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Abstract  The China-Iceland joint Arctic observatory (CIAO) has formally been operating since October 18, 2018, and an 

imaging riometer system was deployed at CIAO in August 2019 for the conjunction observation purpose with the co-located 

ground-based all sky imager auroral observation system. The features of the riometer and antenna system are presented. The 

riometer’s beam-forming performance were evaluated with the analysis method introduced in detail. The analysis results showed 

that the mapping of beams was incorrectly ordered, and the correction has been made. The revised ordering result was 

reasonably verified and the analysis method was proved to be effective. 
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1  Introduction  

A riometer (relative ionospheric opacity meter) measures to 
what extent the cosmic background noise is absorbed by the 
ionosphere. Riometers are used, often in conjunction with 
other instruments, to study ionospheric processes which in 
turn relate to space weather. Most of the ionospheric 
absorption occurs in the D region of the ionosphere, 
primarily due to high energy particle precipitation (electron 
and protons) and ionization by UV and X rays. For riometry 
purposes the average height of absorbing layer is usually 
considered to be 90 km.  

Auroral precipitation processes have been extensively 
studied using optical imagers and riometers and imaging 
riometers (Stauning, 1996). It has been long known that 
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some relationship between the optical aurora and 
ionospheric absorption exists (Campbell and Leinbach, 
1961; Ansari, 1964). Observations of auroral optical 
emissions and absorption give the spatial and temporal 
distribution of softer (<15 keV) (Belon et al., 1966; Burch, 
1991) and harder (>25 keV) (Penman et al., 1979; Collis et 
al., 1984) precipitating electrons, respectively. The 
magnitude of the optical emissions and auroral absorption 
relate to the flux of precipitating electrons within the 
corresponding energy band. It has been amply demonstrated 
that there is a relationship between the energy and flux of 
precipitating particles, which cause ionization, and various 
auroral optical emissions (Vondrak and Sears, 1978; Sears 
and Vondrak, 1981; Vondrak et al., 1983; Mende et al., 1984; 
Robinson and Vondrak, 1994). Auroral optical emissions 
and absorption are observed in the E region above 100 km 
and in the D region below 95 km altitude, respectively, 
corresponding to two different parts of the electron energy 
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spectrum, <15 keV for aurora and >25 keV for absorption 
(Ree, 1963; Bailey, 1968; del Pozo et al., 1997). Assuming 
that the higher- and lower- energy components come from 
the same source particle population, and assuming that the 
energy spectrum of the precipitating particles can be 
described by a mathematical function containing only two 

unknown variables ( 0/( ) E EF E kE e  , where F is flux, k 

is a constant of proportionality, E is energy, and E0 is the 
characteristic energy. For =0 an exponential function is 
obtained, and for =1 the Maxwellian distribution is 
obtained), the two observables (auroral intensity and 
absorption magnitude) can be related to a single 
characteristic descriptor of the assumed energy spectral 
function. Then, the characteristic descriptor of the energy 
spectrum can be computed for any part of the sky where the 
aurora and the absorption are quantitatively measured 
simultaneously (Kosch et al., 2001). 

The China-Iceland joint Arctic observatory (CIAO) is 
located at Kárhóll (65.71°N, 17.37°W) in the northern part 
of Iceland, close to the municipality Laugar, and        
45 minutes’ driving from Akureyri. Its geomagnetic latitude 
is ~ 65.5°, which makes it suitable for the ground-based 
observations of ionospheric response to magnetotail 
reconnection and energy transfer process after substorm 
commencement on the nightside.    

2  Newly deployed riometers at CIAO 

The CIAO riometer project was funded by Polar Research 
Institute of China (PRIC) in 2015. It was proposed to be 
used in conjunction with three-wavelength all-sky auroral 
imagers at CIAO to study nightside auroral precipitation 
processes by simultaneous observation at the same site.  

The CIAO riometer installation was completed in 
August 2019. There are two riometers running 
simultaneously at the same site, i.e., a wide-beam riometer 
and an imaging riometer. For the passive operation mode of 
the riometer to receive the cosmic radio, the receiving 
antennas for both riometers were able to be deployed at the 
same site without interferences with each other. The antenna 
array for imaging riometer covers an area of some 1600 m2, 
and a solo antenna which was identical to the antenna 
element of imaging riometer was set up at the northwest 
corner at the same site for the wide-beam riometer.  

The imaging riometer utilized 64 crossed-dipoles 
configured as a filled phased array (Mailloux, 2005) and a 
modified two-dimensional (2D) analog Butler matrix 
(Butler and Lowe, 1961), it produces 49 imaging beams. 
Beam width at the zenith is 12.8°, which translates to   
20.2 km at a height of 90 km. Beam separation at the zenith 
is 14.2°, which translates to 22.4 km at a height of 90 km. 
The antenna array is aligned in geomagnetic North-South 
and East-West directions. Each antenna is a freestanding 
half-wave crossed dipole with an azimuthally symmetric 
radiation pattern and spaced at λ/2 (3.92 m) from its 

neighbors. The crossed dipoles are circularly polarized to 
match the polarization of the more strongly absorbed 
X-mode incoming “signal” from the cosmic noise 
background. Each antenna is mounted on a steel mast at a 
height of 1.96 m, i.e., λ/4 for the center frequency of  
38.235 MHz. A ground plane with mesh size of λ/10  
(0.784 m) wide, made of brass, is laid out under the array. 
Low-loss (≤0.02 dB·m−1) coaxial cables of electrically 
identical length (65 m) connect each antenna to the receiver 
hardware in an instrument container by the side of the 
antenna site.  

