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In this Perspective article discussing solved and unsolved problems in space

physics, the focus is on the unsolved problem of the spatial-temporal variability

of the magnetospheric plasma waves that produce the spatial-temporal

atmospheric luminosity of the pulsating aurora. In particular the outstanding

issue of what causes the spatial-temporal variations of the chorus-wave

intensities is highlighted: Two great unknowns are (1) how does it work and

(2) what are the controlling factors. The point is made that the whistler-mode

chorus waves that produce the pulsating aurora are the same chorus waves that

energize the Earth’s electron radiation belt. Hence, beyond not understanding

the cause of pulsating aurora there is (1) a lack of understanding of the

magnetosphere-ionosphere system behavior and (2) a lack of understanding

of how the electron radiation belt is energized. It is noted that the pulsating

aurora is perhaps the most-obvious example of an “emergent phenomena” in

the magnetosphere-ionosphere-thermosphere system, and so perhaps the

clearest indication that the magnetosphere-ionosphere-thermosphere

system is a truly “complex system”, not just a complicated system. Future

needs for solving this unsolved problem are discussed: the most-critical

need is argued to be gaining an ability to measure cold-electron structuring

in the equatorial magnetosphere.
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1 Introduction: Pulsating aurora

Pulsating aurora are irregularly shaped patches of

atmospheric illumination that blink between bright and dim

phases caused by a cyclic modulation of the precipitation of

electrons from the magnetosphere onto the upper atmosphere.

Pulsating aurora cycle “on and off” on timescales typically of

2–20 s (Cresswell, 1972; Johnstone, 1978; Lessard, 2012;

Partamies et al., 2017), with there also being higher-frequency

temporal modulations to the optical emission (Kataoka et al.,

2012). An interval of pulsating aurora can persist for hours (Jones

et al., 2011) and can occupy a substantial region of local time and

magnetic latitude (Bland et al., 2021). Pulsating aurora are

predominant in the nightside (post-midnight) dipolar regions

of the magnetosphere (Grono and Donovan, 2020; Bland et al.,

2021) but they also appear on the dayside (Partamies et al.,

2022a). The mechanisms underlying the workings of pulsating

aurora have been a mystery for decades: some definite

understanding has been gained but there are still important

outstanding questions. Historical papers and reviews that

focus on the pulsating aurora can be found in Omholt (1971),

Cresswell (1972), Jones (1974), Oguti (1976), Royrvik and Davis,

1977; Johnstone (1978), Lessard (2012), and Nishimura et al.,

(2020).

In the nightside auroral zone, pulsating aurora are prevalent

after a magnetospheric substorm has occurred (Cresswell, 1972;

Oguti, 1976; Nemzek et al., 1995; Jones et al., 2011). The kinetic

energies of the precipitating electrons giving rise to the

atmospheric optical emission are typically in the keV range

(McEwan et al., 1981; Sato et al., 2004; Miyoshi et al., 2015;

Tesema et al., 2020a) but also extend up into the 100s of keV

range (Ostgaard et al., 1998; Miyoshi et al., 2015; Turunen et al.,

2016) and down into the sub-keV range (Liang et al., 2016).

Pulsating aurora are also associated with relativistic-electron

microbursts of precipitation (Miyoshi et al., 2020; Kawamura

et al., 2021).

The pulsating aurora have a variety of shapes and sizes

(Royrvik and Davis, 1977), with horizontal patch sizes of

20–50 km in the upper atmosphere being common (Partamies

et al., 2019). The blink temporal sequences from one spatial patch

to another are typically uncorrelated (Scourfield et al., 1972;

Kosch and Scourfield, 1992). The lifetimes of individual blinking

patches are on the order of 10s of min (e.g. Humberset et al.,

2016; Partamies et al., 2019).

The pulsating aurora is an important source of energy

deposition from the magnetosphere into the ionosphere and

upper atmosphere (Bland et al., 2021; Tesema et al., 2022;

Partamies et al., 2022b) and the higher-energy precipitating

electrons of the pulsating aurora may be important for

atmospheric chemistry (Tesema et al., 2020b, Tesema et al.,

2022; Verronen et al., 2021).

Spacecraft measurements have shown that pulsating aurora

are predominantly associated with the pitch-angle scattering of

magnetospheric electrons by whistler-mode chorus waves in the

magnetosphere (e.g. Nishimura et al., 2010, Nishimura et al.,

2011a, Nishimura et al., 2011b; Li et al., 2012; Miyoshi et al., 2015;

Ozaki et al., 2015, 2018; Kashara et al., 2018), although

electrostatic electron-cyclotron-harmonic (ECH) waves can be

involved (Liang et al., 2010; Fukizawa et al., 2018), as well as time-

domain structures (Mozer et al., 2017). The turning on and off of

the electron precipitation is associated with a temporal

modulation of the wave amplitudes. The turning on and off of

the waves to produce the turning on and off of electron

precipitation has been the subject of many plasma-wave

theories (e.g. Davidson, 1979, 1990; Demekhov and

Trakhtengerts, 1994; Suszcynsky et al., 1997; Humberset et al.,

2016). The involvement of lower-frequency compressional waves

modulating the high-frequency waves is also possible (Li et al.,

2011; Nishiyama et al., 2012; Jaynes et al., 2015).

Because the pulsating spatial patches of optical emission

move with an approximate E-cross-B velocity (Scourfield

et al., 1983; Yang et al., 2015, Yang et al., 2017), the spatial

patterns of the aurora are believed to be associated with cold

plasma structures in the magnetosphere or in the ionosphere

(Oguti, 1976; Yamamoto, 1988; Grono et al., 2017; Liang et al.,

2021). Because the pulsating aurora are associated with whistler-

mode chorus waves, and whistler-mode chorus waves do not

interact with ions, the spatial structuring is thought to be in cold

electrons. (Cold ions could also be structured to ensure charge

neutrality, and the cold-electron structuring probably also

involves ion physics.) Spacecraft measurements have found

evidence of magnetospheric ion-density variations associated

with pulsating auroral patches (e.g. Nemzek et al., 1995;

Nishimura et al., 2015) and Fukizawa et al., 2021 find

evidence of electron-density variations in the ionosphere).

