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Abstract. From the sum total dissipation of unstable wave
energy in geospace, a frequent and efficient channel of dis-
sipation is opened up by particle precipitation. The phe-
nomenon, which is part of a complicated cascade of unstable
magnetohydrodynamic wave modes, consists of charged par-
ticles that intermittently rain down into Earth’s dense atmo-
sphere. The atmospheric penetration depth of the precipitat-
ing particles in aurorae dictates the altitude profile of plasma
ionization. Absent of sunlight, this profile governs the cru-
cial ratio of bottomside- to topside (E- to F-region) electrical
conductance, which can act as a primary regulator of plasma
turbulence growth rates by modulating the efficiency of elec-
tric field short-circuiting as well as ambipolar diffusion. An-
alyzing a large database of Defense Meteorological Satel-
lite Program (DMSP) particle spectra from the dark, high-
latitude ionosphere, we systematically map the response of
this conductance ratio to varying geomagnetic activity. We
reveal a characteristic spatial organization: during active con-
ditions, the dayside cusp region is systematically drained
of high-energy particles, creating a low-conductivity envi-
ronment that favors the persistence of F-region turbulence,
which starkly contrasts with the nightside auroral oval where
elevated Pedersen conductivity in the E-region may actively
dampen the growth of turbulence in the F-region. These find-
ings indicate that the specific character of the magnetospheric
energy input shapes the electrodynamics of specific regions,
with implications for whether the ionosphere acts as a source
or a sink for small-scale structuring.

1 Introduction

The most prominent feature of geospace, Earth’s space envi-
ronment, is the constant pushing of the solar wind against
Earth’s extended magnetic presence, the magnetosphere
(Cowley, 2000). A basic two-cell convection pattern forms in
the ionosphere at high latitudes, inside which plasma drifts,
or convects, from the dayside to the nightside (Thomas and
Shepherd, 2018). This large-scale drift of plasma essentially
envelops geospace.

Inherent to this large-scale pattern is a complex energy
cascade that originates in magnetospheric wave energy, start-
ing with solar-wind-driven waves at the bow shock or magne-
topause generating the ubiquitous ultra-low frequency (ULF)
waves that traverse the magnetosphere (Kriamer et al., 2024;
Ivarsen et al., 2025d). The unstable wave energy fulfills
many roles in the system. Central to the present paper, they
ultimately power the regions of structured, periodic high-
energy charged particle precipitation in the ionosphere’s au-
roral regions (Newell et al., 2009, 2010; Thorne et al., 2010;
Kasahara et al., 2018); this flux of charged particles car-
ries (on account of being electrons) electrical currents as
well as a Poynting flux, the transfer of electromagnetic en-
ergy. At the same time, ULF waves produce a consider-
able Alfvénic Poynting flux directly, wherein the interchange
instability (Huba et al., 1985; Keskinen and Huba, 1990;
Greene et al., 2025) and the Alfvén wave resonator cavity
(Lysak, 1991; Knudsen et al., 1990) transports electromag-
netic energy downwards into Earth’s atmosphere, where it
eventually dissipates by heating up the gas. Alfvén waves ex-
perience anomalous resistivity and accelerate electrons, pro-
ducing aurorae (Borovsky et al., 2019; Lysak et al., 2020).
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The total energy expenditure of the above constitute an im-
portant driver of electrodynamics in the ionosphere (Keil-
ing et al., 2003; Sibeck and Murphy, 2025; Watanabe et al.,
2025).

Common for the ways in which unstable wave energy
is spent in the ionosphere-thermosphere system, all work
crucial modulations into ionospheric conductivity and the
electric fields that penetrate geospace, which in turn drives
plasma dynamics directly and through particle precipitation,
and this includes the essentially regulating role of the system
on occurrences of small-scale structuring of the auroral iono-
sphere. As mentioned, this regulation occurs through modu-
lations to electric fields (Hosokawa et al., 2008; Ivarsen et al.,
2024b) and conductivities (Robinson et al., 2021; Hosokawa
et al., 2010a), providing driving and damping effects for the
triggering of plasma instabilities and subsequent growth of
small-scale turbulent structuring within the plasma (Tsun-
oda, 1988; Vickrey and Kelley, 1982; Ivarsen et al., 2019),
instabilities that are otherwise contributing to Landau damp-
ing at higher altitudes.

In addition, the embedding of a wave-cascade, or “struc-
tural imprint” into the ionospheric plasma (Rinnert, 1992;
Ivarsen et al., 2024a, 2025b), has been evoked to explain ob-
servations of density irregularities that appear directly driven
by magnetospheric processes (Shen et al., 2024; Ivarsen
et al., 2024a, 2025a), representing kinetic-scale Alfvénic tur-
bulence (Greene et al., 2025) that is imprinted into the fields
(see also David and Galtier, 2019; Borovsky, 2012).

