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Abstract. We present the results of experimental 
studies into the response of Earth’s lower ionosphere to 
a partial solar eclipse. The studies have been carried out 
using the method of resonant scattering of radio waves 
by artificial periodic irregularities (APIs) in ionospheric 
plasma. The irregularities were created in the field of a 
standing wave when a powerful radio wave, generated 
by radiation to the zenith by transmitters of the mid-
latitude SURA heating facility, was reflected from the 
ionosphere. During location of a periodic structure by 
probe radio waves when the Wolf—Bragg backscatter-
ing condition was met, a scattered signal was received 
and its amplitude and phase were measured. After the 
end of the impact on the ionosphere, the irregularities 
gradually disappeared (relaxed). We have examined 
variations in characteristics of scattered signals. During 
the eclipse, the scattered signal amplitude increased by 
30–40 dB, and the relaxation time increased 1.5–2.0 
times. In some cases, stratification of the signal ampli-
tude in the D-region was observed due to stratification 
of the electron density profile. By analyzing altitude 
profiles of relaxation time, we obtained neutral compo-
nent temperature and density, height of the turbopause, 
and turbulent velocity. The velocity of vertical regular 
motion of plasma at each height was measured from the 
time variation in the scattered signal phase. From the 

results of measurements of scattered signal characteris-

tics during four partial eclipses, we have obtained that 

the neutral component temperature decreases, on aver-

age, by 50–70 K. Variations in the temperature, vertical 

plasma velocity, and turbopause level exhibited deep 

quasi-periodic variations with periods from 15 min to 

several hours, typical of internal gravity wave propaga-

tion. The vertical temperature and velocity profiles 

showed changes with altitude on scales ranging from 5 

to 30 km. Comparison between the results of studies of 

the lower ionosphere during sunrise-sunset hours has 

revealed that its response during a partial eclipse and the 

transition to the night regime is identical. According to 

the measurements by the partial reflection method, dur-

ing the August 01, 2008 eclipse there was a decrease in 

the electron density in the D-region 3–5 times. We have 

concluded that during the eclipse there was a significant 

change in both the ionized and neutral components of 

the atmosphere in the lower ionosphere. 

Keywords: ionosphere, plasma, neutral atmosphere, 

solar eclipse, sunrise, sunset, high-frequency heating, 

artificial periodic irregularities, temperature, vertical ve-

locity, turbulence, internal gravity waves, SURA facility. 
 

 

 

 

 

INTRODUCTION 

A solar eclipse is one of the unique natural phenom-

ena during which comprehensive changes occur in 

many atmospheric, ionospheric, and plasmaspheric pa-

rameters, which facilitates studying various processes in 

plasma and neutral atmosphere [Brunelli, Namgaladze, 

1988; Lei J. et al., 2018; Dang et al., 2018]. During 

eclipses, properties of both the neutral and ionized com-

ponents of the atmosphere change. During an eclipse, a 

decrease in the solar emission flux causes the atmos-

phere to cool, the electron density Ne in the D-region, E 

and F layers and the total electron content to decrease. 

Hundreds of papers have studied various aspects of the 

effect of solar eclipses on near-Earth space. The papers 

[Rishbeth, 1968; Belikovich et al., 2008; Huijun et al., 

2009; Madhav, Manju, 2012; Kovalev et al., 2009; 

Chernogor, 2013; Manju et al., 2012] contain extensive 

bibliographies on this subject. Kovalev et al. [2009] 

have examined the effect of solar eclipses on ionospher-

ic plasma, using data from mid-latitude vertical sound-

ing stations, over the entire period from the beginning of 

ionospheric research in the USSR and Russia. The re-

sults of ionospheric observations from Tomsk Iono-

spheric Station during 28 solar eclipses with different 
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maximum phases from 1936 to 2007 have been summa-

rized. Quantitative estimates of Ne variations in the E 

and F layers during solar eclipses were obtained.  

A decrease in Ne in the F layer of the ionosphere was 

detected using the traditional vertical sounding method 

by analyzing ionograms [Rishbeth, 1968]. Later, rocket 

measurements of Ne were carried out [Kane, 1969] with 

incoherent scatter radars [Chernogor, 2013; Panasenko 

et al., 2019], satellites DEMETER, TIMED-SABER, 

ICON [Wang et al., 2008; Barad et al., 2022]; variations 

in absorption of HF and VLF radio waves in the lower 

ionosphere were treated by the radio astronomy method 

in a network of riometers [Bischoff, Taubenheim, 1967; 

Danilkin et al., 1961; Artem'eva et al., 1962]. Already 

the first rocket measurements showed a decrease in Ne 

by an order of magnitude in the D-region at altitudes 

70–90 km during a total solar eclipse [Kane, 1969]. The 

incoherent scatter method found a decrease in electron 

temperature and a change of the direction of plasma 

stream from the plasmasphere [Chernogor, 2013; 

Akimov et al., 2002; MacPherson et al., 2000; Salah et 

al., 1986]. 

During eclipses in the F layer, the virtual reflection 

altitudes increased by 100 km or more with a delay to 

half an hour from the onset of the eclipse maximum 

phase [Belikovich et al., 2008; Chandra et al., 2007; 

Bamford, 2001]. Measurements of Ne by the partial re-

flection (PR) technique during the May 11, 1975 solar 

eclipse with a phase of 0.2 showed a decrease in Ne by 

15−30 % at altitudes 75−80 km [Benediktov et al., 

1978]. This technique also detected radio echoes at 

mesospheric heights during the eclipse — polar meso-

spheric summer echo (PMSE) lasting for ~4 min, which 

Tereshchenko et al. [2001] attributed to a fall in the 

temperature of the mesosphere. A number of papers 

have reported a sudden enhancement or appearance of a 

sporadic Es layer during an eclipse [Sneva et al., 2013; 

Barad et al., 2022], the occurrence of F-spread phenom-

ena, enhanced scattering of VHF and HF radar signals 

[Chandra et al., 2007]. Many studies have observed 

changes in geomagnetic variations (see, e.g., [Ba-

bakhanov et al., 2013; Ladynin et al., 2011]). Variations 

in the total electron content were examined by the radio 

scanning method from the results of reception of radio 

signals from artificial Earth satellites and global naviga-

tion systems GPS and GLONASS [Afraimovich et al., 

1998; Tsai, Liu, 1999; Cherniak, Zakharenkova, 2018]. 

The same studies observed internal gravity waves gen-

erated by an eclipse as it occurs when the terminator 

(the boundary between light and shadow) passes 

through an observation point [Afraimovich et al., 2001; 

Akimov et al., 2002]. The LFM sounding method was 

employed to examine variations in maximum observa-

ble frequencies of radio lines during solar eclipses in a 

network of radio paths, to make model calculations in 

order to investigate the response of the ionosphere to a 

solar eclipse [Uryadov et al., 2000; Klimenko et al., 

2007; Ivanov et al., 2012; Vertogradov et al., 2015].  