Cold electrons, however, are very difficult to measure in the

magnetosphere (cf. Delzanno et al., 2021; Maldonado et al.,

2022).

Pulsating aurora are also associated with field-aligned

currents (Oguti and Hayashi, 1984; Fujii et al., 1985; Gillies

et al., 2015).

Some definitions of a “complex system” require that the

system exhibits “emergence” (Anderson, 1977; Bar-Yam, 1997;

Borovsky and Valdivia, 2018), which can be defined as:

“Emergence is the phase when new organizations and

functions arise from the interactions of smaller, less

complicated entities” (Mobus and Kalton 2015). The spatial-

temporal pulsating aurora is perhaps the best example of an

emergent phenomenon in the Earth’s magnetosphere-

ionosphere-thermosphere system. Hence, the pulsating aurora

is a clear signature that the magnetosphere-ionosphere-

thermosphere is a true complex system, not just a complicated

system.

Understanding the processes that give rise to pulsating

aurora is not only important for understanding the aurora: the

chorus waves that are exhibiting spatial-temporal intensity
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modulations are the chorus waves that accelerate radiation-

belt electrons. These are the chorus waves that energize

radiation-belt electrons (Meredith et al., 2003; Shprits et al.,

2008), that pitch-angle scatter radiation-belt, substorm-

injected, and plasma-sheet electrons (Glauert and Horne,

2005), and that produce microbursts of electron

precipitation (Thorne et al., 2005; Saito et al., 2012) that

change atmospheric chemistry (Clilverd et al., 2009;

Turunen et al., 2016) and effect atmospheric electricity

(Rodger et al., 2007; Borovsky, 2017). Understanding what

produces and what controls the spatial-temporal structuring

of these chorus waves is important for understanding the

magnetospheric system, for understanding aurora, for

understanding auroral effects on the atmosphere, and for

understanding the evolution of the electron radiation belt.

Understanding the magnetospheric physics of the pulsating

aurora will bring the community one step closer to being able

to use the optical aurora as window (TV screen) to monitoring

magnetospheric physics (e.g. Akasofu, 1965; Mende, 2016).

2 Outstanding questions

Multiple outstanding questions can be posed about the

pulsating aurora and the processes that create it.

(1) Is there a process that uplifts electrons (and ions) from the

ionosphere to form spatial structures in the magnetosphere?

(2) What are the controlling factors (solar-wind parameters,

geomagnetic time history, intensity of substorm-injected

electrons, . . .) for this structuring?

(3) Why do the waves turn on and off in a patch?

(4) What controls the wave intensities?

(5) What is the role of wave combinations (chorus, ECH, . . .)

and the patchy structure in the particle precipitation energy

distribution?

(6) How are the field-aligned currents driven and how do they

affect the ionosphere?

(7) How are microbursts related to pulsating aurora?

(8) Do pulsating-aurora processes have something to do with the

origin of the cloak particle populations?

3 Discussion

If it was not for the optical aurora, would the

magnetospheric-physics community have a clear

understanding that the chorus waves in the magnetosphere

are spatially patched and temporally modulating on local

scales. Could it be that other magnetospheric plasma waves

such as EMIC occur in spatial patches or are temporally

modulated? Could it be that other magnetospheric waves have

an outflow feedback with the ionosphere to create structuring?

For other plasma waves we do not have the advantage of

observing auroral optical emission associated with the wave

activity in the magnetosphere. Should spatial-temporal

patterns for these other wave activities be investigated?

The warm plasma cloak is seen co-located with the electron

plasma sheet chiefly on the dawnside (Borovsky et al., 2013). The

electron plasma sheet magnetically maps to the auroral zone in

the atmosphere (Feldstein and Galperin, 1985, 1993; Galperin

and Feldstein, 1996). During active times the cloak is most dense

near the plasmapause (Borovsky et al., 2013) and at those active

times the inner edge of the electron plasma sheet is close to the

plasmapause (Schield and Frank 1970), mapping magnetically to

the low-latitude portions of the auroral zone in the dipolar

portions of the magnetosphere. An obvious question is: Does

pulsating aurora have any connection to the origin of the cloak

ion and electron populations? After all, the cloak ion and electron

populations are seen in flux tubes that were recently pulsating-

aurora flux tubes.

One might wonder if the pulsating-auroral structured cold

electrons in the magnetosphere are on open or closed E-cross-

B drift trajectories, and whether it matters. For pulsating

aurora caused by an electron injection from a temporally

isolated substorm the pulsating aurora is probably on

closed drift trajectories and the magnetospheric electron

structures will approximately corotate across the dayside

magnetosphere from dawn to dusk. During sustained

magnetospheric activity when periodic substorms are

occurring the pulsating aurora is likely on open drift

trajectories with the structured cold electrons advecting to

the dayside magnetopause where they will be lost to the solar

wind or to the low-latitude boundary layer.

Ionospheric-outflow physics is likely to be important to

attaining a complete understand of the pulsating aurora.

Three obvious questions for the outflows are: (1) What is the

role of precipitating electrons? (2) What is the role of field-

aligned currents? (3) What is the role of low-altitude plasma

waves?

To calculate chorus-wave momentum and pitch-angle

diffusion coefficients for the radiation-belt electrons, for

substorm-injected electrons, and for plasma-sheet electrons

one should think about whether one can simply use the time-

averaged measured intensity of the chorus activity or whether

you need to know something about the nature of the temporal

on-off switching of the activity. What if, during the on-off cycle,

there are phases where the chorus waves are nonlinear?

As mentioned in Section 1 pulsating aurora can involve a mix

of plasma waves (e.g. chorus and ECH) and a mix of electron-

precipitation energies. In the observing experience of the authors,

it seems like some morphological versions of pulsating aurora

(amorphous) are not related to equally energetic particle

precipitation and thus, the wave-particle-interaction driving

might be different. Because the structures from different-

energy electrons are visually different and distinguishable (e.g.
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Tesema et al., 2020a), this can be helpful in the TV-screen

interpretation of aurora as a view of magnetospheric processes

(e.g. Akasofu, 1965; Mende, 2016). It is also quite clear to the

authors that patchy aurora (and patchy pulsating aurora) are so

distinct that it will be possible to automatically detect them in the

auroral image data with good success rate, which would then

mean detecting energetic electron precipitation.

