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Abstract. Fast;charged-partieles-From the sum total dissipation of oscillatory magnetic energy in geospace, a frequent and
efficient channel of energy dissipation are opened up by particle precipitation. The phenomenon, which is part of a complicated
cascade of unstable wave energy, consist of charged particles that intermittently rain down into Earth’s dense atmosphere. The

atmospheric penetration depth of the sha
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This profile governs the crucial ratio of E- to F-region Pedersen-cond mification he-growth4
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growth of plasma turbulence by modulating the efficiency of electric field short-circuiting. Analyzing a large database of DMSP
particle spectra from the dark, high-latitude ionosphere=—, we systematically map this conductance ratio in space and during
varied geomagnetic activity. We reveal a characteristic spatial organization: during active conditions, the dayside cusp region
is systematically drained of high-energy particles, creating a low-7) environment conducive to persistent F-region turbulence,
which starkly contrasts with the high-7 auroral oval that actively damps such instabilities. These findings demonstrate that
the specific character of the magnetospheric energy input shape the electrodynamics of specific regions, with implications for
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1 Introduction

The most prominent feature of geospace, Earth’s space environment, is the constant pushing of the solar wind against Earth’s
extended magnetic presence, the magnetosphere (Cowley, 2000). A basic two-cell convection pattern is-the-targe-sealeresult
thatis-imparted-on-the-forms in the ionosphere at high latitudes, in-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.
Impesed-onInherent to this large-scale pattern is an-attendant-mostly-diffuse; pattern-of particle preeipitati

aleng—a complex energy cascade that originates in magnetospheric wave energy, starting with solar-wind-driven waves at
the bow shock or magnetopause generating the ubiquitous ultra-low frequency (ULF) waves that traverse the magnetosphere
Kriamer et al., 2024). The unstable wave energy fulfill many roles in the system. First, they ultimately power the regions of

3

‘diffuse aurora”, or structured, periodic high-energy charged particle precipitation (Newell et al., 2009, 2010; Thorne et al., 2010; Kasahar:
. Related to this, ULF waves produce a considerable Alfvénic Poynting flux directly, wherein the interchange instabilit
Huba et al., 1985; Keskinen and Huba, 1990) and the Alfvén wave resonator cavity (Lysak, 1991; Knudsen et al., 1990) transport

the-gas;-and-se-the-density-and-melecularcompeosition-ef-atmosphere, both of which likewise accelerate electrons, producin

aurorae (Borovsky et al., 2019; Lysak et al., 2020). The total energy expenditure of the above, captured by the term ‘Alfvénic

Poynting flux’ were long thought to be of academic interest, but has since been shown to be an important driver of dynamics

in the 4

caleulation-of millions-of datapeintsinaggregate—ionosphere (Keiling et al., 2003; Sibeck and Murphy, 2025).

Common for the ways
in which this wave energy is spent in the ionosphere-thermosphere system, they both work crucial modulations to ionospheric
conductivity and electric fields that both cause 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 ionosphere. As mentioned,

the regulation occurs through modulations to electric fields (Hosokawa et al., 2008; Ivarsen et al., 2024b) and conductivities
Robinson et al., 2021; Hosokawa et al., 2010a

. In addition, the embedding of waves, or ‘structural imprint’ into the ionospheric plasma (Rinnert, 1992; Ivarsen et al., 2024a)

roviding driving and damping effects for small-scale turbulence (Tsunoda, 1988; Vickre




Figure 1.

magnetohydrodynamic, electrodynamic, and kinetic processes. Black arrows represent causal paths that lead to characteristic modulation or

amplification of a quantity or process. Red arrows represent causal paths that mainly dampen or regulate out a quantity or a process, while

blue boxes and arrows denote unstable waves themselves. Some specific mechanisms are annotated. In general,

module (grey shade) evolve on chemical timescales of some length whereas most of the blue processes evolve on Alfvén speed timescales.

cascade operates not in sequentual, casual chains, but as active and dynamic equilibria that are maintained by the individual
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rocesses. The ensemble supports instabilities that create complex, coherent structures from a stochastic multi-scale signal.

rocesses within the ‘Plasma’
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1.1 Mativation

currentsthat

ultraviolet (EUV) radiation maintains a strong, steady-state, partidl o) ionization of the entire dayside atmosphere. The
factors of importance in the case of solar EUV radiation is the solar zenith angle, the angle between Earth's surface and a vectol
connecting the observer to the centre of our Sunas well as thé-1o.7-index, the quanti ed 10.7 cm solar radio ux (Moen

and Brekke, 1993). Figure 2d-f) show the estimated conductance of the ionosphere in three seasonal bins, highlighting how
the turning of the seasons lead to drastic changes to the ionosphere's ability to support currents.

