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A B S T R A C T   

The auroral oval is a well-established concept, introduced more than five decades ago. The Alfvénic oval, on the 
other hand, is a very recent concept, which has been revealed in both observational and numerical studies. This is 
the first review of the global Alfvénic oval, while also defining primary, secondary and tertiary layers of the 
Alfvénic oval. The focus lies on the large-scale dynamic properties of the global Alfvénic oval in relation to the AE 
index, substorm phases, storm phases and solar wind/IMF conditions. Statistical data recorded above and below 
the nominal auroral acceleration region are reviewed, together with results from global simulation studies. The 
Alfvénic oval’s relation to the auroral oval is also reviewed. This review demonstrates that the Alfvénic oval is 
well enough defined and investigated to give it its name, and it demonstrates that our understanding allows for 
the prediction of the Alfvénic oval under various conditions.   

1. Introduction and outline 

Alfvén waves are abundant in the magnetosphere and play many 
roles in its dynamics. Guided along magnetic field lines, Alfvén waves 
carry energy from one region to another, most notably towards the 
auroral acceleration region (AAR), a key region for magnetosphere- 
ionosphere (M-I) coupling. Alfvén waves constitute an energy sink for 
other forms of energy in the magnetosphere, thereby helping to release 
overloading and stresses, a role related to the generation of Alfvén 
waves. Alfvén waves carry field-aligned currents (FACs) and are also 
necessary for the establishment of quasi-static FACs (also called Birke
land currents). Ultra-low frequency (ULF) pulsations on the ground and 
in space encompass a broad range of wave phenomena, some of which 
are associated with Alfvén waves. The transfer of energy from large 
magnetohydrodynamic (MHD) scales to smaller kinetic scales is 
important for the dissipation of Alfvén wave energy. Alfvén waves are an 
effective accelerator of both electrons and ions, some of which 
contribute to the aurora. Alfvén waves have been proposed to mediate 
reconnection. These are some of the applications of Alfvén waves, which 
extend beyond Earth’s magnetosphere. 

The growing recognition of the global role and global impact of Alfvén 
waves in the dynamics of the magnetosphere led to the concept of a 
global Alfvénic Oval (Keiling et al., 2019b). This concept evolved from 
independent statistical studies, which showed the global morphology of 
Alfvén waves from space, using different satellites at different altitudes 
(Ivchenko and Marklund, 2001; Chaston et al., 2003; Keiling et al., 
2003). Subsequent studies (references below) detailed many of the 

Alfvénic oval’s dynamic properties. In this review, we outline the dy
namics of the Alfvénic oval as a global phenomenon. Details of Alfvén 
wave dynamics pertaining to wave-particle interaction, energy cascades, 
pulsations, field line resonance (FLR), and smaller-scale auroral struc
tures, as studied in individual case studies and numerical/theoretical 
studies, can be found in other reviews (e.g., Saito, 1969; Southwood and 
Hughes, 1983; Glassmeier et al., 1999; Stasiewicz et al., 2000; Chaston, 
2006; and Keiling, 2009). 

The auroral oval has long provided a reference frame for other 
phenomena or features, such as Birkeland currents, auroral forms, 
ionospheric convection, and magnetospheric boundaries. The Alfvénic 
oval is similarly related to the auroral oval. Hence, we start out by 
briefly describing the auroral oval in section 1.1. The development of the 
concept of the auroral oval is reviewed in great detail by Feldstein and 
Galperin (1985), from the first all-sky camera films to the first images 
from satellite observatories. 

In section 1.2, we define the term “Alfvénic oval” and provide the 
initial justification for its introduction and usefulness, which is then 
further cemented in the subsequent sections. This subsection is most 
important to follow the thrust and philosophy of this review, and the 
reader is advised not to skip it. 

Alfvén waves interact with the AAR and couple through the AAR to 
the ionosphere. Such coupling can also be observed for the Alfvénic oval. 
It is clear that the AAR has profound effects on the evolution of the 
Alfvénic oval. While we largely treat the AAR as a “black box” in this 
review, some aspects of the AAR, especially as they relate to Alfvénic M-I 
coupling, are provided as a reference in section 1.3. 
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Section 2 is the main part of this review, where the global dynamical 
behavior of the Alfvénic oval is reviewed. In particular, we look at de
pendences on the auroral electroject (AE) index, phases of substorms and 
storms, and solar wind and interplanetary magnetic field (IMF) param
eters. Simulation studies have contributed to the description and un
derstanding of the Alfvénic oval and are also reviewed. In this section, 
the focus is on Alfvén wave and Alfvénically-accelerated electron sta
tistics. Below, we define both parts, respectively, as primary and sec
ondary Alfvénic ovals. 

The (visible) auroral oval comprises different types of auroral exci
tation, driven by precipitating ions and electrons with different char
acteristics. The degree to which the auroral oval is globally comprised of 
the Alfvénic aurora under various geomagnetic conditions is reviewed in 
section 3. Below, we define this part as the tertiary Alfvénic oval, which 
exclusively refers to the portion of the visible aurora that is driven by 
Alfvénically-accelerated electron precipitation. 

The ultimate goal of this review is to address the following questions: 
Is the Alfvénic oval a valid concept? How does the Alfvénic oval respond 
to changes in geomagnetic conditions? Are the morphology and energy 
balance of the reported Alfvénic ovals consistent at different altitudes? 
How much does the Alfvénic oval contribute to the overall energy flow 
in M-I coupling? Can the Alfvénic oval be predicted? In what areas do we 
need to advance to better understand the Alfvénic oval? In light of this 
review, we will address these questions in section 4, the final section of 
this review. 

1.1. Auroral oval 

The auroral oval is the luminous band that encircles both the 
northern and southern magnetic poles (Feldstein, 1963). It is not a 
uniform band, but rather, it comprises smaller-scale structures 
embedded within it (review by Akasofu, 2012). Furthermore, it is not 
always continuous or closed (Feldstein and Starkov, 1967), as the word 
“oval” might imply. Especially during northward IMF, the auroral oval is 
in parts subvisual (Akasofu, 1989), not showing its oval characteristics. 
The global auroral oval shrinks and expands with geomagnetic activity 
(Akasofu and Chapman, 1963; Feldstein and Starkov, 1967). The auroral 
oval shows asymmetries between the dayside and nightside, and be
tween east and west (review by Karlsson et al., 2017). While showing 
great variability, it also reveals repeatable patterns that have led to an 
improved understanding. One of the most dramatic instances of such 
variability occurs during a geomagnetic storm. Fig. 1 shows 10 min 
during which the aurora changes from faint to intense brightness in a 
band around the magnetic pole. Another example of a repeatable pattern 
is the auroral substorm (see section 2.2). 

The auroral oval has been and still is the visible “window” into the 
magnetosphere, where the aurora-causing dynamic events occur. Of 
course, auroral/magnetospheric scientists have “looked” beyond the 
window to explore the magnetosphere in situ and have established many 

physical connections between magnetospheric processes and individual 
auroral features in the ionosphere (e.g., see monographs by Keiling 
et al., 2012; Zhang and Paxton, 2016). Being a projection of magneto
spheric processes, auroral variability tells us that the magnetosphere and 
its interactions are incredibly complex. Even as recently as last year, new 
features in the aurora have been discovered (Palmroth et al., 2020), thus 
forcing us to continue our quest for explanations. Although there have 
been enormous advances over the last five decades covering the space 
age, making sense of the complex aurora is something that will occupy 
scientists for many decades to come. 

In spite of such complexity, several studies provide predictions 
(forecasts) of the location, size, and global power of the auroral oval, 
without considering the intricate details inside the auroral oval (e.g., 
Zhang and Paxton, 2008; Milan et al., 2009; Mitchell et al., 2013; Newell 
and Gjerloev, 2014). There are various websites (for the public) that 
forecast the auroral oval. Such forecasts are not only necessary if auroral 
scientists wish to share their understanding of the aurora, but they are 
also key to gaining a better understanding of space weather phenomena, 
including their effects on our technological society (e.g., review by 
Zheng and Rastaetter, 2016). 

A major discovery has been that the auroral light of the auroral oval 
can be attributed to at least four types of particle precipitation. The 
associated auroras are now called quasi-static aurora, Alfvénic aurora, 
diffuse aurora and proton aurora (among other names), and it has been 
one of the central issues in the study of the aurora to determine the 
contributions of each type to the auroral oval. Section 3 is devoted to the 
Alfvénic impact on the auroral oval. 

Other planets also have auroral ovals (Fig. 2). These provide excel
lent opportunities for comparisons with Earth’s auroral oval to identify 
similarities and differences associated with the generation of the aurora 
(e.g., Mauk and Bagenal, 2012). However, the limited in-situ observa
tions at other planets make it less feasible to directly probe a possibly 
associated Alfvénic oval. Instead, one can look for similarities in the 
auroral ovals of other planets, especially their dynamic behaviors, to 
make inferences about an underlying Alfvénic oval and compare it with 
that of Earth. Hence, what is reviewed here may also apply to the auroral 
ovals of other planets. 

1.2. Alfvénic oval 

The term “Alfvénic oval” evokes an analogy with the auroral oval, 
which was indeed the intention when it was first coined (Keiling et al., 
2019b). Both ovals are related: they statistically cover the same regions 
(i.e., the auroral zone) around the magnetic poles; they can show 
similar, individual morphological features; and the auroral oval is 
partially caused by the Alfvénic oval. To reveal the Alfvénic oval, it is 
most convenient to map the Alfvén wave, measured in space, along 
magnetic field lines to the ionosphere. Poynting flux is the most common 
quantity to have been used for such mapping, because of its importance 

Fig. 1. Global view of the initial development of the aurora during the Bastille Day storm observed by the IMAGE spacecraft’s Wideband Imaging Camera (from 
Burch, 2001). 
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but also because it provides directional information. Given the limited 
number of satellites and the enormous space to be covered, large data
bases collected over months or years are used. Fig. 3 illustrates a possible 
scenario, with a hypothetical orbital ellipsoid of a satellite, crossing 
different plasma regions of Earth’s magnetosphere, as the satellite’s 
orbit precesses throughout the year. Alfvén waves traveling through 
each of the grid cells are recorded, both those traveling toward and those 
traveling away from Earth. The colored regions on the ellipsoid illustrate 
regions through which more intense Alfvén waves travel. While this 
creates an oval-like structure in space, the shape of which varies 
significantly depending on where along the magnetic field lines the 
Alfvénic power is measured, the ionosphere is well suited as a region to 
compare the morphology and also the intensity of the Alfvénic oval, as 
recorded in different space regions and by different satellites. Thus, the 
studies reviewed here have mapped their measurements typically to an 
altitude of 100 km and displayed the data in the familiar ILAT-MLT 
format. It is this mapped Alfvénic oval that we refer to throughout this 
review. It is stressed that the Alfvénic distribution shown in Fig. 3 is only 
one possible “averaged” distribution (in fact, resembling that of Fig. 4b), 
obtained by processing (e.g., sorting) a large amount of data in each cell. 
Depending on the investigation at hand, one can extract different in
formation, yielding different distributions, that is, different Alfvénic 
ovals. The multitude of such investigations is the topic of this entire 
review. Underlying each statistical Alfvénic oval are the many instan
taneous Alfvénic ovals, which are as variable as the instantaneous, 

evolving auroral oval is. 
The earliest studies showing the global aspect of Alfvénic oval 

morphology utilized the Astrid-2 microsatellite at 1000 km altitude 
(Ivchenko and Marklund, 2001), FAST at <4000 km altitude (Chaston 
et al., 2003), and Polar at 4–7 RE (1 RE = 1 Earth radius) geocentric 
distance (Keiling et al., 2003). A direct comparison of Alfvénic ovals, 
using Poynting flux, recorded at different altitudes was presented in 
Hatch et al. (2017), which demonstrates the following (Fig. 4a and b):  

1. The same morphology below and above the AAR  
2. Energy flux reduction from above to below the AAR  
3. Perpendicular scale size change (from MHD to inertial) from above to 

below the AAR 

(1) The dawn-dusk asymmetry is perhaps the most striking feature of 
both Alfvénic Poynting flux distributions, with enhancements post-noon 
and pre-midnight. Moreover, both oval-like bands of enhanced Alfvénic 
activity are shifted toward the nightside, in a similar fashion as the 
auroral oval. (2) There is significantly less Poynting flux at lower alti
tude (measured by FAST), suggesting that wave dissipation occurs at the 
expense of particle energization inside the AAR. Here it is important to 
note that all data (from FAST and Polar) were mapped, assuming no 
dissipation along the field lines below each satellite, onto the same 
reference altitude of 100 km, that is, ionospheric altitude. This allows 
comparison of values as if the background magnetic field strength was 
the same, which has an effect on the local value because of the 
“focusing” effect of the background magnetic field. (3) Whereas in panel 
(a), inertial Alfvén waves (IAW) were processed, panel (b) shows MHD 
waves. Together with observation (1), this suggests that there is a 
cascade from the MHD scale to the inertial scale, which can be explained 
by incorporating the effect of the AAR on the waves (see section 1.3). 