4 Future needs

How the pulsating aurora works and what factors control it

are clearly unsolved problems in space physics. Because of the

diverse potential impacts of the processes that drive pulsating

aurora, important future work is needed.

The primary need is the ability to measure cold electrons

in the nightside equatorial magnetosphere. Cold electrons are

difficult to observe because electron particle detectors are

blinded by the copious fluxes of low-energy spacecraft-

generated photoelectrons and secondary electrons that are

returning back to the spacecraft (Suszcynsky et al., 1997;

Delzanno et al., 2021). It is desirable to measure ambient

electrons that have sub-eV energies, whereas the populations

of photoelectrons and secondary electrons have

“temperatures” of several eV. Innovative methodologies to

measure ambient cold magnetospheric electrons are being

developed (e.g. Maldonado et al., 2022), but have not yet

flown in space. The number density of cold electrons is already

possible to measure, for example by combining a plasma-line

measurement for the total electron density and an

electrostatic-analyzer measurement for the hot-electron

density. However, when the cold-electron density is low (as

it is in the diffuse-aurora region beyond the plasmapause),

detecting a plasma line may be difficult. It is emphasized here

that the temperature and anisotropy of the cold electrons can

be important for chorus-wave physics (e.g. Maxworth and

Golkowski, 2017; Roytershteyn and Delzanno, 2021;

Delzanno et al., 2021) and hence can be important for

understanding the pulsating aurora. A capability to

measure cold electrons (density, temperature, anisotropy)

would permit studies of the creation and evolution of the

electron structures and their controlling factors.

Another need is the ability to measure cold ions the

equatorial magnetosphere, which is challenging but the

challenges have been overcome in the past (Chappell, 1982;

Fields et al., 1982). The evolution of pulsating-aurora cold-

electron structures probably involves the physics of both

electrons and ions.

In the meanwhile to improve the understanding of the

pulsating-aurora structuring and to better plan future

missions, the re-exploration of existing data sets would be

wise. This could involve ion measurements from DE RIMS

(e.g. Chappell, 1982) and could involve ion measurements

exploiting spacecraft-wake effects on other missions (e.g.

Engwall et al., 2009; Andre et al., 2021a, Andre et al.,

2021b). And it could involve electron-density

measurements from plasma-wave instruments (the plasma

line), electric-field instruments (spacecraft potential), and

sounders. Tying these existing measurements statistically to

the occurrence of pulsating aurora could yield confirmation

(or not) of assumptions and could clarify measurement

parameters for future missions.

To understand the outflow physics of cold electrons and cold

ions into the magnetosphere associated with pulsating aurora,

high-quality low-altitude spacecraft observations of both electron

and ion outflows are needed, particularly the cold, hot,

secondary, and backscattered electron populations that may

drive the outflows via ambipolar parallel electric fields.

Simultaneously observing the populations of the electron-ion

plasma “system” (e.g. Borovsky, 2021) will be uniquely helpful.

Using these new measurements could solve problems about the

physics and controlling factors of outflows related to pulsating-

auroral processes.

Here again revisiting existing data sets of ion outflows (e.g.

Andersson et al., 2005; Redmon et al., 2012; Fernandes et al.,

2016), and using incoherent scatter radar (e.g. Wahlund et al.,

1992; Godbole et al., 2022) would be wise. But note that the

pulsating aurora may involve electron outflows without ion

outflows, the cold outflowing electrons replacing precipitated

hot electrons.

Kinetic modeling with realistic scalings of entire pulsating-

aurora flux tubes from the ionosphere to the equator is needed to

understand the interaction of electron precipitation into the

atmosphere, electron and ion outflow from the ionosphere,

plasma-sheet electrons, substorm-injected electrons, and

plasma waves.

For use with present-day high-resolution optical data, the

development of artificial-intelligence (AI) patch-detection tools

could be very helpful to study the structural evolution of the

pulsating aurora. Ultimately this needs to happen in conjugacy

with the particle and waves measurements in space to properly

reveal the causes and consequences.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material; further

inquiries can be directed to the corresponding author.

Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it for

publication.

Frontiers in Astronomy and Space Sciences frontiersin.org04

Borovsky and Partamies 10.3389/fspas.2022.1059039

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.1059039


Funding

JB was supported at the Space Science Institute by the NSF

GEM Program via grant AGS-2027569, by the NASA HERMES

Interdisciplinary Science Program via grant 80NSSC21K1406,

and by the NASA Heliophysics Mission Concept Studies

Program via award 80NSSC22K0113. NP is supported by the

Norwegian Research Council (NRC) under CoE contracts

223252 and 287427.

Acknowledgments

The authors wish to thank Gian Luca Delzanno for helpful

conversations.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Akasofu, S. I. (1965). The aurora. Sci. Am. 213 (6), 54–62. doi:10.1038/
scientificamerican1265-54

Anderson, P. W. (1977). More is different. Science 177, 393–396. doi:10.1126/
science.177.4047.393

Andersson, L., Peterson, W. K., and McBryde, K. M. (2005). Estimates of the
suprathermal O+ outflow characteristic energy and relative location in the auroral
oval. Geophys. Res. Lett. 32, L09104. doi:10.1029/2004gl021434

Andre, M., Eriksson, A. I., Khotyaintsev, Y. V., and Toledo-Redondo, S.
(2021a). The spacecraft wake: Interference with electric field observations and
a possibility to detect cold ions. JGR. Space Phys. 126, e2021JA029493. doi:10.
1029/2021ja029493

Andre, M., Toledo-Redondo, S., and Yau, A.W. (2021b). Cold ionospheric ions in
the magnetosphere. Geophys. Monog. Ser. 259, 219. doi:10.1002/9781119815624.
ch15

Bar-Yam, Y. (1997). Dynamics of complex systems. Reading, Massachusetts:
Addison-Wesley.

