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Abstract This paper presents the first numerical study on a new concept for the direct measurement of
D-region absorption in the high-frequency (HF) band. Numerical simulations based on the Appleton-Hartree
and Garrett equations of refractive index are presented. Electron temperature as a result of HF radio pumping of
the ionosphere is included in the calculations using proper numerical formulation. Both O- and X-mode radio
wave polarizations are taken into consideration. A global map of HF absorption in the northern hemisphere is
calculated. Detailed calculations of HF radio wave absorption as it propagates through the lower atmosphere are
presented. The effect of several parameters on the amount of absorption is calculated. The best frequencies to
be used for the purpose of this study are discussed. A machine learning model is developed and the capability
of the model in estimation of D and E-region constituents includes N,, O, O,, as well as T and N, is examined.
Such a technique can also lead to global mapping of HF absorption and improve OTHR (over-the-horizon-
radar) performance.

1. Introduction

The lower atmosphere has a great impact on the propagation of high-frequency (HF) radio waves. These effects
could result in distortion of the HF signal and may limit the applications of this frequency band specifically for
remote sensing applications. Remote sensing of the ionosphere and ionospheric tomography has been an area
of great interest amongst space physicists. Satellite-based ionospheric tomography using beacons as well as
satellite radio signal transmission and ground reception has been studied over the past several decades. There are
ground-based instruments such as riometers, radio receivers that continuously monitor the power received from
extraterrestrial radio sources (Little & Leinbach, 1959), which are designed to measure D-region absorption.
While using a higher operating frequency for riometers (VHF band) may reduce the sensitivity to absorption,
these signals must pass through the ionosphere, and they are subject to varying attenuation due to changes in the
electron density.

The first use of beacons on rockets for measuring ionospheric parameters was carried out by Seddon (1953). The
first mission had continuous wave radio transmissions from the rocket at HF frequencies (4.27 MHz or 7.75 MHz
and their sixth harmonic). Further details on ionospheric layer profiling using rocket beacon signals are described
by Bernhardt et al. (1993), Evans (1977), Friedman (1959), Jackson (1954), Maeda (1970), Seliga, 1968, and
Smith and Gilchrest (1984).

The Naval Research Laboratory has developed a Coherent Electromagnetic Radio Tomography beacon with
frequencies at VHF (150 MHz) and UHF (400 MHz) in collaboration with the Air Force Research Laboratory
(AFRL). The developed CETRO beacon has been used on the Communications/Navigation Outage Forecast
System satellite (de La Beaujardie're et al., 2004) to register low-latitude scintillations recorded by the AFRL
Scintillation Decision Aid network of ground receivers (Bernhardt et al., 1998; Bernhardt et al., 2001; Bernhardt
et al., 2005; Bernhardt & Siefring, 2006; Caton et al., 2004; Groves et al., 1997). Bernhardt and Huba (1993)
and Bernhardt et al. (1993) developed numerical simulations, known as computerized ionospheric tomography,
which can reconstruct images of F-region irregularities.

Heating of the ionospheric plasma by modulated HF waves leads to physical processes with a wide range of
scales due to an elevated T,/T; (electron to ion temperature). Artificial modulation of the D-region plasma to
diagnose dusty plasma associated with polar mesospheric summer echoes has been an area of research over the
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past two decades (Havnes, 2004; Mahmoudian et al., 2020; Scales, 2004; Scales & Mahmoudian, 2016). Polar
mesospheric summer echoes (PMSE) are strong radar echoes associated with polar mesospheric clouds, which
are natural ice/dust layers in the polar region in the altitude range of 80-90 km and are widely believed to be
a direct manifestation of global warming. A remote sensing technique has been developed to study this region
during modulation by high-power radio waves using multi-frequency radar observations. Our recent work has
shown that the modified ionosphere can lead to enhanced absorption of radio waves in the ionosphere. The esti-
mated D-region absorption at 8 MHz has been studied to observe the PMSE (Senior et al., 2011, 2014).