While Alfvén waves have been intensely studied using simulations, 
most of this research has investigated the wave-particle interaction. 
However, simulations have also been successful in reproducing the 
global distribution of Alfvén waves. Zhang et al. (2012) conducted 
global MHD simulations, using one day of solar wind and IMF data as the 
inputs, and calculated the morphology of the wave Poynting flux 
(Fig. 4c), using the same frequency band and a similar “simulated” 
altitude as used in the Polar observations (Fig. 4b) for comparison, fol
lowed by mapping to the same ionospheric altitude of 100 km. (More 
details about this study are given in section 2.) The similarities with the 
observational distribution from Polar are striking with regard to several 
aspects, including dawn-dusk asymmetry, dayside-nightside asymmetry, 
and intensity variations. However, the latitudinal location of the 
enhanced Alfvénic region on the nightside differs somewhat between the 
simulation and the observations. The authors suggested 
mapping-related issues to explain this mismatch. 

From Fig. 4b, the question might arise of whether it is justified to 
speak of an Alfvénic oval, given that the oval appears to be discontinued 
on the flanks. On the other hand, the question might also be considered 
futile, when we realize that the instantaneous aurora oval itself can be 

Fig. 2. Planetary auroral ovals: (left) Earth, (middle) Jupiter, and (right) Saturn. Credit: NASA.  

Fig. 3. (Modified from Keiling et al., 2019a) Hypothetical orbital ellipsoid of a 
polar-orbiting satellite crossing different plasma regions of Earth’s magneto
sphere. The colored grid cells represent regions through which larger-amplitude 
Alfvén waves (red, wavy lines) travel toward and away from the ionosphere, 
forming an “Alfvénic oval” in space. The hole in the ellipsoid reveals Earth with 
the aurora borealis. Green lines represent magnetic field lines. 
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“subvisual” in parts under, for example, conditions of a northward IMF 
(Akasofu, 1989). This discontinuous auroral oval has been discussed in 
Feldstein and Starkov (1967). Moreover, it is emphasized that the sta
tistical representation of the three ovals in Fig. 4, averaged over all types 
of geomagnetic conditions, reveals nothing about the global, instanta
neous Alfvénic morphology. By averaging over many thousand orbits, 
certain regions can appear less visible, even if Alfvénic activity is present 
everywhere but less frequent in certain regions. Thus, it can also be 
argued that in the statistical representations, adjusting the scale sensi
tivity would allow reduced activity in the “gap” region(s) to also be 
visible. Interestingly, Fig. 4c does show more clearly a “closed” Alfvénic 
oval, which is only averaged over 1 day, with weaker Alfvénic activity 
on the flanks. That the flanks are not always devoid or low on intense 
Alfvénic activity, but that it rather depends on geomagnetic activity 
level, will be shown in later sections, which review the dynamics of the 
oval under various geomagnetic conditions. 

The question of a “closed” oval is related to the question of why a 
“band” of enhanced Alfvénic activity appears in the first place, given the 
prevalence of Alfvén waves in all regions of the magnetosphere (review 
by Keiling, 2009). This is because there are preferred regions in the 
magnetosphere for intense waves to occur, which indeed outline an oval 
when mapped onto the ionosphere. It has been reported that the 
Alfvénic power is 2–3 orders of magnitude larger in the plasma sheet (in 
particular the PSBL), compared to the Alfvénic power inside the lobe 
regions and the plasmasphere (Osaki et al., 1998; Keiling et al., 2005; 
Takada et al., 2006). This leads to an identifiable Alfvénic oval when this 
activity is mapped to the ionosphere. Excursions of Alfvénic activity to 
higher and lower latitudes (i.e., away from the statistical Alfvénic oval) 
occur (e.g., at 18 MLT in Fig. 4b). These can be explained by the 
expanding Alfvénic oval during more dynamic times, such as a 
geomagnetic storm in this case. On average, there are fewer such days 
throughout the year and thus they do not show in the statistical distri
bution (Fig. 4b), with a few exceptions. Below we show that excursions 
to lower latitudes occur for many MLT values, especially during storm 
times, which is analogous to the auroral oval, which expands to lower 
latitude during very active times (Chapman, 1957). Sorting the Alfvén 
wave data by various conditions reveals the different morphologies of 
the Alfvénic oval and is the topic of section 2. 

For the remainder of this review, and for future usage by the space 
physics community, our definition of the Alfvénic oval is as follows. It is 
foremost the morphology of more intense Alfvén waves in the magne
tosphere, which resembles an oval, similar in shape to and partially 
encompassing the auroral oval, when mapped onto the ionosphere 
(typically at 100 km, but that is not necessary). We define this “new” 
oval as the primary Alfvénic oval. It should be noted, though, that while 
Alfvén waves might be present at all times and everywhere, only the 

more intense Alfvén waves (one or more orders of magnitude larger than 
the neighboring waves) form the oval by our definition. Moreover, 
Alfvén waves accelerate electrons (sometimes called Alfvénic electrons), 
which also delineate an oval when mapped onto the ionosphere, as will 
be shown in later sections. This oval is here defined as the secondary 
Alfvénic oval. In our definition, both are considered the Alfvénic oval, 
while having a causal relationship. From the secondary Alfvénic oval, 
one can infer the existence of the driving primary Alfvénic oval. The 
interaction and exchange of energy between them implies that both 
primary and secondary ovals change along the flux tubes. 

We can take this one step further. The Alfvénic oval can also refer to 
the visible part of the auroral oval that is powered by Alfvén waves. This 
is in analogy to Alfvénic aurora, that is, the aurora that is powered by 
Alfvén waves. This is the tertiary Alfvénic oval. Thus, starting with the 
original, primary Alfvénic oval (made up of waves), we have broadened 
the definition to include some of its effects, namely, the secondary and 
tertiary Alfvénic ovals. For presentation and better comparison, it is 
convenient to map all ovals onto a reference altitude, such as the 
ionosphere (typically 100 km), which has been done in many studies 
reviewed next. Fig. 5 illustrates the three layers of the Alfvénic oval to 
which we refer throughout this review. Note that the terms primary and 
secondary do not mean that one is physically located above the other (i. 
e., at a larger distance from Earth). Instead, it refers to the different 
component that is being measured or displayed, namely Alfvén waves 
and electrons. Thus, the secondary Alfvénic oval can also be measured at 
higher altitude than the primary Alfvénic oval. Furthermore, there can 
be several primary Alfvénic ovals along the field line, as there can be 
many secondary Alfvénic ovals, if measured at different locations. 

Lastly, we assume that the reader is familiar with the basic physics of 
Alfvén waves, including the distinction between MHD regime and ki
netic/inertial regime (or nondispersive and dispersive Alfvén waves, 
respectively). We also assume knowledge of the associated Poynting 
flux, which describes the important property of Alfvén waves to carry 
energy to other regions, and which can be converted into particle energy 
during dissipation processes. The Poynting flux also indicates the energy 
flow direction, which is not immediately apparent from the perturbation 
electric and magnetic fields of the Alfvén waves. If the reader is not 
familiar with any of these aspects, they are referred to the review by 
Keiling (2009), where the observational aspect is reviewed, including 
several techniques of how to detect Alfvén waves using space-based and 
ground-based measurements, while focusing on the MHD regime. In 
their review, the reader can also find a discussion on the calculation of 
the Poynting flux, which is not trivial and can lead to erroneous results. 
Detailed theoretical descriptions of inertial and kinetic Alfvén waves can 
be found in the review by Stasiewicz et al. (2000). 

Fig. 4. Comparison of average Alfvénic Poynting flux distribution in the Northern Hemisphere (from Hatch et al., 2017). (a) IAW Poynting flux derived from one year 
of FAST observations (below the AAR). (b) MHD Alfvénic Poynting flux derived from one year of Polar observations (above the AAR). (c) MHD Alfvénic Poynting flux 
averaged over 24 h, derived from LFM (Lyon-Fedder-Mobarry) simulations. All values are mapped to 100 km altitude. (Note: All geomagnetic conditions are 
averaged over.) 
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1.3. Auroral acceleration region 

Energy transport and energy conversion are central concepts to our 
understanding of the coupled solar wind-magnetosphere-ionosphere 
system. The AAR is a key region in the coupling between the collision
less and tenuous magnetospheric plasma and the collisional and dense 
ionospheric plasma. It is a major region for energy conversion processes; 
in particular, inflowing electromagnetic energy is converted into the 
kinetic energy of electrons and ions—hence its name. The two forms of 
electromagnetic energy that dominate in this coupling scenario are 
quasi-static FACs and Alfvén waves (review by Mottez, 2016). Generated 

in various magnetospheric regions, some of their energy carried to the 
auroral zone is deposited inside the AAR via particle acceleration. We 
briefly discuss the AAR here, because it plays a special role that will help 
us with the analysis of the Alfvénic oval. 

The physical altitude extent of the AAR is typically defined by the 
quasi-static structures shown in Fig. 6a. Based on these structures, the 
bulk of the AAR ranges between 1.5 RE and 3.5 RE geocentric (Mozer and 
Hull, 2001; review by Karlsson, 2012), but may extend to 5.5 RE 
geocentric (Alm et al., 2015), measured from the center of the Earth. The 
exact location of Alfvénic acceleration is less defined (Fig. 6b) and can in 
fact occur well above and below the quasi-static AAR (e.g., Wygant 

Fig. 5. Three layers of the Alfvénic oval (not to scale). Primary = Alfvén waves; secondary = Alfvénic electrons, which are electrons accelerated by Alfvén waves; 
tertiary = visible Alfvénic aurora (note: in this image, the entire aurora is shown, since no global image of the visible Alfvénic oval exists). The actual data shown in 
each layer (from Keiling et al., 2003; Newell et al., 2009; Liou et al., 1997, respectively) are repeated and described in other sections. 

Fig. 6. Diagrams of acceleration mechanisms inside the auroral acceleration region (AAR). (a) Acceleration by quasi-static structures (Marklund et al., 2001). (b) 
Acceleration by Alfvén waves (after Wygant et al., 2000). 
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et al., 2002; Lynch et al., 2012). Chaston et al. (2003) argue, through the 
use of simulations and observations (from the FAST satellite which had 
an apogee of about 4000 km altitude), that most of the Alfvénic (auroral) 
electron acceleration occurs between 2 and 3 RE geocentric. However, 
Janhunen et al. (2006) argue, using observations from the Polar satel
lite, which had an apogee of about 9 RE (geocentric distance), that the 
majority occurs between 3.5 and 4.5 RE (geocentric distance). This 
discrepancy should be resolved in future studies. 

Alfvénic M-I coupling has been firmly established using case studies 
and theoretical arguments (review by Lotko, 2004). Alfvén waves 
interact with the AAR in several ways, including wave-particle inter
action, wave reflection, and the formation of new structures (e.g., 
double layers). Moreover, an important phenomenon is the trans
formation from large-scale MHD to small-scale kinetic (or inertial) 
Alfvén waves along field lines inside the AAR, because the latter possess 
electric fields that are parallel to the ambient magnetic field, which can 
accelerate electrons that precipitate and cause auroras (Fig. 7). Alfvén 
waves are also thought to transversely accelerate ions, leading to their 
expulsion from the ionosphere (not included in Fig. 7). Chaston (2006) 
lists several proposed, but as yet unverified, mechanisms for the 
transverse-scale transformation, such as mode conversion from 
surface-mode Alfvén waves, refraction and phase mixing on density 
gradients, local instabilities associated with the current and flow shears 
in the wave and wave steepening, and ionospheric feedback within the 
ionospheric Alfvén resonator. These processes are not well understood, 
and ideally, require multipoint measurements inside the AAR to gain a 
better understanding. Comprising four satellites in close formation, the 
Cluster mission has provided much-needed insight into the workings of 
the AAR from a multipoint viewpoint (review by Forsyth and Fazaker
ley, 2012; Forsyth et al., 2014; Alm et al., 2015; Hull et al., 2016), but 
clearly more work and additional dedicated multi-satellite missions are 
required. 

To understand the action of the AAR on Alfvén waves, a useful 
approach has been to conduct conjugate studies that relate satellite 
observations along a fluxtube (at approximately the same time) from a 
location near the topside of the AAR and one near (or below) the bottom 
side of the AAR. So far, there are only a few studies that have done such 
conjugate comparisons for individual events, where the conversion of 
electromagnetic energy to particle energy, while reducing the wave 
energy, was demonstrated (e.g., Vaivads et al., 2003; Dombeck et al., 
2005; Chaston et al., 2005). Instead of measuring the electron precipi
tation directly, the kinetic energy flux of the auroral electrons has been 
inferred from auroral images and has then been compared with conju
gate high-altitude Alfvénic Poynting fluxes (e.g., Wygant et al., 2000; 
Keiling et al., 2002). To investigate a large region, such as the nightside 
auroral zone or the entire hemisphere, yearly averages of global 
morphology and total power of Alfvén waves and auroral electrons from 
different satellites have been compared (references provided throughout 
this review). All these studies provide important information on the 
energy balance between the topside and bottom side of the AAR, while 
leaving out the details inside the AAR (i.e., treating the AAR as a black 
box). Because in this review the focus lies on the global Alfvénic oval, 
the statistical approach is of relevance here. 