Methods of ionospheric research are steadily im-

proving; new methods are emerging, including those 

based on the impact of powerful high-frequency radio 

emission from heating facilities on the ionosphere. 

Among them, in particular, is the method of resonance 

scattering of radio waves by artificial periodic irregular-

ities (APIs) of ionospheric plasma, which has proven to 

be effective in studying the ionosphere and the neutral 

atmosphere [Belikovich et al., 1999a, b; Belikovich et 

al., 2002]. The first results of the study into the D-

region with APIs during the July 31, 1981 solar eclipse 

with a maximum phase of 0.75 are presented in [Be-

likovich et al., 1986; Belikovich, Goncharov, 1994]. 

New data on the response of the lower ionosphere to 

solar eclipses will make it possible to contribute to the 

research into its aeronomy and dynamics. 

The purpose of this work is to generalize the results 

of observations of the effects of four partial solar eclip-

ses on the lower ionosphere from a mid-latitude station 

near the heating facility SURA (56.1° N, 46.1° E), by 

analyzing characteristics of signals scattered by iono-

spheric plasma APIs. 

 

1. GENERAL CHARACTERISTIC 

AND EXPERIMENTAL METHOD 

For many years, methods based on the impact of 

powerful high-frequency radio emission on the iono-

sphere have been used to investigate the lower iono-

sphere. One of them is the method of measuring the key 

parameters of the ionosphere and the neutral atmosphere 

when it is disturbed by powerful radio waves generating 

APIs in ionospheric plasma. The method based on scat-

tering of probe radio waves by APIs allows monitoring 

conditions of the lower ionosphere. The paper presents 

the results of ionospheric investigations during four 

partial solar eclipses from 1999 to 2022 by the method 

using the impact of emission from the powerful SURA 

heating facility generating APIs on Earth's ionosphere. 

The method of ionospheric research based on API gen-

eration is detailed in [Belikovich et al., 1999b; Be-

likovich et al. 2002; Bakhmetieva, Grigoriev, 2022]. It 

involves impacting Earth's ionosphere with powerful 

high-frequency radio emission. Uneven plasma heating 

in the field of a powerful standing wave generates the 

quasi-periodic structure of temperature and electron 

density having a spatial period  equal to half the length 

 of a powerful radio wave. Sounding APIs by probe 

radio waves under the Bragg—Wolf backscattering 

condition and receiving scattered signals by dedicated 

equipment with amplitude and phase recorded make it 

possible to determine about ten most important charac-

teristics of the ionosphere and the neutral atmosphere. 

Scattering of probe radio waves by APIs is resonance, 

i.e. a backscattered signal appears only when the waves 

scattered by individual irregularities are in phase. For 

the currently used frequencies 4–6 MHz of the impact 

on the ionosphere and effective radiated power of the 

heating facility to 120 MW, the relative disturbance of 

Ne in the irregularities may be N /N10
–4

–10
–3 

in the E 

layer and N/N10
–3

–10
–2 

in the D-region. Due to the 

resonance scattering, the signal-to-noise ratio in the 

lower ionosphere during the experiment was 10–100 

[Belikovich et al., 1999b; Belikovich et al., 2002]. At 

present there are two methods of generating APIs — 

continuous and quasi-continuous heating. In the first 
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case, the heating facility is turned on for a few seconds 

to generate APIs (heating), and then is reset to pulse 

mode, emitting 30 µs short pulses (pause). As a result, 

the scattered signal amplitude and phase are measured 

during a pause in the operation of the heating facility. In 

the second case during heating, short pauses of 30 ms 

are made in which a short probe pulse 20–30 µs is emit-

ted. As a result, it becomes possible to study the iono-

sphere not only during relaxation of irregularities, but 

also during their development [Bakhmetieva, Grigoriev, 

2022; Bakhmetieva et al., 2023]. 

Figure 1, a schematically shows the generation of 

APIs during operation of the SURA heating facility in 

quasi-continuous mode and diagnostics of the iono-

sphere by probe pulses. Figure 1, b (left) illustrates the 

altitude and time dependence of scattered signal ampli-

tude during the development and relaxation of APIs in 

the October 25, 2022 session, which started at 16:03:12 

LT and lasted for 15 s. The signal amplitude at eight alti-

tudes in the D-region, E and F layers and the interlayer 

E–F valley is shown on the right. Such visualization of a 

scattered signal in real time on the operator computer 

allows us to quickly adjust radiation parameters of the 

heating facility and the receiving system during the ex-

periment. 

The main characteristics of signals scattered by ir-

regularities are their amplitude A, phase  of the re-

ceived signal and its relaxation time τ at the end of the 

impact on the ionosphere, defined by an e-fold decrease 

in the amplitude. The monographs [Belikovich et al., 

1999b; Belikovich et al., 2002] detail the methods of 

measuring a number of parameters of the ionosphere 

and the neutral atmosphere and give some examples. 

For instance, the basis for determining the neutral com-

ponent temperature and density, the turbopause level, 

and the turbulent velocity is the altitude dependence of 

the scattered signal relaxation time. Measuring its phase 

makes it possible to directly find the regular vertical 

plasma velocity, which is equal to the neutral compo-

nent velocity (neutral wind velocity) since plasma in the 

lower ionosphere is a passive admixture and moves 

along with a neutral medium [Gershman, 1974]. 

The paper presents and discusses the results of the 

study of the lower ionosphere during four partial solar 

eclipses. The method of impacting the ionosphere in-

volves both continuous and quasi-continuous heating. In 

different experiments, the frequencies of the impact on 

the ionosphere, the radiated power, and the powerful 

radio wave polarization differed. Raw data was pro-

cessed by a single algorithm. The corresponding refer-

ences are given in the text. 

 

 

Figure 1. Generation of APIs during quasi-continuous operation of the SURA heating facility and diagnostics of the iono-

sphere with probe pulses (a); scattered signal amplitude (b) as a function of altitude and time during the development and relaxa-

tion of irregularities in the session that started at 16:03:12 on October 25, 2022 and lasted for 15 s (left); signal amplitude at eight 

altitudes in the D-region, E and F layers (right) 

a 

b 
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APIs were generated by SURA transmitters (56.13° N; 
46.10° E, Vasilsursk village) emitting a powerful radio 
wave to the zenith, which generally has extraordinary po-
larization at frequencies of 4.30, 4.75, or 5.60 MHz. The 
receiver was at a distance of 1 km from the heating facility. 
General characteristics of the four solar eclipses are pre-
sented in Table 1. All these eclipses with close magnitudes 
of the maximum phase occurred in the afternoon, Moscow 
time, mainly during low geomagnetic activity. The August 
11, 1999, March 20, 2015, and October 25, 2022 eclipses 
took place during the rise phase of solar activity; and the 
August 01, 2008 eclipse, in the year of its minimum. 

