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We present first observations of the ELF emission generated by the modulated ionospheric HF- 
heating using the H A A R P  facility. We focus primarily on the dependence of the polarization and 
of the amplitude of the ELF wave upon the frequency and polarization of the heating radio wave. 
A simple 1D computational model of the ELF generation based on the earlier developed model of 
a horizontal magnetic dipole caused by the HF ionospheric heating [1] is presented. The model 
develops a qualitative understanding of the changes in the ELF amplitude and polarization due 
to variations of the heating frequency. The obtained results imply that polarization of the ELF 
emission generated by the ionospheric HF-heating can be controlled by changing the frequency or 
polarization of the radio wave. 

1. INTRODUCTION 

Generation of VLF/ULF/ELF emission using modulated HF-heating of the lower ionosphere was first 
reported more than two decades ago [2]. A quasistationary current flowing through the lower ionosphere is 
disturbed by the HF radiation and in turn irradiates at the modulation frequency. This current is driven 
by winds in the middle and lower latitude ionosphere, and by the field-aligned mapping of magnetospheric 
electric fields in the high-latitude ionosphere. A number of experiments have since been conducted using 
different HF facilities [3-9]. Recently new interest is attracted to the generation of low-frequency emissions 
due to its possible application to underground explorations [10]. However, in order to conduct underground 
sensing, both the frequency and polarization of the low-frequency emission have to be controlled. While 
the frequency of the generated ELF emission is determined by the modulation frequency of the heating 
radiowave, its polarization is arbitrary. Recent experiments using the HAARP facility which is able to 
change continuously the frequency and polarization of the emitted radiowave, implied that the polarization 
could be controlled by a proper choice of the heating frequency. 

The objective of this work is to discuss the first observations of the ELF emission generated by the 
HAARP HF facility, while the primary focus is on the dependence of the polarization and of the amplitude 
of the ELF wave on the parameters of the heating facility. A simple 1D computational model of the ELF 
generation by the HF ionospheric heating, based on the earlier results [1], is presented. The model develops 
a qualitative understanding of the changes in the ELF amplitude and polarization due to variations of the 
heating frequency. 

2. O B S E R V A T I O N S  

The ELF emission generated by the modulated HF-heating using the HAARP facility 
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Fig. 1. Polarization angle 0 = arctglBz/13y [ of the ELF emission 
generated by the HAARP facility (closed circles and bars), and by the 
HIPAS facility (points). 

was observed by the magnetometer at the Gakona site close to the location of the transmitter.  The HAARP 
HF-heater was operating at different frequencies and polarization during 03.12.97 06:30-09:30 UT which 
corresponds to 23:30-02:30 LT. Either the frequency or polarization was changed each 5 minutes. The 
continuous HF radiation was modulated by a square wave amplitude with modulat ion frequency f~  ---- 35 Hz. 
The amplitudes and phases of the two components of the magnetic perturbations were resolved along the 
geographically north-south and east-west directions denOted as Bz, By and Cz, Cy, respectively. For each 
of these amplitude or phase components three harmonics (fundamental, third, and fifth) were observed. 
In order to distinguish effects caused by variations of frequency and polarization of the HF radiation from 
that due to changing ionospheric conditions, we conducted the HF-heating at the  fixed frequency and 
polarization (f  = 3.155 MHz, X-mode, ffl = 28 Hz) each 30 rain during 5-min interval. Simultaneously the 
ELF emission generated by the HIPAS facility located 290 km south-west of the HAARP site, under similar 
conditions (f  = 2.85 MHz, X-mode, ff~ = 28 Hz), was observed at Gilmore Creek near the HIPAS site 
and compared with that  from the HAARP. Due to the lack of the proper calibration of the ELF emission 
generated by the HIPAS transmitter, we could not compare the values of the magnetic perturbations Bz 
and By caused by the two above transmitters, but compare instead the corresponding polarization angles 
0 = arctg[Bz/By[. Note that the value of polarization angle is also affected by the phase difference between 
Bx and By components. This effect will be considered in our future work. The HAARP data were filtered 
by removing the contaminated data which appear at 1'15" at the begimling of each 5 t interval. We average 
then the values of 0 in 3'45" interval and show the mean values and error bars. The HIPAS data were 
processed by comparing peaks of By and Bx within each 5' interval. 

