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1  Introduction  

The period of 2015-2019 brought many new results in the research of positioning techniques and the 
application of geodesy for engineering. The hottest topics are the application of continuously oper-
ating GNSS receivers for atmospheric remote sensing as well as the modelling of tropospheric de-
lays in satellite navigation; the assessment of the integrity of satellite positioning services for safety-
of-life applications such as airborne navigation; the localization of autonomous vehicles using 
GNSS/IMU/Lidar and sensor fusion techniques; the application of InSAR data for the estimation of 
cristal displacement. These research activities were carried out by the following research institutes: 
the Department of Geodesy and Surveying and the Department of Photogrammetry and Geoinfor-
matics of the Budapest University of Technology and Economics, the Institute for Computer Sci-
ence and Control and the Geodetic and Geophysical Institute of the Research Center of Astronomy 
and Earth Sciences of the Hungarian Academy of Sciences and the Satellite Geodetic Observatory 
at Penc. 

The next sections introduce the most important results achieved in each topic. Due to the limita-
tions of a review paper, further details can be found in the cited publications. 

2  Remote sensing the atmospheric water vapour using GNSS 

Continuously operating GNSS stations can provide valuable information on the spatial and temporal 
distribution of atmospheric water vapour. In 2013 a near-realtime GNSS processing facility was set 
up by the collaboration of the Satellite Geodetic Observatory Penc (SGO) and the Budapest Univer-
sity of Technology and Economics (BME). The applied computational strategy can be found in 
�5�y�]�V�D�� �H�W�� �D�O���� ���������������� �7�K�H�� �S�U�R�F�H�V�V�L�Q�J�� �F�H�Q�W�H�U�� ���6�*�2�%�� �O�D�W�H�U�� �U�H�Q�D�P�H�G�� �W�R�� �6�*�2������ �M�R�L�Q�H�G�� �W�R�� �W�K�H��
�(�8�0�(�7�1�(�7�¶�V�� �(-GVAP programme in 2013. Since then the ZTD estimates at the stations of the 
Hungarian GNSS Network are available for meteorological applications.  

Hungary, with its representing institutions BME, SGO and the Hungarian Meteorological Ser-
vice participated in the COST Action ES-1206 (GNSS for Severe Weather and Climate - 
GNSS4SWEC) studying the application of ground based GNSS observations for climatic studies 
and the modelling and forecasting of severe weather. 

�,�Q���W�K�H���U�H�F�H�Q�W���\�H�D�U�V���-�X�Q�L���D�Q�G���5�y�]�V�D�����������������G�H�Y�H�O�R�S�H�G���D���Q�H�Z���J�O�R�E�D�O���P�R�G�H�O���Ior the conversion of 
GNSS derived zenith wet delays (ZWD) to integrated water vapour (IWV) using a global archive 
numerical weather model dataset. The aim of this study was to provide an optimal solution for the 
conversion of ZWDs to IWVs, that takes into consideration the geographical variations of empirical 
conversion factors, since many recent studies still use the empirical models derived from North-
American radiosonde observations. The studies showed that the coefficients of the empirical func-
tions show a strong geographical variation. The conversion algorithm and data set is available at 
http://gpsmet.agt.bme.hu/zwd2iwv. 

http://gpsmet.agt.bme.hu/zwd2iwv
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In Meteorology, the various atmospheric parameters are assimilated in numerical models. The first 
results of the application of GNSS derived ZTDs in numerical weather models in Hungary and the 
Carpathian Basin was reported in Mile et al. (2019). The results showed that the assimilation of 
GNSS ZTDs have a positive impact on the prediction of relative humidity as well as on the tempera-
ture. A significant improvement was observed in the short-term predictions (up to 5 hours) with a 
rather neutral on the longer predictions.  

3  Studying the integrity of GNSS positioning 

In safety-of-life navigation applications of GNSS the major concern of the user is not only the accu-
racy but the integrity of the positioning service. To assess the integrity, the protection level is calcu-
lated by overestimating the positioning error even at very rare probability levels. Recent studies 
show that - by the emerging multiple frequency civilian signals - the tropospheric delay becomes the 
most significant error source especially at low elevation angles. The RTCA MOPS (minimum op-
erational performance standard) for GNSS systems in aeronautics specifies a global constant of 
�“0.12m for the maximum tropospheric residual error in the zenith direction in terms of standard 
deviation. Recent studies suggest that this value is too conservative in many regions of the globe 
leading to lower availability and continuity of the positioning service ���5�y�]�V�D���H�W���D�O��������������. To over-
come this limitation, a new residual tropospheric error model was formulated in the frame of a ESA 
funded project by the colleagues of the Department of Geodesy and Surveying of the Budapest 
University of Technology and Economics together with the Hungarian Meteorological Service and 
Integricom.NL, that considers both the geographical and the seasonal variations of the tropospheric 
delay model performances. The advanced residual tropospheric delay error model (ARTE) was 
developed using the methodology of extreme value analysis of existing tropospheric delay models 
using 16 years of worldwide numerica�O�� �Z�H�D�W�K�H�U�� �P�R�G�H�O�� �D�Q�D�O�\�V�L�V�� ���5�y�]�V�D 2018). The studied tropo-
spheric delay models were the RTCA troposphere model, the ESA GALTROPO model and the 
GPT2W model.  

The developed ARTE model was validated globally using IGS ZTD estimates, radiosonde ob-
servations and numerical weather models. Moreover they were tested in a case study under real 
extreme weather conditions in Central-Europe ���-�X�Q�L���D�Q�G���5�y�]�V�D 2018). The results showed that the 
performance of the studied tropospheric delay models show strong seasonal variations (Figure 1-3). 
Thus various integrity models were formulated for the positioning applications. The most complex 
one considers both the seasonal and the geographical variations, while a simplified model was also 
developed that considers the geographical variations only. Finally a global constant model was also 
formulated that complies fully with the existing RTCA recommendations. The validation proved 
that the proposed model maintained the conservatism of the original model, nevertheless it provided 
a significantly lower residual error estimate in many regions of the globe (Figure 4). Among the 
studied three tropospheric delay models, GPT2W and ESA GALTROPO models provided signifi-
cantly lower protection levels compared to the RTCA recommendations, that also means that the 
application of the developed models could improve both the availability and the continuity of satel-
lite navigation services in safety-of-life applications. 
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Figure 1. The seasonal variation of the sigma value of the ESA blind model in the different latitude bands 

           
Figure 2. The seasonal variation of the sigma value of the GPT2w blind model in the different latitude bands 

           
Figure 3. The seasonal variation of the sigma value of the RTCA blind model in the different latitude bands 
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Figure 4. �9�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���U�H�V�L�G�X�D�O���W�U�R�S�R�V�S�K�H�U�L�F���G�H�O�D�\���P�R�G�H�O���X�V�L�Q�J���,�*�6���=�7�'���S�U�R�G�X�F�W�V���I�R�U���W�K�H���O�D�W�L�W�X�G�H���E�D�Q�G���R�I���1�����ƒ-�1�����ƒ 

The evaluation and monitoring of the integrity of GNSS positioning is inevitable for air traffic ser-
vice providers and is an important research area (Markovits-Somogyi et al. 2017), too. In order to 
provide these professionals with open source software solutions, the well-known RTKLIB package 
(Takasu 2009) was extended with the calculation of protection levels based on the RTCA recom-
mendations (Tak�i�F�V���H�W���D�O�������������������7�K�H���G�H�Y�H�O�R�S�H�G���D�O�J�R�U�L�W�K�P���Z�D�V���W�H�V�W�H�G���Z�L�W�K���W�K�H���F�R�P�P�H�U�F�L�D�O���3�H�J�D�V�X�V��
and magicGemini softwares.  

 

4  Position and orientation determination of autonomous platforms 

The sensor fusion methods are getting more indispensable in the navigation. This information is the 
key of the high accuracy control of the moving platform used for mapping tasks. Although the low-
cost inertial (INS) and Global Navigation Satellite Systems (GNSS) sensors are widespread, these 
equipment suffer from various significant error sources, which influence usability. The inertial sen-
sors have bias, bias instability error, the single frequency GNSS receivers have clock error, multi-
path, inter-channel biases and the unknown integer ambiguity values of the carrier-phase measure-
ments. Usually the higher sampling rate (50-2000Hz) of the inertial sensors complement the lower 
sampling rate (1-20Hz) of GNSS observations. The aim of a sensor fusion system is to provide high 
rate and high accuracy navigational data of the moving platform. 



HUNGARIAN CONTRIBUTION TO THE RESEARCH ON POSITIONING AND APPLICATIONS �«  

�*�H�R�P�D�W�L�N�D�L���.�|�]�O�H�P�p�Q�\�H�N��XXI, 2018 

55 

 
Figure 5. The onboard sensors (P, S: primary and secondary GNSS receivers; INS: inertial navigation sensor) of the UAV 

and the ground reference receiver (B) 

Farkas et al. 2018 investigates a multi baseline GNSS positioning and attitude determination 
method, using low-cost differential GNSS, accelerometer and gyroscope data. The attitude angles 
are represented in quaternion form. The tightly coupled sensor fusion is accomplished by an EKF 
algorithm. The moving baseline's integer ambiguities are resolved by a quaternion constrained 
LAMBDA method. That sensor fusion method was based on inertial sensor data and non-
differential GNSS code and Doppler measurements. 

The key of the high accuracy GNSS positioning is to resolve the integer ambiguities of the car-
rier-phase measurements. The developed uses the least-squares ambiguity decorrelation adjustment 
method. The integer ambiguity resolution is applied only for the GPS measurements on both base-
lines. 

The integer ambiguity resolution is different at the moving baseline. Giorgi and Teunissen 
(2010) use baseline length constrain, and a rotating matrix constrain based on Euler angles. Since 
our approach uses quaternion representation, the original ambiguity resolution method had to be 
modified with the constrain that the norm square of the quaternions is equal to one. The optimum is 
the integer ambiguity conditional quaternion vector, which has the smallest distance in the metric of 
the conditional covariance matrix with the norm square of one.  

The method was tested with real flight data. The duration of the flight was nearly 3000 seconds. 
The base, the primary and the secondary receivers were u-blox NEO-M8T single frequency low-
cost GNSS receivers with Tallysman 33-2405-05-0150 antennas (Figure 5).  

These receivers were collecting GPS and GLONASS data. Integer ambiguities were resolved for 
GPS satellites, while float ambiguities were used for the GLONASS constellation. The maximal 
length of the first baseline was 11 kilometres and the second baseline was 0.29 meters long. The 
UAV was equipped with a PIXHAWK flight control computer with INS sensors, and a Sony ILCE-
6000 camera for photogrammetric service. The onboard flight controller system uses a loosely cou-
pled sensor fusion algorithm based on a single GNSS receiver and the INS sensor. The camera took 
1200 pictures during the flight. The collected GNSS data was post processed with using the PPK 
technique for the position. Attitude angles were also estimated from the photogrammetric process-
ing (PGP) of aerial images with known ground control points (GCPs) using the Pix4D software. 

The developed EKF algorithm was used to process the raw INS and GNSS from observations. 
The position solution is compared to the PPK solution, and the attitude angle solution is compared 
to the PGP solution in the common epochs. Figure 6 depicts the comparison of the PPK and the 
EKF coordinate solutions. The mean value of the horizontal differences during the whole measure-
ment is 0.007 meters in north and 0.002 meters in east with the root mean square (rms) value 0.01 
and 0.003 meters. The mean vertical difference is -0.053 meters with 0.055 meters rms error. The 
ambiguity success rate is 99.12% for the first baseline. 
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Figure 6. The comparison of the post-processed kinematic and the EKF sensor fusion coordinate solutions 

Figure 7 depicts the comparison of the attitude solutions provided by the PIXHAWK onboard flight 
controller system and the developed EKF algorithm using the PGP orientation angles as references. 
The roll angle is estimated only by the angular velocities because there is no y axis lever arm com-
ponent between the antennas of the moving baseline in the body coordinate frame. The two solu-
tions have similar error magnitudes compared to the PGP results. However, the GNSS attitude esti-
mation reduced the bias in the pitch angle compared to the PIXHAWK solution significantly. More-
over, the improvement in the yaw angle is significant, too. Moreover, the trend between 1500-2500 
epochs is completely removed from the residuals. The mean value of the differences from the PGP 
solu�W�L�R�Q���L�V�����������ƒ�� �Z�L�W�K�����������ƒ���U�P�V���F�R�P�S�D�U�H�G���W�R���W�K�H���3�,�;�+�$�:�.�
�V���P�H�D�Q���Y�D�O�X�H��-���������ƒ�� �Z�L�W�K�����������ƒ���U�P�V����
This result can be explained with the applied measurement configuration. Since GNSS observations 
provide lower accuracy in the vertical direction, its effect on the pitch angle is expected to be sig-
nificantly lower than on the yaw angle. The ambiguity resolution success ratio for the moving base-
line is 97.35%. 

 
Figure 7. The comparison of the attitude solutions of the onboard flight controller and the developed sensor fusion algorithm 

wrt the photogrammetric processing (red: onboard sensor, green: developed EKF sensor fusion algorithm) 
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5  Supporting autonomous navigation by 3D maps 

Intensive research has been conducted in the field of automated driving. The development of self-
driving vehicles is a very hot topic in vehicular research currently. Such vehicles require effective 
and reliable decision mechanism to control the movement, which is expected by the development of 
artificial intelligence (AI). Beyond the AI-controlled driving, these vehicles have to collect very 
detailed information about their neighbourhood, that is realized by cutting-edge sensors, like ve-
hicular Lidars, cameras and radars. Further data capture mechanisms are also welcome to increase 
the redundancy and reliability. Vehicles are nowadays already equipped with satellite based posi-
tioning systems, sometimes even with inertial measurement units, but there are still circumstances, 
when this technology has troubles in accuracy or even totally fail (urban canyons, tunnels etc.). In 
such situations alternative solutions are required, where prior captured 3D map data can help. 

To establish highly detailed accurate 3D map database, several surveying technologies are in-
volved. Among them terrestrial laser scanning and mobile mapping are the two flagship tools (�3�R�W�y 
et al. 2017b, �3�R�W�y and Barsi 2017a). Data acquisition by these modern technologies results huge 
amount of field data, which is the base not only for traditional mapping but also to derive products 
being able to support automated driving. The 3D map data is mainly point clouds (mostly colored, 
but at least with signal intensity values) and CAD models (created by the evaluation of the field 
surveys). New data sources are urban models, pavement descriptions or lane models. All these 
products can be extracted from the map data base (�3�R�W�y et al. 2017a, Barsi et al. 2017, �3�R�W�y and 
Barsi 2017b). 

Scientific results of the last decades can be summarized in the data processing chain and devel-
opment of non-existing neighbourhood model descriptions. Lane models, navigation aids or static 
occupancy maps are the most relevant new findings. The research group has focused on the collabo-
ration with car maker industry, where simulator software packages can be fed by data taken from 
the reality. Strong efforts were made therefore in producing standard simulator inputs. The most 
important results were achieved with the OpenCRG models, where CRG stands for Curved Regular 
Grid. It is an efficient and highly potential model to bring information about the pavement surface. 

6  Recent Application of Synthetic Aperture Radar Interferometry  

The interferometric SAR observations play an important role in the monitoring and the analysis of 
recent crustal displacements in the Central-Europe, too. The Carpathian bend is amongst the tecton-
ically most active areas in Europe where intraplate subduction triggers sub-crustal earthquakes re-
leasing significant amount of seismic energy in a well-defined seismic zone. To constrain the deep 
processes by exploiting their linkage to the surface processes knowledge of surface deformations is 
required. Detection of small-magnitude tectonic processes with high reliability is challenging in 
which the recent space geodetic techniques may bright a breakthrough. A retrospective analysis of 
archive Envisat data set of the European Space Agency acquired in the frame of ESA CAT-1 project 
was used to investigate the feasibility limit of detecting crustal deformations in the region of the 
�V�R�X�W�K���&�D�U�S�D�W�K�L�D�Q���E�H�Q�G�����%�R�]�V�y�� �H�W���D�O���� ������������ �%�R�]�V�y�� �H�W���D�O�������������D���� �6�]�&�F�V���H�W���D�O���� �������������� �Z�K�H�U�H���S�D�V�W���J�Ho-
detic observations failed to unravel the tectonic processes with high details. Despite the inherent 
limitations of radar interferometry the results show that coherent velocity field can be estimated 
with a magnitude of few mm/yr. The vertical displacement suggest subsidence in the Brasov basin 
which is in agreement with former studies, however radar interferometry can provide more detailed 
picture.  

In the framework of Integrated Sentinel-PSI and GNSS technical facilities and procedures for 
the determination of 3D surface deformations caused by environmental processes 
(4000114846/15/NL/NDe) ESA project the use of space geodetic methods and developments in the 
observation of tectonic processes was studied. So-called integrated benchmarks, equipped with 
GNSS adapter and corner reflectors for descending an ascending satellite passes, have been devel-
�R�S�H�G�� ���%�i�Q�\�D�L�� �H�W�� �D�O���� �������������� �W�K�D�W�� �S�U�R�Y�L�G�H a long-term stable reflection for Sentinel-1 twin satellites. 
Using exclusively the satellite observations of Sentinel-1, the surface deformation field in 3D can 
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only be determined with bias. Therefore a process based on Kalman filtering has been developed, 
that combines the absolute positioning provided by global navigation systems with relative surface 
changes based on interferometric processing of Sentinel-�����L�P�D�J�H�V�����%�i�Q�\�D�L���H�W���D�O�������������D�����%�i�Q�\�D�L���H�W���D�O����
2017b).  With this, it is possible to produce high-precision, 3D, absolute deformation data time 
series from the integrated points. Radar reflector networks can be utilized in areas where the tradi-
tional radar interferometry cannot be applied successfully. The developed procedure and bench-
marks were tested (�%�R�]�V�y�� �H�W�� �D�O���� ���������E���� �L�Q�� �D�U�H�D�V�� �V�X�E�M�H�F�W�H�G�� �W�R�� �O�D�Q�G�V�O�L�G�H�� �R�I�� �G�L�I�I�H�U�H�Q�W�� �L�Q�W�H�Q�V�L�W�\�� �D�Q�G��
characteristics (spatial distribution and time dependence) and proved its effectiveness. 
 

7  Geodetic monitoring and early warning systems 

At the Department of Geodesy and Surveying of the Budapest University of Technology and Eco-
nomics a software system called Ulyxes has been developed for geodetic monitoring and early 
warning systems. Ulyxes is an open source project to drive robotic total stations as well as other 
sensors, collect their measurements in database and finally publish the results for authorized users 
on the web. On special requests the results are also presented with web based maps in the back-
ground (Siki 2015).  

This project is like an instant coffee: three in one (coffee, sugar and milk). The coffee and the 
strongest part is the research and coding. The sugar is the application of the program in industrial 
environment and the milk on the top is the educational usage. The software development started in 
2008 connected to a monitoring task in the Hungarian Nuclear Power Plant. Since then the devel-
opment has been extended from total stations to different positioning capable sensors.  

In 2012 the development of a new Python based object oriented framework started. The code is 
based on the results of some other open source projects, Python, PySerial, GNUGama, SQLite, 
OpenCV, etc. After connecting to the international Geo4All network in 2014, Ulyxes became a 
project of our Geo4All Lab. The project has its own home page (http://www.agt.bme.hu/ulyxes) and 
the source code is available on the GitHub portal (https://github.com/zsiki/ulyxes). The code is 
maintained by the colleagues at the Department of Geodesy and Surveying at the Budapest Univer-
sity of Technology, volunteers from all over the World are welcome. BSc and MSc students are also 
involved in the development and testing. More theses were connected to this project in the recent 
five years.  

In the curriculum of an MSc subject called Surveying Automation, Ulyxes is used to demon-
strate automatized tasks in engineering surveying. The system has been applied for several projects 
during the last 10+ years. Typical applications are the load tests of bridges and other engineering 
structures and on the other hand Ulyxes can be used to monitor the movements of buildings in the 
nearby of constructional works, like metro stations, underground garage and other buildings as well.  

The source code is divided into three parts. The first one is the Ulyxes API which is the core of 
the system. The second one, Ulyxes Apps is a collection of applications based upon the API. The 
third part is the server side scripts to publish observation results through the Internet. The software 
has been extensively used in various monintoring and early warning systems (�.�R�Y�i�F�V���H�W���D�O���� ������������
Siki et al. 2018). 

8  Geo-spatial mapping for engineering geology  

Research has been conducted to support engineering geological studies with advanced geospatial 
mapping technologies (Terrestiral Laser Scanning �± TLS and Remotely Piloted Aircraft System �± 
RPAS). These techniques were used to obtain data on terrain morphology and to provide highly 
detailed geometry. 

The investigations began with the survey of Sirok Castle and the cliff faces in its surroundings in 
2016 ���7�|�U�|�N�� �H�W�� �D�O���� ����������. The purpose of the study was to map the geologically dangerous areas, 
which led the strengthening of these areas. The investigation included both geology (field and labo-
ratory) and remote sensing measurements, which were jointly processed in FEM analyses. The point 
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clouds obtained by spatial data acquisition were processed both separately and combined to test 
their applicability and to minimize the obscured surfaces. The spatial models proved to be suitable 
for providing information (e.g. through spatial sections) on steep, hardly accessible, extremely com-
plex areas. 

�/�D�W�H�U���L�Q���������������P�H�D�V�X�U�H�P�H�Q�W�V���K�D�Y�H���E�H�H�Q���F�D�U�U�L�H�G���R�X�W���L�Q���W�K�H���6�i�U�E�R�J�i�U�G���P�L�Q�H�����Z�K�L�F�K���D�L�P�H�G���W�R���Ge-
termine the dominant slips and layers and assess the potential of utilizing the intensity values ob-
tained from laser scanning ���7�|�U�|�N�� �H�W�� �D�O���� �������������� �$�O�V�R�� �L�Q�� �D�Q���R�S�H�Q�� �S�L�W���P�L�Q�H���L�Q�� �%�•�N�N�|�V�G�� �L�Q�� ���������� �W�K�H��
planning of the extraction of the coming years were supported by TLS and RPAS measurements 
���7�|�U�|�N���H�W���D�O��������������. 

9  Conclusions and outlook 

This paper introduced the most important achievements in the field of positioning and the applica-
tion of geodesy in engineering in the past 4 years. Based on the reviewed results, one can see that 
the area of positioning is still in the forefront of actual research activities. The emerging techniques 
such as the introduction of autonomous driving inevitable relies on localization techniques and posi-
tioning services. Thus more and more accurate and reliable models are needed to take into consid-
eration the systematic effects contaminating the position solution. Moreover, an optimal localization 
technique needs to be available under all circumstances. Not only under the clear sky, but also in 
urban canyons, underground, etc. Therefore the development of localization techniques of autono-
mous vehicles must rely on various, complementing positioning sensors and apply a proper sensor 
fusion algorithm to achieve the best results.  

In the next years the introduced research topics will have a growing importance. Autonomous 
driving needs not only accurate, but also reliable positioning solution. Although the integrity as-
sessment techniques exist for aerial navigation, these techniques need to be tailored to ground based 
applications. That is certainly one of the key challenges of the next four years. 

Moreover, the understanding of Earth processes will remain in the forefront of geodetic re-
search. The monitoring of the changing climate, the prediction of more and more frequent severe 
weather event require the combined assessment of all available observations of atmospheric pa-
rameters. A relatively new research field in this area is the study of the properties of the reflected 
GNSS signals to estimate further geophysical and hydrological parameters such as soil moisture, 
snow coverage, water levels, etc. 

The availability of free InSAR imagery will further improve the understanding of surface proc-
esses, such as the recent crustal deformations, too. 

Thus we are absolutely convinced that the successful period of 2015-2019 in the research of po-
sitioning in Hungary will provide a good basis for an even more prosperous future. 
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FIELDS 

Em�����0�i�U�W�Rn�
 

1  New statistical method for joint evaluation of magnetic anisotropy and mesotectonic data 

A method was developed for the integrated interpretation of the orientation of the magnetic fabric 
���$�0�6���� �D�Q�G���V�W�U�H�V�V���D�[�H�V���L�Q���Z�H�D�N�O�\�� �G�H�I�R�U�P�H�G���� �³�V�R�I�W�´�� �V�H�G�L�P�H�Q�W�V�� In general, the most probable AMS 
and stress tensors that explain the observed data should be retrieved from the measured data, includ-
ing the confidence region of the solution. In mathematical terms, the inherently non-linear problem 
is solved via multiple linear equations over the equidistantly discretized space of candidate solu-
tions. In this way the confidence intervals of the most probable solution can be accurately com-
puted. This idea extends the classical methods of AMS (anisotropy of the magnetic susceptibility) 
data evaluation to cases, where the AMS data sets define nearly rotational ellipsoids. The method 
was further developed to establish a new, stochastic stress-inversion method for fault-slip analysis, 
which is free from ad-hoc optimality conditions. Similarly to the classical stress-inversion proce-
dures, this new method is also based on the so-called Wallace-Bott hypothesis (Wallace 1951, Bott 
1959), but unlike the solutions in the literature, it provides statistical information for the data set, not 
just the principal directions of the best fit stress tensor. The two methods permitted to introduce a 
new statistical framework for integrated evaluation of AMS data sets with fault-slip data. The inte-
grated evaluation is particularly useful, when the available AMS and/or fault-stria data are scarce. It 
helps to study the transition of ductile-to-brittle behaviour of progressively cemented sediments or 
solidifying rocks, as this was demonstrated on real data sets collected from the Pannonian Basin. 
The evaluated data clearly document, that the integrated evaluation tightens the range of possible 
extensional direction and it can be used to decide if the AMS fabric is of deformational origin. The 
method was presented at the international conference IUGG 2015 in Prague in the IAGA A10 sec-
tion on 25th June, 2015 (Sipos et al. 2015) and subsequently published in Tectonophysics (Sipos et 
al. 2018). It is important to emphasize that in the course of the above elaborations the principal axes 
of the AMS data were treated as strictly precise. In order to satisfy this condition, AMS data must 
be filtered and data handicapped by statistical errors exceeding a certain limit should be rejected.  

The algorithm was coded in Matlab environment by A. Sipos. 

2  Paleomagnetic constraints on the mid-Jurassic �± Eocene displacements of Adria  

The Adria microplate has been in the focus of Mediterranean paleomagnetic research since the early 
���������¶�V���D�Q�G���Z�L�W�K���W�K�H���P�H�W�K�R�G���H�Y�R�O�Y�L�Q�J�����W�K�H���V�W�D�Q�G�D�U�G���I�R�U���T�X�D�O�L�W�\���G�D�W�D���K�D�V���E�H�H�Q���H�O�H�Y�D�W�H�G�����7�K�X�V�����L�Q���R�U�G�H�U��
to construct a reliable APW (apparent polar wander) for stable Adria earlier published data were 
critically evaluated and the APW was extended with new Jurassic resu�O�W�V�����7�K�H���Q�H�Z���$�3�:�����0�i�U�W�R�Q���H�W��
al. 2017) is based on data which are coming from strictly autochthonous areas and represent geo-
graphically distributed localities of similar ages. The important aspects of the new APW are the 
tight age constraints of the large Late Jurassic CW rotation followed by equally large CCW rotation 
during the Early Cretaceous, the confirmation of a Late Cretaceous CW and the post-Eocene CCW 
rotation of Adria, with respect to Africa (Figure 1). The time of the latter is not con-strained di-
rectly, but the CCW rotations measured in several areas of the circum-Adriatic region and the tec-
tonic inversion in the Pannonian basin s.l. point to its being very young, around 5-6 Ma. 
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Figure 1. Comparison of paleomagnetic declinations (a) and paleolatitudes (b) from the APW of Northern segment of Stable 
Adria with declinations and paleolatitudes expected in an African framework from synthetic APWs by Besse and Courtillot 
(2002, �������������D�Q�G���7�R�U�V�Y�L�N���H�W���D�O���������������������$�O�O���G�D�W�D���D�U�H���U�H�F�D�O�F�X�O�D�W�H�G���I�R�U���D���U�H�I�H�U�H�Q�F�H���O�R�F�D�W�L�R�Q�����������ƒ�1�������������ƒ�(�����6�W�U�D�W�L�J�U�D�S�K�L�F���J�D�S�V��

longer than 5Ma are indicated by shaded and numbered intervals  

3  Intramontane basins in the External Dinarides  

We carried out paleomagnetic and AMS measurements on oriented samples of Miocene age col-
lected in Pag island and the Drnis-Sinj twin basin on the mainland. Following extension in the Ex-
ternal Dinarides, the basins were filled with dominantly calcareous mud. Paleomagnetic results 
obtained by de Leeuw et al. (2012) from one section from each of the mentioned basins were inter-
preted as evidences for the absence of tectonic rotation after the deposition of the mud. We revisited 
the long Crnika section in Pag island, and documented, partly based on AMS results, partly on field 
observation of active slumping (the section was revisited after the AMS measurements revealing 
discrepancy between different segments of the section) that the palaeomagnetic results from this 
section are unsuitable for tectonic interpretation. In the Drnis-Sinj twin basin, we collected samples 
from several outcrops of Miocene sediments, including gently tilted as well as strongly deformed 
strata (including a plungig syncline). Our results, based on remanences acquired before the Pliocene 
deformation, suggest 13-�����ƒ���&�&�:���U�R�W�D�W�L�R�Q�����,�W���L�V���D�Q���R�S�H�Q���T�X�H�V�W�L�R�Q���D�W���W�K�H���P�R�P�H�Q�W���L�I���W�K�L�V���U�R�W�D�W�L�R�Q���L�V��
connected to major neotectonic zones or represent a displacement involving a larger portion of the 
High Karst zone ���0�i�U�W�R�Q���H�W���D�O�� 2016a). 

4  Miocene basin evolution of the Western Carpathian�±North Pannonian domain based on 
chronostratigraphic, stress field and paleomagnetic data  

In recent years, important progress was made in the above research fields. Paleomagnetic results 
�D�Y�D�L�O�D�E�O�H���W�L�O�O������������ �Z�H�U�H���F�U�L�W�L�F�D�O�O�\�� �U�H�Y�L�H�Z�H�G���D�Q�G���F�R�P�S�L�O�H�G���E�\�� �0�i�U�W�R�Q���H�W���D�O���� �����������E������ �D�Q�G���Q�H�Z�� �R�Q�H�V��
were published for the Dukla nappe of the Outer Western Carpathians (Kiss et al. 2016) and for the 
Miocene Orava-Nowy Targ Intramontane basin of the Western Carpathians (Tokarski et al. 2016). 
In the last paper, a novel method was presented, namely the integrated interpretation of paleomag-
netic declinations and the two peaks evident in the orientations of the fractures in the clasts. 
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Due to the enlarged data sets and reliable constraints on some events, it was possible to construct 
new palinspastic-paleogeographic and paleotopographic maps and relate the formations of basin 
depocentres to the CCW rotations of the ALCAPA Mega-Unit segments ���.�R�Y�i�þ���H�W���D�O�� 2017, 2018). 
From palaeomagnetic point of view, the highlights are as follows. The openings of the basins started 
during the Early Miocene and lasted till the late Miocene in a roughly constantly oriented stress 
field and the present map view of the basins is due to significant amount of CCW rotations of dif-
ferent segments at different times, documented by paleomagnetic data. The most important features 
of the process are:  

������ �$�E�R�X�W�� �����ƒ�� �&�&�:�� �³�G�R�P�L�Q�R-�V�W�\�O�H�´�� �U�R�W�D�W�L�R�Q�� �D�I�I�H�F�W�L�Q�J�� �W�K�H�� �L�Q�W�U�D�P�R�Q�Wane basins of the Eastern 
Alps  

�������7�K�H���D�E�R�X�W�������ƒ���´�H�Q���E�O�R�F�´���&�&�:���U�R�W�D�W�L�R�Q���R�I���W�K�H���F�U�X�V�W�D�O���Z�H�G�J�H���E�X�L�O�W���X�S���I�U�R�P���1�R�U�W�K�H�U�Q���3�D�Q�Qo-
nian domain, from the Central Western Carpathians, from the Pieniny Klippen Belt and 
from the Outer Western Carpathians  

3. During the Middle Miocene final stage of the collision of the Western Carpathians with the 
�(�X�U�R�S�H�D�Q�� �3�O�D�W�I�R�U�P�� �³�G�R�P�L�Q�R-�V�W�\�O�H�´�� �&�&�:�� �U�R�W�D�W�L�R�Q�V�� �R�I�� �D�E�R�X�W�� �����ƒ���� �V�W�D�U�W�L�Q�J�� �L�Q�� �W�K�H�� �1�R�U�W�K�H�U�Q��
Danube basin in the middle Miocene and ending in the Eastern Slovak Basin close to the 
Middle and Late Miocene boundary. 
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1  Schumann resonances 

Energetic emissions from the Sun can produce a varied influence on the modal frequencies, ampli-
�W�X�G�H�V���D�Q�G���G�L�V�V�L�S�D�W�L�R�Q���S�D�U�D�P�H�W�H�U�V���R�I���W�K�H���(�D�U�W�K�¶�V���6�F�K�X�P�D�Q�Q���U�H�V�R�Q�D�Q�F�H�V�����6�5�������³Distinct differences are 
noted in the ionospheric depths of penetration for X-radiation and solar protons with corresponding-
ly distinct signs of the frequency response�´�� ���6�i�W�R�U�L�� �H�W�� �Dl. 2016). Enhanced fluxes of X-rays with 
wavelengths in the 0.1�±0.8 nm range affect the upper characteristic height globally and manifest 
themselves by the increase of SR modal frequencies coherently in all SR modes and in both the 
electric and magnetic field components (Figure 1) while the energetic solar protons primarily influ-
ence the lower characteristic height of the SR cavity and cause the decrease of frequencies. 