The idea of implementing a multi-frequency radio beacon in low Earth orbit has been used for many years to
study ionospheric irregularities through the scintillation information of the signal passing through the ionosphere
using GPS signals. The present work describes the general idea of developing a multi-frequency HF beacon to
be used for measuring various ionospheric and upper atmosphere parameters. The basic idea is to develop the
first multi-frequency HF beacon to fly on a CubeSat in order to obtain the first direct measurement of D-region
parameters. Other applications of Iran's first CubeSat mission with multi-frequency HF beacon (REEIMA:
Radio Explorer for Earth, Ionosphere, Mesosphere, and Atmosphere) to measure ionospheric, mesospheric, and
atmospheric parameters are introduced. Specifically, the frequency selection for the HF beacon is considered by
including a detailed computational model of HF absorption in the D-region. The absorption model is capable
of calculating the loss rate associated with vibrational and rotational cooling of electrons due to the presence of
neutral atoms. The ionospheric model, including the Appleton-Hartree and Garrett equations of refractive index,
is considered. The model is also designed to calculate the absorption and enhanced electron temperature in the
presence of mesospheric conditions modulated by high-power HF radio waves. A machine learning (ML) model
is developed and the capability of the model in estimating D and E-region constituents N,, O, O,, as well as T
and N,, is introduced. Discussion on remote sensing of mesospheric parameters based on the simulation results
is provided.

2. Computational Model

The model used in this study includes a general expression of electron temperature enhancement in the presence
of an HF radio wave transmitted from the ground. This expression, which includes the time variation of electron
temperature, can be written as follows:

3 dT.

2kgN,
2P

= —2S(r)§lmy(1ve,n> — N.L(T., T,) (1)

where k is Boltzmann's constant, N,, T, are the electron number density and temperature, w is the disturbing wave
angular frequency, c is the free space speed of light, m is the complex refractive index of the disturbing wave and
L (T, T, is the electron energy loss function where T, is the neutral gas temperature. O,, N,, and O neutral gases
are considered here. The first term on the right represents the energy gained by electrons due to the absorption of
the pump wave. This equation includes the time varying power flux S(¢), which modifies the background electron
temperature in the interaction region. The model is set up such that the ordinary Appleton-Hartree formula and
generalized refractive index of Garrett (1985) can be implemented in the calculations. One of the main features
that make this model distinct, in comparison with other time dependent heating models, is the inclusion of
self-absorption of the high-power HF heating wave. One of the practical ways to measure the absorption coeffi-
cient is to send a low power HF pulse and high-power HF heating wave in alternating sequences. The high-power
HF pulse modifies the background electron density and temperature in the D-region and enhances the absorption
coefficient. Therefore, such an experimental set up can be used to measure the natural absorption in the absence
of an heating signal as well as in the modified mesospheric conditions.

2.1. Refractive Index

The electromagnetic wave propagation in different materials and the environment is mostly governed by refrac-
tive index of the local region. The Appleton-Hartree equation of refractive index, which can be written in the
following form, describes the propagation of electromagnetic waves in a cold and magnetized plasma:

X
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where X = (wg) JrY = we/w, Z = v/w,w denotes the frequency of the propagation signal, w, is the elec-
tron plasma frequency, Q , is the electron gyro-frequency, 6 represents the angle between the ambient magnetic
field vector and the wave vector, and v is the electron-neutral collision frequency. It should be noted that these
parameters vary with altitude. From this expression, radio wave propagation in the ionosphere in the presence of
cold magnetized plasma will depend on the direction of propagation relative to the background magnetic field,
transmission frequency as well as background ionospheric parameters. It should be noted that the generalized
refractive index of Garrett (1985, 1991) has also been implemented in the model. A full discreption of the Garrett
model is provided in Appendix A. It will be shown that the difference between Appleton-Hartree and Garrett's
refractive index in estimating HF radio wave absorption is less than ~0.03 dB/km. A comparison of the results
obtained using the two models is provided in the following sections.

2.2. Cooling Model

Studying the electron temperature variation in the ionosphere requires a good insight to a possible heating, cool-
ing, and energy flow processes under natural or artificially modified conditions. The enhanced electron temper-
ature, as a result of external HF pump heating, could be reduced due to the cooling of the electrons by neutral
particles present in this region. The cooling process is mainly due to the vibration or rotational collisions of elec-
trons with neutral particles. The cooling efficiency varies significantly with the type of neutral atoms. The major
neutral particle densities and temperature of N,, O,, and O in this region are imported from the NRLMSISE-00
model. The main neutral atoms and cooling processes used in this study are the vibrational and rotational cooling
of electrons by N, and O, atoms.

