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Abstract A numerical model has been developed. Based 
on the numerical simulation results, the spatial effects of 
the ionosphere, mainly consisting of the change on electron 
density (ED) and electron temperature (ET), heated by the 
high frequency (HF) pump wave have been analyzed quanti-
tatively. Results are presented as the space-time evolution 
regulation on the main parameters of the ionosphere resulted 
by the HF heating waves under the different heat-conditions, 
just as different regions, such as high latitude and mid-low 
latitude; different heating power or frequency, such as under-
dense heating and over-dense heating and regions at different 
altitudes. The heating effects in different regions with 
different heating conditions have been presented in figures. 
Finally, some primary conclusions are given by comparing 
the simulation results with experimental observation.

Keywords HF heating waves, ionospheric heating, heat-
conditions

1 Introduction

Scientific experiments and theoretical researches indicate that 
a series of the local salient turbulences of the ionosphere will 
be aroused when the ground-based powerful HF waves are 
injected into it. Among all the turbulences, the evolution of 
the ED and ET is the most elementary effect. Actually, spatial 
effects in the ionosphere caused by the powerful HF waves 
are handled with very complicated plasma non-linear mecha-
nism, and related to the effective radiation power (ERP) and 
the ionosphere background. With the enhancement of ERP, 
some nonlinear processes just as saturation and transition 
which are caused by the artificial ionospheric modification 
occur in different layers. The higher level effects exist 
steadily only when ERP reaches the relative threshold. 

The interaction between the powerful HF waves and 
the ionospheric plasma is a nonlinear physical process. It 
is related to the chemical reactions of ionospheric ions, the 
wave-particle reactions, the transition and absorption of elec-
tromagnetic waves power and the geomagnetic field makes 
it more complicated. The ionosphere shows the different 
characteristics in different layers, so do the heating effects 
caused by the powerful HF waves. Generally speaking, the 
foundation of artificial ionospheric modification by ground-
based powerful HF waves is the nonlinear characteristic 
brought from the interactions between the near-earth space 
and strong electric field. Its dielectric constant and electric 
conductivity are related to the electric field strength, whereas 
the electric current is no longer proportional to the electric 
field strength. Various instabilities may occur and the super-
position principle is unavailable. There are two sorts of non-
linear effects [1–10]: one is the Ohm heating in ionosphere, 
as a kind of typical nonlinear process; the other is the 
parametric instability caused by the interactions between 
nonlinear waves. When the feature scale of the disturbed 
plasma region is much greater than the electronic mean free 
path, especially in the lower ionosphere, the Ohm heating is 
the dominant effect. However, in the unstable state process, 
the parametric instability takes its main position especially in 
the higher ionosphere.

The Ohm heating theory and numerical analysis model of 
ionosphere modification by high frequency wave have been 
developed by Banks [11], Bernhardt [12] and Schunk [13]. 
In this paper, the temporal-spatial evolutions of ionospheric 
parameters and heating effects were discussed on the basis of 
the available works. The simulation results are also contrasted 
with the experimental ones operated by EISCAT at the same 
latitude. 

2 Models and heating parameters

2.1 Heating model and ionosphere model

The method to establish the ionosphere model heated by HF 
wave has been given by Ni [14] and Huang [15]. 
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The dynamic function can be expressed in the form
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The continuously equation can be expressed in the form 
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The electron energy conservation equation can be 
expressed in the form 
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The parameter variation has been considered only in the z 
direction in Eqs. (1)–(3). 

The geomagnetic model can be written as
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where h is the altitude, and B0 is the ground magnetic field 
strength. 

Background ionosphere model in the simulation is given 
by international reference ionosphere model (IRI-95), and 
the ionosphere is taken to be considered as homosphere. At 
this rate, the ionospheric parameter is only changeable with 
altitude. 

To take typical latitude into consideration, three regions 
are chosen as follows: Alaska (145.1°W, 62.39°N) for high 
latitude, Wuhan (114.35°E, 30.5°N) and Fuzhou (119.3°E, 
26.0°N) for middle-low latitude. For the European incoherent 
scatter (EISCAT) and Arecibo system are at the same latitude, 
it is likely to compare the simulation results with the experi-
mental observation to validate the accuracy of simulation 
research.