 
Figure 1. SR frequency response to the variation of the hard X-ray flux during the Halloween event in October/November, 
2003 at Nagycenk (top panels: 1st and 2nd SR modes in the vertical electric field) and in the Antarctic station, Vernadsky 

(bottom panels: 1st mode in the two horizontal magnetic field components). 
 The figure is based on Figs 6 and 10 in �6�i�W�R�U�L���H�W���D�O. (2016) 

The SR frequency response with opposite sign for the two kinds of energetic solar emission was 
demonstrated at multiple receiving stations for two extraordinary solar events from Solar Cycle 23: 
the Bastille Day event (July 14, 2000) and the Halloween event (October/November 2003). The 
preferential impact of the protons in the magnetically unshielded polar regions leads to a marked 
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anisotropic frequency response in the two magnetic field components. The general immunity of SR 
amplitudes to these extreme external perturbations serves to remind us that the amplitude parameter 
is largely controlled by lightning activity within the Earth�±ionosphere cavity (�6�i�W�R�U�L���H�W���D�O����2016). 

The �L�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I�� �³�E�D�F�N�J�U�R�X�Q�G�´�� �6�5���P�H�D�V�X�U�H�P�H�Q�W�V���G�X�U�L�Q�J���W�K�H���6�W���3�D�W�U�L�F�N���*�H�R�P�D�J�Q�H�W�L�F���V�W�R�U�P��
of 2015 indicated that sometimes not lightning-related ELF waves of magnetospheric origin can 
also contribute to the measured SR intensities. In the recovery phase of the storm, latitude-
dependent, broadband intensifications of SR have been observed at ground observatories mainly in 
the NS propagation direction. At high latitudes, more than 250% of relative increment has been 
observed compared to geomagnetically undisturbed days. The intensifications, which lasted for 
several hours (sometimes even more than 10 hours) and were the most intense at resonance frequen-
cies, appear simultaneously at latitudinally and longitudinally separated stations, which suggests a 
global change in SR. The observation could be explained with ELF waves entering the cavity at 
high latitude, while their interpretation through the amplification of lightning intensity or via the 
change of Earth-ionosphere cavity geometry can be excluded. The relative pattern of intensification 
in the horizontal magnetic components of the atmospheric electromagnetic field should constrain 
the direction of the entering region. This phenomenon might be the underlying reason for the ob-
served 11 year periodicity of SR intensity at high latitude stations. The initial results about the pos-
sible origin of this external energy intrusion were reported at EGU 2018 (�%�R�]�y�N�L���H�W���D�O��������������). 

2  Schumann resonance transients 

The error of the ELF data-based source direction estimate of distant lightning strokes has been eval-
uated statistically (�%�y�U���H�W���D�O���� ��������). It was shown that the error of the source direction estimate is 
independent of the distance between the source and the detection site at least up to 11 Mm, i.e., the 
range covered by the available data. 

 
Figure 2. Conductance map near NCK station. The location of NCK station is marked by a small plus sign. Shaded area on 
the map shows the appearances of lower east-alpine Palaeozoic crystalline rocks at the surface near the town of Sopron. The 
white area without co�Q�G�X�F�W�D�Q�F�H���G�D�W�D���W�R���Q�R�U�W�K���I�U�R�P���1�&�.���L�V���S�D�U�W���R�I���/�D�N�H���)�H�U�W�����Z�K�L�F�K���L�V���F�R�Y�H�U�H�G���E�\���U�H�H�G�����'�H�Y�L�D�W�L�R�Q�V���R�I���(�/�)��

data-�E�D�V�H�G���V�R�X�U�F�H���G�L�U�H�F�W�L�R�Q�V���L�Q���W�H�U�P�V���R�I���W�K�H���W�U�X�H���V�R�X�U�F�H���D�]�L�P�X�W�K���D�U�H���U�H�S�U�H�V�H�Q�W�H�G���E�\���D�U�U�R�Z�V�����$�U�U�R�Z�V���D�U�H���G�U�D�Z�Q���E�\�������ƒ���V�W�D�U�W�L�Q�J��
�D�W�����ƒ�����$�U�U�R�Z�V���S�R�L�Q�W�L�Q�J���L�Q�Z�D�U�G���D�Qd outward of the circle around NCK station correspond to negative and positive azimuth 

deviations, respectively. The length of the arrows is proportional to the absolute value of the average deviation. For example, 
t�K�H���O�H�Q�J�W�K���R�I���W�K�H���D�U�U�R�Z���D�W�������ƒ���D�]�L�P�X�W�K���F�R�U�U�H�V�S�R�Q�G�V���W�R���������������ƒ���D�]�L�P�X�W�K���G�H�Y�L�D�W�L�R�Q���� 

(Re-�S�U�L�Q�W�H�G���I�U�R�P���%�y�U���H�W���D�O���������������������)�L�J�X�U�H�������� 
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�7�K�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W���W�K�D�W���O�R�F�D�O���D�Q�L�V�R�W�U�R�S�L�F���F�R�Q�G�X�F�W�L�Y�L�W�\�� �R�I�� �W�K�H���(�D�U�W�K�¶�V���F�U�X�V�W���D�W���W�K�H���6�]�p�F�K�H�Q�\�L�� �,s�W�Y�i�Q��
Geophysical Observatory (NCK) can affect the polarization properties of ELF waves significantly 
(Figure 2). The effect depends on the azimuth of signal arrival and by correcting for it, the accuracy 
of ELF data-based source azimuth estimates can be improved significantly: the standard deviation 
of azimuth errors is lowered to 7.25�ƒ from 13.27�ƒ���L�Q���W�K�H���H�[�D�P�L�Q�H�G���V�H�W���R�I���F�D�V�H�V. This finding points 
at the rarely considered possibility of utilizing SR transients in surveying the electrical properties of 
�W�K�H���(�D�U�W�K�¶�V���F�U�X�V�W�� 

Transient signals bias the spectral properties of time series. Therefore, identification and proper 
handling of Schumann resonance (SR) transients (Q-bursts) in extremely low frequency (ELF) elec-
tromagnetic records is very much important from the point of view of the analysis of background 
SR properties. Q-bursts occurring in ELF records from Nagycenk (Hungary), Belsk (Poland), and 
Rhode Island (USA) were used to examine their effect on spectral properties of SR deduced from 
the corresponding continuous ELF time series. It was found that the integrated power spectral densi-
ty (iPSD) obtained from an ELF data segment can be used to select those data segments which con-
tain Q-bursts (Guha et al. 2017). An adaptive threshold can be given in the distribution of iPSD 
values (16 times the core width of the distribution). Data segments with iPSD higher than this 
threshold contain transients which significantly bias SR modal parameters, most significantly the 
resonant frequencies. Those data segments must be excluded from the analysis of the background 
spectral properties of SR. Applying this method to ELF data from several stations provides another 
possibility to geo-locate the sources of Q-bursts with time-of-arrival methods. This result is an im-
portant step forward for achieving standardized processing and evaluation of ELF data measured 
worldwide at several locations but by fairly different instrumentation. 

3  Transient luminous events 

A rare type of secondary transient luminous event (TLE), a so called troll (secondary jet) has been 
observed simultaneously by two low light cameras from Nydek (Czech Republic) and Sopron 
(Hungary) on 6 August, 2013. This faint emission terminated a series of red sprites (Figure 3) which 
was triggered by a corresponding sequence of positive polarity cloud-to-ground (+CG) lightning 
strokes (Mlynarczyk et al. 2015).  

 
Figure 3. Brightness peak-hold image of the dancing sprite event produced from video footage recorded in Sopron. The 

event occurred between 22:34:06.959 �± 07.399 UTC on 6 August, 2016 in Central Europe. The faint troll emission is marked 
by a dotted ellipse 
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�(�Y�H�Q�W�V�� �L�Q�� �Z�K�L�F�K�� �V�H�Y�H�U�D�O���U�H�G�� �V�S�U�L�W�H�V�� �D�S�S�H�D�U���L�Q���D���U�D�S�L�G�� �V�H�T�X�H�Q�F�H�� �D�U�H�� �F�D�O�O�H�G�� �³�G�D�Q�F�L�Q�J�´�� �V�S�U�L�W�H�� �H�Y�H�Q�W�V����
Location of the sprites and the troll could be determined by triangulation using video records from 
the two observation stations. Location, type, polarity and peak current of the parent lightning stroke 
of the sprites was provided by the LINET lightning detection network (Betz et al. 2008). A new 
method was used to reconstruct the current moment (CM) waveform and to deduce the charge mo-
ment change associated with the event. These characteristics were calculated from extremely low 
frequency electromagnetic signature recorded at the Hylaty station (Poland). The results showed 
that sprites were displaced up to 70 km from their parent lightning and that both short-delayed and 
long-delayed sprites can be generated by a single parent lightning stroke. The CM waveform re-
vealed that the parent lightning stroke of this type in the examined case was followed by a strong 
but varying continuing current lasted for 200 ms. It is hypothesized that sprite current could also 
contribute to the detected enhancement on the CM waveform. It is discussed that the observed se-
quence of events supports the mechanism that had been suggested for the generation of secondary 
TLEs (Mlynarczyk et al. 2015). 

�$�Q�D�O�\�V�L�V���R�I�� �R�S�W�L�F�D�O���U�H�F�R�U�G�V���R�I���Ä�G�D�Q�F�L�Q�J�´���U�H�G���V�S�U�L�W�H���H�Y�H�Q�W�V���V�K�R�Z�H�G���W�K�D�W���V�X�E�V�H�T�X�H�Q�W���V�S�U�L�W�H-parent 
lightning strokes occurred no further than 21 km from the closest preceding sprite entity in the con-
sidered cases (�%�y�U�� �H�W�� �D�O�� 2018). Joint analysis of simultaneously recorded video footages from 
Nydek, Czech Republic and from Sopron, Hungary, extremely low frequency (ELF) electromagnet-
ic records from Poland, and lightning data from a European-scale lightning detection network was 
done. A working hypothesis has been set up which does not only provide an explanation for the 
experience described above, but it describes the formation of sprite producing lightning flashes in 
the stratiform region of mesoscale convective systems in a plausible and coherent way. The results 
shed light on the lightning activity from a new point of view. The analysis suggests that giant con-
tiguous lightning flashes extending to hundreds of kms can develop in the stratiform cloud region of 
thunderstorms and can transport several hundred Coulombs of electric charge to the ground in dis-
crete steps. 

A linear relationship was found between the brightness of red sprites and the charge moment 
change (CMC) of their triggering lightning strokes (Nnadih et al. 2018). This relationship was de-
duced via joint analysis of the very first optical observations of red sprites in South Africa and ex-
tremely low frequency (ELF) electromagnetic signals produced by the triggering lightning strokes. 
The CMC of the lightni�Q�J���V�W�U�R�N�H�V�� �Z�D�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P���(�/�)�� �G�D�W�D���U�H�F�R�U�G�H�G���D�W���W�K�H���6�]�p�F�K�H�Q�\�L�� �,�V�W�Y�i�Q��
Geophysical Observatory. 

Comparison of extremely low frequency (ELF) signals from not sprite-producing and sprite-
producing lightning strokes demonstrated that sprite-triggering lightning strokes are more energetic 
(Spackova et al. 2018). Waveforms of ELF signals from sprite-producing lightning strokes indicate 
the presence of continuing current in the discharge process more often. The presence of continuing 
current, in accordance with earlier findings, indicates that large amount of charge flows through the 
discharge channel of sprite-parent lightning strokes. 

4  Measurements of the quasi-static atmospheric electric field 

The potential of the lower ionosphere with respect to the surface of the Earth is supposed to be mir-
rored by the atmospheric electrical potential gradient (PG) measured near the ground. On the other 
hand, near-surface electric field measurements are significantly affected by local conditions that 
change the conductivity of the air or otherwise bias the natural vertical electric field. Such condi-
tions and effects must be quantified and corrected for in order for the measurements to be properly 
interpreted. A decreasing trend was found in PG values measured quasi-continuously since 1962 in 
�W�K�H�� �6�]�p�F�K�H�Q�\�L�� �,�V�W�Y�i�Q�� �*�H�R�S�K�\�V�L�F�D�O�� �2�E�V�H�U�Y�D�W�R�U�\�� ���1�&�.���� �����ƒ�����
�� �1���� �����ƒ�����
�� �(���� ���0�l�U�F�]�� �D�Q�G�� �+�D�U�U�L�V�R�Q 
2003, 2005). The origin of this trend has been subject of yet unsolved scientific debates. In particu-
lar, the gradually increasing electrical shielding effect of trees growing not far from the location of 
measurements was suspected to cause the decrease in PG values over the decades of the measure-
ments (Williams et al. 2005). However, the reliability of the model applied to justify the hypothesis 
has been criticized (�0�l�U�F�]���D�Q�G���+�D�U�U�L�V�R�Q 2006). An attempt was made to accurately reconstruct the 
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shielding effect of surrounding trees on the measurement by setting up a carefully parameterised 
model that incorporates the heights, ages, type, and configuration of the trees and their exact dis-
tances to the measuring devices. The model was validated by the excellent matching of calculated 
and measured shielding factors for 2016-2017 with known actual tree heights ���%�X�]�i�V���H�W���D�O��������������. A 
time-dependent correction factor has been produced (Figure 4) which will be used to correct the 
long term PG measurements so that correct analysis and interpretation of the PG measurements at 
NCK can be made (�%�X�]�i�V���H�W���D�O�� 2018). 

 
Figure 4. Time-dependent correction factor corresponding to the increasing shielding effect of trees surrounding the PG 

�P�H�D�V�X�U�L�Q�J���V�L�W�H���L�Q���W�K�H���6�]�p�F�K�H�Q�\�L���,�V�W�Y�i�Q���*�H�R�S�K�\�V�L�F�D�O���2�E�V�H�U�Y�D�W�R�U�\ 

Researchers from the MTA CSFK GGI contributed to an international database of atmospheric 
electric potential gradient (PG) measurements by providing PG and meteorological data recorded in 
�W�K�H���6�]�p�F�K�H�Q�\�L���,�V�W�Y�i�Q���*�H�R�S�K�\�V�L�F�D�O���2�E�V�H�U�Y�D�W�R�U�\���V�L�Q�F�H���������������7�K�H���G�D�W�D�E�D�V�H���K�D�V���E�H�H�Q���H�V�W�D�E�O�L�V�K�H�G���L�Q���W�K�H��
�I�U�D�P�H�Z�R�U�N�� �R�I�� �W�K�H�� �S�U�R�M�H�F�W�� �¶�*�/�2�E�D�O�� �&�R�R�U�G�L�Q�D�W�L�R�Q�� �R�I�� �$�W�P�R�V�S�K�H�U�L�F�� �(�O�H�F�W�U�L�F�L�W�\�� �0�H�D�V�X�U�H�P�H�Q�W�V�¶�� ���*�Oo-
CAEM, https://glocaem.wordpress.com) run by University of Reading (UK). The aim of this project 
is to facilitate research on the DC Global Electric Circuit by collecting and sharing PG data in a 
standardized format. The database opens new horizons in studying the interactions between the 
atmospheric global electric circuit and various geophysical processes of the near-Earth space by 
joint analysis of PG data measured simultaneously at numerous recording sites around the globe. 

5  Ionospheric research 

The relation of electrical activity of thunderstorms and red sprites to the dynamics of overlying 
sporadic E (ES) layers have been studied (Barta et al. 2017). The results suggest that thunderstorms 
may affect ES layers primarily through subsequently produced atmospheric gravity waves (AGW) 
(Figure 5). AGWs may destroy or sometimes reinforce ES layers. On the other hand, no direct 
physical mechanisms were unambiguously identified which could connect ES layer variations to the 
simultaneously appearing red sprites. 

�$���G�L�J�L�W�D�O���L�R�Q�R�V�S�K�H�U�L�F���U�D�G�D�U���V�\�V�W�H�P�����'�3�6���'���G�L�J�L�V�R�Q�G�H�����K�D�V���E�H�H�Q���L�Q�V�W�D�O�O�H�G���D�W���W�K�H���0�7�$���6�]�p�F�K�H�Q�\�L��
�,�V�W�Y�i�Q���*�H�R�S�K�\�V�L�F�D�O���2�E�V�H�U�Y�D�W�R�U�\�����1�D�J�\�F�H�Q�N���L�Q���W�K�H���I�U�D�P�H�Z�R�U�N���R�I���*�,�1�2�3-2.3.2-15-2016-00003 pro-
�M�H�F�W�� �³�&�R�V�P�L�F�� �K�D�]�D�U�G�V�� �D�Q�G�� �H�I�I�H�F�W�V�´�� ���W�U�D�Q�V�O�D�W�H�G�� �I�U�R�P�� �W�K�H�� �+�X�Q�J�D�U�L�D�Q�� �W�L�W�O�H�� �³�.�R�]�P�L�N�X�V�� �K�D�W�i�V�R�N�� �p�V��
�N�R�F�N�i�]�D�W�R�N�´���� �D�Q�G�� �L�W�� �L�V�� �R�S�H�U�D�W�L�Q�J�� �V�L�Q�F�H�� �-�X�Q�H���� ���������� ���)�L�J�X�U�H��6). Ionospheric sounding is a ground-
based measurement which provides important information on the state and evolution of the iono-
spheric plasma. More than 50 Digisonde DPS-4D ionospheric sounders 
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(http://www.digisonde.com/) worldwide produce real-time data in the international network GIRO 
(Global Ionospheric Radio Observatory, http://giro.uml.edu/) in order to monitor the ionosphere on 
regional and global scales. 

The same type of digisonde that has been installed at Nagycenk operates in Pruhonice, Czech 
Republic since 2004. In collaboration with the Institute of Atmospheric Physics, joint analysis of 
short-term variability of the mid-latitude ionosphere has become possible. Ongoing studies are fo-
cusing especially on the occurrences and propagation of the Travelling Ionospheric Disturbances 
(TIDs) as well as occurrences and classification of various wave structures within the ionospheric 
plasma. The relatively short distance between Pruhonice, Czech Republic and Nagycenk allow us to 
perform special joint campaigns of vertical and/or oblique sounding using high sampling rate. 

 
Figure 5. The reduction and disappearance of the ongoing ES layer activity detected at Pruhonice during part of the time of a 
traversing thunderstorm. �7�H�P�S�R�U�D�O���Y�D�U�L�D�W�L�R�Q�V���R�I�����D�����K�¶�(S; (b) foES; (c) peak current and polarity of CG strokes within 200 km 
from Pruhonice with the sprite-parent discharges shown in red; (d) the CDSS Doppler spectrogram. Doppler shifted signals 
in the time interval 21:30-23:00 LT, inside the red rectangular form S-like traces (as it is magnified in the inset), which are 
attributed to a wavelike modulation caused by atmospheric gravity waves. (Re-printed from Barta et al. (2017), Figure 3.) 

Installation of the digisonde enabled the participation of MTA CSFK GGI in joint synchronized 
measurements in the framework of the Tech-TIDE H2020 project (http://techtide.space.noa.gr/) 
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which aims at detecting TIDs over the European region. Participation in the corresponding cam-
paign measurements opens the possibility to make a detailed analysis of wave-like anomalies occur-
ring in the ionosphere above Hungary and Czech Republic. 
 

 
Figure 6. �7�K�H���W�U�D�Q�V�P�L�W�W�H�U���D�Q�W�H�Q�Q�D���R�I���W�K�H���'�3�6���'���G�L�J�L�V�R�Q�G�H���D�W���W�K�H���0�7�$���6�]�p�F�K�H�Q�\�L���,�V�W�Y�i�Q���*�H�R�S�K�\�V�L�F�D�O���2�E�V�H�U�Y�D�W�R�U�\��(left) and 

one of the first ionograms detected by the system (right). 
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DIVISION III : MAGNETOSPHERIC PHENO MENA  

�-�i�Q�R�V���/�L�F�K�W�H�Q�E�H�U�J�H�U* ,** �����%�D�O�i�]�V���+�H�L�O�L�J*** �����'�i�Y�L�G���.�R�U�R�Q�F�]�D�\*, Melinda Nagy*, 
Orsolya Ferencz*, Csaba Ferencz* �����3�p�W�H�U���6�W�H�L�Q�E�D�F�K**** �����3�p�W�H�U���.�R�Y�i�F�V*** , Antal 
Juh�i�V�]***** , �=�R�O�W�i�Q���1�p�P�H�W�K***** , Andrea Opitz***** �����.�i�U�R�O�\���6�]�H�J��**** , Mariella 

�7�i�W�U�D�O�O�\�D�\***** �����$�Q�L�N�y���7�L�P�i�U*****  

1  Monitoring the Geospace by VLF waves 

Artificial very low frequency (VLF, 3 to 30 kHz) signals have long been a useful tool in 
plasmaspheric research. They have been shown by ground-based measurements to be able to 
propagate in ducts in the magnetosphere. Continuous burst mode very low frequency (VLF) 
measurements were recorded on the Van Allen Probes satellites and are analyzed to detect pulses 
from the Russian Alpha (RSDN-20) ground-based navigational system between January and March 
2016 (Koronczay et al. 2018). Based on the wave characteristics of these pulses and on the position 
of the spacecraft, the signals propagated mostly in ducted mode in the plasmasphere. 

Knowledge of the propagation path allowed us to carry out a monochromatic wave propagation 
inversion to obtain plasmaspheric electron densities. We compared the obtained densities with 
independent in situ measurements on the spacecraft. The results show good agreement, validating 
our inversion process (Figure 1). This contributes to validating the field-aligned density profile 
model routinely used in the inversion of whistlers detected on the ground. Furthermore, our method 
can provide electron densities at regimes where no alternative measurements are available on the 
spacecraft. This raises the possibility of using this method as an additional tool to measure and 
monitor plasmaspheric electron densities. 

Lightning discharges radiate electromagnetic waves in a wide frequency range, with maximum 
energy in extremely low frequency/very low frequency band. A part of the radiated extremely low 
frequency/very low frequency wave energy is trapped in the Earth�±ionosphere waveguide and 
travels thousands of kilometers in different modes with lower attenuation. Amplitude, frequency 
and phase of these waves are used to study the less explored D-region ionosphere at lower latitudes. 
Extremely low frequency/very low frequency observations are recorded continuously by automatic 
whistler detector setup installed at low-latitude Indian station Lucknow (Geom. lat. 17.6N; long. 
154.5E). In total, 149 cases of tweeks having modes ranging from 3 to 6 have been recorded by 
automatic whistler detector during December 2010 and analyzed (Singh et al. 2015). Result shows 
that the propagation distance in the Earth�±ionosphere waveguide lies between 1.1 and 9.4 Mm. The 
electron density in the lower D-region varies between 25 and 150 cm-3. The upper boundary of the 
waveguide varies between 80 and 95 km. The reported results are in good agreement with the earlier 
measurements at different latitudes and longitudes. 

The analysis of more than 2000 lightning-generated whistlers recorded at a low-latitude station, 
loc�D�W�H�G�� �D�W�� �$�O�O�D�K�D�E�D�G�� ���J�H�R�J�U�D�S�K�L�F�� �O�D�W�L�W�X�G�H���� �����������ƒ�1���� �J�H�R�J�U�D�S�K�L�F�� �O�R�Q�J�L�W�X�G�H���� �����������ƒ�(���� �/�� � �� ����������������
India, during December 2010 to November 2011. The main focus of this work is on the correlation 
between observed low-latitude whistlers and lightning activity detected by the World-Wide 
�/�L�J�K�W�Q�L�Q�J�� �/�R�F�D�W�L�R�Q�� �1�H�W�Z�R�U�N�� �Q�H�D�U�� �W�K�H�� �F�R�Q�M�X�J�D�W�H�� �S�R�L�Q�W�� ���J�H�R�J�U�D�S�K�\�� ���������ƒ�6���� �����������ƒ�(���� �R�I�� �$�O�O�D�K�D�E�D�G����
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Whistler occurrence is higher in the postmidnight period as compared to the premidnight period. 
Whistlers were observed in the daytime only on 2 days that too before 8:30 LT (morning). 
Seasonally, occurrence is maximum during winter months, which is due to more lightning activity 
in the conjugate region and favorable ionospheric conditions. 

About 63% of whistlers were correlated with lightning strokes in the vicinity of the conjugate 
point within spatial extent of 1000 km (conjugate area). Most (about 53%) whistlers were found to 
be associated with lightning strokes that were offset to the southeast of the conjugate point. The 
results indicate that an energy range of 7.5�±17.5 kJ of lightning strokes generate most of whistlers at 
this station. The L shell calculations show that propagation paths of the observed whistlers were 
embedded in the topside ionosphere. Based on these results we suggest a possibility of ducted mode 
of propagation even for such very low latitude whistlers. 
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Figure 1.  (top) Comparison of local electron densities obtained with our VLF signal inversion method (green dots using 
Ozhogin et al., 2012 model with default parameters; red dots = with fitted parameters; error bars shown stem from 
uncertainty of pulse arrival time determination) to densities from upper hybrid frequencies as a reference  
(blue triangles = NURD; blue circles = HFR analysis; blue-shaded area = uncertainty). Shaded gray areas are the periods 
when EMFISIS WFR continuous burst mode measurements were turned on. (inset) Map of satellite footprints (red circles), 
source transmitter (star shape), and ionosonde stations (squares). (middle) Angle of Poynting vector of each signal with 
respect to the field lines. (bottom) Comparison of inversion results and reference measurement, both converted to equatorial 
electron densities, against L value. Only the parameter fitted results are shown. VLF = very low frequency; HFR = High 
Frequency Receiver; EMFISIS = Electric and Magnetic Field Instrument and Integrated Science; WFR = Waveform 
Receiver. Some Poynting vectors (middle panel, purple bars) show parallel propagation in the opposite direction, that is, 
toward the transmitter. This is a result of signal reflection from the Southern Hemisphere ionosphere, similar to two-hop 
whistlers. Inversion results of these signals, assuming such two-hop propagation are shown in purple 
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Figure 2. Intensity map of HF waveband averaged for different 100 kHz frequency ranges recorded between 2006 and 2009. 
In panel (a-b) we plot average intensities for the whole 4 years interval. In panel (a) we show measurements in the 1.3-1.4 
MHz waveband. Red box illustrates the area selected above NWC transmitter, black boxes indicate the background regions 

detailed in the text. Panel (b) shows the same, but the signal is averaged for the 2.3-2.4 MHz frequency range. In panels (c-f) 
we plot measurements separated to northern summer season (April-August) and northern winter (November-February). 

Panels (c-d) shows data recorded between 2.6-2.7 MHz during the summer (c) and winter (d). Panels (e-f) follows the same 
order for the 3.2-3.3 MHz frequency range (Note that the four frequency ranges are plotted with different colorscales due to 

visualizing purposes.) 

Creating statistical maps of MF signatures seen on HF DEMETER data for narrow (100kHz) 
frequency window and for seasonal variations, we found further signatures have not presented 
earlier (Nagy et al 2018). Signal enhancements between 1.8-2.9MHz above the powerful VLF 
transmitters can be attributed to the effect of heating of the ionosphere by the VLF waves that 
results through increased collision frequencies to widened transmission cones (Figure 2). The same 
effect may result the opposite (narrowed transmission cone and thus decreasing signal level) below 
1.8MHz and above 2.9MHz - but this needs to be confirmed to extend the model of for these 
frequencies. 

However, the low level of the seasonal variation on signal enhancement and decrease above the 
VLF transmitter seen in MF DEMETER data may question the origin of the variation that thought 
to be attributed to high frequency part of terrestrial lightnings, because the seasonal variation of 
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lightning occurrence around the VLF transmitters are much higher, it reaches one-one and a half 
order of magnitudes. We have found signatures of increased signal level over certain areas above 
2.7MHz for local winter periods. They may be attributed to MF radio broadcast transmitters and can 
propagate through the ionosphere as during the local winter, the fof2 generally below 2.7MHz. 
However some of the area found are not expected to exhibit radio broadcasting activity (Himalaya, 
Tibet, North sea), while there are areas spatially close the ones found, that do not exhibit such 
signatures (East US cf. West US or Central Europe cf. Western Europe). The absence of signal 
increase/decrease above the three Russian Alpha transmitters is not yet understood. Finally, the 
sources of the MF signatures could be lightnings and MF radio broadcast transmitters, however, 
based on "anomalies" found in the signatures, this cannot be confirmed yet, further analysis of 
existing and future experimental data is needed accompanied with extended model calculations. 

2  ULF wave observations at low-Earth orbit and on the ground 

The observation of ULF waves at low-Earth orbit (LEO) became possible with the launch of the 
�*�H�U�P�D�Q�� �&�+�$�0�3�� �D�Q�G�� �W�K�H�� �'�D�Q�L�V�K�� �‘�U�V�W�H�G�� �P�D�J�Q�H�W�L�F�� �I�L�H�O�G�� �P�L�V�V�L�R�Q�V�� �L�Q�� ������������ �(�V�S�H�F�L�D�O�O�\���� �W�K�H��
observations made by the CHAMP satellite with its magnetic data of unprecedented quality led new 
results. Heilig et al. (2007) demonstrated that ULF waves generated by interaction of the 
magnetosphere and the upstream solar wind can penetrate deep in the magnetosphere and can even 
reach the equatorial and low latitude ionosphere. This somewhat unexpected result led to the 
revision of theoretical considerations on ULF wave propagation in the magnetosphere (Pilipenko et 
al. 2008). Since then, the initial results, the existence of ULF waves in the topside ionosphere have 
been confirmed by series of authors. LEO satellites are also good in providing observations of 
various phenomena with global coverage within a few months. This makes them suitable for the 
statistical investigation of the spatial distribution of the considered phenomena. CHAMP 
contributed significantly to our knowledge on different ULF wave types, such as compressional Pc3 
waves (Heilig at al. 2007), field line resonances (Vellante et al. 2004; Ndiitwani and Sutcliffe 2009, 
2010; Heilig et al. 2013), Pi2 w�D�Y�H�V�� ���6�X�W�F�O�L�I�I�H�� �D�Q�G�� �/�•�K�U�� ������������ ������������ �+�D�Q�� �H�W���D�O 2004), Pc2 waves 
(Yagova et al. 2015), and Pc1 waves (Park et al. 2013), first of all on their spatial structure. 

�:�L�W�K�� �W�K�H�� �D�G�Y�H�Q�W�� �R�I�� �(�6�$�¶�V�� �6�Z�D�U�P�� �P�L�V�V�L�R�Q���� �D�� �F�R�Q�V�W�H�O�O�D�W�L�R�Q�� �R�I�� �W�K�U�H�H�� �L�G�H�Q�W�L�F�D�O�� �V�D�W�H�Olites at LEO 
launched on 22 November 2013, these possibilities were multiplied, not only because of the more 
data and the better spatial coverage, but also by the possibility to make simultaneous multipoint 
measurements. This is essential for discriminating between spatial and temporal variations and also 
for mapping the spatial structure of various wave types yielding information on phase relations and 
coherence that could not have been observed directly before. 

Based on 21 months (Jan 2014-Sep 2015) of Swarm observations, Heilig and Sutcliffe (2016) 
published the very first coherence and phase maps of compressional Pc3 pulsations as it appears in 
the topside ionosphere. Here (Figure 3) we present an updated version of their figure based on an 
extended dataset. They concluded that the Pc3 waves of upstream origin populate practically the 
whole sunlit hemisphere. The wave activity is the largest near the geomagnetic equator peaking 
somewhat before the local noon (Figure 3 top). The dimension of the coherent region exceeds 
������������ �N�P�� ���R�U�� �����ƒ���� �L�Q�� �O�D�W�L�W�X�G�L�Q�D�O�� �D�Q�G�� ������������ �N�P�� �L�Q�� �O�R�Q�J�L�W�X�G�L�Q�D�O�� �V�H�Q�V�H�� ���E�R�W�W�R�P�� �O�H�I�W������ �7�K�H�� �Z�K�R�O�H��
coherent region is close to in-phase (bottom right), but in antiphase with ground observations (not 
shown). 
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Figure 3 (top) Magnetic latitude vs. magnetic local time distribution of the compressional signal power in the Pc3 band  
(middle) coherence related to a reference point on the magnetic equator at local noon (bottom) phase difference from the 

reference point 
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At higher mid-latitudes Doppler shifted compressional waves were observed, providing the first 
observational evidence to support the prediction by the inductive thin ionosphere model that 
�L�Q�F�L�G�H�Q�W�� �$�O�I�Y�p�Q�� �P�R�G�H�� �Z�D�Y�H�V�� �D�U�H�� �S�D�U�W�L�D�O�O�\�� �F�R�Q�Y�H�U�W�H�G�� �L�Q�W�R�� �F�R�P�S�U�H�V�V�L�R�Q�Dl mode waves by the 
inductive ionosphere. The resulting waves are evanescent and can be observed exclusively at LEO. 

Pilipenko and Heilig (2016) reviewed recent LEO observations of ULF waves, as well as the 
recent improvements of the thin ionosphere model that aims at accounting for the observed wave 
characteristics. 