Bland, E., Tesema, F., and Partamies, N. (2021). D-region impact area of energetic
electron precipitation during pulsating aurora. Ann. Geophys. 39, 135–149. doi:10.
5194/angeo-39-135-2021

Borovsky, J. E., Denton, M. H., Denton, R. E., Jordanova, V. K., and Krall, J.
(2013). Estimating the effects of ionospheric plasma on solar-wind/magnetosphere
coupling via mass loading of dayside reconnection: Ion-plasma-sheet oxygen,
plasmaspheric drainage plumes, and the plasma cloak. J. Geophys. Res. Space
Phys. 118, 5695–5719. doi:10.1002/jgra.50527

Borovsky, J. E. (2017). Electrical conductivity channels in the atmosphere
produced by relativistic-electron microbursts from the magnetosphere. J. Atmos.
Sol. Terr. Phys. 155, 22–26. doi:10.1016/j.jastp.2017.01.004

Borovsky, J. E. (2021). Magnetospheric plasma systems science and solar
wind plasma systems science: The plasma-wave interactions of multiple
particle populations. Front. Astron. Space Sci. 8, 780321. doi:10.3389/fspas.
2021.780321

Borovsky, J. E., and Valdivia, J. A. (2018). The Earth’s magnetosphere: A systems
science overview and assessment. Surv. Geophys. 39, 817–859. doi:10.1007/s10712-
018-9487-x

Chappell, C. R. (1982). Initial observations of thermal plasma composition and
energetics from Dynamics Explorer-1. Geophys. Res. Lett. 9, 929–932. doi:10.1029/
gl009i009p00929

Clilverd, M. A., Rodger, C. J., Thomson, N. R., Brundell, J. B., Ulich, T.,
Lichtenberger, J., et al. (2009). Remote sensing space weather events: Antarctic-
arctic radiation-belt (dynamic) deposition-VLF atmospheric research konsortium
network. Space weather. 7, S04001. doi:10.1029/2008sw000412

Cresswell, G. R. (1972). The morphology of displays of pulsating auroras.
J. Atmos. Terr. Phys. 34, 549–554. doi:10.1016/0021-9169(72)90058-x

Davidson, G. T. (1990). Pitch-angle diffusion and the origin of temporal and
spatial structures in morningside aurorae. Space Sci. Rev. 53, 45. doi:10.1007/
bf00217428

Davidson, G. T. (1979). Self-modulated vlf wave-electron interactions in the
magnetosphere: A cause of auroral pulsations. J. Geophys. Res. 84, 6517. doi:10.
1029/ja084ia11p06517

Delzanno, G. L., Borovsky, J. E., Henderson, M. G., Resendiz Lira, P. A.,
Roytershteyn, V., and Welling, D. (2021). The impact of cold electrons and cold
ions in magnetospheric physics. J. Atmos. Sol. Terr. Phys. 220, 105599. doi:10.1016/j.
jastp.2021.105599

Demekhov, A. G., and Trakhtengerts, V. Y. (1994). A mechanism of formation of
pulsating aurorae. J. Geophys. Res. 99, 5831. doi:10.1029/93ja01804

Engwall, E., Eriksson, A. I., Cully, C. M., Andre, M., Puhl-Quinn, P. A., Vaith, H.,
et al. (2009). Survey of cold ionospheric outflows in the magnetotail. Ann. Geophys.
27, 3185–3201. doi:10.5194/angeo-27-3185-2009

Feldstein, Y. I., and Galperin, Y. I. (1993). An alternative interpretation of auroral
precipitation and luminosity observations from the DE, DMSP, AUREOL, and
Viking satellites in terms of their mapping to the nightside magnetosphere. J. Atmos.
Terr. Phys. 55, 105–121. doi:10.1016/0021-9169(93)90160-z

Feldstein, Y. I., and Galperin, Y. I. (1985). The auroral luminosity structure in the
high-latitude upper atmosphere: Its dynamics and relationship to the large-scale
structure of the Earth’s magnetosphere. Rev. Geophys. 23, 217. doi:10.1029/
rg023i003p00217

Fernandes, P. A., Lynch, K. A., Zettergren, M., Hampton, D. L., Bekkeng, T. A.,
Cohen, I. J., et al. (2016). Measuring the seeds of ion outflow: Auroral sounding
rocket observations of low-altitude ion heating and circulation. JGR. Space Phys.
121, 1587–1607. doi:10.1002/2015ja021536

Fields, S. A., Baugher, C. R., Chappell, C. R., Reasoner, D. L., Hammack, H. D.,
Wright, W. W., et al. (1982). Instrument manual for the retarding ion mass
spectrometer on Dynamics Explorer-1. NASA Technical Memorandum TM-
82484. Huntsville, Alabama: Marshall Space Flight Center.

Fujii, R., Oguti, T., and Yamamoto, T. (1985). Relationships between pulsating
auroras and field-aligned electric currents. Mem. Natl. Inst. Polar Res. 36, 95.

Fukizawa, M., Sakanoi, T., Miyoshi, Y., Hosokawa, K., Shiokawa, K., Katoh,
Y., et al. (2018). Electrostatic electron cyclotron harmonic waves as a candidate
to cause pulsating auroras. Geophys. Res. Lett. 45, 12661. doi:10.1029/
2018gl080145

Fukizawa, M., Sakanoi, T., Ogawa, Y., Tsuda, T. T., and Hosokawa, K. (2021).
Statistical study of electron density enhancements in the ionospheric F region
associated with pulsating auroras. JGR. Space Phys. 126, e2021JA029601. doi:10.
1029/2021ja029601

Galperin, Y. I., and Feldstein, Y. I. (1996). Mapping of the precipitation regions to
the plasma sheet. J. Geomagn. Geoelec. 48, 857–875. doi:10.5636/jgg.48.857

Gillies, D. M., Knudsen, D., Spanswick, E., Donovan, E., Burchill, J., and Patrick, M.
(2015). Swarm observations of field-aligned currents associated with pulsating auroral
patches. J. Geophys. Res. Space Phys. 120, 9484–9499. doi:10.1002/2015ja021416