The cooling rate (loss rate) for the N, atom and due to rotational excitation can be written as (Schunk &
Nagy, 1978) (SN78):

L =29 x 10N, x Ny(T. — T,)/\/T. 3)

where L is the loss rate, n, is the electron density, N, is the density of Nitrogen atoms, T, is the neutral temper-
ature, T, is the electron temperature. The cooling rates for O,, using Pavlov's expression, can be as follow
(Pavlov, 1998a, 1998b, 1998¢):

L =69e¢x 10N, x Ox(T, - T,)/ /T, 4

According to Pavlov (1998c) the N, rotational excitation is similar to SN78 with a correction factor of 1.255,
which is considered in this study. The cooling rates based on Pavlov (1998a, 1998b, 1998c¢) are referred to as P98
in the text. The vibrational cooling by N, can be written, using the SN78 formula, as:

f=106x10*+7.51x 10 Xtanh(l.le 107%(T, - 1800)) 5)

g = 3300 + 1.233 X (T, — 1000) — 2.056 x 10~ x (T, — 1000)(T, — 4000) 6)

(f(Te—Z()()())) &(T.-T,)
L =299 x 107NNy x e\ ™ JI1—¢ (TT) %)

The vibrational cooling by N, using P98 can be written as:

10 I
L =N.Np|(1—e35/Tin) x 3 Q0u<1 - 6[03353(T” _T“’b)]> +
v=1

9 o (®)
(1 = e3353/Ton ) =535/ . 3° Q1U<1 _ e[(u—1)3353(n - m)])
v=2

where T, is assumed to be equal to T,. Q,, and Q,, (the electron energy transfer rates) are calculated for 7, > 1,500
and T, < 1,500, respectively, and based on coefficients provided in Tables 2 and 3 of Pavlov (1998a).

The vibrational cooling by O, can be written as (Schunk & Nagy, 1978) (SN78):

h = 3300 — 839 x sin(1.91 x 10™* x (T, — 2700)) )

MAHMOUDIAN ET AL.

3of 15

85U8017 SUOWWOD dAIERID 3|qeoljdde au Aq psuob a1 91 YO BSN JO S3|NJ o ARIGITBUIIUO 8|1 UO (SUOTHPUOD-PUE-SWIBY WD A 1M ARe.c1 Ul JUO//SchI) SUOBIPUOD puUe SULB | 84} 89S " [£202/70/TT] U0 ARIqITaUIIUO AB|IM '4oIeasay [OIPSIN LDV LIS AQ 0E60E0VI'2202/620T OT/I0p/AL00™A8 | Aelq jeul|uo sqndnBe//sdiy wouy pepeojumod 'z ‘€202 ‘Z0r669T2



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030930

h(T,~700) -2770(T,-T,,)

L=519ex107"N,0, xe (%) |1 —¢ 7T, (10

The O, rotational excitation from SN78 is given by:
L =5¢x69%107 x (N.O«T. - T,)/\T. an

O, rotational excitation and cooling rate (Pavlov, 1998a) (P98) is given by:
N.Ox(T. — T.)

VT 12)

O, vibrational excitation is based on expressions 1-5 and Table 1 in Jones et al. (2003) (JO3). The calculation of
N, vibrational excitation is from Campbell et al. (2004) (C04).

L=52ex1072" x

Three scenarios are considered for the combination of cooling rates shown in expressions (3—12). In the stand-
ard scenario, N, vibrational and rotational excitation and N, rotational cooling using the P98 formulation and
O, vibrational excitation using the JO3 formula is used. The Standard-04 cooling model based on N, and O,
rotational excitation using the P98 model, O, vibrational excitation using the JO3 formula, and N, vibrational
cooling using the C04 is implemented. The Stubbe cooling model based on N, and O, rotational and vibrational
excitation, obtained using SN78, is used. A close comparison of three scenarios on the associated estimated HF
absorption will be examined in the following sections. The main concept to investigate in Section 2 is to evaluate
available theories for cooling models, and to explore their impact on the absorption calculation versus altitude at
different transmission frequencies. This is a critical step to show that model is robust for different estimations
included in the cooling rate formulations. As it will be shown later in the paper, the degree of variation in the
absorption results, based on the three cooling models proposed in this paper, is negligible.

3. Numerical Results

The numerical solution of electron temperature variation is considered to calculate the electron temperature
enhancement during radio wave heating of the ionosphere as well as the modified electron-neutral collision

frequency. The amount of signal absorption as a function of electron temperature can be obtained from:
z \? ®
Soul®) = (25 ) SO +25OAzZIMu(N., o) (13)

z+ Az c

In this approach the region of interest can be divided to small sections with a thickness of Az. The input power is
S(#) and the output power at the end of each section, including the absorbed signal, is shown by S (). The value

out
of output power at each altitude is calculated with a delay to include the absorption in the lower layers.