Knowledge of the secondary Alfvénic oval, as defined in section 1.2, 
rests on our ability to identify electrons that have been accelerated by 
Alfvén waves (i.e., Alfvénic electrons). The fact that specific electron 
properties are associated with different acceleration mechanisms allows 
us to achieve this goal. In the case of Alfvénic acceleration, it has been 
shown experimentally that kinetic Alfvén waves lead to electron pre
cipitation with a broad energy range (e.g., Chaston et al., 2003), and test 
particle simulations have confirmed this description (e.g., Kletzing and 
Hu, 2001; Chaston et al., 2002). While some skepticism has been voiced 
(Dombeck et al., 2018), it is still a reasonable description and is 
currently our best approximation. 

Fig. 7. Alfvénic M-I coupling scenario with scale cascade, field-aligned electric field, wave-particle interaction inside the auroral acceleration region, and auroral 
excitation. Inset on the left was modeled after a figure in Fedorov et al. (2004). 

A. Keiling                                                                                                                                                                                                                                         



Journal of Atmospheric and Solar-Terrestrial Physics 219 (2021) 105616

7

It is also important to acknowledge that not all of the high-altitude 
Alfvénic Poynting flux entering the AAR is converted into the kinetic 
energy of precipitating (auroral) electrons. For example, some of the 
wave energy will go into Joule heating, upwardly-accelerated electrons 
and ion heating, or will be reflected back into the magnetosphere. 
Therefore, an important question relates to how much of the incoming 
Alfvénic Poynting flux can be converted into kinetic energy of electrons. 
This question has been addressed from theoretical and numerical 
viewpoints by investigating the efficiency of the energy conversion 
mechanism (Chaston et al., 2002; Pilipenko et al., 2004; Lysak and Song, 
2005; Watt et al., 2005; and Song and Lysak, 2006). Two empirical 
approaches have provided mathematical relationships for the energy 
transfer from Alfvén waves (S‖) to electrons (FE) inside the AAR, one for 
individual events and one for the global oval (subscript “e” for indi
vidual events and “g” for global statistics were added to distinguish the 
quantities):  

FE,e = 2.3 (S‖,e)0.5                                                                           (1)  

FE,g = 0.56 S‖,g                                                                               (2) 

Equation (1) was obtained by Zhang et al. (2015) from data 
measured by the Polar satellite (Keiling et al., 2002). It relates the 
high-altitude (above the AAR) Poynting flux, S‖,e, of an individual event 
to the conjugate kinetic energy flux of precipitating electrons, FE,e, at 
ionospheric altitude (100 km), presumably accelerated by the Alfvén 
waves. The equation accounts for the partial absorption of wave energy 
by electrons inside the AAR, with an absorption efficiency that is 
dependent on the amplitude of the incoming Alfvén waves. Fig. 8 shows 
the Polar dataset together with data from FAST (Chaston et al., 2003). 
The solid line is the approximate regression line (drawn visually through 
the Polar dataset) used to obtain equation (1). This figure also illustrates 
that above the AAR, the Poynting flux is larger than the corresponding 
low-altitude electron energy flux (black dots below the dashed line), 
thus being sufficient for energization, while below the AAR, most energy 
flux is contained in the electrons and the remaining Poynting flux is 
much lower (red dots above the dashed line). 

Equation (2) was obtained by Keiling et al. (2019b) from data 
measured by the DMSP (Newell and Gjerloev, 2011) and Polar (Keiling 
et al., 2019b) satellites. This time, it relates the high-altitude, global 
Alfvénic power, S‖,g, to the global kinetic energy flux of precipitating 
electrons, FE,g, both integrated over the entire nightside auroral zone. 
While the equation accounts for the partial absorption of wave energy by 
electrons inside the AAR, it does not differentiate between different 
wave amplitudes, and thus represents an average value. This equation 

suggests a total Alfvén wave absorption by wave-particle interactions 
inside the AAR of 56%. This absorption efficiency can be compared with 
the estimates based on theoretical considerations, which provide com
parable values (e.g., Chaston et al., 2002; Pilipenko et al., 2004). Keiling 
et al. (2019b) also estimated a global Alfvén wave reflection of 33% 
(upper limit), and an excess wave power of 11% (lower limit), available 
for other energy conversion processes, such as Joule heating and 
Alfvénic ion outflow. 

Both equations are important, because they allow one to ignore the 
details of wave-particle interaction inside the AAR. They both take 
Poynting flux values from above the AAR and make projections about 
Alfvénic electrons below the AAR. Strictly speaking, both equations 
were derived from nightside auroral zone data only and are therefore 
only valid in this region. It is also important to note that equation (2) 
applies to the global relationship between Alfvén wave power and 
Alfvénic electron energy flux and not necessarily to individual events, 
for which equation (1) offers the appropriate relationship. This clearly 
manifests in the different slopes. While equation (2) has a constant slope, 
equation (1) has a variable slope. 

In Fig. 9, the application of both equations is graphically illustrated. 
We tested both flowcharts by applying them to 6 years of Polar data. 
Following the upper flowchart, we first generated the global distribution 
map of Alfvén waves above the AAR and then mapped to ionospheric 
altitude. Integration over the nightside yields a total power of 1.56 GW, 
which is the total inflowing Alfvén wave power. Then, equation (2), 
which incorporates the wave-particle interaction, yields a global, 
precipitating Alfvénic electron power of 0.87 GW. Following the lower 
flowchart, we first applied equation (1) to individual events recorded 
above the AAR to generate the global distribution map of Alfvénic 
electrons at ionospheric altitude. This equation contains the wave- 
particle interaction. Since equation (1) becomes non-physical for S‖,e, 
< 5.2 mW/m2 (where the electron flux is greater than the driving 
Poynting flux), we only used it for values of S‖,e, > 5.2 mW/m2. For 
values of S‖,e, < 5.2 mW/m2, we used S‖,e, = FE,e, representing a 100% 
energy transfer, which is unrealistic but nonetheless used as an 
approximation. After integration over the nightside, we obtained a total, 
precipitating electron power of 0.98 GW, which is in reasonable agree
ment with the value of 0.87 GW obtained from the upper flowchart. In 
the remainder of this review, additional examples of both equations are 
given. 

2. Global dependences 

The Alfvénic oval has been probed in situ through recording the 
electric and magnetic field perturbations of the Alfvén waves (primary 
Alfvénic oval) and through recording the Alfvénic electrons (secondary 
Alfvénic oval), which are consequences of wave-particle interaction. 
Both types of Alfvénic ovals were defined in section 1.2. Many studies 
have reported their results in terms of energy flux for both waves and 
electrons, which allows direct comparison between the primary and 
secondary ovals. Since extremely large regions in space are involved, we 
must rely on statistical data recorded during hundreds to thousands of 
satellite orbits, together with simulations, to help us understand the 
dynamics of the global Alfvénic oval. It is again emphasized that “global” 
(here and throughout the review) refers to the entire hemisphere or, in a 
few cases, to the nightside auroral zone. While in this section the pri
mary and secondary Alfvénic ovals are reviewed, the tertiary Alfvénic 
oval is specifically addressed in section 3. 

While in principle the Alfvénic oval (primary and secondary) can be 
observed anywhere along the magnetic field lines, two of the most 
meaningful and convenient locations are below the AAR and above the 
AAR. The comparison of results from both regions allows for the 
assessment of the effect of the AAR on the Alfvénic oval, while treating 
the AAR as a black box (cf. section 1.3). Even though there is no tem
poral conjugacy in the statistical data comparison, the “time-averaged” 
results provide remarkable consistency, as shown in this section, which 

Fig. 8. (From Zhang et al., 2015) Precipitating electron energy flux, FE, from 
FAST electron measurements (Chaston et al., 2003) and inferred from Polar UVI 
images (Keiling et al., 2002) versus simultaneously measured downward 
Poynting flux (S||) in the 0.2–20 Hz passband from FAST at altitudes of 
2000–4000 km and in the 6–180 s passband from Polar at 4–6 RE geocentric 
distance. All fluxes are mapped to a reference altitude of 100 km. The dashed 
line is FE = S|| and the solid line indicates the approximate (visual) regression 
based on the Polar data. 
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yields important insight into the global dynamics of the Alfvénic oval. 
Fig. 10 illustrates the generic setup, using the Polar satellite (panel a), 
and the FAST and DMSP satellites (panel b). Most statistical studies 
reviewed herein utilized these satellites. The altitude range of FAST and 
DMSP covers the lower end of the AAR and below, and thus, it is a region 
that should indeed experience some of the effects of higher-altitude 
Alfvén waves observed at Polar, located above the quasi-static AAR in 
parts of its orbit. The reader is referred to the relevant papers for each 
spacecraft for detailed descriptions about the instruments. 

Furthermore, global simulations have reproduced the observed 
Alfvénic oval, while also providing information on the origin of the 
Alfvén waves and other parameters. Simulations allow for “controlled” 
virtual experiments to complement the observations, after verification 
that they actually produce reasonable results. A successful scheme, used 
in a series of studies (Zhang et al., 2012, 2014, 2015) and reviewed 
below, is illustrated in Fig. 11. The Alfvénic oval is generated using the 
Lyon-Fedder-Mobarry (LFM) global magnetosphere simulation code 
(Lyon et al., 2004), together with the Magnetosphere Ionosphere Cou
pler/Solver (MIX) module (Merkin and Lyon, 2010). Later, an electron 
precipitation model was added, but is not shown in this figure (see 

Zhang et al., 2015). The simulated primary Alfvénic oval is processed in 
the same way as that in the Polar satellite-based studies (e.g., Keiling 
et al., 2003), which allows for easier comparison of the observation and 
simulation results, as also reviewed in this section. 

2.1. AE dependence 

The auroral electrojet (AE) index is a well-known measure of auroral 
zone activity (Davis and Sugiura, 1966). For example, the aurora (e.g., 
Meng and Liou, 2002) and electron precipitation (Ahn et al., 1983) are 
correlated with changes in AE. AE has been shown to also correlate with 
Alfvén wave activity and Alfvénic electron precipitation (reviewed 
herein). The AE index also captures substorm activity, which is known to 
cause the generation of energetic Alfvén waves in the magnetotail 
(Maynard et al., 1996; Keiling et al., 2000). Substorm activity is spe
cifically dealt with in section 2.2, whereas here we explore the general 
relationship between the spatial distribution and total electromagnetic 
power of the Alfvénic oval and AE. It turns out that there is a remarkably 
simple relationship between power and AE, namely, linear. 

Fig. 12a shows the Alfvénic oval morphology for different AE ranges, 

Fig. 9. Flowchart showing two ways of calculating the global, precipitating Alfvénic electron power from Alfvén wave data recorded above the AAR over the 
nightside auroral zone. AO stands for Alfvénic oval. Both start out with the same database of electric and magnetic field data from the Polar satellite, which are the 
fundamental quantities of an Alfvén wave. Here we show Polar, but any satellite can be used as long as the data are collected above the AAR. See text for further 
explanation. 

Fig. 10. The generic setup to investigate the dynamics of the Alfvénic oval: (a) Polar’s orbit (1.8 RE perigee, 9 RE apogee). The blue sphere is Earth. (from Keiling 
et al., 2003). (b) Orbits of FAST (<4000 km) and DMSP (~850 km) (modified from Dombeck et al., 2005). 
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viewed from above the north pole. Here, only the nightside is shown, 
since AE is mostly an indicator for nightside activity. It can be seen that 
the regions of enhanced Poynting flux grow in longitude and latitude 
with increasing AE. Both inflow and outflow are shown, which refer to 
Poynting flux flowing into and out of the AAR at its topside, respectively. 

While for AE < 100 nT, hardly any Alfvén wave power is observed (light 
blue), the oval is clearly visible for 100 nT < AE < 300 nT (light blue, 
yellow, orange and red), followed by an expansion of more intense re
gions (yellow and red) in longitude (for 300 nT < AE < 500 nT) and also 
latitude (for 500 nT < AE < 700 nT). While this general trend applies to 

Fig. 11. Simulation setup of Alfvénic Poynting flux calculation from Zhang et al. (2014). The algorithm resolves electromagnetic waves in the range of 5–180 s. The 
simulated Alfvénic Poynting flux recorded on grid cells at the r = 3.5 RE surface is then mapped to a reference altitude of 100 km along magnetic field lines such that 
S‖/B = constant. 

Fig. 12. (From Keiling et al., 2019b) (a) Morphology (MLT-ILAT format) of in-situ Poynting flux in the 6–180 s passband for the period from 1997 to 2002 for the 
nightside region, using Polar satellite data between 4 and 7 RE. Each panel only contains Poynting fluxes during periods of activity indicated by the AE range (nT) at 
the top of each panel. The top and bottom in each panel show the average wave Poynting flux flowing into the AAR and out of the AAR, respectively. (b) Tracing 
Poynting flux along Polar’s orbit during a period of 27 days. Peak values of Poynting flux are binned by 0.5◦ magnetic latitude (y axis) versus days (x axis) and 
mapped to ionospheric altitude. Each column represents a section of Polar’s orbit within 50–90◦ magnetic latitude. Only values obtained when Polar was on the 
nightside are included. (c) AE index versus time. The red vertical lines with arrowheads mark expansion to lower latitudes of intense Poynting flux (panel b) in 
relation to AE peaks. 
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both inflow and outflow, the intensities are significantly smaller for the 
outflow. 

