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ABSTRACT
According to the well-performed ionospheric heating experiments at
Arecibo in the low latitudes as well as at Tromsø in the high latitudes,
the large-scale modification effects are simulated under an assumption of
equivalent conditions, i.e., with the same effective radiative power and
the same ratio of the heating frequency fHF to the critical frequency of
ionospheric F region foF2. The findings are extensively exploited to verify the validation of our model by comparison to the experimental results.
Further, a detailed study is carried out on the influences of the background electron density gradient as well as the ratio of fHF to foF2 on
heating effects. Conclusions are drawn as follows: under certain conditions, a smaller electron density gradient of background ionospheric F region leads to a better ionospheric heating effect; during over-dense heating,
the heating effects are enhanced if the ratio of fHF to foF2 increases, which
is slightly limited by the resultant elevation of the reflection height. However, there might be a better ratio range with small values of the ratio of
fHF to foF2, e.g., [0.5, 0.7] in the current study. Finally, we analyzed how
to select heating parameters efficiently under adverse conditions so to obtain relatively effective results.

1. Introduction
As an active ionospheric research, modification of
the ionosphere by powerful high frequency (HF) waves
is to date of great scientific interest and rapidly developed in the last several decades since they provide an
effective tool for investigations of the Earth environment as well as for understanding various plasma phenomena. The heating experiments were successfully
performed firstly at Platteville, Colorado [Utlaut 1970],
almost simultaneously at Arecibo [Gordon and Showen
et al. 1971], in the early 1970s, and subsequently at
other ionospheric heating facilities such as Tromsø,
SURA, HAARP (The High Frequency Active Auroral
Research Program) and SPEAR (Space Plasma Exploration by Active Radar). A wide variety of fascinating
phenomena are observed, some of which are associated

with the development of parametric instabilities and
ionospheric turbulence, including enhancement of
electron temperature [Mantas et al. 1981], generation
of plasma oscillations and field-aligned irregularities
[Rietveld et al. 2003, Tereshchenko et al. 2006, Wright
and Dhillon 2009], excitation of artificial radio and optical emission [Frolov et al. 1999, Pedersen and Carlson
2001, Kosch et al. 2007]. Among the main phenomena,
renewed attention is paid to the wave-plasma interaction process leading to nonlinear density perturbations
at different scales. Large-scale (kilometer size) irregularities are best interpreted in terms of thermally driven
self-focusing of the incident HF electromagnetic wave
[Duncan and Sheerin 1985]. Small-scale (meter size)
field-aligned striations are generally explained as differential plasma heating from enhanced Langmuir wave
collisional dissipation or HF scatter from the induced
plasma oscillations [Blagoveshchenskaya et al. 1995].
Concerning the nature and origin of Langmuir wave,
a popular view is the theory of thermal parametric
(resonant) instability developed at the upper hybrid resonance altitude [Das and Fejer 1979]. Only the O-mode
propagating in the vertical or nearly vertical direction
reaches the resonance region, and the X-mode is always reflected from the region lying below the resonance one. In the previous heating experiments,
field-aligned irregularities, electron density and anomalous absorption all occurred only during O-mode
heating [Robinson et al. 1998]. Recently experimental
evidence of the excitation of strong small-scale fieldaligned irregularities was presented due to an X-mode
HF pump wave radiated in the direction of magnetic
zenith [Blagoveshchenskaya et al. 2011].
In most of studies, the HF-induced electron density profile modification is observed only by a few percent. Xu et al. [2009] presented evidence of a density
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depletion by 4-10% with the heating facility at Tromsø
with an effective radiated power Perf = 90 MW and
heating frequency fHF = 4.04 MHz. Isham et al. [1987]
reported a decrease of electron density by 3-5% using
the heating facility at Arecibo with Perf = 100 MW and
fHF = 5.1 MHz. Duncan et al. [1988] first reported direct observations of large electron-density depletions
of about 30% with Perf = 60 MW and fHF = 3.175 MHz.
Such large depletions were observed reproducibly only
after local midnight in the winter ionosphere for ionospheric densities critical only for the lowest pump frequency available at Arecibo. The state of the background
ionosphere is found to be an important factor influencing the observed effects. The resultant heating effects and their magnitudes may be different due to
discrepancies of ionospheric background and heating
parameter settings in specific research processes.
Therefore, researchers undertook a series of theoretical investigations by simulation of the factors influencing the strength of ionospheric heating effects.
The basic theory of ionospheric heating was systematically discussed by Gurevich [1978] who used a set of
continuity equation, momentum equation and energy
equation. Shoucri et al. [1984] considered the dependences of heating effects on Perf and fHF, respectively.
Hansen et al. [1992] modeled the large-scale HF-induced ionospheric modifications reported by Duncan
et al. [1988]. Mingaleva and Mingalev [1997] and Mingaleva et al. [2008] investigated the range of values for
fHF to get the best heating effects in mid- or low-latitude regions, it is fHF ≈ 0.8 ~ 0.86 foF2 during the day,
and fHF ≈ 0.9 ~ 0.96 foF2 at night.
In order to perform a detailed study on diversities
of heating effects in different areas, an investigation is
carried out on the influences of the background electron density gradient as well as the ratio of fHF to foF2
on heating effects in Section 2. Then our final conclusions and proposals for future work are presented in
Section 3. A theoretical model of ionospheric heating
will be built in Appendix A.