The date and time of the onset of the eclipse T1, the 

maximum phase T2, the end T3, as well as heliogeophys-
ical parameters during this period are listed: the sunspot 
number W, the radio emission flux F10.7, the geomag-
netic indices Kp and Ap [http://www.wdcb.ru/stp/index. 
ru.html]. 

Some of the above results have been discussed in 

[Bakhmetieva et al., 2016, 2017]. During the observations, 

the ionosondes Basis and CADI were always in operation. 

When recording an ionogram, the SURA facility was 

turned off. In addition, we have used data from the iono-

sonde Parus (IZMIRAN), which is in the public domain 

[https://www.izmiran.ru/ionosphere/moscow/].

Table 1 

Date LT 
Eclipse phase W F10.7, s.f.u. Kp Ap, nT 

T1 T2 T3 

Aug. 11, 1999 14:07 15:15 16:21 0.608 97.3 1708 1–2 4–7 

Aug. 01, 2008 13:07 14:15 15:21 0.653 0.5 663 0–1 4 

Mar. 20, 2015 12:22 13:34 14:36 0.618 64 1263 3 22 

Oct. 25, 2022 12:30 13:44 14:57 0.757 59.2 1194 1 3 

 

2. VARIATIONS IN PARAMETERS 

OF THE LOWER IONOSPHERE 

AND THE NEUTRAL  

ATMOSPHERE DURING  

SOLAR ECLIPSES 

Let us present the main results of the study of the 

lower ionosphere, obtained by the API method, for each 

eclipse. We focus on neutral component variations.  

The August 11, 1999 eclipse 

The partial solar eclipse near Vasilsursk village be-

gan at 14:07 LT, reached the maximum phase of 0.608 

at 15:15 LT, and ended at 16:21 LT (LT=UT+4). The 

eclipse occurred during high solar activity; the geomag-

netic field was slightly disturbed, Kp=1−2. The experi-

ments were carried out on August 10−12, 1999 from 9 

to 17 LT. The F-layer critical frequencies on these days 

varied from 6.6 to 7.7 MHz at the beginning of meas-

urements, decreasing to 5.6–6.5 MHz by 17:00 LT. On 

the day of the eclipse on August 11, 1999, 10 min after 

its onset, the frequencies foF2 began to decrease, reach-

ing minimum values of 6.0 MHz by the maximum 

phase, and remained constant for 20 min. After the max-

imum phase of the eclipse, the F layer gradually recov-

ered. The corresponding decrease in Ne at the maximum 

of the F layer was 26 %. On test days, the fоF2 variation 

correlated with the usual daytime daily course. For the E 

layer, foE=3.6−3.8 MHz. During the maximum phase, 

foE, equal to 3.7 MHz before the eclipse, decreased by 

0.8–0.9 MHz. The Es layer with foEs=4−4.5 MHz, 

which occasionally increased to 6−8 MHz, was ob-

served almost constantly in those days.  

With continuous heating, each measurement session 

lasted for 15–20 s. During the first 3 s, the ionosphere 

was heated by a radio wave of extraordinary polariza-

tion at a frequency f=5.75 MHz with an effective power 

of 130 MW on August 10, 1999 and 60 MW in the fol-

lowing days. The 3 s heating was followed by a 12–17 s 

pause during which 20−50 µs probe pulses of the same 

frequency and a repetition rate of 50 to 100 Hz were 

emitted. Quadrature components of the scattered signal 

were detected which were used to determine its ampli-

tude and phase.  

Scattered signal characteristics 

During the August 11, 1999 partial solar eclipse, a 

complex nonuniform structure of scattered signals was 

observed. Figure 2 exemplifies altitude-time variations 

in scattered signal amplitude during the August 11, 

1999 eclipse (a) and on August 12, 1999 (b). Shown 

here is the characteristic appearance of scattered signals 

in the D-region at altitudes 57–85 km and in the E layer 

at 90–140 km. During the eclipse, pronounced scattered 

signal turbulization is seen to occur in the E layer. This 

is reflected in the fact that during altitude and temporal 

recordings of scattered signal amplitude, such as those 

shown in Figure 2, there are stratifications in the E layer 

and in the upper part of the D-region, associated, as 

observed in monographs [Belikovich et al., 1999b; Be-

likovich et al., 2002], with stratifications in the vertical 

profile Ne(h). These stratifications may be natural, as we 

have repeatedly observed in experiments on the study of 

the ionosphere by the PR and API methods. In addition 

to the stratifications of Ne(h), signals of this type may be 

related to the interference of signals scattered by APIs, 

sporadic layers, and large-scale irregularities of natural 

origin. As a result, the received signal phase may be 

noticeably distorted, which makes it difficult and some-

times impossible to measure the vertical plasma velocity 

and hence the neutral component [Belikovich et al., 

1999b; Belikovich et al., 2002]. The scattered signal 

amplitude in the D-region and E layer during the eclipse 

increased by 15–20 dB as compared to the previous day. 

Figure 2, b also exemplifies the development of the Es 

layer at altitudes 134–137 km in the 16:06:14 session 

and at 112–123 km in the 14:10:13 session on the day after 

the eclipse, August 12, 1999. Note that the method based 

on resonance scattering of probe radio waves by APIs 

http://www.wdcb.ru/stp/index.%20ru.html
http://www.wdcb.ru/stp/index.%20ru.html
https://www.izmiran.ru/ionosphere/moscow/
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Figure 2. Height-time variations in scattered signal amplitude on the day of the eclipse, August 11, 1999, (a) and on the next 

day, August 12, 1999, (b). Shown here is the turbulence of the lower ionosphere during the August 11, 1999 eclipse and the de-

velopment of the Es layer at heights 134–137 km and 112–123 km on August 12, 1999  

 

 

Figure 3. Temperature variations at 101–103 km during 

the August 11, 1999 eclipse from 13:30 to 16:30 LT. Each 

point was obtained by averaging over 10 min and assigned to 

the beginning of the time interval. The second-order polyno-

mial trend line is also plotted. During the eclipse, the tempera-

ture dropped, on average, by 50–70 K 

 

allows us to detect the weakest sporadic layers inacces-

sible to ionosondes [Kagan et al., 2005; Bakhmetieva et 

al., 2010]. 

Natural large-scale turbulence in the mesosphere and 

intense reflections in the range of virtual altitudes 125–

140 km from the semitransparent Es layer 5–15 km thick 

were often observed during the eclipse. Above the E-

layer maximum at 130–140 km, reflections were some-

times recorded which represented a scattered signal 

from a weak semitransparent Es layer (see Figure 2, b 

for August 12, 1999; the start time of the session is 

16:06:14). 

