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Abstract. We analyze the effect of changes in the
cosmic radio noise absorption in the lower ionosphere
on propagation of the auroral hiss to the ground, using
observational data from the Lovozero and Tumanny
observatories. Three bursts of auroral hiss have been
examined whose termination is accompanied by an in-
crease in riometric absorption up to 0.6-2.2 dB. Model-
ing their propagation from the magnetosphere to the
ground under conditions of a perturbed electron density
profile, caused by precipitation of energetic electrons,
shows that even a small absorption of 0.6 dB in the ion-
osphere causes the auroral hiss to weaken by 45-50 dB

relative to its power at an altitude of 800 km. Calcula-
tions show that with such absorption the auroral hiss
power near the ground is comparable to the level of
natural noise of the Earth — ionosphere waveguide, and
with riometric absorption of 2.2 dB a complete termina-
tion of the auroral hiss on the ground can be expected.

Keywords: auroral hiss, ionosphere, cosmic noise ab-
sorption.

INTRODUCTION

At high latitudes, auroral hiss is one of the most fre-
quently recorded types of natural emissions of magneto-
spheric origin [Sazhin et al., 1993; Sonwalkar, Hariku-
mar, 2000; Makita, 1979]. In the Russian literature, such
emissions are often referred to as auroral hiss — noise
emission detected in a wide frequency range 0.3-10 kHz
and larger, which includes the VLF band (very low-
frequency, 3-30 kHz). The power spectrum of the hiss
magnetic field near the ground is maximum at frequen-
cies 8-10 kHz [Sazhin et al., 1993]; the upper limit may
be as great as 30 kHz [Sazhin et al., 1993; Makita, 1979].
Generation of auroral hiss is thought to be associated with
precipitation of soft electrons with energies 0.1-10 keV
[Sonwalkar, Harikumar, 2000; Makita, 1979].

In the equatorial region of the auroral oval, auroral hiss
is most often recorded between 20 and 01 MLT under
weak geomagnetic activity (K,<3) [Kleimenova et al.,
2019]. Bursts of these emissions are typical of the magne-
tospheric substorm growth phase. With the onset of a sub-
storm during auroral breakup, auroral hiss may suddenly
disappear [Manninen et al., 2020].

It is believed that the reason for the sudden disap-
pearance of hiss during a breakup may be VLF wave
absorption caused by an increase in energetic electron
precipitation at this time. Early works dealing with au-
roral hiss have observed that it is related to riometric
absorption variations. Thus, Harang and Larsen [1965]
noted that the level of ionospheric absorption affects the
ability of auroral hiss to penetrate to the ground. At
moderately weak absorption levels, hiss positively cor-
relates with a change in absorption, but at high absorp-

tion levels it disappears [Jorgensen, 1966].

We can assume that its disappearance during an
auroral breakup occurs for two reasons: 1) hiss gen-
eration ceased; 2) due to increased absorption in the
lower ionosphere, hiss weakened to the level of natu-
ral noise of the Earth—ionosphere waveguide. In this
paper, using a complete solution of the wave equation in
a plane-stratified medium, we examine the effect of
observed riometric absorption bursts on auroral hiss

attenuation.

1. EXPERIMENT

The paper is based on observations of auroral hiss
and riometric absorption on the Kola Peninsula at the
Lovozero Observatory (67.97° N, 35.02° E) and at the
Tumanny Observatory, which is located 100 km north of
Lovozero (69.07° N, 35.73° E). We have analyzed
events in which recording of auroral hiss stopped after a
burst of riometric absorption. VLF fields were measured
at the Lovozero Observatory with a three-component
receiver [Pil'gaev et al., 2021]. Riometric absorption
was measured using riometers at the Lovozero and Tu-
manny observatories. These riometers operate at a fre-
quency of 38.5 MHz, and their receiving antennas have
an angular aperture of 44°.

We used recordings made between September 1
and December 31, 2023. We have examined three
characteristic events when hiss bursts were recorded
at the Lovozero Observatory, after which cosmic ra-
dio noise absorption increased up to 0.6-2.2 dB at
both observatories. They took place on November 9
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at 20:00-21:00 UT (event 1), on December 7 at
21:00-22:00 UT (event 2), and on December 15 at
19:00-20:00 UT (event 3).