Several parameters are used in this study such as the polarization of the transmitted signal (O- and X-mode) and
transmission frequency in the range of 2-30 MHz for both the natural and artificially modified ionosphere. The
main goal of this study is to determine the characteristics of the signal within the HF band to develop a remote
sensing technique to measure absorption in the D-region. This approach and the selected frequencies will be used
to design a future CubeSat mission (REEIMA: Radio Explorer for Earth, Ionosphere, Mesosphere, and Atmos-
phere). The main idea is to design a multi-frequency HF beacon to fly on first Iran's CubeSat and to measure iono-
spheric, mesospheric, and atmospheric parameters. The basic changes of a signal passing through the ionosphere,
including absorption, scattering, diffraction, amplitude and phase scintillation, Faraday rotation, spectral Doppler
shift, will be used to determine the basic parameters of the ionosphere and mesosphere. The REEIMA CubeSat
mission is designed to be used for other applications such as gravity wave characterization. The review of the
mission and applications are beyond the scope of the current paper and will be discussed in more detail elsewhere.

Figure la presents a comparison of the HF absorption profile at 8§ MHz obtained using the Garrett and AH
refractive indices. Figure la presents the absorption profile for unheated and heated (elevated T,/T;) conditions.
Blue and black lines show the O- and X-mode results. The main difference between Garrett and AH formulation
of refractive index appears near the maximum amplitude. The difference in predicted values of total absorption
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Figure 1. (a) O-mode and X-mode absorption versus altitude obtained using Appleton-Hartree formula for the refractive index assuming phase propagation parallel to
the magnetic field and Garrett's generalized refractive index formula in the heated and unheated D-region. (b)The effect of different cooling models on the calculated
absorption amplitude of the (a) unheated and (b) heated ionosphere. The transmission frequency of 8 MHz is considered.

is similar for both ionospheric conditions (and at each transmission frequency). Total HF absorption associated
with Figure 1a is provided in Table 2. According to Table 2, the difference between the estimated total absorp-
tion is of order 0.032 dB (0.07 dB) for O-mode (X-mode) in the unheated ionosphere. A similar calculations for
heated ionosphere show a total absorption of 0.24 dB (0.42 dB) for O-mode (X-mode). The results show that
the refractive index model used in the calculations has a minimal effect on the absorption estimates. Moreover,
implementing HF absorption measurements at multi-frequency in heated and unheated conditions would result in
the calibration of the instrument and accurate determination of ionospheric constituents.

Detailed investigation of the cooling rate models presented in Table 1, is provided in Figure 1b. O-mode and
X-mode absorption versus altitude is shown using Appleton-Hartree formula for the refractive index assuming
phase propagation parallel to the magnetic field and Garrett's generalized refractive index formula in the heated
and unheated D-region. The transmission frequency of 8 MHz is shown. Three cooling models associated with N,
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Table 2

Total High-Frequency Absorption Associated With the Results Presented in

Table 1
The Cooling Rates Used in This Study Based on the Combination of Rates for Vibrational and Rotational N, and O, Using
SN78 (Schunk & Nagy, 1978), P98 (Pavlov, 1998a), JO3 (Jones et al., 2003) and C04 (Campbell et al., 2004) Calculations

Cooling approach Standard Standard 04 Stubbe

Cooling rates N, Vibrational P98 N, Vibrational C04 N, Vibrational SN78
N, Rotational P98 N, Rotational P98 N, Rotational SN78
0, Vibrational J03 0, Vibrational J03 0, Vibrational SN78
0, Rotational P98 0, Rotational P98 0, Vibrational SN78

and O, vibrational and rotational cooling are used. The calculated HF absorption profile associated with Stubbe,
Standard, and Standard-04 cooling models are presented in green, blue, and black colors, respectively. According
to Figure 1b, no change in HF absorption profile is seen for different cooling models used in this paper. Both O-
and X-mode absorption profiles at 8 MHz are consistent with various cooling rates included. For heated plasma
conditions, the HF absorption profiles show a small discrepancy as shown in Figure 1b. The difference between
the predicted absorption profile using Standard and Standard-04 cooling models is negligible for both O- and
X-modes. Considering the possibility of conducting HF absorption measurements in a short amount of time (to
probe the region of D- and E-regions) under heated and unheated ionospheric conditions, the best cooling model
to fit the observations can be determined in the future coordinated experiments. As shown in Figure 1b, the cool-
ing models are more sensitive to background electron temperature. Therefore, the best cooling model appropriate
for modified ionosphere is required to be determined before further analysis and ML can be applied to determine
background atmospheric parameters. The proposed experiment set up and observations are a necessary step for
the data calibration and selection of accurate cooling model. This is beyond the scope of this manuscript.

