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Abstract. The paper presents the results of the anal-
ysis of nine simultaneous ground-based detection events
of auroral hiss bursts at the Lovozero Observatory and
cosmic radio noise absorption (riometric absorption) at
the Lovozero and Tumanny observatories located on the
Kola Peninsula. We have estimated the position of the
area of increased absorption, using the results of ri-
ometric observations at these observatories and images
from all-sky cameras in the Lovozero Observatory and
nearby locations. The position of the area “illuminated”
by auroral hisses was determined by measuring the azi-
muthal angle of the Poynting vector and the polarization

of the magnetic field of the hisses. It has been found that
for each event considered the area of illumination and
the area of increased riometric absorption are located at
different latitudes. This may explain the cases of simul-
taneous ground-based observations of the two phenom-
ena in question, although auroral hisses usually disap-
pear with a significant increase in riometric absorption.

Keywords: auroral hiss, ionosphere, cosmic noise
absorption.

INTRODUCTION

Generation of electromagnetic emission in Earth's
magnetosphere is a typical manifestation of space
weather. An example of such emission is auroral hisses —
electromagnetic noise waves [Sazhin et al., 1993; La-
Belle, Treumann, 2002]. Hisses are recorded in the fre-
quency range from a few to several hundred kilohertz
and are characterized by the absence of a pronounced
time-frequency structure in spectrograms. The maxi-
mum hiss intensity is at very low frequencies 8—10 kHz
(VLF, 3-30 kHz).

Auroral hisses propagate in plasma in a whistler
mode. They are generated by the interaction between <10
keV electron flux and plasma, which causes the Cheren-
kov instability [Sazhin et al., 1993; Makita, 1979; Maggs,
1976]. Auroral hisses are an important indicator of wave—
particle interactions in the magnetosphere, which are es-
sential to the dynamics of near-Earth plasma [Makita,
1979; Spasojevic, 2016; Kleimenova et al., 2019]. Ac-
cording to [Kleimenova et al., 2019], auroral hisses are
most intensively generated in the equatorial part of the
auroral oval during the magnetospheric substorm growth
phase. However, upon the onset of the auroral breakup,
hiss bursts cease abruptly, which, according to Kleime-
nova et al. [2019], is due to a sudden increase in VLF
wave absorption in the ionosphere.

Auroral hisses are emissions most frequently detect-
ed near the Earth surface at high latitudes. They propa-
gate to Earth due to scattering by small-scale electron
density irregularities in the ionosphere [Sonwalkar,
Harikumar, 2000].

Spatial distribution of the hiss field near the Earth
surface features a well-defined locality [Harang, Larsen,
1965; Jorgensen, 1966; Srivastava, 1976; Makita, 1979].
Observations at the observatories Tromse (corrected geo-
magnetic latitude ®~70°) and Kiruna (®~65°), spaced
~250 km apart, revealed significant differences between
intensities of hiss bursts at these points [Harang, Larsen,
1965]. The concentration of auroral hiss intensity in a local
region near the Earth surface was also found in [Jergensen,
1966; Srivastava, 1976] from ground-based observations at
13 stations. In our previous works [Nikitenko et al., 2022,
2023], it has been established that the illumination area (the
term we introduced to denote the reception zone of hisses
near the Earth surface) can be both small (<400 km) and
extended in longitude.

Observations show that the location of the illumina-
tion area is related to the location of the auroral hisses
accompanying auroras [Makita, 1979], but the illumina-
tion area is shifted relative to the auroral zone to lower
latitudes. This is attributed to the peculiarities of radiation
propagation outside plasma irregularities stretched along
geomagnetic field lines (so-called ducts) [Helliwell,
1965]. This effect was further confirmed by Ozaki et al.
[2008] when analyzing ground-based observations of
auroral hisses at spaced points in Antarctica.

