
Solar-Terrestrial Physics. 2020. Vol. 6. Iss. 3. P. 29–33. DOI: 10.12737/stp-63202004. © 2020 
A.G. Setov, D.S. Kushnarev, R.V. Vasilyev, A.V. Medvedev. Published by INFRA-M Academic Publishing House 

Original Russian version: A.G. Setov, D.S. Kushnarev, R.V. Vasilyev, A.V. Medvedev, published in Solnechno-zemnaya fizika. 2020.  

Vol. 6. Iss. 3. P. 33–39. DOI: 10.12737/szf-63202004. © 2020 INFRA-M Academic Publishing House (Nauchno-Izdatelskii Tsentr INFRA-M) 

This is an open access article under the CC BY-NC-ND license 

LONG-TERM SOLAR FLUX OBSERVATIONS 

WITH IRKUTSK INCOHERENT SCATTER RADAR (IISR) IN 2011–2019 
 

A.G. Setov 
Institute of Solar-Terrestrial Physics SB RAS,  
Irkutsk, Russia, setov@iszf.irk.ru 

D.S. Kushnarev 
Institute of Solar-Terrestrial Physics SB RAS,  
Irkutsk, Russia, ds_k@iszf.irk.ru 

R.V. Vasilyev 
Institute of Solar-Terrestrial Physics SB RAS,  
Irkutsk, Russia, roman_vasilyev@iszf.irk.ru 

A.V. Medvedev 
Institute of Solar-Terrestrial Physics SB RAS,  

Irkutsk, Russia, medvedev@iszf.irk.ru 
 

 

Abstract. Irkutsk incoherent scatter radar (IISR) is 

an oblongish horn antenna that operates in a meter 

waveband (154–162 MHz), has a 0.5°×20° beam, and a 

frequency steering allowing us to tilt the beam by 30° to 

the south. Besides active measurements of ionospheric 

conditions and monitoring of space objects, the radar is 

regularly used for passive radio astronomical observa-

tions. From May to August, the Sun crosses the radar 

field of view and can be in the maximum of the radia-

tion pattern for about two hours. The known shape of 

the radiation pattern and the high sensitivity of the re-

ceiver allow us to conduct calibrated measurements of 

the solar flux in solar flux units during this period. We 

have developed a new approach to the calibration, 

which can be applied to all IISR archival passive data. 

In the paper, we present long-term observations (2011–

2019) of the solar flux in May and summer. We de-

scribe the measurement method, present daily average 

values of the solar flux for this period of passive meas-

urements, and compare it with the solar activity F10.7 

index and solar flux measurements made at the Austral-

ian observatory Learmonth at 245 MHz. We show that 

the daily average flux for the period of observations at a 

frequency of ~161 MHz generally has values from 5 to 

10 sfu. 

 

Keywords: solar flux, IISR, calibration, F10.7, 

Learmonth. 

 

 

 

 

 

INTRODUCTION 

Activity on the Sun's surface, especially in the solar 

corona, is largely responsible for space weather condi-

tions. During solar flares, X-ray and EUV emission in-

creases sharply, thus causing an increase in ionization 

and disturbances in Earth's ionosphere [Tsurutani et al., 

2009]. Coronal holes and streamers are sources of the 

fast solar wind, which triggers geomagnetic disturb-

ances [Zirker, 1977]. Coronal mass ejections cause an 

increase in solar wind density and velocity and high-

energy particle ejections, thus generating geomagnetic 

storms (e.g., [Zhang et al., 2007]). The solar corona can 

be monitored by radio emission in the meter waveband 

since its sources, located closer to the solar surface, are 

shielded by the plasma [Shibasaki et al., 2011]. Besides 

the constant solar emission in VHF, there are bursts 

representing both short-term and long-term increases in 

radio emission.  