Typical variation of the HF absorption profile versus altitude is shown in Figure 2. The electron density profile is
assumed to increase linearly from 60 to 90 km (107-10'° m~3). A constant electron density of 10'© m~3 is assumed
for altitude range of 90-110 km. The region is zoomed, in comparison with previous figures, to show the detailed
variation of the absorption profiles. HF frequencies of 3, 8, 14, 21, and 28 MHz are used. A typical electron temper-
ature profile (Figure 2b) is used. A substantial reduction in maximum absorption amplitude is seen as the frequency
decreased from 8 to 3 MHz. The figures show that the maximum absorption is mainly limited to the altitude range
of 75-95 km. This altitude range increases for the X-mode. The X-mode reveals a larger variation concerning the
higher frequencies used in this study. Another interesting change observed in Figures 2d and 2e is the negative effect
of HF pump heating (increased T/T;) on the absorption profile at low frequencies and altitudes below 75 km. A more
detailed study of the results is provided in Table 3 based on the measurable parameters in the actual experiment.

Table 3 represents the total absorption of O-mode and X-mode in the unheated and heated D-region as well as
the total phase variation of the propagating signal at 3, 8, 16, 24, and 28 MHz. The absorption amplitude in dB
per kilometer (dB km™) is shown for different altitudes from 60 to 110 km. According to this Table, the maxi-
mum total absorption is 1.9, 0.454, 0.17, 0.082, and 0.048 dB, as the frequency
changes from 3 to 28 MHz. These values for the X-mode are ~12, 0.89, 0.256,
0.1, and 0.059 dB for transmission frequencies of 3, 8, 16, 24 (and 28) MHz,
respectively. The close comparison of the absorption value for the O-mode and

Figure 1
X-mode shows that this technique along with five-implemented frequencies
Absorpiion Absorption Fliase hise has a unique signature and can be used to determine the mesospheric param-

O-mode X-mode O-mode X-mode . - .

eters based on the amount of absorption. Considering the predictable scale of
Garett's generalized refractive index formula absorption at the selected frequency bands, the received signal on the ground
Unheated 0.422 0.825 4173755  4173.267 can also be corrected to the original amplitude. The corrected signal then can
Heated 2175 3.816 4173.861  4173.501 be used for other applications such as deriving the scintillation parameters to

Appleton-Hartree formula for the refractive index
0.894 4173.753 4173.264
4238 4173871 4173529  3-1. Neutral Density

Unheated 0.454
Heated 2.421

determine ionospheric irregularities.

Note. The calculations are made using Garrett and AH formula of refractive Another parameter that has been investigated in this study is the effect of
index. Unheated and artificially modulated ionosphere using HF radio waves  peutral density variation on the absorption at different transmission frequen-

are considered.

cies, in the artificially modified as well as the natural D-region condition, the
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Figure 2. (a) Typical background electron density profile, (b) electron temperature profile (¢, d) Absorption for the unheated mesospheric condition and differential
absorption (dB km~") with respect to the heated ionosphere for transmission frequencies (fy) of 3, 8, 14, 21, 28 MHz for O-mode and X-mode, respectively. (e, )

Similar to (c, d) for heated ionosphere.

Table 3

Total Absorption and Phase Variation of the Passing High-Frequency
(HF) Signal Through the Natural and Artificially Modified Mesospheric
Condition by High-Power HF Heating Wave for the O- and X-Mode Signals

atf,=3,8, 14, 21, and 28 MHz

O- and X-mode signals. The electron-neutral collision frequency is directly
related to the neutral densities as (Schunk & Nagy, 1978):

Vo =233 107 Na (1 = 1217 T3) T, + 182 x 107°05 (14 3.6e VT, )

VT, +89%10770(1 +5.7¢*T.) \/T. (14)

