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Abstract. The paper analyzes experimental data on 

the position of the polar wall of the main ionospheric 

trough under low geomagnetic activity at Kp=0–1 from 

measurements made at the Yakutsk chain of vertical and 

oblique sounding ionosondes. The northern boundary of 

the trough under these conditions shifts to high magnet-

ic latitudes 67–70°. This corresponds to the position of 

the geophysical structure “contracted oval” or com-

pressed oval. Critical frequencies at the polar wall of the 

trough have high values of about 6–8 MHz. At this time, 

the DMSP satellite records intense 200–300 eV electron 

precipitation that can create the observed ionization in 

the F-region of the ionosphere. 

Keywords: ionosonde, meridional chain, main iono-

spheric trough, polar wall, magnetically quiet conditions, 

contracted oval, electron density. 

 

 

 

 

INTRODUCTION 

Stations of the Yakutsk ionosonde chain are equipped 
with high-potential horizontal rhomb antennas for oblique 
ionospheric sounding [Aisenberg, 1962; Mamrukov et al., 
1982]. The use of such an antenna system, which is com-
bined with the vertical rhomb antenna system, significantly 
increases the amount of information obtained by expanding 
the range of probed latitudes [Vasiliev et al., 1961; 
Mamrukov, Zikrach, 1973; Benkova et al., 1983; 
Mamrukov, Filippov, 1988]. So, the Tixie Bay station, 
whose magnetic latitude (MLat) is 65.1°, can confidently 
receive reflections from the polar wall of the main iono-
spheric trough (MIT), located at magnetic latitudes 67–75° 
under quiet geomagnetic conditions. 

To localize geophysical measurement data in time and 
space, it is necessary to have models of MIT polar wall 
boundaries for different geomagnetic activity levels. For 
example, from Aureole-2 satellite data, a model of the 
equatorial boundary of the diffuse auroral zone, which 
coincides with the MIT polar boundary, was developed for 
the dusk sector [Galperin et al., 1977]. Using measure-
ments made at the Yakutsk ionosonde chain for several 
years, we have constructed a model of the MIT polar wall 
in the dawn sector [Khalipov et al., 1987]. In this work, it 
has been found that at low geomagnetic activity, in particu-
lar at Kp=0+, the MIT northern boundary shifts to magnetic 
latitudes 67–69°. At these latitudes and higher, there is the 
so-called contracted oval, or compressed oval, [Lui et al., 
1976; Cummock et al., 2009; Despirak et al., 2018; Klei-
menova et al., 2023a; Kleimenova et al., 2023b]. Lui et al. 
[1976] have shown that significant energetic plasma flows 
are recorded in the plasma sheet in magnetic field lines, 
projected onto the latitudes of the contracted oval. Accord-
ing to DMSP satellite measurements, intense fluxes 

of penetrating electrons with energies of hundreds of 
electron volts are observed at ionospheric heights in the 
contracted oval region [Cummock et al., 2009]. Features 
of high-latitude polar substorms have been analyzed in 
[Despirak et al., 2018; Kleimenova et al., 2023a; Klei-
menova et al., 2023b]. These substorms have the same 
characteristics as at the auroral oval latitudes, but mag-
netic activity is localized only at high latitudes. 

In this paper, we deal with the events occurring un-
der very quiet geomagnetic conditions when the MIT 
polar wall was always at the latitudes of the Tixie Bay 
station or to the north of it, and compare this ionospher-
ic structure with the structure of energetic particle pre-
cipitation from simultaneous DMSP measurements. 

 

EXPERIMENT 

In [Galperin et al., 1977; Khalipov et al., 1977; Kha-

lipov et al., 1987], data from the Aureole-2 satellite and 

high-latitude ionospheric stations of the Yakutsk merid-

ional chain was used to analyze the location of the MIT 

polar wall in the dusk and dawn MLT sectors.  
Since the geographic meridian, from which the uni-

versal time (UT) is determined, and the meridian of the 
local magnetic time of the Tixie Bay station almost co-
incide (the difference is from ~18 to 40 min), we can 
suppose that for the Tixie Bay station MLT and UT are 
the same time interval. 