This latitudinal expansion and shrinkage of the Alfvénic oval can also 
be seen in Fig. 12b, which shows Poynting flux along Polar’s orbit during 
a period of 27 days. The white lines approximately delineate the equa
torward and poleward boundary of enhanced Poynting flux (>1 mW/ 
m2). When compared with the AE index (Fig. 12c), there is clearly a 
correlation with the width of this "Alfvénic band", as it extends to lower 
latitudes for larger AE values, which is pointed out by several arrows. 

Each distribution in Fig. 12a possesses a global power value (in GW). 
Plotted in Fig. 13, the global “net” power (i.e., inflow minus outflow 
power) exhibits a linear relationship with AE. The green data points, also 
showing a linear trend, are from an analysis of precipitating Alfvénic 
electrons below the AAR (Newell and Gjerloev, 2011). The resulting 
equations are: 

Newell and Gjerloev (2011):  

FE [GW] = 0.005 GW/nT ⋅ AE [nT] + 0.1 GW                                   (3) 

Keiling et al. (2019b):   

AWnet [GW] = 0.006 GW/nT ⋅ AE [nT] + 0.2 GW                               (4) 

The reader is reminded that both datasets are related to the primary 
and secondary Alfvénic ovals (cf. Fig. 5), as defined in section 1.2. The 
net Alfvén wave power is clearly larger, which is to be expected, since it 
is assumed that the Alfvénic electrons are accelerated by the waves. The 
net power accounts for the fact that a portion of incident Alfvén waves 
are reflected back from below. However, it is also cautioned that not all 
of the outflowing power is in fact reflected wave power, but instead 
might be due to some wave generation occurring at lower altitude, 
particularly inside the ionosphere (see Keiling et al., 2019b, for more 
discussion). 

These statistical linear relationships allow for the estimation of the 
“instantaneous” global Alfvén wave power and global Alfvénic electron 
power, when no such instantaneous measurements are even possible. 
For example, one can convert the time-varying AE index for an event 
directly into variations of global Alfvén wave power impinging on the 

AAR and precipitating global electron energy flux. An illustration is 
given in section 3.1. Similarly, solar wind/IMF parameters have been 
shown to control the AE index and mathematical equations have been 
developed (Akasofu et al., 1981, 2001). Combining such equations with 
the here-reported equations, Alfvén wave power and electron energy 
flux can thus be inferred directly from the solar wind/IMF parameters. 

2.2. Substorm dependence 

One of the most studied aspects of magnetospheric dynamics is the 
substorm. Its auroral signature is nothing short of spectacular, both as 
seen from the ground and space. The auroral development of a substorm, 
shown in Fig. 14, can last for several hours. The recognition that it obeys 
a fairly regular pattern was a great achievement, first inferred from 
ground data (Akasofu, 1964), which ultimately allows us to study this 
phenomenon. While a plethora of phenomena accompanies the auroral 
development, we focus again on the Alfvénic oval, which also shows a 
regular pattern and is in fact also partly responsible for the auroral 
pattern (more in section 3). 

The onset of substorms is associated with burst-like enhancements of 
Alfvén wave power throughout the magnetotail (e.g., Maynard et al., 
1996; Takahashi et al., 1988; Osaki et al., 1998; Keiling et al., 2000; 
Mende et al., 2003; Hull et al., 2016). The substorm association of the 
Alfvénic oval has been demonstrated in several statistical studies 
(Chaston et al., 2007; Lee et al., 2010; Newell et al., 2010; Wing et al., 
2013; Keiling et al., 2020). Again, using the MLT-ILAT format, there is a 
clear and repeatable spatial pattern that can be observed in relation to 
substorm onset (Fig. 15): very little Alfvénic activity and total power 
before onset, and a sharp increase thereafter (Wing et al., 2013). The 
data show the energy flux of Alfvénic electrons recorded below the AAR 
(from DMSP), sorted by time in relation to substorm onset (Δt = 0 min). 
Many thousand substorms are combined in this figure. A comparison 
with Fig. 14 shows that the spatial distribution of the Alfvénic electron 
energy flux is similar to that of the auroral bulge, which is the most 
dynamic structure during the development of a substorm. While Fig. 14 
shows instantaneous images, the same cannot be done for the Alfvénic 
oval. Nevertheless, the averaged maps in Fig. 15 clearly support the idea 
that Alfvén waves play a significant role in the generation of the auroral 
bulge. 

These low-altitude (below the AAR) results can be compared with 
high-altitude (above the AAR) observations of Alfvén wave power. The 
corresponding global Alfvénic oval distribution is shown in Keiling et al. 
(2020), which is very similar to Fig. 15a. The integrated power values of 
individual global maps (nightside only) are plotted in a time series 
format for comparison in Fig. 15b, showing both low-altitude, total 

Fig. 13. (From Keiling et al., 2019b) Comparison of “net” inflowing Alfvén 
wave power, AWnet, above the AAR and Alfvénic electron precipitation power, 
FE, below the AAR. The regression line for the net Alfvén wave power (blue) is 
AWnet [GW] = 0.006 GW/nT ⋅ AE [nT] + 0.2 GW. The Alfvénic electron data 
(green) are reproduced from Newell and Gjerloev (2011). The regression line 
(green) is FE [GW] = 0.005 GW/nT ⋅ AE [nT] + 0.1 GW. 

Fig. 14. This image shows the expanding auroral oval during a substorm 
(courtesy of L. Frank). 
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Alfvénic electron power and high-altitude, total Alfvén wave power. It is 
worth noting that data for nonstorm/isolated substorms are plotted. A 
comparison of nonisolated/recurrent substorms can be found in Keiling 
et al. (2020). While the blue solid line and red dashed line are derived 
from Alfvén wave data, the green data are derived from electron data. 
The red dashed line is an estimate of the Alfvénic absorption by elec
trons, obtained using equation (2) from section 1.2 (Keiling et al., 
2019b). The most visible feature is the sharp rise of both Alfvén wave 
power and electron power during the expansion phase (starting at 
around Δt = 0), followed by a gradual decay to pre-onset values within 
about 2 h later. While there are some minor methodological differences 
between the DMSP and Polar statistics (summarized in Keiling et al., 
2020), there is good agreement to support the Alfvénic driving scenario. 

As is well known, the substorm expansion is the most dynamic phase 
during the substorm cycle, when rapid changes in the magnetotail, such 
as reconfiguration from a stretched tail-like magnetic field to a more 
dipolar magnetic field, enhanced tail reconnection and increased fast 
plasma flows occur. This active period is thus especially prone to Alfvén 
wave generation in the magnetotail, which is confirmed in the temporal 
evolution of the global Alfvén wave power reviewed here, with the 
largest peak power and power rise observed after onset. While the 
auroral bulge is the most dynamic structure of the substorm aurora, it 
has also been reported that the global Alfvénic substorm aurora is the 
most dynamic auroral type compared to the other auroral types, even if 
the absolute power values are smaller (Newell et al., 2009). This indeed 
links the auroral bulge strongly to the Alfvénic aurora; the extent of 
which is reviewed in section 3. Further support comes from the obser
vation that about 50% of the Alfvén wave power over the entire night
side auroral zone is collocated with the auroral bulge region during the 
expansion phase (Keiling et al., 2020). 

2.3. Storm dependence 

Geomagnetic storms are periods of drastically increased energy input 
into geospace, followed by enhanced energy transfer and deposition 
within it (review by Gonzales et al., 1994). Since the nineteenth century, 
“grand” auroras—more global, more intense—have been related to 
increased disturbances in the geomagnetic field (e.g., Perry, 1880). 
While they can last for days, they also contain temporal structures of 
much smaller time scales. As shown in Fig. 1, the aurora “explodes” 
within only 10 min to cover the entire auroral oval. Such time scales are 

ideal for Alfvén wave activity. In fact, it has been demonstrated that 
Alfvén waves are an important component of geomagnetic storms and 
associated energy flow into the AAR. Several statistical studies have 
investigated the global impact of geomagnetic storms on the Alfvénic 
oval, which are reviewed in this section. 

Hatch et al. (2018) investigated the global spatial distributions of 
power carried by inertial Alfvén waves (IAW) and Alfvénic electron 
energy flux using the FAST satellite at altitudes below 4000 km, while 
Keiling et al. (2019a) utilized the Polar satellite at geocentric distances 
between 4 and 7 RE, that is, mostly above the AAR, to investigate MHD 
Alfvén waves. While the former study used about 3 years of data, the 
latter study used 6 years of data. Fig. 16 shows the corresponding 
Alfvénic ovals, both for Alfvén waves and Alfvénic electrons, during 
nonstorm periods and storm periods. (We remind the reader that these 
distributions represent two of the three layers of Fig. 5.) It is apparent 
that there are striking differences between the nonstorm and storm 
distributions at Polar (panel a) and FAST (panel b). Overall, the global 
“band” of more intense Alfvén wave/electron activity is significantly 
increased in size during storm periods compared to nonstorm periods. 
Concurrently, the various integrated, hemispheric power values (num
ber in lower-left corner of each distribution) are significantly larger 
during storm periods compared to nonstorm periods (e.g., panel (a) 
shows 2.6 GW for nonstorm and 8.6 GW for storms). 

Alternatively, when comparing the spatial distributions from higher 
altitude (above the AAR) with those at lower altitude (below the AAR), 
either during nonstorm or storm period, there is morphological simi
larity to suggest that there is a causal connection. For example, 
comparing the nonstorm distributions of panel (a) and panel (b), it is 
apparent that there are slightly enhanced regions of Alfvénic activity 
and electron precipitation around noon and midnight. Note that the 
scale for the FAST data is logarithmic, which partially explains the 
appearance of a wider oval, compared to the linear scale for the Polar 
data. Another reason for the wider oval at FAST might be that after the 
MHD Alfvén waves convert into IAWs, the waves have a perpendicular 
velocity component that could latitudinally broaden the oval, which 
would indirectly also apply to the electrons, being accelerated by the 
IAW. Similarly, the distributions during storm periods are very similar at 
both altitudes (panels a and b), in that they show latitudinally and 
longitudinally broadened intense Alfvénic activity. 

A causal connection also requires that the total wave power flowing 
into the AAR is larger (or at least equal) to the combined wave and 

Fig. 15. Temporal evolution of the statistical Alfvénic oval during substorms. (a) (From Wing et al., 2013) Broadband/wave aurora electron energy flux (DMSP 
satellite) from 15 min before to 1 h after the substorm onset. Each map shows the median energy flux over a 15-min interval centered at the time labeled. The 
substorm onset occurs at Δt = 0 min. (b) (Modified from Keiling et al., 2020) Total inflowing Alfvén wave power (blue) recorded above the AAR (Polar satellite) in 
relation to substorm onset, together with Alfvénic electron precipitation power (green) below the AAR (DMSP satellite). The dotted red line accounts for 56% 
absorption of the Alfvén wave power (see equation (2)). 
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particle power flowing out of the AAR at the bottom. This is indeed the 
case for both nonstorm and storm periods (e.g., 2.6 GW versus 0.54 and 
0.91 GW for nonstorm in Fig. 16). However, one also has to account for 
partial wave reflection of the inflowing waves, which reduces the total 
net inflow of wave power available for the low-altitude acceleration 
processes. This additional analysis was done for nonstorm periods, the 
main phase and the recovery phase of storms, the results of which are 
summarized in Table 1. The listed values (in GW) are global, hemi
spheric energy rates calculated from the same data shown in Fig. 16, by 
further sorting the storm distributions (Hatch et al., 2018; Keiling et al., 
2019a). The net inflow of wave power (third row for Polar data) can be 
compared with the net energy absorption by IAWs and Alfvénic elec
trons (third row for FAST data). Only in the case of nonstorm periods 
appears the wave energy flux to be sufficient, which is consistent with 
the scenario that the high-altitude Alfvén waves power the low-altitude 
processes. Possible physical reasons for the “missing” energy flux during 
the two storm phases are: (a) only MHD waves were considered at Po
lar’s altitude and KAW at Polar might also contribute; (b) it is not certain 
that all of the upflowing Alfvén wave power recorded at Polar represent 

reflected wave power, because it is known that especially during storms, 
Alfvén waves can be generated in the ionosphere by other energy 
sources (e.g., Nishimura et al., 2010), which would increase the net 
deposition value at Polar. While this attempt to combine various power 
values for the energy balance in Alfvénic M-I coupling during geomag
netic storms provides us with some insight, it remains incomplete 
because of some deficiencies. The interested reader is referred to Keiling 
et al. (2019a) for more discussion on this, and to section 4 for some 
additional discussion as well. 