Interest in VHF solar radio emission has led to the 

advent of many spectrometers, which typically have an 

antenna with a small aperture and a wide radiation pat-

tern, such as CALLISTO spectrometers, the Irkutsk 

spectropolarimeter SSMD with log-periodic antennas 

[Benz et al., 2005; Muratova et al., 2019], or the spec-

trograph HiRAS with a log-periodic antenna and two 

parabolic antennas 10 and 6 m in diameter  [Kondo et 

al., 1995]. While these instruments can examine the 

behavior of the spectrum of intense bursts, they have 

low sensitivity and are rarely calibrated, therefore can-

not determine the solar flux value and measure the 

background solar radio emission. Calibrated, highly 

sensitive measurements of the spectral flux density of 

solar emission or just of the solar flux measured in sfu 

(solar flux units; 1 sfu = 10 
–22

W·m
–2

·Hz 
–1

) are there-

fore particularly valued. Nowadays there are few in-

struments capable of making such measurements (e.g., 

ARTEMIS-IV [Kontogeorgos et al., 2006], AMATERAS 

[Iwai el al., 2012]), or the measurements are performed 

only from time to time. So, The Nancay radioheliograph 

works in a range of 150 to 450 MHz, but data is availa-

ble only before 2015. The large radio telescopes 

LOFAR (10–230 MHz) and MWA (70–300 MHz) are 

sometimes used for solar observations, but they have 

many other research tasks. Regularly calibrated meas-

urements of solar flux at eight discrete frequencies (245, 

410, 610, 1415, 2696, 4995, 8800, and 15400 MHz) 

from the Radio Solar Telescope Network (RSTN) of the 

United States Air Force are available starting from 1966 

[Giersch et al., 2017]. The network includes multiple 

stations deployed at different times, some of which have 

operated to date. Frequencies were selected to be close 

to operating frequencies of different radioelectronic 

devices and antennas used in civil and military purpos-

es, but only the frequency of 245 MHz falls within the 

meter waveband. 

Irkutsk Incoherent Scatter Radar (IISR) was origi-

nally a military radar, which was modified for research 

purposes [Potekhin et al., 2009]. It operates in a 154–

162 MHz frequency band (λ = ~1.9 m) and has an ob-

longish two-channel horn antenna of 246×12 m, which 

provides two 0.5°×20° beams. Due to the large antenna 
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and high power, the radar is used for ionospheric sound-

ing through incoherent scattering. When IISR does not 

make active measurements, it detects radioastronomical 

signals, including signals from the Sun in the period 

from May to August. Due to the narrow beam, known 

shape of the radiation pattern, and high sensitivity, we 

can calibrate the IISR receiver to obtain solar flux val-

ues. The paper describes the method of measuring solar 

flux and reports observational results received from 

2011 to 2019. 

One of the main solar activity indices in space weath-

er research is the F10.7 index — solar flux at a wave-

length of 10.7 cm (~2.8 MHz) [Tapping, 2013; Bilitza, 

2000; Verbanac, 2010]. However, although the F10.7 

index correlates well with solar activity, it covers only a 

part of the processes occurring on the Sun. We compare 

IISR daily average solar flux, the solar activity index 

F10.7, and the flux recorded at Learmonth Solar Obser-

vatory of the RSTN network at a frequency of 245 MHz. 

 

MEASUREMENT TECHNIQUE 

IISR has a frequency steering: the radar beam is con-

trolled electronically, and the operation direction is de-

termined by frequency. In transmission or reception at a 

frequency of 154 MHz, the beam is vertical; at a fre-

quency of 162 MHz, it is tilted by 30°. IISR has made 

passive observations for about ten years, and over this 

period, the way that radioastronomical signals are pro-

cessed has been changed several times. Initially, for the 

data on 2011–2014, measurements were made at over 

80 discrete frequencies covering the operating frequen-

cy range [Vasilyev et al., 2013]. Sequential switching to 

a new frequency, signal reception and digitization, 

which yielded from 1024 to 4096 complex points de-

pending on settings, were performed. The receiver had a 

bandwidth of 25 kHz. Received signals were used to 

determine averaged power and coherence coefficient. In 

2015, the receiver was modernized to receive signals 

with a bandwidth of 700 kHz. If we take the Fourier 

spectrum of such a signal, each individual frequency of 

the spectrum will correspond to a particular beam direc-

tion in space. As a result, the number of central frequen-

cies used to receive signals was reduced to 11. Since 

2015, the archive has stored recorded quadratures rather 

than averaged parameters, which allows us to choose a 

processing method more flexibly. In 2017, the reception 

mode was again changed — it was necessary to increase 

time resolution to monitor powerful radio sources, such 

as the Sun, Cygnus-A, Crab Nebula, and Cassiopeia-A. 

Currently, passive measurements during the day are 

made in two modes: tracking of radio sources at one 

central frequency, which varies so that a source would 

be always at the radiation pattern maximum [Vasilyev et 

al., 2016], and scanning at 11 central frequencies cover-

ing the entire IISR frequency range. 