The importance of ground observations of ULF waves has increased since the availability of 
space measurements. Ground magnetometer networks provide continuous time series from fixed 
locations, while the separation of spatial and temporal fluctuations in satellite data is mostly not 
straightforward. Space-ground comparisons are very useful for understanding and supporting the 
proper interpretation of satellite data. In 2012 a new European quasi-Meridional Magnetometer 
Array (EMMA) was established, first of all to monitor ULF wave activity. Since then, EMMA 
observations are coordinated by the Mining and Geological Survey of Hungary (MGSH) 
(Lichtenberger et al. 2013). EMMA now consists of 25 magnetometers spanning from Northern 
Finland to Italy, covering the L-shell range: 1.5-6.1. 

Yagova et al. (2017) investigated night time Pc3 events and found that these pulsations can be 
divided in two groups. The first group is in fact a spatiotemporal extension of the dayside Pc3 
activity to the dark side. These Pc3 waves can be detected on the night side when the solar wind 
speed exceeds 500 km/s. The other type appearing at moderate solar wind speed is believed to be 
generated locally. Their preferred occurrence is near midnight and at middle latitudes. They seem to 
be associated with auroral activations, however, their generation mechanism is unknown. 
�7�D�N�D�K�D�V�K�L�� �H�W�� �D�O���� �������������� �D�Q�D�O�\�V�H�G�� �P�D�J�Q�H�W�R�V�S�K�H�U�L�F�� �R�E�V�H�U�Y�D�W�L�R�Q�V�� �E�\�� �W�K�H�� �1�$�6�$�¶�V�� �7�+�(�0�,�6�� �D�Q�G�� �9�D�Q��
Allen Probes satellites in conjunction with EMMA recordings to investigate a Pi2 pulsation event (8 
Nov 2014). The analysis revealed the radially standing structure of the Pi2 wave, its relation to the 
location of the plasmapause. The spatial structure of the event was consistent with that of 
plasmaspheric virtual resonances triggered by an impulsive source. On the other hand, the low 
coherence between the magnetotail plasma flow fluctuations and the Pi2 signal does not support the 
bursty bulk flow model of Pi2 generation. Dayside Pi2 waves were attributed to ionospheric 
currents connecting the night side resonance region to the day side. 

A high azimuthal wave number (m �ý�í�� �������� �L���H���� �Z�H�V�Z�D�U�G�� �S�U�R�S�D�J�D�W�L�Q�J���� �R�G�G�� �P�R�G�H�� �V�W�D�Q�G�L�Q�J�� �3�F����
wave and associated oscillations of energetic (>50 keV) protons were identified in Arase satellite 
observations by Yamamoto et al. (2018). The event occurred on the night side (LT ~ 03) on 15 
�$�S�U�L�O�������������� �7�K�H���S�K�H�Q�R�P�H�Q�R�Q���L�V���N�Q�R�Z�Q���D�V���W�K�H���G�U�L�I�W���U�H�V�R�Q�D�Q�F�H���R�I�� �S�R�O�R�L�G�D�O���$�O�I�Y�p�Q���Z�D�Y�H�V�� �Z�L�W�K���G�U�L�I�W-
bouncing ring current ions. Unlike earlier studies that linked the growth of these giant pulsations to 
the bump-on-tail structure on proton phase space density distribution, a steep earthward phase space 
density gradient was found to be responsible for the observed waves.  

The study of magnetohydrodynamic (MHD) oscillations in the solar corona is an emerging 
topic. Although there are several similarities (and differences) between MHD phenomena observed 
in the solar corona and in the terrestrial magnetosphere, the two research areas have developed 
independently from each other, with hardly any communication, creating their own independent 
terminology. As a product of an International Space Science Institute team effort, Nakariakov et al., 
(2016) reviewed the most important topics in both discipline, including the phenomenology, MHD 
theory and modelling, the use of MHD waves in plasma diagnostics, etc. 

MGSH and European Organization for Nuclear Research (CERN) launched a collaboration 
aiming at studying the possible stray magnetic fields that may affect the operation of the planned 
compact linear collider (CLIC). According to modelling studies carried out in CERN fluctuating 
magnetic field as low as a nT/s may change the orbit of charged particles so that leads to a 
significant loss of effective luminosity of the beam. Dynamic stray fields can be produced by 
natural, as well as by technical (originating from the environment or from the collider components 
themselves) sources. First, the natural sources, including the occurrence of extreme events and their 
potential amplitudes were reviewed by Heilig et al. (2018) concluding that at the planned side, the 
natural phenomena do not pose a significant risk on the experiment, except for some really extreme 
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and infrequent events. The authors also called the attention for the induced effect of geomagnetic 
storms and close-by lightning strikes that can easily reach the machine through its electrically 
connected components or by the induced electric field. The conclusions were incorporated into the 
CLIC Sumary Report (CLIC and CLICdp collaborations, 2018). 

3  Monitoring the dynamic plasmasphere 

By establishing EMMA in 2012, the direct goal was to develop a ground-based plasmaspheric 
density monitoring system that can be run in real time. The plasma mass density monitoring is based 
on the detection of geomagnetic field line resonances by applying an improved phase gradient 
method on magnetic data recorded at closely separated (few hundred km) meridional station pairs. 
The inversion of the observed resonance frequencies are realized through the numerical solution of 
the MHD wave equation in a realistic magnetic field topology (Tsyganenko model), assuming a 
simple field-aligned density distribution. The monitoring system was developed by an international 
consortium in the frame of an EU funded FP7 project (PLASMON). 

EMMA density estimates were used by Jorgensen et al. (2017) to improve the Dynamic Global 
Core Plasma Model (DGCPM), a plasmasphere model widely used by the space research 
community. DGCPM is a simple physical model where the quiet plasmasphere is filled from the 
underlying sunlit ionosphere and emptied into the dark ionosphere along magnetic field lines by 
diffusion. Geomagnetic storms occasionally deplete the outer plasmaspheric shells through the 
increased convection in the outer magnetosphere driven by the solar wind. 
Comparison of observed and model values revealed that both the night time loss and daytime 
refilling rates in the original model are insufficiently low. By adjusting these global model 
parameters the model fitted the observations not only in the latitude range where the data were taken 
from but also deeper in the magnetosphere and even outside the plasmapause. The modification 
resulted in an order-of-magnitude faster daytime refilling and night time loss. 

EMMA density data have been exploited for statistical studies, as well as for case studies on 
some special events. Del Corpo et al. (2018) derived an empirical density model based on 165 days 
of data, valid for the L=2.4-5.5 range and for a wide range of geomagnetic conditions. 

Piersanti et al. (2017) investigated the effects of the 21 June 2015 coronal mass ejection (CMO) 
on the coupled terrestrial magnetosphere-plasmasphere-ionsophere system. The CMO triggered an 
intense geomagnetic storm on the following day causing a strong erosion (an order of magnitude at 
L=5.5) of the plasmasphere reaching as deep as L=2.5. Two erosion period separated by a day were 
identified. While for the first depletion, the recovery of the plasmasphere took place very fast, 
within a day, after the second erosion episode the refilling was much slower. 

 

Figure 4 (top) Swarm PP proxies for 70 consecutive days and simultaneous VAP PP crossings (middle) time evolution of the 
Kp index (bottom) magnetic local time of the satellite observations 
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LEO satellites, albeit orbiting in the topside ionosphere, still can provide us with information on the 
�G�\�Q�D�P�L�F�V�� �R�I�� �W�K�H�� �S�O�D�V�P�D�V�S�K�H�U�H���� �+�H�L�O�L�J�� �D�Q�G�� �/�•�K�U�� �������������� �V�Kowed that the termination latitude of 
nightside small-scale field-aligned currents observed by the CHAMP satellite is closely coincident 
with the ionospheric footprint of the plasmapause (PP). Based on this finding they developed a 
monitoring technique to �I�R�O�O�R�Z�� �W�K�H�� �G�\�Q�D�P�L�F�V�� �R�I�� �W�K�H���Q�L�J�K�W�V�L�G�H�� �3�3���� �+�H�L�O�L�J�� �D�Q�G�� �/�•�K�U�� �������������� �D�S�S�O�L�H�G��
the technique to the Swarm mission data. Their PP proxy was validated by in-situ observed Van 
Allen Probe electron densities. Figure 4 is an illustration of the validation process presenting 70 day 
of simultaneous Swarm PP proxy and in-�V�L�W�X���3�3���F�U�R�V�V�L�Q�J�V�����$���Q�H�Z���I�L�Q�G�L�Q�J���R�I���+�H�L�O�L�J���D�Q�G���/�•�K�U����������������
was that the dayside PP position correlates with the delayed time history of the SSFAC boundary 
location. They attributed this behaviour to the result of the localized nightside formation of the new 
plasmapause and its corotation with the solid Earth. The new results pave the way toward an 
efficient PP monitoring tool based on an SSFAC index derived from vector magnetic field 
observations at low-Earth orbit. 

4  Nonlinear analysis of spaceborne magnetic and geomagnetic time-series 

The space and terrestrial magnetic observations exhibit signatures of deterministic nonlinear 
physical phenomena in the solar-terrestrial system. The plasma dynamics is governed by the 
equations of magnetohydrodynamics (MHD). Though the MHD description is deterministic, the 
dynamics of the plasma is completely unpredictable, if the magnetic Reynolds number, i.e. the ratio 
between the nonlinear and viscous terms of the momentum equation, is high. At high Reynolds 
number the flow is termed turbulent. The behaviour of turbulent dynamics can be revealed via 
statistical approach by using empirical observations of the multi-scale fluctuations. It is emphasized 
that the solar-system plasma is regarded as an excellent natural laboratory for studying MHD 
turbulence in collision-less environment extending to a quasi-infinite space.  

The high Reynolds number in turbulent dynamics means the dissipation free cascade of energy 
transfer between consecutive spatial and temporal scales in the magnetohydrodinamic (MHD) scale 
range. It follows that the spectra of the physical properties of the plasma, like magnetic field, or 
plasma velocity, exhibit scale-free power-law behaviour with scaling exponent of -5/3 (Kolmogorov 
(K) scaling) or -3/2 (Iroshnikov-Kraichnan (IK) scaling). Additionally, the MHD equations show 
that the fluctuations of turbulent physical fields should exhibit self-similar, fractal character. 
However, most of the experimental studies of turbulence invalidate this conjecture and suggest that 
self-similarity appears only in local subsets of the turbulent space and the interwoven fractal subsets 
are ordered into a space possessing multifractal symmetry. Multifractality implies intermittent 
variations in the turbulent dynamics that exhibit non-Gaussian statistical features, thus the statistical 
description of the dynamics needs the knowledge of higher-order statistical moments of the 
fluctuating physical quantities. 

4.1 Planetary magnetospheres and solar wind 

Between 2013 and 2015 we have participated in the STORM EU FP7 consortial project (Echim et 
al. 2016)���� �7�K�H�� �P�D�L�Q�� �S�U�R�M�H�F�W�¶�V�� �R�E�M�H�F�W�L�Y�H�V�� �Z�H�U�H�� �W�K�H�� �V�\�V�W�H�P�D�W�L�F�� �H�[�S�H�U�L�P�H�Q�W�D�O���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �R�I�� �H�Q�H�U�J�\��
cascade and dissipation processes, as well as of multiscale intermittent dynamics and anisotropies in 
the solar system plasma by using data of three main space missions, Cluster, Ulysses and Venus 
Express (VEX). Besides space data, we also analysed geomagnetic data recorded along the chain of 
meridional EMMA network (Del Corpo et al. 2018). The target regions of our studies were the solar 
wind, the different regions of �(�D�U�W�K�¶�V���P�D�J�Q�H�W�R�V�S�K�H�U�H�����P�D�J�Q�H�W�R�V�K�H�D�W�K�����F�X�V�S�����S�O�D�V�P�D���V�K�H�H�W�����O�R�E�H�����D�Q�G��
the magnetosheath surrounding the induced magnetosphere of Venus. Magnetic and plasma time-
series of the different regions were selected from the different space and geomagnetic data bases 
and compiled into systematic data catalogues. Our main contribution concerned the spectral, 
probability density function and high-order multifractal spectrum analyses of the time records. In 
order to ease the analyses of hundreds of time-series, we developed for the first time a routine for 
the automatic detection of power-law frequency and time-scale ranges of analysing functions, such 
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as frequency spectra or partition functions of multifractal spectrum analysis. Besides the study of 
solar system data, the STORM project also aimed at the development of a Matlab library of 
Integrated Nonlinear Analysis (INA) tools, along with an interface for its user-friendly application 
in data analysis. The tool is freely available for the space science community. 

In thi�V�� �U�H�Y�L�H�Z���� �V�R�P�H�� �R�I�� �W�K�H�� �V�F�L�H�Q�W�L�I�L�F�� �L�P�S�D�F�W�� �R�I�� �W�K�H�� �S�U�R�M�H�F�W�� �L�V�� �K�L�J�K�O�L�J�K�W�H�G���� �9�|�U�|�V�� �H�W�� �D�O���� ��������������
investigated the statistical parametric approach of multiscale solar wind processes composed of a 
mixture of corotating streams, corotating interaction regions, solar ejecta, discontinuities, and 
turbulence. The analysed data represented the plasma behaviour near the solar cycle minimum 2008. 
It was conjectured that the multiscale processes were best modelled by log-kappa distributions and 
the kappa parameter of the statistics was supposed to vary as the occurrence frequencies of 
multiplicative solar wind processes (stream/ejecta interactions, and consequently, in terms of the 
solar cycle. The turbulent dynamics of the solar wind was also studied be Teodorescu et al. (2015), 
who analysed the spectra of 156 slow and 48 fast stream solar wind magnetic time-series recorded 
by VEX at 0,72 AU. They argued that the spectra exhibited an inertial frequency range relying to 
dissipation-free energy cascade among the different turbulent scales. The statistical analyses of the 
obtained inertial range spectral slopes indicated that the spectra of slow wind were close to the 
Kolmogorov type of spectrum of fully-developed hydrodynamic turbulence. However, it was also 
stressed that the dynamics was anisotropic, thus the direct comparison between HD and slow solar 
wind was not reliable. Comparison with results of spectral analyses of Wind spacecraft data (Chen 
at al. 2013) showed that the slow wind spectra in the inertial range steepened between 0,72 and 1 AU 
that was an indication of the radial evolution of turbulence along the solar wind path. Interestingly, 
such finding was not observed for the fast streams of solar wind. The spectral slopes of the fast solar 
wind were, on average, closer to the slope of the Iroshnikov-Kraichnan spectrum, -1,5. Besides, the 
fast wind spectra exhibited more power in the transversal than compressional magnetic components. 
�7�K�H���W�Z�R���I�L�Q�G�L�Q�J�V���U�H�O�L�H�G���W�R���W�K�H���$�O�I�Y�p�Q�L�F���F�K�D�U�D�F�W�H�U���R�I���W�K�H���I�O�X�F�W�X�D�W�L�R�Q�V���D�Q�G���W�K�H���G�R�P�L�Q�D�Qce of sheet-like 
structures in the formation of turbulence in the fast solar wind.  

Venus Express was designed to study the atmosphere and ionosphere of Venus. However, along 
its orbit, the spacecraft also carries out particle and magnetic field measurements in the induced 
magnetosphere and magnetosheath regions of the planet. Dwivedi et al. (2015) have studied the 
spectral properties of Venusian magnetosheath time-series, with special consideration to their 
power-law scaling related to turbulent dynamics. The spectra have been analysed both in frequency 
and wave number domains, by considering the validity of the Taylor hypothesis. By using the 
automated routine (see above) compiled to identify scaling regions and slope of the spectra, it was 
shown that Venusian magnetosheath spectra exhibited dominantly three scaling regions, the middle 
of which indicated fully developed plasma turbulence with spectral exponent close to -1.6. The 
upper limit of the turbulent scaling range was close to the ion cyclotron frequency. Similar analysis 
�Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �I�R�U�� �W�K�H�� �(�D�U�W�K�¶�� �P�D�J�Q�H�W�R�V�K�H�D�W�K�� �E�\�� �X�V�L�Q�J�� �������� �W�L�P�H-series recorded by the Cluster 
mission (Echim et al. 2018). Contrary to the Venusian spectra, the Kolmogorov type of scaling was 
apparently missing in the spectra of the terrestrial magnetosheath. For the explanation of the 
different observations, it was suggested that in front of the induced magnetosphere of Venus the 
bow shock represents a weaker barrier towards the solar wind than for the case of Earth possessing 
an intrinsic magnetosphere. Therefore, the turbulent properties of the solar wind dynamics can 
penetrate into the Venusian magnetosheath, while at the terrestrial bow shock the solar wind 
develops into a completely new dynamical structure. It was also conjectured that the limited spatial 
extension of the magnetosheath hinders the appearance of fully developed turbulence in the new 
dynamical regime. 

The dynamical properties of the terrestrial magnetosphere and its relation to the solar wind 
driver was further investigated via the systematic nonlinear analysis of 1 Hz sampling frequency 
�J�H�R�P�D�J�Q�H�W�L�F���G�D�W�D���U�H�F�R�U�G�H�G���L�Q���H�L�J�K�W���R�E�V�H�U�Y�D�W�R�U�L�H�V�����.�L�O�S�L�V�M�l�U�Y�L�����6�R�G�D�Q�N�\�O�l�����+�D�Q�N�D�V�D�O�D�P�L�����1�X�U�P�L�M�l�U�Y�L����
�7�D�U�W�X�����%�H�O�V�N�����7�L�K�D�Q�\�����/�¶�$�T�X�L�O�D�� of the chain of meridional EMMA network (Del Corpo et al. 2018). 
The analyses concerned one year long X component time-series from the years of solar maximum 
(2001, 2002, 2003) and solar minimum (2007, 2008). The probability density function analyses 
proved that the time-series exhibited non-Gaussian intermittent fluctuations in the time-scale range 
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of 1-2000 sec., i.e. in the typical range of geomagnetic substroms. This range was independent from 
the geomagnetic latitude, but the level of intermittency exhibited a decreasing trend from the polar 
region towards the mid-latitudes. The solar cycle dependence of the intermittency level was also 
obvious, that is, the time-series were, in average, more intermittent during solar maximum than 
minimum years. This finding was confirmed by the results of higher-order structure function 
analyses. The statistical analyses of power-spectral density function of the time-series also proved a 
scaling region in the scales of substroms relying to turbulent energy cascade processes in the 
magnetosphere. Note that the spectral exponents were different from the K or IK scaling for the 
cases of all observatories. 

4.2 Nonlinear analysis of Swarm mission data 

A statistical analysis was carried out on the high-resolution (50 Hz) vector field magnetic (VFM) 
time records of Swarm spacecraft triplet in order to discriminate between Gaussian and non-
Gaussian magnetic fluctuations in the ionosphere at two altitudes, 460 km (Swarm-C) and 530 km 
(Swarm-�%���� ���.�R�Y�i�F�V�� �H�W�� �D�O�� 2018). We applied probability density function (PDF) analysis of 
incremental magnetic field time-series of the individual Swarm records. Non-Gaussian behaviour of 
the difference time-series could reveal multiscale intermittent magnetic fluctuation in the studied 
plasma region. The level of intermittent dynamics was measured by the fourth statistical moments 
of the incremental time-series, i.e. by their flatness. Our aim was to investigate the variation of the 
flatness parameter in terms of the positions of the Swarm spacecraft. Swarm data from the years 
between 2014 and 2016 were analysed by a sliding-window method, and the spatial distribution of 
the mean flatness values were mapped in terms of geomagnetic coordinates. The magnetic field 
recorded in spacecraft frame was transformed to mean-field aligned (MFA) system so that the 
intermittent behaviour of the compressional and transversal fields could be separately investigated. 
It was shown that the transversal field exhibited the strongest intermittency in the auroral oval, 
presumably due to the magnetic effect of intensive field-aligned currents. This conjecture was 
confirmed by the finding that the geomagnetic latitude of the most intermittent region fluctuated in 
terms of the geomagnetic activity, that is, it moved towards the equator during disturbed period and 
vice versa. On the other hand, for the case of the mean-field aligned (i.e. compressional) magnetic 
variations the most intermittent region was found at around +-�����ƒ���I�U�R�P���W�K�H���G�L�S���H�T�X�D�W�R�U����Figure 5.). 
It was argued that the equatorial intermittent events corresponded to ionospheric plasma 
irregularities, such as equatorial spread F (ESF) events or substorm induced pulsations (Burke et al. 
2004).  

5  The environment of comet 67P/Churyumov-Gerasimenko 

The Rosetta spacecraft of ESA performed the first ever orbital insertion and landing on a comet in 
2014. Between August 2014 and September 2016, the orbiter was continuously measuring different 
parameters in the environment surrounding the nucleus of the comet. It followed the variation of the 
activity from its very beginning to its maximum and through the declining phase observing the 
properties and interactions of the gas, dust, plasma and electromagnetic fields in the coma. 

Until the beginning of 2015, the spacecraft observed a low activity comet with a tenuous neutral 
atmosphere and relatively few dust grains around it. The solar wind reached the spacecraft orbiting 
in the inner regions of the induced magnetosphere, and probably also reached the nucleus. The 
interaction of the solar wind with the cometary matter caused solar wind deflection, acceleration of 
cometary ions and electrons as well as some instabilities generating persistent low frequency waves 
near the comet. The team of the Rosetta Plasma Consortium (including researchers of the Wigner 
RCP) presented the first results about this unique environment in several scientific papers (Nilsson 
et al. 2015a, Richter et al. 2015, Edberg et al. 2015).  

 

 



84  LICHTENBERGER ET AL. 

�*�H�R�P�D�W�L�N�D�L���.�|�]�O�H�P�p�Q�\�H�N���;�;�,�� 2018 

 

F
ig

ur
e 

5.
 G

lo
ba

l s
pa

tia
l d

is
tr

ib
ut

io
n 

of
 n

on
lin

ea
r 

in
te

rm
itt

en
t m

ag
ne

tic
 e

ve
nt

s 
ob

se
rv

ed
 in

 th
e 

B z
 m

ea
n-f

ie
ld

 a
lig

ne
d 

lo
ng

itu
di

na
l m

ag
ne

tic
 r

ec
or

d 
of

 th
e 

S
W

A
R

M
-C

 s
pa

ce
cr

af
t. 

T
he

 c
ol

ou
rs

 
�U

�H
�S

�U
�H

�V
�H

�Q
�W

���
W

�K
�H

���
P

�H
�D

�Q
���

I�O
�D

�W
�Q

�H
�V

�V
���

Y
�D

�O
�X

�H
�V

���
R

�E
�W

�D
�L

�Q
�H

�G
���

I�R
�U

���
W

�K
�H

���
6�

:�$
�5

�0
���

P
�D

�J
�Q

�H
�W

�L
�F

���
U

�H
�F

�R
�U

�G
�V

���
L�

Q
���

��ƒ
�î�

��ƒ
���

O
�D

�W
�L

�W
�X

�G
�H

���
D

�Q
�G

���
O

�R
�Q

�J
�L

�W
�X

�G
�H

���
J�

U
�L

�G
 

 



 HUNGARIAN CONTRIBUTION TO THE RESEARCH OF MAGNETOSPHERIC PHENOMENA �«   85 

Geomatikai �.�|�]�O�H�P�p�Q�\�H�N���;�;�,�� 2018 

 

Later in 2015 the density of the cometary plasma increased and this plasma expelled the solar wind 
out of the inner magnetosphere (Nilsson et al. 2015b). Strange ion events occurred frequently during 
this period, in which the measured ion energy first increased then decreased. Near the perihelion of 
comet 67P/Churyumov-Gerasimenko in August 2015 the cometary activity reached its maximum. 
Most accelerated ion events disappeared and the spacecraft observed a calmer inner region. During 
this period Rosetta discovered the diamagnetic cavity of the comet:  a region around the nucleus, 
�I�U�R�P���Z�K�L�F�K���W�K�H���V�W�U�R�Q�J���F�R�P�H�W�D�U�\���D�F�W�L�Y�L�W�\���µ�E�O�R�Z�V���D�Z�D�\�¶���W�K�H���P�D�J�Q�H�W�L�F���I�L�H�O�G���± a phenomenon observed 
earlier once at comet 1P/Halley (Goetz et al. 2016).  Nemeth et al. (2016a) developed a method to 
find diamagnetic cavity crossing events on a magnetically dirty spacecraft, where residual fields 
render the usual methods very difficult. Using this method, more than a hundred cavity crossing 
�H�Y�H�Q�W�V�� �Z�H�U�H�� �G�H�W�H�F�W�H�G�� �D�Q�G�� �D�Q�� �µ�H�Y�H�Q�W�� �G�D�W�D�E�D�V�H�¶�� �Z�D�V�� �V�H�W�� �X�S���� �1�H�P�H�W�K�� �H�W�� �D�O���� �����������D���� �D�Q�D�O�\�]�H�G�� �W�K�H�V�H��
events, revealed and explained the plasma signatures accompanying the crossing of the cavity 
boundary, described the probable shape of the cavity. It was shown that an old model �± refined and 
with proper input parameters �± provides a good fit for the average extent of the cavity. The 
diamagnetic cavity boundary distance around Comet 67P/Churyumov-Gerasimenko was calculated 
using various methods. Timar et al. (2017) found that the global outgassing rate determines the 
position of the boundary with local pressure variations being suppressed, while the rapid changes in 
the external solar wind pressure at the position of the comet can explain the intermittent nature of 
the cavity crossing events. 

After more than 2 years in orbit around comet 67P/Churyumov-Gerasimenko, the Rosetta 
spacecraft provided sufficient information about the plasma environment in order to separate 
temporal and spatial effects.  Several papers discussed the different plasma regions and boundaries 
including the mass-loading effect, the induced magnetosphere, and the innermost diamagnetic 
cavity (Mandt et al. 2016, Madanian et al. 2017, Henri et al. 2017, Hajra et al. 2018).  

Behar et al. (2016) investigated the interaction of the solar wind with the cometary plasma, and 
found several relationships between the angular distributions of the interacting plasma populations. 
Egberg et al. (2016) studied the response of the cometary environment to the arrival of abrupt solar 
wind disturbances. Broiles et al. (2016) analyzed suprathermal electron drivers at the comet, 
Volwerk et al. (2016) studied the magnetic pile-up and mirror-mode waves.  

The Grain Impact Analyzer and Dust Accumulator (GIADA) instrument on board Rosetta was 
able to constrain the origin of the dust particles detected within the coma of comet 67P/Churyumov�±
Gerasimenko (Fulle et al. 2015). The collected particles belong to two families:  

(i) compact particles (ranging in size from 0.03 to 1 mm), witnessing the presence of materials 
that underwent processing within the solar nebula and  

(ii)   fluffy aggregates (ranging in size from 0.2 to 2.5 mm) of sub-micron grains that may be a 
record of a primitive component, probably linked to interstellar dust. The dynamics of the 
fluffy aggregates constrain their equivalent bulk density to <1 kg/m3. These aggregates are 
charged, fragmented, and decelerated by the spacecraft negative potential and enter GIADA 
in showers of fragments at speeds <1 m/s. The density of such optically thick aggregates is 
consistent with the low bulk density of the nucleus. The mass contribution of the fluffy 
aggregates to the refractory component of the nucleus is negligible and their coma 
brightness contribution is less than 15%. 

6  The plasma environment of the Earth 

The four identically equipped Cluster spacecraft of the European Space Agency have been studying 
the small-scale spatial and temporal characteristics of the terrestrial plasma environment in three 
dimensions since February 2001. Processes of different scales can be studied by changing the 
separation distances between the spacecraft. As the originally polar orbit is evolving, different 
regions of the terrestrial plasma environment can be studied which were not sampled earlier in the 
mission. The Cluster mission is now extended until the end of 2020. 
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The Hungarian Data Centre (operated by the Wigner RCP) (http://hdc.rmki.kfki.hu/cdms/) is 
preparing the Auxiliary  parameters for the Cluster Science Data System and for the Cluster Science 
Archive (http://cosmos.esa.int/web/csa/) which has been the public interface of  the mission since 
November 2013. The archive provides online access to high quality, validated, high-resolution data 
from the Cluster instruments together with auxiliary and support data products. 

7  The plasma environment of Venus as a function of the solar wind variations  

Venus is an unmagnetized planet with a thick atmosphere and important ionosphere. As a result of 
its interaction with the solar wind, there is an induced magnetosphere, which is trivially highly 
sensitive on solar wind variations. These interactions were studied based on observations from the 
Venus Express spacecraft. Vech et al. (2015) performed a statistical study on the interaction 
between interplanetary coronal mass ejections (ICMEs) and the induced magnetosphere of Venus, 
where the solar wind parameters, the position of the bow shock, the size and plasma properties of 
the magnetic barrier, and the position of the ion composition boundary (ICB) were analyzed. When 
the interaction between magnetic clouds and the induced magnetosphere of Venus was observed, 
the small magnetosonic Mach numbers inside the magnetic clouds caused the bow shock to appear 
at anomalously large distances from the planet. The position of the ICB on the nightside was found 
closer to the planet during ICME passages which is attributed to the increased solar wind dynamic 
pressure. 

Vech et al. (2016) presented the first statistical analysis on the effects of heliospheric current 
sheet crossings on the induced magnetosphere of Venus. These events are of particular interest 
because they lead to the reconfiguration of the induced magnetosphere with opposite polarity. A 
statistical approach was performed in order to study the spatial distribution of the heavy ion flux 
measurements in the plasma environment of Venus. The average and median heavy ion flux 
measurements are compared before and after the polarity reversal events. The results show that after 
the events the average and median heavy ion fluxes in the magnetotail are reduced. Even if a 
passage of a current sheet is a short time scale event lasting about 10 min, its effect on the near-
Venus plasma environment lasts for a few hours. The conclusion is that the observations show 
similarities to comet studies and the polarity reversal of the induced magnetosphere might be 
accompanied by dayside reconnection and magnetic disconnection of the plasma tail from the 
planetary ionosphere. 

8  The environment of Saturn and Jupiter 

Nemeth et al. (2015) used numerical ion velocity moments derived from the measurements of the 
Cassini Plasma Spectrometer to reveal the latitudinal structure of the nightside outer magnetosphere 
of Saturn. It turns out that the magnetosphere consists of shells rotating with different velocities; the 
innermost shell is rotating with the highest speed and the speed is decreasing as moving outward. 

Szego et al. (2015) was taking a leading part in a review of the magnetodiscs and aurorae of 
giant planets.  The magnetodisc is a complex magnetized plasma phenomenon, which influences 
almost every property of the magnetospheres of Jupiter and Saturn. Based on the observations of the 
Cassini spacecraft, the magnetodisc of Saturn was studied. Nemeth et al. (2016b) found that the 
complex time dependence of the magnetic and plasma measurements in the vicinity of the 
magnetodisc can be simultaneously explained by a simple model, which takes into account the 
planetary period oscillations (PPO) of the magnetodisc and the position of the spacecraft relative to 
the central sheet of the magnetodisc. 

The Cassini spacecraft detected rock nanograin dust particles in the Kronian system. Based on 
an extensive, four-year analysis of data from the spacecraft, combined with computer simulations 
and laboratory experiments, Hsu et al. (2015) concluded that the tiny dust particles most likely form 
when hot water containing dissolved minerals from the moon's rocky interior travels upward, 
coming into contact with cooler water. It is exciting that these tiny grains of rock, spewed into space 
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by geysers on Enceladus can tell us about the conditions on - and beneath - the ocean floor of an icy 
moon in the Kronian system.  

Using Cassini observations, the orbital evolution of E-ring dust particles was followed through 
their entire lifetime, starting from moon Enceladus, and ending in: a) a collision with the A-ring or 
any of the satellites; or b) losing all their mass due to sputtering; or c) leave the magnetosphere of 
�6�D�W�X�U�Q���� �8�V�L�Q�J�� �D�Q�� �X�S�G�D�W�H�G�� �Y�H�U�V�L�R�Q�� �R�I�� �W�K�H�� �P�R�G�H�O�� �R�I�� �-�X�K�i�V�]�� �D�Q�G�� �+�R�U�i�Q�\�L�� �������������� �D�Q�G�� �-�X�K�i�V�]�� �H�W�� �D�O����
(2007) by including a noon-midnight electric field in the magnetosphere and a refined asymmetric 
plasma model, the deposition rates and maps of E-ring particles were calculated to surfaces of the 
moons of Saturn. The active geysers in the south polar region of Enceladus are sources of dust 
particles that sustain the vast E-ring of Saturn, extending out beyond Titan at 20 Saturn radii. The 
dynamics of the small micron and submicron particles escaping from Enceladus is primarily set by 
�6�D�W�X�U�Q�¶�V�� �J�U�D�Y�L�W�\���� �S�O�D�V�P�D�� �G�U�D�J���� �U�D�G�L�D�W�L�R�Q�� �S�U�H�V�V�X�U�H���� �D�Q�G�� �H�O�H�F�W�U�R�P�D�Jnetic forces. Simulations were 
developed to follow different sized (0.1-5 micron) dust particles from Enceladus till their ultimate 
�G�H�P�L�V�H�����E�H�L�Q�J���H�M�H�F�W�H�G���I�U�R�P���6�D�W�X�U�Q�¶�V���P�D�J�Q�H�W�R�V�S�K�H�U�H�����R�U���K�L�W�W�L�Q�J���R�Q�H���R�I���L�W�V���P�R�R�Q�V�����7�K�H���H�[�S�H�F�W�H�G���V�L�]�H����
speed, and spatial distributions of the impacting particles were determined and their predicted 
anisotropies were identified when bombarding the leading/trailing hemispheres of the moons, 
possibly offering an explanation for their observed brightness features (Kempf et al. 2018). 
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1  Heliosphere 

The heliospheric magnetic field was investigated by the analysis of near-earth interplanetary 
measurements. It was shown, that structures recurrent with the solar rotation are persistent for a long 
time, both in the polarity (magnetic sectors) and the magnitude of the magnetic field. The origin of 
those structures are different, and also, the rotation period of the magnetic field enhancements 
associated to Corotating Interaction Regions is slightly smaller than that of the magnetic sectors. 
The different rotation period suggests a major re-arrangement of the solar magnetic field during the 
declining phase of t�K�H���V�R�O�D�U���F�\�F�O�H�V�����'�y�V�D���D�Q�G���(�U�G���V 2017). 