1.1 Motivation

Our motivation stems from the important damping effects
of elevated ionospheric conductance, including the bound-
ary effects imposed by current continuity and the cancel-
ing of fields by currents that strive to achieve neutralization,
but also through the accelerated diffusion facilitated by in-
creased charge carrier mobility. An example of the effect
can be readily demonstrated in the data: the main ionization
source for the ionosphere is the Sun, whose extreme ultravi-
olet (EUV) radiation maintains a strong, steady-state, partial
( < 1%) ionization of the entire dayside atmosphere. In the
polar E-region, this depends strongly on local season, max-
imizing during local summer. However, even during winter,
this steady-state ionization does not vanish completely but
persists as a nominal E-region conductance.

The factor of importance in the case of solar EUV radia-
tion is the solar zenith angle, the angle between Earth’s sur-
face and a vector connecting the observer to the centre of our
Sun, Z, as well as the F1q 7-index, the quantified 10.7 cm so-
lar radio flux (Moen and Brekke, 1993). Figure 1d—f show
the estimated conductance of the ionosphere in three sea-
sonal bins, highlighting how the turning of the seasons lead
to drastic changes to the ionosphere’s ability to support cur-
rents, and Fig. la—c demonstrate the effects of conductance
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in smoothing out plasma density gradients (Ivarsen et al.,
2023).

That is, Fig. 1a—c show the occurrence rate of radio phase
fluctuations above Svalbard, Norway, for the same three sea-
sonal bins. Such disturbances, called GNSS (Global Navi-
gational Satellite System) phase fluctuations, are refraction
of the radio signal (Wang et al., 2018; McCaffrey and Jay-
achandran, 2019; Spogli et al., 2021; Ghobadi et al., 2020;
Conroy et al., 2022; Wang et al., 2022) as the signal passes
through kilometer-scale gradients in plasma density (Song
et al., 2023; Meziane et al., 2023), or, more generally, plasma
density irregularities (Yeh and Liu, 1982; Kintner P. M. et al.,
2007; Jin et al., 2017). In Fig. 1, we readily observe that
whereas high-latitude conductance maximizes during local
summer, the occurrence of plasma irregularities maximizes
during local winter, with both quantities displaying a severe
contrast between the two extrema.

The increased charge-carrier mobilities seen during sum-
mer and in aurorae effectively diffuse the kilometer-scale
gradients associated with the phase fluctuations.

Another important reason for these strong, opposing
trends is the ability of a conducting ionosphere to short-
circuit the electric field that drives plasma instabilities (Vick-
rey and Kelley, 1982), where a highly conductive E-region
allows Pedersen currents to close field-aligned currents,
thereby neutralizing the perpendicular electric fields that
would otherwise map to and drive instabilities in the F-
region. The mechanism is well-studied and has been illu-
minated by, e.g., Kivanc and Heelis (1998), Ivarsen et al.
(2019), and Ivarsen et al. (2021).

The above considerations substantiate the claim that the
intermittent ionization caused by aurorae is of utmost impor-
tance for plasma dynamics in the dark, high-latitude iono-
sphere. With solar EUV ionization reduced to a nominal
background conductance, particle precipitation becomes the
dominant active source of ionization for the dark ionosphere,
and the phenomenon has long been considered to cause
both the growth and the decay of plasma irregularities, and
the relationship between growth and decay is under debate
(Ivarsen et al., 2024c).

To further elucidate the effects of increased conductance
on the growth and decay of irregularities, we turn to an anal-
ysis of observations of precipitating particles, the routine
source of ionization for the nightside auroral region of the
ionosphere.

1.2 Precipitating particle ionization rate altitude
profiles

We analyze a large database of precipitating particle obser-
vations from the instrument SSJ (Special Sensor J-series)
(Redmon et al., 2017) onboard the many satellites belong-
ing to the United States’ Defense Meteorological Satellite
Program (DMSP). The instrument provides an excellent esti-
mation of the total precipitating particle flux (nominal range
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Figure 1. A dayside climatology for the years 2014-2016 of GNSS phase fluctuations (a—c), and a dayside climatology of Pedersen conduc-
tance induced by solar EUV photoionization (d—f), for the high-latitude (Magnetic Latitude, or MLAT, > 68°) northern hemisphere. Phase
fluctuation events are recorded with ground-based receivers in Svalbard, Norway, and the occurrence of phase fluctuations are defined as
the percentage of observations where the 60 s standard deviation of the detrended phase (og() exceeds 0.15 radians. Conductance levels are

calculated with an SZA-based model due to Moen and Brekke (1993), namely, ¥ = (F10_7)0'49 (O.34cos Z +0.93cos'/2Z) . The data is

aggregated in field-line-traced (altitude-corrected) geomagnetic coordinates (Baker and Wing, 1989), where magnetic noon is at the top and
dusk to the right, and where we assume that the observed Pedersen conductance is located where Pedersen conductivity typically maximizes
near 130-140 km (Kwak and Richmond, 2007). “Summer” and “winter” are calculated based on a 131 d window centered on the respective
solstices, while “Equinox” describes the rest of the data, dividing the calendar year into roughly three equal parts. Note the prominent “hot
spot” of radio phase fluctuations near magnetic noon, which is caused by the magnetospheric cusp (see, e.g., [varsen et al., 2023). There are
no major temporal gaps in the coverage of the GNSS data, and the observations provide a continuous view of kilometer-scale gradients in the
ionosphere above Svalbard. Note that the model due to Moen and Brekke (1993) assumes a flat Earth, and that nominal, minmal ionization

is expected at daytime during local winter.