Figure 1 presents magnetograms from the Interna-
tional Monitor for Auroral Geomagnetic Effects (IM-
AGE) [https://space.fmi.fi/image/www/index.php],
spectrograms of the magnetic field horizontal compo-
nent in the frequency range 1-11 kHz from the
Lovozero Observatory, and plots of the time dependence
of the riometric absorption level from the Lovozero and
Tumanny observatories for the selected events. The
spectrograms were obtained after pre-processing of VLF
measurement data, which involved, first of all, suppress-
ing intense impulsive atmospheric noise from lightning
discharges (atmospherics). Figure 1 shows that all the
three events occurred during the substorm growth phase.
It is worth noting that, according to all-sky camera ob-
servations at the Lovozero Observatory, at the moment
of disappearance of hiss and the simultaneous onset of
an increase in riometric absorption, an auroral breakup
was recorded (data not shown). Unfortunately, small
clouds on December 7 and 15 made it difficult to create
keograms of these events.

In events 1 and 2 (panels a, b), riometric absorption
begins to gradually increase to 2.2 and 0.6 dB respec-
tively after disappearance of hiss simultaneously at the
spaced observatories. Note that the riometric absorption
values close in time and magnitude from the Lovozero
and Tumanny observatories suggest that the region of
increased riometric absorption in these cases was not
local, but occupied a large area. In turn, in event 3 (pan-
el ¢), riometric absorption maxima are shifted (it occurs
later at the Tumanny Observatory), which may indicate

that at the time considered (19:29 UT) the disturbance
region is local in the vicinity of the Lovozero Observa-
tory. Here, the disappearance of hiss coincides with the
moment when the riometric absorption level increases
to 0.7 dB.

It is worth noting that in the events of interest hiss dis-
appears when riometric absorption is both 0.6 and 2.2 dB.
To find out whether the observed absorption level could
lead to a weakening of hiss to the level of natural noise of
the Earth—ionosphere waveguide, we have modeled auro-
ral hiss propagation to the ground.

2. MODELING

The riometric absorption increase observed in the experi-
ment is probably related to auroral electron precipitation
that often occurs during a magnetospheric substorm. Ener-
gies of precipitating electrons can vary from ~100 eV to
several hundred kiloelectronvolts, which allows them to
penetrate up to the D layer of the ionosphere (60-90 km).
To study the riometric absorption effect on the arrival of
auroral hiss at the ground, two problems need to be solved:
1) to find electron density profiles N, providing the ob-
served level of riometric absorption; 2) to estimate auroral
hiss attenuation during propagation to the ground through
the ionosphere for the selected profiles. Such an estimate
should include a change in the energy of a downward wave
both due to reflection in the region of a large refractive
index gradient in the precipitation-modified E layer, and
due to its absorption in the lower ionosphere, where a high
frequency of electron-neutral particle collisions is
observed.
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Figure 1. IMAGE magnetograms (top), spectrograms of the magnetic field horizontal component in the frequency range 1—
11 kHz from the Lovozero Observatory, and plots of the time dependence of the riometric absorption level from the Lovozero
and Tumanny observatories for the events on November 9 at 20:00-21:00 UT (a), December 7 at 21:00-22:00 UT (b), December

15 at 19:00-20:00 UT (c)
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To find the necessary N, profiles, we have employed
the ionospheric ionization model [Lehtinen, Inan, 2007]
that allows us to relate the magnitude of the precipitat-
ing electron flux and its energy to changes in the iono-
spheric profile. To calculate auroral hiss propagation
through the modified ionosphere to the ground, we have
used the so-called full-wave method based on solving
the wave equation in a plane-stratified medium
[Lehtinen, Inan, 2008].

Formation of electron density profiles of the
disturbed ionosphere

To form N, profiles during high-energy electron
precipitation, we made use of the program pyGPI5
[Kaeppler et al., 2022] — implementation of the ioni-
zation model in Python [Lehtinen, Inan, 2007]. It is a
modification of the so-called Glukhov—Pasko—Inan
(GPI1) model [Glukhov et al., 1992] designed to calcu-
late the electron density in the E and D layers. In this
lower-ionosphere ionization model, five first-order
ordinary differential equations are simultaneously
solved which describe the time evolution of five
groups of particles: electrons, light and heavy posi-
tive ions, light and heavy negative ions. From this
solution, the N, profile is formed as a response to a
given flux of precipitating electrons with specified
energies.

To calculate the background density that is used to
form additional density driven by energetic electron
precipitation, we employed the standard empirical mod-
el IRI-2020 [Bilitza et al., 2017]. The neutral particle
density and temperature required for calculating the
disturbed N, profile were estimated by the NRLMSISE-
00 model [Picone et al., 2002].