Solar wind propagation is a key to predict space weather parameters at certain distances from the 
Sun. Background solar wind and transients have to be handled separately. At the Wigner RCP, a 
database was created which contains identified transient events as seen on different space-based 
�L�Q�V�W�U�X�P�H�Q�W�V���� �'�y�V�D�� �H�W�� �D�O���� �������������� �G�H�Y�H�O�R�S�H�G�� �D���Q�H�Z�� �V�R�O�D�U�� �Z�L�Q�G�� �S�U�R�S�D�J�D�W�L�R�Q���P�H�W�K�R�G���� �F�D�O�O�H�G�� �0�D�J�Q�H�W�L�F��
Lasso propagation. This is a problem-tailored propagation tool that concentrates on the exact 
location where the prediction should be most accurate. The method works ballistically, but 
compared to the simple ballistic approach, the Magnetic Lasso method is based on reconstructing 
the ideal Parker spiral connecting the target with the Sun by testing a previously defined range of 
heliographic longitudes. The model takes into account the eventual evolution of stream�±stream 
interactions and handles these with a simple model based on the dynamic pressure difference 
between the two streams. The model has the advantage that it can be coded easily and fitted to the 
problem; it is flexible in selecting and handling input data and requires little running time. 

As part of the EU H2020 Europlanet-RI project, there are Planetary Space Weather Services 
(PSWS) developed (Andre et al. 2018) that extend the concepts of space weather and space 
situational awareness to other planets in our Solar System and in particular to spacecraft that voyage 
through it. A variety of tools (e.g. web applications or numerical models) are available for tracing 
propagation of solar events through the Solar System and modelling the response of the planetary 
environment (surfaces, atmospheres, ionospheres, and magnetospheres) to those events. These tools 
are now tailored for planetary event prediction and space weather applications. PSWS review, test, 
improve and adapt methods and tools available within the partner institutes in order to make 
prototype planetary events and space weather services operational. Besides the above described 
contribution of the magnetic lasso method, the Wigner RCP has performed thoroughful testing of 
these services and provided reliability estimates. 

2  Energetic particles 

In spite of efforts to understand it, the origin of suprathermal ions in the heliosphere still remains an 
open problem: where, when and via what mechanisms they are accelerated. Zeldovich et al. (2018) 
compared the interplanetary quiet-time flux data of 3He, 4He, C, O, Fe ions in the 40 keV to 2 
MeV/nucleon energy range measured aboard the ACE (ULEIS), WIND (EPAM), and SOHO 
(EPHIN) spacecraft during the ascending phase of Solar Cycle 24 with those obtained earlier for SC 
23.  
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The new data confirmed that the energy spectra of these ions and their relative abundances are 
governed by their first-ionization potential with substantial differences in the ion energy spectra 
during the two consecutive solar cycles. Except for the solar activity minimum, the Fe/O ratio 
during quiet-time periods correspond either to the abundances of ions accelerated in impulsive solar 
flares or to the mean abundances of elements in the solar corona. At the activity minimum, this ratio 
assumes values characteristic for the solar wind. Based on SWICS/ACE data, Zeldovich et al. (2016) 
found that the ratios of suprathermal iron and carbon ions to oxygen are similar to the relative 
abundances of the corresponding thermal ions in the fast and slow (Maxwellian) solar wind while 
the 4He/O ratio exceeds the corresponding ratio in the solar wind by a factor of two. The intensities 
of all suprathermal ions in outflows from coronal holes (CHs) increase with the speed of the solar 
wind. This indicates that at low solar activity suprathermal ions from CHs represent a high-
�W�H�P�S�H�U�D�W�X�U�H���³�W�D�L�O�´�� �R�I�� �W�K�H���V�R�O�D�U���Z�L�Q�G���� �$�O�W�K�R�X�J�K���U�H�O�D�W�L�Y�L�V�W�L�F���H�O�H�F�W�U�R�Q�V���D�U�H���Y�H�U�\�� �U�D�U�H�O�\�� �R�E�V�H�U�Y�H�G���L�Q���W�K�H��
distant magnetotail of the Earth (at 30 to 40 Earth radii), their behavior is important for 
understanding the mechanisms of solar particle penetration into the magnetosphere. Daibog et al. 
(2016) analyzed the fluxes of MeV energy electrons registered aboard the IMP-8 satellite inside and 
outside the terrestrial magnetosphere, as well as upon entering and leaving it. In addition to galactic 
and solar flare electrons, Daibog et al. (2016) found Jovian electrons which easily penetrate the 
magnetotail; electrons of solar origin not associated with flares; as well as bursts of electrons in the 
magnetosphere and magnetosheath accelerated in auroral zones during substorms. 

Variations in the flux of Jovian electrons near the Earth in two synodic cycles of the Earth-
Jupiter system were compared. Whereas in the 1974�±1975 cycle Jovian electrons were observed by 
IMP-8 during 13 successive solar rotations; in the 2007�±2008 very low activity minimum they 
recurred in 14 solar rotations (SOHO). The electron fluxes in each solar revolution were periodic 
with a characteristic time scale of �ý27d, the maximum flux appearing near the middle of the 
rotation. The mean period of the variations significantly differs from the 27.3d synodic period for 
the Sun�±Earth system: for the electron fluxes Daibog et al. (2017a) found 26.8d in 1974�±1975 and 
26.1d in 2007�±2008. The detected variations are interpreted in terms of reflecting variations in the 
structure of the solar wind speed and associated magnetic traps, the confinement time of the 
electrons in these magnetic traps, and the influence of the relative positions of the Earth and Jupiter 
in space (Daibog et al. 2017b). 

3  Ion acceleration and at the Earth's quasi-parallel bow shock 

The Earth's bow shock and the IP shocks are capable to accelerate particles to high energies. This 
has been known for a long time, however the details of the acceleration mechanism are not yet 
completely understood. According to the theory of shock acceleration, the first order Fermi 
acceleration to work efficiently there are several important conditions to be satisfied. One condition 
is that the particles (ions and electrons) need to be efficiently pitch-angle scattered by waves 
through wave-particle interaction. The scattering ensures that the accelerated particles are turned 
back to the shock front where they can gain further energy. The consequence of the pitch-angle 
scattering �± or the consequence of the diffusion against convection- is that the partial density of 
�H�Q�H�U�J�L�]�H�G�� �S�D�U�W�L�F�O�H�V�� �I�D�O�O�V�� �R�I�� �H�[�S�R�Q�H�Q�W�L�D�O�O�\�� �L�Q�� �W�K�H�� �X�S�V�W�U�H�D�P���G�L�U�H�F�W�L�R�Q���� �7�K�H�� �³�V�W�H�H�S�Q�H�V�V�´�� �R�I�� �W�K�H�� �G�H�Q�V�L�W�\��
profile provides information about the efficiency of the scattering and the diffusion coefficient can 
be determined. 

The new results demonstrate that when a strong reflected ion beam, the so-called field-aligned 
beam (FAB) is formed on the quasi-perpendicular side of the bow shock, it can significantly 
influence the scattering process. The waves generated by the FAB are convected deep in the 
foreshock region where they can scatter the bow shock accelerated energetic ions. This results in a 
more efficient scattering, leading to a smaller e-folding distance and smaller diffusion coefficient 
(Kis et al. 2018). This is the first time when such a strong interaction between the physical processes 
at the quasi-perpendicular and at the quasi-parallel side of the Earth's bow shock is recorded. These 
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results are strongly supported by simulation results which demonstrates the universality of the 
observed interaction (Otsuka et al. 2018).  

4  Dust particles 

�2�¶�%�U�L�D�Q���H�W���D�O�������������������L�Q�Y�H�V�W�L�J�D�W�H�G���W�K�H���H�I�I�H�F�W���R�I���L�Q�W�H�U�S�O�D�Q�H�W�D�U�\���F�R�U�R�Q�D�O���P�D�V�V���H�M�H�F�W�L�R�Q�V�����,�&�0�(�V�����R�Q���W�K�H��
transport and delivery of nano-dust to 1 AU. Charged nanometer-sized dust particles are expected to 
be generated close to the Sun and interact strongly with the solar wind as well as with solar transient 
events. Nano-dust generated outside of ~0.2 AU are picked up and transported away from the Sun 
�G�X�H�� �W�R�� �W�K�H�� �H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F�� �I�R�U�F�H�V�� �H�[�H�U�W�H�G�� �E�\�� �W�K�H�� �V�R�O�D�U�� �Z�L�Q�G���� �2�¶�%�U�L�D�Q�� �H�W�� �D�O���� �������������� �H�[�W�H�Q�G�H�G�� �D�Q��
earlier developed numerical model to calculate the trajectories of nano-dust particles in the solar 
wind by including their interaction with interplanetary coronal mass ejections. According to this 
study ICMEs can greatly alter nano-dust trajectories and the smallest particles (<10 nm) can be 
�G�H�O�L�Y�H�U�H�G���W�R������ �$�8���L�Q���K�L�J�K���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �7�K�H�L�U���S�U�H�V�H�Q�F�H���Q�H�D�U���W�K�H���(�D�U�W�K�¶�V���R�U�E�L�W���F�R�X�O�G���S�R�W�H�Q�W�L�D�O�O�\�� �E�H��
revealed by simultaneous measurements of nano-dust fluxes and solar wind particles/magnetic 
fields. 

5  Turbulence and magnetic reconnection in space plasmas 

In order to study the electron scale processes associated with magnetic reconnection in the turbulent 
magnetosheath, high resolution data from ESA-NASA Magnetospheric Multi Scale (MMS) mission 
were used for estimation of the  terms in the generali�]�H�G���2�K�P�¶�V���O�D�Z�����<�R�U�G�D�Q�R�Y�D���H�W���D�O�� 2016). The 
observations also confirmed the theoretical expectations according to which the separatrix region of 
magnetic reconnection is associated with particle acceleration, agyrotropic velocity distributions and 
plasma heating.  

�9�|�U�|�V�� �H�W�� �D�O���� �������������� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �W�X�U�E�X�O�H�Q�W�� �U�H�F�R�Q�Q�H�F�W�L�R�Q�� �L�Q�� �W�K�H�� �P�D�J�Q�H�W�R�V�K�H�D�W�K�� �E�\�� �X�V�L�Q�J�� �0�0�6��
data. It was found that the physical signatures of turbulent reconnection  resemble those of the most 
studied 2D laminar cases including reconnection signatures such as parallel electric fields, Hall 
fields, demagnetized ions and electrons, dissipation and wave particle interactions in a proper 
coordinate system.  Both electron and ion outflows have been observed indicating that the 
reconnection jets were not destroyed by turbulent motions.   

The existing nonlinear models of turbulence predicting the decay rate of turbulent fluctuations 
were compared to decay rate of fluctuations measured by Cluster in the solar wind (Narita and 
�9�|�U�|�V 2017). It has been found that magnetic fluctuations decay much faster than the predicted 
decay rates by turbulence models. Therefore, part of the magnetic field energy over smaller 
temporal and spatial scales has to be converted to other forms of energy via e.g. wave-particle 
interactions and/or magnetic reconnection.  

In Xiao et al. (2018) plasma turbulence  was investigated near Venus. Venus has no intrinsic 
magnetic field, the plasma and magnetic structures in the planetary environment appear to be the 
result of direct interaction between the solar wind and the ionosphere. The interplanetary magnetic 
field (IMF) is also draped around the ionospheric obstacle and in these processes the induced 
magnetosphere of Venus is formed. Although there exist strong fluctuations and turbulence near 
Venus, however, the effects of the bow shock geometry on fluctuations was not systematically 
studied so far. Venus Express magnetic data were used to study fluctuations downstream of quasi-
parallel (Qpar) and quasi-perpendicular (Qperp) shocks. The shape of the bow shock was 
determined from a semiempirical model, the magnetosheath flow pattern was obtained from an 
analytical streamline model. The study of power spectral densities showed that in both Qpar and 
Qperp cases there exist periodic, noisy and turbulent fluctuations, however, the developed 
turbulence is associated more frequently with Qpar shock. This resembles the spectra in the 
terrestrial magnetosheath downstream of Qpar shock.  
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1  Introduction  

In line with the aims of the quadrennial IUGG national committee reports, the present paper gives a 
short review on the Hungarian contribution to the main objectives of IAGA Division V (see 
www.iaga-iaga.org), achieved between 2014 and 2018. Our contribution is primarily relied on two 
Hungarian geomagnetic observatories located in Tihany and Nagycenk, and on our geomagnetic 
country survey and repeat-station survey networks. The following three main sections of the paper 
are devoted to the presentation of the current infrastructural status, and the main developments and 
tasks carried out in relation to our geomagnetic infrastructures during the last IUGG report period. 
We also present our main scientific achievements obtained with the processing and analyses of our 
geomagnetic observations as well as of public geomagnetic data sources.  

2  Repeat-station (RS) survey in Hungary 

In Hungary, the geomagnetic survey campaigns possess a long tradition. The first magnetic network 
survey was carried out by Karl Kreil between 1847 and 1857, with the occupation of 52 stations on 
the territory of Hungary. Later, eight further country surveys (CS) were carried on. Between 1950 
and 1995, the surveys were completed in regular intervals of 15 years. Since 1965, a so-called 
repeat-station (RS) network comprising 15 non-�D�Q�R�P�D�O�R�X�V���V�W�D�W�L�R�Q�V�����$�F�]�p�O and Stomfai, 1969) has 
also been surveyed in 2-3 years of periodicity. The main objective of maintaining the RS network is 
to monitor the spatial distribution of the secular change of the magnetic field and to regularly update 
the field measured in the dense country network. In 2003, we became the founding member of 
MagNetE (Magnetic Network of Europe), a European scientific association dedicated to the 
harmonization of RS campaigns carried out throughout Europe. The member countries undertake to 
carry out RS survey regularly, in every second year, and to provide their RS observations to the 
public via the world data-centre (WDC) of Edinburgh. 
 
2.1  Campaign measurements and data processing 
 
During the last IAGA period, two RS campaigns were completed, in 2016 and 2018. In the survey 
practice, we use one-axial fluxgate magnetometer mounted on the telescope of a Theo020A Zeiss 
theodolite to measure the magnetic declination and inclination in the null mode (Newitt et al. 1996), 
and GSM 19 Overhauser type of magnetometer to record the total field. In each station, the 
measurements are carried out in the morning and afternoon hours in consecutive days in order to 
minimize the error of the temporal reduction. Basically, the temporal reduction is carried out with 
the use of the magnetic recording of the Tihany Geophysical Observatory (IAGA code: THY). 
Additionally, we also installed a three-component dIdD magnetometer in the Baradla cave (near to 
Aggtelek RS) and use its record for the reduction of the nearby measurements. The limestone cave 
environment ensures low level of magnetic and mechanical noise, as well as temperature stability. 

http://www.iaga-iaga.org/
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For our practice of data reduction by using on-site variometer recording (�.�R�Y�i�F�V���H�W���D�O����2012). It is 
shown, that, by applying the on-site recording, the gain in the temporal reduction accuracy can 
exceed 2 nT in X, Y or Z components and this profit depends on the geomagnetic activity 
conditions. 

The normal field models of Hungary are compiled by the first- or second-order polynomial of 
the geographic coordinates. The polynomial fitting is carried out separately for each of the vector 
�F�R�P�S�R�Q�H�Q�W�����W�K�X�V���W�K�L�V���V�R�O�X�W�L�R�Q���L�J�Q�R�U�H�V���W�K�H���/�D�S�O�D�F�H�¶�V���F�R�Q�G�L�W�L�R�Q�����7�R���D�Y�R�L�G���W�K�L�V���V�K�R�U�W�F�R�P�L�Q�J�����U�H�F�H�Q�W�O�\����
we have developed a Matlab code for the application of the adjusted spherical harmonic analysis 
(ASHA), introduced by De Santis (1992) for the modelling of the geomagnetic field for a spherical 
cap domain. To improve the model accuracy for Hungary, we involve RS and observatory data of 
neighbouring countries, from the database of WDC for Geomagnetism. Moreover, in empty area we 
�D�O�V�R�� �V�H�W�� �X�S�� �³�Y�L�U�W�X�D�O�� �V�W�D�W�L�R�Q�V�´�� �D�Q�G�� �I�L�O�O�� �W�K�H�P�� �Z�L�W�K�� �P�D�J�Q�H�W�L�F�� �Y�D�O�X�H�V�� �G�H�U�L�Y�H�G�� �I�U�R�P�� �W�K�H�� �U�H�F�H�Q�W�� �,�*�5�)��
(International Geomagnetic Reference Field���� �P�R�G�H�O�� ���7�K�p�E�D�X�O�W�� �H�W�� �D�O�� 2015). The X, Y and Z 
component magnetic models compiled by ASHA for the epoch of 2016.5 are shown in Figure 1. 

 

  

 
 

Figure 1. The X (upper left), Y (upper right), and Z (bottom) component model field for Hungary compiled according to 
ASHA (see text). The red dots, blue triangles and green crosses show the locations of repeat stations, observatories (Tihany, 
Nagycenk, Hurbanovo, �&�R�Q�U�D�G�����D�Q�G���³�Y�L�U�W�X�D�O���V�W�D�W�L�R�Q�V�´�����V�H�H���W�H�[�W�������U�H�V�S�H�F�W�L�Y�H�O�\�����I�U�R�P���Z�K�H�U�H���G�D�W�D���K�D�Y�H���E�H�H�Q���X�V�H�G���L�Q���W�K�H���P�R�G�H�O��

computation. The contour lines are labelled in nT unit 
 
2.2  MagNetE workshop, Budapest, 2015 

The 7th European MagNetE workshop was hosted by the Geological and Geophysical Institute of 
Hungary (now Mining and Geological Survey of Hungary, MBFSZ), between 16 and 18 September, 
2015. 43 attendees have participated from 14 countries. The scientific part of the workshop 
consisted of four oral sessions and one poster session. The oral and poster sessions concerned the 



97 HUNGARIAN CONTRIBUTIONTO THE RESEARCH OF OBSERVATORY, INSTRUMENTS�«   

�*�H�R�P�D�W�L�N�D�L���.�|�]�O�H�P�p�Q�\�H�N���;�;�,������������ 

following themes: (1) National reports on repeat station survey and Survey methods (3 oral 
presentations, and 8 posters), (2) Geomagnetic data and data archives (5 oral presentations and 4 
posters), (3) Scientific use of ground and spaceborne magnetic data (5 oral presentations), (4) New 
observation techniques, instruments and methods, future perspectives (3 oral presentations and 3 
posters). Two invited talks have been presented by R. Leonhardt (title: Historical magnetic records 
and the past geomagnetic field evolution) and I. Wardinski (title: Models and forecasts of 
geomagnetic secular variation), respectively. As part of the workshop schedule, two time-slots have 
been allocated for discussions on the following main topics: (1) Coordination of the RS activity at 
European level, (2) Enhancing the visibility of the RS efforts, (3) Launching new coordinated 
campaigns and measurements adapted for the joint scientific use of spaceborne and ground-based 
geomagnetic observations. On 17th of September, the participants visited the Tihany Geophysical 
Observatory. 

2.3  Archeomagnetic and volcanic database 

As a project partner, Mining and Geological Survey of Hungary (MBFSZ) contributed to the 
HISTMAG historical, archeomagnetic and volcanic database (Arneitz et al. 2017). HISTMAG 
compiled data mostly but not exclusively from the former territory of the Austro-Hungarian Empire. 
Hungary's main contribution was the newly discovered 17-19th magnetic declination data from 
�K�L�V�W�R�U�L�F�D�O���6�H�O�P�H�F�E�i�Q�\�D�����Q�R�Z�� �%�D�Q�V�N�D���6�W�L�D�Y�Q�L�F�D���L�Q���6�O�R�Y�D�N�L�D���� �D�Q�G���W�K�H���G�L�J�L�W�L�]�D�W�L�R�Q���R�I�� �W�K�H���G�H�F�O�L�Q�D�W�L�R�Q��
data recorded in the 18th century by meteorological observatories participating in the network 
Societas Meteorologica Palatina. 

3  Tihany Geophysical Observatory 

The Tihany Geophysical Observatory (THY) is maintained by the Mining and Geological Survey of 
Hungary (MBFSZ). Our Survey was established by the Hungarian Government in July 2017, 
uniting the Geological and Geophysical Institute of Hungary (MFGI) Hungarian Office for Mining 
and Geology. The Survey is a central governmental body with separate functions and competence. 
The observatory is situated in a national park on the Tihany peninsula of Lake Balaton. Since 1955 
the observatory has continuously recorded geomagnetic data. Tihany is a founding member of the 
INTERMAGNET (International Real-time Magnetic Observatory Network). The geomagnetic data 
gathered here are published yearly on the INTERMAGNET CD-ROMs and on the DVDs. 

3.1  Instrumentation and data acquisition 

During the last IAGA period two fluxgate variometers and two Overhauser effect based 
magnetometers were operating for continuous recording at the observatory: a suspended DMI FGE 
triaxial fluxgate magnetometer with XYZ orientation, a Narod triaxial ring-core fluxgate 
magnetometer installed in HDZ orientation, a GSM-19 Overhauser magnetometer (GEM-Systems) 
for recording the total field and a dIdD (delta inclination delta declination vector overhauser 
magnetometer) system. The fluxgate magnetometers are installed in the variation pavilion of the 
�R�E�V�H�U�Y�D�W�R�U�\���� �7�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �L�Q�� �W�K�L�V�� �K�X�W�� �L�V�� �E�H�L�Q�J�� �F�R�Q�W�U�R�O�O�H�G�� �Z�L�W�K�L�Q�� �“������C. Nevertheless the 
temperature of the sensor and the electronics is monitored by the built-in temperature sensors of the 
FGE magnetometer. 

The GSM-19 Overhauser magnetometer is installed in the absolute house of the observatory. 
The distance between the absolute pillar and the sensor of the magnetometer is about five meters. 

The dIdD system is installed in the old variation house. This building is a cellar that is why the 
yearly temperature variation is attenuated there. 

The FGE magnetometer is equipped with an OBSDAQ type, 24-bit A/D converter. Its output 
signal is transmitted to the recorder through a 120 m long optical cable. Optical cable is applied for 
�S�U�R�W�H�F�W�L�R�Q���D�J�D�L�Q�V�W���O�L�J�K�W�Q�L�Q�J���K�D�]�D�U�G���� �$�F�F�X�U�D�F�\�� �R�I�� �W�L�P�H���V�\�Q�F�K�U�R�Q�L�]�L�Q�J���W�R���*�3�6���W�L�P�H���L�V���“���� �P�V�H�F���� �7�K�H��
applied sampling rate is 128Hz. After digital filtering 1-second resolution data are also recorded in 
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addition to the 1-minute mean values required by INTERMAGNET. FGE magnetometer is the main 
recording system of the observatory since 1999.  

The high resolution NAROD fluxgate magnetometer belongs to the EMMA geomagnetic 
pulsation recording array. 
The dIdD system registers inclination and declination, as well as total field data in every five 
seconds. When these data are used as input to a task-oriented digital acquisition (DAQ), they 
produce real-time XYZF 1-minute means. Of course, all the original readings are stored, as well. 
Thus, the dIdD instrument can serve as back-up systems for our base FGE magnetic recording 
system. 

The observatory has two absolute instruments: a Zeiss 20A theodolite and a Zeiss 10A 
theodolite equipped with a DMI D&I sensor. The absolute measurements are taken weekly 
according to the null reading method. A set of absolute observations consists of two independent 
measurements of D and I. Total field is continuously recorded by a GSM-19 and even by the dIdD. 
All the baselines are derived from standard absolute observations. 

In order to apply some convenient networking technologies (i.e. remote control, file transfer, 
secured connections, etc.) a Linux based data logger was developed. The DAQ in THY (realized by 
DIMARK family) is able to acquire magnetic data and housekeeping data from one or more 
different instruments, including fluxgate, Overhauser, dIdD magnetometers or temperature sensors 
(through A/D converters or RS-232 protocol). GPS PPS is used for sample triggering and time 
labeling of magnetic data. 

All of our data acquisition units are linked into a local network, while communication between 
the observation site and the office is realized by a microwave (2.4 GHz) transmitter. For data 
security reasons, the recorded data are stored parallel on three different computers located in 
different buildings. 

3.2  Observatory data and database 

Since 2013 data from the main observatory system have been quasi real time transmitted to 
Edinburg GIN server instead the previously used e-mail transmission. The data are also available to 
partner researchers through a real time ftp server. The observatory developed a website where the 
recordings of all instruments are plotted near real time. Since 2005 the second sampled XYZ 
variation data have been real time transmitted to National Institute of Information and 
Communication Technology (Japan) Space Environment Information Service. In 2015 the 
observatory joined to the quasi-absolute minute mean data transmission to the INTERMAGNET 
website in order to support the work of satellite missions. Since 2009, the metadata base of the 
definitive data sets of the observatory is available on the GEOMIND (www.geomind.eu) and 
KINGA (kinga.elgi.hu) Internet information services. 

The relation of three geomagnetic indices, the AE (indicating the surface effect of the auroral 
electrojet), ap (a planetary index derived from K [activity] index) and Dst (disturbance storm time 
index, indicating the intensity of the ring current)  was also studied for the period of 24th solar cycle 
(Csontos 2017). 

3.3  Additional measurements and activities in Tihany Geophysical Observatory  

  Coordinator and PI of EMMA (European quasi-Meridional Magnetometer Array 
ranging from Finland to Italy) for space weather studies (by monitoring global ULF 
wave activity and plasmaspheric density) 

  Since 1968 onwards whistlers have been detected in the Observatory as a joint project 
�Z�L�W�K���W�K�H���6�S�D�F�H���5�H�V�H�D�U�F�K���*�U�R�X�S���R�I���(�|�W�Y�|�V���/�R�U�i�Q�G���8�Q�L�Y�H�U�V�L�W�\�����(�/�7�(�������%�X�G�D�S�H�V�W�� 

  �6�H�L�V�P�R�O�R�J�L�F�D�O�� �U�H�F�R�U�G�L�Q�J�� �L�V�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �*�•�U�D�O�S�� �&�0�*-3T seismometer. The 
instrument belongs to the network of permanent seismograph stations in Hungary. The 
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station is operated by Geodetic Institute, Research Centre for Astronomy and Earth 
Sciences, Hungarian Academy of Sciences (MTA CSFK GGI) and MBFSZ. 

  Temperature gradient observation for geothermal studies has been started in 2010. 

  Nonmagnetic temperature test hut was built in the observatory in order to study the most 
important source of temperature effect on magnetometers by using high amplitude 
thermal change (Hong et al. 2016). 

  Tests of a suspended fast dIdD were performed in the observatory and during repeat 
�V�W�D�W�L�R�Q���P�H�D�V�X�U�H�P�H�Q�W�V�����â�X�J�D�U���H�W���D�O�����������������+�H�J�\�P�H�J�L���H�W���D�O���������������� 

  Checks of UXO detectors are performed from time to time in the observatory. 

  A new site for measurement of absolute gravity was established in 2013. 

  Member of the WWLLN global lightning detector network (University of Washington, 
Seatlle) 

  Base station for magnetic surveys of Lake Balaton performed by the Department of 
Geophysics and Space Research Group of (ELTE) (Visnovitz et al. 2018). 

3.4  New electric railway near Tihany observatory 

A new governmental effort became known at the end of 2015. The railway approximately 4 km 
north of the observatory will be electrified. Up to now, the level of electromagnetic noises in the DC 
to ELF frequency band has been amongst the lowest in Europe. With the appearance of EM noises 
and transients generated by the electric locomotives, most of the experiments will be exposed to 
high risk. The observatory had to face a similar challenge in the 1980's, when the railway at a 
similar distance south of the observatory was electrified. In that case the AC railway was carefully 
designed applying 2X25 kV solution at that time in order to protect the nearby underground 
communication lines. We believe that the local geological structure also plays a role in protecting 
Tihany from the stray currents. We have no detectable artificial noise caused by the trains now. 

Infrastructural projects including the electrification of the northern railway was delayed by the 
government for several months so we had some chance to defend the measurements in Tihany 
observatory. We asked international communities and our research partners to write supporting 
letters in this issue. 

From the AC technologies, that had risen up as potential options of innovation, we only found 
the 2X25 kV (50Hz) technology acceptable. We initiated the idea of using only this well-tried 
method of electrification in a letter. The supporting letters also formed a part of our petition. 

After receiving sceptical response the process ended up in a situation, where we made all the 
difference. That time we wrote a detailed technical report for the decision-makers, which made 
them accept our point of view. What is more, according to the current plans, the trains are going to 
approach the observatory only with seven kilometres instead of four. 

3.5  Geological and geophysical investigations on the site of Tihany observatory  

An appearance of little systematic baseline instability with large spatial differences motivates us to 
perform a detailed geophysical survey on the site of Tihany observatory including electric resistivity 
tomography (ERT), geomagnetic measurements and susceptibility measurements. Soil samples were 
also collected based on the measurement results; on them an X-ray powder diffraction (XRD) 
measurement was completed to identify the minerals of the sediments. After these investigations 
deposits with different magnetic properties could be linked to structures created by hydrothermal 
processes so the impoundment of magnetic anomalies of the crust were performed. As a 
consequence of our study we verified, that the absolute control of the geomagnetic observatory is 
not influenced by strong crust anomalies (Csontos et al. 2017). 
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4  Nagycenk Geophysical Observatory 

Besides regular geomagnetic observations and continuous data services for IGRF and main field 
modelling, the main objectives of the ground based electric and magnetic observations are 
monitoring the solar-terrestrial environment and development of models to specify and predict the 
state of the Sun-Earth system (space weather and climate). Measurements include the monitoring of 
geomagnetic field variation, ionospheric parameters, solar emissions and determination of solar 
wind and radiation environment parameters. Model developments are required for the propagation 
of coronal mass ejection and energetic particle radiation, interaction between the interplanetary 
�P�H�G�L�X�P���D�Q�G���W�K�H���(�D�U�W�K�¶�V���P�D�J�Q�H�W�R�V�S�K�H�U�H�����W�K�H���I�L�O�O�L�Q�J���D�Q�G���G�H�S�O�H�W�L�Q�J���R�I���W�K�H���U�Ddiation belts, ionospheric 
composition, density, diffusion and convection, induced electric fields. 

4.1  Geomagnetic observations 

Continuous observation of geomagnetic elements with control of the absolute observations started 
in 1961. The observatory equipped with 3 sets of triaxial fluxgate magnetometers. The temperature 
variations of the triaxial fluxgates are maintained within 0.���� �ƒ�&�� �E�H�W�Z�H�H�Q�� �W�K�H�� �Z�H�H�N�O�\�� �D�E�V�R�O�X�W�H��
observations. The fluxgate variometer sensors are aligned in X, Y, Z directions. For better time 
resolution one of them is run with 1 second sampling rate. Simultaneous low altitude satellite and 
meridional magnetometer array (1.56<L<1.88) measurements were used to interpret the 
controversial relation between space and ground ULF signal, evaluate the effect of the ionosphere 
on the transmission and study the field line resonance phenomenon and study the expected ULF 
precursors of seismic activity. 

In the frame of the INTERMAGNET data service 10 second samples are used to provide minute 
values centred on the minute, by means of a 7-point cosine filter. Geomagnetic indices and transient 
events are also scaled from these data. 

Protonmagnetometer (Overhauser- effect magnetometer) in  dIdD configuration consists of two 
orthogonal sets of coils (proton head is mounted at the centre). Coils orientated so that one provides 
bias fields approximately perpendicular to F vector in the magnetic meridian and the other provides 
�E�L�D�V���I�L�H�O�G�V���D�S�S�U�R�[�L�P�D�W�H�O�\���S�H�U�S�H�Q�G�L�F�X�O�D�U���W�R���)���L�Q���W�K�H���K�R�U�L�]�R�Q�W�D�O���S�O�D�Q�H�����¨�'���D�Q�G���¨�,���U�H�O�D�W�L�Y�H���W�R���W�K�H���L�Q�L�W�L�D�O��
values (D0 , I0 ) are calculated. dIdD proton magnetometer  samples at 1Hz from which F (total 
force) and quasi absolute values of D and I are obtained. To ensure continuous recording a high 
stability torsion photoelectric magnetometer (type PSM-8711) is run as backup system. Data along 
with telluric data are logged by a DR-02 type digital recording system. The PSM magnetometer 
records the H, D and Z component with exceptionally high parameter stability. The baseline 
�Y�D�U�L�D�W�L�R�Q���Q�H�Y�H�U�� �H�[�F�H�H�G�V�� �������� �Q�7���\�H�D�U���� �0�D�[�L�P�X�P�� �U�H�V�R�O�X�W�L�R�Q�� �L�V�� ���� �S�7���� �V�D�P�S�O�L�Q�J�� �U�D�W�H�� �D�S�S�O�L�H�G�� �L�V�� �����ƒ�V����
frequency response: 0.3 Hz to DC, sensitivity to tilting: less than 10 nT/'. 