30eV-30keV), though it misses certain broadband particles
on account of its limited energy spectrum. We apply the fast
parameterisations due to Fang et al. (2010) and Fang et al.
(2013), and examine the average ionization rate altitude pro-
files that are characteristic to geomagnetic activity at various
magnetic local times. In this paper, we ultimately discuss the
inferred, or estimated, ratio of E-region (bottomside) to F-
region (topside) conductance, and how this ratio should af-
fect the many observations that have been made of plasma
irregularities in the high-latitude ionosphere.

The conductivities depend on precipitating particles being
stopped by the atmosphere, and they are being stopped in
rates that are decided by the kinetic energy of the particles
themselves, as well as the chemical composition of the atmo-
spheric gas (air). The impacting particles ionize the gas, and
so the density and molecular composition of the atmosphere
lead to characteristic altitude-profiles of ionization rate. No-
tably, Fang et al. (2010) and Fang et al. (2013) presented
parameterisations of time-consuming non-linear models of
such ionization rate altitude profiles, enabling the fast calcu-
lation of millions of datapoints in aggregate.

Figure 2 shows an implementation of those equations to
an example pair of precipitating electron and ion spectra, fol-
lowing the increased ionization rate in a natural path towards
increased plasma density in the ionosphere, and consequent
enhancements in conductance, the ability of the ionosphere
to support electrical currents (Prolss, 2004a, b), culminating
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in the calculation of,
XE
e+ ZF

n ey
where X g r represents Pedersen conductance (height-
integrated Pedersen conductivity) in the E- and F-regions re-
spectively (hereafter, “conductance” refers to Pedersen con-
ductance). Hall conductance affects adjacent processes, such
as Alfvén wave reflection (Ivarsen et al., 2020) and plays
host to important turbulent currents in the E-region (Wilt-
berger et al., 2017). However, we shall in this study restrict
our scope to Pedersen conductance, as it is the primary factor
for closing field-aligned currents and regulating cross-field
diffusion in the Vickrey and Kelley (1982)-framework.

One may assume 170km to be the boundary between
those regions, a deliminator that follows the transition from
OF, NO*-dominance to O*-dominance in the ionosphere
(Prolss, 2004a, b). While the profiles in Fig. 2c—d are useful,
their analysis must be accompanied by a clear admission of
simplification by several assumptive steps (see Fig. 2 caption
and the Appendix A).

What follows is the presentation of three specialized anal-
yses (Figs. 3-5), each binning the estimated energy transfer
from particle precipitation to ionization, segmented by spa-
tial (geomagnetic coordinates) and temporal (geomagnetic
activity) bins, and using data from the northern hemisphere
winter, when overall conductivity is low. The efforts are not
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Figure 2. (a) a precipitating electron (black circles) and ion (red circles) spectrum observed by the DMSP F18 satellite on 24 October
2014. (b) the ionization rate altitude profiles based on the spectra, using the equations published by Fang et al. (2010) and Fang et al.
(2013), together with the MSIS (Picone et al., 2002) model for the neutral atmosphere composition and the IGRF (Alken et al., 2021) model
for magnetic field strengths. Solar and geomagnetic activity, for which the MSIS model is dependent, is indicated by the A p- and Fy¢ 7-
indices. (¢) Estimated plasma density profile, assuming that NO4 dominates in the E-region, balancing production (ionization rate) with
loss (recombination) (absent of solar EUV photoionization), under the assumption of a Chapman function above the F-peak. (d) Estimated
conductivities resulting from particle collision interaction terms (Schunk and Nagy, 1980), using modelled compositions due to MSIS and
IGREF. The ratio of E- to F-region conductance is indicated. See the supporting information for a more thorough description.

intending to present a general-statistical climatology, but are
rather implemented to expose a characteristic behaviour of
the high-latitude ionosphere, whose intrinsic implications de-
mand our attention.

While the full energy cascade involved in the
magnetosphere-ionosphere coupling is immensely complex,
this study isolates one critical, measurable interaction within
that coupling, which we iterate: the penetration depth of
energetic particles systematically organising the ionospheric
conductivity. The resulting conductance, in turn, acts as a
crucial boundary condition that modulates the entire system,
and its own collective response to all the external drivers.
An isolated investigation into particle precipitation sheds
light on a crucial mechanism that connects several plasma
systems in geospace.