As shown by statistical studies [Galperin et al., 1977; 
Khalipov et al., 1977; Khalipov et al., 1987] based on a 
large data array, in the dawn sector under very quiet geo-
magnetic conditions (Kp=0–1) the position of the MIT po-
lar wall features two branches diverging from their com-
mon approximation to the pole and equator. This can be 
seen in Figure 1 presented in [Khalipov et al., 1987]. 
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Figure 1. Magnetic latitude of the main ionospheric trough 

polar wall in the dawn MLT sector. Straight lines indicate 

approximating dependences on the Kp  index 

 

Thus, depending on external factors (such as the inter-

planetary magnetic field components By, Bx, Bz, the solar 

wind proton flux velocity and density, which are implic-

itly included in Kp, but have a significant effect at such 

small Kp), the boundary of the MIT polar wall moves 

with time either to the north or to the south of the obser-

vation station. This situation is illustrated in Figure 1 by 

the example of measurements of the location of the MIT 

polar wall at the Tixie Bay station (MLat=65.1°) for 

Kp=1–, i.e. under quiet geomagnetic conditions [Kha-

lipov et al., 1987]. According to [Khalipov et al., 1987], 

the magnetic latitude of the MIT polar wall at different 

geomagnetic activity levels is empirically described by 

the following expression:  
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Let us examine the space-time dynamics of the MIT 

polar wall during geomagnetically quiet periods from 

ground and satellite measurements. 

The left panel of Figure 2 displays a sequence of 

ionograms of backscatter sounding (BS) at the Tixie 

Bay station for the quiet day on December 9, 1983, 

when radio signals were reflected from large-scale iono-

spheric inhomogeneities to the north of the observation 

station. The ionograms cover an approximately 16-hour 

interval from 08:45 on December 9, 1983 to 00:15 UT 

the next day. The planetary three-hour Kp indices during 

this period were 2, 1, 0+, 0+, 0+, 1–, 1–, 0; Kp=5+. 

Note that the local midnight on the meridian of Tixie 

(LT=UT+9 hrs) is at 15:00 UT. 

The first reflections from the MIT polar wall (F2s) 

and/or plasma inhomogeneities, observed in ionograms as 

additional traces, were recorded at 08:45 UT (17:45 LT) 

 

Figure 2. Sequence of ionograms of the backscatter ionospheric sounding at the Tixie Bay station for December 9, 1983 (left) 

and the space-time dynamics of the MIT polar wall (right) on the same day 
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at an altitude (range) ~1100 km. When recalculated to 

therange along the Earth surface, such a reflection corre-

sponds to MLat~74° (see Figure 2). Further, the reflec-

tion in the ionograms shifts downward, and at 13:45 UT 

it is recorded at an altitude of 400 km with a frequency ~8 

MHz. Additional traces are clearly pronounced and are 

reflections at critical frequencies from inhomogeneities 

formed by particle precipitation in the energy range to ~1 

keV, or by soft-energy particles [Galperin et al., 1977; 

Rees, 1963; Belinskaya, Khalipov, 1983]. At the same 

time, traces (designated as R) of auroral arcs appear in 

ionograms in the contracted oval region — direct stack 

traces without noticeable group delay near cutoff fre-

quencies [Bates et al., 1966; Farley, 1963; Khalipov et al., 

1984]. All recorded reflections from the F-region are dif-

fuse, without distinct separation into o and x components, 

with a clear lower edge of the traces. Such traces in iono-

grams are characteristic of oblique echoes from the MIT 

polar wall [Khalipov et al., 1977]. The critical frequency 

of the regular F2 layer in the ionograms ranges from 1.5 

to 4 MHz, and the layer height varies from 210 to 350 

km. At 14:15 UT (23:45 LT), the frequency of sporadic 

reflections has a maximum ~10 MHz at ~350 km altitude, 

or at ~68° magnetic latitude. Then, additional reflections 

(plasma inhomogeneities) slowly begin to shift northward 

and reach ~73° magnetic latitude at 00:30 UT (09:30 LT) 

the next day. 

