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Abstract 

We report a brief survey of matching conditions for artificial aurora optical experiments utilizing the second electron 
gyro-harmonic (2.7-MHz frequency) in F region heating with O-mode at the EISCAT Tromsø site using dynasonde data 
from 2000 to 2017. Our survey indicates the following: The possible conditions for successful artificial aurora experi-
ments are concentrated on twilight hours in both evening and morning, compared with late night hours; the possible 
conditions appear in fall, winter, and spring, while there is no chance in summer, and the month-to-month variation 
among fall, winter, and spring is not so clear; the year-to-year variation is well correlated with the solar activity. These 
characteristics in the case of 2.7-MHz frequency are basically similar to those previously reported in the case of 4-MHz 
frequency. However, the number of days meeting the possible condition in the case of 2.7-MHz frequency is obvi-
ously large, compared with that in the case of 4-MHz frequency. In particular, unlike the 4-MHz frequency operation, 
the 2.7-MHz frequency operation can provide many chances for successful artificial aurora experiments even during 
the solar minimum.
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Background
A large number of ionospheric heating experiments using 
high-frequency (HF) radio waves have been performed 
by many researchers. A detailed overview on iono-
spheric heating experiments can be found in, e.g., Kosch 
et  al. (2007a) and Leyser and Wong (2009). There are 
restrictions for successful heating experiments. A main 
restriction in artificial aurora experiments is that the ion-
ospheric peak density drops below the lowest heater fre-
quency too quickly after sunset. The weather condition is 
another important factor affecting the optical observa-
tions, but we do not treat the weather condition in the 
present study for simplicity. Due to such restrictions, 

some of heating experiments were successful (e.g., Gus-
tavsson et al. 2005; Bryers et al. 2013; Kosch et al. 2005, 
2007b, 2009, 2014a, b; Blagoveshchenskaya et  al. 2015), 
but the others were unsuccessful. Thus, it is vitally impor-
tant to understand when such successful conditions are 
likely satisfied for planning heating experiments in cam-
paigns. However, such surveys are not sufficiently carried 
out.

Using observational data obtained by the dynasonde 
(Rietveld et al. 2008) at the European Incoherent SCAT-
ter (EISCAT) Tromsø site, Tsuda et al. (2018) carried out 
the first survey for artificial aurora experiments using F 
region heating with the ordinary mode (O-mode) by the 
EISCAT heating facility (Rietveld et  al. 1993, 2016). In 
their survey, one of the required conditions for success-
ful or possible artificial aurora experiments is that the F 
region critical frequency in O-mode ( foF2 ) is more than 
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or equal to 4-MHz frequency, i.e., the minimum radio 
frequency of the present EISCAT heating system. This is 
because the electron energization by powerful O-mode 
HF waves, which lead to electron heating and optical 
emissions, can only occur when the radio frequency of 
transmitted HF waves is slightly lower than the maxi-
mum plasma frequency in the heating region. In addi-
tion, darkness is needed to observe the optical emissions, 
i.e., artificial aurora. Based on the survey, they suggested 
the following: The successful or possible conditions for 
the artificial aurora experiments are concentrated on 
twilight hours in both evening and morning, compared 
with late night hours; the possible conditions appear in 
fall, winter, and spring, while there is no chance in sum-
mer, and the month-to-month variation among fall, win-
ter, and spring is not so clear; the year-to-year variation 
is well correlated with the solar activity, and experiments 
during the solar minimum would be almost hopeless. It 
should be noted that the plasma frequency is sufficiently 
high in summer but there is no chance in summer due to 
the lack of darkness at the high latitude, i.e., the EISCAT 
Tromsø site.