Baselines of the variometer systems are derived from absolute observations of F, D and I. The 
standard instrument for absolute measurements are the proton magnetometer (type: GSM 19 of 
GEM Systems) and the new fluxgate theodolite. To determine the momentary angle of declination 
four observations (four null positions in the horizontal plane) are taken and it is repeated at least 
twice. Inclination angle is determined in the plain of the momentary magnetic meridian in the same 
way as D. Total intensity is measured simultaneously with I-measurements on the next (F) pillar 
with an Overhauser magnetometer. Absolute values of all geomagnetic elements are referred to the 
same pillar of the absolute hut. Observations are made weekly, occasionally more often. Baseline 
determination was improved by new Overhauser effect protonmagnetometer, a Theo 020A based 
 fluxgate theodolite, also called DI-flux. 

4.3  GIC recording 

Continuous measurement of the geomagnetically induced currents (telluric currents) started in 1957. 
The value of the telluric data of the observatory lies in the exceptional length of data series. The 
long-term stability of the observations had been ensured by the reconstruction of the electrode 
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system. This nearly sixty years long telluric recording forms an unique data set for statistical 
analysis of the long-term variation of the geomagnetic activity and its induction effect. Occurrence 
of high geomagnetically induced electric fields and their coincidence with the phases of solar 
activity is less clear than that of maximum magnetic activity. As the weights of variations with 
different periods are rather different in geomagnetic and earth-current indices, there are also 
differences between the two kinds of activities. 
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1  Introduction  

Every four years, the Hungarian National Committee of IUGG prepares a national report detailing 
the activities of the International Association for Hydrological Sciences. This paper summarizes the 
most important hydrology-related projects and research performed by universities, scientific institu-
tions, and government agencies in Hungary during the period of 2015-2018. The National Repre-
sentative of IAHS was entrusted to review the relevant water-related activities and their publication 
background. 

Traditionally, the Environmental Protection and Water Resources Research Institute (Hungarian 
acronym VITUKI) managed hydrological research, but VITUKI dissolved in 2013 due to reorgani-
zation. Other organizations have since taken over its main research tasks and projects. These organ-
izations include the General Directorate of Water Management (Hungarian acronym OVF) and 
universities such as the Budapest University of Technology, the National University of Public Ser-
vice, the Pannon University, �W�K�H�� �6�]�p�F�K�H�Q�\�L�� �,�V�W�Y�i�Q��University, the University of Miskolc, and the 
University of Sopron, among others. 

2  Selected research and development activities in Hungary 

2.1  Budapest University of Technology 

The Department of Hydraulic and Water Resources Engineering, and the Department of Sanitary 
and Environmental Engineering at the Budapest University of Technology and Economics conduct-
ed the following research activities. 

The complementary relationship (�%�4) of evaporation has gone through a significant transfor-
mation in the past few years (Szil�igyi 2015, Szil�igyi et al. 2016). Based on empirical evidence it 
became clear that the �%�4 is neither symmetric nor linear in nature between its two non-dimensional 
variables, �U��
L ���' �������'�L and �T��
L ���'�S�������'�L (or similarly between �' �������'�S and �'�L�������'�S). Here, �'  is 
the actual, �'�L the potential, and �'�S the wet-environment evapotranspiration rate.  

The newly defined nonlinear �%�4 (Crago et al. 2016, �6�]�L�O�igyi et al. 2017) employs a new rescal-
ing for �T, realizing that �'�L is physically bounded; therefore, �T cannot span the theoretical [0, 1] 
interval in general. With the properly rescaled non-dimensional variables, the nonlinear �%�4 outper-
forms any previous versions of it (Szil�igyi et al. 2017, Szil�igyi 2018a). In fact, with the help of this 
new �%�4, unique and unprecedented relationships could be identified. For example, it could be 
shown that large-scale intensive irrigation affects the boundary layer of the atmosphere in a way that 
leads to reduced local precipitation rates (Szil�igyi 2018b) and increased rates hundreds of kilome-
ters farther downwind. Also, this new �%�4 can express how the almost decade-long severe drought in 
�&�D�O�L�I�R�U�Q�L�D�¶�V���&�H�Q�W�U�D�O���9�D�O�O�H�\���D�I�I�H�F�W�H�G���F�U�R�S���H�Y�D�S�R�W�U�D�Q�V�S�L�U�D�W�L�R�Q���U�D�W�H�V����which is contrary to what hydro-
meteorologist had previously assumed to have happened (Szil�igyi and J�yzsa 2018). It was discov-
ered the crops could cope with the drought for several years due to intensified irrigation. This was 
valid only up to a point. When competition for irrigation water became fierce and water increased in 
price, many farmers cut back on irrigation and sold the water to the thirsty megacities of Los Ange-
les and San Francisco. 

Current, ongoing research clearly demonstrates that one can obtain better evapotranspiration es-
timates with the help of the nonlinear �%�4 than with any complex land surface (e.g., Noah, VIC, 
Mosaic), reanalysis (e.g., NCEP-II, ERA-Interim), remote-sensing based (e.g., GLEAM, PML) 
models, or even what a spatial upscaling of eddy covariance measurements (i.e., FLUXNET-MTE) 
can provide. In addition, this can be accomplished without calibration since the Szil�igyi (2018) 
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version of the nonlinear �%�4 is calibration-free. Employing the �%�4 could be a great opportunity for 
climate scientists to upgrade land surface model components within global climate models. The 
future will determine if this happens or not. 

To obtain a deeper understanding of the relationship between catchment morphometric parame-
ters, rainfall event characteristics, and the corresponding response time (�6�?), calculations were 
completed employing 736 events at 38 watersheds �± with catchment sizes varying from  
16 to 978 km2. As a result, the root mean square error of the estimation was reduced from 8.6 to 2.3 
hours, compared to the generally applied equation derived by Wisnovszky (1958). Out of 23 mor-
phometric parameters, a principal component analysis identified four as the most important. A new 
polynomial equation was calibrated based on the parameters identified. Further improvement of the 
Tc estimation was achieved by applying a new catchment grouping method. A hyperbola was fit to 
the maximum rainfall intensity versus the �6�? value for every watershed. The constant multiplier of 
the hyperbola displayed a linear correlation with the catchment area for each group, but the reason 
for this behavior has not yet been clarified. Study results were presented at the HydroCarpath Con-
ference 2019 in Vienna, Austria. 

Research at the Sanitary and Environmental Engineering Department covers a broad range of 
environmental topics: hydrology and water quality in natural catchments and in urban areas; public 
works and sanitation; and water and wastewater technologies. The department contributed to the 
implementation of the Second River Basin Management Plans of Hungary in two areas: (1) by de-
veloping and applying a novel bottom-up approach to estimate ecological water demand of ground-
water dependent ecosystems, (2) by planning and carrying out water quality calculations for the 
surface water body classifications (Kardos and Koncsos 2017). The relationship of hydrological, 
land use, water quality and ecological conditions was analyzed at Lake Balaton and its watershed 
(Hatvani et al. 2015, Hatvani et al. 2017). To assist the country-scale analysis of diffuse source 
nutrient emissions, a new method was elaborated to estimate the base flow index in gauged and 
ungau�J�H�G���F�D�W�F�K�P�H�Q�W�V�����-�R�O�i�Q�N�D�L���D�Q�G���.�Rncsos 2018). Multiple adaptation measures were investigated 
to mitigate the water-related consequences of climate change in general (Garnier et al. 2015) and to 
cope with hydrologic extremities (drought and inland excess water) in heavily cultivated lowland 
�F�D�W�F�K�P�H�Q�W�V�����8�Q�J�Y�i�U�L���H�W���D�O�������������������,�Q��the urban hydrology field, the performance of several existing 
�V�H�G�L�P�H�Q�W�� �W�U�D�Q�V�S�R�U�W�� �P�R�G�H�O�V�� �Z�H�U�H�� �H�Y�D�O�X�D�W�H�G�� �I�R�U�� �D�� �V�H�O�H�F�W�H�G�� �X�U�E�D�Q�� �D�U�H�D�� �L�Q�� �%�X�G�D�S�H�V�W�� ���.�Q�R�O�P�i�U�� �D�Q�G��
�1�p�P�H�W�K�����������������D�Q�G��a new automated approach for subcatchment delineation and parameterization to 
run the Storm Water Management Model (SWMM) more effectively was developed (Kn�R�O�P�i�U���D�Q�G��
�)�•�O�|�S�����������������)�L�H�O�G���H�[�S�H�U�L�P�H�Q�W�V���Z�H�U�H���S�H�U�I�R�U�P�H�G���W�R���D�Q�D�O�\�]�H��the transmission of traffic-emitted heavy 
metal pollution (Budai and Clement 2018), which is a significant environmental aspect of hydro-
logic processes. 

2.2  National University of Public Service 

The main research activities in the �)�D�F�X�O�W�\�� �R�I�� �:�D�W�H�U�� �6�F�L�H�Q�F�H�V�� ���I�R�U�P�H�U�O�\�� �(�|�W�Y�|�V�� �-�y�]�V�H�I�� �&�R�O�O�H�J�H����
Institute for Hydraulic Engineering and Water Management and Institute for Water Supply and 
Environmental Engineering) at the National University of Public Service are discussed below.  
The Institute for Hydraulic Engineering and Water Management performed following research ac-
tivities and projects. 

�7�K�H�� �7�È�0�2�3-4.1.1.F-14/1/Konv-2015-0003 �³Development of Technical and Economic Educa-
tion �D�W���(�|�W�Y�|�V���-�y�]�V�H�I���&�R�O�O�H�J�H���L�Q���W�K�H��Field of Water Management through the Introduction of a Dual 
Education System�´���S�U�R�M�H�F�W���Z�D�V��completed in 2015 to develop a dual education system for the engi-
�Q�H�H�U�L�Q�J�� �D�Q�G�� �E�X�V�L�Q�H�V�V�� �D�G�P�L�Q�L�V�W�U�D�W�L�R�Q�� �G�H�J�U�H�H�� �S�U�R�J�U�D�P�� �D�W�� �(�|�W�Y�|�V�� �-�y�]�V�H�I�� �&�R�O�O�H�J�H����The project frame-
work included improving practical education that was accomplished by involving water manage-
ment professionals. For water management majors the introduction of dual higher education system 
and curriculum modernization were implemented. Some practice-oriented civil engineering curricu-
lum subjects such as the modernization of the hydrometry field training, and the development of 
field training on river management and flood protection were accomplished ���7�D�P�i�V 2015). 
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The project InterFloodCourse 04_ECVII_PA05 �³International Postgraduate Course on Flood Man-
�D�J�H�P�H�Q�W�´���Z�D�V���D�Q�R�W�K�H�U���S�U�R�M�H�F�W���U�H�O�D�W�H�G���W�R��training and curricula development. Together with the Uni-
versity of Belgrade, Faculty of Civil Engineering, a new and gap-filling postgraduate training has 
been developed. The program enables civil engineering graduates in the Danube River basin to 
apply a harmonized and coordinated flood and flood risk management and prevention process. The 
project addressed the lack of uniformly specialized training on flood management. This lack of 
dissemination of flood-related knowledge hinders the implementation of the EU Floods Directive 
(Oroszi et al. 2017).  

In addition, there were several traditional �± mostly applied �± ongoing research activities:  

1) Research on the investigation of riverine hydrological and morphological processes and the 
development of bathymetry �W�H�F�K�Q�L�T�X�H�V���K�D�Y�H���E�H�H�Q���F�D�U�U�L�H�G���R�X�W�����*�|�W�W�O�L�Q�J�H�U���H�W���D�O�����������������7�D�P�i�V��
and Ficsor 2018).  

2) A�S�S�O�L�F�D�W�L�R�Q���R�I���U�H�P�R�W�H���V�H�Q�V�L�Q�J�����%�D�O�i�]�V���H�W���D�O�����������������D�Q�G���S�U�H�F�L�V�L�R�Q���W�H�F�K�Q�R�O�R�J�L�H�V���L�Q���D�J�U�L�F�X�O�W�X�U��
al uses have been investigated.  

3) New model for design and evaluation for culverts was developed, and calibrated (Koch et 
al. 2017, Koch and Horvat 2018). 

At the Institute for Water Supply and Environmental Engineering, a project aiming at the develop-
ment of water management in higher education within the frame of intelligent, specialized decen-
tralized wastewater treatment technologies founded by the EFOP-3.6.1-16-2016-00025 was evaluat-
ed and compared, and a feasibility study was performed to examine the applicability of such sys-
tems. The project scope was to determine the actual capacity of DEWATS options and map the 
capability of system upgrade. A decision-making system was developed applying a biokinetic simu-
lation tool to provide customers a device to select suitable systems to meet their needs. Dissemina-
tion of this work was published in several articles ���.�D�U�F�K�H�V���D�Q�G���2�U�J�R�Y�i�Q�\�L��2018, Karches 2018a).  

F�X�Q�G�H�G�� �E�\�� �7�e�7�B�����B�,�/-1-2016-0013, the project handled smart chlorine dosage in water treat-
ment process to reduce public health risk and optimize treatment process operations. The project 
revealed that using a smart process to control chlorine dosage the side products could be minimized. 
It was determined that the chemical added to the system may not cause corrosion in the drinking 
water supply system. In addition, the optimization and the organoleptic characteristics of the water 
could be improved. AquaNES-H2020-WATER 2014-���������� �S�U�R�M�H�F�W�� �³�'�H�P�R�Q�V�W�U�D�W�L�Q�J��Synergies in 
Combined Natural and Engineered Processes for Water Treatment Sys�W�H�P�V�´ further developed this 
work. In this project, the membrane techniques were evaluated and reverse osmosis filter permeabil-
ity was investigated (Salamon et al. 2018).  

The �.�g�)�2�3-2.1.2.-VEKOP-15-2016-00001 �,�V�W�Y�i�Q��Egyed Postdoctoral Program aimed to inves-
tigate the reactor arrangement in wastewater treatment systems. Numerical tracer studies were ap-
plied to map the hydrodynamic conditions inside the reactors, the dead-zones, and the hydraulic 
short-cuts detected; with the help of computational fluid dynamic simulations (CFD), their effect 
was quantified on the treatment process. A number of completely stirred tank reactors in series were 
introduced and applied in biokinetic simulations. The project outcome was to improve the mass 
balance and hydrodynamic coupling model systems to improve the description of complex process-
es in wastewater technologies (Karches 2018b, 2018c).  

At the Faculty of Water Sciences, extensive research has been done on the changes of runoff and 
catchment characteristics due to climate change (Bene et al 2015, Keve et al. 2015) and the possibil-
ities of improvement in the monitoring of ice phenomena on the Danube River (Keve 2016, 2017). 
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2.3  Pannon University 

At the Georgikon Faculty of Pannon University research focused on two main research activities 
during 2015-2019.  

There were two goals in the GINOP-2.3.2-15-2016-00029 project to study the traditional water-
soybean relationship to obtain the crop water demand during the whole vegetation period, and to 
investigate water stressed crop behavior during the most sensitive phenological stage (flowering). 
Dry period simulation through closing crop water supply and braiding the growing chambers from 
above produced full of w�D�W�H�U���G�H�S�U�L�Y�D�W�L�R�Q�����$�Q�G�D���D�Q�G���6�R�y�V 2016). Among several methods to meas-
ure evapotranspiration (ET), compensation evapotranspirometers are the optimal devices as they 
produce accurate daily on-site results. Water use efficiency was also determined, which combines 
the analysis for dry matter and crop-water relation (Anda et al. 2018a). Results could contribute to 
more effective soybean growing practices (management) of end-users, be they farmers or decision 
makers.  

The EFOP-3.6.1-16-2016-00015 project included the following research activities. Macro-
�S�K�\�W�H�¶�V���(�7���U�H�Y�H�D�Os the effects of annual water level fluctuations and allows for a more exact under-
standing of the impact of water losses. Water losses remain an elusive and substantial part of the 
hydrologic budget, particularly in wetland habitats. Information about annual variability of long-
term ET values would assist in finding an ideal solution for determining the proper water level 
needed in strictly protected areas (Lake Balaton and Kis-Balaton Wetland System). It is recom-
mended that for different wetland habitats the water balance should be continuously assessed to 
determine a suitable water level to sustain the most appropriate wetland ecological conditions (Anda 
et al. 2015a, 2015b, Anda et al. 2016, Anda et al. 2017, Anda et al. 2018b, 2018c, Menyhart et al. 
2015, Kocsis et al. 2017, Kocsis and Anda 2017, Kocsis and Anda 2018, �.�R�Y�i�F�V���H�W���D�O�������������������7�K�H��
other aspect of the study is the investigation of decomposition processes, which are highly influ-
enced by environmental factors (meteorological variables included). In the area of Lake Balaton and 
Kis-Balaton, wetland system decomposition is especially important for water quality (Kucserka et 
al. 2018, Simon et al. 2018a, 2018b, Hubai et al. 2017). While the environmental dependence of the 
process is well-known, the impact of meteorological parameters on decomposition processes are 
less known. Due to recent global climate change, the basic influencing factors will change as well, 
and the consequences for wetland habitats are unpredictable. 

2.4  �6�]�p�F�Ke�Q�\�L���,�V�W�Y�i�Q���8�Q�L�Y�H�U�V�L�W�\ 

At �6�]�p�F�K�p�Q�\�L�� �,�V�W�Y�i�Q�� �8�Q�L�Y�H�U�V�L�W�\��the water resource program focused on three major areas for re-
search; (1) water management and surface water hydrology, (2) unsaturated flow modelling with 
applications in transportation, geotechnical, and ecological areas, and (3) karst flow modelling. 

1) In the water management and surface water hydrology area, we are modeling ungauged wa-
tersheds in western Hungary. Our efforts are directed at: 

�‡ Determining similarity parameters (hydrological, watershed, and meteorological) 
for measured watersheds, using the available database in western Hungary. Using 
yearly and monthly flows as well as flow duration curves to develop index parame-
ters. 

�‡ Applying different geostatistical methods (kriging, and topkriging) to estimate year-
ly and monthly flow in western Hungary. Thirty-six gauged watersheds were se-
lected to evaluate seasonal variability of runoff based on 15 years of measured data. 
T�K�H���Z�D�W�H�U�V�K�H�G�V���Z�H�U�H���F�O�X�V�W�H�U�H�G���E�D�V�H�G���R�Q���W�K�H���3�D�U�G�p���G�L�V�W�U�L�E�X�W�L�R�Q����Geostatistical inter-
polation methods were applied to predict regional monthly flows using point 
kriging at gauged and ungauged locations. The findings were presented at the EGU 
Conference 2018 in Vienna, Austria. 

�‡ Modelling continuous rainfall-runoff processes by using daily measured data. Per-
forming model selection and sensitivity analyses with available software (Nagy et 
�D�O���� ������������ �0�i�W�\�i�V�� �D�Q�G�� �%�H�Q�H�� �������������� �(�Y�D�O�X�D�W�L�Q�J�� �P�R�G�H�O�V��by applying different error 
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analysis methods. Searching for relationships between expanding window error 
analyses and meteorological, and watershed characteristic changes. In the first step 
of this study, rainfall-runoff models of four watersheds in the Kis�D�O�I�|�O�G���U�H�J�L�R�Q���Z�H�U�H��
investigated. The models were applied to identify variations in runoff characteris-
tics caused by climatic factors or fundamental alterations to the watershed itself 
through the application of numerical error analysis. By observing the continuous 
statistical error measurements, changes can be detected in either climatic condi-
tions, watershed characteristics, or may indicate gauging or data collection errors 
���0�i�W�\�i�V���D�Q�G���%�H�Q�H�������������� 

�‡ Using calibrated models to assess the impact of climate change in selected regions. 
Investigating the effect of climate change on the flow factor, minimum and maxi-
mum yields, and annual distribution of water. 

2) Applying measurement methods to develop soil water characteristic curves and evaluating 
measured data. Assessing the impact of unsaturated water movement on various structures 
in civil projects (railways, dams) and on the stability of natural loess bluffs. As a first step, 
we have built a realistic 2-dimensional infiltration and groundwater model that reflects the 
influence of river levels, rainfall patterns, and local pumping. Based on model results so far, 
initial and boundary conditions have a strong influence on seasonal pore pressures. 
���0�X�U�L�Q�N�y���D�Q�G���%�H�Q�H������������ 

3) Describing karst spring flow using statistical methods. Karst spring flow plays an increas-
ing important role in groundwater resources in Hungary. Three different estimation meth-
ods were evaluated to predict mean annual spring flows in the Aggtelek region, using GIS 
based catchment area. Neither method was found significantly better than the others. The 
Budyko curves gave a good estimation for annual spring flows, with average variance. The 
non-linear regression method gave the best result, with the smallest median error, and error 
variance (�0�i�W�\�i�V���D�Q�G���%�H�Q�H�������������� 

2.5  University of Miskolc 

The Faculty of Earth Science and Engineering of the University of Miskolc had several national and 
international projects dedicated to sustainable water resource management and geothermal resource 
utilization challenges. The main research activities were performed to implement the following 
projects. 

The KINDRA project (EC framework program H2020, Grant Agreement No. 642047) aims to 
achieve a better understanding of the societal challenge of groundwater by providing an overall 
view of the scientific knowledge that exists across Europe and classifying this knowledge in an open 
repository (Petitta et al. 2018). The six-member KINDRA consortium, led by the Sapienza Univer-
sity, conducted an EU-wide assessment of existing groundwater-related practical and scientific 
knowledge based on a new Hydrogeological Research Classification System (HRC-SYS). This 
classification was supported by a web-service �± the European Inventory of Groundwater Research 
(EIGR) �± which acts not only as a knowledge repository but also as a tool to help identify relevant 
research topics, existing research trends, and critical research challenges (Fernandez et al. 2017). 

WaterWiseWays �± Innovative Solutions for Sustainable Groundwater Resource Management 
project (GINOP-2.3.2-15-2016-���������������L�V���L�P�S�O�H�P�H�Q�W�H�G���X�Q�G�H�U���W�K�H���I�U�D�P�H�Z�R�U�N���R�I���W�K�H���6�]�p�F�K�H�Q�\�L������������
Plan, funded by the European Union, and is co-financed by the European Structural and Investment 
Funds. Its target is to support and work out new and innovative solutions in the following applica-
tions of groundwater management: 

1) New procedures for discovering the effects of extreme weather conditions on natural 
groundwater recharg�H���D�Q�G���I�O�R�Z���U�H�J�L�P�H�V�����,�O�\�p�V���H�W���D�O�� 2018), 

2) Analysis of soil-water interaction supporting precision agriculture activities, 
3) Leakage detection and analysis of factors enhancing underground pipe-system failures (Ho-

ang et al. 2017). 
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The program provides research infrastructure and human resources for the targeted research priori-
ties to strengthen the international competitiveness of the Faculty of Earth Science and Engineering.  

The project Combined Heat, Power, and Metal Extraction from Ultra-deep Ore Bodies 
(CHPM2030) has been submitted under the coordination of the University of Miskolc to the call: 
H2020-LCE-2015-1-two-stage of the Horizon 2020 program. The international consortium submit-
ting the project is composed of 12 partners from 11 countries, also involving additional third parties 
under the umbrella of the European Federation of Geologists, thereby ensuring nearly full geograph-
ical coverage within the European Union. CHPM2030 aims to develop a novel and potentially dis-
ruptive technology solution that can help satisfy European needs for energy and strategic metals in a 
single interlinked process. Working at the frontiers of geothermal resources development, minerals 
extraction and electro-metallurgy, the project aims at converting ultra-deep metallic mineral for-
�P�D�W�L�R�Q�V���L�Q�W�R���D�Q���³�R�U�H�E�R�G�\-�(�*�6�´���W�K�D�W���Z�L�O�O���V�H�U�Y�H���D�V���D���E�D�V�L�V���I�R�U���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���D���Q�H�Z type of facil-
�L�W�\�� �I�R�U�� �³�&�R�P�E�L�Q�H�G�� �+�H�D�W���� �3�R�Z�H�U�� �D�Q�G�� �0�H�W�D�O�� �H�[�W�U�D�F�W�L�R�Q�´�� ���&�+�3�0������ �,�Q�� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �H�Q�Y�L�V�L�R�Q�H�G, the 
metal-bearing geological formation will be manipulated in a way to make the co-production of en-
ergy and metals possible and optimized according to market demands at any given moment in the 
future. 

2.6  University of Sopron  

The following important research activities were implemented at the University of Sopron (formerly 
University of West Hungary), Faculty of Forestry, Institute of Geomatics and Civil Engineering. 

Hydrological conditions in Hungary were analyzed in the context of �W�K�H�� �³�&�O�L�P�D�W�H�� �&�K�D�Q�J�H��in 
�$�J�U�i�U�N�O�t�P�D�����´�����9�.�6�=�B����-1-2013-0034) project.  

1) A Thornthwaite-type monthly water balance model for seasonal estimations of climate 
change hydrological effects was developed by Herceg et al (2016). The model was calibrat-
ed using a remote sensing-based evapotranspiration. The key parameter of the model is soil 
water storage capacity (SOILMAX). During the calibration process, the maximal rooting 
depth is also projectable. �'�D�W�D�� �R�I�� �D�� �P�L�[�H�G�� �S�D�U�F�H�O�� �R�I�� �O�D�Q�G�� �Q�H�D�U�� �0�R�V�R�Q�P�D�J�\�D�U�y�Y�i�U�� �D�Q�G�� �D��
small, forest-covered catchment in Sopron were successfully used for calibration of the 
model. 

2) �&�V�i�N�L���H�W���D�O�������������������S�U�R�M�H�F�W�H�G���W�K�H���P�D�L�Q���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�H���Z�D�W�H�U���E�D�O�D�Q�F�H���I�R�U��the Zala River 
Basin �L�Q���+�X�Q�J�D�U�\�����,�Q�F�U�H�D�V�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�����������ƒ���&�����D�W���W�K�H���H�Q�G���W�K�H�������V�W���F�H�Q�W�X�U�\���L�V���S�U�R�M�H�F�W�H�G��
to cause a 4% increase of evapotranspiration. On the other hand, this slight change in ET 
can cause a substantial reduction (53%) in long-term runoff especially for forested part of 
the watershed. The reducing runoff/recharge may limit manageable or extractable ground-
water resources. Runoff decrease could lead to serious consequences for the watershed of 
Zala River (the main tributary of the Lake Balaton and adjoined wetlands) by further wors-
ening the water balance. 

Forest groundwater use was analyzed in project OTKA NN79835 (Statistical and Hydrological 
Modelling of Soil and Subsoil Salt-Accumulation Caused by Tree Plantations Established above 
Shallow Saline Groundwater) in collaboration with TAKI (Institute for Soil Sciences and Agricul-
tural Chemistry, Centre for Agricultural Research, Hungarian Academy of Sciences) and ERTI 
(Forest Research Institute, National Agricultural Research and Innovation Centre).  

1) Water table data under forest plantations and neighboring corn plots in groundwater dis-
charge and recharge zones were analyzed by M�yricz et al. (2016). A poplar (Populus tremu-
la) plantation and adjacent corn field were surveyed in a local discharge area, while a black 
locust (Robinia pseudoacacia) forest and neighboring agricultural plot were evaluated in a 
recharge area.  

2) Significant �D�P�R�X�Q�W�� �R�I�� �J�U�R�X�Q�G�Z�D�W�H�U�� �X�S�W�D�N�H�� �Z�D�V�� �G�H�W�H�F�W�H�G�� �E�\�� �&�V�i�I�R�U�G�L�� �H�W�� �D�O���� �������������� �G�X�U�L�Q�J��
long dry periods in Hungarian Great Plain analyzing data from 20 groundwater wells with 
different vegetation cover. Comparing different vegetation covers low value of ETgw was 
detected for black locust stands (mean 0.4 mm/day), with higher values for poplar planta-
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tions (1.7�±6.0 mm/day), and the highest rate of �'�6�C�S for common oak forests (mean  
8.2 mm/day). There were no or a very small amount of �'�6�C�S on agricultural control plots, 
indicating lower groundwater consumption of control sites with herbaceous vegetation. 

3) Groundwater evapotranspiration and salt accumulation of an oak forest, a poplar plantation, 
and grass covered plots were analyzed by Gribovszki et al. (2017). Groundwater uptake of 
a middle-aged oak forest was greater than that of younger poplar forest, but both forest 
types used significantly greater amounts of groundwater than adjacent grasslands during the 
summer monitoring period. Salt accumulation, which shows water use in the longer run, 
was slightly higher for the poplar plantation in both the vadose zone and groundwater. All 
in all, hybrid poplar, the most preferred species for afforestations in Hungarian Great Plain, 
is less favorable considering salinization effects. 

4) �6�]�D�E�y�� �H�W�� �D�O���� �������������� �V�W�X�G�L�H�G�� �W�K�H�� �H�I�I�H�F�W�� �R�I�� �Z�D�W�H�U�� �W�D�E�O�H�� �G�H�S�W�K�� �D�Q�G�� �F�O�D�\�� �F�R�Q�W�H�Q�W�� �L�Q�� �W�K�H�� �*�U�H�D�W��
Hungarian Plain, where forest cover has been increasing for decades, by analyzing soil and 
groundwater samples from black locust (Robinia pseudoacacia, 11 plots) and poplar (Popu-
lus spp., 11 plots) stands. One herbaceous (control) and one or more forested plots were set-
tled on all study sites. Greater amounts of CaCO3 and Cl- accumulated in the soil profile 
under tree cover than in the control. 

Characteristics of natural and urbanized catchments were compared in the frame of the project 
�7�È�0�2�3���������������%-09/KONV-2010-0006. The urban soils from stream banks and the �V�H�G�L�P�H�Q�W���R�I���5�i�N��
Creek were analyzed within the context of the anthropogenic influence in the area of Sopron 
(Horv�ith et al. 2016). Results indicate covered parts of the watercourse were the most polluted; this 
is also confirmed by the enrichment factor (�'�( ) of heavy metals. �'�(  for Pb and Zn increased as we 
moved toward the city.  

A new diurnal soil moisture fluctuation-based �'�6 estimation method was validated using Hide-
�J�Y�t�]���9�D�O�O�H�\���H�[�S�H�U�L�P�H�Q�W�D�O���F�D�W�F�K�P�H�Q�W���G�D�W�D�V�H�W. The method has a great advantage because it eliminates 
the need of specific yield (�5�U). The �'�6 rates of the proposed method lag behind the Penman�±
Monteith method by 30-60 minutes reference; otherwise, the two estimates compare favorably. �'�6 
rates of the new technique are 38% higher than the results of the original White method. By com-
paring the �'�6 rates of the proposed method with traditional �'�6 estimates from soil moisture, an 
almost magnitude difference can be detected. The proposed method has potential benefits in 
groundwater discharge areas, especially for warmer and drier growing seasons, which will likely 
result in limited water resources in the changing climate (Gribovszki 2018a).  

Parallel soil-moisture profile and water table measurement were used by Gribovszki (2018b) to 
calculate �5�U values, even on a sub-daily scale. �5�U estimates were compared with values derived by 
traditional techniques. Slug-test-based �5�U gave the most similar results to new estimations. So, slug-
test methods, which are relatively cheap and quick, were most appropriate to estimate �5�U for diurnal 
methods. The sub-daily dynamic characteristic of �5�U (depending on the speed of drainage from the 
soil profile) was also analyzed, and a remarkable difference was found in �5�U regarding water table 
changing speed. Research has been supported by the EFOP-3.6.2-16-2017-00018 in University of 
Sopron project. 

2.7  OVF (General Directorate of Water Management)  

General Directorate of Water Management had the following involvements in international co-
operation and projects. 

Flood protection and river management: Flood risk mapping and development of strategic risk 
management (KEOP-2.5.0/B/09-12-2013-0001) aims the revision of the Hungarian flood prevention 
strategy, considering the modern and remarkably changed social- economical demands on strategic 
and national level. The methodology of risk assessment was developed by considering relevant 
environmental, material and human life protection factors based on scientific methods of analysis 
and unified information background. In 2015, the General Directorate of Water Management drew 
up and published the hazard risk maps and strategic risk management plans based on preliminary 
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risk assessments, data acquisitions, and the determination and establishment of the applied method-
ology. From the year of 2017, in the framework of the compulsory revision of the developed flood 
risk management plans and maps (KEHOP-1.1.0-15-2016-00006), the reevaluation of measures and 
river basin management (RBM) plans are in progress. Regarding flood prevention issues, the elabo-
ration of the strategical and scientific background of differentiated flood protection is also a decid-
ing objective and task for sustainable and long-term effective flood protection and damage preven-
tion.  The development of the strategy and the preparation of legislative introduction are currently in 
progress. Within the framework of INTERREG Danube Transnational Program, dedicated to i) 
flood risk alleviation through floodplain restoration along the Danube River and its tributaries 
(DTP2-003-2.1), and; ii) develop tools contributing to the Danube basin wide floodplain restoration 
and preservation, a manual (addressed mainly to practitioners), called DRB Sustainable Floodplain 
management Strategic Guidance on ecological and flood protection features, is to be created. 