2 Some Trends

Figure 3 shows the first of the particular trends that we
demonstrate in the present paper. We bin some 5 million pre-
cipitating particle spectra observed by all four DMSP satel-
lites in the dawn- and pre-noon section of the northern hemi-
sphere poleward of 60° magnetic latitude, collected during
the local winter seasons of 2014-2016 (with winter defined
as a 131d period centered on the December solstice). In this
region, spanning magnetic local times between 4 and 11 h,
the four satellites achieve excellent coverage, avoiding both
the narrow gap centered around noon at lower latitudes and
the wide gap centered on midnight. The figure reproduces a
distinct and characteristic magnetic local time-trend that oc-
curs during disturbed conditions (Newell et al., 2009, 2010;
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Ivarsen et al., 2024c). The well-known result confirms that
the various and differing degree to which electrons precipi-
tation defines the shape of the ionosphere’s bottomside; with
increased levels of particle precipitation, the ionosphere sags
towards midnight, where significant ionization (and free en-
ergy) is injected into the E-region. The result is a drastic
decrease in the ratio of ionization experienced by the bot-
tomside compared to the topside, as magnetic local time ap-
proaches noon.

The last two panels of Fig. 3 estimate statistically how the
above basic mechanism evolves in time, through changes in
geomagnetic activity and interplanetary magnetic field con-
figuration. Figure 3c shows the altitude-dependent absolute
changes in ionization rate implied by the DMSP-observed
particle spectra, using a red-blue colorscale, where red in-
dicates the excess ionization rate experienced during dis-
turbed geomagnetic conditions, and where blue color indi-
cates a reduction compared to geomagnetic quiet times (this
time using the median value of 150 nT as deliminator). Fig-
ure 3d presents the same comparison, this time between
southward and northward configurations of the interplanetary
magnetic field (with red color indicating excess ionization
during a southward field configuration). The results are like-
wise expected from comprehensive surveys (Newell et al.,
2009, 2010) and studies that are narrowly focused on the cusp
(Ivarsen et al., 2023), though we note the apparent and signif-
icant decrease in ionization rate at E-region altitudes around
noon in Fig. 3c—d, implying an absent electrical load for the
field-lines in this region.

Together, the four panels of Fig. 3 demonstrate that el-
evated levels of high-energy particle precipitation at dawn

https://doi.org/10.5194/angeo-44-149-2026
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Figure 3. (a) shows total integrated energy flux of precipitating electrons and ions, binned by magnetic latitude (radial direction) and
magnetic local time (azimuthal direction), based on 5 million precipitating particle spectra from the dawn-sector during northern hemisphere
winter during the years 2014-2016, when the extent of solar EUV photoionization was minimal, using data gathered during geomagnetically
active conditions (defined as measurement times when the auroral electrojet SME-index exceeded 150 nT). (b) shows the resulting altitude
profiles (radial direction) of ionization rate, binned by magnetic local time (azimuthal direction). Panels (c¢) and (d) show ionization rate
change, or contrast, defined as quiet subtracted from active (c¢) and southward subtracted from northward interplanetary magnetic field (IMF)
configuration, based on bins of the data displayed in panel (b). Note that “southward” and “northward” IMF configuration are defined as
delineated by the bottom and top thirds of the ensemble while “active” and “quiet” are delineated by the median.

are accompanied by a decrease in such particle precipita-
tion towards noon, causing a tilt (in magnetic local time)
of the bottomside ionosphere during geomagnetic active
times. Figure 4 explores this trend further, now showing
altitude profiles for selected magnetic local times bins (a—
e) as well as five geomagnetic activity bins in the noon-
sector. The first row explores the tilting trend, accentuating
how a general trend of a raised noon and lowered midnight
are amplified during active times. In fact, for the most ex-
treme geomagnetic activity bin (top quintile in the SME-
index), precipitation-induced ionization below 150km (that
are caused by electrons with energies up to 30 keV) is almost
completely absent in the noon-sector.

Next, we shall consider the tendency of the DMSP F18
satellite to consistently orbit through the noon-sector from
the poleward-afternoon-side to the equatorward-morning-
side of the cusp. This tendency is naturally exploited in a
stretching and superposing orbital segment-scheme, com-
paring the median observations of ensembles of orbits.
Figure Sa—c detail some 352 conjunctions between the
DMSP F18 satellite and ground-based GNSS receivers on
Svalbard, Norway, during which the cusp was directly in-
ferred in the data. Figure 5d—g show two superposed orbit
analyses, for both quiet and active conjunctions, where we
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compare the occurrence of GNSS phase fluctuations with ob-
served ion drift speeds and the inferred ratio of E- to F-region
conductance (Eq. 1).

The stretched and superposed orbit analysis in Fig. 5 re-
veals a clear, characteristic pattern in the inferred ratio of E-
to F-region conductance, n, where the poleward edge of the
cusp marks the edge of a region in which E-region ionization
is almost absent, leading to very low values of  (~ 0.25). On
the other hand, the equatorward edge of the cusp marks the
transition of a distinct high-» region (> 0.7): this is the char-
acteristic diffuse aurora that we typically find equatorward of
the cusp (Newell et al., 2010; Ivarsen et al., 2024c, 2025d).