Over the years of active and passive observations, 

the IISR receiver has constantly been modified and its 

characteristics have been changed, therefore it has to be 

routinely calibrated during processing of archival pas-

sive data. The advantage of IISR over many other in-

struments is the known shape of its radiation pattern, 

which is necessary for precise positioning and calibra-

tion. We have previously proposed a method for cali-

brating and determining the solar flux value, which is 

based on the signal from Cygnus-A in the tracking 

mode, for data after 2017 [Setov et al., 2018]. This 

method cannot be applied to the data before 2017, there-

fore in this paper we have chosen another approach and 

utilize the sky noise recorded in the scan mode as a cal-

ibration signal. There are a variety of calibrated meas-

urements of the sky noise at different frequencies, car-

ried out with precision radio telescopes and dedicated 

instruments. The Global Sky Model (GSM) [de 

Oliveira-Costa et al., 2008] combines sky noise maps 

and is able to interpolate the sky brightness temperature 

distribution in frequencies from 10 MHz to 100 GHz. 

We have used this model to create sky noise maps at a 

frequency of 158 MHz and have performed convolution 

with the radar's radiation pattern at different inclinations 

of the main beam. Since the data is obtained in the scan 

mode every day, we can compare the observed and 

model values of sky noise power by first removing all 

discrete sources as poorly approximated by GSM from 

consideration. This allows us to find daily calibration 

coefficients of the receiver — gain and receiver noise of 

each channel. The advantage of this approach is that the 

scan mode covers all operating frequencies of the radar, 

hence the receiver is calibrated at all possible frequen-

cies. This is important as the IISR antenna and receiver 

itself have an irregular frequency response. 
We should also mention the filtration method for 

passive data. Near IISR is an active station operating in 
the same frequency range, so in many quadratures rec-
orded after 2017 is high-amplitude interference. We 
have tested several filtration methods, and the most ef-
fective proved to be the threshold median filter with 
median deviation when the deviation is estimated using 
the median rather than the mean. In this case, the esti-
mated deviation is more robust to intensive outliers in 
the data. We have also employed this filter to determine 
bursts in the solar flux values obtained, as well as to 
filter point sources in sky noise calibration. 

Since angular dimensions of the main beam are 

0.5°×20°, which is comparable to the angular dimen-

sions of the visible solar disk, defining the solar flux 

requires an understanding of the Sun's brightness distri-

bution across the disk. As a brightness distribution 

model we use a Gaussian-smoothed ellipse, which is 

based on previous solar observations [Leblanc, le 

Squeren, 1969]. The solar flux method is described in 

more detail in [Setov et al., 2018]. Nonetheless, when a 

burst occurs on the Sun, the brightness distribution 

model no longer shows actual distribution. We have 

simulated an error in determining the solar flux in this 

case by adding a Gaussian-shaped burst with different 

intensity and deviation from the solar equator. Figure 1 

shows the results of the error simulation, where along 

the X-axis is the deviation from the solar equator (de-

viation along the equator makes no significant changes), 

and along the Y-axis is the ratio of the added burst flux 

to the total background solar flux. The error can be 

significant if the burst flux exceeds the background 

solar flux. Contrary to expectations, the error decreases if 
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Figure 1. Relative error in identifying the solar flux at the 

occurrence of a burst on the Sun 

 

the burst occurs farther from the equator. This is due to 

the fact that the farther is the burst, the farther it is from 

the center of the radiation pattern, and hence the smaller 

is the contribution it makes to the total flux. 

IISR can receive a solar flux with a resolution of a 

few seconds for two or three hours, depending on the 

season. To focus on the long-term solar flux observa-

tion, the daily average solar flux is calculated as the 

average of all the flux values measured during the day at 

the frequency at which the radiation pattern maximum is 

aimed at the solar disk center. The frequency is changed 

during the day due to the changing position of the Sun, 

covering the range 159–161.5 MHz in the middle of the 

summer and 161–162.5 MHz in spring and late summer. 

Since the frequency is changed slightly, we assign 

measurements of the daily average solar flux to the fre-

quency of ~161 MHz. Intense radio emission bursts can 

make a significant shift in the estimated daily average 

flux, so data is pre-filtered. From daily time series we 

remove the flux values having a level five times higher 

than the median value in the 15 min observation window. 

Thus, when calculating the daily average flux, we ignore 

short-term intense bursts lasting for several tens of seconds, 

but still take into account long-term variations in the flux 

occurring, for example, during noise storms. Also notewor-

thy is that the IISR antenna includes a polarization filter, so 

we receive only a part of the total flux. To determine the 

total flux, the received power is doubled, and, if it is known 

that the solar radio emission is polarized in VHF (e.g., dur-

ing noise storms [Dulk et al., 1984] or type IV bursts  [Liu 

et al., 2018]), the data should be treated with caution. 