Another interest is a survey for artificial aurora experi-
ments utilizing the second electron gyro-harmonic (e.g., 
Kosch et al. 2005, 2007b, 2009). Pumping the ionosphere 
in the second electron gyro-harmonic frequency is spe-
cial, because on the second electron gyro-harmonic only 
there is a plasma resonance maximum. On all higher 
gyro-harmonic frequencies, there are plasma resonance 
minimums. The plasma resonance is found close to the 
gyro-frequency, but this is more difficult to achieve pre-
cisely because the ionosphere is not static, i.e., the plasma 
density varies and the height also varies, which varies the 
magnetic field strength. Thus, the frequency regime on 
the second electron gyro-harmonic allows more easily 
the study of various plasma instabilities (e.g., parametric 
decay instability for Langmuir, upper-hybrid, and elec-
tron Bernstein waves). Electron acceleration on the sec-
ond gyro-harmonic is sufficiently intense that descending 
artificial ionization layers have been observed (e.g., Ped-
ersen et al. 2010). The second gyro-harmonic frequency 
( 2fce ) can be calculated as: 2fce = 2×

eB
2πm . Here, e is the 

elementary charge ( 1.602× 10−19 C), m is the electron 
mass ( 9.109× 10−31  kg), and B is the ionospheric mag-
netic field strength which is roughly 47,000–49,000 nT 
at 200–300  km heights above the EISCAT Tromsø site. 
Hence, the second electron gyro-harmonic frequency 
is roughly 2.6–2.7  MHz. Thus, in the present paper, we 
present a survey of conditions for artificial aurora experi-
ments by 2.7-MHz frequency, i.e., the second electron 
gyro-harmonic frequency, at the EISCAT Tromsø site 
using dynasonde data. This is an extension to the survey 
of Tsuda et  al. (2018). The information obtained in this 

survey provides a strong scientific basis to re-introduce a 
low-frequency capability to the EISCAT heating facility. 
It should be mentioned that originally the EISCAT heat-
ing facility was able to transmit between 2.7 and 4 MHz 
from 1980 until October 1985 when a storm catastrophi-
cally damaged the low-frequency antennas. That antenna 
array was rebuilt for higher frequencies, but a limited 
modification for low frequencies may be feasible (see 
Rietveld et al. 2016).

Methods
The present survey is basically the same as that employed 
by Tsuda et  al. (2018), but for the case of 2.7-MHz fre-
quency (i.e., for the artificial aurora experiments utilizing 
the second electron gyro-harmonic). For a statistical sur-
vey, we accumulated foF2 data from 2000 to 2017 (pre-
cisely to 06:06 UT on October 11, 2017), obtained by the 
dynasonde at the EISCAT Tromsø site ( 69.6◦N, 19.2◦E ). 
The data period covers more than one solar cycle. A 
sounding was made typically every 6 minutes before 
February 2012 and every 2 minutes since then. Using 
the dataset, we categorized each period of 1 h into three 
conditions: (a) possible nighttime heating condition; (b) 
impossible nighttime heating condition; and (c) no data. 
To judge the conditions, we set four criteria: (1) number 
of foF2 data for each 1-h period is at least 5; (2) aver-
aged foF2 for each period of 1  h is more than or equal 
to 2.7 MHz; (3) one standard deviation of foF2 for each 
period of 1 h is less than or equal to 0.5 MHz; (4) mini-
mum of solar zenith angle (SZA) for each period of 1 h is 
more than or equal to 96◦ . If the criterion (1) is not satis-
fied, the 1 h is categorized as the condition (c). If all the 
criteria are satisfied, the 1 h is categorized as the condi-
tion (a). Otherwise, the 1 h is categorized as the condi-
tion (b). Note that the criterion (2) is for O-mode heating 
in the second electron gyro-harmonic, the criterion (3) 
is for stable ionosphere or stable heating which would be 
important for, e.g., ON–OFF heating operation, and the 
criterion (4) is for nighttime including both the nautical 
twilight and the astronomical twilight to detect optical 
emissions, i.e., artificial aurora emissions.