Auroral hisses are recorded much less frequently
near the Earth surface than at satellite altitudes [Gurnett,
1966; Hughes et al., 1971]. One of the primary causes
of this may be the increased absorption of VLF waves in
the ionosphere. In our study [Nikitenko et al., 2025], we
have quantitatively assessed the effect of riometric ab-
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sorption (absorption of cosmic radio noise) on the con-
ditions of penetration of hisses into the Earth surface,
using a model of their propagation [Lebed et al., 2019].
The results have shown that when passing through the
undisturbed ionosphere the hiss power near the Earth
surface is by 13 dB lower than at 800 km. An increase
in the riometric absorption to 0.6 dB leads to additional
attenuation of the signal by 45-50 dB, as a result of
which the power of the bursts becomes comparable to
the intrinsic noise level of the Earth—ionosphere wave-
guide. With the absorption level of 2.2 dB, the signal is
attenuated by 80 dB, which, in fact, eliminates the pos-
sibility of detecting this radiation near the Earth surface.

Although auroral hisses do not reach the Earth sur-
face at riometric absorption above 0.6 dB, a correlation
is experimentally observed between their bursts and
changes in absorption [Harang, Larsen, 1965; Jergen-
sen, 1966]. As shown in [Jargensen, 1966], this correla-
tion is typical of low absorption levels, whereas with a
significant increase in absorption, hisses cannot be fur-
ther observed.

During observations from September 1 to December
31, 2023 at the Lovozero and Tumanny observatories
(Kola Peninsula), there were nine events of simultane-
ous detection of auroral hiss bursts and riometric ab-
sorption enhancement. In this paper, in order to explain
the phenomenon we present the results of comparison
between locations of the absorption region and the auro-
ral hiss illumination area as observed at these stations.

The paper is structured as follows: Section 1 de-
scribes the equipment, noise suppression and data pro-
cessing methods; Section 2 defines and interprets the
events of simultaneous detection of hisses and riometric
absorption increase; Section 3 analyzes the spatial dis-
crepancy between zones of absorption and detection of
hisses, explained by scattering mechanisms in the in-
clined geomagnetic structure; in Conclusion, we sum-
marize the key results of the study, formulate the main
conclusions on the mechanisms of auroral hiss propaga-
tion and their relationship with riometric absorption, and
outline directions for future research.

1 GROUND-BASED OBSERVATIONS
AND DATA ANALYSIS

The paper uses observation data on the electromagnetic
field of auroral hisses from the Lovozero Observatory
(LOZ, geographic coordinates 67.97° N, 35.02° E), on the
absorption level of cosmic radio noise from the Lovozero
and Tumanny (TUM, 69.07° N, 35.73° E) observatories, as
well as all-sky camera data from the Verkhnetulomsky
Obseratory (VTU, 68.36° N, 31.47° E) and Lovozero sta-
tion. Figure 1 shows the location of the observation points.

Equipment

To detect the electromagnetic field of auroral hisses, a
receiver is employed which measures two horizontal mag-
netic field components and the vertical electric field com-
ponent [Pil'gaev et al., 2021]. These three components are
used to determine the form and orientation of the magnetic
field polarization ellipse, as well as the magnitude and di-
rection of the Poynting vector necessary for analyzing the
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Figure 1. Location of observation points. Red circles indi-
cate riometer antennas' fields of view
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location of the auroral hiss illumination area [Tsuruda,
Ikeda, 1979, Rytov, 1966]. Measurements are carried out
with definite reference to UT [Pil’gaev et al., 2021] in a
VLF frequency range from 300 Hz to 15 kHz.

Measurements of the absorption level of cosmic radio
noise are made with a riometer designed and manufac-
tured at the Polar Geophysical Institute. The riometer
detects cosmic radio noise absorption in a narrow range
of angles relative to the zenith. A signal is received by a
2x2 phased array antenna consisting of three-element
Yagi-Uda antennas, which at a level of —3 dB has a nar-
row radiation pattern of ~44°, thereby reducing noise
from ground sources by 15-20 dB compared to an anten-
na with a wide radiation pattern. Cosmic radio noise ab-
sorption is recorded in the frequency band from 37.5 to
39.5 MHz, which makes it possible to suppress narrow-
band noise by identifying and excluding it from pro-
cessing. The riometric absorption values have been ob-
tained by subtracting the diurnal cosmic noise absorption
curve from data under quiet geomagnetic conditions.