 

LONG SERIES OF SOLAR FLUX 

MEASUREMENTS 
 

Figure 2 presents IISR measurements of the daily 

average solar flux for 2011–2013, 2015, 2017–2019 

from early May to mid-August, as well as the solar flux 

at 245 MHz received at Learmonth Solar Observatory, 

and the F10.7 flux. In 2014 and 2016, IISR did not 

make passive measurements during solar observation. In 

2015, measurements were performed only for two 

weeks in late June ― early July. Data gaps also appear 

during active ionospheric observations made with IISR, 

for example, in June–July 2012, 2013, and 2019. For 

clarity, there are two scales in Figure 2: left — for IISR 

and Learmonth data, right — for the F10.7 flux, as these 

measurements have different scales of values. There are 

gaps in the IISR and Learmonth data, while the F10.7 

flux is measured almost continuously. The IISR data for 

some days was excluded from consideration because of 

poor calibration, strong interference, or high solar activ-

ity (due to the above limitations of the solar flux meth-

od). 

The IISR solar flux is seen to be in most cases lower 

than the Learmonth one. As expected, under quiet con-

ditions the flux is higher at a higher frequency. The 

IISR and Learmonth fluxes are in close agreement — 

quiet and disturbed periods almost exactly coincide. A 

simultaneous increase in the VHF flux is seen to occur 

during high solar activity, for example in early August 

2011, late June 2015, and mid-July 2017. Only in a few 

cases, the daily average flux at ~161 MHz is greater 

than that at 245 MHz. The flux values exhibit periods of 

low and higher solar activity: in 2012–2015 the flux is 

higher at all of the three frequencies than in 2017–2019. 

In addition, in those years there were more events dur-

ing which the daily average flux increased for several 

days. The F10.7 flux is in much poorer agreement with 

both IISR data and Learmonth data. We can identify 

periods when under a small change the F0.7 flux in 

VHF increased several times, for example, in August 

2011 and July 2017. Particularly noteworthy among the 

periods when the disturbance occurred in all the ranges 

are July 2012 and late June 2015. 

To examine the distribution of the IISR daily aver-

age solar flux for that period, we have built a histogram 

(Figure 3) for values up to 100 sfu. Figure 2 shows that 

only in 2018–2019 on observation days there were no 

disturbances, so the distribution is not typical of the 

quiet Sun and is shifted toward higher values. The solar 

flux at ~161 MHz generally varies from 5 to 10 sfu with 

a maximum at 8 sfu. This result is consistent with those 

obtained previously in [Leblanc, le Squeren, 1969]. The 

daily average flux values above 100 sfu were observed 

only in two cases during the noise storm in July 2017, 

when the flux was as high as 500 sfu. It should again be 

noted that we do not consider bursts whose intensity 

may be well over 100 sfu [Giersch et al., 2017]. 
 

CONCLUSION 

IISR has long been used in the passive mode of ob-

servation of radio sources. In the period from May to 

August, it is possible to identify the solar flux at a fre-

quency of ~161 MHz, which is practically not affected 

by other calibrated instruments. We have developed a 

new approach to calibration of passive measurements at 

IISR, applicable to all archival data and based on GSM, 

which approximates sky noise maps. 

The new approach has enabled us to calibrate the re-

ceiver in the entire operating frequency range and to 

measure the solar flux. We have found that the daily av-

erage solar flux at this frequency generally ranges from 5 

to 10 sfu. Data on the daily average solar flux measured 

with IISR agrees well with measurements at 245 MHz 
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Figure 2. Solar flux measurements in sfu with IISR from 2011 to 2019 from May 5 to August 15. Black dots indicate the dai-

ly average flux at frequencies around 161 MHz, obtained with IISR. Crosses mark the average flux at 245 MHz, received at 

Learmonth Solar Observatory; the solid line is the F10.7 index (solar flux at a frequency of ~2.8 GHz). The left scale is the solar 

flux value in sfu for IISR and Learmonth data; the right scale, for F10.7 

 
Figure 3. Histogram of IISR measurements of the daily 

average solar flux from 2011 to 2019 

 

 

from Learmonth Solar Observatory. The flux at ~161 

MHz is predictably lower than that at 245 MHz when 

there are no disturbances on the Sun. On the other hand, 

dynamics of the F10.7 flux differs from that of the VHF 

flux. This again suggests that when analyzing solar ac-

tivity it is insufficient to use only one index as it would 

not reflect all processes occurring on the Sun. 

IISR solar observations have a high time resolution 

of ~1 s, which allows us to study the fine dynamics 

structure of processes on the Sun. In the future, the 

method for making calibrated solar flux measurements 

with IISR will be improved for in-depth study of bursts 

and noise storms. 
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Solar flux data obtained at Learmonth Solar Obser-

vatory is available at the ftp server of Australian Gov-

ernment Bureau of Meteorology [ftp://ftp-

out.sws.bom.gov.au]. 
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