The comparison of primary and secondary Alfvénic ovals during 
storms is also suited to test equation (2) from section 1.3 (cf. Fig. 9), 
which allows calculating the energy absorption by electrons from the 
total inflowing Alfvénic power. From Table 1, we find that the global 
inflowing Alfvénic power during the main phase is 10.05 GW. Applying 
56% absorption efficiency, the global Alfvénic electron power is 5.62 
GW. In comparison, from low-altitude FAST measurements, the global 
Alfvénic electron power during the main phase is estimated to be 5.08 
GW (Table 1). Both values are very similar. It is noted that FAST data 
were not involved in deriving equation (2); thus, this comparison adds 

Fig. 16. Comparison of the morphology of the primary and secondary Alfvénic ovals during nonstorm and storm periods: (a) from Keiling et al. (2019a), using Polar 
data recorded above the AAR; (b) from Hatch et al. (2018), using FAST data mostly below the AAR. Note that the storm period distribution in (a) contains events 
occurring during both main phase and recovery phase, whereas that in (b) only contains events occurring during the main phase. 
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validation to equation (2). 
If we traced the Alfvénic oval from Fig. 16 along magnetic field lines 

to the outer magnetosphere, we would reach the equatorial region and 
various boundary regions, likely including the reconnection region, all 
of which are generator regions of Alfvén waves. In fact, Chaston et al. 
(2015) provided evidence of enhanced Alfvén wave activity, with fre
quencies from effectively zero up to 100 Hz in the nightside equatorial 
plane of the inner edge of the plasma sheet (using Van Allen Probes). The 
data were collected between October 2012 and March 2015, and were 
sorted by nonstorm periods, main phase, and recovery phase. Fig. 17 
shows the corresponding spatial distributions of wave occurrence. It is 
noted that since the satellite had an equatorial orbit, as opposed to the 
polar orbits of FAST and Polar, the format chosen for the spatial distri
bution was L versus MLT. These distributions indeed resemble the 
Alfvénic ovals, especially for the nightside (18–06 MLT), from Fig. 16, 
allowing for some differences in the mapping scheme and the different 
quantities plotted (i.e., probability of occurrence versus Poynting flux). 
On the nightside, a clear expansion to smaller L values and a wider 
longitudinal range of enhanced activity (with values > 10−2) is observed 
during both storm phases (panels b and c), in comparison to the non
storm phase (panel a). The total power values are not available from this 
study for comparison with Fig. 16. The dayside also shows increased 
wave activity during the storm phases, especially the main phase. 
However, there is generally less wave activity compared to the night
side, in spite of other reports that confirm that the dayside regions also 
generate significant Alfvénic activity (Johnson et al., 2001; Chaston 
et al., 2008; Yao et al., 2011). The discrepancy to these other reports 

might be due to the apogee of the Van Allen Probes being at about 6.5 L, 
and thus the magnetopause and dayside boundary layers are not regu
larly crossed, but only during more intense storms. 

2.4. Solar wind/IMF dependence 

In previous subsections, we have shown that the Alfvénic oval, 
including its expansion and total power, can be described in a predict
able way by the AE index, and that the Alfvénic oval is a function of 
substorm and storm phases. Ultimately, these relationships rely on the 
uninterrupted but varying flow of energy from the solar wind into 
geospace. The effects of this coupling on various space regions and 
processes within them have been intensely studied. For example, Aka
sofu (1981) lists several functional forms that relate the geomagnetic 
indices to the various solar wind and IMF parameters. It is now under
stood that the Alfvénic oval is also predictably impacted by solar wind 
and IMF parameters, which is the topic of this subsection. 

Various coupling functions have been developed to describe the 
interaction between the solar wind and the magnetosphere (see Newell 
et al., 2007, for a comprehensive list). Using the coupling function, 
dΦMP/dt = v4/3BT

2/3sin8/3(θ/2) (where dΦMP/dt is the rate at which 
magnetic flux is opened at the magnetopause, BT = (By

2 + Bz
2)0.5, v is 

velocity, and θ is the clock angle of the IMF magnetic field), Newell et al. 
(2009) calculated hemispheric distributions and total power of Alfvénic 
electrons above the ionosphere during low solar wind driving and 
moderately high solar wind driving. Similar to studies reviewed above, 
the peak energy flux lies in the pre-midnight sector (Fig. 18a). Moreover, 
the total energy flux into the ionosphere increases by a factor of 8.0 
(from 0.6 to 4.8 GW) from low to high solar wind driving conditions. 

Using the scheme illustrated in Fig. 11, Zhang et al. (2014) investi
gated the relationship between the upstream solar wind/IMF driving 
conditions and the simulated hemispheric integrated Alfvénic power 
using the global MHD model LFM. Fig. 18b combines the results from 18 
test runs, while changing the variables in the solar wind coupling 
function ε = vBT sin2(θ/2) (Kan and Lee, 1979). Note that this coupling 
function is different from that used by Newell et al. (2009). The vertical 
axis in Fig. 18b is the hemispheric, integrated, 1-h average Alfvénic 
power flowing into the Northern Hemisphere. Not only does the global 
Alfvénic power increase with solar wind driving, but the data points 
exhibit a nearly linear relation, which demonstrates that the Alfvénic 
power is again predictable based on solar wind/IMF parameters. This is 
particularly interesting because the AE index also shows a linear rela
tionship with Alfvénic power (section 2.1). 

To investigate the effect of the IMF orientation on the Alfvénic oval, 
Hatch et al. (2017) used low-altitude measurements from the FAST 
satellite. They also compared their results with the IMF-dependence of 
high-altitude Alfvénic power obtained from the simulation study, 

Table 1 
Comparison of global powers for the Northern Polar Region (from Keiling et al., 
2019a).  

Satellite Nonstorm Main phase Recovery phase 

Polar (above AAR)a 

Alfvén wavedown (GW) 2.59 10.05 6.29 
Alfvén waveup (GW) 0.67 4.07 2.62 
Net depositionb (GW) 1.92 5.98 3.67 
FAST (below AAR)c 

Alfvén wave (GW) 0.54 2.62 1.75 
Electron precipitation (GW) 0.91 5.08 4.27 
Net depositiond (GW) 1.45 7.70 6.02  

a Polar study period: January 1997 to December 2002 (from Keiling et al., 
2019a). 

b Net deposition at Polar is not necessarily the true deposition below the 
auroral acceleration region (AAR). See text for explanation. 

c FAST study period: October 1996 to November 1999 (from Hatch et al., 
2018). 

d Calculated under the assumption that all Alfvén wave power at FAST flows 
toward the ionosphere (i.e., no upflowing Alfvénic power). 

Fig. 17. (From Chaston et al., 2015) Probability of wave occurrence for (a) nonstorm phase (Dst > −20 nT), (b) storm main phase, and (c) storm recovery phase. 
Color scale shows the duration of broadband wave observation in each MLT-L shell bin divided by the time spent in each bin. 
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already mentioned in the previous paragraph (Zhang et al., 2014). 
However, while Hatch et al. (2017) used observed values of the solar 
wind/IMF parameters (within certain constraints; see their study), 
Zhang et al. (2014) used constant values for driving the simulations 
throughout the study period. Observed spatial distributions of 
IAW-associated electron energy flux show a clear dependence on the 
prevailing IMF orientation (Fig. 19a), with the largest regions of 
enhanced power occurring under IMF orientations with a southward Bz 
component (lowest row). Only weak, localized enhancements appear on 
both the dayside and nightside with a northward Bz component (top 
row). A dawn-dusk asymmetry effect is also observed for |By| > 0 (cen
tral row). 

In comparison, the LFM results show very similar spatial distribu
tions of energy flux, even though they were obtained for a different 
quantity (Poynting flux), with some notable differences (Fig. 19b). It is 
noted that this comparison is again an example of the two Alfvénic 
layers (cf. Fig. 5), and as such, morphologically both should be similar. 
In fact, the similarity is especially apparent for Bz < 0 (lower row) and 
|By| > 0 (central row). However, while for Bz > 0 the observations (panel 
a) clearly show some Alfvénic activity, the simulations (panel b) show 
almost no activity. This might be due to the steady driving in the sim
ulations, which does not lead to any wave generation under Bz > 0. In 
contrast, there are always some fluctuations in the actual solar wind/ 
IMF parameters, which generate Alfvén waves that can accelerate 
electrons. Interestingly, for Bz < 0, the magnetosphere does not require 
any fluctuations in the simulations. This does suggest that the source 
mechanisms for the Alfvén waves are different for different IMF orien
tations, as pointed out by Zhang et al. (2014). 

In addition to the morphological similarity, it would also be expected 
that the total integrated, hemispheric wave powers are larger in all cases 
compared to the corresponding total integrated, hemispheric electron 
energy fluxes, if we assume that the former drives the latter. However, as 
already pointed out, for Bz > 0, the wave power (panel b) is zero (or 
close to zero), which cannot explain the corresponding powers of ~0.4 
GW for the electron energy flux (panel a). For the other IMF orientations, 
the total Alfvén wave powers are indeed larger in all cases. It is 
instructive to apply equation (2), which expresses the absorption effi
ciency and allows inferring the total power of the secondary oval from 

that of the primary oval, to these powers. For |By| > 0, we obtain: 56% of 
~2 GW (wave power) equals ~1.1 GW (estimated electron power), 
which matches reasonably well the observed values of 1.14 to 1.28 GW 
(electron power). For Bz < 0, the situation is quite different: 56% of ~7 
GW (wave power) equals ~4 GW (estimated electron power), that is, 
about twice as large as the recorded electron power (1.89 – 2.13 GW). In 
this comparison, it should again be noted that the methodologies for the 
solar wind/IMF inputs differ between observation and simulation 
studies. While this might explain some of the mismatch, further analysis 
is required. In particular, it would be desirable to obtain the primary 
Alfvénic oval under varying IMF orientations above the AAR from 
measurements (e.g., from Polar) to compare with both the FAST-based 
distributions and the simulated distributions. 

3. Auroral impact 

The Alfvénic aurora is associated with discrete auroral features, both 
at small scale and at mesoscale. Examples are rays (Ivchenko et al., 
2005), vortices (Chaston et al., 2010), poleward boundary in
tensifications (Mella et al., 2011), field line resonances (Liu and Taka
hashi, 2013) and the poleward border of auroral surges (Mende et al., 
2003). All of them together are part of the auroral oval. In section 1.2, 
we defined this Alfvénic contribution to the visible aurora as the tertiary 
Alfvénic oval. This implies that an instantaneous, global image of the 
auroral oval is at the same time an instantaneous, global image of the 
tertiary Alfvénic oval, although the latter cannot (yet) be separated from 
the rest of the auroral oval. Global (hemispheric), space-born imaging of 
the tertiary oval would advance the study of dynamic processes in the 
magnetosphere, as they are in many cases the sources of the Alfven 
waves. Some discussion on how to globally image the tertiary Alfvénic 
oval can be found in Mende (2016), who propose to use optical mea
surements to infer properties of the precipitating electrons from which 
one might infer Alfvénic acceleration. While not global, extended 
ground-based imagery arrays such as THEMIS/GBO (Mende et al., 2008) 
and the Red-line Emission Geospace Observatory (REGO) (Liang et al., 
2016) are beginning to address Alfvénic imaging covering larger regions 
in the ionosphere. Alternatively, several indirect methods have been 
used to quantify the global, hemisphere-spanning Alfvénic contributions 

Fig. 18. Solar wind/IMF dependence of 
the Alfvénic oval. (a) (From Newell 
et al., 2009) Hemispheric energy flux of 
Alfvénic electrons for low (one quarter 
of average strength) and high (50% 
above average) solar wind driving, 
using the coupling function dΦMP/dt =
v4/3BT

2/3 sin8/3(θ/2). (b) (From Zhang 
et al., 2014) The relationship between 
the solar wind coupling function ε = vBT 
sin2(θ/2) (Kan and Lee, 1979) and the 
hemispheric integrated Alfvénic power 
derived from 18 test simulations.   
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to the aurora, the results of which are summarized in Table 2. In the 
remainder of this section, we provide details about the studies listed in 
the table. 

To identify the Alfvénic part of the aurora, comparisons have been 
made with statistical global Alfvén wave and electron precipitation 
maps. Since the in-situ data are often averaged over several years in such 
maps, the auroral images must also be averaged for the comparisons, 
since the auroral oval shows great variability at any given time. One 
such comparison is shown in Fig. 20. The image on the left was gener
ated from 17,372 images of the aurora, taken by the UVI camera on
board Polar (Liou et al., 1997). The energy scale was converted to kinetic 
energy flux due to precipitating electrons (Torr et al., 1995). The 
high-altitude (4–7 RE) Alfvénic Poynting flux, shown on the right, was 
determined from one year (~480 polar orbits) of electric and magnetic 
field data from the Polar satellite (Keiling et al., 2003). The field-aligned 
Poynting flux was mapped along converging magnetic field lines to the 
ionosphere to an altitude of 100 km. It is apparent that both distribu
tions show some similarities. In particular, the most intense region is 
located at ~2100–0000 MLT for the aurora and the Alfvénic oval. The 
aurora in this sector is largely associated with auroral substorms (see 
section 3.2). On the dayside, there is a smaller region (post-noon) of 
enhanced activity, which partially overlap in both distributions. The 
noticeably reduced Alfvénic activity on the flank sides would suggest 
that non-Alfvénic electron acceleration (see section 1.3) dominates on 
average in these regions. However, the reader is reminded that during 
geomagnetically disturbed times, the flanks can also show significant 
Alfvénic activity (e.g., see section 2.3). Since neither of the two distri
butions was sorted by geomagnetic conditions, less often occurring 
events do not stand out. From this simple comparison, it was concluded 
that about one third of the hemispheric aurora could potentially be 
driven by Alfvén waves (Keiling et al., 2003). However, this is only an 
upper estimate, because it does not account for the fact that not all 
Alfvén wave power is absorbed by electrons, as discussed in section 1.3. 
Applying a global absorption of 56% (see equation (2)), we obtain 
~20% for the total auroral electron precipitation driven by Alfvén 
waves (which is listed in Table 2). 