Results and discussion
Local time variation
Figures 1, 2, 3 show UT-date variations in the possibility 
for the artificial aurora experiments from 2000 to 2017. 
It seems that the possible hours are fairly concentrated 
around the evening hours, i.e., a few hours after sunset, 
compared with the late night hours. Another interesting 
characteristic is that a number of the possible hours can 
be found in the morning hours, i.e., a few hours before 
sunrise. These would indicate that relatively high elec-
tron density can be maintained at twilight hours due to 
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solar illumination in the F region. These characteristics 
are basically similar to those by Tsuda et  al. (2018), but 
the number of the possible hours seems to be large, com-
pared with that by Tsuda et al. (2018). This would be due 
to the change in the criterion (2) (i.e., 4–2.7 MHz in the 
averaged foF2).

Month‑to‑month variation
To see seasonal variation in detail, Figs.  4, 5, 6 show 
month-to-month variations of the number of days for 
possible artificial aurora experiments from 2000 to 2017. 

Here, if there are no data in a day, we define the day as 
no data, marked by black. If there is the possible condi-
tion of at least 1 h in a day, we define the day as the pos-
sible condition, marked by red. Otherwise, we define the 
day as the impossible condition, marked by gray. Obvi-
ously, there was no chance for the possible condition 
during summer, i.e., roughly May to July. This is because 
the criterion (4) for nighttime condition is never satisfied 
during the summer. On the other hand, we can find the 
possible condition from August to April, i.e., fall, winter, 
and spring. Of particular interest, we can find that there 
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Fig. 1  Variations in possible UT-date for conducting artificial aurora experiments from 2000 to 2005 (from a to f). The red region indicates periods 
under the possible condition, and the gray region indicates periods under the impossible condition. The white region corresponds to periods when 
there are no data. The solar zenith angle (SZA) of 96◦ is described by the black curve. Note that LT = UT + 1 h (for winter time), at Tromsø
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were many chances for the artificial aurora experiments 
in winter. It seems that the number of days in the pos-
sible condition during winter is not much smaller than 
or is similar to those during spring as well as fall. Gen-
erally, there should be differences in the solar irradiation 
between winter and spring/fall. Such seasonal differences 
would be mainly due to different SZAs. However, in the 
twilight hours, the SZA should be roughly the same in 
any season. Hence, relatively high electron density can 
be maintained in the illuminated F region during the twi-
light hours in any season. This would be a reason for the 

observed unclear seasonal variation. Again, these char-
acteristics are basically similar to those in Tsuda et  al. 
(2018), but the number of the possible days seems to be 
large, compared with that in Tsuda et al. (2018).

Year‑to‑year variation
Figure 7 shows year-to-year variations of the number of 
days with the possibility for the artificial aurora experi-
ments from 2000 to 2017, with 1-year average of the 
solar radio flux index at 10.7  cm (2800  MHz), F10.7 . 
Note that the averaged F10.7 in 2017 is calculated using 
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Fig. 2  Variations in possible UT-date for conducting artificial aurora experiments from 2006 to 2011 (from a to f). The red region indicates periods 
under the possible condition, and the gray region indicates periods under the impossible condition. The white region corresponds to periods when 
there are no data. The solar zenith angle (SZA) of 96◦ is described by the black curve. Note that LT = UT + 1 h (for winter time), at Tromsø
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data to August 31, 2017. We can find a clear relationship 
between the averaged F10.7 and the number of days in the 
possible condition in the case of 2.7-MHz frequency (see 
Fig. 7a). This characteristic is similar to that in the case 
of 4-MHz frequency (see Fig. 7b) by Tsuda et al. (2018). 
However, the number of the possible days during the 
solar minimum was obviously large, compared with that 
in the case of 4-MHz frequency. In Fig. 7c, we compare 
occurrence rates in the possible days for the artificial 
aurora experiments in the cases of 2.7- and 4-MHz fre-
quencies. For example, during 2006–2009 (i.e., the solar 

minimum), the occurrence rates were very low (1–2%) in 
the case of 4-MHz frequency [i.e., in the survey by Tsuda 
et al. (2018)], while those were 24–30% in the case of 2.7-
MHz frequency (i.e., in the present survey).