2. Analysis of simulation results
2.1. Comparion of simulations with experimental results
In order to verify the numerical model described in
Appendix A, simulation parameters are selected to be
the same with those in the heating experiments listed in
Table 1. Density depletions and temperature enhancements are found at the reflection height for both cases at
Arecibo as well as at Tromsø. In our simulation, the density depletions N1/N0 are about 3.4% at Arecibo. The
maximum temperature in the depletions increases
about 28.4% which is consistent with the experimental
results at 20-30%. For the case at Tromsø, we found the
density depletion up to 6.12% and the temperature enhancement reaching 70.6% which also are in accordance
with the measured enhancement of 60-120%.
2.2. Analysis of factors influencing heating effects
In the F-region, the heating effects have a close relationship with energy absorption via various electron
heating channels. Besides the linear Ohmic heating
process, the various nonlinear processes with different
thresholds, characteristic times, and saturation mechanisms may also be excited, depending on the incident
power and the state of background ionosphere [Duncan
et al. 1988]. Thus, with the values of the pump frequency
and Perf selected, the geomagnetic dip and the state of
ionospheric background (mainly described by the electron densities and their gradients) have a remarkable impact on heating effects (variation of electron density),
which will be dealt with in Section 2.2 separately.
2.2.1. Influences of Perf and the dip angle on heating
effects
Influences of system’s Perf and the geomagnetic dip
on heating effects have already been specified in the previous calculations, which will be briefly discussed here.
We hence compare the results of heating experiments
performed at Tromsø and Arecibo (see Table 1) and find
that the two experiments were carried out under differ-

site

geographic
coordinate

fHF
(MHz)

foF2
(MHz)

fHF/foF2

h0
(km)

Te1/Te0 at h0

N1/N0 at h0

Arecibo

68.8°W, 18.3°N

5.1

7.44

0.69

200

20% ~ 30%

3% ~ 5%

Tromsø

19.2°E, 69.6°N

4.04

4.99

0.81

217

60% ~ 120%

4% ~ 12%

Table 1. Parameters of the heating experiments carried out at Arecibo [Isham et al. 1987] and Tromsø [Xu et al. 2009], where h0 refers to the
reflection height of HF radio wave in the ionosphere.
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density during night [Rietveld et al. 2002]. At Arecibo,
the large depletions were observed reproducibly even
after local midnight in the winter ionosphere.
2.2.2. Influences of the electron density gradients on
heating effects
In order to study the impact of electron density
gradients on the density modification in ionospheric
heating experiments, we select different background
density profiles deduced from two ionograms illustrated in Figure 2 at different times of a day and keep
the other parameters fixed in our simulation. The density profiles are labeled as density mode A and B (both
derived from Guangzhou ionospheric observatory of
CRIRP; Ionogram A and B were deduced at 15:31 LT in
October 5, 2010, and 16:13 LT in October 17, 2010, respectively), respectively, as shown in Figure 3. The relative variations of electron density with height caused
by heating are shown Figure 4.
The reflection height of HF radio wave h0 is about
243 km for the selected density models shown in Figure 2. From Figure 3. We can see ∇NA<∇NB for the case
of h > h0 and ∇NA>∇NB for h < h0. As illustrated in Figure 4, a larger density gradient leads to a smaller density
depletion and temperature increment, which implies
that the density gradient is an adverse factor for ionospheric heating experiments.
The interpretation can be more easily understood
in terms of electron density scale height H [White and