Also shown in Figure 2, in panels a—c, are the occurrence rate of radio phiasidations uctuations above Svalbard,

Norway, for the same three seasonal bins. Such disturbances, called GNSS (Global Navigational Satellite System) phase

The above consideratiorsarry-the-impertantimplication substantiatghe ¢ :

by aurorae is of utmost importance for plasma dynamics in the dark, high-latitude iongspheteis-otherwiselargely
i i ivati ; into-i ieelectrodynamies. In the absence of solar EUV
ionization, particle precipitation idirectly-asseciatedtith-the main active sourceof ionizationfor the dark ionosphere

__________ and
the phenomenorhaslong beenconsideredo cause both the growth and the decay of plasma irregularitiesindthe rela-

tionship between growth and decay is under defatesen-etal;2021b,2024d)ere thecharacteristicoi-the precipitating

a o hameacalya a he fa¥a hen ) moshhera ) a Nndercitandhebeh 'a a aWa) arn ad an
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Figure 2. A dayside climatology of GNSS scintillations (panels a-c), and a dayside climatology of Pedersen conductance induced by so-
lar EUV photoionization (panels d-f), for the high-latitude (Magnic Latitude, or MLAT68 ) northern hemisphere. Phaseintillation

are calculated with an SZA-based model due to Moen and Brekke (1993), naraely( F10:7)%*° 0:34cosZ +0:93cos™2Z : The
data is aggregated in eld-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 typical



135

140

of E-region (bottomside) to F-region (topside) conductance, and how this ratio should affect the many observations that have
been made of plasma irregularities in the high-latitude ionosphere.




145

150

155

160

165

170

175

— @

coordinates) and temporal (geomagnetic activity) bare] using data from the northern hemisphere winter, when overall

conductivity is low. The efforts are not intending to present a general-statistical climatology, but are rather implemented to

expose a characteristic behaviour of the high-latitude ionosphere, whose intrinsic implications demand our attention.

period centered on the December solstice). In this region, spanning magnetic local times between 4h anfblil batbHites
achieve excellent coverage, avoiding both the narrow gap centered around noon at lower latitudes and the wide gap centere

levels of particle precipitation, the ionospheggstowards midnight, where signi cant ionization (and free energy) is injected

into the E-region. The result is a drastic decrease in the ratio of ionization experienced by the bottomside compared to the
topside, as magnetic local time approaches fegnire4¢)-.

absolute changes in ionization rate implied by the DMSP-observed particle spectra, using a red-blue colorscale, where red
indicates the excess ionization rate experienced during disturbed geomagnetic conditions, and where blue color indicates ¢



Figure 4. Panel a)shows total integrated energy ux 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, when solar EUV photoionization is minimal, using data gathered during geomagnetically active conditions (de ned as measurement
times when the auroral electrojet SME-index exceEsi3nT). Panel b) shows the resulting altitude pro les (radial direction) of ionization

rate, binned by magnetic local time (azimuthal directid?@nel c)shows the E- to F-region ionization ratio, assuming 170 km to be the
boundary between those regions, a deliminator that follows the transition fionNO" -dominance to ©-dominance in the ionosphere

Prolss (2004a, b), for each magnetic local time Bianels ¢) and dthe contrasts, de ned as quiet subtracted from active (c) and southward
subtracted from northward interplanetary magnetic eld (IMF) con guration, based on bins of the data displayed in panel b). Note that
“southward and “northwardMF con guration are de ned as delineated by the bottom and top thirds of the ensemble while " zatisre

‘quiet are delineated by the median.
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reductioncompared to geomagnetic quiet times (this time using the median value of 150 nT as deliminator). Figure 4d)
presents the same comparison, this time between southward and northward con gurations of the interplanetary magnetic eld

Together, the four panels of Figure 4 demonstrate that elevated levels of high-energy particle precipitation at dawn are
accompanied by a decrease in such particle precipitation towards noon, catisingppearde-be-a-titt atilt (in magnetic
local time) of theentirebottomside ionosphere during geomagnetic active times. Figure 5 explores this trend further, now
showing altitude pro les for selected magnetic local times bins (a—e) as well as ve geomagnetic activity bins in the noon-

sector. Thdormerexpoundonthetrendthatadeepenindloweringofthepeakionizationa bdaerotRe1ozZatdoiate rSt