Temperature of the neutral atmosphere  

During an eclipse, the atmosphere should cool and 

the thermospheric temperature should go down. The 

neutral component temperature was determined from 

the height dependence of the relaxation time with the 

algorithm [Tolmacheva, Belikovich, 2004]. Figure 3 

illustrates temperature variations on the day of the 

eclipse, August 11, 1999, from 13:30 to 16:30 LT at 

heights 101–103 km. Each temperature value was de-

rived by averaging over 10 min and was assigned to the 

beginning of the time interval. During the eclipse, the 

temperature at these heights of the lower thermosphere 

dropped, on average, by 50–70 K. On the day of the 

eclipse, the decrease in the neutral component tempera-

ture was masked by intense wave activity. This has to 

be taken into account when analyzing the effect of the 

eclipse on the temperature regime of the thermosphere. 

On this day, there were strong temperature variations 

with periods of 120, 60, and 20 min, caused by propaga-

tion of internal gravity waves (IGWs) [Tolmacheva, 

Belikovich, 2004]. The results of measurements by the 

API method on the test days, August 10, 1999 and Au-

gust 12, 1999, have shown, however, that IGWs of the 

same periods were observed during the entire three-day 

measurement cycle. Notice that irregular phenomena in 

the ionosphere hamper the determination of the neutral 

atmosphere temperature by the API method. A positive 

point is a decrease in the absorption of both a powerful 

wave generating irregularities and a probe wave during 
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the eclipse, which provides an increase in the scattered 

signal amplitude and reduces the temperature measure-

ment error, which under normal conditions is within 10–

15 % [Belikovich et al., 1999b; Belikovich et al., 2002; 

Tolmacheva, Belikovich, 2004]. Tolmacheva and Be-

likovich [2004] have reported the results of determina-

tion of the atmospheric density at heights of 106 and 

108 km on August 10–12, 1999 from 10 to 17 LT. It is 

shown that on the day of the eclipse and in the follow-

ing days there were 60-min density variations and 17–

25 % relative variations of parameters. Generation of 

atmospheric waves during an eclipse is well known and 

has been repeatedly observed by various methods 

[Chernogor, 2013; Dang et al., 2018; Panasenko et al., 

2019; Bakhmetieva et al., 2021]. 

During the same period on August 11, 1999 in 

France, where the solar eclipse was total, atmospheric 

pressure variation on Earth and in Ne in the ionosphere 

were measured. Data from microbarograph stations and 

ionosonde networks was obtained. The measurements 

revealed wave-like pressure variations the authors at-

tributed to IGW generation by a probable source in the 

lower atmosphere and in the thermosphere. In the lower 

atmosphere, the wave period was 12 min; and in the 

thermosphere, ~60 min [Farges et al., 2003].  

Vertical profiles and time variations in the vertical 

plasma velocity revealed 20 s deep and rapid variations 

from session to session. In the E layer, the velocity var-

ied from –10 to +8 m/s (negative values correspond to 

upward motion). The greatest variations in instantane-

ous velocity were recorded at heights from 90 to 110 

km, where in many sessions the velocity changed sign, 

i.e. the direction of plasma motion with possible for-

mation of Es layer [Gershman, 1974; Whitehead, 1989; 

Mathews, 1998]. Bakhmetieva et al. [2001] present val-

ues of the altitude vertical velocity gradient from 10
–4 

to 

810
–3 

s
–1

, sufficient for plasma redistribution and for-

mation of Es layer due to wind-induced redistribution of 

ionization [Gershman et al., 1976]. 

The August 01, 2008 eclipse 

A partial solar eclipse near Vasilsursk village began 

at 13:07 LT, had a maximum magnitude of 0.653 at 

14:15 and ended at 15:21. Ionospheric conditions were 

analyzed from July 30 to August 2, 2008 simultaneously 

by two methods: by the PR method with recording of 

characteristics of the signals scattered by natural irregu-

larities of the D-region, and by the method of generating 

APIs with measurement of the amplitude and phase of 

the signals scattered by them [Bakhmetieva et al., 2016]. 

On those days there were no geomagnetic disturbances, 

Kp ≤1. According to ionosonde data, foE=2.8÷3.3 MHz, 

foF1=3.4÷4 MHz, and foF2=4.5÷4.9 MHz at solar mini-

mum. The Es layer was observed with a screening fre-

quency of 2.8 MHz and a maximum reflection frequen-

cy to 3.5 MHz. 

The originality of this experiment was that every mi-

nute for 10 s signals scattered by APIs were recorded, and 

for the next 50 s signals of partial reflections from natural 

irregularities of the D-region were detected. The transmit-

ter for partial reflections operated at a frequency of 2.95 

MHz; both magnetoionic components of the signal scat-

tered by D-region irregularities were received. APIs were 

generated by radio waves of extraordinary polarization 

from SURA transmitters at a frequency of 4.7 MHz with 

an effective power of 80 MW. As a result, the PR tech-

ique provided vertical profiles of Ne in the D-region of the 

ionosphere at heights of 70 to 85 km; the measurement 

technique is detailed in [Belikovich et al., 2003a, 2008]. 

Using the API method, we obtained height-time depend-

ences of scattered signal amplitude, relaxation time, and 

phase, as well as vertical plasma velocity at 60–120 km. 

The combination of the PR and API methods made it 

possible to cover almost the entire height range of the 

lower ionosphere. Height-time variations in signals scat-

tered by natural irregularities, their variations correlating 

with the passage of the moon's shadow across the solar 

disk were analyzed. Some results of these measurements 

are presented in [Bakhmetieva et al., 2017]. 