3.1. Aurora and geomagnetic activity 

Using the FAST satellite with an orbital range of 300–4400 km, 
Chaston et al. (2007) conducted a 2.3-year statistical study combining 
measurements of fields and particles. Fig. 21a shows the statistical dis
tribution of the total electron energy deposition, which is highest in the 
midnight sector. The fraction of this power that was provided by elec
tron fluxes with distributions consistent with the acceleration by Alfvén 
waves, and simultaneously occurring Alfvén waves, is shown in Fig. 21b. 
Near pre-midnight, this fraction is ~50% on average, while it is 31% 
over the entire high-latitude region. Furthermore, the authors differ
entiated the Alfvén wave contribution according to auroral activity and 
found that the power fraction increases from 25% to 39% for the entire 
hemisphere as the activity increases (Fig. 21c). These Alfvénic contri
butions are listed in Table 2. It was concluded that, in the vicinity of the 
pre-midnight auroral oval, Alfvén waves may provide the dominant 

Fig. 19. Comparison of observed secondary Alfvénic oval and simulated primary Alfvénic oval for different IMF orientations. (a) (From Hatch et al., 2017) Dis
tributions of IAW-associated electron energy flux recorded by FAST below the AAR (at < 4000 km). (b) (From Zhang et al., 2014) Simulated 1-h average distributions 
of downward Alfvénic Poynting flux at 3.5 RE geocentric distance. Both panels show values mapped to 100 km. The corresponding clock angle of the upstream IMF is 
indicated in the middle of each panel. The power values (GW) in the lower left corner of each map are the total integrated powers. 

Table 2 
Global Alfvénic contributions to the aurora.a  

Study Mission/Model Alfvénic (%) 

Keiling et al. (2003) b Polar 20 
Chaston et al. (2007) c FAST 25-39, 50 
Newell et al. (2009) d DMSP 6–13 
Zhang et al. (2015) e LFM 19 
Zhang et al. (2015) f OVATION 14 
Keiling et al. (2020) g Polar, TIMED 3-10, 18  

a Direct comparison of values is cautioned due to some differences in regions, 
conditions and phases utilized by each study. 

b Average over entire hemisphere; 56% absorption was applied to the reported 
value by Keiling et al. (2003). 

c Range for increasing auroral activity averaged over entire hemisphere, fol
lowed by pre-midnight region only. 

d Range from quiet to active solar wind driving for entire hemisphere. 
e Value is derived for entire hemisphere using values from Zhang et al. (2015) . 
f Value is derived for entire hemisphere using values from Zhang et al. (2015). 
g Range from presubstorm to expansion phase for nightside auroral zone, 

followed by auroral bulge only during expansion. 
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contribution for powering electron acceleration during active times. The 
study also showed that while there is still Alfvén wave activity at FAST 
altitudes, its associated power is only about 10% of the concurrent ki
netic energy flux of the electrons, and therefore, additional Alfvénic 
electron acceleration below FAST would not significantly change the 
statistical results of this study. 

A similar approach was taken by Newell et al. (2009), although they 
did not test for the presence of Alfvén waves as Chaston et al. (2007) had 
done. The electrons were sorted by monoenergetic and broadband 
(Alfvénic) acceleration characteristics, and the remaining electrons were 
declared to cause diffuse aurora. From this, proportions were calculated 
to estimate the contribution of each type to the aurora. Overall (i.e., 
entire hemisphere), it was reported that the Alfvénic aurora contributes 
6% during quiet periods and 13% during active periods (the corre
sponding data are shown in Fig. 18a). These values are also listed in 
Table 2. It was also reported that the Alfvénic aurora exhibits the most 
rapid relative increase with rising activity, increasing by a factor of 8 
from low to high driving. Recently, Dombeck et al. (2018) challenged 
these results, arguing that the contribution of the diffuse aurora was 
significantly overestimated, which would in turn affect the proportion of 
the Alfvénic aurora as well. The interested reader is referred to this study 
for further details. 

It was mentioned above that the “instantaneous” tertiary (visible) 
Alfvénic oval cannot be separated from the other parts of the visible 
auroral oval (in a global sense). However, by using mathematical re
lationships for the dependences of the global Alfvénic power and the 
global Alfvénic electron energy flux on geomagnetic indices, we can 
indirectly determine the “instantaneous” global proportion of the ter
tiary oval. Here is an example, applied to some data from Meng and Liou 
(2002). Fig. 22a shows a sequence of nightside auroral images during an 

auroral substorm, using UVI images from Polar. During the half-hour 
time interval, the aurora undergoes significant changes. The lower 
panels show the AE index and the inferred global auroral power, span
ning an extended time interval (6 h) which includes both the expansion 
and the recovery phases. The correlation of both quantities is very 
noticeable. The associated aurora occurs largely on the nightside, 
allowing us to use two relationships, which were derived for the 
nightside auroral zone, for the integrated power of the primary and 
secondary Alfvénic ovals with respect to the AE index: 

Newell and Gjerloev (2011):   

FE [GW] = 0.005 GW/nT ⋅ AE [nT] + 0.1 GW                                   (5) 

Keiling et al. (2019b):   

AWinflow [GW] = 0.009 GW/nT ⋅ AE [nT] + 0.07 GW                           (6) 

(Note: While equation (5) is the same as equation (3) and reproduced 
here for convenience, equation (6) is different from equation (4). In 
equation (6), the total inflowing power is used, whereas in equation (4), 
the net inflowing power was used.) 

Fig. 22b shows all power values, observed and calculated, in direct 
comparison. The power ratio of the auroral power, which contains all 
types of aurora, and the secondary Alfvénic oval (i.e., Alfvénic electron 
precipitation), obtained from equation (5) with AE applied, yields the 
overall Alfvénic contribution. This example yields a contribution of 
6–13%, varying throughout the substorm cycle (note the different scale 
for auroral and electron power in panel b). The global inflowing power 
of the primary Alfvénic oval, obtained from equation (6) with AE 
applied, is also shown for comparison. Alternatively, applying the 56%- 
absorption coefficient [see equation (2)] to this primary Alfvénic oval 
would also yield the global power of the secondary Alfvénic oval, which 

Fig. 20. Comparison of the average auroral luminosity 
and the average, primary Alfvénic oval (from Keiling 
et al., 2003). Approximate contour lines (drawn by 
hand in panel a and copied into panel b) were added to 
the original figures as a visual aid. (a) Average auroral 
intensity in the Northern Hemisphere recorded in the 
UV spectrum [Lyman-Birge-Hopfield (long)]. The figure 
is composed of 17,372 images taken by the UVI in
strument on board Polar during four months of opera
tion. (b) Average wave Poynting flux flowing into the 
AAR in the Northern Hemisphere, as measured at high 
altitudes (4–7 RE geocentric distance) over one year and 
scaled along converging magnetic field lines to iono
spheric altitude (100 km). This figure is the same as 
Fig. 4b.   

Fig. 21. (From Chaston et al., 2007) Statistical distributions using FAST data in the altitude range from 300 to 4400 km. (a) Average total electron energy deposition. 
(b) Percentage of the total electron energy flux associated with Alfvénic acceleration. 
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is here shown by directly applying equation (5) instead. 
Alternatively, one can also infer the global Alfvénic contribution to 

the aurora by comparing statistical estimates of total electron precipi
tation (e.g., Akasofu, 1981; Østgaard et al., 2002) with those for Alfvénic 
electrons (Newell and Gjerloev, 2011). For example, using Akasofu’s 
equation (UA [GW] = 0.05 GW/nT ⋅ AE [nT]) and Newell and Gjerloev’s 
equation (FE [GW] = 0.005 GW/nT ⋅ AE [nT], ignoring the intercept), 
the global contributions of Alfvén wave power to the aurora would be a 
constant 10% (= 0.005/0.05). 

3.2. Substorm aurora 

In the previous section, an expanding auroral oval during a substorm 
was shown with several near-instantaneous space images (Fig. 22). A 
different format is given by Liou et al. (2013), who averaged 2.5 years of 
auroral images to generate average distributions of the aurora of isolated 
substorms with respect to the three substorm phases (Fig. 23a). Growth, 

expansion and recovery can clearly be identified, with the expansion 
covering the pre-midnight region between 20 and 1 MLT. Such averaged 
auroras are suitable for comparison with statistical, in-situ data of the 
Alfvénic oval. Panels (b) and (c) show corresponding averaged distri
butions of Alfvénic power (primary Alfvénic oval) and Alfvénic electron 
energy flux (secondary Alfvénic oval), respectively, sorted by substorm 
phase. The distributions for each substorm phase are remarkably 
similar, especially with regard to the auroral bulge region of the 
expansion (see added approximate contour lines outlining the average 
auroral bulge). This similarity supports the causal relationship, as 
illustrated in the layered scenario of Fig. 5. It should be emphasized that 
panel (a) shows all types of auroras (that is, the Alfvénic aurora is only 
one part of it). From a comparison of the intensities in each panel, the 
following can be tentatively inferred. There appears to be enough power 
in the primary Alfvénic oval (panel b) to drive the secondary Alfvénic 
oval (panel c). However, the auroral power (panel a) is significantly 
larger than those of the other two, which can be attributed to the fact 

Fig. 22. Illustration of the usage of the AE index to calculate the Alfvénic contribution to the aurora. (a) (From Meng and Liou, 2002) Auroral images and the 
associated auroral power and AE. (b) Comparison of auroral power with primary and secondary Alfvénic ovals (AO), using the AE index for calculation. The auroral 
power is redrawn from the last panel of (a). 
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that the aurora does not only comprise the Alfvénic aurora (i.e., tertiary 
Alfvénic oval) but also the other auroral types. In the following, we 
review studies that in more detail extracted information about the 
Alfvénic contribution to the aurora during each of the three substorm 
phases. 

Fig. 24 is a collection of different studies for the estimation of the 
Alfvénic contributions to the substorm aurora. While the left side con
siders the entire nightside auroral oval (18–06 MLT), the right side fo
cuses on the pre-midnight region (21–24 MLT), which statistically 
coincides with the substorm auroral bulge. Both sides follow the same 
structure. The top panel shows the integrated auroral power as a func
tion of time in relation to substorm onset. The auroral data were ob
tained from ultraviolet imagers on board the TIMED satellite (Liou et al., 
2013) and the Polar satellite (Newell et al., 2001), respectively. Three 
distinct regions, which correspond to the three substorm phases, can be 
identified: growth, expansion, and recovery. These data have been 
compared with the statistical data obtained from high-altitude satellite 
measurements of Alfvénic Poynting flux as a function of substorm pha
ses, as shown in the middle panel (Keiling et al., 2020). In the middle 
panel, the auroral data (regression lines only) are reproduced (red 
dashed lines) from the top panel for comparison with the Alfvénic power 
above the AAR (blue lines). The blue shaded region spans the range from 
the lower to upper limits of wave deposition below Polar. It is clear that 
the Alfvén wave power is not the major contributor overall in either 
case, that is, the entire nightside auroral zone and the auroral bulge. This 
can also be seen in the panel below, showing the percentage of total 
inflowing Alfvén wave power (blue line) and the resulting 56% electron 
absorption (green dotted line) (cf. equation (2) of section 1.3). For the 
nightside auroral zone, the total Alfvén wave power is about 5% of the 
total amount of auroral power during the early growth phase and the 

late recovery phase, while growing to 17% during the expansion phase. 
Allowing for the estimated global absorption efficiency of 56%, about 
3% (growth) and 10% (expansion) of the aurora are potentially driven 
by Alfvén waves. For the statistical location of the auroral bulge, the 
Alfvénic contributions are larger percentagewise, owing to the fact that 
Alfvén waves are especially generated in this region during substorms. 
Total inflowing Alfvénic power reaches as high as 32% during the 
expansion phase (compared to the total auroral power), and about 13% 
and 7% during the early growth and late recovery phases, respectively. 
Again, allowing for the global absorption efficiency, actual Alfvénic 
power contributions reduce to about 18% (expansion), 7% (growth), 
and 4% (recovery) of the total auroral power. 

At the bottom of each side of Fig. 24, the same results are graphically 
illustrated in the form of a Venn diagram. First, the Alfvénic aurora (i.e., 
Alfvénic electrons in the diagram) comprises a larger share of the aurora 
during the expansion phase compared to the growth phase. Second, this 
increased share is proportionally larger for the auroral bulge compared 
to the entire nightside auroral zone. 

3.3. Storm aurora 

The most intense and widespread auroral display occurs during 
geomagnetic storms (cf. Fig. 1). The statistical auroral oval grows from a 
thin oval at higher latitude to a widened oval extending to lower latitudes 
with increasing geomagnetic activity, as shown in Fig. 25a. In section 2.3, 
it was shown that the Alfvénic oval (primary and secondary) undergoes 
very similar changes. For example, in Fig. 16a, the nonstorm and storm 
(primary) Alfvénic ovals compare well with the location of the averaged 
aurora for quiet periods (Q = 0) and the most active times (Q = 7), 
respectively (e.g., compare latitudinal changes for different MLTs). 