Thus, the results indicate that in the case of 2.7-MHz 
frequency there are many chances for the artificial aurora 
experiments even during the solar minimum. This would 
be a big advantage in the 2.7-MHz frequency operation. 
So, if an upgrade to the 2.7-MHz frequency operation in 
the EISCAT heating facility is realized, chances for the 
artificial aurora experiments can be much enhanced even 
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Fig. 3  Variations in possible UT-date for conducting artificial aurora experiments from 2012 to 2017 (from a to f). The red region indicates periods 
under the possible condition, and the gray region indicates periods under the impossible condition. The white region corresponds to periods when 
there are no data. The solar zenith angle (SZA) of 96◦ is described by the black curve. Note that LT = UT + 1 h (for winter time), at Tromsø
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during the solar minimum. This means that we do not 
have to wait for the next solar maximum, i.e., the maxi-
mum of the cycle 25, which would be 2022–2023 accord-
ing to solar cycle predictions (e.g., Rigozo et  al. 2011; 
Attia et al. 2013; Li et al. 2015). In addition, there would 
be much new science related to the second electron 

gyro-harmonic (e.g., various plasma instabilities such as 
parametric decay instability for Langmuir, upper-hybrid, 
and electron Bernstein waves).

Historically, the EISCAT heating facility could operate 
around the second electron gyro-harmonic frequency 
(2.76 MHz) in the early 1980s (e.g., Frey 1986), but this 
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Fig. 4  Month-to-month variations of the number of possible days for conducting artificial aurora experiments from 2000 to 2005 (from a to f). 
The red bars indicate the possible days, while the gray bars indicate days in which conducting the experiments is not possible, and the black bars 
indicate days when there are no data
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capability was not fully exploited then because of a lack 
of advanced diagnostic instruments and radar techniques 
available at that time. The HIgh-Power Auroral Stimula-
tion (HIPAS) also had a capability of the operation for the 
second electron gyro-harmonic frequency, but HIPAS 
stopped operating in 2007. The High-frequency Active 
Auroral Research Program (HAARP) can be used for 

the second electron gyro-harmonic frequency opera-
tion, but there is no incoherent scatter radar near the 
HAARP. EISCAT has two incoherent scatter radars colo-
cated with the EISCAT heating facility, which would be 
a huge advantage if the EISCAT heating facility could 
get the 2.7-MHz capability back. Later, EISCAT_3D 
will also be a valuable diagnostic for a 2.7-MHz heating 
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Fig. 5  Month-to-month variations of the number of possible days for conducting artificial aurora experiments from 2006 to 2011 (from a to f). 
The red bars indicate the possible days, while the gray bars indicate days in which conducting the experiments is not possible, and the black bars 
indicate days when there are no data
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facility. EISCAT_3D and the heating facility will not be 
colocated, but EISCAT_3D will be able to cover the iono-
sphere above the heating facility at Tromsø. Thus, we will 
be able to perform multi-point observations along the 
local magnetic field line at heating facility with multiple 
beams by EISCAT_3D.

Conclusions
We carried out a statistical survey of conditions for 
artificial aurora experiments by 2.7-MHz frequency at 

EISCAT Tromsø site using dynasonde data from 2000 
to 2017. This survey is an extended work of the survey 
in the case of 4-MHz frequency by Tsuda et  al. (2018). 
Local time, month-to-month, and year-to-year variations 
in the possibility for the artificial aurora experiments by 
2.7-MHz frequency are generally similar to those in the 
case of 4-MHz frequency. However, the number of days 
with the right ionospheric condition in the case of 2.7-
MHz frequency was obviously much larger, compared 
with that in the case of 4-MHz frequency. In particular, in 
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Fig. 6  Month-to-month variations of the number of possible days for conducting artificial aurora experiments from 2012 to 2017 (from a to f). 
The red bars indicate the possible days, while the gray bars indicate days in which conducting the experiments is not possible, and the black bars 
indicate days when there are no data
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the case of 2.7-MHz frequency, unlike the case of 4-MHz 
frequency, there would be many chances for the artifi-
cial aurora experiments even during the solar minimum. 

This would be an important advantage in the 2.7-MHz 
frequency operation by the EISCAT heating facility, if it 
become a reality in the future.
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