Figure 1. Comparisons of relative variation profiles of electron density at Arecibo, Tromsø and Guangzhou under equivalent conditions
with Perf = 100 MW and fHF/foF2 = 0.81 indicated in the insert.

ent heating conditions (e.g., different Perf and fHF/foF2),
leading to different heating effects. In order to study the
influence of Perf and fHF/foF2 on the heating effects and
compare the difference of the heating effects under the
same conditions at different radar sites, we theoretically
simulate the heating effects assuming the same heating
conditions (i.e., Perf = 100 MW and fHF/foF2 = 0.81) at
Tromsø, Arecibo, and Guangzhou. Under the equivalent conditions with Perf = 100 MW and fHF/foF2 = 0.81
during daytime, heating effects are simulated for the
cases at Tromsø, Arecibo, and Guangzhou (113°E,
22°N), respectively. The background parameters derived from the IRI and MSIS model at Tromsø and
Arecibo are the same as those mentioned in Section 2.1.
The relative variation profiles of electron density are
plotted in Figure 1. Heating effects are found to be quite
comparable between Arecibo and Guangzhou, with
density depletions of 4.20% and 4.27%, respectively.
However, the effects are appreciably stronger at Tromsø
with a density depletion of 6.47%.
Comparison between the simulations above in Section 2.1 and the results shown in Figure 1 indicates that
when the reflection altitude h0 remains invariable, the
increase of fHF/foF2 = 0.81 or Perf of the heating system leads to an enhancement of heating effects. For example, with fHF/foF2 increased from 0.69 to 0.81 at
Arecibo, the density depletion ranges from 3.4% to
4.2%; with the Perf enhanced from 90 MW to 100 MW
at Tromsø, the depth of electron density depletions increases slightly from 6.12% to 6.47%.
It must be pointed out that the numerical comparisons of the density modification at different locations have limited guiding significance. The regional
difference between high- and mid-latitudes and the time
difference at similar latitudes are not taken into account.
The ionospheric heating experiments were easily carried out after sunset at Arecibo but mainly done during
daytime at Tromsø for lack of high enough electron

Figure 2. The selected background ionograms (the critical frequencies of ionograms A and B are 16.6 MHzand 15.2 MHz, respectively; in order to derive an entire electron density profiles of
O-mode and X-mode from ionogram A, extend the ionogram traces
reasonably using extrapolation).
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2.2.3. Influences of the ratio of fHF to foF2 to on heating effects
The background ionosphere is controlled by solar
activity and its critical frequencies vary in a large range
in a day, especially during high solar activity. As a comparison, the heating parameters can remain constant in
certain periods due to limits of heating conditions or
experimental setup. In order to investigate the influence
of the ratio of fHF to foF2 on heating effects and compare results under different conditions, we do the simulations as follows: (1) assume fHF as a constant and set
foF2 different values in a day; (2) keep foF2 as a constant and change fHF. Here the heating effects at
Guangzhou with Perf = 200 MW are simulated. fHF is
equal to 6.5 MHz and foF2 ranges from 7 MHz to 15.5
MHz in the first case while foF2 remains fixed at 15.2
MHz and fHF ranges from 6 MHz to 15 MHz in the second case. The results are plotted in Figure 5 and Figure
6 respectively.
The electron density depletion N1/N0 and temperature increment Te1/Te0 has a close relationship
with the ratio of fHF to foF2 (see Figure 5). The critical
frequency foF2 is inclined to change quickly in a day
but the HF frequency fHF remains constant and smaller
than foF2 all the time. The heating effects are getting
better as fHF/foF2 approaches to 1. As foF2 increases
(hence the ratio fHF/foF2 decreases), the reflection
height h0 firstly shows a drop until fHF/foF2 = 0.65 and
then shows a rise. They influence heating effects together, resulting in an appreciable density disturbance
under the condition of low fHF/foF2, as shown by the
local maximum at fHF/foF2 ≈ 0.65. These findings are
quite helpful for the selection of fHF.
A similar result can be found more clearly in Figure 6, where a maximum of N1/N0 occurs when

Figure 3. The selected background electron density profiles deduced from two measured ionograms (Figure 2).