The lower ionosphere during the August 01, 2008 
eclipse 

Visualization of measurements provides a visual repre-

sentation of a change in ionospheric conditions during an 

eclipse. Figure 4, taken from [Bakhmetieva et al., 2017], 

illustrates height-time dependences of the amplitude of 

signals of ordinary (top panel) and extraordinary (middle 

panel) probe radio waves with a frequency of 2.95 MHz, 

which are scattered by Ne natural irregularities of the D-

region, and signals specularly reflected from ionospheric 

layers. The bottom panel shows variations in the amplitude 

of radio waves of extraordinary polarization with a fre-

quency of 4.7 MHz, which are scattered by APIs. Arrows 

indicate the times of the beginning, maximum phase, and 

end of the eclipse. In the top and middle panels are scat-

tered signals of partial reflections in the D-region in the 

height range of 70 to 95 km. The ordinary wave was first 

reflected at heights from 100 km to 150 km with multiple 

reflections from the E and F layers. The Es layer was ob-

served during the entire measurement period. During the 

eclipse, the virtual reflection height of the extraordinary 

wave in the E layer increased by ~20 km, and the ordinary 

radio wave gradually began to be reflected in the F layer at 

more than 250 km. 
In the D-region, Ne was found by the differential ab-

sorption method [Belikovich et al., 2003a]. This yielded 
that during the eclipse Ne in the D-region decreased 3–5 
times. It is also shown that Ne in the lower D-region 
reaches minimum values almost at the moment of the 
maximum phase of the eclipse, and above 85–90 km it 
is delayed by 22–25 min, which may be due to different 
recombination laws in the lower and upper part of the 
D-region [Belikovich et al., 2003a]. At the same time 
there were wave-like variations in Ne with a well-
defined period of 45 min, and traces of traveling dis-
turbances in vertical sounding ionograms. Note that the 
results of measurements by the PR technique during the 
August 01, 2008 eclipse generally accord well with the 
simultaneous observations of the March 29, 2006 partial 
solar eclipse with a maximum phase of 0.696 in the 
middle (Vasilsursk village) and high (Loparskaya vil-
lage) latitudes by this technique [Belikovich et al., 
2003a, 2008]. 
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The API method recorded intense scattered signals from 
70 km in the D-, E-, and F-regions. As the eclipse 
evolved, the amplitude of the signal scattered by irregu-
larities gradually decreased and APIs stopped forming 
45 min after the beginning of the eclipse even before the 
onset of its maximum phase (see Figure 4). This is due 
to the fact that the extraordinary component of a power-
ful 4.7 MHz wave whose emission generated irregulari-
ties ceased to be reflected from the ionosphere in re-
sponse to a general decrease in Ne and hence a decrease 
in foF2 to 3.0–3.2 MHz. Thus, we did not manage to 
examine variations in the amplitude and relaxation time 
of the signal scattered by irregularities, as well as to 
estimate the atmospheric temperature and the plasma 
velocity during the eclipse due to natural factors. Twen-
ty minutes before the end of the eclipse, reflections from 
the F2 layer occurred; and 7 min later, signals scattered 
by APIs in the D- and E-regions appeared. 

Measurements of the scattered signal phase have re-

vealed that before and after the eclipse, there were var-

iations in the vertical plasma velocity to 10 m/s with 

periods typical of IGWs. 

The March 20, 2015 eclipse 

The partial solar eclipse on March 20, 2015 occurred 
from 12:22 to 14:36 with a maximum phase of 0.618 at 
13:34 Moscow winter time (LT=UT+3). The ionosphere 

was investigated by the method of resonance scattering 
of radio waves by APIs on March 16–21 from 10 to 16 
LT. At that time, there was an increase in geomagnetic 
activity followed by a planetary-scale magnetic storm 
with Kp to 8, which developed by noon on March 17, 
2015. The magnetic storm was preceded by a solar flare 
on March 15, 2015, which occurred with a large coronal 
mass ejection. The magnetic storm lasted for more than 
a day, and on March 19, 2015 magnetic activity re-
turned to the prestorm level with Kp=1÷3. On the day of 
the eclipse, foF2 increased to 9 MHz; foF1, to 4.7 MHz; 
and foE, to 3.5 MHz. At ~100 km, the Es layer was rec-
orded with a maximum reflection frequency to 3.5–4.0 
MHz. During the measurements, multiple traveling dis-
turbances were found in vertical sounding ionograms. 

Figure 5, a, b illustrates the height-time dependence 
of the amplitude of a signal, scattered by irregularities, 
and the vertical plasma velocity in the lower ionosphere. 
Shown here are signals scattered by APIs in the D-
region (65–86 km), in the E layer (90–130 km), and in 
the Es layer (100–115 km). About an hour before the 
eclipse, scattered signals appeared at 84–88 km, which 
had not been observed before. There is a pronounced 
expansion of the altitude range of scattered signals (the 
range of API formation) in the E layer and an increase 
in the initial height of signal detection in the D-region. 

 

Figure 4. Ionospheric response to the August 01, 2008 partial solar eclipse as inferred from complex recording of scattered 

signals by the partial reflection technique and the method of resonance scattering by APIs. The top and middle panels show a 

scattered signal from the D-region at a frequency of 2.95 MHz for ordinary and extraordinary modes respectively; the lower bot-

tom exhibits a signal scattered by API at a frequency of 4.7 MHz 

 
Figure 5. Height-time dependence of scattered signal amplitude (a) and vertical plasma velocity (b) in the D- and E-regions 

of the ionosphere during the March 20, 2015 partial solar eclipse 
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Features of height-time variations in scattered sig-

nal amplitude and relaxation time 

Over time, during the eclipse the scattered signal am-

plitude increased by 30–40 dB in the E layer. 

The amplitude increase, which began about an hour be-

fore the eclipse, intensified significantly during it. The 

most likely reason for this is a decrease in absorption due 

to a general decrease in Ne with decreasing ionizing emis-

sion from the Sun. The signals scattered by APIs in the E 

layer gradually began to occupy an increasing range of 

heights. The same effect is seen in Figure 6, which illus-

trates time variations in averaged vertical profiles of ampli-

tude and relaxation time of a signal, scattered by API, for 

nine 5-min measurement sessions during the March 20, 

2015 eclipse. The profiles were obtained by averaging the 

data over a 5-min interval. There is an increase in the am-

plitude of the scattered signal in the E layer and an increase 

in the relaxation time in the D-region. Such a time varia-

tion in scattered signal amplitudes in the D-region corre-

sponds to a gradual transition to the nightside ionosphere, 

similar to sunset and sunrise phenomena [Belikovich, Ben-

ediktov, 1986, 2002; Belikovich et al., 2000; 

Bakhmetieva et al., 2005]. Note also that the scattered 

signals in the D-region at the beginning of observa-

tions and after the end of the eclipse often had an am-

plitude higher than the signals scattered by irregulari-

ties in the E layer, although scattered signals in the D-

region generally have an amplitude lower by 20–30 

dB. Furthermore, the lower boundary of API formation 

in the D-region increased during the eclipse, which 

corresponds to a change in the vertical Ne profile [Be-

likovich et al., 1999b; Belikovich et al., 2002]. Profiles 

in the middle panel of Figure 6 indicate that the lower 

boundary of the D-region rises and a scattered signal 

appears at heights 84–88 km. For an hour near the 

maximum phase of the eclipse, there was a stratifica-

tion of the scattered signal amplitude in the D-region. 

A similar effect was observed during pre-sunset hours 

on June 15, 2001 and was associated with stratification 

of the Ne profile [Belikovich et al., 1999b; Belikovich 

et al., 2002; Belikovich, Benediktov, 2002].  

During the eclipse, the scattered signal amplitude and 

relaxation time increased. Figure 7 exhibits time depend-

ences of scattered signal amplitude (solid line) and re-

laxation time (dashed line) for 88 km (a) and 100 km (b). 

The scattered signal amplitude is seen to increase signifi-

cantly during the eclipse (30–40 dB in the E layer and to 

20 dB in the D-region). The largest amplitude increase 

was recorded near the maximum phase. The scattered 

signal relaxation time increased approximately 1.5–2 

times. 

An important ionospheric effect during the eclipse was 

the appearance of a scattered signal an hour before the 

eclipse at 84–88 km, which is clearly seen in Figures 5, 6. 

The scattered signal that appeared at these heights relaxed 

relatively slowly — the relaxation time in some sessions 

exceeded 4–5 s versus usual 1–2 s typical of the D-region 

[Belikovich et al., 1999b; Belikovich et al., 2002]. 