Because different kinds of ions and neutral molecules 
dominate the main heating effects at different altitudes, the 
four neutral molecules: N2, O2, O and He, and three ions: O2

+, 
NO+ and O+, in D and E layers are taken into consideration 
and the neutral molecules effects in F layer are ignored 
because of their weak interaction with electrons. 

2.2 Heating parameters

The heating parameters are taken as below.
1) Heating hours: 1  200 local time (LT), 0  000 LT.
2) ERP: 10, 20, 50, 100, 200, 300, 400, 500, 1 000  MW.
3) Transmitter frequency: 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 

13, 14  MHz.
4) Initial electron density: obtained from IRI-95 model.
5) Initial electron temperature: obtained from IRI-95 

model.
6) Simulation altitudes: 60–400  km.

3 Analysis of temporal-spatial evolution of 
ionospheric parameters

Based on the heating parameters selected above, the numeri-
cal simulation has been made in the six different ionosphere 
backgrounds. The trend of ED and ET evolution has been 
presented in Figs.  1–12. 
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Fig.  1 Relative change ratio of ED in Alaska at 1200  LT
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Fig.  2 Relative change ratio of ED in Alaska at 0000  LT 

R
el

at
iv

e 
ch

an
ge

 r
at

io
 o

f 
   

 e
le

ct
ro

n 
de

ns
ity

/%

1 000
800

600
400

200
1015

10
5

2
0

50

100

f/MHz ERP/MW

Fig.  3 Relative change ratio of ED in Wuhan at 1200  LT
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Fig.  4 Relative change ratio of ED in Wuhan at 0000  LT
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In order to focus on the maximum evolution state of 
ionospheric parameters which are paid attention, the heating 
duration is set to 500  s on the basis of the ionospheric electron 
saturation time. As a result, the ionospheric electron state can 
be surely saturated. 

Figures  1–6 show the relative change of ED in six various 
ionosphere backgrounds with different transmitter frequency 
and various ERP. Figures  7–12 show the relative change of 
ET in the corresponding backgrounds respectively. Some 
primary conclusions can be gained from the figures. 

1) The value of transmitter frequency and ERP are the 
two significant variables on which the heating effects mainly 
depend. Whether the heating condition is under under-dense 
model or over-dense model depends on the transmitter 
frequency and the latter variable denotes the heating intensity. 
When in the over-dense model, the remarkable evolution 
of ED occurs at the reflection altitude. With the increase in 
the transmitter frequency, the heating effects are weakened. 
Whereas, in the under-dense model, the heating effects 
depend on both particle collision process and transport 
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Fig.  6 Relative change ratio of ED in Fuzhou at 0000  LT
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Fig.  7 Relative change ratio of ET in Alaska at 1200  LT
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Fig.  8 Relative change ratio of ET in Alaska at 0000  LT
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Fig.  9 Relative change ratio of ET in Wuhan at 1200  LT

Fig.  5 Relative change ratio of ED in Fuzhou at 1200  LT 
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Fig.  10 Relative change ratio of ET in Wuhan at 0000  LT
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Fig.  11 Relative change ratio of ET in Fuzhou at 1200  LT
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Fig.  12 Relative change ratio of ET in Fuzhou at 0000  LT
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process. Moreover, with the increase in the wave frequency, 
there is the same trend of ED evolution as in the over-dense 
model, but it is less affected from the value of frequency. 
On the other hand, with the increase in ERP, the ionosphere 
evolution in the over-dense model changes much faster than 
that in the under-dense model, for the ionosphere absorption 
loss has the opposite trend against the transmitter frequency. 
In the higher band, the ionosphere absorption loss decays, 
that is to say, the wave energy which is conveyed to the 
ionosphere decreases. As a result, the change of ED and 
ET becomes less. In the meanwhile, the simulation results 
indicate that the heating effects and transmitter frequency 
have no inverse proportion relationship. However, the effects 
have no direct proportion relationship with ERP either. 

2) In the process of heating, the evolution of ET is the most 
significant effect with an obvious increase; whereas the evo-
lution of ED is not so remarkable, even in the over-dense 
model, it may decrease in some cases. The fluctuation of ED 
and ET is caused by its recombination and diffusion.

3) The heating effects obtained at 0  000  LT are more sig-
nificant than those obtained at 1  200  LT. In the same heating 
condition, the heating evolution at night is more effective. 
The reason is that the initial parameters of ionosphere at night 
are lower than those in daytime.