The objective of another ongoing INTERREG project, called JOINTISZA, is to enhance the sta-
tus of waters of the Tisza River Basin. It will focus on the interactions of two key aspects of water 
management �²  RBM and flood protection �²  while taking into account the relevant stakeholders 
who play a pivotal role in the Tisza RBM planning process. The main aim of the project is to further 
improve the integration of water management and flood risk prevention planning and actions for the 
next RBM planning cycle, in line with the relevant EU legislation. 

Development of an Operational Drought and Water Scarcity Monitoring System in Hungary: 
The establishment of the monitoring network has been started with the aim of supporting Hungarian 
drought management (recently starting to emphasize prevention) and water resource management. 
The system incorporates novel detection and evaluation methods, based on which operational plans 
and legislation procedures will be elaborated. During the research activity preceding the develop-
ment of the network a new, daily resolution drought index was elaborated. At present the input data 
for the index is provided by 47 monitoring stations, which were installed between 2016 and 2018. In 
the near future in total 150 stations will  operate within the network. Beyond basic meteorological 
parameters the stations also provide soil moisture data from different depths, placing this way Hun-
garian water and drought management on new grounds. Novel information related to soil moisture 
can greatly support operational water resource management and the assessment of supplies and 
demands, being ultimately important for the agricultural sector to reach its goals concerning the 
development of irrigation and the facilitation of precision farming. A highly emphasized aim of the 
monitoring system is to bring into effect operational drought monitoring in Hungary, meaning that 
similarly to flood and excess water management, data and conditions become adequate to determine 
intervention levels, and to define precisely operational activities and related measures for legislative 
harmonization. The measured and calculated data provided by the monitoring network are published 
on a web portal, delivering information for decision makers, professionals or farmers free of charge, 
greatly supporting this was the everyday work of the most important stakeholders. 

NEWADA duo project (Network of Danube Waterway Administrations - data and user) was a 
follow-up of the successful NEWADA project. Project objectives were: improved waterway man-
agement (integrated, sustainable and regionally coordinated), enhanced waterway maintenance 
(improved and coordinated performance), improved customer orientation of waterway related ser-
vices, harmonized waterway infrastructure related basic data (defined quality, scope and availability 
of data), enhanced usage of Information and Communication Technologies (harmonized and up-to-
date fairway information), increased visibility of waterway authorities, provide transition support 
from pilot implementation to regular operation, enable countries to tackle national priorities by 
involving partners. 

DAREFFORT (Danube River Basin Enhanced Flood Forecasting Cooperation) is an interna-
tional project launched officially in Budapest, Hungary on 13 September 2018. The three-year pro-
ject aims at synchronizing and unifying the hydrological data information system for the Danube 
catchment. The most cost effective non-structural tangible solution which highly reflects the solidar-
ity principle is the improvement of forecasting capabilities on basin-wide scale. The partners jointly 
work out the policy recommendations to be submitted to ICPDR in the interest of the establishment 
of the Danube Hydrological Information System (DanubeHIS) which is a fundamental step towards 
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flexible and sustainable data exchange. The focus is to enhance the access to the recorded hydro-
logic and ice data and to provide harmonized distribution for all the countries in the Danube catch-
ment. For this purpose for all partners, interface software will be installed to provide standardized 
data services and as data source for EFAS. 

The development of the hydrological forecasting system of the Hungarian Hydrological Fore-
casting Service (HHFS) is a continuous task. It includes the extension of the current system to pre-
�Y�L�R�X�V�O�\���Q�R�W���P�R�G�H�O�O�H�G���V�X�E�F�D�W�F�K�P�H�Q�W�V�����&�V�t�N���H�W���D�O�������������������L�Q�W�U�R�G�X�F�L�Q�J���Q�H�Z���H�O�H�P�H�Q�W�V���W�R���W�K�H���P�H�W�K�R�G�R�O�R��
gy such as the fully dynamic hydraulic calculations and introducing alternative methods as seen in 
the case of river ice prediction. HHFS was also involved in the preparation works of the national 
water program (Barreto et al. 2017). 
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1  Introduction  

In Hungary, the regular meteorological measurement activity begun in 1717 in Sopron. �-�i�Q�R�V���È�G�i�P��
Gensel, physician and scientist was the first Hungarian who recorded temperature and atmospheric 
pressure several times a day. In the past nearly 150 years our predecessors worked according to the 
scientific and technological standards of the time, thus Hungarian Meteorological Service (OMSZ) 
is facing the challenges of our days as an institute with large experience. OMSZ has diverse tasks in 
the areas of weather, climate and ambient air, ranging from daily operational duties through 
research and development to education of the general public ���%�X�U�i�Q�V�]�N�L�Q�p���H�W���D�O��������������. 

2  Surface and Upper Air Observations, Radar Network 

Our surface monitoring network is currently made up of 139 own, 142 jointly operated by General 
Directorate of Water Management and 12 other automatic weather stations and we have about 460 
conventional rainfall stations. The automatic meteorological stations basically measure the weather 
parameters (air temperature and humidity, air pressure, wind, precipitation), but we also perform 
gamma-dose rate measurements at 28 sites for early detection of radioactive hazard, at three places 
aerosols with alpha, beta and gamma activity are monitored and at some dozen stations we measure 
soil temperature and soil moisture at several layers, which are important for agriculture. We make 
our best to meet the needs of reliable meteorological data by installing mobile measuring stations 
where we flexibly adjust the measuring program, communication and power supply to user 
requirements. For continuous operation the network inspectors of OMSZ regularly check the 
technical parameters of the stations and perform the necessary maintenance. 

We started modernization and development of the meteorological stations at the civil airports in 
2015, which enables operation of meteorological stations at all the 4 �U�X�U�D�O���L�Q�W�H�U�Q�D�W�L�R�Q�D�O���D�L�U�S�R�U�W�V�����3�p�U����
�3�p�F�V-�3�R�J�i�Q�\�����'�H�E�U�H�F�H�Q�� �6�i�U�P�H�O�O�p�N�����L�Q���F�R�P�S�O�L�D�Q�F�H���Z�L�W�K���W�K�H���U�H�J�X�O�D�W�L�R�Q���R�I���,�&�$�2 (International Civil 
Aviation Organization) and National Transport Authority so they are capable to prepare the airport 
weather reports (METAR) automatically. 

To measure atmospheric state variables vertically, we regularly launch radiosondes in Budapest 
and Szeged at the same time as about other 750 radiosonde stations around the world. The sonde is 
lifted up by a hydrogen-filled meteorological balloon. The probe rises up to 25 to 30 km in about 
one and a half hours, while its electronic sensors are continuously measuring and its transmitter 
broadcasting the pressure (for certain type), temperature, relative humidity of the surrounding air 
and current GPS coordinates of the radiosonde to determine the direction and speed of the upper 
wind. The four daily ascents instead of the previous two resulted in significant progress, thanks to 
the recent testing and introduction of a new, more economical radiosonde, the developing and 
refining of which our staff were also involved in. 

In recent years, we have put great emphasis on the development of the national weather radar 
network, which basically monitors rainfall, measures intensity of precipitation and tracks the 
atmospheric events. OMSZ operates a network of four radars, the latest of which was installed in 
the Southern Great Plain region near Szentes in October 2014. In addition to the installation of the 
new device, upgrade of the Budapest, �3�R�J�i�Q�\�Y�i�U���D�Q�G���1�D�S�N�R�U���U�D�G�D�U�V���Z�D�V���D�O�V�R���F�R�P�S�O�H�W�H�G�� We have 
not only developed our equipment, but also the products obtainable from the results of radar 
measurements. Instead of the former two-dimensional radar images, three-dimensional composite 
images are being made, enabling investigation of not only the horizontal properties of precipitation 
systems, but their vertical structure as well. The new products significantly contribute to severe 
weather forecasting and aviation meteorology. 
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The Government of Hungary decided on installation of a new radar in the South Hungarian region 
for the proper meteorological service of a national hail prevention system �± applying updraft 
seeding by ground-based generators �± designed to reduce the significant damage caused by hail in 
the national economy and therefore provided additional resources for Hungarian Meteorological 
Service. The network of five weather radars is anticipated to provide an outstanding technical base 
for detecting hazardous convective cells from 2019 ���%�X�U�i�Q�V�]�N�L�Q�p���H�W���D�O��������������. 

3  Atmospheric Physical Measurements  

Beside measuring and observing the weather parameters it is also our task to examine the other 
physical parameters of the atmosphere. We perform the measurements of the total ozone content of 
the atmosphere, the spectral UV-A radiation and the spectral UV-B radiation and the spectral solar 
radiation determining transmittance of the atmosphere, the results of which are transmitted to 
international data centres. We keep the population informed about the measured value and strength 
of the UV-B radiation in the summer season. In addition to the measurements of solar radiation, we 
started intensive development activity for examining the possibilities for short��term forecasting of 
solar radiation, which is of great importance in the production of solar energy as a renewable energy 
source. At the sixth meeting of the Regional Association VI of World Meteorological Organization 
held in October 1978, Marczel�O�� �*�\�|�U�J�\�� �0�D�L�Q�� �2�E�V�H�U�Y�D�W�R�U�\�� �Z�D�V�� �D�G�P�L�W�W�H�G�� �W�R�� �W�K�H regional radiation 
centers in RA VI. 

4  Weather Forecasting 

Besides the general forecasts we prepare severe weather warnings to protect life and property, 
detailed meteorological forecasts for the catchments of Tisza and Danube rivers (for flood and 
inland flood prevention) and we also provide meteorological services for the civil aviation. We 
satisfy requests of various users from both state and economic sectors, including media. Staff of our 
institution monitors the weather development for 24 hours a day, analyzes the latest model outputs 
and updates the forecasts. The aspect and the content of a weather forecast can significantly differ 
depending on whether that a severe weather warning, a general forecast or forecast with a special 
purpose prepared is. As for the time-range, we issue detailed forecasts for the following hours and 
days, but also outlooks for several weeks ahead. While some forecasts are issued for the entire 
country or regions, others focus on the weather characteristics of a specific location. Some users 
require forecast of special weather parameters, thus, a completely unique service is defined and 
provided upon their request. The quality of our forecasts is constantly verified, model and 
methodological developments are being carried out. 

Nowadays meteorologists widely apply computer-based numerical weather prediction models, 
but in case of nowcasting (1-3 hour forecasts) it is very important to analyse the current weather 
situation of the possible highest accuracy. 

Without meteorological measurements dense in both space and time it is almost impossible to 
tell what the weather will be, even for the next few hours. Therefore OMSZ is continuously 
developing the network of synoptic stations and expanding them with new instruments. Information 
about the course of temperature, wind, humidity and air pressure is provided by the automatic 
weather stations at every 10 minutes. The radar network updates the information on rainfall areas 
every 5 minutes, development of thunderstorms can be tracked by the help of the lightning detection 
network. High resolution satellite images also help the work of meteorologists owing to 
international cooperation. Several measurement data are processed and integrated in the 
MEANDER nowcasting system providing forecasts for a few hours ahead ���/�i�V�]�O�y�� �D�Q�G�� �6�D�O�D�Y�H�F��
2018). For short and medium-range forecasts, we primarily use the model of European Centre for 
Medium-Range Weather Forecasts (ECMWF) and the AROME model, which is run by the 
supercomputer of OMSZ, but the results of other models (e.g. GFS, WRF) are also taken into ac-
count when preparing forecasts ���,�K�i�V�]�� �H�W���D�O���� ��������, Lancz et al. 2018, Wang et al. 2018). With the 
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spread of the ensemble technique, the role of the probability forecasting and uncertainty information 
concerning forecasts is continuously increasing (Wastl et al. 2018).  

The internationally acknowledged HAWK (Hungarian Advanced Workstation) developed at 
OMSZ is the most important tool in the operational forecasting. The system assimilates all 
information necessary for the forecast preparation. It displays the data interactively in customized 
maps or in a graph format (meteogram) at the selected points. 

5  Severe Weather Forecasting and Storm Warning for Lakes 

Severe weather forecasting is aimed at protecting lives and properties. The main purpose of the 
system is to ensure a credible source of information for the general public, media, disaster manage-
ment and other state authorities in critical weather situations. The system provides a quick overview 
on current and future weather risks extended (from 2018 onwards) for the next four days, divided on 
districts or counties and emphasized by colour codes. The continuously updated severe weather 
warnings with a lead time of 1-3 hours are available on the website of OMSZ and on the 
Meteoalarm portal, which has been developed and operated in a frame of a European cooperation. 

The pre-warnings or alerts can be related to heavy thunderstorm, torrential rain, wind gust, 
freezing rain, blowing snow. The severe weather warning system also consists of pre-warnings on 
long-lasting, high-amount rain or snow, as well as of so-�F�D�O�O�H�G���Ä�V�S�H�F�L�D�O�´���Z�D�U�Q�L�Q�J�V on occurrence of 
heat wave, extreme cold period or persistent dense fog. 

The storm warning season at the lakes of our country lasts from 1 April to 31 October each year. 
During this period, we ensure the safety of tourists and water transport at the lakes Balaton, Velence 
and Tisza. The first degree of warning is issued when wind speed is expected between 40-60 km/h 
and the second degree of warning if wind speed may exceed 60 km/h. For decades, there have been 
no fatal accidents at the lakes which would have been a result of late or missing warning. 

Starting from 2018, OMSZ is responsible to operate a supporting system to mitigate the 
atmospheric hail damage. Co-operating partner is the Hungarian Chamber of Agriculture. The 
model basis of the supporting system is WRF, optimized for the prediction of deep convections. In 
addition, diagnostic fields derived from the development of AROME and ECMWF models also 
contribute to hail damage mitigation efforts. It should also be noted, that new products from radar 
measurements could improve the reliability of forecasts related to this activity.  

6  Aviation Meteorology  

Meteorological information and products supporting a variety of air transport activities enable safer, 
more efficient and cost-effective operation of airspace users, air navigation service providers and air 
traffic management. Our forecasts for aviation meteorology are used in both national and 
international air traffic. Our forecasting activity is performed in accordance with international 
standards, but we also make several other forecasts tailored to the needs of our customers, which 
supplement the standard products. Based upon ICAO recommendations, we issue warning reports 
for the international aviation in case of conditions threatening the flights. We also prepare forecasts 
for four Hungarian international airpor�W�V�� ���6�i�U�P�H�O�O�p�N���� �3�p�U�� �3�p�F�V���� �'�H�E�U�H�F�H�Q������ �7�K�H�� �P�H�W�H�R�U�R�O�R�J�L�F�D�O��
support of national aviation is carried out by area forecasts, in which we provide information on 
severe weather events upon criteria established in cooperation with the aviation authorities. 

In addition to the operational work, we are constantly improving our products to increase the 
safety of the flight. Since 2016, the new Aviation Meteorology website (aviation.met.hu) provides 
access to up-to-date and credible aviation weather reports and forecasts. On this site, special 
forecasts for the needs of sport aviation are also available ���%�X�U�i�Q�V�]�N�L�Q�p���H�W���D�O��������������. 

To improve the service for the most vulnerable low level flights, we are participating in an 
international project aimed at providing uniform and harmonized meteorological information in 
Central and South-Eastern Europe through a common electronic interface for general purpose flight. 
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7  Statistical Climatology and Climate Modeling 

Detection of climate change requires accurate comparison of the data measured nowadays and in the 
past, while the environment, instruments and methods of measurements have changed several times 
over the years (Babolcsai and Hirsch 2019). On the other hand, we are also curious about changes in 
areas where measured data are not available. Thus, it is essential to apply statistical methods to the 
carefully controlled data by which we get homogenized grid data series. During the regional 
CarpatClim project and the establishment of the Hungarian NAGiS (National Adaptation Geo-
information System) database some years ago, we created �G�D�L�O�\���K�R�P�R�J�H�Q�L�]�H�G���J�U�L�G���G�D�W�D���V�H�U�L�H�V���D�W���������ƒ��
spatial resolution using the homogenization and interpolation techniques developed by us (MASH-
MISH systems). 

Data series have been prepared for the most important meteorological variables (e.g. maximum, 
minimum and mean temperature, global radiation, wind, relative humidity, air pressure, clouds) and 
other derived parameters, indices (e.g. days with special rainfall and temperature thresholds, 
drought indices, tourism climate indices). We keep our databases up to date, taking into account 
additional stations can be used as a result of data recording, furthermore we extend them to other 
variables and to the last few years. Our climate specialists developing homogenisation and 
interpolation processes are internationally acknowledged and our methods are used in many other 
countries as well. Our recognition is also reflected in the fact that the great international assemble of 
meteorologists in this discipline has always been organized in Budapest.  

The idea to initiate climate dynamics research at OMSZ (besides the traditional statistical 
climatology) had arisen in 2003, as modelling provides the only tool to explore the potential 
response of the climate system to a hypothetic anthropogenic forcing. Climate projections inherently 
include uncertainties arising from the chaotic nature of the climate system, from imperfections of 
the numerical models and also from the ambiguous future evolution of human activity (Ge�U�K�i�W�Q�p��
�.�H�U�p�Q�\�L����2018). Therefore, the correct interpretation of the model simulations should contain 
information about their likelihood. This can be achieved with the ensemble technique, i.e., with the 
joint evaluation of several climate model experiments. For this reason, two regional climate models 
(RCMs) were adapted at our service: ALADIN-Climate, which �Z�D�V���G�H�Y�H�O�R�S�H�G���D�W���0�p�W�p�R���)�U�D�Q�F�H�����D�Q�G��
REMO model of Max Planck Institute in Hamburg. Having established the modelling fundaments 
OMSZ joined to the European research network and participated in international cooperations 
investigating climate change effects. For the assessment of 21st century climate change in Hungary, 
several projections have been made by ALADIN-Climate and REMO applying different 
anthropogenic scenarios. Furthermore, other European climate model results produced under the 
framework of Euro-CORDEX international collaboration have been assessed in order to reveal 
whether the larger ensemble modifies the uncertainty range of the future changes. The National 
Adaptation Geo-information System (NAGiS) created in 2013 provides a harmonized data basis for 
the adaptation studies using locally run RCM results as inputs for the quantitative climate impact 
assessments. Given the efforts of the Regional Climate Modelling Group of OMSZ, the end users 
have become acquainted with the probabilistic climate information and the decision making based 
on them. 

8  Air Quality Modelling  

Neither financial nor technical possibilities exist to carry out measurements in every spatial point. 
However, continuous spatio-temporal distribution of air pollutant concentrations can be calculated 
based on the known characteristics of atmospheric flows and pollutants, the localization and yield of 
main sources ���1�p�P�H�W�K���H�W���D�O��������������. In addition, mathematical models describing the dispersion and 
transport of air pollutants make the evaluation of the eventual effects of supposed releases (impact 
studies and �± combined with numerical weather prediction models �± the estimation of the expected 
evolution of air pollution possible (Ferenczi et al. 2018, O-Groma et al. 2018). Different models are 
effective to use for different problems, on the one hand to keep the computation needs within 
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feasible limits, and on the other hand, because the relevance of individual processes varies 
depending on the target and spatio-temporal scale of their application (Blumberger et al. 2019). 

Based on EU regulations, in addition to air pollution monitoring, Member States prepare 
national regional and urban air quality reports based on model calculations. These assessments 
contain identification of emission sources affecting air quality of a region. These kinds of 
calculations are based on multi-layer model systems. At Hungarian Meteorological Service, 
development of an evaluation model system started in 2015. First, the EMEP chemical transport 
model has been adapted to calculate concentrations over Europe using the gridded emission 
database of EMEP as well as the meteorological data of ECMWF. The EMEP model provides us 
with lateral and initial boundary conditions for air pollution concentration calculations. Based on 
this information, model calculations of finer spatial resolution (10 km x 10 km) can be done for 
Hungary, taking into account the transboundary long-range transport of air pollutants. Model 
calculations for the air quality of Budapest are performed with the CHIMERE chemical transport 
model. Another important condition of the model runs is an emission database of 0.1�| x 0.1�| 
resolution. Primarily in case of accidental releases from point sources, transport and dispersion of 
air pollutants is calculated for European, regional as well as local scales. Operative model runs are 
done twice a day for Paks nuclear power plant using the regional scale FLEXPART dispersion 
model and given emission values. Model runs can also be manually operated via the HAWK system 
of OMSZ, which means, that real emission data can be put into the system by the users in case of an 
accident. 
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In this compilation a brief summary is given on the activity of Hungarian scientists in the field of 
oceanography based on the summaries appeared in the articles. In the reported period, one review 
study and some research papers partly or fully dealing with aspects of oceanography were published 
by Hungarian authors or in co-authorship with Hungarians. We disregarded the papers dealing only 
with climate aspects unless the relation to the oceans is/was mentioned. 

1  Review article 

Oceanic research in Hungary has a long history. As Csernussi (2018) summarized in his review 
article the oceanography was developed in the Adriatic-Mediterranean region in a short time during 
the time of Austro-Hungarian monarchy (1867-1918). There was a need for stations to run scientific 
researches and to have bases for the expeditions. The Hungarian scientists were always among the 
firsts from the beginning, but they could get their own station only in 1905, at Fiume (Rijeka). Be-
fore the outbreak of World War I they were able to run a lot of research and two famous Adriatic 
expeditions. After World War I Hungary lost its sea and two-thirds of its ground but it has never lost 
the respect to the oceans�¶ life. 

2  Scientific research in connection with oceanography 

�%�R�]�y�N�L���H�W���D�O�������������������U�H�S�R�U�W�H�G���D���O�D�E�R�U�D�W�R�U�\���V�W�X�G�\���R�Q���W�K�H���O�D�U�J�H-scale ocean circulation in connection of 
Drake Passage. They reported a laboratory model of the large-scale flow phenomena in the Southern 
Ocean with a closed Drake Passage, imitating the situation before the Eocene-Oligocene transition 
(EOT) ca. 34 million years ago. In a differentially heated rotating annular wave tank an insulating 
�µ�P�H�U�L�G�L�R�Q�D�O�¶���E�D�U�U�L�H�U���L�V���L�Q�V�W�D�O�O�H�G���W�R���E�O�R�F�N���]�R�Q�D�O���F�L�U�F�X�O�D�W�L�R�Q�����7�K�H���R�E�W�D�L�Q�H�G��temperature fields and time 
�V�H�U�L�H�V�� �D�U�H�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �R�Q�H�V�� �I�U�R�P�� �F�R�Q�W�U�R�O�� �U�X�Q�V�� �Z�L�W�K�� �S�D�U�W�L�D�O�O�\�� �E�O�R�F�N�H�G�� �D�Q�G�� �I�X�O�O�\�� �R�S�H�Q�H�G�� �µ�S�Ds-
�V�D�J�H�V�¶���� �,�Q���W�K�H���µ�F�O�R�V�H�G�¶���F�D�V�H���D���S�H�U�V�L�V�W�H�Q�W���D�]�L�P�X�W�K�D�O���W�H�P�S�H�U�D�W�X�U�H���J�U�D�G�L�H�Q�W���H�P�H�U�J�H�V�� �Z�K�R�V�H���P�D�J�Q�L�W�X�G�H��
�V�F�D�O�H�V���O�L�Q�H�D�U�O�\�� �Z�L�W�K���W�K�H���µ�P�H�U�L�G�L�R�Q�D�O�¶ temperature contrast. The anomalous temperature distribution 
is accompanied with perturbations of the background flow yielding significantly larger low-
�I�U�H�T�X�H�Q�F�\�� �Y�D�U�L�D�E�L�O�L�W�\�� �W�K�D�Q���L�Q�� �W�K�H�� �µ�R�S�H�Q�H�G�¶�� �F�R�Q�I�L�J�X�U�D�W�L�R�Q���� �7�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �I�L�Q�G�L�Q�J�V���K�D�Y�H�� �L�P�S�O�L�Fa-
tions to the EOT but at present validation of results is hindered by the lack of deep-sea drilling data 
from the Southeast Pacific and adjacent parts of the Southern Ocean. The model may inspire further 
paleoceanographic research in this largely unexplored region. 

Medjdoub et al. (2019) published an article on their laboratory investigations on the resonant 
�I�H�D�W�X�U�H���R�I���µ�G�H�D�G���Z�D�W�H�U�¶���S�K�H�Q�R�P�H�Q�R�Q�����$�V��they summarized interfacial internal wave excitation in the 
wake of towed ships is studied experimentally in a quasi-�W�Z�R�� �O�D�\�H�U�� �I�O�X�L�G���� �$�W�� �D�� �F�U�L�W�L�F�D�O�� �µ�U�H�V�R�Q�D�Q�W�¶��
towing velocity, whose value depends on the structure of the vertical density profile, the amplitude 
of the internal wave train following the ship reaches a maximum, in unison with the development of 
�D���G�U�D�J���I�R�U�F�H���D�F�W�L�Q�J���R�Q���W�K�H���Y�H�V�V�H�O�����N�Q�R�Z�Q���L�Q���W�K�H���P�D�U�L�W�L�P�H���O�L�W�H�U�D�W�X�U�H���D�V���µ�G�H�D�G���Z�D�W�H�U�¶�����7�K�H���D�P�S�O�L�W�X�G�H�V��
and wavelengths of the emerging internal waves are evaluated for various ship speeds, ship lengths 
and stratification profiles. The results are compared to linear two- and three-layer theories of freely 
propagating waves and lee waves. They find that despite the fact that the observed internal waves 
can have considerable amplitudes, linear theories can still provide a surprisingly adequate descrip-
tion of subcritical-to-supercritical transition and the associated amplification of internal waves. 

Gravity waves play an essential role in the dynamics of oceans. In the paper of Vincze and  
�%�R�]�y�N�L�����������������Lnterfacial internal waves in a stratified fluid excited by periodic free-surface pertur-

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/drakes
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deep-sea
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bations in a closed tank are studied experimentally. As they summarized barotropic-baroclinic en-
ergy conversion is induced by the presence of a bottom obstacle. The connection between horizontal 
surface velocities and internal wave amplitudes is investigated, the developing flow patterns are 
described qualitatively, and the wave speeds of internal waves are systematically analysed and 
compared to linear 2- and 3-layer theories. They find that, despite of the fact that the observed inter-
nal waves can have considerable amplitudes, a linear 3-layer approximation still gives fairly good 
agreement with the experimental results. 

�7�p�O�� �H�W���Dl. (2018) demonstrated experimentally the water-holding property of three-dimensional 
vortices. In summary when injecting dye into a vertical vortex generated by a commercial magnetic 
�V�W�L�U�U�H�U�����R�Q�H���¿�Q�G�V���W�K�D�W���G�\�H���U�H�P�D�L�Q�V���F�D�S�W�X�U�H�G���D�U�R�X�Q�G���W�K�H���Y�R�U�W�H�[���F�R�U�H���R�Y�H�U��minutes, while it gets mixed 
with the water outside this region rather rapidly. Thus, considering its horizontal motion, the dye 
becomes trapped within a critical radius, even though the vortex structure (and the dyed region) is 
aperiodically time-dependent due to the oscillations of the position of the stirring bar. According to 
a recent paper by Haller et al. (2016), three-dimensional time-�G�H�S�H�Q�G�H�Q�W���Y�R�U�W�L�F�H�V���V�K�R�X�O�G���E�H���G�H�¿�Q�H�G��
as rotating, material-�K�R�O�G�L�Q�J���W�X�E�X�O�D�U���U�H�J�L�R�Q�V���R�I���W�K�H���À�X�L�G�����7�K�H�\���U�H�S�R�U�W�H�G���D���V�H�W���R�I experiments carried 
out with magnetic-stirrer-�J�H�Q�H�U�D�W�H�G�� �Y�R�U�W�L�F�H�V�� �Z�K�L�F�K�� �D�S�S�H�D�U�V���W�R�� �S�U�R�Y�L�G�H�� �W�K�H�� �¿�U�V�W�� �S�L�H�F�H�V�� �R�I�� �H�Y�L�G�H�Q�F�H��
supporting the theory in a very elementary set-up that is accessible even in high schools. Data also 
provide information about quantities not predicted by the theory, e.g., the lifetime of dye spent 
within the vortex. They showed that the maximum radius of the stable dye cylinders, i.e., the hori-
zontal extent of the vortex, hardly depends on the rotational frequency of the stirrer bar - at least in 
the range investigated - �E�X�W�� �L�Q�F�U�H�D�V�H�V�� �Z�L�W�K�� �W�K�H�� �O�H�Q�J�W�K�� �R�I�� �W�K�H�� �E�D�U���� �$�� �J�H�Q�H�U�D�O�L�]�D�W�L�R�Q�� �R�I�� �W�K�L�V�� �¿�Q�G�L�Q�J��
leads to the conclusion that the size of the material-holding region of the vortices in nature should 
be proportional to the size of the surface (or pressure) depression accompanying the vortex. As they 
concluded, their results may imply that the domain in which water parcels are transported by oce-
anic eddies is approximately of the size of the local Rossby radius. 

Baroclinic instability is of fundamental importance in the atmosphere and in the oceans. Vincze 
et al. (2016) published an article on the basis of their laboratory investigations on the barostrat in-
stability as the double-diffusive convection and baroclinic instability in a differentially heated and 
initially stratified rotating system. In summary, water-�¿�O�O�H�G�� �G�L�I�I�H�U�H�Q�W�L�D�O�O�\�� �K�H�D�W�H�G�� �U�R�W�D�W�L�Q�J�� �D�Q�Q�X�O�X�V��
�Z�L�W�K���L�Q�L�W�L�D�O�O�\���S�U�H�S�D�U�H�G���V�W�D�E�O�H���Y�H�U�W�L�F�D�O���V�D�O�L�Q�L�W�\���S�U�R�¿�O�H�V���Z�D�V���V�W�X�G�L�H�G���L�Q���W�K�H���O�D�E�R�U�D�W�R�U�\�����%�D�V�H�G���R�Q���W�Z�R-
dimensional horizontal particle image velocimetry data and infrared camera visualizations, they 
described the appearance and the characteristics of the baroclinic instability in this original 
�F�R�Q�¿�J�X�U�D�W�L�R�Q���� �)�L�U�V�W���� �W�K�H�\�� �V�K�R�Z�H�G���W�K�D�W���Z�K�H�Q���W�K�H���V�D�O�L�Q�L�W�\�� �S�U�R�¿�O�H���L�V���O�L�Q�H�D�U���D�Q�G���F�R�Q�¿�Q�H�G���E�H�W�Z�H�H�Q���W�Z�R��
non-�V�W�U�D�W�L�¿�H�G���O�D�\�H�U�V���D�W���W�R�S���D�Q�G���E�R�W�W�R�P���� �R�Q�O�\�� �W�Z�R���V�H�S�D�U�D�W�H���V�K�D�O�O�R�Z���À�X�L�G��layers can be destabilized. 
�7�K�H�V�H���X�Q�V�W�D�E�O�H���O�D�\�H�U�V���D�S�S�H�D�U���Q�H�D�U�E�\���W�K�H���W�R�S���D�Q�G���W�K�H���E�R�W�W�R�P���R�I���W�K�H���W�D�Q�N���Z�L�W�K���D���V�W�U�D�W�L�¿�H�G���P�R�W�L�R�Q�O�H�V�V��
zone between them. This laboratory arrangement is thus particularly interesting to model geophysi-
cal or astrophysical situations �Z�K�H�U�H�� �V�W�U�D�W�L�¿�H�G�� �U�H�J�L�R�Q�V�� �D�U�H�� �R�I�W�H�Q�� �M�X�[�W�D�S�R�V�H�G�� �W�R�� �F�R�Q�Y�H�F�W�L�Y�H�� �R�Q�H�V����
�7�K�H�Q�����I�R�U���P�R�U�H���J�H�Q�H�U�D�O���E�X�W���V�W�D�E�O�H���L�Q�L�W�L�D�O���G�H�Q�V�L�W�\���S�U�R�¿�O�H�V�����V�W�D�W�L�V�W�L�F�D�O���P�H�D�V�X�U�H�V���D�U�H���L�Q�W�U�R�G�X�F�H�G���W�R���T�X�Dn-
tify the extent of the baroclinic instability at given depths and to analyse the connections between 
this depth-�G�H�S�H�Q�G�H�Q�F�H���D�Q�G���W�K�H���Y�H�U�W�L�F�D�O���V�D�O�L�Q�L�W�\�� �S�U�R�¿�O�H�V���� �7�K�H�\�� �I�R�X�Q�G���W�K�D�W���� �D�O�W�K�R�X�J�K���W�K�H���S�U�H�V�H�Q�F�H���R�I��
�V�W�D�E�O�H���V�W�U�D�W�L�¿�F�D�W�L�R�Q���J�H�Q�H�U�D�O�O�\���K�L�Q�G�H�U�V���I�X�O�O-depth overturning, double-diffusive convection can lead to 
the development of multicellular sideways convection in shallow layers and subsequently to a multi-
layered baroclinic instability. Therefore it has been concluded that by decreasing the characteristic 
�Y�H�U�W�L�F�D�O���V�F�D�O�H���R�I���W�K�H���À�R�Z�����V�W�U�D�W�L�¿�F�D�W�L�R�Q���P�D�\���H�Y�H�Q���H�Q�K�D�Q�F�H���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���F�\�F�O�R�Q�L�F���D�Q�G���D�Q�W�L�F�\�F�O�Rnic 
eddies (and thus, mixing) in a local sense.  