Whereas we are unable to capture the entire ionosphere-
magnetosphere-thermosphere energy transfer in the rela-
tively isolated dataset of precipitating particles, this analysis
does demonstrate a systematic variation in penetration depth
of precipitating particles, a quantity that is important by merit
of its interconnectedness in geospace. A comparative analy-
sis of the simultaneously observed occurrence rates of radio
phase fluctuations ties the dramatic spatial gradient in 1 to
the occurrence rate of ionospheric structuring in general. The
next section will present a discussion of the consequences of
these gradients in the ionospheric boundary condition, for the
purpose of ionosphere-magnetosphere coupling and current

Ann. Geophys., 44, 149-162, 2026
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Figure 4. lonization rate (a—e) and density and conductivity (f=j) profiles, for bins in magnetic local time (a—e) and geomagnetic activity
(f=j), where the latter five panels show data only from the noon-sector. We define the sectors dawn (03:00-07:00 MLT), pre-noon (07:00—
11:00 MLT), noon (11:00-13:00 MLT), post-noon (13:00-17:00 MLT), and dusk (17:00-21:00 MLT). In panels (a—e), black and red curve
correspond to quiet and active geomagnetic activity level respectively (the upper and lower third in the SME-index distribution, around 70
and 150 nT respectively), while in panels (f)—(j), black and red curve denote conductivity and plasma density, respectively. Curves denote
median, omitting a considerable variation within the aggregate. The analysis is based on 5 million measurement points made during northern

hemisphere winter during the years 2014-2016.

closure, and of influencing when and where plasma instabil-
ities can grow or are suppressed.

3 Discussion

Comparing Fig. 5e and g we observe that the low-n re-
gion poleward of the cusp is accompanied by elevated oc-
currence rates of phase fluctuations. This action is caused
by the proliferation of polar cap patches (Jin et al., 2014),
drifting poleward from the cusp, for example created by
a tongue-of-ionization action (Hosokawa et al., 2010b) or
seeded by poleward-moving auroral forms (Frey et al., 2019).
The growth of turbulence on the edges of these patches are

Ann. Geophys., 44, 149-162, 2026

no doubt aided by low values of 1, which should suppress
the ability of the E-region to short-circuit the electric fields
that sustain F-region plasma instabilities (Vickrey and Kel-
ley, 1982; Ivarsen et al., 2021, 2024c).

Adding to this picture are the ion drift observations shown
in Fig. 5f—g. These drifts, driven by strong convection elec-
tric fields (and the process of dayside reconnection), repre-
sent the primary source of free energy that can generate F-
region irregularities in the region. Notably, the drift speeds
are highest not poleward or equatorward of the cusp, but di-
rectly inside it, peaking where the conductance ratio 7 is tran-
sitioning from low to high values. This allows us to view the
cusp as an “instability factory”: it is the region that combines

https://doi.org/10.5194/angeo-44-149-2026
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Figure 5. 352 northern hemisphere winter conjunctions between the DMSP F18 satellite and the distributed pierce points implied by three
ground-based GNSS receivers, mapped assuming an IPP altitude of 350 km, consistent with F-region irregularities (Madhanakumar et al.,
2024). We show orbits where the cusp was identified according to the definitions due to Newell and Meng (1988) in (a). These conjunctions
are divided into relatively quiet- (SME < 135nT, b) and active-time (SME > 135nT, ¢) aggregates, superposed on the spatial occurrence
rate of phase fluctuation events in the surrounding region. In panels (d)—(e) the occurrence rate of phase fluctuations in the region is shown
for the quiet (d) and active (e) conjunctions, now in a stretched and superposed orbit analysis, with the poleward and equatorward edges of
the cusp stretched to match across the superposed orbits. An equal portion of each orbit is used for the three segments. Panels (f)—(g) show
the same stretched and superposed orbit analysis, this time displaying the cross-track ion drift speeds observed during the orbits (black) and
n, the ratio of E- to F-region conductance (Eq. 1).

the strongest driver (electric fields; see, e.g., Tsunoda, 1988) the convection driver and the E-region conductance inhibitor
with a relatively weak inhibitor (decreasing n values). The is entirely consistent with established observations and in-
irregularities generated here then convect poleward into a re- ferences of the irregularity landscape poleward of the cusp
gion where, although the drift speed is lower, the inhibitor is (Jin et al., 2017; Eriksen et al., 2023; Madhanakumar et al.,
almost nonexistent (1 is at its lowest). This allows the tur- 2024).

