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Abstract. 

Recent observations from Polar and Cluster satellites in the high-latitude magnetosphere at geocentric 

distance from 4 to 7 RE reveal intense, localized electromagnetic structures with characteristic features of 

shear Alfvén waves, which generation in this magnetospheric location cannot be explained within current 

physical paradigms. In particular, observations show relatively small-scale (10-12 km in projection to 100 

km altitude) waves with frequencies ~25-50 mHz.  They are observed in the nightside magnetosphere on 

the boundary between open and closed magnetic field lines, which makes it hard to use for their 

explanation a classical magnetospheric field resonance theory. The fact that these waves are observed well 

above 1 RE altitude does not let explain them with a theory of the low-altitude ionopsheric Alfvén 

resonator. Frequencies of these waves, which for the first time have been recovered from the Cluster 

observation, also do not match characteristic frequencies either of the Alfvenic ionospheric resonator, 

global magnetospheric field line resonances or substorm onset related Pi2 oscillations. Because these 

waves are frequently associated with fluxes of accelerated electrons, heavy ions outflow, density cavities, 

and strongly involve in the redistribution of the ion plasma content between the ionosphere and the 

magnetosphere, they certainly play a very important role in magnetosphere-ionosphere interactions at 

high altitudes and mechanisms causing their generation must be investigated.  The central questions to 

study are: 1) What mechanism generates small-scale waves observed in the magnetosphere? and 2) What 

defines frequency, amplitude and transverse scale-sizes of these waves? To answer these questions we 

propose to investigate the hypothesis that these waves are generated by nonlinear interactions between 

large-scale magnetic field-aligned currents and the auroral ionosphere. The central role in these 

interactions belongs to the ionosphere. This investigation will be curried on by the team of internationally 

known scientists with excellent research records and high level of expertise in data analysis, numerical 

simulations and theory. This team will bring together data from the FAST, Polar and Cluster missions, 

powerful multi-fluid, multi-dimensional MHD simulations and newest theoretical concepts related to this 

problem.  The results from this project will be extremely important for understanding and interpretation of 

large amount of experimental data from current and future space missions, which makes this project very 

relevant to the main scientific objective of the International Space Science Institute. The success in this 

research may lead a significant re-evaluation of the role of ionosphere in the global picture of MI 

coupling at high latitudes and hence add a significant value to the publicity of research programs 

performed under the auspices of the International Space Science Institute. 

 

 

 



  

Scientific Rationale 

Electrodynamics of magnetosphere-ionosphere interactions at high altitude involving ultra-low-

frequency Alfven waves have been extensively studied for more 40 years [e.g., Radoski, 1967; Cummings 

et al., 1969]. The initial goal of these studies was to explain geomagnetic pulsations in Pc5-Pc6 frequency 

range measured by ground-based magnetometers in the auroral zone. Latter, the interest in Alfvén waves 

has been steadily increased with observations showing that these waves can be responsible for the parallel 

electron acceleration and occurrence of discrete auroral arcs [Xu et al., 1993; Marklund et al., 1994; 

Samson et al., 1991, 1996; Lotko et al., 1998], because direct measurements from satellites [Chmyrev et 

al., 1988; Karlsson and Marklund, 1996; Chaston et al., 2002, 2003; Figueiredo et al., 2005] and rockets 

[Boehm et al., 1990] have shown that the discrete fluxes of keV electrons registered at the auroral zone 

are often correlated with intense, localized electromagnetic disturbances sometimes interpreted as 

dispersive Alfvén waves.  

Because the discrete aurora is a very complex physical phenomenon, which involves many different 

physical processes occurring simultaneously at different locations within the coupled magnetosphere-

ionosphere (MI) system, a comprehensive, self-consistent model describing it has not been developed yet. 

One reason for that is that it is hard to identify a single physical mechanism responsible for some 

particular feature of the aurora, because, on the one hand, several different phenomena occurring at 

different spatial locations can lead to almost the same observational effect and, on the other hand, the 

same physical mechanism can cause different observational effects depending on the parameters of the 

background media. The result of this uncertainty is that one of the fundamental questions of auroral 

studies, namely, what causes formation of narrow, discrete auroral arcs, has not been answered yet [e.g., 

Borovsky, 1993], although there are many theoretical and experimental studies devoted to this question. 

Comprehensive reviews of these studies [e.g.,  Stasiewicz  et al., 2000 and Pashmann et al., 2002] reveal 

that they can be split into two groups, depending on 

what part of the MI system is considered to be the main 

“maker” of small-scale electromagnetic structures. The 

first group explains them with pure magnetospheric 

effects. Two the most popular mechanisms from this 

group are 1) phase mixing of Alfvén waves propagating 

toward the ionosphere across strong transverse gradients 

in the Alfvén velocity [e.g., Genot et al., 1999] and 2) 

magnetospheric field line resonances (FLRs) 

[Southwood, 1974, Chen and Hasegawa, 1974, Samson 

et al., 1992]. 

Another group of studies explains the formation of 

discrete arcs by the active ionospheric response 

(feedback) on the large-scale magnetic field-aligned 

currents (FACs) interacting with the ionosphere. 