Another study also in connection with barostrat instability was published by Rodda et al. (2018) 
including a Hungarian co-author among others. As they summarized the differentially heated rotat-
ing annulus is a laboratory experiment historically designed for modelling large-scale features of the 
mid-�O�D�W�L�W�X�G�H�� �D�W�P�R�V�S�K�H�U�H���� �,�Q�� �W�K�H�� �S�U�H�V�H�Q�W�� �V�W�X�G�\���� �W�K�H�\�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �D�� �P�R�G�L�¿�H�G�� �Y�H�U�V�L�R�Q�� �R�I�� �W�K�H�� �F�O�D�V�V�L�F��
baroclinic experiment in which a juxtaposition of convective and moti�R�Q�O�H�V�V���V�W�U�D�W�L�¿�H�G���O�D�\�H�U�V���L�V���F�Ue-
�D�W�H�G���E�\���L�Q�W�U�R�G�X�F�L�Q�J���D���Y�H�U�W�L�F�D�O���V�D�O�W���V�W�U�D�W�L�¿�F�D�W�L�R�Q�����7�K�H���W�K�H�U�P�D�O���F�R�Q�Y�H�F�W�L�Y�H���P�R�W�L�R�Q�V���D�U�H���V�X�S�S�U�H�V�V�H�G���L�Q���D��
central region at mid-depth of the rotating tank, therefore double-diffusive convection rolls can 
develop only in thin layer�V�� �O�R�F�D�W�H�G�� �D�W�� �W�R�S���D�Q�G�� �E�R�W�W�R�P���� �Z�K�H�U�H�� �W�K�H�� �V�D�O�W�� �V�W�U�D�W�L�¿�F�D�W�L�R�Q���L�V�� �Z�H�D�N�H�V�W���� �)�R�U��

https://en.wikipedia.org/wiki/Atmosphere
https://en.wikipedia.org/wiki/Oceans
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�K�L�J�K���H�Q�R�X�J�K���U�R�W�D�W�L�R�Q���U�D�W�H�V�����W�K�H���E�D�U�R�F�O�L�Q�L�F���L�Q�V�W�D�E�L�O�L�W�\���G�H�V�W�D�E�L�O�L�V�H�V���W�K�H���À�R�Z���L�Q���W�K�H���W�R�S���D�Q�G���W�K�H���E�R�W�W�R�P��
shallow convective layers, generating cyclonic and anticyclonic eddies separated by the stable 
�V�W�U�D�W�L�¿�H�G���O�D�\�H�U�����7�K�D�Q�N�V���W�R���W�K�L�V���D�O�W�H�U�Q�D�W�L�R�Q���R�I���O�D�\�H�U�V���U�H�V�H�P�E�O�L�Q�J���W�K�H���F�R�Q�Y�H�F�W�L�Y�H���D�Q�G���U�D�G�L�D�W�L�Y�H���O�D�\�H�U�V���R�I��
�V�W�D�U�V�����W�K�H���S�O�D�Q�H�W�D�U�\�¶�V���D�W�P�R�V�S�K�H�U�L�F���W�U�R�S�R�V�S�K�H�U�H���D�Q�G���V�W�U�D�W�R�V�S�K�H�U�H���R�U���W�X�U�E�X�O�H�Q�W���O�D�\�H�U�V���D�W���W�K�H���V�H�D���V�X�U�I�D�F�H��
�D�E�R�Y�H���V�W�U�D�W�L�¿�H�G���Z�D�W�H�U�V�����W�K�L�V���Q�H�Z���Oaboratory setup is of interest for both astrophysics and geophysical 
sciences. More specifically it allows to study the exchange of momentum and energy between the 
layers, primarily by the propagation of internal gravity waves (IGW). PIV velocity maps are used to 
�G�H�V�F�U�L�E�H���W�K�H���Z�D�Y�\���À�R�Z���S�D�W�W�H�U�Q���D�W���G�Lfferent heights. Using a co-rotating laser and camera, the wave 
�¿�H�O�G���L�V���Z�H�O�O���U�H�V�R�O�Y�H�G���D�Q�G���G�Lff�H�U�H�Q�W���Z�D�Y�H���W�\�S�H�V���F�D�Q���E�H���I�R�X�Q�G�����E�D�U�R�F�O�L�Q�L�F���Z�D�Y�H�V�����.�H�O�Y�L�Q���D�Q�G���3�R�L�Q�F�D�U�p��
type waves. The signature of small-scale IGW can also be observed attached to the baroclinic jet. 
The baroclinic waves occur at the thin convectively active layer at the surface and the bottom of the 
tank, though decoupled they show different manifestation of nonlinear interactions. The inertial 
Kelvin an�G���3�R�L�Q�F�D�U�p���Z�D�Y�H�V���V�H�H�P���W�R���E�H���P�H�F�K�D�Q�L�F�D�O�O�\���I�R�U�F�H�G�����7�K�H���V�P�D�O�O-scale wave trains attached to 
the meandering jet point to an imbalance of the large-�V�F�D�O�H���À�R�Z�����)�R�U���W�K�H���¿�U�V�W���W�L�P�H�����W�K�H���V�L�P�X�O�W�D�Q�H�R�X�V��
occurrence of different wave types is reported in detail for a differentially heated rotating annulus 
experiment. 

In the reported period, many papers appeared by Hungarian authors concerning the atmosphere-
ocean climate system. One of them has been published by Herein et al. (2015). Summarizing their 
findings a time seri�H�V���U�H�V�X�O�W�L�Q�J���I�U�R�P���D���V�L�Q�J�O�H���L�Q�L�W�L�D�O���F�R�Q�G�L�W�L�R�Q���L�V���V�K�R�Z�Q���W�R���E�H���L�Q�V�X�I�¿�F�L�H�Q�W���I�R�U���T�X�D�Q�Wi-
fying the internal variability in a climate model, and thus one is unable to make meaningful climate 
projections based on it. The authors argue that the natural distribution, obtained from an ensemble 
of trajectories differing solely in their initial conditions of the snapshot attractor corresponding to a 
particular forcing scenario should be determined in order to quantify internal variability and to char-
acterize any instantaneous state of the system in the future. Furthermore, as a simple measure of 
internal variability of any particular variable of the model, the authors suggest using its instantane-
ous ensemble standard deviation. These points are illustrated with the intermediate complexity cli-
mate model Planet Simulator forced by a CO2 scenario, with a 40-member ensemble. In particular, 
the levelling off of the time dependence of any ensemble average is shown to provide a much 
clearer indication of reaching a steady state than any property of single time series. Shifts in ensem-
ble averages are indicative of climate changes. The dynamical character of such changes is illus-
trated by hysteresis-like curves obtained by plotting the ensemble average surface temperature ver-
sus the CO2 concentration. The internal variability is found to be the most pronounced on small 
geographical scales. The traditionally used 30-yr temporal averages are shown to be considerably 
different from the corresponding ensemble averages. Finally, the North Atlantic Oscillation (NAO) 
index, related to the teleconnection paradigm, is also investigated. It is found that the NAO time 
series strongly differs in any individual realization from each other and from the ensemble average, 
and climatic trends can be extracted only from the latter. One of the conclusions of the paper is, 
authors argue that the only appropriate probabilistic description of the climate at any instant of time, 
�Z�K�L�F�K���I�X�O�O�\�� �U�H�À�H�F�W�V���W�K�H���L�Q�W�H�U�Q�D�O���Y�D�U�L�D�E�L�O�L�W�\�� �R�I�� �W�K�H���G�\�Q�D�P�L�F�V���� �L�V���W�K�H���Q�D�W�X�U�D�O���G�L�V�W�U�L�Eution of the snap-
shot attractor corresponding to this time instant, applicable in practice even to GCMs. Thus the 
proper approach to characterize any climate change is to follow the temporal evolution of this dis-
tribution in time. An important consequence of the latter observation is that the individual 30-yr (or 
any multidecadal) averages might be misleading. 

3  Studies on palaeoceanography  

A study appeared in Hungarian on the palaeoceanographic history of the Hungarian Paleogene Ba-
sin by paleoecological �D�Q�D�O�\�V�L�V�� �R�I�� �E�H�Q�W�K�L�F�� �I�R�U�D�P�L�Q�L�I�H�U�D�� �E�\�� �2�]�V�Y�i�U�W�� ���������������� �$�F�F�R�U�G�L�Q�J�� �W�R���K�L�V�� �V�Xm-
mary investigations of 16 late Palaeogene (Lutetian�±Rupelian) boreholes and sections from the 
Hungarian Palaeogene Basin were investigated for their benthic foraminiferal faunas in order to 
reconstruct its palaeoecological and palaeoceanographic evolution. In the mentioned ecological 
interpretation of the temporal distribution of foraminiferal assemblages, multivariate statistical 
methods were used. These methods included Q-mode principal factor analysis (PFA) and BFOI 
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(Benthic Foraminiferal Oxygen Index) analysis. On the basis of the Q-mode principal factor analy-
sis, the faunas are characteristic for inner neritic (0�±30 m water depth) to upper bathyal environ-
ments (approximately 30�±500 m water depth). The composition of the benthic foraminiferal fauna 
and the results of the Q-mode principal factor analysis indicate tropical�±warm conditions from the 
beginning of the Middle Eocene. A change in the temperature of the bottom water can be detected 
from the late Middle Eocene time, and estimated temperatures indicate temperate�±cold conditions 
during this period. On the basis of the BFOI (Benthic Foraminiferal Oxygen Index) analysis, the 
Middle and Late Eocene are characterised by two short eutrophic events (POMZ1 and POMZ3) and 
two significant eutrophic (POMZ2 and POMZ4) events. These periods are characterised by evi-
dence of a low diversity of fauna, with a high dominance of low-oxygen tolerant (infaunal) species. 
The eutrophic events suggest that there was a second-order sea-level fall and restricted deep water 
circulation, while the oligotrophic and high oxic conditions might have been caused by colder, well-
oxygenated bottom water masses from the SE Tethyan Realm. Evidence suggests that these oligo- 
to mesotrophic periods were characterised by a high diversity of fauna, with a significant dominance 
of epifaunal species. The initial stage of the significant subsidence history coincides with the 
POMZ2 period at the end of the NP17 zone. This demonstrates clearly that the evolution of the 
Hungarian Palaeogene Basin was strongly influenced by significant events. 

�$�Q�R�W�K�H�U���S�D�S�H�U���K�D�V���E�H�H�Q���S�X�E�O�L�V�K�H�G���E�\�� �2�]�V�Y�i�U�W���H�W���D�O���� ���������������L�Q���F�R�Q�Q�H�F�W�L�R�Q���Z�L�W�K���S�D�O�D�H�R�F�H�D�Q�R�J�Ua-
phy. They �V�W�X�G�L�H�G�� �W�Z�R�� �E�R�U�H�K�R�O�H�V�� ���&�V�H�U�p�S�Y�i�U�D�O�M�D-1 and Kiscell-1) with continuous sedimentary re-
cords across the Eocene-Oligocene climate transition from the Central Paratethyan area. Assem-
blages of benthic foraminifera display a shift in dominance by epifaunal taxa in the late Eocene to 
shallow and deep infaunal taxa in the early Oligocene. Using the benthic foraminiferal oxygen index 
(BFOI), a decreasing trend of bottom-water oxygen levels is established across the Eocene-
Oligocene transition (EOT), leading to the development of dysoxic conditions later in the early 
�2�O�L�J�R�F�H�Q�H���� �7�U�H�Q�G�V�� �L�Q�� �/�����2�� �D�Q�G�� �/�����&�� �Y�D�O�X�H�V�� �P�H�D�V�X�U�H�G�� �R�Q�� �W�H�V�W�V�� �R�I�� �V�H�O�H�F�W�H�G�� �E�H�Q�W�K�L�F�� �D�Q�G�� �S�O�D�Q�N�W�L�F��
�I�R�U�D�P�L�Q�L�I�H�U�D���U�R�X�J�K�O�\���S�D�U�D�O�O�H�O���W�K�R�V�H���R�I���W�K�H���J�O�R�E�D�O���U�H�F�R�U�G���R�I���V�W�H�S�S�H�G���(�2�7���/�����2���L�Q�F�U�H�D�V�H���D�Q�G���G�H�Y�L�D�W�H��
only later in the early Oligocene, related to the isolation of the Paratethys. The overall similarity of 
the isotope curves and the presence of a planktic-benthic ecological offset suggest that the original 
�L�V�R�W�R�S�H�� �W�U�H�Q�G�V�� �D�U�H�� �S�U�H�V�H�U�Y�H�G���� �G�H�V�S�L�W�H�� �W�K�H�� �V�\�V�W�H�P�D�W�L�F�D�O�O�\�� �P�R�U�H�� �Q�H�J�D�W�L�Y�H�� �/�����2�� �Y�D�O�X�H�V���� �2�I�� �G�L�I�I�H�U�H�Q�W��
scenarios, a quasi-�X�Q�L�I�R�U�P�� �G�L�D�J�H�Q�H�W�L�F�� �R�Y�H�U�S�U�L�Q�W�� �E�\�� �I�O�X�L�G�V�� �Z�L�W�K�� �O�R�Z�� �/�����2�� �Y�D�O�X�H�V���� �G�X�U�L�Q�J�� �E�X�U�L�D�O�� �R�U��
uplift, appears best supported. They concluded that the globally established isotopic expression of 
Antarctic ice sheet growth across the EOT may be recognizable in the Paratethys. Deviations from 
the global trends after the EOT were caused by regional palaeoceanographic changes induced by the 
progressing Alpine orogeny and sea level change, which led to a restricted connection with the open 
ocean, freshwater influx from increased precipitation, and gradual development of bottom-water 
oxygen depletion. 

4  Other publications 

We should mention here briefly some other ocean-related publications like a book used in the higher 
education from authors of �)�D�U�N�D�V�� �D�Q�G�� �1�p�P�H�W�K��(2016) Two articles appeared regarding to high 
school education of tropical cyclones, ocean streams and tide phenomena as the application of ther-
�P�R�G�\�Q�D�P�L�F�V�� ���*�U�y�I�� ������������ �7�D�V�Q�i�G�L�� �������������� �$�� �S�D�S�H�U�� �S�X�E�O�L�V�K�H�G�� �R�Q�� �V�W�D�W�L�V�W�L�F�D�O�� �U�H�O�D�W�L�R�Q�V�K�L�S�V�� �E�H�W�Z�H�H�Q��
large-scale oscillation phenomena and mesoscale atmospheric conditions over Central/Eastern 
Europe (�.�U�L�V�W�y�I�� �H�W���D�O����2018,  �%�R�W�W�\�i�Q���� �H�W���D�O����2017) investigated the marine source of moisture over 
Central Hungary on the basis of stable isotope analysis. A decade long investigation on simulation 
of sky-polarimetric Viking marine navigation has been finished successfully ���+�R�U�Y�i�W�K���H�W���D�O�� 2017, 
�6�]�i�]���H�W���D�O�� 2017). Finally, application of the 3D finite-volume, primitive equation community ocean 
model (FVCOM) developed for coastal areas was applied in the modelling of a Hungarian shallow 
lake (Balaton) ���7�R�U�P�D���D�Q�G���.�U�i�P�H�U 2017). 
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Introduction  

This report covers the research activity between 2015 and 2018 which belongs to the topics of 
IAVCEI . The most significant results have been obtained in the volcanological, petrological and 
geochemical investigation of the Miocene and Plio-Pleistocene calc-alkaline and alkali volcanism of 
the Carpathian-Pannonian Region and in the study of upper mantle xenoliths found in alkali basalts. 
The research topics and new results will be presented in the following order: 

1)  The Mesozoic �'�L�W�U���X alkaline massif in the Eastern Carpathians 
2)  Neogene to Quaternary calc-alkaline volcanism  
3)  Plio-Pleistocene alkali basalt volcanism  
4)  Upper mantle and lower crustal xenoliths  
5)  Most significant studies based on international collaboration. 

1  The Mesozoic �'�L�W�U���X Alkaline Massif in the Eastern Carpathians  

Mafic�±ultramafic cumulates enclosed in gabbroic-dioritic rocks of the Mesozoic �'�L�W�U���X Alkaline 
�0�D�V�V�L�I���Z�H�U�H���L�Q�Y�H�V�W�L�J�D�W�H�G���E�\���3�i�O-�0�R�O�Q�i�U���H�W���D�O���������������D�������8�V�L�Q�J���P�D�M�R�U���D�Q�G���W�U�D�F�H���H�O�H�P�H�Q�W���F�R�P�S�R�V�L�W�L�R�Q�V��
of minerals and whole-rock samples the origin of these cumulates is determined and the parental 
magma composition and depth of emplacement are calculated. Lamprophyre dykes are proposed to 
reflect multiple basanitic parental magma batches from which the cumulus olivine and 
clinopyroxene crystallised. The evolution of poikilitic olivine-and pyroxene-rich cumulates, and the 
amphibole-rich mesocumulates is the result of closed system crystallisation at temperature and 
pressure of ~1000�±�����������ƒ�&���D�Q�G���a�����������*�3�D (i.e. lower crustal depths).  

In addition to a series of ultramafic to mafic and alkaline igneous rocks, a granite body also 
�R�F�F�X�U�V�� �L�Q�� �W�K�H�� �'�L�W�U���X�� �$�O�N�D�O�L�Q�H�� �0�D�V�V�L�I�����3�i�O-�0�R�O�Q�i�U�� �H�W�� �D�O���� �����������E�� presented and discussed mineral 
chemical data, and major and trace element compositions of the granites in order to define their 
nature and origin and to determine the depth of the magma emplacement. Geochemical data are 
consistent with A1-type granites and mantle differentiates correspond to an intra-plate environment. 
�7�K�H�� �'�L�W�U���X�� �J�U�D�Q�L�W�H�V�� �Z�H�U�H�� �H�P�S�O�D�Fed at middle �± upper crustal levels between 14 and 4 km depth  
(���������“���������0�3�D). 

Trace element content of clinopyroxene was investigated by Batki el al. (2018) in the different 
igneous rock types of the Ditr��u Alkaline Massif. Clinopyroxenes record two major magma sources 
as well as distinct magma evolution trends. The primitive high-Cr Fe-diopside population is derived 
from an early camptonitic magma related to basanitic parental melts, whilst the intermediate Na-
diopside-hedenbergite crystals represent a Na-, Nb- and Zr-rich magma source recognised for the 
first time in the Ditr��u magmatic system. Repeated recharge events of the two principal magmas 
resulted in multiple interactions between more primitive and more fractionated coexisting magma 
batches. 

The T�D�U�Q�L� �D���&�R�P�S�O�H�[�����X�O�W�U�D�P�D�I�L�F���D�Q�G���P�D�I�L�F���U�R�F�N���D�V�V�H�P�E�O�D�J�H���R�I���W�K�H���Q�R�U�W�K�H�U�Q���S�D�U�W���R�I���W�K�H���'�L�W�U���X��
Alkaline Massif) was investigated by Heincz et al. (2018). Mingling and mixing processes occurred 
between magmas (a) in the former magma storage system and (b) during the incorporation of the 
earlier crystallized magmatic fragments entrained during the new magma intrusions. The studied 
minerals show several micro textural features which can be related to crystal transfer process 
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between the intruding magma and the host magma, as well as between the intruding magma and the 
recycled cumulates. 

2  Neogene to Quaternary calc-alkaline volcanism in the Carpathian-Pannonian Region  

2.1  Ignimbites and other calc-alkaline volcanic rocks 

�%�L�U�y���H�W���D�O�������������������S�H�U�I�R�U�P�H�G���G�H�W�D�L�O�H�G���S�H�W�U�R�J�U�D�S�K�L�F���L�Q�Y�H�V�W�L�J�D�W�L�R�Q���D�Q�G���W�Z�R�I�R�O�G���I�D�E�U�L�F���V�W�X�G�\���L�Q�F�O�X�G�L�Q�J��
image analysis and low-field anisotropy of magnetic susceptibility (AMS) on the Mid-Miocene 
�5�i�P�� �+�L�O�O�� �3�X�P�L�F�H�R�X�V�� �6�D�Q�G�V�W�R�Q�H�� ���5�+�3�6���� �9�L�V�H�J�U�i�G�� �0�R�X�Q�W�D�L�Q�V���� �L�Q�W�U�R�G�X�F�H�G�� �E�\�� �.�D�U�i�W�V�R�Q�� �D�Q�G�� �F�R-
workers in 2007. Based on petrographic features the formation consists of heterogeneous pyroclastic 
material from a single phreatomagmatic eruption period, which emplaced in a shallow subaqueous 
�H�Q�Y�L�U�R�Q�P�H�Q�W���D�U�R�X�Q�G���W�K�H���.�H�V�H�U�&�V���+�L�O�O���O�D�Y�D���G�R�P�H���J�U�R�X�S�����7�K�H���5�+�3�6���V�K�R�Z���¶�T�X�D�V�L-�U�D�G�L�D�O�¶���I�O�R�Z���S�D�W�W�H�U�Q��
�D�U�R�X�Q�G���W�K�H���.�H�V�H�U�&�V���+�L�O�O���Y�R�O�F�D�Q�R�����Z�K�L�F�K���Z�D�V���W�K�H���F�H�Q�W�U�D�O���Y�R�O�F�D�Q�L�F���H�G�L�I�L�F�H���R�I���W�K�H���9�L�V�H�J�U�i�G���0�R�X�Q�W�D�L�Q�V��
around 15 Ma. Sediment heterogeneity as a major factor influencing the magnetic fabric strength of 
laharic deposits was highlighted.  

Magma/wet sediment interaction (e.g. autobrecciation, magma-sediment mingling, hyaloclastite 
and peperite-�I�R�U�P�L�Q�J���� �H�W�F������ �Z�D�V�� �V�W�X�G�L�H�G�� �E�\�� �&�V�i�P�H�U�� �������������� �L�Q�� �W�K�H�� �(�D�V�W�H�U�Q�� �%�R�U�V�R�G�� �%�D�V�L�Q�� ���1�(-
Hungary) where relatively small (2�±30 m) subvolcanic bodies with contact lithofacies zones were 
found. 

A detailed characterization of structural hydroxyl concentration of quartz phenocryst fragments 
�I�U�R�P�� �Y�D�U�L�R�X�V�� �S�X�P�L�F�H�R�X�V�� �S�\�U�R�F�O�D�V�W�L�F�� �G�H�Q�V�L�W�\�� �F�X�U�U�H�Q�W�� �G�H�S�R�V�L�W�V�� ���L�J�Q�L�P�E�U�L�W�H�V���� �D�W�� �W�K�H�� �%�•�N�N�� �)�R�U�H�O�D�Q�G��
�9�R�O�F�D�Q�L�F�� �$�U�H�D�� �Z�D�V�� �S�H�U�I�R�U�P�H�G���� �%�L�U�y�� �H�W�� �D�O���� �������������� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �W�K�H�� �V�W�U�X�F�W�X�U�D�O�� �K�\�G�U�R�[�\�O�� �F�R�Q�W�H�Q�W�� �R�I��
quartz from the interior of several ten meters thick ignimbrites is just ~3 ppm. Further investigations 
showed that the structural hydroxyl content is decreasing from the base of thick ignimbrites towards 
�W�K�H�L�U�� �L�Q�W�H�U�L�R�U�� �S�D�U�W�� �I�U�R�P�� �a������ �S�S�P�� �W�R�� ���� �S�S�P�� ���%�L�U�y�� �H�W�� �D�O���� ��������a). Such results indicate that the high 
emplacement temperature and slow cooling of massive ignimbrites cause post-depositional 
diffusional dehydration of nominally anhydrous minerals. This study highlighted the importance of 
careful sampling, when the water content representing magma chamber conditions prior to 
explosive eruptions should be probed: basal parts of ignimbrites and rapidly cooled fallout 
pyroclastics are the best candidates.  

Based on a self-consistent K-Ar database completed with up-to-date geochronological 
�L�Q�I�R�U�P�D�W�L�R�Q���� �6�]�D�N�i�F�V�� �H�W�� �D�O���� �������������� �U�H�Y�L�H�Z�H�G�� �W�K�H�� �J�H�Q�H�U�D�O�� �W�L�P�H�±space evolution of Neogene 
magmatism in the Carpathian�±Pannonian region, aiming at identifying significant patterns and 
trends. A petrographical and geochemical analysis was carried out on intrusive rocks along the 
�2�X�W�H�U�� �&�D�U�S�D�W�K�L�D�Q�V�� �I�U�R�P�� �W�K�H�� �3�L�H�Q�L�Q�\�� �D�Q�G�� �0�R�U�D�Y�L�D�Q�� �D�U�H�D�V�� ���V�R�X�W�K�� �3�R�O�D�Q�G���� �E�\�� �3�p�F�V�N�D�\�� �H�W�� �D�O���� ����������������
with special attention to boron content and K-Ar radiometric ages. The low boron concentration of 
the andesitic rocks in the Pieniny area is in the range measured in back-arc, intraplate basalts of the 
Bakony-Balaton Highland volcanic field, whereas the higher boron content of the Moravian rocks 
overlaps with that of the Western Carpathian andesites. K-Ar ages of the Moravian rocks are  
14.8 Ma to 11.0 Ma and those of the Pieniny Mts. are 13.5-10.8 Ma. 

�%�L�U�y�� �H�W�� �D�O���� �����������E, 2017c) described the field volcanological characteristics and presented 
granulometrical data of a bedd�H�G���S�\�U�R�F�O�D�V�W�L�F���V�X�F�F�H�V�V�L�R�Q���Z�K�L�F�K���Z�D�V���G�H�S�R�V�L�W�H�G���D�W���W�K�H���%�•�N�N���)�R�U�H�O�D�Q�G��
Volcanic Area in the Mid-Miocene. The basal part of the succession is dominated by well-sorted 
coarse tuffs and lapilli tuffs with laterally constant thickness indicating fallout events. On the 
contrary, the fine grain size and high amount of ash aggregates at the upper part indicate wet-surge 
activity from hydromagmatic eruptions. 

�0�i�U�W�R�Q���H�W���D�O�������������������S�U�H�V�H�Q�W�H�G���S�D�O�H�R�P�D�J�Q�H�W�L�F���U�H�V�X�O�W�V���F�R�U�U�H�O�D�W�L�Q�J���W�K�H���L�J�Q�L�P�E�U�L�W�H�V���R�I���W�K�H���0�i�W�U�D���D�Q�G��
�%�•�N�N�� �)�R�U�H�O�D�Q�G volcanic areas. Based on the absence of CCW rotation and reversed polarity, the 
non-�Z�H�O�G�H�G�� �L�J�Q�L�P�E�U�L�W�H�V�� �R�I�� �W�K�H�� �I�R�U�P�H�U�� ���H���J���� �7�D�U�� �T�X�D�U�U�\���� �0�i�W�U�D�E�p�U�F���� �F�D�Q�� �E�H�� �W�U�D�F�H�G�� �D�V�� �I�D�U�� �D�V�� �W�K�H��
�Z�H�V�W�H�U�Q���S�D�U�W���R�I�� �W�K�H�� �O�D�W�W�H�U�����H���J������ �6�L�U�R�N���F�D�V�W�O�H���K�L�O�O���D�Q�G���'�H�P�M�p�Q�±�1�D�J�\�H�U�H�V�]�W�Y�p�Q�\�� �T�X�Drry). In this case, 
biotite trace element geochemistry reinforces the correlation based on paleomagnetism. Further east 
�L�Q���W�K�H���I�R�U�H�O�D�Q�G���R�I���W�K�H���%�•�N�N���0�W�V�����D���Q�X�P�E�H�U���R�I���R�X�W�F�U�R�S�V���D�U�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���F�R�H�Y�D�O�����D�V���G�H�P�R�Q�V�W�U�D�W�H�G��
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by their physical volcanological feat�X�U�H�V���� �D�Q�G�� �D�U�H�� �S�U�R�S�R�V�H�G�� �W�R�� �E�H�O�R�Q�J�� �W�R�� �W�K�H�� �\�R�X�Q�J�H�V�W�� �³�W�X�I�I��
�F�R�P�S�O�H�[�´�����7�K�H�V�H���R�X�W�F�U�R�S�V���R�I�W�H�Q���F�R�P�S�U�L�V�H���S�U�R�G�X�F�W�V���G�H�S�R�V�L�W�H�G���I�U�R�P���V�H�Y�H�U�D�O���H�U�X�S�W�L�R�Q���S�X�O�V�H�V���V�H�S�D�U�D�W�H�G��
by paleosol horizons. The paleomagnetic results support a perfect correlation between the studied 
outcrops, since all have normal polarity and similar declinations. However, they must belong to the 
�P�L�G�G�O�H���³�W�X�I�I���F�R�P�S�O�H�[�´���G�X�H���W�R���W�K�H���G�H�F�O�L�Q�D�W�L�R�Q�V���V�X�J�J�H�V�W�L�Q�J���D�E�R�X�W������o CCW rotation. 

2.2  Zircon geochronology and tectonic relationships of silicic volcanism 

�$���F�R�P�S�U�H�K�H�Q�V�L�Y�H���]�L�U�F�R�Q���J�H�R�F�K�U�R�Q�R�O�R�J�L�F�D�O���V�W�X�G�\�����/�X�N�i�F�V��et al. 2015, 2018a, 2018b) was undertaken 
for the Miocene silicic volcanism of the Pannonian Basin that resulted in an accurate eruption 
chronology framework for the volcanic activity. The in-situ LA-ICP-MS U-Pb zircon ages were 
confirmed by single zircon CA-ID-TIMS and sanidine Ar-Ar age determinations. On the contrary of 
the former three-�I�R�O�G���G�L�V�W�L�Q�F�W�L�R�Q���R�I���W�K�H���V�L�O�L�F�L�F���Y�R�O�F�D�Q�L�F���S�U�R�G�X�F�W�V�����/�X�N�i�F�V���H�W���D�O��������������a) identified at 
least 8 eruption units. The volcanism covers about 4 Myrs, from 18.2 Ma to 14.4 Ma. Within this, 
four large �H�U�X�S�W�L�R�Q�� �H�Y�H�Q�W�V�� �Z�H�U�H�� �U�H�F�R�J�Q�L�]�H�G�� �D�W�� �������������� �“�� ������������ �0�D�� ���+�D�U�V�i�Q�\�� �L�J�Q�L�P�E�U�L�W�H���� 
���������������“���������������0�D�����'�H�P�M�p�Q �L�J�Q�L�P�E�U�L�W�H���������������������“���������������0�D�����%�R�J�i�F�V���X�Q�L�W�����D�Q�G�����������������“���������������0�D��
���0�D�Q�J�y��ignimbrite), which are found in areas across the Pannonian Basin and elsewhere in central 
Europe. Considering all the potential sources of silicic ash found in the Paratethys sub-basins 
around the Pannonian Basin and along the northern Alps and in central �,�W�D�O�\�����/�X�N�i�F�V���H�W���D�O��������������a) 
suggested that they were probably derived almost exclusively from the Pannonian Basin as shown 
by zircon U-Pb dates presented in this paper and published comparable age data from several 
localities. These new zircon U-Pb data could help refining also the Miocene stratigraphy in the 
Pannonian Basin and could help to construct a high-resolution chronostratigraphic framework to 
achieve a better correlation of different Paratethys stages in the Mediterranean and to yield precise 
age proxies that could contribute to connect these sequences to global events. The cumulative 
volume of the volcanic material formed during this 4 Myr long silicic volcanism is estimated to 
be>4000 km3, consistent with a significant ignimbrite flare-up event. This volcanism is regarded as 
the largest one in Europe for the last 20 Myr.  

The silicic volcanism occurred coeval with the thinning of the lithosphere beneath the Pannonian 
basin. During this period, long-lived silicic magma reservoirs developed in the upper crust, mostly 
kept as high-crystallinity �P�X�V�K�H�V�� �I�R�U�� �V�H�Y�H�U�D�O�� �������¶�� �N�\�U�V�� ���/�X�N�i�F�V��et al. 2015). This affected 
considerably the thermal condition of the continental crust and could have an influence also to the 
crustal thinning and contributed to the maturation of organic material in the upper crust. Zircon Hf 
isotope and bulk rock Sr-Nd isotopic data indicate a sharp decrease of crustal and/or increase of 
asthenospheric mantle input after 16.2 Ma, suggesting that by this time the crust, and the 
lithospher�L�F�� �P�D�Q�W�O�H�� �Z�D�V�� �F�R�Q�V�L�G�H�U�D�E�O�\�� �W�K�L�Q�Q�H�G�� ���/�X�N�i�F�V��et al. 2018a). This magmatism appears to 
have had a structural relationship to tectonic movements characterized by strike-slip and normal 
faults within the Mid-Hungarian Shear Zone as well as vertical axis block rotations, when the two 
microplates were juxtaposed. Based on the new eruption age data, the age of the two major block 
rotation events in Northern Hungary was refined: the first rotation event occurred between 17.05 Ma 
and 16.8 Ma, whereas the second one between 16.2 Ma and 14.9 Ma. This was accompanied also 
with a temporal change in the stress field orientation (Petrik et al. 2016). 

2.3  �&�L�R�P�D�G�X�O�����&�V�R�P�i�G�����Y�R�O�F�D�Q�R 

Ciomadul the youngest volcano in the Carpathian-Pannonian Region. It is a long-dormant, 
seemingly inactive volcano where the radiometric dating suggested that the last eruption occurred 
around 30 ka.  