The electron transfer model included in the ionization
model can define the energy distribution of precipitating
electrons by the Maxwellian distribution [Fang et al.,
2008] or by a distribution in the form of a set of monoen-
ergetic electron fluxes with discrete energies, taken, for
example, from satellite data [Fang et al., 2010]. In this
paper, we use the Maxwellian distribution of electrons
because, as shown in a number of works, it well describes
the distribution of electrons with energies from 100 eV to
1 MeV [lvanov, Dashkevich, 2019; Troshichev et al.,
1986; Frahm et al., 1997]. The differential electron flux
used in this model is determined from the expression

_ Q% _E
E, )

2E]
where Q, [keV-cm?:s'] is the total energy flux of pre-
cipitating electrons; E, [keV] is the characteristic energy
at which the spectral flux is maximum [Fang et al.,
2008]. Next, for convenience, we measured the energy
flux of precipitating electrons in mW-m? Qi[MW-m-
l=Qo[keV-em 2s]1.6:10°°.

We searched for the N, profiles capable of providing
experimentally observed values of riometric absorption,
using the iterative method by varying the precipitating
electron flux energy Eq and density Q,. So, E, was varied

¢(E) Eexp[
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from 5 to 100 keV; Q,, from 0.2 to 10 MW-m 2. In this
paper, riometric absorption is height-integrated absorp-
tion of cosmic radio noise at a frequency of 38.5 MHz.

This frequency is within the frequency range 30-50
MHz optimal for estimating the absorption. Cosmic
radio noise measurements at frequencies below 30 MHz
require a large antenna, which causes noise to increase.
At frequencies above 50 MHz, the sensitivity of the
device decreases significantly [Hargreaves, 1969].

To estimate cosmic radio noise absorption [dB] at
38.5 MHz, we employed the expression [Hargreaves,
1969]

N,v

dh,
®° +v?

A:4.6-10*5j0hm“

where N, is the electron density in m™; v is the frequency
of electron-neutral collisions; ®=2xnf is the angular

frequency. The integration is carried out over the entire
set of layers, into which the ionosphere is divided, from
Earth's surface to (in our case) the height hy. where
whistler waves are scattered.

Note that the main contribution to the total absorp-
tion at 38.5 MHz is made by electron-neutral particle
collisions at heights below 120 km (D, E layers) [Har-
greaves, 1969]. For these heights, the first term prevails
in the denominator in the expression for estimating
cosmic radio noise absorption A at 38.5 MHz. In this
case, the total absorption is proportional to the integral
of Nev [Hargreaves, 1969]. The maximum collision fre-
quency is below 120 km, so it is at these heights that the
maximum absorption of cosmic radio noise at 38.5 MHz
will occur.

The frequency of electron-neutral particle collisions
was calculated in accordance with [Banks, 1966].

The model of auroral hiss propagation to the
ground

Auroral hiss generation is associated with the devel-
opment of Cherenkov's instability of precipitating elec-
trons with energies 0.1-10 keV in the magnetosphere at
heights ~6-20 thousand km [Sonwalkar, Harikumar,
2000; Makita, 1979]. Auroral hiss that occurs at these
heights is a quasi-electrostatic whistler wave with ~90°
angle of the wave normal n to the magnetic field line.
The most complete model of auroral hiss propagation to
the ground has been proposed in [Sonwalkar, Hariku-
mar, 2000]. To explain the auroral hiss propagation to
the ground, it assumes that quasi-electrostatic waves
below 5000 km are scattered by small-scale (<100 m)
irregularities in the electron density of ionospheric
plasma n, <1. As a result, some of the scattered waves

have values of the wave normal components horizontal
relative to the normal to the ground n, <1. According to
Snell's law, at such values of n, the waves can reach the
ground [Stix, 1992].

Auroral hiss propagation was modeled using the
numerical model detailed in [Lebed’ et al., 2019]. This
model relates all stages of hiss propagation from the
generation site to the ground and takes into account the
random nature of wave fields. The random field of quasi-
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electrostatic waves was formed in a Cartesian coordi-
nate system in which the Z-axis extends in the external
magnetic field vector. The generation height was set to
2000 km. The electrons responsible for the generation
met two conditions. First, Cherenkov's resonance condi-
tion held — overlapping of the projections of the phase
velocity of emerging whistler wave v, =c/n, and the

electron velocity v, on the direction of the external

magnetic field line. Here, n=[n,,n,] is the refractive

index vector; n=k/k,, where k is the wave vector.
Second, only those electrons for the velocity distribution
of which F(v,) oF(v,)/dv, >0 was met were respon-

sible for the generation [Sazhin et al., 1993]. In this
work, we use a typical electron energy distribution ob-
tained during rocket measurements in a stable auroral
arc [Pulliam et al., 1981]. This distribution has the form
of a Maxwellian distribution with a characteristic energy
Eo=3 keV at which the spectral flux is maximum.
When modeling a random field, we assumed that the
transverse components n, are evenly distributed over

the azimuth angles p(¢)=1/(2n), where ¢ is the azi-

muth angle of wave normal [Lebed' et al., 2019].