 

Figure 6. Vertical profiles of amplitude (right curves in the panels) and relaxation time (left curves) of a scattered signal 

during the March 20, 2015 eclipse: before the eclipse (a); near the maximum phase (b), and after the end of the eclipse (c), 

obtained by averaging over a 5-min interval. During the eclipse, there was an increase in the scattered signal amplitude in the E 

layer and its relaxation time in the D-region 
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Figure 7. TIme dependences of scattered signal amplitude (solid line) and relaxation time (dashed line) for virtual heights of 

88 km (a) and 100 km (b) during the March 20, 2015 partial solar eclipse. Phases of the eclipse are indicated by arrows. A signif-

icant increase is seen in the scattered signal amplitude during the eclipse, which in the E-region was 30–40 dB of the level of the 

beginning of observations and 20–30 dB directly during the eclipse 

 

Presumably, there are several reasons for the appearance of 

this rarely observed signal. One of them may be the occur-

rence of a mesospheric summer echo due to a decrease in 

neutral atmosphere temperature (see below). Mesospheric 

summer echoes occur much less frequently at midlatitudes 

than in the polar regions. We can refer to [Thomas et al., 

1992; Karashtin et al., 1997 and references therein]. Be-

likovich et al. [2003b] report on the first simultaneous ob-

servations of the summer mesosphere on August 13, 1999, 

i.e. a day after the partial solar eclipse with dual-frequency 

sounding at frequencies of 2.95 MHz and 9.9 MHz with a 

height resolution of ~3 km. In these experiments, meso-

spheric radio echoes were recorded from 75–85 km. 

Another possible reason is related to the weakening of 

the influence of atomic oxygen on API formation above 80 

km. According to the theory of API formation, the absence 

of a scattered signal in the upper part of the D-region, 

which generally takes place in experiments on generation 

of APIs, is due to the breakdown of the mechanism of their 

formation owing to an increase in the atomic oxygen densi-

ty. It has been shown [Belikovich et al., 1999a, b; Be-

likovich et al., 2002] that quasi-periodic irregularities are 

formed in the D-region due to the electron temperature 

dependence of the coefficient of electron attachment to 

oxygen molecule. As the temperature rises, the attachment 

coefficient increases, which leads to a decrease in Ne in 

standing wave antinodes and to an increase in the negative 

ion density. During the eclipse, the D-region structure can 

change significantly since the rates of electron detachment 

from ions change. An increase in the scattered signal relax-

ation time 1.5–2 times during the eclipse can be explained 

by a corresponding decrease in the rate of electron detach-

ment from molecular oxygen ions [Belikovich et al., 

1999b; Belikovich et al., 2002]. This process for sunset 

and sunrise periods has been simulated in [Belikovich et 

al., 2000; Belikovich, Benediktov, 2002]. A similar process 

occurs during an eclipse. Bakhmetieva et al. [2020] have 

used the height dependence of the scattered signal relaxa-

tion time to find the lower boundary of occurrence of 

atomic oxygen. For March 20, 2015, this height varied 

from 80 to 84 km before and after the eclipse. During the 

eclipse, APIs were observed almost throughout the D-

region. 

Variations in the neutral atmosphere temperature and 

the plasma velocity 

The method of determining the neutral component 

temperature and density, developed on the basis of API 

generation, provides data on these parameters at 90–130 

km heights of the lower thermosphere, and the velocity 

is measured from 60 km [Belikovich et al., 1999b; Tol-

macheva, Belikovich, 2004; Bakhmetieva, Zhemyakov, 

2022]. Figure 8, a illustrates time dependences of tem-

perature and density at a height of 100 km during the 

March 20, 2015 partial solar eclipse. There are deep 

variations in temperature and its decrease during the 

eclipse, when it went down by an average of 100 K and 

recovered to its previous level by the time the eclipse 

ended, experiencing deep quasi-periodic variations. No-

tice also the high correlation of the neutral component 

temperature and density variations. 
Unlike Figure 5 in which the vertical velocity is given 

in height–time coordinates, Figure 8, b shows velocity 
variations at heights of 100, 110, and 115 km. The vertical 
velocity constantly varied in magnitude and direction, with 
characteristic deep velocity variations from –3 to +3 m/s 
(positive velocities correspond to downward motion). The 
velocity variations are seen to increase and reach their 
highest peak-to-peak amplitude near the maximum phase 
of the eclipse. Especially deep velocity variations from –8 
to +6 m/s with periods 15–60 min were observed at 100 
and 110 km. At 100 km, the velocity increased and 
changed direction, which could ensure plasma redistribu-
tion and formation of the Es layer due to redistribution of 
ions in the geomagnetic field with regard to the inhomoge-
neous wind [Gershman, 1974; Whitehead, 1989; 
Mathews, 1998]. These features are also demonstrated in 
Figure 5. Thus, during the eclipse, wave motions with pe-
riods typical of IGWs manifested themselves in variations 
of the scattered signal characteristics — vertical plasma 
velocity, neutral component temperature and density. 
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Figure 8. Variations in temperature (red dots), density of 

the neutral atmosphere (black) at a height of 100 km, and the 

second-order polynomial trend that provides information on 

mean temperature changes (a); vertical plasma velocity (b) at 

a height of 100 (red dots), 110 (dark blue), and 115 km (green 

dots) during the March 20, 2015 partial solar eclipse 

[Bakhmetieva et al., 2020] 

The October 25, 2022 eclipse  

The October 25, 2022 partial solar eclipse occurred 

from 12:30 to 14:57 LT with a maximum phase of 0.757 

at 13:44 Moscow time (LT=UT+3) at high solar activity 

and under quiet geomagnetic conditions. The iono-

sphere was studied by the method of resonance scatter-

ing of radio waves by APIs on October 24–26 from 10 

to 17 LT. According to ionosonde data, foE=2.2÷3.0, 

foF1=8.0÷9.0, and foF2=9.0÷10.8 MHz at high solar 

activity. There were type h and c Es layers with a maxi-

mum reflection frequency to 3.5 MHz. During the 

eclipse, foF decreased by 3 MHz, from 10.8 to 7.8 MHz. 

A decrease in foE was no more than 1 MHz. Before the 

eclipse, on October 24, 2022, an Es layer with foEs to 7 

MHz, which sometimes completely shielded the F layer, 

was recorded by the API method and in ionograms for 

several hours. The ionograms were taken by CADI eve-

ry 5 min. There was a high noise level on that day. Con-

trary to previous years, the quasi-continuous heating of 

the ionosphere was used to generate APIs, and a scat-

tered signal was received not only during relaxation of 

the irregularities, but during their development as well 

(see Figure 1).  