Glauert, S. A., and Horne, R. B. (2005). Calculation of pitch angle and energy
diffusion coefficients with the PADIE code. J. Geophys. Res. 110, A04206. doi:10.
1029/2004ja010851

Frontiers in Astronomy and Space Sciences frontiersin.org05

Borovsky and Partamies 10.3389/fspas.2022.1059039

https://doi.org/10.1038/scientificamerican1265-54
https://doi.org/10.1038/scientificamerican1265-54
https://doi.org/10.1126/science.177.4047.393
https://doi.org/10.1126/science.177.4047.393
https://doi.org/10.1029/2004gl021434
https://doi.org/10.1029/2021ja029493
https://doi.org/10.1029/2021ja029493
https://doi.org/10.1002/9781119815624.ch15
https://doi.org/10.1002/9781119815624.ch15
https://doi.org/10.5194/angeo-39-135-2021
https://doi.org/10.5194/angeo-39-135-2021
https://doi.org/10.1002/jgra.50527
https://doi.org/10.1016/j.jastp.2017.01.004
https://doi.org/10.3389/fspas.2021.780321
https://doi.org/10.3389/fspas.2021.780321
https://doi.org/10.1007/s10712-018-9487-x
https://doi.org/10.1007/s10712-018-9487-x
https://doi.org/10.1029/gl009i009p00929
https://doi.org/10.1029/gl009i009p00929
https://doi.org/10.1029/2008sw000412
https://doi.org/10.1016/0021-9169(72)90058-x
https://doi.org/10.1007/bf00217428
https://doi.org/10.1007/bf00217428
https://doi.org/10.1029/ja084ia11p06517
https://doi.org/10.1029/ja084ia11p06517
https://doi.org/10.1016/j.jastp.2021.105599
https://doi.org/10.1016/j.jastp.2021.105599
https://doi.org/10.1029/93ja01804
https://doi.org/10.5194/angeo-27-3185-2009
https://doi.org/10.1016/0021-9169(93)90160-z
https://doi.org/10.1029/rg023i003p00217
https://doi.org/10.1029/rg023i003p00217
https://doi.org/10.1002/2015ja021536
https://doi.org/10.1029/2018gl080145
https://doi.org/10.1029/2018gl080145
https://doi.org/10.1029/2021ja029601
https://doi.org/10.1029/2021ja029601
https://doi.org/10.5636/jgg.48.857
https://doi.org/10.1002/2015ja021416
https://doi.org/10.1029/2004ja010851
https://doi.org/10.1029/2004ja010851
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.1059039


Godbole, N. H., Lessard, M. R., Kenward, D. R., Fritz, B. A., Varney, R. H.,
Michell, R. G., et al. (2022). Observations of ion upflow and 630.0 nm emission
during pulsating aurora. Front. Phys. 10, 997229. doi:10.3389/fphy.2022.997229

Grono, E., Donovan, E., and Murphy, K. R. (2017). Tracking patchy pulsating
aurora through all-sky images. Ann. Geophys. 35, 777–784. doi:10.5194/angeo-35-
777-2017

Grono, E., and Donovan, E. (2020). Surveying pulsating auroras. Ann. Geophys.
38, 1–8. doi:10.5194/angeo-38-1-2020

Humberset, B. K., Gjerloev, J. W., Samara, M., Michell, R. G., and Mann, I. R.
(2016). Temporal characteristics and energy deposition of pulsating auroral
patches. J. Geophys. Res. Space Phys. 121, 7087–7107. doi:10.1002/2016ja022921

Jaynes, A. N., Lessard, M. R., Takahashi, K., Ali, A. F., Malaspina, D. M., Michell,
R. G., et al. (2015). Correlated Pc4-5 ULF waves, whistler-mode chorus, and
pulsating aurora observed by the Van Allen Probes and ground-based systems.
JGR. Space Phys. 120, 8749–8761. doi:10.1002/2015ja021380

Johnstone, A. D. (1978). Pulsating aurora. Nature 274, 119–126. doi:10.1038/
274119a0

Jones, A. W. (1974). Aurora. Sect. 3.3.7.1. Dordrecht: D. Reidel Publishing.

Jones, S. L., Lessard, M. R., Rychert, K., Spanswick, E., and Donovan, E. (2011).
Large-scale aspects and temporal evolution of pulsating aurora. J. Geophys. Res. 116,
A03214. doi:10.1029/2010ja015840

Kasahara, S., Miyoshi, Y., Yokota, S., Mitani, T., Kasahara, Y., Matsuda, S., et al.
(2018). Pulsating aurora from electron scattering by chorus waves. Nature 554,
337–340. doi:10.1038/nature25505

Kataoka, R., Miyoshi, Y., Hampton, D., Ishii, T., and Kozako, H. (2012). Pulsating
aurora beyond the ultra-low-frequency range. J. Geophys. Res. 117, A08336. doi:10.
1029/2012ja017987

Kawamura, M., Sakanoi, T., Fukizawa, M., Miyoshi, Y., Hosokawa, K., Tsuchya,
F., et al. (2021). Simultaneous pulsating aurora and microburst observations with
ground-based fast auroral imagers and CubeSat FIREBIRD-II. Geophys. Res. Lett.
48, e2021GL094494. doi:10.1029/2021gl094494

Kosch, M. J., and Scourfield, M. W. J. (1992). Resolution of temporal and spatial
ambiguities of intensity variations within pulsating aurorae. J. Geophys. Res. 97,
14877. doi:10.1029/92ja00447

Lessard, M. R. (2012). A review of pulsating aurora. Geophys. Monog. Ser. 197, 55.
doi:10.1029/2011gm001187

Li, W., Bortnik, J., Nishimura, Y., and Thorne, R. M. (2012). The origin of
pulsating aurora: Modulated whistler mode chorus waves. Geophys. Monog. Ser.
197, 379. doi:10.1029/2011GM001164