The developed riometers have a high spatial resolu-
tion. Figure 1 presents the riometer antennas' fields of
view marked with red circles centered at the LOZ and
TUM points. If we conceive a radio signal source as a
hemisphere with a constant brightness of each point, we
can identify a region within which one or another part of
the power received by the riometer antenna from the
entire luminous hemisphere is concentrated. We set the
reception zone at an altitude of 90 km, where maximum
absorption of cosmic radio noise takes place [Har-
greaves, 1969]. In this case, the reception zone is an
area where the power received by an antenna is 90 % of
the total received power, i.e. if an absorption of 3 dB
occurs in the reception zone, but nothing changes out-
side it, the riometer will show an absorption of 2.7 dB.

Noise attenuation

Ground-based observations of the electromagnetic
field in a frequency range below 15 kHz are extremely
noisy with interference of various types, mainly with
pulsed sferics — electromagnetic signals excited by a
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lightning discharge. According to our observations, it can
take to 3040 % of the hourly observation interval to
record sferics. Interference of another type is harmonics
of narrowband signals from a 50 Hz network and the
transmitter ZEVS. To analyze auroral hisses, we suppress
these signals in recordings of field components.

The sferic detection algorithm is based on the analy-
sis of the envelope of the horizontal magnetic field
component H, [Manninen et al., 2021]. Pulses are de-
tected by identifying signals whose amplitude exceeds a
given threshold level H,. Pulse boundaries are deter-
mined from the points of change of the sign of the de-
rivative of the envelope. If the envelope values at the
points, where the boundaries are defined, exceed the
threshold, the fragment is regarded as a sequence of
pulses. In this case, the boundaries are iteratively ex-
panded to the nearest points of crossing the threshold
H,. Isolated pulses (or their sequences) are excluded
from all three field components. The resulting gaps are
filled in through linear interpolation.

The threshold level H,; is set adaptively according to
the formula H,=2.456,,, Where o,y is a 0.25 quantile of
H. distribution, which allows powerful hiss bursts to
remain unscathed. Quantiles are calculated at short time
intervals of H; envelope splitting. Figure 2, a, c illus-
trates the time dependence of quantiles of the p(H,) dis-
tribution and the signal-to-noise ratio for quantiles of
different orders, calculated for observations at LOZ on
November 30, 2023 (17:06:40-17:18:20 UT). The sig-
nal was defined as an RMS deviation of the envelope
between red dashed lines (see Figure 2, ¢); the noise, as
an RMS deviation of the values to the left of the black
dashed line. Analysis shows that hiss bursts are promi-
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nent at quantiles less than 0.5, and the optimal signal-to-
noise ratio is achieved at 0.25 quantile. Figure 2, b, d
displays spectrograms of the horizontal magnetic field
component before and after sferic suppression, which
demonstrate that the initial hiss burst was completely
masked by sferics.

To suppress interference from the 50 Hz network
and the ZEVS transmitter, harmonics within their band
are cut out on the spectrum of field component record-
ings. The resulting segments are filled with complex
white delta-correlated Gaussian noise whose covariance
matrix [Rytov, 1966] corresponds to the average matrix
calculated from spectra along edges of the scrap.

Estimated location of the auroral hiss illu-
mination area

To determine the spatial location of the auroral hiss
illumination area, two key parameters are analyzed:
polarization and direction of radiation arrival.