Since high-energy electron precipitation modifies
the N, profile mainly at heights <400 km, and at
heights >1000 km whistler wave damping is negligi-
ble, to solve the problem of estimating the auroral hiss
attenuation it will suffice to calculate propagation of
auroral hiss, when scattered by small-scale irregulari-
ties of the lower ionosphere, to the ground. In this
work, the N, irregularities small-scale compared to the
wavelength were placed at h,,=800 km [Shklyar, Na-
gano 1998; Nikitenko et al., 2023]. The region with ir-
regularities was assumed to be spatially limited by a
two-dimensional Gaussian with standard deviations o
x=6 =50 km. The result of scattering of quasi-
electrostatic waves by the layer with irregularities,
except for the initial electrostatic wave that does not
reach the ground and is further ignored in the model, is
a superposition of plane whistler waves with random

500,
—— E; = 10 keV, Q, = 5.8 mW/m?
—— E, = 15 keV, Q, = 2.2 mW/m?
400t Eo = 50 keV, Qp = 0.4 mW/m?

—— IRI-2020, 2023-11-09 20:00

km

300p

200r

Altitude

100

0

km

Altitude

amplitudes, phases, and directions of wave normals,
including in the range n, <1.

In calculating propagation of generated quasi-
electrostatic waves up to the scattering height and scat-
tered waves to the ground, we began to use the Cartesian
coordinate system in which the Z-axis is normal to the
ground, defined by an infinitely conducting plane. The
ionosphere is defined as a plane-stratified medium. This
approximation is actively engaged in studying the propa-
gation of VLF waves through the ionosphere [Aksenov,
1975; Lehtinen, Inan, 2008]. Thickness of the layers var-
ied according to the rate of change in N.. Strength and
direction of the geomagnetic field were calculated by the
Tsyganenko model [Tsyganenko, 1995]. To neglect the
influence of waves reflected from the ground on the calcu-
lation results, we set conditions for free departure of waves
at the lower boundary of a medium coinciding with the
ground [Lebed’ et al., 2019].

By calculating scattered wave field components, we
can estimate the auroral hiss integral power in each lay-
er. To do this, we integrated the modulus of the Poyn-
ting vector's vertical component over the area. The ratio
of the hiss integral power in a particular layer to the
power in the upper layer [dB] characterizes whistler
wave damping during propagation. Denote it by Apigs.

3. MODELING RESULTS

In event 1 (see Figure 1), riometric absorption runs
to 2.2 dB. Figure 2, a shows several possible N, profiles
providing 2.2+0.1 dB absorption and calculated by the
pyGPI5 program. The N, profile calculated by IR1-2020
for November 9, 2023 at 20:00 UT was taken as the
background. The calculation has revealed that, as in the
experiment, cosmic radio noise absorption can occur at
characteristic energies of precipitating electrons Ey>10
keV. We can see that the higher the energy of precipitat-
ing electrons, the lower they penetrate into the iono-
sphere. Thus, the presence of 50 keV electrons leads to
maximum N, at a height of 79 km.
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Figure 2. Event modeling — ionospheric N, profiles (a): background, obtained by IR1-2020, and disturbed, which can pro-
vide 2.2+0.1 dB riometric absorption; b — height dependences of whistler wave relative power Ays(h) corresponding to these

profiles
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Panel b presents the calculated height dependences
of the whistler wave relative power Apiss(h) correspond-
ing to the profiles shown in panel a. Ay iS seen to
begin decreasing sharply from a height of ~100 km,
where there is increased N,. For the quiet background N
profile, the total damping of the whistler wave after
passing from the scattering region to the ground through
the ionosphere was ~13 dB. According to our long-term
observations, the ratio of the average hiss power near
the ground to the noise power of the Earth—ionosphere
waveguide ranges from 30 to 40 dB. It is caused by at-
tenuation of hiss when passing through the ionosphere
and propagating in the Earth—ionosphere waveguide to
the detection station. Hence, according to the modeling
results, the hiss signal-to-noise ratio over the ionosphere
should be by 10-20 dB higher, i.e. ~40-50 dB. Figure 2
indicates that the N, profiles perturbed by precipitating
electrons cause auroral hiss of 80 dB and higher to at-
tenuate. In this case, the signal-to-noise ratio on the
ground will be lower than —40 dB, which is approxi-
mately 10 of the auroral hiss signal power over the
ionosphere. Obviously, with these perturbed N, profiles
it is simply impossible to observe auroral hiss on the
ground.

