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This work includes my results on dayside mid-latitude Pc3 pulsations and their predominantly upstream 
origin. I succeeded in improving our knowledge on the phenomenon and answering at least partly some 
open questions. 

Phenomena analysed earlier in some case studies and the conclusions drawn from them can be 
considered as guesses only while not confirmed by comprehensive statistical surveys on sufficiently large 
amount of data. The automated algorithm I developed to identify Pc3 events with upstream origin paved the 
way to the study of the phenomenon based on an unprecedented database. CHAMP satellite yielded a new, 
unique opportunity. She made possible the investigation of the wave phenomena in the magnetosphere on a 
global scale, in a region where the waves that already crossed the magnetosphere and almost reached the 
ground could be observed void from the influence of the ionosphere. At the same time, thanks to the 
characteristics of CHAMP’s orbit and the large amount ground observations it was also possible to study the 
effect of the ionosphere on ULF waves. In the lack of proper data this kind of study was impossible earlier. 

The idea that the dominant source of daytime Pc3s could be upstream ULF waves (UWs), at least at 
middle and low latitudes, was published already in the 1970s. However, a significant part of the research 
community was not convinced, and starting from the mid-1980s they orientated themselves toward other 
possibilities. They did not consider the relations discovered between the pulsations and the solar wind as 
clinching proofs. The found relation with the solar wind can be explained also by other mechanisms (e.g. 
Kelvin-Helmholtz instability). On the other hand, since any change in the solar wind affects the dynamics of 
the magnetosphere, there should be some connection between solar wind parameters and the magnetospheric 
waves (Kivelson, 2006) even without supposing an upstream source. These researchers searched for an 
explanation of these connections in the resonant phenomena of the magnetosphere. Their idea was supported 
by the first MHD-model results suggesting that UWs cannot reach the ionosphere, but are reflected in the 
outer magnetosphere. Reflection is necessary for the formation of the proposed cavity mode resonances. 
There were some arguments against the upstream origin. There has been no connection found between 
surface pulsation activity and certain solar wind parameters (e.g. density), even though it was predicted by 
theory of upstream wave generation. Another deficiency of earlier studies was that the interrelations 
between solar wind parameters were often not taken into account. 

There remained some not clarified points also in the upstream wave theory. One of these, even 
nowadays often raised question asks where the UWs observed at low latitudes can enter the magnetosheath 
and then the magnetosphere. Basically there are two different conceptions. One states that UWs enter the 
magnetosheath near the bow shock nose, while the other considers the whole quasi-parallel region as source 
region. There are other researchers who render also entering near polar cusps likely. This is, however, more 
likely related to Pc3s observed at high latitudes, at mid- and low latitudes the cusp should not play major 
role. 

My results not only support the relations of pulsations and solar wind found earlier by others, but also 
enumerate a series of new arguments that all confirm the upstream origin of dayside Pc3s and that UWs 
enter the magnetosphere at the bow shock nose. My theses are as follow: 
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Thesis 1 Role of solar wind density in controlling dayside Pc3 activity 

I used multilinear regression (MLR) analysis to find the role of solar wind density in controlling dayside Pc3 
activity. I showed that the connection with solar wind density is not just the indirect conclusion of a 
connection with some other solar wind parameter (Chapters 6.1.1-6.1.3). 

Based on the study of several events I demonstrated the disappearance of Pc3 pulsations during low 
density anomalies (LDAs) and sub-Alfvénic events (SAEs) for the first time (Chapters 6.1.4-6.1.5). These 
extreme events are very rare, so they cannot be responsible for the correlation found by MLR analysis 
between solar wind density and pulsation activity. At the same time, they are new proofs of the existing 
connection between solar wind and pulsations observed on the ground. 

