).
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Figure 9. Continued.

microzones — one with high amplification in the central part of the city due to soft
soil characteristics, and the other with small amplification in the transitional zone
from alluvial basin towards the foothills of Mt. Ivanscica. They also provide sig-
nificant information about potential resonance effects for structures of certain
heights that can be correlated with the local ground shaking characteristics.

Also, the high-frequency attenuation parameter kappa was estimated for
the tectonically complex contact area of the northwestern External Dinarides
and the Adriatic foreland (Markusi¢ et al., 2019) and for the wider Zagreb area
(Stanko et al., 2020). First research (Markusi¢ et al., 2019) showed that region-
al near-surface attenuation distribution and modelled macroseismic fields point
to the conclusion that attenuation properties of rocks in the northwestern Ex-
ternal Dinarides are far from isotropic. The most likely anisotropy sources are
the preferential orientations of cracks and fractures under the local tectonic
stress field, trapping of waves along major faults (waveguides), and/or attenua-
tion within the fault zones (Fig. 10).

In the second research (Stanko et al., 2020) estimation of the high-frequen-
cy attenuation parameter kappa for the Zagreb seismic stations was performed.
The results confirm the effect of local structures on local attenuation and of deep
structures on the attenuation at long distances. Actually, spatial distribution of
kappa within the Zagreb seismic zone shows that it is not isotropic, with high-
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Figure 10. Spatial distribution of kappa parameter — high-frequency attenuation parameter (from
Markusié et al., 2019). Red lines represent the possible seismogenic surface faults, red triangles

mark the locations of seismic stations, thick white dashed line marks the contours of the northern
Dinaric (ND) fast-velocity anomaly.
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Figure 11. Regional kappa dependence around the PTJ and ZAG seismological stations shown as
a spatial distribution of individual kappa values (from Stanko et al., 2020). Red lines represent the
possible seismogenic surface faults in Croatia and possible active faults are marked with thick lines.
The Zagreb city area is marked with a thick black polygonal line. Seismic zones Novo Mesto-Krsko,
Karlovac-Metlika, Pokupsko-Petrinja and Zagreb are marked with colours (red, blue, yellow and
green). The M5.5 earthquake of 22 March 2020 is marked with a black star.
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frequency attenuation anisotropy probably being affected by local and regional
geological variability, regional active faults and a complex tectonic structure in
each direction (Fig. 11).

Stanko and Markusi¢ (2020) derived an empirical relationship between
resonance frequency, bedrock depth and Vg, for Croatia based on HVSR forward
modelling. This relationship is important for several reasons — it can be used to
map sedimentary subsurface structure for geological cross section and bedrock
mapping; it provides relatively good estimates of bedrock depth as well its ge-
ometry; the results are important for site characterization. Presented results are
important for developing nonlinear site amplification model for the seismic
ground motion based on numerical site response analysis.

A semi-empirical estimation of the Zagreb M; 5.5 earthquake (2020) ground mo-
tion amplification by 1D equivalent linear site response analysis was also carried
out (Uglesic¢ et al., 2021). This research is a contribution to better understanding
of the Zagreb M; 5.5 earthquake effects and of the significance of local site effects
in the damage extent.

Local soil conditions in northern Croatia (Medimurje region) were analyzed
using the microtremor Horizontal-to-Vertical Spectral Ratio (HVSR) method for
subsurface characterization (Stanko et al., 2022). Based on the obtained results,
a microzonation map for the Medimurje region was prepared. Its aim is to better
understand the behavior of ground motion and the influence of local site conditions
in comparison to macroseismic intensities and past damage observations (Fig. 12).
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Figure 12. Map of estimated Vg, values of the Medimurje region (from Stanko et al., 2022). The
most important seismogenic faults are shown with red lines.
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c) Reanalysis and update of the Croatian Earthquake Catalog
through homogenization of magnitude and research of historical
earthquakes

The conversion relations between the local magnitude (M;) and the moment
magnitude (My) for earthquakes in the Croatian Earthquake Catalogue was
derived (Herak, 2020) and historical earthquakes of 1838 and 1839 in the Slovene
Hills (Slovenia) — Medimurje (Croatia) area were re-analyzed (Herak et al.,
2021).

d) Multidisciplinary research after the earthquakes in Ston in 1996
and in Zagreb and Petrinja in 2020