Probably the most well-known example from this group 

is the ionospheric feedback instability [Atkinson, 1970] inside the so-called ionospheric Alfvén resonator 

(IAR) [Polyakov and Rapoport, 1981], where Alfvén waves are trapped between the ionosphere and the 

maximum in the Alfvén speed at the altitude ~1 RE. The ionospheric feedback instability has also been 

Figure 1. East-West magnetic field and North-South 

electric field measured by Cluster satellites between 

05:26 UT and 05:36 UT on 19 May 2002. Adopted 

from Karlsson et al. [2004] 



  

used to explain small-scale, intense, electromagnetic structures and discrete auroral arcs in the global 

magnetospheric resonator [Sato, 1978; Watanaby and Sato, 1993; Pokhotelov et al., 2002].  

Studies from these two groups depend on the existence of some resonance cavities in the 

magnetosphere, or a strong transverse inhomogeneity in the background plasma, or both. Sometimes these 

requirements are satisfied and sometimes not. For example, recent observations from the FAST, Polar, and 

Cluster satellites [e.g., Wygant et al., 2000; Keiling et al., 2000, Aikio et al., 2004; Dombeck et al., 2005; 

Figueiredo et al., 2005] show that a significant fraction of the aurora is powered by intense, small-scale 

Alfvén waves propagating along the magnetic field lines passing through the plasma sheet boundary 

layer. These magnetic field lines are much stretched in the tailward direction and not always well defined. 

This fact makes it hard to explain these waves with classical FLR theory, which required closed magnetic 

field line geometry, although some attempts have been made [e.g., Rankin et al., 2000]. At the same time, 

these structures have frequencies much lower than the frequency predicted by the IAR theory and they are 

detected in the magnetosphere much above the altitude where the upper boundary of the IAR makes it 

hard to use the IAR theory to explain them. For example, Figure 1 (adopted from Karlsson et al. [2004]) 

shows small-scale electromagnetic structures measured by Cluster satellites on 19 May 2002 at an altitude 

of 4 RE. “The periods of these waves are 20-40 s, which is not consistent with periods associated with 

either the Alfvenic ionospheric resonator, typical field line resonances or substorm onset related Pi2 

oscillations” [Karlsson et al., 2004].  

 

 
Figure 2: North-South electric field and East-West magnetic field measured by the Polar satellite on  May 

9, 1997 (Left) and on May 23, 1996 (Right). Adopted from Keiling et al. [2005]. 

 

A number of similar observations have been published by the Cluster group from the University of 

Stockholm [e.g., Johansson et al., 2004; 2005; 2006]. These observations are in a qualitative agreement 

with data from Polar satellite, which demonstrate intense, small-scale electromagnetic structures in the 

plasma sheet boundary layer at the geocentric distance between 5 and 6 RE [Keiling et al., 2005]. (Polar, 

as any other single spacecraft, cannot resolve spatial and temporal features of the observed structures as 

Cluster did.)  Thus data reveals that generation and spatiotemporal properties of small-scale, intense 

electromagnetic waves observed in the high-altitude magnetosphere is not explained yet. At the same time 

observations indicate that these waves are frequently associated not only with fluxes of accelerated 

electrons but also with heavy ions outflow, density cavities, and redistribution of the ion plasma content 

between the ionosphere and the magnetosphere [e.g., Lundin et al., 1994; Stasiewicz et al., 1998; 



  

McFadden et al., 1999; Lynch et al., 1999; Mishin et al., 2003, Chaston et al., 2000, 2006], which mean 

that they may play much more important role in the magnetosphere-ionosphere interactions at high 

altitudes than it was suggested before.  

To answer the questions 1) what mechanism generates small-scale waves observed in the 

magnetosphere? and 2) what defines frequency, amplitude and transverse scale-sizes of these 

waves? we propose to investigate the hypothesis that these waves are generated by nonlinear 

interactions between large-scale magnetic field-aligned currents and the auroral ionosphere. This 

hypothesis is based on preliminary studies of the MI coupling at high latitudes by Streltsov and Lotko 

[2004] and [2005]. Figure 3 adopted from these studies illustrate generation of small-scale, intense 

electric fields and currents by such interactions when the ionospheric conductivity is low. This result is in 

an excellent agreement with observations, which demonstrate that the intense small-scale waves are 

mostly observed when the conductivity is low (during night time and during winter seasons). 

Figure 3 also shows that the preferable location 

where the small-scale waves should be observed is the 

boundary between the upward and downward current 

channels. This happens because a strong gradient in the 

ionospheric conductivity is formed in this location and 

the perpendicular electric field in the ionosphere 

associated with the pair of FACs maximizes in here. 

This numerical result again is an excellent agreement 

with the observations illustrated in Figure 2, which 

confirm that most intense, small-scale fields are indeed 

observed on the boundary between large-scale upward 

and downward field-aligned currents. Therefore a 

multi-scale electromagnetic coupling between the 

ionosphere and the magnetosphere is the key factor 

for understanding of small-scale electromagnetic 

structures on in the auroral magnetosphere.  