The algorithm for converting the group range of re-
flections in ionograms to the range D along the Earth 
surface is given in [Mamrukov et al., 1973], in which 
trajectories of short radio waves were calculated by a 
numerical method. Note that some studies, when calcu-
lating trajectories of short radio waves in the iono-
sphere, made direct numerical step-by-step calculations 
of the angle of wave refraction by 0.1°. In the real verti-
cal distribution of the electron density in the form of a 
Chapman layer, its changes are defined by the exponent, 
where there is also an exponent in the index. At the 
same time, the wave experiences weak refraction when 

entering the layer, which increases as it approaches the 
maximum of the layer. We traced the radio wave trajec-
tory to the region, where it became orthogonal to the 
local magnetic field, and determined the range along the 
Earth surface to this boundary. 

Thus, if near the point, where the beam becomes or-

thogonal to the magnetic field, the ionosphere is filled 

with field-aligned inhomogeneities having a size of the 

order of wavelength, a critical reflection of radio waves 

from such inhomogeneities takes place. The accuracy of 

measuring the range D varies within ±50 km (about half 

a degree of latitude). 

The right panel of Figure 2 shows the space-time 

dynamics of the MIT polar wall on December 9, 1983 in 

coordinates local magnetic time — magnetic latitude. 

Dots mark the position of the MIT polar wall according 

to backscatter ionospheric sounding data from the Tixie 

Bay station. Larger red dots indicate the times of the 

ionograms presented in the left panel. 

Let us analyze simultaneous ground and satellite 

measurements made on December 9, 1983. Figure 3 

illustrates the space-time dynamics of the MIT polar 

wall according to Tixie Bay station data (left) and ex-

hibits spectrograms of electron and ion precipitation 

obtained by the DMSP-F6 satellite (right). The black 

color in the left panel shows part of the satellite's trajec-

tory; the black asterisk marks the equatorial edge of 

electron precipitation, which, as derived from simulta-

neous ground measurements, coincides with the MIT 

polar wall. 

The black asterisk on the spectrograms (right panel) 

indicates the MIT polar wall at ~69.1° magnetic lati-

tude. The same sharp edge of precipitation is seen in the 

dawn MLT sector (green asterisk). Since the geophysi-

cal situation is stationary, it is reasonable to make a 

comparison for the dawn sector too. Referring to Figure 3, 

the position of the MIT polar wall coincides in both 

space and time according to ground and satellite data. 

 

Figure 3. December 9, 1983: the DMSP-F06 satellite trajectory in MLat–MLT coordinates during its passage at ~12 UT (left) 

and spectrograms of electron and ion precipitation (right) during the passage. Asterisks mark the location of the MIT polar edge 

in the dusk (black) and dawn (green) sectors 
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Figure 4 displays spectrograms recorded by DMSP-
F06 5 and 10 hrs later than the spectrograms in Figure 3. 
In this case, the equatorial boundary of precipitation of 
soft-energy particles and/or the MIT polar wall are seen 
to remain almost at the same latitude. This means that 
particle precipitation does not stop and their intensity is 
virtually unchanged. The same pattern is observed in the 
dawn MLT sector as in the dusk sector: the position of 
the sharp edges of electron and ion precipitation is in 
line with the position of clear reflections from iono-
spheric large-scale inhomogeneities. 

Thus, the MIT polar wall and the soft-energy elec-
tron precipitation recorded by the DMSP-F6 satellite on 
this day spatially coincide and are observed for ~15 hrs. 