Korbar et al. (2020) applied an alternative approach based on focused geo-
logical mapping, 3D seismological data, and shallow seismic imaging data in the
Kvarner region. Reverse, normal, and strike-slip orogen-parallel (longitudinal)
to transverse faults were identified (Fig. 13), but there is no clear evidence of
their mutual relations and possible recent activity. The 3D spatial and temporal
distribution of recent earthquake hypocenters indicate their clustering along
predominantly subvertical transversal and steeply NE-dipping longitudinal
planes. High-resolution shallow seismic geoacoustical survey (subbottom pro-
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Figure 13. Simplified new geological map of the area of focused fieldwork (from Korbar et al., 2020).
The major fault (the thickest red lines) delineates the Gorski Kotar anticline and the coastal-and-
island thin-skinned belt. Possible neotectonic dextral strike-slip faults on the surface are marked by
medium-thick red lines and arrows.
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filer) of the Quaternary sediments in the Rijeka Bay revealed local tectonic de-
formations of the stratified Late Pleistocene deposits that, along with overlaying
mass-transport deposits, could imply prehistorical strong earthquake effects.
Neotectonic faults onshore are tentatively recognized as highly fractured zones
characterized by enhanced weathering, but there is no evidence for its recent
activity. It seems that the active faults are blind and situated below the thin-
skinned and highly deformed early-orogenic tectonic cover of the Adria.

In order to explain the geodynamic processes that caused the Zagreb M5.5
earthquake in 2020, Markusi¢ et al. (2020) performed an extensive seismological,
geological, geodetic and structural engineering surveys immediately after the
mainshock. The first-order assessment of seismic amplification (due to site con-
ditions) in the Zagreb area for the M5.5 earthquake shows that ground motions
of approximately 0.16—0.19 g were amplified at least twice (if standard deviation
1s taken into account, the amplification factor can reach 3 at some locations) in
the Podsljeme and city center zones where the greatest extent of damage was
reported. Based on Sentinel-1 interferometric wide-swath data, the most af-
fected area (with an uplift of about 3 cm) was identified, covering approximately
20 km?. The spatial and temporal analyses of the 22 March 2020 Zagreb earth-

460000 m
446000 m 450000 m

5080000 m

5070000 m

10000 m:

5098200 m
5090000 m

10000 m

5080000 m

@ wm:a0

© Mm30-40
e  M20-30
.

5070000 m 460000 m
M <20

smmmr Faultl N

476000 m

470000 m

450000 m

..... Fault 2 5065000 m== 5000 m
446000 m —_—

Figure 14. Preliminary structural 3D model of the Zagreb 2020 earthquake sequence (from Markusié
et al., 2020). Coordinates are shown in HTRS96/TM coordinate system, and the elevation is in meters
(no vertical exaggeration). Fault 1 is interpreted as a primary thrust fault, and Fault 2 is inter-
preted as a secondary (reverse?) fault.
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quake indicate that the mainshock and the first aftershocks occurred in the
subsurface of the Medvednica Mountains along a deep-seated southeast-dipping
thrust fault, recognized as a primary fault (Fig. 14) The co-seismic rupture prop-
agated during the first half-hour of the earthquake sequence along the thrust
towards the northwest. Most of the aftershocks recorded during the first 24 h
occurred along a south-dipping, east-west striking secondary fault that is prob-
ably superimposed on the thrust fault. Other aftershocks occurred on unidenti-
fied faults that probably form a complex fault system.

Govorcin et al. (2020) researched complex faulting during the 1996 Ston-
Slano (Croatia) earthquake inferred from the DInSAR, seismological, and geo-
logical observations. The observed DInSAR interferogram fringe patterns could
not be explained by a single fault rupture. Geological investigations assigned
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Figure 15. Simplified structural map of the Ston—Slano area with faults mapped onshore and off-
shore (from Govor¢in et al., 2020). Fault measurements conducted at the 127 locations are indicated
with multicolour dots in accordance to the measured fault’s kinematic properties. Locations of mi-
croseismic and macroseismic epicentres of the 1996 Ston-Slano earthquake are marked, whereas
purple lines are the fringe discontinuities interpreted based on interferograms. Abbreviations: PF:
Peljesac fault; DF: Doli fault; SF: Slano fault; MF: Mravinca fault.



296 REPORT OF THE CROATIAN COMMITTEE OF GEODESY AND GEOPHYSICS ON ACTIVITIES ...

most of the interferogram features either to previously known faults or to those
newly determined by field studies. Relocation of hypocentres and reassessment
of fault mechanisms provided additional constraints on the evolution of stress
release during this sequence. Available data support the scenario that the main-
shock started with a reverse rupture with a left-lateral component on the Slano
fault, 4.5 km ESE of Slano, at the depth of about 11 km. The rupture proceeded
unilaterally to the NW with the velocity of about 1.5 km/s for about 11 km, where
the maximum stress release occurred. DInSAR interferograms suggest that sev-
eral faults were activated in the process (Fig. 15). The rupture terminated about
20 km away from the epicentre, close to the town of Ston, where the maximum
DInSAR ground displacement reached 38 cm. Such a complicated and multiple
rupture has never before been documented in the Dinarides.