Absorption  Absorption Phase Phase Figure 3a represents the neutral densities of N,, O,, and O obtained from
O-mode X-mode O-mode X-mode the MSIS model. The variation of absorption amplitude per kilometer for
3 MHz transmission frequencies of 16 and 28 MHz as a result of a neutral density
Unheated 1917 11.582 1563.127 1559207 increase by a factor of 2 is investigated. Figures 3b, 3d, and 3e show the vari-
ation of O- (blue lines) and X-mode (black lines) absorption (dB km™!) as the
Heated 7.609 24.044 1563.744 1562.733 .. . .
neutral densities of N,, O,, and O are increased. A change of O, density by a
G LiLEL factor of 2 makes a negligible impact on the absorption profile in the heated
Unheated 0.454 0.894 4173.753 4173.264  jonospheric plasma. A N, increase produces maximum absorption change by
Heated 2.421 4.238 4173.871 4173.529 a factor of ~1.8 for both O- and X-modes. In the unheated ionosphere, O, and
14 MHz N, increased by a factor of 2 produce a notable change in the absorption profile
Unheated 0.173 0256 7305 0.399 7305.241 versus altitude. Both frequencies show a similar trend for heated and unheated
ionospheric plasma. In the unheated ionosphere and transmission frequency
Heated 1.034 1.474 7305 0.434 7305.298 . . . .
of 16 MHz, the maximum absorption amplitude changes from 0.0087 in the
21 MHz natural condition to 0.0105 and 0.0157 dB km~! for the enhanced O, and N,,
Unheated 0.082 0.107 10,958.680  010,958.610  respectively. It should be noted that an increase of O density by a factor of
Heated 0.519 0.666 10,958.693 10,958.628 2 does not affect the absorption amplitude with respect to the natural condi-
28 MHz tion. A similar trend with a smaller variation is observed for the X-mode
Unheated 0.048 0.059 1461 1.855 1461 1.816 at 16 MHz. The main feature is that the unheated ionospheric condition
shows a distinct behavior for increased background N,, O,, and O densities.
Heated 0.310 0.375 1461 1.861 1461 1.824 .. . . . .
Such a distinct effect is essential for the concept proposed in the following
MAHMOUDIAN ET AL. 7 of 15
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Figure 3. (a) Background neutral densities derived from MSIS model (b, c)
The variation of the absorption at 16 MHz and (d, ) 28 MHz with varying

neutral densities of N,, O,, O. The unheated ionospheric plasma conditions are
shown in panels (b and d) Panels (c and e) represent the results for artificially

heated ionospheric plasma.

section. Moreover, while elevated electron temperature will add additional
information regarding the absorption change at different frequencies it alone
can't provide the measurement of atmospheric constituents. More exper-
imental observations are required to determine the best cooling model for
estimation of HF absorption in the modified ionosphere using high-power
HF radio-waves. Then, the absorption models and proposed technique in
Section 5 can be implemented for possible D- and E-region measurements.

It should be noted that the technique introduced in this paper uses total
absorption at each frequency and for different modes produced over the alti-
tude range of 60—130 km. Therefore, a combination of experiments in both
natural and heated ionospheric conditions could help to resolve unexpected
atmospheric conditions.

3.2. Electron Density

Work by Senior et al. (2010) investigated the effect of the electron density
variation on the absorption parameter. They have shown that maximum error
produced in the absorption value as the electron density changes by a factor
of 2 is of the order of 30%. Therefore, implementing more frequencies can
eliminate such errors. Using other measurement sources for electron density
such as Total Electron Content with ground GPS receivers or Ionosonde
observations of the electron density profile would result in a more detailed
calculation of D-region absorption. The phase data and Faraday rotation
measurements at five frequencies could also lead to a more accurate meas-
urement of TEC and make this approach self-consistent with other techniques
discussed above.

The variation of absorption over the entire D-region for the O-mode in the
heated (H) and natural (UH) ionosphere (AA,H-UH), X-mode (AA,H-UH),
as well as differential absorption of O- and X-modes in the heated iono-
sphere (AA,, H) and unheated (UH) ionosphere (AA,,, UH) for transmission
frequencies of 8, 16, and 24 MHz are shown in Table 4. The main purpose of
the proposed mission (called REEMA) is to measure the total absorption of
the signal and also derive the ionospheric parameters, as well as extracting
the neutral densities such as N,, electron density, and temperature variation
during radio wave heating of the ionosphere.

4. Machine Learning

The possibility of HF absorption observations on the ground using simulta-
neous multi-frequencies to determine background parameters in the D- and
E-regions are explored in this section. Specifically, total absorption of a
radio signal passing through the lower ionospheric region along with model
simulation results of total absorption are incorporated to determine middle
atmosphere temperature and composition. This includes both constituent and
temperature observations that have a wide application in studying the physics
and chemistry of the middle and upper atmosphere. A ML is developed to
achieve this goal. A year of neutral atmosphere data from the MSIS model
and electron density from the IRI model are used to educate the model. The
selected data from 2019 are imported for absorption calculations using the
model described in Sections 2 and 3. Then two days from 2018 to 2020 are
selected to validate the model performance and accuracy.