Polarization of detected radiation is widely used to es-
timate the distance to the center of the illuminated area
[Tsuruda et al., 1982; Machida and Tsuruda, 1984; Year-
by, Smith, 1994; Titova et al., 2015; Manninen et al.,
2018, 2021]. According to the theory of electromagnetic
wave propagation, only waves with right circular polari-
zation (relative to the direction of the geomagnetic field)
can propagate in ionospheric plasma in the VLF band
[Stix, 1992]. In a clockwise-polarized wave, the magnetic
field vector rotates in a plane across the same direction of
wave propagation as an electron propagates in the geo-
magnetic field [Stix, 1992]. Clockwise-polarized waves
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Figure 2. Time dependence of reciprocal distribution p(H;) (a), signal-to-noise ratio for quantiles of different orders (c), spec-
trograms of the horizontal magnetic field component before (b) and after (d) suppression of sferics, calculated for LOZ observa-

tions on November 30, 2023 at 17:00-17:20 UT
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penetrate from the ionosphere into the Earth surface;
therefore, radiation with right polarization is observed in
the vicinity of the center of the illumination area [Ni-
kitenko et al., 2022; Yearby, Smith 1994; Manninen et
al., 2018, 2021]. Counterclockwise-polarized radiation is
detected at a distance from the center of the illumination
area due to the reflection of waves from the upper aniso-
tropic wall of the Earth—ionosphere waveguide and the
dominance of the reflected wave over the straight line
[Xu et al., 2019; Nikitenko et al., 2022].

To quantify radiation polarization, we employ the cir-
cular polarization index P, [Rytov, 1966], which takes
values from —1 to 1: at P.>0, wave polarization is clock-
wise; at P, <0, counterclockwise; at P.=0, linear. If |P|=1,
polarization is circular.

To estimate the direction of wave arrival at an ob-
servation point, we use the back azimuth of Poynting
vector — the angle the vector opposite to the Poynting
vector makes with a direction to the north [Nikitenko et
al., 2022; Manninen et al., 2021].

2. ANALYSIS RESULTS

From September 1 to December 31, 2023, we rec-
orded nine simultaneous events of auroral hiss bursts
and riometric absorption enhancement (Figure 3): De-
cember 10, 18:00-18:20 UT (1); December 5, 19:50—
20:10 UT (2); December 13, 22:40-23:00 UT (3); No-
vember 22, 18:10-18:30 UT (4); December 5, 19:10—

2023-12-05 19:50

2023-12-10 18:00 - 18:20

-20:10

19:30 UT (5); October 26, 19:10-19:30 UT (6); No-
vember 9, 17:10-17:30 UT (7); December 21, 00:00—
00:20 UT (8); November 22, 15:00-15:20 UT (9). For
these events, Figure 3 exhibits LOZ and TUM spectro-
grams of the horizontal magnetic field component with
riometric absorption variations. In these cases, the ri-
ometric absorption level varies from 0.25 to 1-1.2 dB,
at which ground-based detection of hisses is impossible
[Nikitenko et al., 2025].

In events 1-5, 7, and 8, absorption bursts accompa-
nying hiss bursts are recorded only at TUM (see Figure
3), whereas at LOZ there are almost no even weak ab-
sorption bursts. In event 9, an absorption increase is
detected at LOZ in the absence of any absorption varia-
tions at TUM. In event 6, a hiss burst is observed at
equal riometric absorption values at LOZ and TUM.

In events 1-5, 7, and 8, the equatorial boundary of
the patch in the ionosphere appears to be located at a
latitude higher than LOZ. Since LOZ and TUM fields of
view partially overlap (see Figure 1), when this bounda-
ry is closer to LOZ, an absorption enhancement should
also be recorded at this observatory. Since this does not
happen, we assume that the equatorial boundary of the
patch is located in the vicinity of TUM. In event 6, the
same absorption level is recorded at both points, i.e. at
this time the patch center is between LOZ and TUM.
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Figure 3. Spectrograms of the horizontal magnetic field component for simultaneous detection of auroral hisses and riometric
absorption enhancement with superimposed riometric absorption variations at LOZ (blue curve) and TUM (black curve)
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There are no absorption variations at TUM in event 9.
At this moment, the polar boundary of the patch is lo-
cated outside the boundary of the reception zone at
TUM, closer to LOZ.

The assumptions about the location of the patch are
confirmed by the location of auroras in the events consid-
ered. Figure 4 presents all-sky camera images from LOZ
and VTU taken during maximum intensity of auroral hiss
bursts for events 2—4, 5 (two bursts), and 7-9.