Events 2 and 3 were modeled in a similar way. Ri-
ometric absorption on December 7 and 15, 2023 was 0.6
and 0.7 dB respectively (see Figure 1). Since the ri-
ometric absorption values are so close, we examine
these events together.

Figure 3 presenting the modeling results for events 2
and 3 is similar to Figure 2. The background profiles
obtained by IRI-2020 are seen to almost coincide be-
cause of close dates and times (December 7, 21:00 UT
and December 15, 19:00 UT). In these cases, among the
N, profiles leading to experimental riometric absorption
values were those formed by distributions of precipitat-
ing electrons with characteristic energies Eo=5 keV, i.e.
electrons from the same energy range as those responsi-
ble for the generation of auroral hiss [Sonwalkar,
Harikumar, 2000]. Since the penetration depth of 5-15
keV electrons into the ionosphere is smaller, N, maxima

(compared to event 1) are slightly higher here, at ~90
km. In this case, precipitating electrons are seen to
cause whistler waves to weaken by ~45-50 dB. Here,
the signal-to-noise ratio on the ground will be ~-5 dB,
which is 0.3 of the auroral hiss signal power over the
ionosphere. Since in this case the auroral hiss signal
power is comparable to or less than the natural noise
level of the Earth—ionosphere waveguide, auroral hiss
will not be detected in the electromagnetic field data
either. Thus, the experimentally observed disappearance
of hiss at the Lovozero Observatory, accompanied by a
simultaneous increase in riometric absorption during the
onset of a substorm, is most likely caused by deteriora-
tion in the conditions of whistler wave propagation in
the lower ionosphere.

DISCUSSION
AND CONCLUSIONS

In event 3, hiss bursts end simultaneously with a
sharp increase in riometric absorption up to 0.5-0.6 dB.
According to the modeling results, with such absorption
the ionosphere becomes opaque to hiss, which leads to
an abrupt cessation of its recording near the ground. In
events 1 and 2, hiss bursts terminate a few minutes be-
fore maximum absorption at the Lovozero and Tuman-
ny observatories.

Events 1 and 2 are first characterized by the occur-
rence of a powerful hiss burst, followed by a series of
weaker bursts. In both events, the hiss power decreases
simultaneously with increasing riometric absorption. In
event 1, the burst power decreases after an increase in
the absorption level to 0.3 dB at the Lovozero Observa-
tory. In event 2, the power of bursts gradually decreases
at the same time as riometric absorption gradually in-
creases. Hiss disappears when riometric absorption runs
to ~0.5 dB, i.e. when, according to the modeling results,
the ionosphere becomes opaque to hiss. In event 1, hiss
disappears at 20:10 UT, 7-8 min before maximum ab-
sorption; and in event 2, at 21:20 UT, ~1 min before the
maximum.
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Figure 3. Modeling of events 2 and 3 — N, profiles (left): background, obtained by IR1-2020, and perturbed, which can
provide riometric absorption 0.6+0.1 dB (solid lines) and 0.7+0.1 dB (dashed lines). To the right are height dependences of
whistler wave relative power Ayiss(h) corresponding to these profiles
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To explain the effect of auroral hiss disappearance
with an increase in riometric absorption to 0.6-2.2 dB,
we modeled auroral hiss propagation to the ground under
conditions of unperturbed N, profile and that perturbed by
precipitation of energetic electrons with Maxwellian ve-
locity distribution and different flux densities Q, and
characteristic energy E,. It has been found that an in-
crease in riometric absorption even up to 0.6 dB causes
hiss to weaken by 45-50 dB relative to its power at 800
km. In this case, the hiss power near the ground becomes
comparable to the intrinsic noise power of the Earth—
ionosphere waveguide. At a riometric absorption level of
2.2 dB, we can expect complete cessation of hiss record-
ing on the ground.

This work was financially supported by RSF grant
No. 24-27-20048 “Estimate of ionospheric conditions in
the Arctic zone from results of ground-based measure-
ments of both the electromagnetic field of auroral hisses
in a very low frequency range and riometric absorption*
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