Our previous studies of MI coupling at high latitudes 

demonstrate that the key parameter defining behavior of 

small-scale structures in the magnetosphere is the ratio between ionospheric Pedersen conductivity, ΣP, 

and the wave conductivity in the low magnetosphere, defined as ΣA=1/µ0vA. For example, Figure 4, 

reproduced from Streltsov and Lotko [2008], demonstrates that when ΣA ≈ ΣP small-scale waves can be 

trapped inside the IAR and amplified there. When ΣP » ΣA the waves are untrapped and they can 

propagate to the high-latitude magnetosphere where they can explain observations reported by the Polar 

and Cluster satellites. 

None of the previous studies explain what mechanism defines frequencies and scale-sizes of 

small-scale, intense electromagnetic waves generated by the ionospheric feedback and NOT trapped 

inside the IAR or global magnetospheric resonator! Do these parameters are defined by the pure 

ionospheric physics, as it was suggested by Streltsov and Lotko [2005]? Or is there some new, previously 

unexplored, magnetospheric cavity related, for example, to the geometry (strong bending) of the 

geomagnetic field at high altitudes, as it was suggested by Pilipenko et al., [2005]? The answer to this 

Figure 3. Interactions between two upward and 

downward large-scale FACs and the ionosphere. 

(Adopted  from Streltsov and Lotko [2004]). 



  

question is extremely important for understanding and interpretation of large amount of experimental data 

from current and future space missions, which makes this project very relevant to the main scientific 

objective of the International Space Science Institute. The success in this research may lead a significant 

re-evaluation of the role of ionosphere in the global picture of MI coupling at high latitudes and hence add 

a significant value to the publicity of research programs performed under the auspices of the International 

Space Science Institute.  

 
Figure 4. (Top) Temporal dynamics of the parallel current density in the topside ionosphere when two 

large-scale, downward and upward, currents interact with the ionosphere. (Bottom) Temporal dynamics of 

the parallel current density measured in the ionospheric location marked with arrows (from Streltsov and 

Lotko, [2008])  

 

To study the role of the ionosphere in the multi-scale MI coupling at high latitudes we propose to 

form a team of internationally known scientists with excellent research records and high level of expertise 

in data analysis, numerical simulations and theory. This team will bring together data from the FAST, 

Polar and Cluster missions, powerful multi-fluid, multi-dimensional MHD simulations and newest 

theoretical concepts related to this problem. The team will include following scientists. 

 

Team Members: 

• Dr. Christopher Chaston (ccc@berkeley.edu) from the University of California at Berkeley, USA, 

who is an expert in data analysis of electromagnetic fields and currents measured by Polar and FAST 

satellites on the auroral magnetic field lines. 

• Dr. Tomas Karlsson (tomas.karlsson@ee.kth.se) from the University of Stockholm, Sweden, who is 

an expert in data analysis of electromagnetic fields measured by the Cluster satellites in the 

magnetosphere. 



  

• Prof. Robert Lysak (bob@fields.space.umn.edu)  from the University of Minnesota, USA, who is a 

destinguished theoretician and author of a number of original ideas explaining various aspects of MI 

coupling in the auroral zone. 

• Dr. Slava Pilipenko (pilipenk@augsburg.edu) from the Institute of Physics of Earth (Russia), who has 

a good, solid experience in analysis of data from ground-based magnetometers at high latitudes as 

well as in the development of original theoretical concepts explaining various aspects of the 

interactions between magnetosphere and the ionosphere by means of  ULF electromagnetic waves. 

• Prof. Anatoly Streltsov (streltsov@dartmouth.edu) from Dartmouth College (USA), who is an expert 

in numerical simulations of magnetosphere-ionosphere interactions in the auroral zone. Prof. Streltsov 

will serve as the Team Leader for this project. 

 

Expected Outputs. 

We anticipate that results from this project will lead to at least five original research papers published 

in leading peer-review journals like Journal of Geophysical Research or Annales Geophysicae.  Each 

scientist from our group will serve as a leading author on one of these papers. We also plan to submit one 

commutative review paper to Space Science Review or Journal of Atmospheric and Solar-Terrestrial 

Physics, which will summarize the results obtained during this project. 

 

Schedule of the Project.  

The project will be accomplished within 18 months. During this time the group will have 3 one-week 

meetings at ISSI. The first meeting will take place in August, 2008. The second meeting will take place 8 

months later in March, 2009. During these two meetings we will discuss our results and make (if 

necessary) adjustment to our plans. The last meeting will take place in September-October of 2009. 

During this meeting we will summarize our results and select what should be included in the final review. 

The final review should be ready by the end of January 2010.  

   

Facilities Required.   

Each team member will conduct his research at home institutions.  All what is required from ISSI is to 

provide basic computer equipment during team meetings to do word processing and connection to the 

Internet. 

 

Financial Support Requested of ISSI. 

The standard financial support from ISSI as it is described in Section 6 of Call for Proposals 2008 

will be adequate for our team. 
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