bulence that occurs during local winter to persist for long A key aspect of the prevailing picture is the decrease,
periods as it populates the polar cap (Wood and Pryse, 2010; or even collapse, in energetic particle precipitation inside
Ivarsen et al., 2021; Eriksen et al., 2023). Consistent with the noon-sector. It would then seem that the energetic par-

the n-paradigm, occurrences of the “tongue of ionization”, a ticle precipitation from the radiation belts that normally sus-
large, continuous blob of ionization that stretches from the tain the dark, dayside E-region (Spasojevic and Inan, 2010;
cusp and into the polar cap (Foster et al., 2005) are likewise Nishimura et al., 2013; Ni et al., 2014) are effectively drained

associated with radio phase fluctuations (De Franceschi et al., out from the cusp-region, consistent with recent observations
2008; van der Meeren et al., 2014). Conversely, equatorward (Ivarsen et al., 2023). This draining is taken to account for
of the cusp, both the driver (drift speed) and the turbulence it- the energy budget there being largely dominated by day-
self are suppressed, both short-circuited by drastic increases side magnetic reconnection, and parts of this energy expendi-

in conductance (Figs. 3—4). This dynamic interplay between ture will occur through broadband particle precipitation that

https://doi.org/10.5194/angeo0-44-149-2026 Ann. Geophys., 44, 149-162, 2026



156

is missed by the DMSP instrumentation, which is more ef-
ficient at probing intense high-energy diffuse aurorae. The
mentioned collapse in high-energy electron precipitation is
therefore marking the change in energy input from unstable
wave energy on closed magnetic field-lines to a wave energy
cascade controlled by magnetic reconnection.

We emphasize that this study focuses on the dark winter
ionosphere where solar EUV conductance is minimal, an so,
while the dayside cusp is pushed by Alfvénic Poynting flux
(see, e.g., Chaston et al., 2007) and soft particle precipita-
tion, the specific lack of high-energy precipitation results in
a “hollow” conductivity profile (low n) distinct from the au-
roral oval.

Indeed, Fig. 4 shows that while the E-region at noon col-
lapses, the E-region at dawn and dusk is significantly en-
hanced during active times, and especially so for the dawn
sector. This reflects the substorm cycle, in which energetic
particles injected near midnight drift around Earth, eastward
towards dawn (Kamide and Kokubun, 1996), providing a ro-
bust source of hot electrons that precipitate owing to pitch-
angle scattering (Thorne et al., 2010), evident as the eastward
“sagging” of the ionosphere in Fig. 4.

At our onset, Fig. 1 illustrated a well-known fact, namely
that lower conductivities in the ionosphere is generally asso-
ciated with an increase in the detrimental effects caused by
high-latitude plasma turbulence, capturing a rather small part
of the entire energy cascade from large, unstable wave modes
in the magnetosphere. Figures 3 and 4 then recreated several
known trends in the penetration heights of particle precip-
itation. Building on these established results, we described
the spatial gradient in 1 and how it affects electrodynamics.
Figure 5 applied a stretching and superposing orbit analy-
sis to examine a prominent transition zone in 7, the iono-
spheric cusp, showing a statistically clear relation between
n and the occurrence rates of phase fluctuations, in accor-
dance with expectations based on 7 as a crucial regulator of
the effective growth rates of F-region instabilities. The re-
sults of this analysis demonstrated the explanatory value of
examining boundary conditions in 7 as regulators of plasma
instabilities in the ionosphere.

The regulation of turbulence by conductivity is not merely
a passive damping process. Strong conductivity gradients,
such as those found at the edges of auroral forms, necessi-
tate the formation of polarization electric fields to maintain
current continuity (the Cowling effect, Fujii et al., 2011).
These electrostatic causes can locally drive plasma drifts, ef-
fectively sustaining the turbulence initially triggered by mag-
netospheric inputs.

On that note, though, we point out that several important
chemical and electrodynamic factors are broadly simplified
in the present paper, and we isolate a narrow component of a
large and complicated energy cascade. Our statistical appli-
cation of the Fang et al. (2010, 2013)-equations is likewise
simplified in terms of chemistry (see Appendix A). Further-
more, we note that DMSP spectra do not fully capture parti-
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cles below 30 eV. However, such soft precipitation, typical of
the cusp (Newell et al., 2009), would primarily ionize the F-
region, further lowering the 7 ratio and reinforcing the con-
trast with the E-region-dominated auroral oval. Our results
are therefore conservative with respect to the real magnitude
of the n contrast.

At any rate, our albeit interesting results must be inter-
preted with caution, and more thorough investigations of
their validity and ramification must follow. Here, we recom-
mend the use of extensive magnetosphere-ionosphere cou-
pling models that aim to capture the energy cascade, taking
kinetic processes into account (Wiltberger et al., 2017).

4 Conclusions

We have applied fast parameterisations of ionization rate al-
titude profiles due to Fang et al. (2010) and Fang et al. (2013)
to a large database of precipitating particle observations from
the high-latitude, northern hemisphere ionosphere, observed
during local winter. The efforts have yielded several charac-
teristic trends in the altitude-dependent ionization rate, dis-
tinguishing between magnetic local times and various lev-
els of geomagnetic activity. While the calculations at times
are based on a wide array of simplifications (the characteris-
tic development in n on display in Fig. 5, for example), the
trends uncovered are clear and convincing.