Figure 1 shows a significant difference between the polarization angle of the  ELF emissions gener- 
ated by the HAARP and HIPAS. We believe that this is due to the different ionospheric conditions at the 
HAARP and HIPAS sites. Moreover, the polarization angle was almost constant during 07:00-09:00 UT for 
the HAARP observations. This implies that  the ionospheric conditions including the auroral jet direction 
were constant during this period. This was confirmed by a series of supplementary observations of the 
ionospheric environment by the time of the heating experiments. In fact, data obtained by the Univer- 
sity of Alaska, Geophysical Institute magnetometer located at Gakona show that during the chosen period 
03.12.97 07:00-09:00 UT the magnetic variations of all three orthogonal components of the Earth 's  mag- 
netic field were less then 50~ and did not reveal noticeable time variations. However, both preceding alld 
following periods were characterized by a significant disturbances of the geomagnetic field. In fact, the peak 
value of the magnetic variations reached was 400~ at about 13:00 UT, which corresponds to a substorm level. 
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Fig. 2. Amplitude of magnetic perturbations versus the frequency of 
the heating radio wave of X-mode and O-mode. 

Furthermore, the HAARP imaging radiometer showed a moderate ionospheric absorption with no notice- 
able temporal variations during 03.12.97 07:00-09:00 UT. The UV images taken by the Polar satellite show 
some auroral activity during 03.12.97 08:45-11:57 UT, unfortunately no observations were made before that 
time. In short, during the day 03.12.97 some auroral activity took place; however, the time 06:00-09:00 UT 
presents a quiet period. 

In the following analysis we focus on the HAARP data collected during the time 07:00-09:00 UT. 
During those experiments three different harmonics, namely, the fundamental, third, and fifth, were ob- 
served. However, in this paper we discuss the observations of the fundamental harmonic only. Observations 
of other harmonics will be discussed elsewhere. Figures. 2a and 2b show the ea~plitude of magnetic pertur- 
bation B = v/Bx 2 + B~ observed at different frequencies of the heating radio wave having X and O-mode. It 

reveals that B changes with the frequency f as f -Z , / 3  ~ 1 - 2. 
Figures 3a and 3b show the polarization angle of the magnetic perturbation obtained at the same 

conditions as in Fig. 2a and 2b. The figures reveal a nonmonotonic dependence on the heating frequency. 

3. DISCUSSION 

As suggested by Zhou et al. [1], the modulated HF-heating excites whistler/helicon waves in the lower 
ionosphere, which form an expanding loop driven by field-aligned plasma currents. The resulting horizontal 
magnetic dipole (HMD) radiates the ELF emission of the frequency equal to the modulation frequency fn  
or its harmonics. Schematics of the ELF emission generated by a horizontal magnetic dipole is shown in 
Fig. 4. The value of the perturbed magnetic field observed on the ground beneath the HMD, i.e., in the near 
zone of the ELF emitter, can be obtained if one assumes that  it is generated by the two opposite directed 
currents A J  at the bot tom and top of the magnetic loop: 

B = #oAJ #oAJ #oAJ L 
A J  --- E S - A S .  (1) 

2~rhc 2~r(hc + L) 21rhc ha' 

Here AE = (AE2p + AE2)1/2 is the disturbance in the ionospheric conductance caused by the HF-heating, 
including changes in both Pedersen AEp and Hall ASH conductances, #0 is the magnetic permeability of 
the vacuum, C is the ambient electric field, S is the area irradiated by the HF beam, hc is the height 
where the ionospheric current induced by the HF-heating is located, and L is the vertical size of the 
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Fig. 3. Polarization angle of magnetic perturbations versus the fre- 
quency of the heating radio wave of X-mode and O-mode. 
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magnetic loop (see Fig. 4). Assuming that  the ionospheric current is generated in a thin sheet, the vertical 
size of the magnetic loop L has the following form [1]: 

L ~- (C/We)V~et, (2) 

where we(hc) is the electron plasma frequency at the height hc, while f~e is the local electron gyrofrequency, 
c is the velocity of light, and t is the loop expansion time. 