4) With the same heating parameters, the heating effects in 
Alaska are more significant than the effects in Wuhan and 
Fuzhou. In addition, the effects in Wuhan are more obvious 
than those in Fuzhou in some sort. It is indicated that the heat-
ing effects at high latitude are more remarkable than that in 
mid-low latitude regions. In some specific conditions, salient 
turbulence in high latitude regions can be observed, but not in 
the same way in mid-low regions. However, by increasing the 
ERP some remarkable evolution turns out even in mid-low 
regions.

4 Analytical comparison of experimental 
results

Combining the simulation work to carry out the contrast 
analysis, the EISCAT experimental results (Robinson, 1989; 
Stocker, 1992) have been selected in order to validate the 
accuracy of the simulation results and the possibility of 
ionosphere heating experiment in the mid-low latitude 
regions. 

Because the result from the Alaska heating experiment 
is unavailable, the comparison is only taken between the 
EISCAT experiment results and the simulation results.

Figure  13 shows the increase in ET with 4.5  MHz, 100  MW 
heater signal versus time; Fig.  14 shows the increase in 
ED with 4.544  MHz, 240  MW heater signal at the reflection 
altitude versus time. The evolution shown in the two figures 
is observed by EISCAT radar.

1) Comparisson of electron temperature with the same 
ERP

Heated with 100  MW, 4.5  MHz signal, the relative change 
ratio of ET at an altitude of 202  km is approximately 20% 
in EISCAT radar observation. And the simulation results 
indicate that heated with 100  MW, 6  MHz signal in Alaska, 
the relative change ratio of electron temperature at an altitude 
of 210  km is approximately 25% at daytime. Although there 
inevitably exist some experimental errors, in general, the 
practical and theoretical results agreed well. However, heated 
in Fuzhou with the same heating parameters, the relative 
change ratio of ET at an altitude of 202  km is about 18% 
because of the more effective heating efficiency in high 
latitude regions.

2) Comparison of electron density with same heater ERP
Heated with 240  MW, 4.544  MHz signal, the relative 

change ratio of ED at an altitude of 210  km is approximately 
8% in EISCAT radar observation. In Fig.  5 the simulation 
results indicate that heated with 240  MW, 6  MHz signal in 
Alaska, the relative change ratio of electron density at an 
altitude of 210  km is approximately 10% at daytime. How-
ever, heated in Fuzhou with the same heating parameters, the 
relative change ratio of ED at an altitude of 202  km is about 
7% because of the more effective heating efficiency in high 
latitude regions.

3) Comparison of electron temperature with the same 
heater frequency

Fig.  13 Increase in electron temperature observed by EISCAT radar
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Heated with 100  MW, 4.5  MHz signal, the relative change 
ratio of ET at an altitude of 256  km is approximately 15% in 
EISCAT radar observation. The simulation results indicate 
that heated with the same heater parameters in Alaska, 
the relative change ratio of ET at an altitude of 250  km is 
approximately 20% at daytime. However, heated in Fuzhou 
and Wuhan with the same heating parameters, the relative 
change ratio of ET is both about 8% because of the more 
effective heating efficiency in high latitude regions.

4) Comparison of electron density with the same heater 
frequency

Heated with 240  MW, 4.544  MHz signal, the relative 
change ratio of ED at an altitude of 250  km is approximately 
5% in EISCAT radar observation. The simulation results indi-
cate that heated with 400  MW, 4.544  MHz signal in Alaska 
and Fuzhou, the relative change ratio of ED is approximately 
2% and 1% respectively at daytime due to the more effective 
heating efficiency in high latitude regions.

5 Conclusions

Comparing simulation results with the experimental observa-
tion, there appeared a similar heating phenomenon in the 
mid-low latitude as well as in high latitude. It is feasible to 
carry out the ground-base HF heating experiment in mid-low 
latitude regions, though the heating effects are weaker. The 
reasons of feasibility are presented as follows.

1) By comparing the EISCAT experiment with the simula-
tion results of Alaska, Fuzhou and Wuhan, the evolution 
conformance can be confirmed. The comparison of ED and 
ET has been made while some introduced errors can be 
neglected.

2) From the limited experiment results in Arecibo, signifi-
cant electron evolution has been observed. It is indicated 
that the practicability of the mid-low latitude experiments in 
China and the feasibility of the experiment with the proper 
heater parameters in Fuzhou and Wuhan are available.
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