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 exploe@gdnpased

Figure 6a—c) detail some 352 conjunctions between the DMSP F18 satellite and ground-based GNSS receivers on Svalbard
Norway, during which the cusp was directly inferred in the data. Figure 6d—g) show two supeepasédrbit analyses, for

ratio of E- to F-region conductance, 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 @f 0:25). On the other hand, the equatorward edge of the cusp
marks theensettransitionof a distinct high- region & 0:7): this is the characteristic diffuse aurora that we typically nd

equatorward of the cusp (Newell et al., 2010; Ivarsen et al., 2024c, 2025d).

10



Figure 5. lonization ratgpanels a—ejand density & conductivityf—j) pro les, for bins in magnetic local timéa—e)and geomagnetic activity
(~j), where the latter ve panels show data only from ti@n-sectorin panels a—e)black and red curve correspond to quiet and active ge-
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Figure 6. 352 northern hemisphere winter conjunctions between the DMSP F18 satellite and the distributed pierce points implied

stretched superposedpechorbit analysis, with the poleward and equatorward edges of the cusp stretched to match across the superposed

analysis, this time displaying the cross-track ion drift speeds observed during the orbits (blackjrenitio of E- to F-region conductance
(Eq. 1).

12
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3 Discussion

Comparing Figure 6e) and Figure 6g) we observe that the loegion poleward of the cusp is accompanigdelevated

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 no doubt

aided by lowratesvalues of , which should suppress the ability of the E-region to short-circuit the electric elds that trigger F-

region plasma instabilitiesndaccompanyrregularitiesintheplasmaly someielle s J000 Lmeen e a D00 2 D00 IC)

Adding to this picture are the ion drift observations shown in Figure 6f—g). These drifts, driven by strong convection electric
elds (and the process of dayside reconnection), represent the primary source of free energy that can generate F-region irregu
larities in the region. Notably, the drift speeds are highest not poleward or equatorward of the cusp, butmbidetiyypeaking
where the conductance ratias transitioning from low to high values. This allows us to view the cusp as an “instability fac-
tory": itis the region that combines the strongest driver (electric elds; see, e.g., Tsunoda, 1988) with a relatively weak inhibitor

(decreasing values). The irregularities generated here then convect poleward into a region where, although the drift speed is

A key aspect of the prevailing picture is the decrease, or even collapse, in energetic particle precipitation inside the noon-

sector. It would then seem that the energetic particle precipitation from the radiation belts that normally sustain the dark,
dayside E-region (Spasojevic and Inan, 2010; Nishimura et al., 2013; Ni et al., 2014) are effectively drained out from the cusp-

On the other hand, Figure 5 shows that while the E-region at noon collapses, the E-region at dawn and dusk is signi cantly
enhanced during active times, and especially so for the dawn sector. This re ects the substorm cycle, in which energetic

13
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particles injected near midnight drift around Earth, eastward towards dawn (Kamide and Kokubun, 1996), providing a robust
source of hot electrons that precipitate owing to pitch-angle scattering (Thorne et al., 2010), evident as the eastward “sagging"
of the ionospherevidentin Figure 5.

At our onset, Figure 2 illustrated a well-known fact, namely that lower conductivities in the ionosphere is generally as-

a statisticallyclearrelationbetween andthe occurrencegatesof phase uctuations, in accordancevith expectationdased

our albeit interestingrndsemewhasurprisingresults must be interpreted with caution, and more thorough investigations of
their validity and rami cation must follow. Here, we recommend the use of extensive magnetosphere-ionosphere coupling

et al. (2010) to a large database of precipitating particle observations from the high-latitude, northern hemisphere ionosphere,
observed during local winter. The efforts have yielded several characteristic trends in the altitude-dependent ionization rate,
distinguishing between magnetic local times and various levels of geomagnetic activity. While the calculations at times are
based on a wide array of simpli cations (the characteristic developmenbimdisplay in Figure 6, for example), the trends
uncovered are clear and convincing.