Furthermore, the polarization angle of the magnetic perturbations induced by the HF-heating is 
defined by the relation between the magnetic moments of the perturbed Pedersen and  Hall currents due to 
the ionospheric HF-heating. It is illustrated by Fig. 5, where the perturbed Pedersen current AJp  is shown 
along the polar electrojet making an angle c~ to the east-west direction, while the perturbed Hall current 
A J  H is in the orthogonai direction. The magnetic moments due to the Pedersen and Hall perturbed currents 
Mp and /~IH are also depicted in this figure. From this geometry we obtain the /3x and By components 
of the magnetic field disturbances caused by the above magnetic moments, and find then the polarization 
angle 

I ()VIP//~-/H) tan c~ + 1 . (3) 
0 = arctg]Bz/Bu[ = arc~g ~ - t a n s  

Using (1) we obtain the ratio of the magnetic moments due to the Hail and Pedersen conductances 

�9 Ip AJpLp A~p Lp 
A/H - -  AJHL~ = AZ----H LH' (4) 

where LH and Lp present the vertical size of magnetic loops due to the Hall and Pedersen current, respec- 
tively. We discuss next a numerical model of the ionospheric HF-heating developed in order to calculate 
the amplitude, as well as the polarization angle of magnetic perturbations induced by the HF heating, and 
compare them with the observations. 

3.1.  C o m p u t a t i o n a l  M o d e l  

We consider a simple zero-order 1D model of the ionospheric heating by a series of pulses having 
square wave modulation. Since the discussed experiments were conducted at a moderate  effective radiated 
power (ERP), we neglect the nonlinear effects including self-absorption in our model. The disturbances in 
the Hail and Pedersen conductivities due to the HF-heating are given by the following equations: 
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Fig. 5. Relation between the polarization angle 
8 of the magnetic perturbations and the angle 
between the polar electrojet and the west-east 
direction. 

d,., 1 - d,., 
AO'H 4=a~ (I + .21~7)2 d-Te ATe' Aap = 47r~ 2 (I + ~21n~)2 dTe ATe" (5) 

Here u is the electron-neutral collision frequency and the electron heating ATe is given by [Ii] 

ATe = e2E  
3m5o(co2 + v2), (6) 

where w = 2~ef and E0 are the radio wave frequency and amplitude, m and e are the electron mass and 
charge, respectively, while 60 is the mean fraction of the energy lost by the electron in collision with a neutral 
particle. The radio wave propagation is described by the equation 

E o ( z )  = Eo(zo)  exp - (w 4- he )  2 + u 2 d z  , (7) 

where z0 is the lower boundary of the ionosphere, while + and - correspond to the O and X-mode of the 
heating radiowave respectively. 

dv 
Furthermore, we take into account that for a linear disturbances of the electron temperature 

dTe 
5 v  
6 Te [11]. We adopt then the height dependent electron-neutral collision frequency [11] along with the elec- 

tron density profile which corresponds to the nighttime ionosphere under conditions of high solar activity [3]. 
From this model we obtain the altitude dependent perturbations of the Hall and Pedersen conductivity. They 
are shown in Fig. 6 for the heating wave of X-mode, and for two different frequencies. Here the values Acrp, 
AaH are normalized over the corresponding peak value of the Hall conductivity. Figure 6 shows that the 
perturbed Hall conductivity peaks at a lower height than Pedersen, and that the both peaks occur at higher 
altitudes under the higher frequency of the heating wave. Moreover, this effect is far more pronounced for 
the Pedersen conductivity, since it is determined by the heating of the upper part of the E-layer, above 70 
km. 
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Fig. 7. Amplitude of magnetic perturbations as a function of the 
frequency of the heating wave along with the relevant observations 
of the X-mode and of the O-mode. 