Shortly after the destructive M6.2 (M,,6.4) Petrinja earthquake in 2020
Markusié et al. (2021) performed a multidisciplinary research. Outcomes of pre-
liminary seismological, geological and SAR image analyses indicate that the
foreshocks, mainshock and aftershocks were generated due to the (re)activation
of a complex fault system — the intersection of longitudinal NW-SE right-lateral
and transverse NE-SW left-lateral faults along the transitional contact zone of
the Dinarides and the Pannonian Basin (Fig. 16). A preliminary analysis of the
earthquake ground motion showed that in the epicentral area, the estimated
peak ground acceleration PGA values for the bedrock ranged from 0.29 to 0.44
g. In the close Petrinja epicentral area that is characterized by the superficial
deposits, significant ground failures were reported within local site effects. Based
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Figure 16. Line of sight (LOS) displacements for (a) Sentinel-1A ascending orbit T146, which has
an amplitude of 74 cm and (b) Sentinel-1B descending orbit T124, which has an amplitude of 53 cm
(from Markusié et al., 2021).
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on that finding and building damage (approximately 15% of buildings were very
heavily damaged or collapsed), we assume that the resulting peak ground ac-
celeration (PGAsite) values were likely between 0.4 and 0.6 g depending on the
local site characteristics and the distance from the epicentre.

éugar et al. (2021) performed a geodetic and seismological analysis of the
CROPOS (Croatian Positioning System) Zagreb station (ZAGR) kinematics dur-
ing the Zagreb 2020 M;, 5.5 earthquake. For the first time, motion of one of the
CROPOS stations during an earthquake shake was analysed by the PPK (Post-
Processed Kinematic) method using all available GNSS signals (GPS — Global
Positioning System, GLONASS — GLObalnaya NAvigatsionnaya Sputnikovaya
Sistem, Galileo, Bei-Dou) and seismologically interpreted. The ZAGR station is
situated about 9 km to the south-southeast of the earthquake’s epicentre location.
The analysis showed the following station’s movements: approx. 13 cm in the
N-S direction and approx. 6 cm in the E-W direction. The seismological analysis
showed that the ZAGR station recorded the onset of SV- and surface waves. The
results of the PPK method have pointed out the usefulness of the method in
earthquake observations.

Rapidly after mainshock, a team of European researchers performed the
extensive field work to map the evidence of coseismic environmental effects
(Baize et al., 2022). In the epicentral area, a surface deformation was observed,
such as tectonic breaks along the earthquake source at the surface, liquefaction
features (scattered in the fluvial plains of Kupa, Glina and Sava rivers), and
slope failures, all caused by strong motion. The surface rupture appears discon-
tinuous, consisting of multi-kilometre en échelon right stepping sections (Fig.
17), along a NW-SE striking fault (Petrinja-Pokupsko Fault). The observed de-
formation features, in terms of kinematics and trace alighments, are consistent

left-stepping fractures &

Figure 17. Aerial view (drone survey) of a ~20-m-long surface rupture on alluvial fan gravels mapped
southwest of Kriz Hrastovacki (from Baize et al., 2022). Surface faulting occurred as a continuous
rupture, striking 120°, or as a set of left-stepping en échelon ruptures. The maximum coseismic
offset, measured between well-preserved piercing points, is ~15 cm.
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with slip on a right lateral fault. The surface rupture is observed over a length
of ~13 km from end-to-end, with a maximum displacement of 38 cm and an aver-
age displacement of ~10 cm. Moreover, the liquefaction extends over an area of
nearly 600 km? around the epicentre.

e) Analysis and explanation of surface manifestations (such as sink-
holes, liquefaction, etc.) after the Petrinja series of earthquakes

The preliminary inventory of coseismic ground failures, including subsidence
dolines, liquefaction and landslides, related to December 2020 — January 2021
Petrinja earthquake series, was prepared by Pollak et al. (2021). The aim of the
inventory is not only to provide data for the development of susceptibility maps
and more detailed exploration for possible remediation measures, but also to
define the priorities for immediate action.