I proposed four possible scenarios to explain observations (Chapter 6.1.6). Before this study none of 
these scenarios has been discussed in detail or verified on empirical data.. The four possible mechanisms are 
the following: 

a) In the lack of upstream protons ULF waves cannot be generated via ion-cyclotron mechanism. Less 
particle means less energy to be transferred during wave-particle interactions, growth rate becomes smaller. 
This may be the primary reason why there are no Pc3s when Np is extremely low (<< 2 cm-3). 

b) When Np is low the bow shock may become weak (i.e. MA is low), hence the protons are reflected 
back less efficiently that can lead to the decrease of upstream ULF wave activity. Without reflected ions 
UWs in question are not generated. 

 c) As the solar wind flow becomes sub-Alfvénic (MA < 1), upstream ULF waves that are propagating 
upstream at the Alfvén speed in the plasma frame are not efficiently convected back downstream toward the 
shock, and cannot enter the magnetosphere. Thus UWs cannot be a source of ground Pc3 activity. 

d) Low plasma density involves larger standoff distance of the bow shock and the magnetopause nose, 
i.e. the ULF waves have to propagate on a longer path to reach the ionosphere and the ground. If there is 
some kind of damping present in the magnetosphere it could explain the experienced amplitude reduction. 
The discussed geometric damping alone is not a sufficient explanation. It is possible, that the connection 
between Pc3 activity and solar wind density can be partly explained by this damping process. 

Further observations in the foreshock are needed to decide which mechanism plays the primary role.  
Mechanism d), a kind of damping proportional to the distance covered can be effective even under average 
conditions. That is why I think that this mechanism is responsible for the density dependence of the MLR 
models. This is the only mechanism that has an influence on pulsation activity in the whole range of solar 
wind density variations. 
 
Thesis 2 Development of an automated algorithm to identify events with upstream origin 

The automated method I developed for the identification of Pc3 events of upstream origin (Chapter 8.1) 
made the comprehensive study of these events possible. There are two versions of the algorithm: one can be 
applied on ground observations, while the other requires satellite observations at low Earth orbit (LEO). 
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In the case of processing ground observations the problem arises from the fact that UW and field line 
resonance (FLR) related signals can be observed in the same component. This causes difficulties especially 
at mid-latitudes, where the frequencies of UW and FLR signals lie very close to each other. The solution 
was found in calculating the cross-power spectra from pulsation signals recorded along the same 
geomagnetic meridian but at different latitudes. The averaging emphasizes the activity of UW origin with 
large coherence length, while efficiently attenuating latitude dependent FLRs. 

Az upstream eredetű Pc3-as pulzációk statisztikai vizsgálatát az azonosításukra általam kidolgozott, 
egyszerűen automatizálható eljárás tette lehetővé (8.1. fejezet). Az eljárásnak két változata van: az egyik a 
felszíni, a másik a LEO pályán észlelt jelek kiaknázására. The process can be easily automated making the 
study of the phenomenon on large database possible. For the application of the method data come from the 
MM100 meridional magnetometer array which was initiated by myself in 2001. 

Above the ionosphere, in case of satellites at LEO, UW and FLR manifest themselves in different 
components. From this point the situation is simpler compared to the ground observations. I identified the 
UW related signal in the compressional component. Due to the low orbit crustal anomalies have to be taken 
into account, since they can show up as fluctuations in time series easily confused with pulsation signals. 
The other difficulty is also related to the satellite orbit. Due to the fast orbital speed (~4°/min) the possibility 
to apply Fourier-transformation based spectral methods is very limited. Non-stationary signals could be 
treated, however, efficiently by means of wavelet-transform. 

In the case of processing ground observations, application of wavelet-transform is not obligate, here 
also Fourier-transform performs well, however, analyses based on space-ground data required a uniform 
treatment of data. 

Case studies and statistical surveys on events identified by the automated algorithm (Heilig et al., 
2007a, 2007b; Sutcliffe et al., 2013) confirmed the UW origin of the events, and at the same time, 
demonstrated the usefulness of the methods. 

Thesis 3 Map of the global distribution of compressional and Alfvén mode Pc3 activity 

Thanks to the unprecedented quality (high resolution, low noise, orbit parameters) of CHAMP magnetic 
field data, it was for the first time possible to map the compressional wave activity globally. The distribution 
shows a peak near the dip-equator, somewhat before noon, and is limited to the dayside (06-18 MLT) and to 
middle and low latitudes (between ±60° magnetic latitude). Signals observed at higher latitudes are likely 
produced by field aligned currents. These and night time phenomena were not considered in my analysis. 

The distribution of compressional waves implies subsolar origin, and suggests that UWs enter the 
magnetosphere near the bow shock nose. However, the formation of the subsolar maximum is the result of 
other processes, as well, such as “tunnelling” of incoming compressional waves into the equatorial region 
(Lee, 1996), or the redistribution of wave energy via couplings between different modes. 