In event 9 (an increase in the absorption level only at
LOZ), according to LOZ data, the arc is located some-
what south of this point (see Figure 4, /). Assuming that
the size of the patch in latitude depends on the size of
the auroral arc, we can suppose that the equatorial
boundary of this region is 30—-50 km south of LOZ.

In other events, auroral activity occurs north of LOZ
(Figure 4, a—g). Note that in event 1 (December 10,
18:00—-18:20 UT) favorable weather conditions made it
possible to observe auroras at Kevo Observatory (Swe-
den, 69.76° N, 27.01° E), located ~400 km northwest of
LOZ. According to the all-sky camera images (data not
shown), auroral activity in this event was recorded at
higher latitudes than the latitude of LOZ, with the equa-
torial boundary of the auroras located at least 100 km
north of LOZ.

We have analyzed the features of variations in polar-
ization and direction of arrival of auroral hiss bursts at
LOZ in order to estimate the location of their illumina-
tion area. Figures 5 and 6 show the back azimuth of
Poynting vector and the circular polarization index for
the events of interest. According to Figure 5, it is only
in event 8 (December 21, 00:00-00:20 UT) that auroral
hisses arrive at the observation point from the west, i.e.
the center of the illumination area is at the same latitude
as LOZ. Judging by the variations in the direction of
arrival at frequencies above 5 kHz, in events 1-7 and 9
auroral hisses arrive at the observation point from lower
latitudes, mainly from the southwest or southeast. In
events 1, 7, and 9, radiation of a different type, appar-

b(3)

=

e(542)

v

ently coming from the north and northeast, is recorded
at frequencies below ~5 kHz.

According to the results of the calculation of the cir-
cular polarization index, all auroral hiss bursts consid-
ered have clockwise polarization (see Figure 6). A
clockwise almost circular polarization, when the P, in-
dex takes values close to 1, is observed in event 7 (No-
vember 9, 17:10-17:30 UT), i.e. the center of the auro-
ral hiss illumination area is quite close to LOZ. In other
events, polarization is elliptical and the center of the
illumination area is located at some distance from LOZ.

Thus, bursts at frequencies below ~5 kHz arriving at
LOZ from the north and northeast have counterclockwise
polarization in event 1, i.e. their illumination area is far
from LOZ, and clockwise polarization close to circular in
events 7, 9, i.e. their illumination area is close to LOZ.

3. DISCUSSION

According to the analysis results, an absorption re-
gion local in latitude is recorded in the events under
study. In events 1-5, 7, the equatorial boundary of this
region is located in the vicinity of TUM (see Figure 3);
in event 6, the center of this region is between LOZ and
TUM; in event 9, its polar boundary is 30-50 km south
of LOZ.

The results of the analysis of the azimuth angles of
auroral hiss arrival at the observation point and the po-
larization of their magnetic field show that in all the
events considered the location of the absorption region
does not coincide with the location of the auroral hiss
illumination area. In event 8, the center of the auroral
hiss illumination area is located at the LOZ latitude to
the west of it. At the same time, according to observa-
tions of auroras at Kevo Observatory, the equatorial
boundary of the patch is located at least 100 km north of
LOZ. In all other events, the center of the auroral hiss
illumination area is at lower latitudes than the equatorial
boundary of the patch.

g\ )

L4

Figure 4. Images from all-sky cameras, installed in LOZ (a—f, h) and VTU (g), taken at ten second intervals corresponding to
the maximum auroral hiss bursts for events 2—5, 7-9: December 5, 19:59:00-19:59:10 UT (a); December 13, 22:51:30-22:51:40
UT (b), November 22, 18:15:40-18:15:50 UT (c); December 5, 19:14:20—-19:14:30 UT (d); December 5, 19:18:30-19:18:40 UT
(e); November 9, 17:23:00-17:23:10 UT (f), December 21, 00:03:30-00:03:40 UT (g); November 22, 15:16:00-15:16:10 UT
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Figure 6. Circular polarization index for events 1-9 (see Figure 2)
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Figure 7. Adapted scheme of auroral hiss propagation to the Earth surface (proposed in [Makita, 1979; Ozaki et al., 2008])