Fig. 23. (Modified from Keiling et al., 2020) 
Temporal evolution of power during a sub
storm cycle (Δt = 0 corresponds to the onset 
time) obtained by different statistical 
studies. (a) Auroral power measured by the 
ultraviolet imager of the TIMED satellite 
(5.5-year database). (b) Alfvén wave Poynt
ing flux measured by Polar (6-year database) 
between 4 and 7 RE. Each panel covers 30 
min centered at the time labeled. AO stands 
for Alfvénic oval. (c) Alfvénic electron en
ergy flux measured by DMSP (multi-year 
database) at 845 km altitude. Each panel 
covers 15 min centered at the time labeled.   
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An alternative format of Fig. 16a is shown in Fig. 25b, where only the 
peak values of Alfvénic Poynting flux during storm times for the entire 
period under investigation are shown for each grid cell (Keiling et al., 
2019a). While this is not to be interpreted as an instantaneous image of 
the primary Alfvénic oval, it gives a sense of where very intense Alfvénic 
aurora can occur throughout a storm. The dashed lines outline the 
aurora at Q = 7 from panel (a), which overlaps with much of the very 

intense regions of Alfvénic Poynting flux. While this suggests that some 
of the energetic Alfvén waves would certainly contribute to the storm 
aurora, it would again not account for the entire aurora. From panel (b), 
one can also infer that many regions (grid cells) experience Alfvénic 
Poynting fluxes of 100 mW/m2, and up to 500 mW/m2 (mapped to the 
ionosphere), which are some of the largest values recorded in the 
magnetosphere. 

Fig. 24. Statistical estimates of Alfvénic 
contributions to the aurora during substorms 
for (a) the nightside auroral zone and (b) the 
auroral bulge. Both panels are equally 
structured. (Top) Superposed epoch analysis 
of auroral power. The vertical dashed line 
marks the substorm onset. (Middle) Com
parison of Alfvén wave power above the 
AAR and auroral power (red) in relation to 
substorm phases for the nightside auroral 
zone. The blue solid and dashed lines show 
the total power and net power, respectively, 
entering the AAR from the magnetotail. The 
auroral power curve is the linear trend of the 
auroral data from the top panel. The dashed 
vertical line marks the substorm onset. The 
lower panel shows the Alfvénic contribution 
(in percent) in relation to substorm phases. 
The green dotted line is the 56%-absorption 
line. (Bottom) Venn diagrams to illustrate 
the proportional contributions of global 
Alfvén wave power and Alfvénic electron 
power in comparison to the auroral power.   

Fig. 25. Comparison of the auroral oval and Alfvénic oval for different activity levels. (a) (From Feldstein and Starkov, 1967) The auroral oval at different degrees of 
geomagnetic activity. (b) (From Keiling et al. (2019a) The global distribution of peak wave Poynting flux during storms (Dst < −40 nT) flowing toward Earth as 
measured at high altitude (4–7 RE geocentric) in the Northern Hemisphere obtained from 6 years of Polar measurements and scaled along converging magnetic field 
lines to ionospheric altitudes (100 km). The two dashed oval-shaped curves delineate the statistical auroral oval for geomagnetically active periods (Q = 7) of 
panel (a). 
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Fig. 26. The Alfvénic aurora during geomagnetic storms. (a) (Slightly modified from Boteler, 2019) Dst and auroral boundary during the March 1989 storm. (b) 
(From Keiling et al., 2019a) Tracing Poynting flux along Polar’s orbit during a period of 27 days, which includes a moderate storm and a major storm. (Top) Peak 
values of Poynting flux binned by 0.5◦ magnetic latitude (y axis) versus days (x axis) and mapped using the T01 model. Each column represents the section of a Polar 
orbit within 50◦ and 90◦ magnetic latitude. Only values obtained when Polar was on the dayside are included. The Dst curve (middle panel) is overlaid (white line) 
with an arbitrary scale for illustrative purposes. (Middle) Dst index versus time, with labels indicating a moderate and a major storm. Numbered vertical lines (1–5) 
refer to the features in the panels above and below. The inset shows Polar’s daily orbits during the time period shown here projected onto the latitude-local time 
plane. (Bottom) The same data quantity as in the top panel but for the nightside with the Dst curve overlaid. 

Fig. 27. Comparison of auroral oval and observed secondary Alfvénic oval for different IMF orientations. (a) (From Shue et al., 2001) Mean auroral pattern in winter, 
using the LBHL filter of the UVI instrument onboard Polar. A contour of 2 photons cm−2 s−1 is marked as an area of bright aurora. (b) (From Hatch et al., 2017) 
Distributions of IAW-associated electron energy flux recorded by FAST below the AAR. (Same as Fig. 19a). 
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Instead of using an average format, Fig. 26a shows the expansion of 
the auroral border with the Dst index for a period of four days. The 
variation in the auroral boundary follows the variation in the Dst index. 
We emphasize that all auroras are included in this comparison. To get a 
sense for the Alfvénic aurora, Fig. 26b shows a period of 27 days, 
correlating the expansion of the Alfvénic oval (in particular, its lower 
boundary) with the Dst index. Each vertical strip shows the Poynting flux 
along one Polar satellite orbit. The white line shows the Dst index (same 
as the middle panel of Fig. 26b). Hence, it can also be concluded that the 
variations of the Alfvénic oval follow the variation in the Dst index, and 
by inference, the Alfvénic oval follows (in shape) the auroral boundary. 
It was noted by Keiling et al. (2019a) that the agreement is better for the 
dayside. The nightside contains additional Alfvénic oval variations that 
can be attributed to substorm activity in the magnetotail (Keiling et al., 
2020). While this is only indirect evidence (i.e., comparing the borders 
of the auroral and Alfvénic ovals), it is nonetheless suggestive that the 
Alfvén waves contribute to the expansion of the auroral oval during 
storms. The reader is referred back to Table 1 (section 2.3) for estimates 
of global, hemispheric powers of the primary and secondary Alfvénic 
ovals during storms. The estimate of the latter is also an estimate of the 
tertiary Alfvénic oval, assuming that all Alfvénic electrons cause aurora. 

3.4. Solar wind/IMF-controlled aurora 

While it has long been known that the global auroral distribution 
responds to solar wind/IMF changes, it was reviewed in section 2.4 that 
the primary and secondary Alfvénic ovals also show clear spatial pat
terns, in particular, related to the orientation of the IMF. It is instructive 
to compare the resulting patterns of the auroral oval and Alfvénic oval to 
test if it supports a causal relationship as well. This comparison also 
provides a method of estimating the overall percentage of Alfvénic 
contributions to the solar wind/IMF-driven aurora (see below). 

Shue et al. (2001) generated average, global auroral patterns using 
~1 year of images from the Polar UVI imager sorted by the IMF orien
tation and by season (Fig. 27a). In comparison, Fig. 27b shows the 
spatial distributions of IAW-associated electron energy flux recorded by 
FAST below the AAR (Hatch et al., 2017). There is good agreement 
between the corresponding maps in terms of where the more intense 
regions are located inside the oval. The activity is high on the nightside 
(with some asymmetry) for southward IMF, and reduces as the IMF 
rotates from a southward to a northward direction. For |By| > 0, both 
studies report smaller but well-defined regions of enhanced activity on 

the nightside. Under northward IMF, the dayside aurora shows very 
little to no activity, while the Alfvénic oval still shows some enhance
ment, albeit also significantly reduced. It is noted that panel (a) shows 
the winter season only. The summer distribution (not shown here) 
shows more auroral activity during northward IMF, especially pre-noon, 
and thus more closely resembles the distribution of Fig. 27b. The reader 
is referred to Shue et al. (2001) for more detail on the seasonal effects of 
the auroral oval. Hatch et al. (2017), on the other hand, averaged over 
all seasons, and thus, their results contain all features that might be 
season dependent, potentially explaining some of the differences be
tween panels (a) and (b). Again, we emphasize that the auroral images 
contain all types of aurora, and thus a perfect match to the Alfvénic oval 
would not be expected anyway. 

Numerical simulations have also generated the Alfvénic oval in 
response to solar wind driving as already reviewed in section 2.4. Here 
we review the study by Zhang et al. (2015) who performed a data-model 
comparison (Fig. 28) for an actual event using global MHD simulations 
coupled with an electron precipitation model, and the OVATION Prime 
model from Newell et al. (2014). Six hours of solar wind/IMF data were 
utilized as input for both models. Fig. 28a shows that the hemispheric 
broadband electron power (red dots) predicted by OVATION Prime in
creases approximately linearly with the coupling function dΦMP/dt =

v4/3 (By
2 + Bz

2)1/3 sin8/3(θ) (Newell et al., 2007), using the same 
nomenclature as above. The simulated hemispheric broadband power 
(green crosses) also increases but with a relatively large scatter. Using 
moderate driving conditions (dΦMP/dt = 1 MWb/s), Fig. 28b and c 
shows the hemispheric distributions of broadband electron precipitation 
for both models (LFM and OVATION Prime). Both distributions exhibit a 
dawn-dusk asymmetry. The main enhancement in the intensity occurs 
on the nightside in the pre-midnight sector of 2100–2400 MLT with 
similar energy fluxes. However, the simulated pattern is located 
approximately 4◦ MLAT higher than the empirical pattern. Additional 
intensity enhancements are seen in both distributions on the dayside. 
This time, the magnitudes differ significantly from each other. Overall, 
the total power values are comparable: 4.86 GW and 4.07 GW (upper left 
corner of each distribution). 

Zhang et al. (2015) conducted similar comparisons for mono
energetic and diffuse electron precipitation. While we do not review 
them here, we make use of the reported total integrated powers to es
timate the Alfvénic contribution to the aurora as would follow from LFM 
and OVATION Prime. From Fig. 28b and c, as already mentioned, we 
obtain 4.86 GW and 4.07 GW, respectively. Similarly, from Zhang et al. 

Fig. 28. (From Zhang et al., 2015) Solar wind/IMF-controlled aurora. (a) The relationship between the hemispheric broadband electron power and the effective solar 
wind coupling function dΦMP/dt (green crosses from LFM simulations), superposed with the corresponding OVATION Prime prediction (red dots and red line); (b) the 
average distribution of broadband electron precipitation corresponding to dΦMP/dt = 1 MWb/s, derived from LFM; and (c) the distribution of broadband electron 
precipitation corresponding to dΦMP/dt = 1 MWb/s, predicted by OVATION Prime. 
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(2015), we obtain total integrated power values of 21.3 GW (LFM) and 
24.1 GW (OVATION Prime), respectively, by combining the mono
energetic and diffuse precipitation powers. Adding the Alfvénic contri
butions to these values, we obtain the total auroral power of 26.16 GW 
(4.86 GW + 21.3 GW) and 28.17 GW (4.07 GW + 24.1 GW), respec
tively. Then, we can calculate the Alfvénic contribution to the entire 
auroral oval as ~19% (4.86/26.16) and ~14% (4.07/28.17), as inferred 
from the LFM and OVATION Prime models, respectively. These values 
are again listed in Table 2 for comparison with the other statistical 
values. 

4. Summary and conclusions 

The Alfvénic oval waxes and wanes under changing geomagnetic 
conditions and solar wind/IMF conditions, as the auroral oval does but 
not in an identical manner. Similar to auroral forecasting, we ultimately 
want to be able to predict the morphology, dynamics and total power of 
the Alfvénic oval (ideally, for all three layers), a challenge that has seen 
advances in the last two decades. Such predictive power would not only 
be useful for future events, but also allow us to reinvestigate past events. 
In this review, we combined the results from multiyear observational 
studies (utilizing different satellites in different regions), global simu
lations and empirical models. We find the results to be consistent, which 
leads to a unified understanding of the M-I coupling of the Alfvénic oval. 
In this coupling, the AAR has profound effects on the Alfvénic oval as its 
components, be it Alfvén waves or Alfvénic electrons, propagate toward 
the ionosphere, where some of the energy is displayed in the Alfvénic 
aurora. This transformation led us to broaden the definition of the 
Alfvénic oval to include the primary, secondary, and tertiary Alfvénic 
ovals. 

Overall, this review demonstrates that the Alfvénic oval is suffi
ciently well-defined and investigated to give it its name. Statistically, 
there is an oval-shaped distribution of enhanced Alfvénic activity in 
space, comprised of both Alfvén waves and Alfvénic electrons. While the 
Alfvénic oval must also exist instantaneously, it is impossible to probe it 
instantaneously in its entirety in space. The best candidate for capturing 
the Alfvénic oval is the visible layer, i.e., the tertiary Alfvénic oval. 
While ground-based imagery has contributed in this endeavor, techno
logical advances in spacecraft instrumentation and/or data interpreta
tion are needed. Such global, space-born imaging of the tertiary oval 
would likely advance the study of dynamic processes in the magneto
sphere, as has global, space-born imaging of the visible auroral oval. 