The results for 2 days in a year before and after the trained database is used.
Figures 5 and 6 show the ML results associated with 5 May 2018 and 2
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Table 4
Detailed Study of Electron Density N, and N, (as Dominant Neutral Constituent) on Associated Total Absorption at 8, 16, Is Presented
Typical
8 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
1.74 2.691 0.403 1.624
16 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
0.619 0.841 0.052 0.274
24 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
0.311 0.386 0.015 0.09
N2*2
8 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,(H)
2.116 3.281 0.672 1.837
16 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,(H)
0.964 1.281 0.097 0.414
24 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,(H)
0.441 0.541 0.028 0.128
Ne*2
8 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
2.498 4.026 0.882 2.183
16 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
0.932 1.256 0.112 0.436
24 MHz
AA,(H-UH) AA(H-UH) AA,(UH) AA,,(H)
0.425 0.523 0.032 0.13
February 2020, respectively. The diagram shown in Figure 4a represents the data assimilation implemented in
this paper. A ML approach is adopted to evaluate the model performance to determine the atmospheric constitu-
ents, electron density, and neutral temperature. The data is collected every other day with hourly time resolution.
A flow chart describing the ML approach is shown in Figure 4b. The total HF absorption at five frequencies (4,
8, 12, 16, and 20 MHz) are used to run the ML model and estimate the D and E-region constituents including N,,
0, 0,, as well as T and N,. It should be noted that only total absorption data are incorporated in the ML model
and the phase data, due to possible uncertainty in the actual observation, is excluded.
ML has been exploited to find the unknown constituents of D-layer according to the direct measurements of signal
absorption for multiple frequencies in the HF band (4, 8, 12, 16, 20, and 24 MHz) and two modes (O and X). The
procedure flowchart is shown in Figure 4b. For the learning process, 7, N,, and N,, O,, and O were captured from
the IRI and MSIS models (TeL, NeL, nN2L, nOL, nO2L), respectively, for altitudes of 60—130 Km with 0.1 km
resolution. The time resolution was hourly for 15 days in every month of the year 2019. After capturing these
learning data, their proportional absorptions in O and X-mode for multiple frequencies (f) in the HF band (AL
(TeL, NeL, nN2L, nOL, nO2L, mode, f)) were calculated according to the general form of the Appleton-Hartree
MAHMOUDIAN ET AL. 9of 15
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Figure 4. (a) Data assimilation diagram (b) machine learning procedure.
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Figure 7. The global map of high-frequency (HF) absorption in the northern hemisphere associated with the empirical data obtained using MSIS and IRI models
for 2019. The HF transmission with O-mode polarization at 4 MHz is used. A fixed longitude of 51.3347°E is used in the calculations. The color bar shows the total

absorption in dB.

dispersion formula. In these calculations, the effect of the earth's magnetic field at all sampling altitudes and
the collision frequency averaged over the electron velocity distribution function were taken into account. Thus,
the collision frequency has been defined as an effective electron-neutral collision frequency as a function of the
contributions for several different neutral species (Schunk & Nagy, 2009). To simulate the measurement setup,
data capture from MSIS and IRI sites have been done for a random time and date of a year (TeR, NeR, nN2R,
nOR, nO2R), then the same absorption calculation process as the learning step was performed AR (TeR, NeR,
nN2R, nOR, nO2R, mode, f). The cost function (CF) was defined based on the absolute value of differences
between the absorption of randomly sampled data and one of the learning datasets for multiple frequencies and
two modes (CF = AL — ARI). The CFs were processed in two distinct ways according to the modes. In each of
them, the best (minimum) CF was found among the CFs of multiple frequencies. Subsequently, the proportional
constituents' profiles according to the best CF were assigned to the estimated one. To enhance the best CF, that
is, to minimize further, partial optimization based on T, and N, variations of the assigned profiles was done. Ulti-
mately, the final estimated constituents' profiles were obtained by averaging two optimized constituents' profiles
found for O/X modes.

The results for 2 days in a year before and after the trained database are used. The ML results are obtained in
unperturbed ionospheric conditions. The days and hours selected to examine the ML results are out of the dates
used to train the model. According to Figures 5 and 6, the error in the prediction of neutral densities including N,,
0, and O, is negligible. The neutral temperature profile shows agreement with the data. The altitude profile of
estimated electron density matches well the original data used to calculate the corresponding total HF absorption
at the selected frequencies. Implementing HF pump modulation will result in higher accuracy.