To see how these trends intersect with the current under-
standing of the greater energy- and momentum transfer that
dominates geospace, we offer the following thoughts. The
interconnected plasma environment as a whole is in a steady
state MHD flow at all times. Excursions away from that equi-
librium, in this case observations of particle precipitation, re-
flect an ongoing cascade of unstable wave energy from larger
(ultra-low frequency) to smaller (kinetic) scales, a cascade
whose purpose is to restore equilibrium through heat expen-
diture. Certain unstable modes interact in what are essen-
tially complex and manifold ways to produce the observed
proliferation of small-scale structuring in the auroral iono-
sphere’s plasma, whether through kinetic Alfvén waves or
wave-particle interactions.

The object of the present study, a database of particle pre-
cipitation observations, despite the deficiency in essentially
being a dataset in isolate, contain a direct path for energetic
particle precipitation to affect the triggering of F-region in-
stabilities, and thereby regulate the occurrences of irregular-
ities in the ionosphere plasma. We have arrived at our re-
sults through simplified calculations of ionization altitude
and the physics of ambipolar diffusion in the kinetic plasma
that forms on the boundary of Earth’s dense atmosphere.

Prohibitively fast ambipolar diffusion caused by high
conductance is efficient at smoothing out gradients at all
scales (Moisan and Pelletier, 2012). Recent demonstrations
of the direct and largely instantaneous signal retention by
the turbulent E-region (Shen et al., 2024; Ivarsen et al.,
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2024a, b, 20254, c) are consistent with the origin of the sig-
nal being a structural imprint of magnetospheric wave pro-
cesses, a pattern that dissipates through non-linear heating
of the plasma (St-Maurice and Goodwin, 2021). The very
ephemeral quality of the turbulent processes (they die out
very fast) points to the presence of fast, efficient dissipation
enabled by enhancements in conductance.

The present study provides an exposition of the negating
effect that high conductivities can have for instability growth
in the F-region ionosphere, where an electrodynamic descrip-
tion of the ionosphere at impact isolate the influence that con-
ductance demands over ambipolar diffusion in a plasma rich
in ion-neutral collisions (roughly 90-150km altitude). We
show that when ionization sources cease and conductance
is nominally low and decreasing, the structuring of F-region
plasma responds in predictable ways, increasing in occur-
rence and magnitude.

We have reached these results through a simple statisti-
cal analysis of a large dataset, and further experiments are
necessary to understand the plasma physics involved with
damping (La Rosa and Hysell, 2025), and the effects of non-
linear conductivity on geospace as a whole (Wiltberger et al.,
2017).

Appendix A: Some details on the Method

We use a database of precipitating electron data from the
SSJ instrument on the F16, F17, F18, and F19 satellites of
the DMSP. The DMSP satellites are in helio-synchronous
dawn-dusk 800 km-altitude polar orbits covering most of the
dayside high-latitude ionosphere in the northern hemisphere.
The SSJ instrument uses particle detectors to measure the en-
ergy flux of precipitating electrons and ions through 19 en-
ergy channels from 30eV to 30keV, with a cadence of 1s
Redmon et al. (2017). The DMSP satellites’ orbits cover the
high-latitude northern hemisphere dayside, with no coverage
in the midnight sector between 21 and 3 h.

Example precipitating particle spectra are presented in
Figure 2a, and what follows is a detailed explanation of the
steps that lead to Fig. 2b—d.

Al From Particle Spectra to Ionization Rate

Each of the 19 energy channels from the DMSP SSJ instru-
ment is treated as a monoenergetic beam, and the resulting
ionization rate profiles that are obtained by an implementa-
tion of Fang et al. (2010) and Fang et al. (2013) are summed
to get the total profile shown in Fig. 2b. The state of the neu-
tral atmosphere is captured by the A - and Fi.7-indices, and
we use average, pre-calculated model atmospheres based on
representative solar local times and latitudes.
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A2 From Ionization Rate to Electron Density

Under conditions of darkness (no solar EUV photoioniza-
tion), the steady-state electron density 7. in the E-region is
determined by the balance between production (ionization
rate) and loss (recombination), and we assume that NO
dominates in the E-region. That gives a plasma density equal
to the square root of the ionization rate divided by the recom-
bination rate of NO_, (Prolss, 2004a, b),

nezﬁv (Al)
o

with ¢ being ionization rate, @ being recombination rate,
and n. plasma density. We use values for @ from Sheehan
and St.-Maurice (2004). This gives a density profile in the
E-region and lower F-region. From the F-peak, we apply
the Chapman-o equation upwards, using ionized gas scale
heights from an empirical model due to Li et al. (2019).