The state of the magnetosphere has been described with geomagnetic 
indices, such as AE and Dst, and also in terms of substorm and storm 
phases. Similarly, the direct control of the solar wind/IMF on magne
tospheric parameters is well known. The Alfvénic oval, with its global 
distribution and global power, is a more recent concept that has been 
shown to also follow statistical patterns as functions of AE, Dst, substorm 
and storm phases, and solar wind/IMF. In light of this review, we 
conclude that the statistical Alfvénic oval is predictable, within a 
reasonable range, given geomagnetic conditions or solar wind/IMF pa
rameters. Its dynamic behavior can be summarized as follows: 

4.1. AE index  

1) With increasing AE, the spatial extent of the enhanced Alfvénic 
power grows in longitude and latitude inside the Alfvénic oval.  

2) The Alfvénic oval’s total hemispherical powers (both Alfvén waves 
above the AAR and Alfvénic electrons below the AAR) grow linearly 
with the AE index, of which the latter has a shallower slope.  

3) For all investigated AE values, the Alfvén wave power inflow (from 
the magnetotail into the AAR) is significantly larger than the power 
outflow (out of the AAR toward the magnetotail); the estimated net 
wave power flowing into the AAR is sufficient to account for the 
integrated precipitating Alfvénic electron power in the nightside 
auroral zone below the AAR.  

4) The global Alfvén wave absorption (by electrons) inside the AAR is 
56%. About 33% (upper limit) of Alfvén waves entering the AAR 
(from above) are reflected, either within the AAR or the ionosphere. 
An excess wave power of 11% (lower limit) is available for other 
energy conversion processes.  

5) In summary, the oval’s size and integrated power strongly depend on 
the magnetic disturbance level. 

4.2. Substorm  

1) The Alfvénic oval’s expansion and total auroral zone power vary 
with the substorm phases. The oval’s growth is sudden and intense at 
substorm onset. The Alfvénic oval develops a “bulge” at the same 
location (statistically) as the auroral substorm bulge.  

2) The peak inflowing global wave power during the expansion phase is 
5.7 GW during unconditioned substorms (i.e., averaged over all types 
of substorms), 5.6 GW during nonstorm-time substorms, and 7.8 GW 
during storm-time substorms. These numbers correspond to power 
increases with respect to pre-onset values of 138%, 366%, and 200%, 
respectively. (These values were not reviewed here and can be found 
in Keiling et al., 2020.)  

3) The peak precipitating Alfvénic electron power during the expansion 
phase is 3.4 GW during unconditioned substorms, 2.3 GW during 
isolated substorms, and 4.3 GW during recurrent substorms. These 
numbers correspond to power increases with respect to pre-onset 
values of 84%, 186%, and 64%, respectively. (These values were 
not reviewed here and can be found in Newell and Gjerloev, 2011.)  

4) The Alfvénic aurora is most dynamic (in terms of power changes) 
during substorms in comparison to other auroral types. 

4.3. Storm  

1) The Alfvénic oval differs significantly for nonstorm periods and 
storm periods. The oval width and power vary with the storm phases, 
being the largest and most intense during the main phase. During the 
main phase, its maximal extent covers latitudes between 50◦ and 85◦.  

2) Alfvénic oval growth is fourfold for Alfvén waves (from 2.59 to 
10.05 GW) above the AAR, and fivefold for Alfvénic electrons (from 
0.54 to 2.62 GW) below the AAR, from nonstorm to storm periods 
(Table 1).  

3) During storms, the Poynting flux associated with individual Alfvén 
waves can reach values of up to about 0.5 W/m2 (mapped to iono
spheric altitude). 

4.4. Solar wind and IMF  

1) The Alfvénic oval’s power grows linearly with the intensity of the 
solar wind driving.  

2) Its relative growth in power is the largest compared to other auroras, 
increasing by a factor of 8.0 from low to high solar wind driving.  

3) The IMF orientation has significant and predictable effects on the 
spatial patterns of the Alfvénic oval, which resemble those of the 
auroral oval during similar IMF conditions.  

4) The hemispheric Alfvénic power is largest under southward IMF 
orientations, with wave power intensified on both dayside and 
nightside. Only weak localized enhancements appear on both the 
dayside and nightside for northward IMF orientation. 

4.5. Aurora  

1) The contribution of the Alfvénic aurora to the aurora is activity 
dependent.  

2) 10–30% of the aurora is driven by Alfvén waves during active times.  
3) 18–50% of the optical intensity in the auroral bulge (pre-midnight 

region) is driven by Alfvén waves. 
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4) The Alfvénic aurora contributes a larger share during active times 
(compared to other auroral types), particularly for the auroral bulge.  

5) During the substorm expansion phase, about 50% of the Alfvén wave 
power over the entire nightside auroral zone is collocated with the 
auroral bulge region.  

6) The widespread expansion of the storm aurora is also observed for 
the storm Alfvénic oval. 

It is worth repeating that these key results are statements about the 
average behavior of the Alfvénic oval, and that the focus in the dynamic 
description has been on energy flux. Not only is energy a key component 
in any physical system, but it allows for the comparison between Alfvén 
waves and Alfvénic electrons. The Alfvénic energy budget is one 
component within the total energy budget. We can thus ask: “What role 
does the global Alfvénic oval deposition rate, here called UAW, play in 
the overall energy budget rate of the magnetosphere?” Akasofu (1981) 
listed three major components (not including energy loss via plasmoids 
in the magnetotail), described by the equation: UT = UR + UJ + UA. UR is 
the energy injection rate into the ring current, UJ is the Joule heating 
rate in the ionosphere, and UA is the kinetic energy rate of precipitating 
auroral particles. UAW is not a new energy rate to be added to the total 
energy consumption rate; rather, it is already contained within UA and 
UJ. Alfvén waves provide an intermediate step in the solar 
wind-magnetosphere-ionosphere coupling that has not been fully 
appreciated in the energy description. For example, the estimates pro
vided in this review could be added to the list of energy budgets pro
vided by Baker et al. (1997), where auroral precipitation is listed with 
1–10 GW, and ionospheric Joule heating is listed with 10–100 GW. 
While the Alfvénic contribution, as reviewed here, to the former is sig
nificant, it is small for the latter. 

There is one complication with incorporating the Alfvénic energy 
budget into the overall energy budget, which should be stressed. The 
Alfvénic oval does not only undergo changes along the magnetic field 
lines inside the AAR (such changes motivated us to define the primary, 
secondary, and tertiary Alfvénic ovals), but evidence also exists that 
significant wave dissipation already occurs before the magnetospheric 
waves reach the AAR. This implies that the total Alfvénic oval power in 
the magnetosphere is larger than that at the topside of the AAR, which 
has been the preferred location for observations. In fact, the Alfvénic 
oval extends to the equatorial region and various boundary regions, 
including the reconnection region, all of which are generator regions of 
Alfvén waves. Assessing such a remote Alfvénic oval in its entirety is far 
from easy, and very likely impossible. However, it does raise the 
intriguing question of how much power is transported via Alfvén waves 
in the entire magnetosphere, and how this power flow compares to other 
energy carriers. This is a topic for the future. 

Another aspect has not been appreciated for a global energy analysis, 
but ignoring it might make any energy budget calculations less accurate. 
It is known from observations and simulations that Alfvénic electron 
acceleration on auroral field lines generates bidirectional (up- and 
down-going) electron beams, with most of the acceleration taking place 
in the direction of wave propagation (Chaston et al., 2003; Watt and 
Rankin, 2012). While in the study by Chaston et al. (2003) it was shown 
that the down-going electrons far outnumber the up-going events at 
FAST altitudes (i.e., below the AAR), it is unknown what the relative 
relevance above the AAR is. In general, we lack information on the 
global energy flux by down-going Alfvénic electrons entering the AAR at 
the topside, that is, electrons that have been accelerated above the AAR, 
or possibly in the AAR of the other hemisphere as upward-accelerated 
electrons. The extent to which these components add to the overall 
Alfvénic energy budget in M-I coupling is unknown. This type of analysis 
is thus beyond the scope of this review. 

It is important to recall that the studies reviewed herein allowed us to 
entirely ignore the interior of the AAR; the AAR is treated as a black box. 
Nonetheless, the consistency of the results between observations above 
and below the AAR support the energy transfer scenario of Alfvénic 

coupling inside the AAR, as illustrated in Fig. 7. Ultimately, there is a 
need to study the interior of the AAR with regard to distributions and 
dissipation along field lines, which also applies to the Alfvénic oval. New 
multi-satellite auroral missions are required to fill many knowledge gaps 
with regard to the inner operations of the AAR. One goal of this review 
has been to provide an energy balance viewpoint for these future mis
sions, by providing boundary conditions on energy fluxes. 

Finally, the study of the Alfvénic oval demands further consider
ation, especially for dynamic (short timescale) changes in the magne
tosphere that are prone to the generation of Alfvén waves. After all, the 
Alfvénic oval is more dynamic than the “quasistatic oval”. There are (at 
least) five areas in which we need to advance our understanding of the 
Alfvénic oval: (1) Instantaneous observations of the tertiary Alfvénic 
oval with space imagers would be highly desirable in order to be able to 
infer Alfvénic processes in the magnetosphere from the aurora. This is 
also important to quantitatively assess the global Alfvénic impact on the 
aurora. (2) We have reviewed the phenomenology as it relates to the 
bottom and topside boundaries of the AAR, which are convenient places 
as wave energy is funneled through them. However, it would be useful to 
ascertain the detailed processes involved inside the AAR that lead to the 
changes of the different layers of the Alfvénic oval. (3) It would be 
desirable to uncover how the Alfvénic oval extends into the distant 
magnetosphere, where the generation of the waves occurs, also with the 
objective of obtaining some estimate of the total magnetospheric Alfvén 
wave power. (4) Statistical studies above the AAR have focused on the 
MHD regime. While evidence suggests that this is the energetically 
dominant component, evidence also shows that the kinetic regime plays 
a role in energy transport and thus should be investigated statistically as 
well. (5) A useful extension of this review would be to contrast the dy
namic behavior of the Alfvénic oval with that of others, such as Birke
land currents, quasi-static aurora and diffuse aurora, ion outflow, and 
more, all of which are related to the auroral oval. 
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Stasiewicz, K., et al., 2000. Small-scale Alfvénic structure in the aurora. Space Sci. Rev. 
92, 423–533. 

Takada, T., et al., 2006. Alfvén waves in the near-PSBL lobe: Cluster observations. Ann. 
Geophys. 24, 1001–1013. 

Takahashi, K., et al., 1988. AMPTE/CCE observations of substorm-associated standing 
Alfvén waves in the midnight sector. Geophys. Res. Lett. 15, 1287. 

Torr, M.R., et al., 1995. A far ultraviolet imager for the international solar-terrestrial 
physics mission. In: The Global Geospace Mission. Springer, New York, pp. 459–495. 

Vaivads, A., et al., 2003. What high altitude observations tell us about the auroral 
acceleration: a Cluster/DMSP conjunction. Geophys. Res. Lett. 30 (3), 1106. https:// 
doi.org/10.1029/2002GL016006. 

Watt, C.E.J., Rankin, R., 2012. Alfven wave acceleration of auroral electrons in warm 
magnetospheric plasma. In: Keiling, A., Donovan, E., Bagenal, F., Karlsson, T. (Eds.), 
Auroral Phenomenology and Magnetospheric Processes: Earth and Other Planets 
197, 251–260. 

Watt, C.E.J., Rankin, R., Rae, I.J., Wright, D.M., 2005. Self-consistent electron 
acceleration due to inertial Alfvén wave pulses. J. Geophys. Res. 110, A10S07. 
https://doi.org/10.1029/2004JA010877. 

Wing, S., Gkioulidou, M., Johnson, J.R., Newell, P.T., Wang, C.-P., 2013. Auroral particle 
precipitation characterized by the substorm cycle. J. Geophys. Res. Space Phys. 118, 
1022–1039. https://doi.org/10.1002/jgra.50160. 

Wygant, J.R., Keiling, A., Cattell, C.A., Johnson, M., Lysak, R.L., Temerin, M., Mozer, F., 
Kletzing, C.A., Scudder, J.D., Peterson, W., Russell, C.T., Parks, G., Germany, G., 
2000. Polar spacecraft-based comparisons of intense electric fields and Poynting flux 
near and within the plasma sheet-tail lobe boundary to UVI images: an energy source 
for the aurora. J. Geophys. Res. 105, 18,675–18,692. 

Wygant, J.R., Keiling, A., et al., 2002. Evidence for kinetic Alfvén waves and parallel 
electron energization at 4–6 RE altitudes in the plasma sheet boundary layer. 
J. Geophys. Res. 107 (A8), 1201. https://doi.org/10.1029/2001JA900113. 

Yao, Y., Chaston, C.C., Glassmeier, K.-H., Angelopoulos, V., 2011. Electromagnetic waves 
on ion gyro-radii scales across the magnetopause. Geophys. Res. Lett. 38, L09102. 
https://doi.org/10.1029/2011GL047328. 

Zhang, Y., Paxton, L.J., 2008. An empirical Kp-dependent global auroral model based on 
TIMED/GUVI FUV data. J. Atmos. Sol. Terr. Phys. 70, 1231. https://doi.org/ 
10.1016/j.jastp.2008.03.008. 

Zhang, Y., Paxton, L.J., 2016. Auroral Dynamics and Space Weather, vol. 215. American 
Geophysical Union. https://doi.org/10.1002/9781118978719. 

Zhang, B., Lotko, W., Brambles, O., Damiano, P., Wiltberger, M., Lyon, J., 2012. 
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