Assuming next that  the ionospheric current is generated mostly in a thin layer whose location coincides with 
the peak of corresponding conductivity located at the height hH'P where letters H and P denote the Hall ' ~ 
and Pedersen current, we obtain from Eq. (2) that  

l/od H~ H,P LH,p oc / eV~ (8) 

where the peak location depends on the heating frequency. 
Using Eqs. (1), (5)-(8) we compute the perturbed magnetic field B which could be observed on the 

ground due to the ionospheric heating by the HAARP transmitter.  Figure 7 shows values of B as a function 
of the frequency of the heating wave along with the corresponding observations for X and O-mode heating 
wave. Here the effective radiated power (ERP) is considered 10 MW and does not  depend on the radiating 
frequency. In addition, taking into account that  the total power of the t ransmit ters  is 360 kW, the antenna 
gain is estimated as 31, so the angle of the main antenna lobe is about 12 ~ . This  allows us to evaluate 
the area S in the ionosphere irradiated by the HF beam. Moreover, the ambient electric field was assumed 
3 mV/m,  while the size of the HMD magnetic loop is taken as 3 km if the conductivi ty peaks at 75 km, 
which corresponds to the heating frequency f = 3 MHz. 
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10 

Note that two factors affect the B(w) dependence. The first is the variation of the electron temperature 
which depends on the heating frequency as ATe oc 1/(w 2 + u 2) according to the expression (6). The second 
is the size of the HMD magnetic loop given by the expression (8). Since the peaks of the Hall and Pedersen 

rtH,P conductivities move up when w increases, raising the plasma frequency We(npeak), both LH and Lp are 
reduced with w. 

Furthermore, in order to obtain the polarization angle given by Eq. (3) we compute first the ratio of 
the Pedersen an Hall conductances ~P/~H, and then obtain the ratio of vertical sizes of the corresponding 
magnetic loops Lp/LH. The latter depends nonlinearly on the frequency, since the peak of the Pedersen 
conductivity moves up faster than the peak of the Hall conductivity with increasing w, as shown by Fig. 6. 
That  allows us to obtain the ratio of Pedersen and Hall magnetic moments from the relation (4), as shown 
in Fig. 8. Note that the AIp//~/fH value experiences a minimum at 4.8 and 7.6 MHz for the X and O-mode 
correspondingly, due to different dependences of ~P/~H and Lp/LH on w. We estimate next the value of 
the angle a between the polar electro jet and east-west direction using the following consideration. First 
we obtained the ratio of H (north-south) to D (east-west) magnetic field perturbations averaged over 2 
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hours period of the observations, using the data obtained by the University of Alaska, Geophysical Institute 
magnetometer located at Gakona. Therefore we found that BD/BH = tanSamb ~-- 0.1. Furthermore, there is 
a critical altitude between 70 - 75 km where v = me. For altitudes below the critical altitude the dominant 
current is the Pedersen current, while for the altitudes above the critical altitude the dominant current is 
the Hall current. Since the electrojet is located mostly above the critical height, the  major role is played 
by the Hall current. Thus neglecting effects caused by the Pedersen current and taking into account that 
the ambient Hall current is directed similar to the perturbed Pedersen current, we obtain from Fig. 5 that 
t a n s  : tan ~amb ~ 0.1. 

Finally, by substituting the ratio A fp/!~IH along with the value of tan ~ into Eq. (3) one can obtain 
the polarization angle as a fmlction of ~. This is shown in Fig. 9 along with the relevant observations. As 
follows from Fig. 9, the model is in qualitative agreement with the observations. 

4. CONCLUSIONS 

First observations of the ELF emission generated by the modulated ionospheric HF-heating using 
the HAARP facility have been presented. We chose for our analysis the data obtained on 03.12.97 during 
07:00-09:00 UT. During this time relatively quiet ionospheric conditions took place, preceded by a significant 
disturbances of the geomagnetic field. 

It was found that  the amplitude of magnetic perturbations depends oll the heat ing frequency as f - J ,  
13 ~ 1 - 2. The polarization angle (8 = arctglBx/Byl) reveals a nonmonotonic dependence upon the heating 
frequency. 

A comparison made with a model of the horizontal magnetic dipole generated by the HF heating 
provides a qualitative explanation of the observed phenomenon. 

The obtained results imply that  polarization of the ELF emission generated by the ionospheric HF 
heating can be controlled by changing the frequency or polarization of the heating radio wave. 

The authors are indebted to P. N. Guzdar and A. S. Sharma for valuable discussions, and to G. Larionov 
for helping with the data analysis. The work was supported in part by National Science Foundation under 
the Grant ATM-9713719. 
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