Subsolar origin is supported also by the distribution of ground-space coherence between Pc3 waves 
observed at mid-latitude (Tihany) and compressional waves observed by CHAMP (Chapter 8.3.2). 



4 
 

I made the first map of the meridional distribution of shear Alfvén (FLR) energy in the topside 
ionosphere (Chapter 9.1-9.2). The investigation was restricted to low and middle latitudes by the 
plasmapause, more exactly by the intense field aligned currents flowing right outside the plasmapause 
(Heilig and Lühr, 2013) making the identification of FLRs impossible. 

FLRs could be observed in the same latitude range, where the eigenfrequencies of field lines match the 
frequency band of the exciting upstream wave source activity. This suggests that FLRs are excited by UWs 
and not by cavity mode resonances. On the other hand, compressional energy corresponding to UW activity 
peaked at the equator and at low latitudes, i.e. in the region, where the coupling between the two modes is 
not possible.  

Thesis 4 ULF waves of upstream origin are able to propagate deep in the magnetosphere and reach 
the ionosphere  

Statistical investigations on CHAMP magnetic data have shown for the first time that ULF waves of UW 
origin do reach the ionosphere. At the height of the topside ionosphere compressional waves observable in 
the north 60° to south 60° magnetic latitude range during daytime (06-18 MLT) are dominantly of upstream 
origin (Chapter 8.3.3). Beside the dependence of amplitudes of pulsations observed in this subsolar region 
on solar wind speed and MLT (or solar zenith angle), the relation between amplitude and IMF cone angle, as 
well as, and especially the relation between the dominant frequency of the events and IMF strength all 
confirm their upstream origin. These latter two behaviours are characteristic for UWs, the relation with solar 
wind speed is also typical for UWs. The UW origin is also supported by the comparison of MHD-modelled 
and observed space-to-ground amplitude ratios (Chapter 8.4) (Pilipenko et al., 2008). Our empirical results 
are also in accordance with the model results of Lee (1996). 

Thesis 5 Dependence of UW frequency on the polarity of the interplanetary magnetic field 

Based on the model describing the Doppler-shift of UWs caused by the solar wind in the foreshock I was the 
first to show that the anomalous Doppler-shifted frequency depends also on the polarity of the interplanetary 
magnetic field (IMF) (Chapter 8.3.4). This theoretical finding was supported also by empirical results. 

Thesis 6 Orientation of the interplanetary magnetic field does not explain the morning-afternoon 
asymmetry in local time dependence of Pc3 activity 

I demonstrated that the morning-afternoon asymmetry observed in pulsation activity is not caused by the 
average IMF orientation (Parker-spiral angle) opposite to the often referred general supposition (Chapter 
7.2). According to the assumption first worded by Russell et al. (1983) UWs can get through the bow shock 
in the whole quasi-parallel region to appear as pulsations in the magnetosphere. Conversely, I found that the 
pulsation activity peaks in the morning even if the quasi-parallel region is on the afternoon side. This result 
implies that UWs accessing the magnetosphere enter at the same location independently from the orientation 
of IMF. This finding supports more the idea that UWs enter at the nose of the bow shock. 
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The reason for the asymmetry should be found elsewhere. I showed that the asymmetry can be 
explained by aberration only in part. 

Thesis 7 Estimation of the speed of reflected ion as an observation suggesting subsolar origin 

Velocity distribution of particles reflected from the bow shock is well-known from in situ measurements. 
However, since these particles drive UWs, theoretical models of UW generation can be validated by 
comparing observed and modelled distributions. Before my analysis, similar investigations had never been 
carried out based on magnetospheric observations. 

My findings are in accordance with the theoretical estimations of others and also with in situ 
measurements in the foreshock (Chapter 8.3.5). I showed that the relation between the speed of the reflected 
ions and the IMF cone angle is a direct consequence of the independence of cone angle and UW frequency. 
This result indirectly implies that magnetospheric ULF waves of UW origin are generated at the close 
vicinity of the bow shock nose, since the guiding centre velocity of the reflected ions is proportional to the 
projection of the velocity of the reflected ions on IMF. 