Li, W., Bortnik, J., Thorne, R. M., Nishimura, Y., Angelopoulos, V., and Chen, L.
(2011). Modulation of whistler mode chorus waves: 2. Role of density variations.
J. Geophys. Res. 116, A06206. doi:10.1029/2010ja016313

Liang, J., Donovan, E., Jackel, B., Spanswick, E., and Gilles, M. (2016). On the
630 nm red-line pulsating aurora: Red-line Emission Geospace Observatory
observations and model simulations. J. Geophys. Res. Space Phys. 121,
7988–8012. doi:10.1002/2016ja022901

Liang, J., Nishimura, Y., Donovan, E., Yang, B., and Angelopoulos, V. (2021).
Potential association between the low-energy plasma structure and the patchy
pulsating aurora. Front. Astron. Space Sci. 8, 792653. doi:10.3389/fspas.2021.792653

Liang, J., Uritsky, V., Donovan, E., Ni, B., Spanswick, E., Trondsen, T., et al.
(2010). THEMIS observations of electron cyclotron harmonic emissions, ULF
waves, and pulsating auroras. J. Geophys. Res. 115, A10235. doi:10.1029/
2009ja015148

Maldonado, C., Resendiz, P. A., Delzanno, G. L., Larsen, B., Reisenfeld, D., and
Coffey, V. (2022). A review of instrument techniques to measure magnetospheric
cold electrons and ions. Front. Astron. Space Sci. 2022. 1005845. submitted to.
doi:10.3389/fspas.2021.1005845

Maxworth, A. S., and Golkowski, M. (2017). Magnetospheric whistler mode ray
tracing in a warm background plasma with finite electron and ion temperature.
J. Geophys. Res. Space Phys. 122, 7323–7335. doi:10.1002/2016ja023546

McEwen, D. J., Yee, E., Whalen, B. A., and Yau, A. W. (1981). Electron energy
measurements in pulsating auroras. Can. J. Phys. 59, 1106–1115. doi:10.1139/
p81-146

Mende, S. B. (2016). Observing the magnetosphere through global auroral
imaging: 2. Observing techniques. J. Geophys. Res. Space Phys. 121, 10638.
doi:10.1002/2016ja022607

Meredith, N. P., Cain, M., Horne, R. B., Thorne, R. M., Summers, D., and
Anderson, R. R. (2003). Evidence for chorus-driven electron acceleration to
relativistic energies from a survey of geomagnetically disturbed periods.
J. Geophys. Res. 108, 1248. doi:10.1029/2002ja009764

Miyoshi, Y., Otama, S., Saito, S., Kurita, S., Fujiwara, H., Kataoka, R., et al. (2015).
Energetic electron precipitation associated with pulsating aurora: EISCAT and van
allen probe observations. J. Geophys. Res. Space Phys. 120, 2754–2766. doi:10.1002/
2014ja020690

Miyoshi, Y., Saito, S., Kurita, S., Asamura, K., Hosokawa, K., Sakanoi, T., et al.
(2020). Relativistic electron microbursts as high-energy tail of pulsating aurora
electrons. Geophys. Res. Lett. 47, e2020FL090360. doi:10.1029/2020gl090360

Mobus, G. E., and Kalton, M. C. (2015). Principles of systems science, sect. 10.3.4.
New York: Springer Science and Business.

Mozer, F. S., Agapitov, O. V., Hull, A., Lejosne, S., and Vasko, I. Y. (2017).
Pulsating auroras produced by interactions of electrons and time domain structures.
JGR. Space Phys. 122, 8604–8616. doi:10.1002/2017ja024223

Nemzek, R. J., Nakamura, R., Baker, D. N., Belian, R. D., McComas, D. J.,
Thomsen, M. F., et al. (1995). The relationship between pulsating auroras observed
from the ground and energetic electrons and plasma density measured at
geosynchronous orbit. J. Geophys. Res. 100, 23935. doi:10.1029/95ja01756

Nishimura, Y., Bortnik, J., Li, W., Liang, J., Thorne, R. M., Angelopoulos, V., et al.
(2015). Chorus intensity modulation driven by time-varying field-aligned low-
energy plasma. JGR. Space Phys. 120, 7433–7446. doi:10.1002/2015ja021330

Nishimura, Y., Bortnik, J., Li, W., Thorne, R. M., Chen, L., Lyons, L. R., et al.
(2011a). Multievent study of the correlation between pulsating aurora and
whistler mode chorus emissions. J. Geophys. Res. 116, A11221. doi:10.1029/
2011ja016876

Nishimura, Y., Bortnik, J., Li, W., Thorne, R. M., Lyons, L. R., Angelopoulos, V.,
et al. (2011b). Estimation of magnetic field mapping accuracy using the pulsating
aurora-chorus connection. Geophys. Res. Lett. 38, L14110. doi:10.1029/
2011gl048281

Nishimura, Y., Bortnik, J., Li, W., Thorne, R. M., Lyons, L. R., Angelopoulos, V.,
et al. (2010). Identifying the driver of pulsating aurora. Science 330, 81–84. doi:10.
1126/science.1193186

Nishimura, Y., Lessard, M. R., Katoh, Y., Miyoshi, Y., Grono, E., Partamies, N.,
et al. (2020). Diffuse and pulsating aurora. Space Sci. Rev. 216, 4. doi:10.1007/
s11214-019-0629-3

Nishiyama, T., Sakanoi, T., Miyoshi, Y., Kataoka, R., Hanpton, D., Katoh, Y., et al.
(2012). Fine scale structures of pulsating auroras in the early recovery phase of
substorm using ground-based EMCCD camera. J. Geophys. Res. 117, A10229.
doi:10.1029/2012ja017921

Oguti, T., and Hayashi, K. (1984). Multiple correlation between auroral and
magnetic pulsations 2-Determination of electric currents and electric fields around
a pulsating auroral patch. J. Geophys. Res. 89, 7467–7481. doi:10.1029/
ja089ia09p07467

Oguti, T. (1976). Recurrent auroral patterns. J. Geophys. Res. 81, 1782–1786.
doi:10.1029/ja081i010p01782

Omholt, A. (1971). The optical aurora. New York: Springer-Verlag. Ch. 7.