Figure 7 presents an adapted scheme for auroral hiss
propagation to the Earth surface, proposed in [Makita,
1979; Ozaki et al., 2008]. Auroral hisses are scattered
by small-scale electron density irregularities in the up-
per ionosphere, where the refractive index n>5. It fol-
lows from Snell's law [Stix, 1992] that only waves with
wave normals close to the vertical can reach the Earth
surface, where the refractive index is 1. Beams of ener-
getic electrons, which excite hisses and cause an in-
crease in cosmic radio noise absorption in the lower
ionosphere, penetrate into the ionosphere, where they
generate auroras, along geomagnetic field lines. Since
scattering occurs quite high (800 km and above)
[Sonwalkar, Harikumar, 2000; Nikitenko et al., 2023;
Shklyar, Nagano, 1998; Kuzichev, 2012], due to geo-
magnetic field inclination the distance between the
footpoint of the magnetic field line and the center of the
illumination area can be as large as several hundred
kilometers. Owing to this effect, auroral hisses will be
recorded at lower latitudes than their accompanying
auroras and hence the absorption region.

An additional argument in favor of the locality of the
absorption region is observation of two spaced VLF
emission bursts in events 1, 7, and 9. In events 7 and 9,
the identical time-frequency structure of low-latitude
and high-latitude bursts indicates their common nature
associated with auroral hiss. In event 1, the low-
frequency component (<5 kHz) of the second burst
probably has a different origin.

In events 7 and 9, bursts with the direction of arrival
from higher latitudes may result from the formation of
two beams of quasi-electrostatic waves in the meridio-
nal plane, which excite auroral hisses [Nikitenko et al.,
2023]. They can also arise from scattering by small-
scale irregularities of a beam propagating to the pole
from the field line on which the hisses were generated.
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Simultaneous detection of two auroral hiss illumination
areas separated by latitude with increasing riometric
absorption may suggest that the absorption region is
local in latitude. Otherwise, a higher-latitude burst
propagating to the Earth surface would not be recorded
when entered the absorption region due to attenuation.

CONCLUSION

We have reported the results of the analysis of nine
events of simultaneous detection of auroral hiss bursts
and riometric absorption enhancement. In some events,
the absorption level reached values at which, according
to the results obtained in [Nikitenko et al., 2025], the
hisses cannot arrive at the Earth surface due to attenua-
tion in the lower ionosphere.

Comparing the location of the auroral hiss illumina-
tion area and the riometric absorption region as observed
at the Lovozero and Tumanny observatories has revealed
that the centers of the hiss illumination area are shifted
relative to the riometric absorption region to lower lati-
tudes. Optical observations made by all-sky cameras have
confirmed the spatial separation of these regions. We
have found that in the events of interest the region of au-
roras causing increases in riometric absorption is shifted
to higher latitudes relative to the hiss illumination area.

The obtained results indicate that the beam of ener-
getic electrons responsible for the generation of hisses
and the appearance of auroras creates a bounded region
of increased riometric absorption in the lower iono-
sphere. Due to the narrow propagation cone of waves
with a frequency below 15 kHz, auroral hisses after
scattering in the upper ionosphere by small-scale elec-
tron density irregularities reach the Earth surface at
lower latitudes than those at which the absorption region
is located [Makita, 1979; Ozaki et al., 2008].
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The proposed mechanism explains the simultaneous
detection of auroral hiss bursts and high riometric ab-
sorption levels (more than ~0.6 dB), which, according to
model estimates, should completely suppress propaga-
tion of VLF emission to the Earth surface. This model
can be verified through 3D modeling of VLF wave
propagation, taking into account the real structure of the
ionosphere, as well as joint analysis of satellite (in situ)
and ground-based measurements for direct determina-
tion of scattering altitudes and location.

The work was financially supported by RSF Grant
No. 24-27-20048 "Assessment of Ionospheric Condi-
tions in the Arctic Zone from Results of Ground-Based
Measurements of the Electromagnetic Field of Auroral
Hisses in the Very Low Frequency Range and Riometric
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