Thesis 8 New method for the estimation of the resonance width of field line resonances from 
synchronous space and ground observations 

I was the first to set forth the presence of FLRs in the topside ionosphere based on magnetic observations 
made at LEO. This is a significant step forward compared to previous sporadic case studies. The statistical 
method I applied made possible for the first time the validation of the Doppler-shift that is related to the 
movement of CHAMP through the resonant shells (Chapter 9.3). The magnitude and sign of the detected 
Doppler-shifts are in accordance with the model predicted values. 

The observation of the Doppler-shift opened the door to the estimation of the resonance width (Chapter 
9.4). The method gives the resonance width not only at a single point, but as a function of geomagnetic 
latitudes, almost for the whole plasmasphere. Calculated resonance widths are in accordance with previous 
estimates, models and in situ measurements.  

Conclusions 

My results presented above imply that day side Pc3 avtivity has its dominant source in UW activity. I 
established new relations between interplanetary parameters and the properties of ground pulsations 
supporting their UW origin. I showed that pulsation activity depends on the solar wind density in many 
ways. I also gave explanations for this dependence based on the theory of UW generation (Thesis 1). The 
observation that ground Pc3s disappear during low density anomalies and sub-Alfvénic events also supports 
their upstream origin. The same is implied from the connection found between Pc3 frequency and IMF 
polarity (Thesis 5). 

I demonstrated that ULF waves of upstream origin can reach the low and mid-latitude ionosphere, at 
least as evanescent waves (Thesis 4). 
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My results support the idea that ground pulsations of upstream origin can be observed only if the bow 
shock nose is within the ULF foreshock. Several previous results verified that UW activity in the foreshock 
is controlled by ϑBn (i.e. the angle between the bow shock normal and the IMF direction), while int he 
magnetosphere and on the ground the wave activity is controlled by the cone angle. From this aspect ground 
pulsations appear as if they were observed right in front of the bow shock nose. The simplest explanation for 
these observational findings is that UWs enter the magnetosphere, where the two angles are equal, i.e. where 
the bow shock normal is aligned with the Sun-Earth line: at the nose of the bow shock. This is also 
supported by the fact, that in the magnetosheath convection pattern only the waves entering at the bow shock 
nose can approach the magnetopause. These waves arrive at the magnetopause at its nose. UWs entering the 
magnetosheath somewhat off the nose are convected toward the tail and cannot get close to the 
magnetopause. 

According to another, still often cited idea the source region of pulsations of upstream origin is the 
whole quasi-parallel region (Russell et al., 1983). Even the MLT and magnetic latitude distribution of 
pulsations are often explained by this source mechanism. Following Russell, the observation that Pc3s 
disappear not suddenly but gradually at a cone angle of 50°, and the experience that the correlation strength 
between cone angle and pulsation activity decreases with increasing latitude are also often cited as an 
argument supporting the above theory. 

Conversely, I showed that the morning-afternoon asymmetry cannot be explained by the Russell model 
(Thesis 6), which considers the whole quasi-parallel region as the source of UW related ground activity. The 
gradual decrease of pulsation activity around 50° can also be explained by the fact that ULF waves 
themselves perturb the value of the cone angle, even with more 10°s. According to the MLR analyses the 
correlation strength between Pc3 activity and cone angle, and between activity and solar zenith angle is 
indeed decreasing with increasing magnetic latitude. In my opinion, the subsolar origin, some other source 
mechanism acting at higher latitudes, or the influence of the latitude dependent FLRs all can account for the 
latitude dependence of the correlation strengths in question. 

The global distribution of compressional waves (Thesis 3), the velocity distribution of reflected ions 
(Thesis 7) also supports the near nose origin or entering. The travel time needed for the UW propagation 
from the bow shock nose to the ground estimated from the cross correlation of cone angle variation and Pc3 
pulsation activity (2-3 minutes) also corresponds the value estimated from the MHD model. 

The study of Pc3 pulsations is a good example how it is possible to carry on space research on a low 
budget. The relations established between Pc3 pulsations and the interplanetary parameters can lead us to the 
estimation of the behaviour of the solar wind and interplanetary magnetic field quantitatively based on 
exclusively ground based observations. The long term advantage of ground based measurements that they 
can produce homogeneous data series, and they are available even when satellites are out of order. 
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