A3 From Electron Density to Pedersen Conductivity

Based on the estimated plasma density profile, we exploit ex-
pressions for ion-neutral and neutral-neutral collision rates
to estimate Pedersen conductivity, following Ivarsen et al.
(2021). In short, we use expressions for collision interaction
terms between all charged particles associated with the ion
species in the ionosphere, as presented in Schunk and Nagy
(1980). Then, we use the International Reference Ionosphere
model (IRI) for the ionospheric ion species proportions (Bil-
itza et al., 2022), using the DMSP-estimated plasma den-
sity to determine species densities. IRI also provides elec-
tron temperature, we use MSIS for the neutral number densi-
ties, and IGRF for the magnetic field strength (Thébault et al.,
2015). Although the many models doubtless influence the fi-
nal density and conductivity values greatly, the main source
of variability in our result stem from variability in the precip-
itating energy flux.
Pedersen conductivity is then arrived at via,

2 2
nee Vin nee Ven
op = + ( ) , (A2)
m; (”12n + Qf) me \ V2, + Q2

where op is the Pedersen conductivity, e is the elementary
charge, m; . are the ion and electron masses, respectively,
Vin,en are the ion-neutral and electron-neutral collision fre-
quencies, respectively, and €2; . are the ion and electron gy-
rofrequencies, respectively. We then calculate the conduc-
tances that enter into Eq. (1), by integrating Pedersen con-
ductivity in the E- and F-regions,

YEF= fo(h) dh. (A3)
EF

E-region conductance is dominated by ionization at the
nominal Pedersen conductivity peak, which we take as
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An upward push from the expanding thermosphere
Peak ionization altitude for uniform, monoenergetic aurora
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Figure Al. Peak ionization altitudes for uniform monoenergetic
electrons (a) and protons (b) for 120 MSIS-based model atmo-
spheres. The y-axis shows altitude and the x-axis shows the AP-
index and F( 7 solar radio flux values upon which the model atmo-
spheres are based. Each black line represents the peak altitude for
particles with energies ranging from 100eV to 30keV, while red
shaded regions indicate the altitude range at which Pedersen con-
ductance normally maximizes, from Kwak and Richmond (2007).

near 130-140 km, with falling conductivity towards 170 km
(Kwak and Richmond, 2007). The transition height be-
tween the E- and F-region differ, and we conservatively take
170 km to be the boundary, which roughly matches the tran-
sition from O;‘ , NOT-dominance to O*-dominance (Prélss,
2004a, b).

A4 The Compounding Effect of Thermospheric
Neutral Density

The MSIS model, upon whose foundation the Fang et al.
(2010) and Fang et al. (2013) parametrizations are imple-
mented in the present paper, accounts for the atmospheric ex-
pansion during geomagnetic storms. This important notion,
that the thermosphere heats up and expands during storms in
geospace, can be quantified.

This physical process works in concert with the chang-
ing particle spectra: for any given energy, a particle will be
stopped at a higher altitude, owing to increased densities at
higher altitudes. This ”swelling” of the atmosphere would, by
itself, tend to raise the ionization profile and slightly decrease
the n conductance ratio. This effect likely complements the
much more dramatic effect of the spectral changes, and con-
tributes to a deeper, more nuanced understanding of the cou-
pled system.

Figure Al quantifies the effect, by keeping precipitating
particle spectra uniform and constant, varying only the A -
and Fo.7-indices. In critical situations, say, cases of extreme
thermospheric swelling, the effect may influence the clos-
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ing of magnetospheric current systems and the charge-carrier
mobility that supports such currents. The topic should be in-
vestigated further, in future holistic models of the coupled
atmosphere-ionosphere-magnetosphere system.

Data availability. SuperMAG data can be accessed at
https://supermag.jhuapl.edu/mag/ (last access: August 2023).
Precipitating particle data from DMSP SSJ can be accessed
through Madrigal (http://cedar.openmadrigal.org/, last access:
August 2023). GNSS scintillation data from Svalbard are or-
ganized with the following nine DOIs. Receiver at Bjgrngya:
https://doi.org/10.18710/CMZEWF  (Oksavik, 2020a, 2014),
https://doi.org/10.18710/QG9XCM  (Oksavik, 2020b, 2015),
https://doi.org/10.18710/BPUIRV (Oksavik, 2020c, 2016). Kjell
Henriksen receiver: https://doi.org/10.18710/LZX3MU (Oksavik,
2020d, 2014), https://doi.org/10.18710/13FHF9 (Oksavik, 2020e,
2015), https://doi.org/10.18710/1CA1KO (Oksavik, 2020f, 2016).
Receiver at Ny Alesund: https://doi.org/10.18710/P69VES (Ok-
savik, 2020g, 2014), https://doi.org/10.18710/MIUYBH (Oksavik,
2020h, 2015), https://doi.org/10.18710/D46B20 (Oksavik, 2020i,
2016). Interplanetary magnetic field observations and various
geomagnetic indices from NASA’s OMNI service can be accessed
at https://omniweb.gsfc.nasa.gov/ (last access: August 2023).
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