On the same day, another satellite, DMSP-F07, took 

measurements over the Tixie Bay station (Figure 5). The 

satellite and ground measurements were synchronous near 

local midnight. DMSP-F07 and the Tixie Bay station de-

tected respectively electron and ion particle precipitation 

and the MIT polar wall at the same magnetic latitude 

(~67°). The blue color in Figure 5 shows the continuation 

of the satellite's trajectory in the dawn MLT sector, where 

the MIT and particle precipitation boundaries are also seen 

to coincide, i.e. in this case, there is also agreement be-

tween satellite and ground measurements. 

Unfortunately, for the next day we considered, De-
cember 4, 2004 (Figure not shown), there was no data 
on the Kp index, but according to SuperMag data [Gjer-
loev, 2009, 2012; Newell, Gjerloev, 2014] the day was 
geomagnetically quiet. When passing in the early dusk 
sector (~16:30 MLT), the DMSP-F13 satellite detected 
soft-energy electron precipitation near the magnetic lati- 

 

Figure 4. Spectrograms recorded by DMSP-F06 respec-
tively ~5 (top) and 10 (bottom) hrs later than the spectrograms 
in Figure 3. Vertical black lines indicate the position of the 
trough polar wall 

tude of 72°. The MIT polar wall was detected by the 

Tixie Bay station from 21:00 LT (12:00 UT) to 08:00 

a.m. at magnetic latitudes 67–72°. Thus, in this case the 

MIT polar wall was observed for a long time under qui-

et geomagnetic conditions.  

On December 24, 2004 (Figure 6), geomagnetic 

conditions were also quiet: the three-hour Kp indices 

were 1–, 0, 0+, 0+, 1, 2, 1–, 1+;Kp=6+. The DMSP-

F15 and F16A satellites crossed the MIT polar wall at 

18–19 MLT. Unfortunately, we cannot demonstrate the 

pattern of precipitation in the dawn sector since the sat-

ellites' trajectories did not cross it, but when measured 

from the ground the MIT polar wall was observed until 

9 LT. In the dusk sector, according to data from the Tix-

ie Bay station, the MIT polar wall was seen until 22:30 

LT (red dots in Figure 6). The Tixie Bay station record-

ed reflections only from the E layer until 06:00 LT, i.e. 

the so-called condition A was formed — shielding of 

the overlying F layer by the underlying E layer [URSI 

Manual, 1977; Instruction, 1985]. In ionograms from 

the Tixie Bay station, traces of F2 s reflections from the 

MIT polar wall are again detected after 6 LT, when an 

increase in the height of reflections clearly indicates the 

northward motion of this structure. 

From 22:30 LT, the vertical sounding station Zhigansk 

begins observing the MIT polar wall (black circles in the 

left panel of Figure 6). The polar wall is seen to the north 

of the Zhigansk station all night, and in the morning it 

shifts to high magnetic latitudes. Figure 6 on the right pre-

sents a spectrogram of electron precipitation and ion densi-

ty variations (top), as well as the Zhigansk station's iono-

grams (bottom) recording additional traces of reflections 

from the northern radio sounding quadrant. The red color 

of reflections in the ionograms indicates the arrival of radio 

signals from the zenith of the observation station; the blue 

color of reflections implies the arrival of radio signals from 

northern quadrants. 

The ionograms from the Zhigansk station show that 

at 14:30 UT additional reflections, highlighted in blue 

(coming from the north), are recorded at an altitude 

~590 km, which, when recalculated to the Earth range, 

approximately corresponds to the latitude of the Tixie 

Bay station. The next two ionograms indicate that the 

reflected signals continue to come from the north, but 

the region of their reflection approaches the observation 

station. 