Tomac et al. (2022) performed geotechnical reconnaissance of an extensive
cover-collapse sinkhole phenomena (Fig. 18) of the Petrinja earthquake sequence
(2020—2021). They collected data about geological background, seismic sequence
information, sinkhole geometric characteristics, rainfall data, and results of de-
tailed geotechnical subsurface investigation for 122 new and 49 historical cover-
collapse sinkholes in Petrinja area. Clayey cover, 4-10 m thick, with sporadic
gravel lenses overlying cavernous, intensely karstified carbonate rocks, charac-
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Figure 18. The largest sinkhole in Mecencani village (diameter is 24.55 m) (from Tomac et al., 2022).
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terizes the sinkhole area. The observed vertical walls that accompanied sinkholes
opening can occur in the overconsolidated cohesive cover clay layer with varying
degree of saturation. Geotechnical, geological, seismic, and precipitation data
generally indicate that the formation of cover-collapse sinkholes in the study
area is a consequence of a specific local geological setting but is significantly
expedited by earthquake-induced dynamic loading and complemented by mul-
tiple hydro-mechanical factors.

f) Investigations of damage after an earthquake and analysis of the
response of characteristic buildings to earthquake excitation

Savor Novak et al. (2020) prepared an extensive preliminary report on seis-
mological aspects and damage to buildings after the Zagreb 2020 earthquake.

Seismic performance of an existing RC wall building with irregular geometry
was assessed by Uros et al. (2020). The study presents a comprehensive meth-
odology for the seismic performance assessment of individual buildings, applied
to an existing reinforced concrete (RC) hospital, located in the seismically active
region of Croatia: assessment of seismic hazards on the location, ambient noise
measurements, experimental determination of structural modal parameters
(Figure 19), creation of a detailed numerical model calibrated with experimental
data, and a seismic performance assessment using various analysis methods. As
a result, the building collapse mechanisms were determined and critical struc-
tural elements identified, which is the basis for future actions directed to the
reduction of its risk (e.g., applications of specific measures for a target retrofit,
proposal of evacuation routes and safe places inside the building, etc.).

Markusié et al. (2021) prepared the observations of earthquake damage on
historical Trakoséan castle after the Zagreb and Petrinja 2020 earthquakes. The
damage was assessed by visual inspection accompanied by ambient vibration
measurements. The slight cracks that appeared on masonry arches were found
to be critically positioned, and can likely lead to the arches’ collapse if their
spreading is not prevented. Ambient vibration measurements, which were com-

Mode 1-T=0.316 s

Figure 19. Three-dimensional view of mode shapes of the initial numerical model of the General
Hospital Dubrovnik — first mode (from Uros et al., 2020).
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pared to pre-earthquake ones, revealed the decrease in the fundamental frequen-
cies of the castle’s central tower unit and the second floor, thus possibly indicat-
ing the loss of structural stiffness as a consequence of the earthquake damage.

The engineering analysis and correlation of earthquake damage after earth-
quakes in Albania (2019) and Croatia (2020), both of M,,6.4, was done by Abra-
hameczyk et al. (2022). The causes of the damage as well as the consequences for
rapid response to earthquake are discussed in close relation to the standardiza-
tion in low to moderate seismic regions in Europe.

g) Analysis of strong motion (SM) registrations, creation of SM data-
base, derivation of GMPE relation for the area of Croatia

Prevolnik et al. (2020) did analysis of the strong ground motion records of
the Zagreb earthquake which occurred on 22 March 2020.

Regionally adjusted ground motion model based on the existing BSHAP
database for the empirical estimation of the response spectrum using the Fou-
rier Amplitude Spectrum (FAS) and the duration of ground motion (D,,,) was
estimated by Uglesi¢ et al. (2022). It was observed that estimated model is com-
parable with the other GMPEs for Petrinja M; 6.2 scenario (chosen as case study).
Model is applicable for magnitudes up to M,,6.5 and Joyner-Boore distances up
to 200 km with usable frequency range between 0.4 and 33 Hz. Adjustment of
the GMPE to the different seismological environments and site conditions using
D,,, and FAS models, constructed for predicting the response spectral ordinates
using Random Vibration Theory approach, is applicable GMPE candidate for the
PSHA studies in the Western Balkan area. This is particularly important for the
Croatian territory since there is a lack of SM recordings and current attenuation
relation is derived only for the rock conditions.

Sinadinovski et al. (2022) analyzed the near-field seismic records of two
moderate sized earthquakes: the Skopje 2016 (M;5.3) and the Zagreb 2020
(M, 5.5) earthquakes. Such recordings at close epicentral distances are rare and
are thus very useful for testing some of the theoretical assumptions used in
modelling earthquake risk. By combining only the results of the strong motion
analysis and the Nakamura method, the authors proved that the site substruc-
ture can be fairly inferred to the first degree, which is very useful in evaluation
of the regional velocity models.
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