Figure 9 displays the height-time dependence of 

scattered signal amplitude for the October 25, 2022 

eclipse. The range of heights from the D-region to the F 

layer inclusive is covered. The probe waves of ordinary 

and extraordinary components specularly reflected from 

the F layer can be seen at 220–260 km. The signals scat-

tered by APIs were observed at 65–85 km in the D-

region and at 90–140 km in the E layer. From 100–110 

km, a scattered signal from APIs in the Es layer was 

received almost all day. During the measurements, the 

amplification level of the receiving equipment was mis-

takenly selected which provided a high level of the re-

ceiving signal from the F layer, but insufficient for good 

recording of scattered signals in the lower ionosphere. 

As a result, features of signal variations mainly in the F 

layer are clearly seen in this representation in Figure 9. 

Note the unusual dynamics of the virtual reflection 

height of the probe radio wave in the F layer. The rela-

tively fast, approximately 5-min, and deep variations in 

height during the eclipse were replaced by slow, more 

typical of the quiet ionosphere. 

 

Figure 9. Height-time dependence of scattered signal amplitude in the October 25, 2022 eclipse during the development and 

relaxation of irregularities. Shown here are signals scattered by APIs in the D-region at heights 70–85 km, in the E layer at 90–

140 km. The probe waves of ordinary and extraordinary components specularly reflected from the F layer are seen in the altitude 

range 220–260 km 
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Figure 10. The neutral component temperature as measured from 10:00 to 17:00 on the day of the eclipse on October 25, 

2022 at 90–120 km (a); temperature at 99.7 (black dots), 102.7 (red dots), and 107.3 km (green dots) (b). Solid lines indicate 

second-order polynomial trends for the first two heights 

 

 

Figure 11. Turbopause level during the March 20, 2015 

eclipse (a), at sunset and sunrise on August 12–13, 2015 (b, c) 
 

Temperature of the neutral component, vertical veloci-

ty, turbulence characteristics  

Temperature variations on the day of the eclipse are 

shown in Figure 10, a, where all temperature values are 

given without separating by heights. The point cloud pro-

vides insight into temperature variation limits and per day 

spread. It turned out that the highest cloud density was at 

97–107 km, whereas the temperature varied from ~100 to 

300 K. On the average, this is consistent with the results 

of our measurements by the API method [Belikovich et 

al., 1999b; Belikovich et al., 2002; Bakhmetieva et al., 

2023] and other methods [Zherebtsov et al., 2020]. panel, 

b illustrates temperature variations at 99.7, 102.7, and 

107.3 km; for the first two heights, second-order polyno-

mial trends are plotted. Despite the relatively large tem-

perature variations, it is obvious that its decrease corre-

lates with the eclipse. The temperature dropped, on av-

erage, by 50–70 K at 99.7 km and by 20 K at 102.7 km. 

With the general tendency for the temperature to de-

crease at 107.3 km, there is not enough data to make 

such estimates. 

Note that the temperature of the lower thermosphere 

depends on many natural factors such as atmospheric 

turbulence. Bakhmetieva et al. [2021] present infor-

mation on changes in the turbopause level, obtained 

from measurements of scattered signal characteristics 

under different ionospheric conditions. The turbopause 

level is shown to vary significantly in height from 90 to 

110–115 km. Figure 11 exemplifies changes in the tur-

bopause level. Turbulence hinders the determination of 

temperature, reducing the relaxation time of irregulari-

ties, as compared to the diffusion relaxation time in the 

lower thermosphere, and increasing the measurement 

error. Such sessions are generally excluded from pro-

cessing, but it is hardly possible to completely exclude 

the influence of turbulence. Note also that the turbulent 

velocity under disturbed conditions can increase from 

2–3 to 5–7 m/s and is comparable in magnitude to the 

regular vertical velocity [Bakhmetieva et al., 2021; 

Bakhmetieva et al., 2023]. 

Features of the dynamic restructuring of the lower 

ionosphere on the day of the eclipse are represented by 

vertical plasma velocity profiles whose typical examples 

are given in Figure 12. The most significant altitude 

variations in velocity magnitude and direction were ob-

served before the eclipse in the E layer at 90–110 km 

and in the D-region below 80 km. The height variation 

in velocity is characterized by a constant change of its 

magnitude and direction. Panel a exemplifies the profile 

only with downward velocity (all velocity values are 

positive) and its wave-like variations with height — 

both small-scale with a height scale 3–5 km and larger-

scale ~25–30 km. Panels b, c show a variable velocity 

direction with a change of upward motion below 90 

(100) km to downward, and a quasi-wave profile with a 

scale ~25–30 km. Under such conditions at these heights, 
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Figure 12. Height profiles of vertical plasma velocity for three sessions during the October 25, 2022 eclipse. Each point was 

obtained by 5-min averaging of initial data 

Table 2 

Date W F10.7 Kp Ap 

Aug. 16–17, 2000 167–174 1631 3.4 8 

June 15–16, 2001 122–95 1673 1+; 2– 7 

Aug. 12–13, 2015 40–48 65 3+; 4+ 10, 12; 32 

June 28–29, 2023 97–82 1501 2+; 3+; 3 7; 9; 15 

Oct. 04–05, 2023 105–94 1544 2+ 8 

 

according to the theory of wind shear, there is a high prob-

ability of Es-layer formation [Gershman, 1974; Whitehead, 

1989; Mathews, 1998]. At the same heights, Es layers were 

found in the height-time recording of the scattered signal 

amplitude and in the vertical sounding ionogram. 
 

3. THE LOWER IONOSPHERE 

AT SUNSET AND SUNRISE 

Studies of the lower ionosphere by the API method 
during solar eclipses and at sunset and sunrise, some 
results of which are presented in [Bakhmetieva et al., 
2001, 2005; Belikovich et al., 1999b; Belikovich et al., 
2002; Bakhmetieva, Grigoriev, 2022], have shown that 
the ionospheric processes occurring during these time 
periods are similar. Let us briefly delve into the features 
of the sunset-sunrise restructuring of the ionosphere. 
Table 2 provides information about the experiments 
performed, lists dates and heliogeophysical parameters 
during this period: sunspot number W, radio emission 
flux F10.7, geomagnetic indices Kp and Ap 
[http://www.wdcb.ru/stp/index.ru.html]. 

Except for August 2015, all other experiments were 
carried out during years of high solar activity. In August 
2000 and August 2015, minor geomagnetic disturbances 
occurred with daily average Kp=3÷4. 

Figure 13, a, b illustrates height-time dependences of 
the amplitude of a signal scattered by API, obtained during 
sunset-sunrise hours on June 15–16, 2001 and August 12–
13, 2015. In both cases, at night the operation of the SURA 
facility stopped for a while when foF2 decreased and be-
came lower than the operating frequency.  

We can see almost complete similarity between the 
height and time dependences of the signal amplitude in 
June 2001 and August 2015: scattered signals in the D-
region, E layer, and descending Es layers modulated by 
atmospheric waves. Stratification of scattered signal 
amplitudes in the D-region similar to those shown in 
Figures 2 and 5 was observed.  