Chen 1974], which is inversely proportional to ∇N
-1
fp2
m
H = c f 2 22N
Z

(1)

The electric field of O-mode near the reflection altitude behaves as a standing wave and undergoes an amplitude swelling. The swelling factor of the incident
power density just below the reflection height [Kantor
1972] is
A = 7.2 ` ~cH j

1/3

(2)

The standing wave pattern near the reflection
height has a significant relationship with the possible
excitation of parametric processes and thus the HF
wave energy absorption. Under certain conditions,
anomalous absorption will play an important role. A
smaller electron density gradient, which means a larger
swelling factor, will lead to a larger heating effect.

(a)

(b)

Figure 4. Relative variation profiles of electron density (left) and electron temperature (right) caused by heating with different background
density gradients.
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(b) Temperature increment

(a) Density depletion

Figure 5. Influences of the ratio of fHF to foF2 on heating effects with a constant fHF and different values of foF2. The solid line with asterisks represents the density depletion N1/N0 (left) and temperature increment Te1/Te0 (right), the broken line with squares represents h0.

(a) Density depletion

(b) Temperature increment

Figure 6. Same as Figure 5. but for a constant foF2 (=15.2MHz) and different values of fHF.

(a) Temperature increment
(b) Density depletion
Figure 7. Relative variation profiles of electron temperature and density caused by heating with different values of ratio fHF/foF2. The observations are indicated with asterisks and the fitted curve with solid line.

fHF/foF2 ranges form 0.5 to 0.7. When foF2 is constant,
the reflection height and fHF/foF2 varies in phase with
fHF. Their increases have a positive and a negative impact on heating effects, respectively. Unlike the first case
shown in Figure 5, the reflection height shown in Figure 6 covers a larger range and thus has a more effective

impact on variations of electron density. With fHF/foF2
less than 0.5, the reflection height plays a dominant role
and the increase of fHF leads to a decrease of N1/N0. As
fHF increases up to a certain value fHF/foF2 becomes
dominant and N1/N0 begins increasing. With a further
increase of fHF/foF2 larger than 0.7, the reflection
5
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height shows its dominance on heating effects again.
The temperature increment shows a similar trend.
The results imply that there might be a better ratio
range with small values of the ratio of fHF to foF2,
which is supported further by an experimental example. I.e., the experiment study of influences of the ratio
of fHF to foF2 on heating effects was conducted using
the EISCAT facility on August 17, 2009. The facility radiated O-mode waves at the frequency fHF =4.04 MHz
with Perf = 120 MW in the following mode: 8-min radiation 4-min pause in the experiment. The results (the
electron temperature) were dealt with using average
value of each period, which are shown in Figure 7.
When the value fHF/foF2 is small, the variation of the
electron temperature is small, when fHF is close to foF2,
the variation of the electron temperature is relatively
large, but meanwhile there is a peak at fHF/foF2 = 0.74.
The electron density perturbation shows a similar
trend.The experimental result shows that there was a
better ratio range with a small fHF/foF2, which can be
used during the ionospheric heating to obtain relatively
effective results.

make use of a short duty cycle and switch pump frequencies swiftly. If the capacity of the available heating
system is limited, we may choose matched times with
low ionospheric height, critical frequencies or gradient
of electron density to obtain relatively effective results.
We considered the influences of the ratio fHF/foF2
and the reflection height together which have been neglected by the previous theoretical investigations. During the experiments, especially at noon during high
solar activity, unfavorable background conditions are
often encountered without choice, in which we can adjust heating parameters adaptively.
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bine with electrons, known as the b-type recombination,
which has no dependence on electron temperature

Appendix A: Theoretical model
According to the basic theory of ionospheric heating, microscopic modification of the electron temperature and density in the F region can be modeled by
fluid equations [Meltz et al. 1974, Gurevich 1978]. The
three physical equations involved in our simulation
model are the momentum equation, the continuity
equation and the energy equation.

O+ + N2 " NO + + N, O+ + O2 " O+2 + O
NO + + e- " N + O, O2+ + e- " O + O

When ignoring the density variations of N2, O2
and O+ during the heating process, the enhancement
of electron temperature has little effect on the production of NO+ and O+
2 . Therefore, the continuity equation takes the form:

A.1. The momentum equation
Considering four species of singly charged ions
and electron (O+, NO+, O+
2 , e) and neglecting the inertia term, the momentum equation can be written as
follows:

2Ne
2t

= Q0 - ^ k1 NNO+ + k2 NO+2 h Ne - d $ ^ Ne ve h,

(A5)

where k1 = 4.2×10−7(300/Te )0.85 cm3/s and k2 =
1.6×10−7(300/Te )0.55 cm3/s are dissociative recombination coefficients, Q0 is electron production rate in the
equilibrium state (∂/∂t = 0) without external electric
fields.