 

DISCUSSION 
The polar wall of the main ionospheric trough coin-

cides with the equatorial boundary of electron precipita-

tion (Khalipov et al., 1977). The spectral distribution of 

electrons in the diffuse auroral zone is illustrated in 

[Belinskaya, Khalipov, 1983], where the vertical density 

profile in the F-region is calculated for it. Ground-based 

ionospheric measurements, as well as measurements 

from the DMSP-F6, -F7, -F15, and -F16A satellites, 

carried out in the contracted oval region on December 9, 

1983, December 4, and December 24, 2004 during 

geomagnetically quiet periods, reveal significant fluxes 

of precipitating electrons (see Figures 3–6). The spectral 
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Figure 5. December 9, 1983: DMSP-F07 satellite trajectory in MLat–MLT coordinates (right) and spectrograms of electron and 

ion precipitation (left) during its passage 

 

 

Figure 6. December 24, 2004: on the left are the DMSP-F15 and-F16A trajectories and the position of the MIT polar wall as 

measured at the Tixie Bay (red dots) and Zhigansk (black dots) stations in MLat–MLT coordinates; on the right is the spectro-

gram of electron precipitation and ion density variations (top) as well as the Zhigansk station's ionograms recording the MIT 

polar wall (bottom). The black vertical line on the spectrogram indicates the equatorial edge of electron precipitation 

 

distribution maximum covers the range from hundreds 

of electron volts to 1 keV. Particles with such energy 

can create significant ionization in the F-region. In all 

cases of simultaneous satellite and ground measure-

ments, the MIT polar wall coincides with the equatorial 

boundary of particle precipitation. 

Detailed characteristics of precipitating electrons 

under similar quiet geomagnetic conditions as measured 

by DMSP-F13 have been studied in [Cummock et al., 

2009]. Particles penetrate not only in the contracted oval 

region, but also in the polar cap region. Measurements 

of the auroral glow in the ultraviolet spectrum by the 

same satellite supplement the spatio-temporal picture of 

the development of auroral structures. The integral flux 

of soft-energy electrons is 10
9
 eV/(cm

2
 s sr). The DMSP 

satellite data presented in our work agrees well with 

these results. 

In the electron spectrum in the diffuse auroral zone, 

along with the soft-energy component there are elec-

trons with energies to several keV. For this spectral dis-

tribution, Belinskaya and Khalipov [1983] calculated 

ionization profiles in the ionosphere, which suggest that 

the electron density in the F-region increases to 

~(2÷3)·10
4
 cm

–3
 (f=4–5 MHz). However, according to 

measurements at the contracted oval latitudes, electron 

fluxes in the soft-energy spectrum in the diffuse auroral 
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zone are much higher. This creates the observed density 

level ~(4÷8)·10
4
 cm

–3
 (f=6–8 MHz) on the MIT polar 

wall under quiet geomagnetic conditions. 

We can conclude that during geomagnetically quiet 

periods the MIT polar wall is often detected with high-

latitude ionosondes/digisondes. At the same time, the 

question about mechanisms of generation of such long-

term precipitation from the magnetotail into the polar 

ionosphere remains unanswered.  

 

CONCLUSION 

Direct comparisons between ground-based iono-

sonde measurements and satellite data on precipitation 

of electrons and ions under quiet geomagnetic condi-

tions have shown: 

 According to ground-based data, the position of 

the main ionospheric trough polar wall closely matched 

the position of the equatorial boundary of soft-energy 

particle precipitation as measured by the DMSP satel-

lites in the contracted oval region. 

 The intensity of precipitating particle fluxes is 

high enough to cause an increase in the ionization of the 

F2-region to a level that is detected by a ground iono-

sonde. 

 The precipitation region forming the main iono-

spheric trough polar wall exists for many hours in the 

night sector. Such behavior under quiet geomagnetic 

conditions raises questions about sources of soft-energy 

particle precipitation at high latitudes. 

 From the spectrum and intensity of electron flux-

es observed on the ionospheric trough polar wall under 

very quiet geomagnetic conditions we can conclude that 

they are similar to the particle population in the dayside 

polar cusp. 
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