Ostgaard, N., Stadsnes, J., Aasnes, K., Soraas, F., Maseide, K., Smith, M., et al.
(1998). Simultaneous measurements of X-rays and electrons during a pulsating
aurora. Ann. Geophys. 16, 148–160. doi:10.1007/s00585-998-0148-0

Ozaki, M., Shiokawa, K., Miyoshi, Y., Hosokawa, K., Oyama, s., Yagitani, S., et al.
(2018). Microscopic observations of pulsating aurora associated with chorus
element structures: Coordinated Arase satellite-PWING observations. Geophys.
Res. Lett. 45, 12125. doi:10.1029/2018gl079812

Ozaki, M., Yagitani, S., Sawai, K., Shiokawa, K., Miyoshi, Y., Kataoka, R., et al.
(2015). A direct link between chorus emissions and pulsating aurora on timescales
from milliseconds to minutes: A case study at subauroral latitudes. JGR. Space Phys.
120, 9617–9631. doi:10.1002/2015ja021381

Partamies, N., Bolmgren, K., Heino, E., Ivchenko, N., Borovsky, J. E., and
Sundberg, H. (2019). Patch size evolution during pulsating aurora. J. Geophys.
Res. Space Phys. 124, 4725–4738. doi:10.1029/2018ja026423

Partamies, N., Tesema, F., and Bland, E. (2022a). Appearance and precipitation
characteristics of high-latitude pulsating aurora. Front. Astron. Space Sci. 9, 923396.
doi:10.3389/fspas.2022.923396

Partamies, N., Whiter, D., Kadokura, A., Kauristie, K., Nesse Tyssoy, H., Masetti,
S., et al. (2017). Occurrence and average behavior of pulsating aurora. J. Geophys.
Res. Space Phys. 122, 5606–5618. doi:10.1002/2017ja024039

Partamies, N., Whiter, D., Kauristie, K., and Massetti, S. (2022b). Local time
dependence of auroral peak emission height and morphology. Ann. Geophys. 40,
605–618. doi:10.5194/angeo-2022-6

Redmon, R. J., Peterson, W. K., Andersson, L., and Richards, P. G. (2012).
Dawnward shift of the dayside O+ outflow distribution: The importance of field line
history in O+ escape from the ionosphere. J. Geophys. Res. 117, A12222. doi:10.
1029/2012ja018145

Frontiers in Astronomy and Space Sciences frontiersin.org06

Borovsky and Partamies 10.3389/fspas.2022.1059039

https://doi.org/10.3389/fphy.2022.997229
https://doi.org/10.5194/angeo-35-777-2017
https://doi.org/10.5194/angeo-35-777-2017
https://doi.org/10.5194/angeo-38-1-2020
https://doi.org/10.1002/2016ja022921
https://doi.org/10.1002/2015ja021380
https://doi.org/10.1038/274119a0
https://doi.org/10.1038/274119a0
https://doi.org/10.1029/2010ja015840
https://doi.org/10.1038/nature25505
https://doi.org/10.1029/2012ja017987
https://doi.org/10.1029/2012ja017987
https://doi.org/10.1029/2021gl094494
https://doi.org/10.1029/92ja00447
https://doi.org/10.1029/2011gm001187
https://doi.org/10.1029/2011GM001164
https://doi.org/10.1029/2010ja016313
https://doi.org/10.1002/2016ja022901
https://doi.org/10.3389/fspas.2021.792653
https://doi.org/10.1029/2009ja015148
https://doi.org/10.1029/2009ja015148
https://doi.org/10.3389/fspas.2021.1005845
https://doi.org/10.1002/2016ja023546
https://doi.org/10.1139/p81-146
https://doi.org/10.1139/p81-146
https://doi.org/10.1002/2016ja022607
https://doi.org/10.1029/2002ja009764
https://doi.org/10.1002/2014ja020690
https://doi.org/10.1002/2014ja020690
https://doi.org/10.1029/2020gl090360
https://doi.org/10.1002/2017ja024223
https://doi.org/10.1029/95ja01756
https://doi.org/10.1002/2015ja021330
https://doi.org/10.1029/2011ja016876
https://doi.org/10.1029/2011ja016876
https://doi.org/10.1029/2011gl048281
https://doi.org/10.1029/2011gl048281
https://doi.org/10.1126/science.1193186
https://doi.org/10.1126/science.1193186
https://doi.org/10.1007/s11214-019-0629-3
https://doi.org/10.1007/s11214-019-0629-3
https://doi.org/10.1029/2012ja017921
https://doi.org/10.1029/ja089ia09p07467
https://doi.org/10.1029/ja089ia09p07467
https://doi.org/10.1029/ja081i010p01782
https://doi.org/10.1007/s00585-998-0148-0
https://doi.org/10.1029/2018gl079812
https://doi.org/10.1002/2015ja021381
https://doi.org/10.1029/2018ja026423
https://doi.org/10.3389/fspas.2022.923396
https://doi.org/10.1002/2017ja024039
https://doi.org/10.5194/angeo-2022-6
https://doi.org/10.1029/2012ja018145
https://doi.org/10.1029/2012ja018145
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.1059039


Rodger, C. J., Enell, C. F., Turunen, E., Clilverd, M. A., Thomson, N. R., and
Verronen, P. T. (2007). Lightning-driven inner radiation belt energy deposition into
the atmosphere: Implications for ionisation-levels and neutral chemistry. Ann.
Geophys. 25, 1745–1757. doi:10.5194/angeo-25-1745-2007

Royrvik, V., and Davis, O. T. N. (1977). Pulsating aurora: Local and global
morphology. J. Geophys. Res. 92, 4720–4740. doi:10.1029/ja082i029p04720

Roytershteyn, V., and Delzanno, G. L. (2021). Nonlinear coupling of whistler
waves to oblique electrostatic turbulence enabled by cold plasma. Phys. Plasmas 28,
042903. doi:10.1063/5.0041838

Saito, S., Miyoshi, Y., and Seki, K. (2012). Relativistic electron microbursts
associated with whistler chorus rising tone elements: GEMSIS-RBW simulations.
J. Geophys. Res. 117, A10206. doi:10.1029/2012ja018020