5. Global Mapping of HF Absorption in the Northern Hemisphere

To implement the technique described in Section 4, a global map of HF absorption needs to be generated. Distri-
bution of ground HF receivers to monitor multi frequency total HF absorption is required to observe with high
geographic coverage. Diurnal and monthly variations of total HF absorption in the northern hemisphere are
presented. To calculate the HF absorption map in the northern hemisphere, a fixed longitude of 51.3347°E is
used. Neutral densities are obtained from the MSIS model for the entire year. The data was collected in lati-
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tude range 0-90° with 1° resolution. The corresponding electron density was obtained from the IRI model. The
empirical data are selected for 2019. The total absorption in the altitude range 70—140 km was calculated. The
global map of HF absorption for O-mode propagation at 4 MHz is shown in Figure 7. The results are obtained in
natural ionospheric condition without HF radio wave heating. From Figure 7, total absorption reaches 15 dB in
the altitude range of interest. The global map in entire year shows a similar pattern with a maximum absorption
extended in the latitude range of 0—20°. There is a small extension of high absorption to higher latitudes in the
summer. For comparison, the observation associated with 16 MHz is presented in Figure 8. While the global
pattern of HF absorption in the entire year remains similar to 4 MHz, the maximum absorption is reduced to
0.6 dB. The absorption for the X-mode is much higher in comparison with the O-mode (not shown). These results
can be implemented to improve OTHR observations as well as oblique ionosonde soundings. Moreover, the tech-
nique described in Section 4 appears to be practical and sensitive to high latitudes.

6. Summary and Conclusions

In summary, the concept of developing a multi-frequency HF radio sounding technique for detailed measurement
of the D-region absorption is investigated in this paper for the first time. The detailed calculations of absorption
amplitude (dB km™!) and total phase variation in the natural D-region ionosphere, as well as an artificially iono-
sphere pumped by a high-power radio wave, are considered. The HF absorption profiles and total HF absorption
are calculated using the Garrett and Appleton-Hartree formula of refractive index. There is a small difference in
estimated HF absorption between the two models, especially for unheated ionospheric conditions. The effect of
three different cooling formulations associated with N, and O, vibrational and rotational excitation was found
to be negligible in natural ionosphere. Performing such experiments in heated and unheated ionospheric plasma
could be used to calibrate the instrument and to use the best cooling model and refractive index for the artificially
modulated lower ionosphere.

The two O-mode and X-mode transmissions along with transmission frequencies of 2, 8, 16, 24, and 28 MHz
associated with the proposed REEIMA HF beacon (Radio Explorer for Earth, Ionosphere, Mesosphere, and
Atmosphere) are used to determine the absolute D-region absorption along with the possibility of estimating
D-region parameters such as neutral densities. It has been shown that the variation of each background neutral
density including N,, O,, and O produces a distinct effect on the absorption value of O- and X-mode as well as
different transmission frequencies. A ML technique is developed based on the model simulation results using
empirical data from the MSIS and IRI models for 2019. The accuracy of model appears to be encouraging for

the estimation of the background temperature and neutral density profiles. Moreover, therefore, the proposed
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technique can eliminate the effect of electron density variation and the possible error in OTHR measurement
by using temporal evolution of HF absorption. Previous studies have shown that riometers may overestimate the
absorption by a factor of 2 in the D-region ionosphere when modified by high-power radio waves despite changes
in electron density and heater parameters.

A global map of HF absorption in the northern hemisphere associated with two transmission frequencies of 4
and 16 MHz are presented. It has been shown that diurnal and seasonal variation of global HF absorption is
pronounced enough for such a technique to be implemented globally with a distributed network of HF receiv-
ers on the ground. The mission can be implemented to improve OTHR and SuperDARN observations in both
hemispheres.

Appendix A: Garrett Formula of Refractive Index

The generalized refractive index (u) of Garrett (1985) used in the calculations presented in this paper are presented
in this section. The Equation 75 in Garrett (1985) is implemented as follow:

AB-G’ G*(G* - B?)
SABG

w=1

2
BG?> — LEABYG pogin2(g) 4 B2 [Gzcos 29 4 L BoABIGE sin4(0)]
2 1-A+B 4 1-4+B

where A, B, and G are calculated as follow for the integration:
A=05X <H + 1;[)
B = 0.5X<l:[+];[—21;[)
G = O.5X<H - I;[)

In the above-mentioned expression the Hl stands for complex nonlinear integral transform of (1 — Yw), W, H2

corresponds to complex nonlinear integral transform of (1 + Yo, W), and [1, refers to complex nonlinear inte-
gral transform of (w, W). Where [][4, W (v)] =< # dd—v % >,, W corresponds to the wave energy, and
X=Q Joand Y =Q Jo. The [T integral is calculated using quad function in MATLAB that approximates the

integral of function from a to b using recursive adaptive Simpson quadrature. The real and imaginary parts of this
integral are calculated.

Data Availability Statement
The model used in this paper is available through https://doi.org/10.5281/zenodo.7421195.
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