To constrain the eruption chronology, a novel methodology, i.e. zircon (U-Th)/He dating 
combined with U-Th and U-Pb ages was applied (Harangi et al. 2015a, �0�R�O�Q�i�U��et al. 2017, 2018, 
�/�X�N�i�F�V��et al. 2018c). It was demonstrated that such a technique can be successfully used for young 
(i.e. < 1 Ma) volcanic rocks (�0�R�O�Q�i�U���H�W���D�O�� 2017).In contrast to the former K/Ar age data, eruption 
ages were significantly refined. The volcanism of the Ciomadul lava dome field started at 1 Ma and 
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�R�F�F�X�U�U�H�G���L�Q�W�H�U�P�L�W�W�H�Q�W�O�\���X�Q�W�L�O���F�D�������������N�D�����0�R�O�Q�i�U��et al. 2018). This was accompanied by a significant 
change in the composition of the erupted magmas compared to the older Pilisca volcanic rocks. 
Remarkably, volcanic activity resumed even after protracted, more than 100 ka long quiescence 
time. Development of the Ciomadul volcanic complex started at 160 ka and the last eruptions 
occurred at around 30 ka. This volcanism was characterized �D�O�V�R�� �O�R�Q�J���� �L���H���� �V�H�Y�H�U�D�O�� �����¶�V�� �N�D repose 
periods between the active phases. The youngest eruption stage from 57 ka to 30 ka was dominantly 
explosive. 

Zircon U-Th and U-Pb ages suggest that crystallization of zircons occurred more than 200 ka 
before the onset of eruptions (Harangi et al. 2015b, �/�X�N�i�F�V��et al. 2018c). Most of the zircons are 
thus regarded as antecrysts and indicate a protracted lifetime of the subvolcanic magma storage. 
Noteworthy, crystallization took place even during the quiescence periods. Harangi et al. (2015a) 
used combined magnetotelluric and petrologic constrains for the nature of the magma storage 
system beneath the Ciomadul volcano. Combination of the identified electrical resistivity anomaly 
in the upper crust with thermobarometry results coming from the phenocrysts of the dacites, they 
suggested the presence of a melt-bearing crystal mush body in 8 to 20 km depth range. 
Summarizing these new results, Harangi et al. (2015a, 2015b) proposed that a new term is necessary 
for those volcanoes, which erupted last time >10 ka and therefore they cannot be regarded as 
potentially active. They introduced the term PAMS volcano, i.e. �µ�Y�R�O�F�D�Q�R�� �Z�L�W�K�� �S�R�W�H�Q�W�L�D�O�O�\�� �D�F�W�L�Y�H��
�P�D�J�P�D�� �V�W�R�U�D�J�H�¶��for such volcanic systems, where there are observations that melt-bearing magma 
body is still present in the upper crust. There are an increasing number of studies showing that such 
crystal mush with some melt fraction can be rapidly rejuvenated and formation of eruptible magma 
could result in volcanic activity even after long quiescence. 

Kis et al. (2017) provided the first high-resolution CO2 flux data for the Neogene to Quaternary 
volcanic regions of the entire Carpathian-Pannonian Region, and estimated the CO2 emission of the 
seemingly inactive Ciomadul volcanic complex. The CO2 fluxes of focused emissions range 
between 277 and 8172 g d�í1, corresponding to a CO2 output into the atmosphere between 0.1 and 
2.98 t per year. The highest CO2 focused gas fluxes at Ciomadul were found at the periphery of the 
youngest volcanic complex, which could be explained either by tectonic control across the brittle 
older volcanic edifices or by degassing from a deeper crustal zone resulting in CO2 flux at the 
periphery of the supposed melt-bearing magma body beneath Ciomadul. The estimate of the total 
CO2 �R�X�W�S�X�W�� �L�Q�� �W�K�H�� �D�U�H�D�� �L�V�� ���������� �î�� �������� �W�� �\�í1, and it is consistent with other long (>10 ka) dormant 
volcanoes with similar age worldwide.  

At Ciomadul, other studies have also addressed both the late-stage explosive activity which 
formed the present structure of the twin-cratered dome complex and the extending (<1 My-long) 
extrusive lava dome-forming history. During the past ca. 60 ka, violent explosive eruptions occurred 
at Ciomadul, the youngest volcano in the Carpathian-Pannonian Region. Its tephra, oriented to the 
east, has been recovered as far as in the Dniester delta (Wulf et al. 2016). Detailed field 
volcanology, major element pumice glass geochemistry, optically stimulated luminescence and 
radiocarbon dating helped to establish a detailed tephrostratigraphy ���.�D�U�i�W�V�R�Q�� �H�W�� �D�O���� ���������� 2017a, 
2017b; Veres et al. 2018). The explosive stage, related to the older Mohos and the younger St. Ana 
crater which decapitated the central domes, resulted in thick successions of pyroclastic-fall and -
flow deposits in both proximal and medial/distal localities around the volcano. In particular, a 
significant two-phase eruption occurred at ca. 31.5 ka, producing a plinian pumiceous fallout and 
pyroclastic flows from vulcanian explosions. The latest eruptive phase, associated possibly with 
dome disruption at St. Ana crater, produced violent phreatomagmatic eruptions. According to 
radiocarbon age constraints and Cassignol-Gillot (unspiked) K-Ar dating on fragmented dome 
blocks, the youngest volcanic events terminated at ca. 28-������ �N�D�� ���.�D�U�i�W�V�R�Q�� �H�W�� �D�O���� ��������, 2018a, 
�.�D�U�i�W�V�R�Q���������������� 

Volumetric analysis and Cassignol-Gillot K/Ar dating have been used to infer the rates of long-
�W�H�U�P�� �P�D�J�P�D�� �R�X�W�S�X�W�� ���.�D�U�i�W�V�R�Q�� �H�W�� �D�O���� ���������D, 2018b). The volcano showed an extended eruptive 
history from ~850 ka to <30 ka. A dominantly effusive activity took place during the first several 
hundred thousand years, producing isolated, peripheral domes and, subsequently, a central dome 
cluster. The calculated ~8.00 km3 cumulative total volume of the lava domes, which includes an 
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erosionally removed volume of ~0.2 km3, matches the dimensions of medium-sized dacitic lava 
domes worldwide. Such a volume was produced in the long term at a rate of 9.7 km3/My       
(0.0097 km3/ka). However, most of the domes (7.52 km3) formed between 200-30 ka, implying a 
significantly increased lava extrusion rate of 44.2 km3/My (0.0442 km3/ky) in the second stage. 
Within this, individual lava domes with volumes between 0.02 and 0.4 km3 could have been 
emplaced at much higher rates in the order of 1-10 km3/ky.  

3  Plio-Pleistocene alkali basalt volcanism  

The mineral-scale textural and geochemical studies of the Late Miocene to Quaternary basalts of the 
Pannonian Basin resulted in a new insight into the pre-eruptive deep crustal magma evolution 
beneath monogenetic volcanic fields (Jankovics et al. 2015, 2016, �6�i�J�L��et al. 2018) and combining 
these results with bulk rock composition data, this led to a new model for the basaltic volcanism of 
the Carpathian-Pannonian Region (Harangi et al. 2015c).  

Jankovics et al. (2015) studied the chemical composition, zoning and texture of the minerals 
�I�U�R�P�� �.�L�V�V�R�P�O�\�y�� �3�O�L�R�F�H�Q�H�� �D�O�N�D�O�L�Q�H�� �E�D�V�D�O�W�L�F�� �H�U�X�S�W�L�Y�H�� �F�H�Q�W�U�H�� ���/�L�W�W�O�H�� �+�X�Q�J�D�U�L�D�Q�� �3�O�D�L�Q���� �Z�H�V�W�H�U�Q��
Pannonian Basin. The high-resolution mineral-scale analyses provided a unique, more detailed 
�L�Q�V�L�J�K�W�� �L�Q�W�R�� �W�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�V�H�� �³�V�L�P�S�O�H�´�� �P�D�J�P�D�W�L�F system. Five types of olivine crystals and 
three distinct compositional groups of olivine-hosted spinel inclusions were recognized which 
represent four magmatic environments. This implies that the petrogenesis of a single magma 
batch(usually defined as representing a particular eruptive unit) can be complex involving several 
magmas and various, closed- and open-system magmatic processes which finally result in the 
whole-rock (erupted magma) composition. The trace element patterns of clinopyroxene crystals of 
various origins occur were investigated by Jankovics et al. (2016) in the unusually crystal- and 
xenolith-�U�L�F�K�� �D�O�N�D�O�L�Q�H�� �E�D�V�D�O�W�V�� �R�I�� �W�K�H�� �%�R�Q�G�R�U�y-hegy an�G�� �W�K�H�� �)�•�]�H�V-�W�y�� �V�F�R�U�L�D�� �F�R�Q�H�� ���%�D�N�R�Q�\-Balaton 
Highland). The detailed study revealed that most of the clinopyroxenes are xenocrysts of diverse 
origins. The different clinopyroxene populations derived from the upper mantle, the lower crust and 
Type II. cumulates. The abundance of foreign crystals incorporated in the ascending basaltic 
magmas, and their potential for contamination of the host magma, must be taken into account when 
whole-rock geochemical data are interpreted. 

Volcanological description and interpretation have been given about the Late Pliocene 
Badacsony Hill basalt volcano (Bakony�±Balaton Highland Volcanic Field) by Hencz et al. (2017). 
The pyroclast/lithics ratio of the pyroclastics was investigated by using point-counting image 
analysis methodology on the surfaces of hand-cut specimens. It was possible to infer the relative 
depth of explosions with respect to the synvolcanic surface and the syneruptive morphology; 
moreover, the effusive and explosive phases of the volcanism have been identified. Hencz et al. 
(2017) pointed out that the Badacsony volcano was a monogenetic (probably polycyclic) tuff ring or 
shallow maar volcano, terminated by hawaiian and strombolian eruptions. 

Three-dimensional geophysical modelling of the early Late Miocene �3�i�V�]�W�R�U�L�� �Y�R�O�F�D�Q�R 
(ca. 11�±10 Ma) and adjacent area in the Little Hungarian Plain Volcanic Field of the Danube Basin 
was carried out by Panisova et al. (2018) in order to get an insight into the most prominent intra-
crustal structures here. The volcanic series comprise alkaline trachytic and trachyandesitic 
volcanoclastic and effusive rocks. The  uppermost 0.3�±1.8 km thick layer of volcanoclastics 
underlain by a trachytic-trachyandesitic volcanoclastic rock units of a maximum 2 km thickness, 
and a deeper magmatic pluton in a depth range of 5�±15 km.  

Based on some alkaline basaltic rocks from the Carpathian-�3�D�Q�Q�R�Q�L�D�Q���5�H�J�L�R�Q�����6�i�J�L���H�W���D�O������������������
suggested a new fractionation calculation method for olivine and/or clinopyroxene phyric 
intracontinental alkaline basalts, using only the major elements and the Ni concentration of the 
basaltic rock, as well as the forsterite and Ni content of its olivine phenocrysts.  

Harangi et al. (2015c) discussed the origin and geodynamic relationships of the Late Miocene to 
Quaternary alkaline basalt volcanism in the Pannonian basin and provided a new model for it. They 
estimated the mantle potential temperature as well as the depth range of the melting columns. The 
final pressure values of melting corresponds well the seismically identified lithosphere-
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asthenosphere boundary beneath the region. Basaltic magmas formed by low-degree (2�±3 %) 
melting in the convective asthenosphere. Existence of a mantle plume beneath the region was 
excluded, instead the Harangi et al. (2015c) proposed that plate tectonic processes controlled the 
magma generation. The Pannonian basin acted as a thin spot after the 20�±12 Ma syn-rift phase and 
provided suction in the sublithospheric mantle, generating asthenospheric flow from below the 
adjoining thick lithospheric domains. A near-vertical upwelling along the steep lithosphere�±
asthenosphere boundary beneath the western and northern margins of the Pannonian basin could 
result in decompressional melting producing low-volume melts. The youngest basalt volcanic field 
(Persani) in the region is inferred to have been formed due to the dragging effect of the descending 
lithospheric slab beneath the Vrancea zone that could result in narrow rupture at the base of the 
lithosphere. 

�$�� �Q�R�Y�H�O�� �P�R�G�H�O�� �Z�D�V�� �S�U�R�S�R�V�H�G�� �E�\�� �.�R�Y�i�Fs et al. (2017a, 2018a) to explain the genesis of Plio-
Pleistocene alkaline basaltic rocks in the Carpathian-Pannonian region. The new results indicate that 
there is enough water (>>300 ppm wt.) in the asthenosphere to keep the upper mantle in partially 
molten state even after the cessation of extension. The driving force for the formation of alkaline 
basalts is the convergence between the Adriatic indenter and the stable European platform in the 
tectonic inversion stage. In this period the foliation in the upper mantle became subvertical and the 
compression facilitated the rise of the partial melt to the surface, which was further enhanced by the 
deep fractures in the lithosphere having been formed during coeval lithospheric scale folding. 

4  Upper mantle and lower crustal xenoliths from the Carpathian-Pannonian region 

4.1  General studies on xenoliths 

Berkesi et al. (2017) developed a method to detect minor amount (less than 1 mol. %) of nitrogen in 
high-density CO2 fluid inclusions from mantle rocks using confocal Raman spectroscopy. The 
Raman signal of the N2 appeared as two adjacent, partially overlapping bands. The band at higher 
Raman shift is identical with the nitrogen-in-air band, meanwhile the band at lower Raman shift is 
the nitrogen within the fluid inclusions. They proposed that N2 may be a minor but common 
component in subcontinental lithospheric mantle fluids. 

The role of melt depletion versus refertilization in the spinel peridotite xenoliths was discussed 
by Embey-Isztin (2016). In this study, a modified version of Ti-in-Cpx versus Mg#-in-olivine plots 
was applied to �ý1,500 spinel peridotite xenoliths from worldwide localities. The results showed that 
the vast majority of shallow mantle samples are consistent with the partial melting model; however, 
a minority of samples may indicate refertilization of formerly refractory mantle domains. 

�.�R�Y�i�F�V�� �H�W�� �D�O���� ����������b) demonstrated the importance of pargasitic amphibole (a hydrous chain 
silicate) in the formation of major geophysical discontinuities in the upper mantle. In particular, the 
�D�X�W�K�R�U�V���V�K�R�Z�H�G���W�K�D�W���W�K�H���S�D�U�J�D�V�L�W�H���G�H�K�\�G�U�D�W�L�R�Q���V�R�O�L�G�X�V���D�W���a�������������ƒ�&���E�H�O�R�Z���a�����������N�P���L�V���U�H�V�S�R�Q�V�L�E�O�H��
for the lithosphere-asthenosphere boundary beneath young oceanic plates and continental rift areas. 

4.2  Mantle xenoliths from the Styrian Basin and Bakony-Balaton Highland Volcanic Fields 

Aradi et al. (2015) studied upper mantle peridotite xenoliths from the Styrian Basin (Western 
Pannonian Basin, Austria). They concluded that the deformation of the lithospheric mantle took 
place during the transpressional phase of the Alpine orogeny after the breakoff of the suspected 
Penninic slab. Combining the microstructural data and structural OH--content of olivine they 
suggest that an extensive annealing process of the lithospheric mantle was caused by a late 
metasomatic event. A possible source for the metasomatic fluid/melt could be the subducted 
Penninic slab. 

Cr�pon et al. (2016) investigated secondary fluid and melt inclusions, melt pockets and veins 
found in mantle xenoliths from the Bakony-Balaton Highland, in order to study the connection 
between subduction of carbon-bearing continental crust and intraplate CO2 emission. Based on 
CO2/silicate melt ratios, they concluded that the metasomatic agent could have been a CO2 
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supersaturated melt or a carbonate melt that reacted with the lithospheric mantle resulting in a CO2 
enriched silicic melt. Crystallization of the melt caused CO2 exsolution. A minimal 2000 ppm CO2 
bulk concentration of the lithosphere was proposed as rest of the CO2 degassed through the Mid-
Hungarian Shear Zone.  

�.�R�Y�i�F�V�� �H�W���D�O���� ��������������studied water concentrations and H-isotope compositions of basalt hosted 
clinopyroxene megacrysts and amphibole clinopyroxenites, mostly from the Bakony-Balaton 
Highland, and other localities worldwide. The authors found that the structural hydroxyl 
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �F�R�U�U�H�O�D�W�H�V�� �S�R�V�L�W�L�Y�H�O�\�� �Z�L�W�K�� �W�K�H�� �/�'�� �Y�D�O�X�H�V�� �R�I�� �F�O�L�Q�R�S�\�U�R�[�H�Q�H�� �P�H�J�D�F�U�\�V�W�V�� �I�R�U�� �H�D�F�K��
locality. This indicates that �V�W�U�X�F�W�X�U�D�O�O�\�� �E�R�Q�G�� �K�\�G�U�R�J�H�Q�� �L�Q�� �F�O�L�Q�R�S�\�U�R�[�H�Q�H�V�� �P�D�\�� �K�D�Y�H�� �/�'�� �Y�D�O�X�H�V��
higher than molecular water in nano-inclusions. This, in turn, implies that there may be a significant 
hydrogen isotope fractionation for structural hydroxyl during crystallization of clinopyroxene. 

Bali et al. (2018) described a composite xenolith from Szigliget (Bakony Balaton Highland) that 
consist of a zircon-bearing, apatite-rich olivine-pyroxene hornblendite and an amphibole 
harzburgite. The amphibole of the olivine-pyroxene hornblendite is enriched in incompatible 
elements. Based on the mineral compositions, condition of pressure (1.2-1.4 GPa), temperature 
(~1000-�����������ƒ�&�����D�Q�G���R�[�\�J�H�Q���I�X�J�D�F�L�W�\�����û�O�R�J�I�2�����)�0�4���a������������ �Z�H�U�H���H�V�W�L�P�D�W�H�G. The amphibole-rich 
mantle segment crystallized from a phonolitic-trachitic melt that was enriched in volatile and 
incompatible elements.  
 
4.3  Mantle xenoliths from the �1�y�J�U�i�G-�*�|�P�|�U���9�R�O�F�D�Q�L�F���)�L�H�O�G 

�.�O�p�E�H�V�]�� �H�W���D�O���� ������������ studied the average seismic properties of the lithospheric mantle beneath the 
�1�y�J�U�i�G-�*�|�P�|�U�� �9�R�O�F�D�Q�L�F�� �)�L�H�O�G��focusing �R�Q�� �P�D�Q�W�O�H�� �[�H�Q�R�O�L�W�K�V�� �I�U�R�P�� �%�i�U�Q�D-�1�D�J�\�N������ �%�D�V�H�G�� �R�Q�� �W�K�H��
geophysical observations, petrology and CPO data, it can be estimated that the thickness of a layer 
(140-330 km if one layer is assumed) that generates the seismic anisotropy beneath the region. The 
layer is greater than the lithospheric mantle, thus most of the delay accumulates in the 
sublithospheric mantle, namely in the asthenosphere. 

Liptai et al. (2017) studied 51 mantle upper mantle spinel �S�H�U�L�G�R�W�L�W�H���[�H�Q�R�O�L�W�K�V���I�U�R�P���W�K�H���1�y�J�U�i�G-
�*�|�P�|�U�� �9�R�O�F�D�Q�L�F�� �)�L�H�O�G���� �U�H�S�U�H�V�H�Q�W�L�Q�J�� �W�K�H�� �Z�K�R�O�H�� �Y�R�O�F�D�Q�L�F�� �D�U�H�D���� �%�D�V�H�G�� �R�Q�� �P�D�M�R�U�� �D�Q�G�� �W�U�D�F�H�� �H�O�H�P�H�Q�W��
data, the xenoliths could be divided into different groups showing evidence of different metasomatic 
events. They suggest that the metasomatic agents in all cases were basaltic silicate melts (with 
different equilibrium temperatures) interacted with the mantle rocks during the Miocene extension 
of the Pannonian Basin.  

4.4  Mantle xenoliths from the Transylvanian Basin 

�.�R�Y�i�F�V�� �H�W�� �D�O���� ����������b) presented a detailed study in which the authors combined geochemical and 
�J�H�R�S�K�\�V�L�F�D�O���P�H�W�K�R�G�V���R�Q���P�D�Q�W�O�H���[�H�Q�R�O�L�W�K�V���I�U�R�P���W�K�H���3�H�U�V�i�Q�\���0�R�X�Q�W�D�L�Q�V�����7�U�D�Q�V�\�O�Y�D�Q�L�D�����(�D�V�W�H�U�Q���&�3�5������
They explain that with the help of modal composition of mantle xenoliths it is possible to estimate 
seismic velocities (Vp and Vs) which can be compared with the data provided by geophysical 
surveys. Crystal preferred orientation (CPO) of rock-forming minerals combined with SKS wave 
splitting data help to understand the seismic anisotropy generated in the lithospheric mantle. 
Structural OH--content of nominally anhydrous minerals increase the conductivity of the mantle, 
which can be measured with magnetotellurics. Thus volatile content of the lithospheric mantle could 
be estimated based on geophysical data. 

�1�p�G�O�L���H�W���D�O������������������present petrography and geochemistry data of a lherzolite-websterite xenolith 
series and of clinopyroxene xenocrysts hosted in Upper Cretaceous - Paleogene basanites from 
�3�R�L�D�Q�D�� �5�X�V�F���� ���7�U�D�Q�V�\�O�Y�D�Q�L�D������The xenoliths have slightly deformed porphyroclastic-equigranular 
textures. In many xenoliths notable orthopyroxene growth and poikilitic texture was observed. The 
calculated melt composition in equilibrium with clinopyroxenes was mafic, Al-Na-rich and volatile-
poor. This melt is associated with Late Cretaceous�² Paleogene subdution-related andesitic 
�P�D�J�P�D�W�L�V�P�� �R�I�� �W�K�H�� �3�R�L�D�Q�D�� �5�X�V�F���� �F�D�X�V�L�Q�J�� �F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q�� �R�I�� �R�U�W�K�R�S�\�U�R�[�H�Q�H�� �D�Q�G�� �I�R�U�P�L�Q�J�� �S�R�L�N�L�O�L�W�L�F��
texture in the lithospheric mantle. 
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4.5  Lower Crustal xenoliths 

�1�p�P�H�W�K�� �H�W�� �D�O���� �������������� �V�W�X�G�L�H�G�� �Pafic garnet granulite xenoliths from the Bakony-Balaton Highland 
Volcanic Field to trace fluid-melt-rock interactions in the lower crust. Two unique xenoliths were 
selected for analyses (microthermometry, electron microprobe, Raman and IR spectroscopy). 
Petrography, fluid and melt inclusion study suggests that at least three fluid events occurred in the 
deep crust. Water content of the rock forming minerals implies a highly dry lower crust, locally 
hydrated by percolating fluids and melts. 

Downes et al. (2015) determined the U-Pb ages for zircons separated from a lower crustal 
granulite-facies metasedimentary xenolith from the Bakony-Balaton Highland, using LA-ICPMS 
and SHRIMP techniques. The ages are highly variable from late Devonian to Pliocene (5.1-4.2 Ma) 
which coincide with the age of host basalt eruptions. This suggests that the heat flow in the base of 
the Pannonian Basin was sufficiently high to keep many of zircons close or above to their blocking 
temperature.  

5  Geoheritage 

The concept of geodiversity involving abiotic elements of the environment arose as a scientific topic 
in the last decade of the 20th century. The increasing number of geological exhibition sites and the 
public interest in the two domestic UNESCO Global Geoparks in Hungary (Novohrad�±�1�y�J�U�i�G����
Bakony�±Balaton) indicated that geodiversity-based geotourism had become a development tool for 
disadvantaged peripheral regions. Such developments require multi-faceted professional inventory 
and assessment of the elements of geodiversity.Szepesi et al. (2017, 2018) discussed the geoheritage 
and geotourism perspectives in Hungary. The Tokaj Wine Region (TWR) Historic Cultural 
Landscape (inscribed on the World Heritage List in 2002 as a cultural site) is characterized also by 
high geodiversity due to complex volcanic settings (andesite�±dacite composite cones, silicic 
pyroclastites, lava domes, hydrothermal activity) and specialized viticultural land use of the cultural 
landscape. They performed a quantitative assessment to evaluate the scientific, cultural/historical, 
aestheticand socio-economic values of the Tokaj and other volcanic areas in the Pannonian Basin 
that could help to define priorities in site management. They suggested a 900 km long, cross-
Hungary volcano route which starts in the TWR and involves 50 more planned stations all along the 
country. They represent various volcanological phenomena from silicic ignimbrite sheets through 
andesitic stratocones to basaltic volcanic fields. These include significant historic, cultural, 
gastronomic tourism attractions to support the promotion of volcanic geoheritage. 

6  Most significant studies based on international collaboration 

6.1  Igneous petrology and geochemistry 

Guzmics et al. (2015) studied the compositional evolution of both the silicate and carbonate melt in 
the subvolcanic reservoir of the Kerimasi Volcano in the East African Rift.  Geochemistry of the 
studied silicate and carbonate melt inclusions trapped in nepheline, apatite and magnetite from 
plutonic afrikandite and calciocarbonatite rocks show that liquid immiscibility occurred during the 
generation of carbonatite magmas from a CO2-enriched melilite�±nephelinite magma formed at 
�a���������� �ƒ�&���� �7�K�H�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �W�K�H�� �.�H�U�L�P�D�V�L�� �F�D�U�E�R�Q�D�W�H�� �P�D�J�P�D�� �F�R�X�O�G�� �K�D�Y�H�� �O�H�G�� �W�R��the formation of 
natrocarbonate melts with similar composition to those of Oldoinyo Lengai. Moreover, in this paper 
Guzmics et al. provided partition coefficients between carbonate and silicate melt for a wide range 
of elements. �.�i�O�G�R�V�� �H�W�� �D�O���� �������������� �U�H�S�R�U�W�H�G�� �D�� �Q�H�Z�� �P�R�G�H�O�� �I�R�U�� �W�K�H�� �P�H�O�W�� �H�Y�R�O�X�W�L�R�Q�� �R�I�� �Whe Kerimasi 
Volcano based on carbonate melt inclusions in magnetite and clinopyroxene from a jacupirangite 
rock. Petrographic observations and geochemical data suggest that during the crystallization a CaO-
rich and alkali-�³�S�R�R�U�´�� �F�D�U�E�R�Q�D�W�H�� �P�H�O�W�� �H�[�L�V�W�H�G���� �V�L�P�L�O�D�U�� �L�Q�� �F�R�P�S�R�V�L�W�L�R�Q�� �W�R�� �W�K�H�� �S�D�U�H�Q�W�D�O�� �P�H�O�W�� �R�I�� �W�K�H��
Kerimasi calciocarbonatite. Jacupirangite was most probably formed when the immiscible silicate 
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and carbonate melts separated from the afrikandite body, although the carbonate melt was not 
separated completely from the silicate melt fraction. 

�.�O�p�E�H�V�]���H�W���D�O. (2015) determined major and trace element and volatile compositions of reheated 
�P�H�O�W���L�Q�F�O�X�V�L�R�Q�V�����5�0�,�����D�Q�G���W�K�H�L�U���F�O�L�Q�R�S�\�U�R�[�H�Q�H���K�R�V�W�V���I�U�R�P���D���V�H�O�H�F�W�H�G���³�V�X�E-�H�I�I�X�V�L�Y�H�´���Q�R�G�X�O�H���I�U�R�P���W�K�H��
uppermost layer of the Sarno (Pomici di Base; PB) plinian eruption of Mt. Somma-Vesuvius (Italy). 
Based on RMI and clinopyroxene composition they constrain processes associated with the origin of 
the nodule, its formation depth, and hence the depth of the magma chamber associated with the 
Sarno (PB) eruption.  

6.2  Peridotite xenoliths 

Park et al. (2017) studied fluid inclusions in xenoliths derived from the lithospheric mantle beneath 
the Rio Grande Rift.  Based on petrography, two generations of fluid-inclusion assemblages can be 
distinguished, both hosted in orthopyroxenes.  An earlier fluid infiltration, containing mainly        
C�±O�±N�±S, was trapped in the cores of orthopyroxenes, whereas a later fluid infiltration (C�±O�±H�±S) 
was trapped as inclusions after the formation of the orthopyroxene porphyroclasts with exsolution 
lamellae. 

�3�L�Q�W�p�U�� �H�W�� �D�O���� ������������ studied ultramafic xenoliths from Nyos and Barombi Mbo Lakes in the 
continental sector of the Cameroon Volcanic Line. The authors concluded that the Barombi Mbo 
xenoliths originated from a juvenile segment of the upper mantle, which has  asthenospheric origin. 
It became a part of the lithosphere in response to thermal relaxation following the extension, 
forming a weakly deformed lower lithospheric mantle region along the Cameroon Volcanic Line. 
On the other hand, the Nyos xenoliths represent a shallow lithospheric mantle with imprints of 
several depletion and enrichment events. 

6.3  Geochronology 

Systematic collaborative geochronological studies have been carried out in the Institute of Nuclear 
Research  in  Debrecen  (Hungarian  Academy  of  Sciences).  These  studies  include: the Rudnik 
Mts. volcano-intrusive complex, central Serbia (Cvetkovic et al. 2016), Calimani-Gurghiu-Harghita 
volcanic range, Eastern Transylvania, Romania (Seghedi et al. 2017), Neogene Vepor stratovolcano, 
Central Slovakia ���.�R�Q�H�F�Q�\�� �H�W�� �D�O���� �������������� �&�L�R�P�D�G�X�O���� �6�R�X�W�K�� �+�D�U�J�K�L�W�D�� �0�W�V������ �5�R�P�D�Q�L�D�� ���6�]�D�N�i�F�V�� �H�W�� �D�O����
2015), �2�D�ú-�*�X�W�k�L�� �9�R�O�F�D�Q�L�F�� �=�R�Q�H���� �5�R�P�D�Q�L�D�� ��Kovacs et al. 2017), Izmir-Balikesir transfer zone, 
Western Anatolia, Turkey (Seghedi et al. 2015), western Mongolian Altai (Zacek et al. 2016).  

6.4  Volcanology 

�.�D�U�i�W�V�R�Q�� �H�W�� �D�O���� ����������c, 2018d) attempted to reconstruct the topography of Santorini before the 
cataclysmic Late Bronze Age (Minoan) eruption which, according to many authors, contributed to 
the decline of the Minoan civilisation. During the Late Bronze Age, the island of Santorini had a 
semi-closed caldera harbour in the northern part of the present-day caldera, inherited from the 22 ka 
Cape Riva Plinian eruption, and a central island similar to the present-day Kameni Islands, which is 
�U�H�I�H�U�U�H�G���W�R���D�V���µ�3�U�H-�.�D�P�H�Q�L�¶�� 

Pre-Kameni and other parts of Santorini were destroyed during the Minoan eruption, and their 
fragments were incorporated as lithic clasts in the Minoan pyroclastic deposits. Photo-statistical 
analysis and granulometry of these lithics, differentiated by lithology, constrain the volume of Pre-
Kameni to 2.2�±2.5 km3. Applying the Cassignol-Gillot K-Ar dating technique to the most 
�F�K�D�U�D�F�W�H�U�L�V�W�L�F���E�O�D�F�N���J�O�D�V�V�\���D�Q�G�H�V�L�W�H���O�L�W�K�L�F�V�����Z�H���S�U�R�S�R�V�H���W�K�D�W���W�K�H���L�V�O�D�Q�G���V�W�D�U�W�H�G���W�R���J�U�R�Z���D�W�����������“���������N�D��
soon after the Cape Riva eruption. This implies a minimum long-term lava extrusion rate of    
~0.13�±0.14 km3/ka during the growth of Pre-Kameni. However, because this value is only one 
seventh of the average growth rate during the much shorter lifetime of the present-day Kameni 
Islands (~0.9 km3/ka since the Minoan eruption), it is possible that Pre-Kameni grew up in a short 
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period at higher lava extrusion rates. If so, the extrusive activity may have declined, and possibly 
the island of Pre-Kameni was dormant by the Late Bronze Age. 

6.5 Geoheritage 

Geoheritage and geoconservation has become more and more accepted by scientists as a mean for 
�S�U�R�W�H�F�W�L�Q�J�� �D�Q�G�� �L�P�S�U�R�Y�L�Q�J�� �R�X�U�� �X�U�E�D�Q�� �H�Q�Y�L�U�R�Q�P�H�Q�W���� �7�K�H�� �/�L�P�D�J�Q�H�� �I�D�X�O�W�� �D�Q�G�� �&�K�D�v�Q�H�� �G�H�V�� �3�X�\�V���� �W�K�H��
alignment of 80 volcanoes of a large rift margin is next to the city of Clermont-Ferrand, France. It is 
currently (2018) inscribed for the UNESCO World Heritage title. The ongoing UNESCO project is 
outside the urban city limits, but diverse and valuable geology also continues below the fault 
escarpment limit into the city. Vereb et al. (2018) presented a wide variety of geological features 
inside the metropolitan area, such as lava flows, river channels and sediments, inverted relief, 
landslides and even travertine with CO2 vents. The delineation of features based on a high 
resolution lidar-based DEM will be a guideline for the further extension of inventories and pinpoint 
areas for protection and development. 
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