Sato, N., Wright, D. M., Carlson, C. W., Ebihara, Y., Sato, M., Saemeundsson, T.,
et al. (2004). Generation region of pulsating aurora obtained simultaneously by the
FAST satellite and a Syowa-Iceland conjugate pair of observatories. J. Geophys. Res.
109, A10201. doi:10.1029/2004ja010419

Schield, M. A., and Frank, L. A. (1970). Electron observations between the inner
edge of the plasma sheet and the plasmasphere. J. Geophys. Res. 71, 5401–5414.
doi:10.1029/ja075i028p05401

Scourfield, M. W. J., Innes, W. F., and Parsons, N. R. (1972). Spatial coherency in
pulsating aurora. Planet. Space Sci. 20, 1843–1848. doi:10.1016/0032-0633(72)
90117-1

Scourfield, M. W. J., Keys, J. G., NielsenGoertz, C. K., and Collin, H. (1983).
Evidence for theE×Bdrift of pulsating auroras. J. Geophys. Res. 88, 7983. doi:10.
1029/ja088ia10p07983

Shprits, Y. Y., Subbotin, D. A., Meredith, N. P., and Elkington, S. R. (2008).
Review of modeling of losses and sources of relativistic electrons in the outer
radiation belt II: Local acceleration and loss. J. Atmos. Sol. Terr. Phys. 70,
1694–1713. doi:10.1016/j.jastp.2008.06.014

Suszcynsky, D. M., Borovsky, J. E., Thomsen, M. F., McComas, D. J., and Bellian,
R. D. (1997). Coordinated ground-based and geosynchronous satellite-
measurements of auroral pulsations. SPIE 3237, 2.

Tesema, F., Partamies, N., Tyssoy, H. N., Kero, A., and Smith-Johnson, C.
(2020b). Observations of electron precipitation during pulsating aurora and its
chemical impact. JGR. Space Phys. 125, e2019JA27713. doi:10.1029/
2019ja027713

Tesema, F., Partamies, N., Tyssoy, H. N., and McKay, D. (2020a). Observations of
precipitation energies during different types of pulsating aurora. Ann. Geophys. 38,
1191–1202. doi:10.5194/angeo-38-1191-2020

Tesema, F., Partamies, N., Whiter, D. K., and Ogawa, Y. (2022). Types of
pulsating aurora: Comparison of model and EISCAT electron density
observations. Ann. Geophys. 40, 1–10. doi:10.5194/angeo-40-1-2022

Thorne, R. M., O’Brien, T. P., Shprits, Y. Y., Summers, D., and Horne, R. B.
(2005). Timescale for MeV electron microburst loss during geomagnetic storms.
J. Geophys. Res. 110, A09202. doi:10.1029/2004ja010882

Turunen, E., Kero, A., Verronen, P. T., Miyoshi, Y., Oyama, S.-I., and Saito, S. (2016).
Mesospheric ozone destruction by high-energy electron precipitation associated with
pulsating aurora. JGR. Atmos. 121, 11852. doi:10.1002/2016jd025015

Verronen, P. T., Kero, A., Partamies, N., Szelag, M. E., Oyama, S.-I., Miyoshi, Y.,
et al. (2021). Simulated seasonal impact on middle atmospheric ozone from high-
energy electron precipitation related to pulsating aurorae. Ann. Geophys. 39,
883–897. doi:10.5194/angeo-39-883-2021

Wahlund, J.-E., Opgenoorth, J., Haggstrom, I., Winser, K. J., and Jones, G. O.
L. (1992). EISCAT observations of topside ionospheric ion outflows during
auroral activity: Revisited. J. Geophys. Res. 97, 3019–3037. doi:10.1029/
91ja02438

Yamamoto, T. (1988). On the temporal fluctuations of pulsating auroral
luminosity. J. Geophys. Res. 93, 897. doi:10.1029/ja093ia02p00897

Yang, B., Donovan, E., Liang, J., Ruohoniemi, J. M., and Spanswick, E. (2015).
Using patchy pulsating aurora to remote sense magnetospheric convection.
Geophys. Res. Lett. 42, 5083–5089. doi:10.1002/2015gl064700

Yang, B., Donovan, E., Liang, J., and Spanswick, E. (2017). A statistical study of
the motion of pulsating aurora patches: Using the THEMIS all-sky imager. Ann.
Geophys. 35, 217–225. doi:10.5194/angeo-35-217-2017

Frontiers in Astronomy and Space Sciences frontiersin.org07

Borovsky and Partamies 10.3389/fspas.2022.1059039

https://doi.org/10.5194/angeo-25-1745-2007
https://doi.org/10.1029/ja082i029p04720
https://doi.org/10.1063/5.0041838
https://doi.org/10.1029/2012ja018020
https://doi.org/10.1029/2004ja010419
https://doi.org/10.1029/ja075i028p05401
https://doi.org/10.1016/0032-0633(72)90117-1
https://doi.org/10.1016/0032-0633(72)90117-1
https://doi.org/10.1029/ja088ia10p07983
https://doi.org/10.1029/ja088ia10p07983
https://doi.org/10.1016/j.jastp.2008.06.014
https://doi.org/10.1029/2019ja027713
https://doi.org/10.1029/2019ja027713
https://doi.org/10.5194/angeo-38-1191-2020
https://doi.org/10.5194/angeo-40-1-2022
https://doi.org/10.1029/2004ja010882
https://doi.org/10.1002/2016jd025015
https://doi.org/10.5194/angeo-39-883-2021
https://doi.org/10.1029/91ja02438
https://doi.org/10.1029/91ja02438
https://doi.org/10.1029/ja093ia02p00897
https://doi.org/10.1002/2015gl064700
https://doi.org/10.5194/angeo-35-217-2017
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://doi.org/10.3389/fspas.2022.1059039

	What produces and what controls the spatial-temporal structuring of the magnetospheric chorus waves that create the pulsati ...
	1 Introduction: Pulsating aurora
	2 Outstanding questions
	3 Discussion
	4 Future needs
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