The present paper has been an exposition on a recurring question in the mind of the author: is high-energy particle precipi-
tation a sink or source of irregularities in the high-latitude ionosphere? An answer based on the speci ¢ and narrowly de ned
situations considered here is seemingly that the absence of energetic particle precipitation consistently lead to the occurrenc
of F-region irregularities. However, earlier forays have shown that energetic particle precipitation is directly associated with

plasma turbulence (lvarsen et al., 2024c), capable of embedding structure directly into the ionospheric plasma by merit of

14
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eld-aligned current lamentation (Ivarsen et al., 2024a), albeit in an intermittent and highly localized manner (Ilvarsen et al.,
2025b, a).

Data availability. SuperMAG data can be accessed at https://supermag.jhuapl.edu/mag/. Precipitating particle data from DMSP SSJ can
be accessed through Madrigal (http://cedar.openmadrigal.org/). GNSS scintillation data from Svalbard are organized with the following
nine DOIs. Receiver at Bjgrngya: 10.18710/CMZEWF (2014), 10.18710/QG9XCM (2015), 10.18710/BPU1RV (2016). Kjell Henriksen
receiver: 10.18710/LZX3MU (2014), 10.18710/13FHF9 (2015), 10.18710/1CA1KO (2016). Receiver at Ny Alesund: 10.18710/P69VFS
(2014), 10.18710/MIUYBH (2015), 10.18710/D46B20 (2016). Interplanetary magnetic eld observations and various geomagnetic indices
from NASA's oMNI service can be accessed at https://omniweb.gsfc.nasa.gov/.

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 energy ux o
precipitating electrons and ions through 19 energy channels from 30 eV to 30 keV, with a cadence of 1 second Redmon et al.
(2017). The DMSP satellites' orbits cover the high-latitude northern hemisphere dayside, with no coverage in the midnight
sector between 21h and 3h.

Example precipitating particle spectra are presented in Figure 3a, and what follows is a detailed explanation of the steps that
lead to Figure 3b-d).

Al From Particle Spectra to lonization Rate

Each of the 19 energy channels from the DMSP SSJ instrument is treated as a monoenergetic beam, and the resulting ionizatio
rate pro les that are obtained by an implementation of Fang et al. (2010) and Fang et al. (2013) are summed to get the total
pro le shown in Figure 3b. The state of the neutral atmosphere is captured BythandF.7-indices, and we use average,
pre-calculated model atmospheres based on representative solar local times and latitudes.

A2 From lonization Rate to Electron Density

Under conditions of darkness (no solar EUV photoionization), the steady-state electron dgirsttye E-region is determined
by the balance between production (ionization rate) and loss (recombination), and we assume. titinN@ates in the E-
region. That gives a plasma density equal to the square root of the ionization rate divided by the recombination rate of NO

(Prélss, 2004a, b),
r

Ne = §; (A1)
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with g being ionization rate, being recombination rate, amd plasma density. We use values fofrom Sheehan and St.-
Maurice (2004). This gives a density pro le in the E-region and lower F-region. From the F-peak, we apply the Chapman-
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 pro le, we exploit expressions for ion-neutral and neutral-neutral collision rates to
estimate Pedersen conductivity, following Ivarsen et al. (2021a). In short, we use expressions for collision interaction terms be-
tween all charged particles associated with the ion species in the ionosphere, as presented in Schunk and Nagy (1980). Then, w

et al., 2015). Although the many models doubtless in uence the nal density and conductivity values greatly, the main source
of variability in our result stem from variability in the precipitating energy ux.
Pedersen conductivity is then arrived at via,
_ nee2 in nee2 en .
P . 2 7 t 2 2 (A2)
mI in + i me en + e

where p is the Pedersen conductivity,is the elementary chargm;. are the ion and electron masses, respectivgly,

are the ion-neutral and electron-neutral collision frequencies, respectively,.anale the ion and electron gyrofrequencies,
respectively. We then calculate the conductances that enter into Eq. (1), by integrating Pedersen conductivity in the E- and
F-regions,

z

er=  (h)dh: (A3)
E,F

with falling conductivity towards 170 km (Kwak and Richmond, 2007). The transition height between the E- and F-region dif-
fer, and we conservatively take 170 km to be the boundary, which roughly matches the transition, frosé®O-dominance
to O -dominance Prolss (20044, 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 implemented in the
present paper, accounts for the atmospheric expansion during geomagnetic storms. This important notion, that the thermospher
heats up and expands during storms in geospace, can be quanti ed.

This physical process works in concert with the changing 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 pro le and slightlglecreasehe conductance ratio. This effect likely complements the much more
dramatic effect of the spectral changes, and contributes to a deeper, more nuanced understanding of the coupled system.
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