(A1)
- dpa + Na qa E + qa va # B - Na ma g - Na ma ^ va - vnh van - Na ma / ^ va - vbh va b = 0
b!a

where the subscripts a,b refer to the different types of
charged particles (O+, NO+, O+
2 , e), n the neutral particles. pa = nakbTa is the pressure of species a, and Na,
ma, Ta, va are density, mass, temperature and drift velocity, respectively. g is the acceleration of gravity and kb
is Boltzmann’s constant. The collisional rate oan and
oab represent collisions of species a with neutral particles and species b, respectively. Summing Equation (A1)
over the charged species, the collisional terms among
charged particles are deleted completely, and the electromagnetic force terms vanish with the hypotheses of
quasi-neutrality and ambipolar diffusion. Introducing a
mass-weighted ionic collisional term MIyIn [Hinkel et
al. 1992] and the diffusion coefficient D
^ ni ne h
1
1
MI yIn = /i mi yin , D = me yen + MI yIn

(A4)

A.3. The energy equation
The energy equation can be written as follows:
3 k 8N 2Te + N v dT B + k N T dv =
e e
e
b e e
e
2 b e 2t
d^ Ke dTe h + SHF + S0 - L.

(A6)

Equation (A6) is a time-dependent expression for
electron temperature including the effects of convection, compression, conduction, heat production and
loss. The left terms are the change rate of electron energy, the convection, and compression rate. The first
term on the right side is the heat conduction rate. The
heat conduction across the magnetic field can be ignored and the parallel thermal conductivity Ke [Banks
and Kockarts 1972] is

(A2)

Ke =

and assuming the three species ions have the identical
temperature Ti then the momentum equation in the direction of the geomagnetic field can be written as

(A7)
7.7 # 105 T 5e/2
eV $ cm- 1 $ s- 1 $ K- 1
1 + 3.22 # 104 ^ T e2 Ne h/ Nn QD
n

Ne ve =
- D8dNe kb ^ Te + Tih + / Na ma g B + Ne vn cos I,

(A3)

where, Nn represents the densities of neutral particles
and the transfer cross-section of mean momentum
for corresponding neutral particles [Banks and Kockarts
1972]. A complete theoretical description of the absorption of the HF wave SHF involves ohmic heating due to
deviative absorption, linear mode conversion to electrostatic waves, parametric processes and Langmuir collapse, and the slow-down of super thermal electrons
accelerated by the mode-converted waves. The exact
amount of energy deposited in the ionospheric electrons
in this region is therefore difficult to calculate accurately
from first principles. Here following the simple absorption model proposed by Hansen [Hansen 1990], we uti-

a

where yen and yIn are collisional frequencies of electron
and ions with neutral particles, respectively, and I is the
geomagnetic dip.
A.2. The continuity equation
The main ion constituent in the F-region is atomic
O+, which does not recombine with electrons directly
[Rishbeth and Garriot 1969]. Instead, O+ undergoes an
ion-atom interchange reaction with neutral particles
(mainly N2 and O2) and the resultant molecular ions com8
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lize a Gaussian profile placed near the reflection layer.
S0 and L are the electron heating rate from other
sources (mainly the solar radiation) and electron cooling rate, respectively. It is widely accepted that the dominant electron cooling processes involve elastic
collisions between electrons and neutrals, rotational
and vibrational excitation of molecular species, fine
structure transitions in atomic oxygen, and collisions
between electrons and ions. The updated estimates of
inelastic cross sections associated with cooling rate calculations can be found [Pavlov 1998, Pavlov and
Berrington 1999, Gustavsson et al. 2010].
Electron and ion temperatures in the background
ionosphere are specified with the IRI-2012 model, and
the atmosphere density and temperature are derived
from the MSIS-90 model. In our calculations the time
step is 0.01 second and the space step is 1/sinI km. The
simulation processes are as follows: solve Equation (A3)
to calculate ve according to the background parameters
(Te0, Ne0, etc.); calculate variations of electron temperature Te1 in the Equation (A6) and then update Te0 and
the recombination and loss rates; obtain variations of
electron density Ne1 with Equation (A5), then update
Ne0 and the corresponding terms; finish the current calculation loop and step into the next loop until the end
of heating. The subscript e in electron density will be
omitted for convenience.
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