It is well known that the D-region varies greatly 

during sunrise and sunset [Verronen et al., 2006; 

Baumann, 2022]. Figure 13, a shows that in the D-region 

an evening decrease in signal amplitude occurs when the 

zenith angle of the Sun changes from 90° to 105°. In the 

morning, the amplitude increases when the zenith angle 

of the Sun decreases from 97° to 90°. This is 

accompanied by an obvious asymmetry of the lower 

ionosphere at sunrise and sunset, which is manifested in 

the fact that in the evening scattered signals have a higher 

amplitude and occupy a wider height interval than at 

sunrise. In the evening, weak signals from the upper part 

of the D-region existed for about an hour after sunset at 

these heights. A wider and deeper amplitude minimum 

formed between the D-region and the E layer during 

sunrise is clearly visible. These processes are well 

described by the model that includes negative ions of one 

type, 2О ,
which is discussed in [Belikovich et al., 2000; 

Belikovich, Benediktov, 2002], where it is indicated that 

this model can be used to estimate densities of atomic 

oxygen and excited oxygen molecules in the 1∆g state. 

Also shown is a significant increase in the atomic oxygen 

density at sunrise [Belikovich et al., 1999b; Belikovich, 

Benediktov, 2002; Belikovich et al., 2002]. Similar signal 

amplitude variations in August 2015 were largely masked 

by a high noise level during sunset/sunrise hours. 

Figure 13, c depicts height-time variations in vertical 

velocity with 5-min averaging during evening hours on 

August 12, 2015 and during morning hours on August 

13, 2015. The velocity is represented as a color scale. In 

all the cases, the velocity varied from –8 to +8 m/s. 

There were deep and rapid velocity variations during 

morning hours on August 13, 2015. Evening hours on 

August 12, 2015 generally featured positive velocities in 

the D-region (downward motion) with a change of 

direction near 90 km. The periodic change of vertical 

velocity direction and magnitude with 15–20, 40–45, 60, 

http://www.wdcb.ru/stp/index.ru.html
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Figure 13. Height-time variations in scattered signal amplitude during sunset hours on June 15–16, 2001 (a) and August 12–13, 

2015 (b); height-time variations in vertical velocity during sunset hours on August 12–13, 2015 (c) 
 

120, 150, and 180 min wave variations is clearly seen. 

These periods are typical of IGWs propagating in 

Earth's atmosphere. 

Tolmacheva, Belikovichn [2004] have examined 

vertical temperature and density profiles at heights be-

tween 90 and 110 km for evening hours on July 31, 

2002 and morning hours on August 01, 2002, measured 

by the API method. In the temperature profile there was 

a minimum in the altitude range from 95 to 112 km. In 

the morning, the atmospheric density was 2.7 times 

higher than in the evening, and the temperature profile 

was shifted by several kilometers. The height of the 

minimum temperature in the evening and in the morning 

was 100 and 103 km respectively. The temperature near 

this height was almost the same (120–125 K). Comparing 

with data from the fall of 1990 [Tolmacheva, Belikovich, 

2004; Belikovich et al., 1999b], when wave activity of the 

atmosphere was low, shows that the minimum temperature 

in the fall of 1990 was higher than in the summer of 2002 

and amounted to ~140 K. 
Thus, the studies of the lower ionosphere carried out 

by the API method have revealed a close similarity be-
tween variations in scattered signal amplitude, relaxa-
tion time, and vertical velocity during the eclipse and 
during sunset and sunrise hours. 

 

CONCLUSION 

We have presented the results of studies into the re-
sponse of Earth's lower ionosphere to partial solar eclip-
ses and at sunset and sunrise as observed in the Va-
silsursk laboratory (56.13° N, 46.10° E) near Nizhny 
Novgorod. 
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Unique natural phenomena during the solar eclipse 

and on control days were investigated using the meth-

od of resonance scattering of radio waves by iono-

spheric plasma APIs, generated by powerful HF radio 

emission, and using the partial reflection technique 

based on radio wave scattering by natural irregularities 

of the D-region. APIs were generated by emission 

from SURA transmitters to the zenith of a powerful 

radio wave of extraordinary or ordinary polarization at 

frequencies of 4.3, 4.7, or 5.6 MHz. The transmitter 

for partial reflections operated at a frequency of 2.95 

MHz; both magnetoionic components were received. 

We measured amplitudes and phases of signals scat-

tered by natural and artificial irregularities. By meas-

uring the scattered signal characteristics, we deter-

mined the neutral atmosphere temperature and density, 

the height of the turbopause, the turbulent velocity, 

and the regular vertical plasma velocity. We have 

drawn the following conclusions. 

We have clearly shown that the conditions of the 

lower ionosphere during partial solar eclipses are simi-

lar to those during sunset and sunrise hours and are due 

to the fact that an actual decrease in solar radiation dur-

ing an eclipse is analogous to the transition of the iono-

sphere to the dusk sector. During the development of 

eclipses and at sunset, an increase in heights of scattered 

signals in the D-region and the stratification of their 

amplitudes, characteristic of the transition to the 

nightside ionosphere, were observed. In the E layer, a 

30–40 dB increase in amplitudes of signals scattered by 

irregularities, which was caused by a decrease in the 

absorption of high-power and probe waves, and an ex-

pansion of the altitude range of reception of scattered 

signals, i.e. altitudes of API formation, were recorded. 

The API method was employed to determine the neu-

tral atmosphere temperature at 90–130 km. The tempera-

ture was found to decrease on average by 50–70 K during 

eclipses. At the same time, the scattered signal amplitude 

increased by 30–40 dB; the relaxation time, 1.5–2.0 times. 

In some cases, the signal amplitude was stratified in the D-

region due to stratification of the Ne profile. The turbulence 

of the lower ionosphere associated with propagation of 

atmospheric waves increased. 

Ne measured by the PR technique in the D-region dur-

ing the August 01, 2008 eclipse decreased 3–5 times. 

Above 88 km, the ionospheric response was delayed by 

20–25 min with respect to the maximum phase of the 

eclipse, whereas in the lower part of the D-region this re-

sponse delayed by no more than a few minutes.  

During the eclipses, scattered signals with high ampli-

tude and relatively long relaxation time were detected after 

the end of the impact on the ionosphere from mesopause 

heights (84–88 km). Scattered signals at these heights are 

usually absent due to an increase in the atomic oxygen 

density, which impede the generation of APIs owing to 

attachment of electrons to oxygen molecules during triple 

collisions. This allows us to assume that the atomic oxygen 

density during an eclipse at these heights decreases.  

Intense wave motions with periods typical of IGWs 

were observed in vertical plasma velocity variations. 

The main features of the height-time variations in the 

vertical velocity in the lower ionosphere during obser-

vation of the solar eclipse and during sunset/sunrise 

hours are similar.  

Comparing these variations with time variations in the 

vertical velocity, as well as with measurements of the ver-

tical Ne profile, allows us to conclude that there was a sig-

nificant change in both the ionized and neutral components 

of the atmosphere in the lower ionosphere during the 

eclipse.  
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