The wide-beam riometer consists of a simple antenna 
with an azimuthally symmetric radiation pattern; 
consequently, it has a wide field of view but no imaging 
capabilities. The antenna is connected to a receiving device 
which measures the power of the incoming cosmic 
background noise. In the absence of geomagnetic activity, 
the received power forms a baseline, or “quiet day curve 
(QDC)” from which absorption measurements can be 
derived. It is useful for a general overview of the current 
state of the ionosphere, but without any information on the 
spatial structure and dynamics within their field of view. 

Figure 1 indicates the projection of the half-power 
width of the antenna beams of the imaging riometer and the 
wide-beam riometer onto an ionospheric absorption altitude 
of 90 km. The yellow and red solid lines indicate the width 
of the imaging beams and the wide beam respectively. Both 
the wide-beam and the imaging riometers operate with a 1 s 
cadence, during which the integration time is 550 ms. That 
means excluding effect of 50% duty cycle in 
noise-balancing receiver by the analogue Butler matrix 
beam-forming method. 

The receivers for both the wide-beam and imaging 
riometers were designed and crafted by Lancaster 
University (Honary et al., 2011). The imaging riometer 
utilizes analog Butler matrices. The receiver bandwidth is 
set to typical 250 kHz with an absorption resolution of  
0.05 dB. An earlier site survey did not find man-made 
interference in the band 37.9–38.5 MHz. A wooden 
enclosure (75 cm deep) contains the riometers and Butler 
matrix. The RG58 antenna cables enter through the cut-out 
in the front of the enclosure. The data logger with control 
units and other peripheral electronics are housed in an 
industry-standard 2U 19 inch sub-rack. The 2U 19 inch 
sub-rack is housed in a 6U 19 inch rack along with an 
uninterruptible power supply (UPS). To eliminate the 
temperature variations which may cause gain changes in the 
preamplifiers, all the riometers and Butler matrix are placed 
in a standard container by the side of antenna site with a 
self-control heater to stabilize the inside temperature.  
Table 1 gives the overview of CIAO imaging riometer 
system specification. Figure 2 shows the block diagram of 
imaging riometer system at CIAO. Figure 3 is a photo of 
wide-beam and imaging riometers facilities in the container 
just after finishing their installation. Figure 4 is the 



250 He F, et al. Adv Polar Sci September (2021) Vol. 32 No. 3 

 

 

 
Figure 1  The projection of the half-power width of the antenna beams of the imaging riometer and the wide-beam riometer onto an 
ionospheric absorption altitude of 90 km at CIAO. The large red circle shows the wide-beam riometer field of view. The 49 imaging beams 
are numbered. 

Table 1  CIAO imaging riometer system specification 

System specifications 

System type Imaging riometer for ionosphere study (IRIS)

First deployed August 2019 

Array type Filled array 

Beam-forming method Analogue Butler matrix 

Number of antennas 64 

Number of receivers 7 

Number of imaging beams 49 

Number of usable imaging beams 49 

Footprint 1600 m2 (40 m×40 m) 

Operating frequency 38.235 MHz 

Receiver bandwidth 250 kHz 

Beam width at zenith 
at 90 km altitude 

12.8°/20.2 km 

Beam separation at zenith 
at 90 km altitude 

14.2°/22.4 km 

Cadence 1 s 

Integration time 550 ms 

Theoretical precision 0.05 dB 

Antenna type Half-wave crossed dipole 

Antenna height 1.96 m 

panorama view of the imaging riometers with the antenna 
array. Figure 5 shows the solo antenna for the wide-beam 
riometer located at the northwest corner of the site. 

3  Analysis method 

The beam-forming correction is a routine work after the 
installation of whole imaging riometer system. The onsite 
antenna array’s installation depends on a variety of factors 
such as the proper field area selection, the flatten field work 
and the geomagnetic direction aligning. For the two 
separate parts of the system (outdoor antenna array and 
indoor receiver), the correction procedure is important and 
necessary to ensure the antenna array’s deployment is 
correct just as we design the scanning order of the receivers 
as expected. Since the CIAO imaging riometer was installed 
in August 2019, it operates automatically without on-site 
staff monitoring. The maintenance work is carried out by 
PRIC staff every summer. The riometer raw data are logged 
and in daily data file stored in on-site storage and are 
transferred to Shanghai once each day. The data has been 
collected, awaiting analysis and confirmation of correct 
operation. The data analysis described here uses the 
Multi-Instrument Analysis (MIA) (Marple and Honary, 
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2004) package for Matlab.  
To measure ionospheric absorption, it is necessary to 

know the signal power that the riometer would measure in 
the absence of absorption. The signal power is a function of 
sidereal time because the source of the received noise is the 
cosmic background. The expected levels for all sidereal 

times can be collected during a ‘quiet day’, that is, during a 
geomagnetically quiet time when no absorption is expected. 
In practice MIA normally generates quiet day curves by 
analyzing data from 16 solar days, and taking the upper 
envelope of signal power. In the absence of interference, the 
largest value at each sidereal time bin (1 s as the native time 

 
Figure 2  Block diagram of CIAO riometer system. 

 
Figure 3  Riometer indoor facilities at CIAO with a UPS (2U high at the bottom of the rack). 
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Figure 4  The panorama view of the imaging riometers with the antenna array at CIAO. 

 

 

Figure 5  The solo antenna for the wide-beam riometer located at the northwest corner of the site (indicated by the red dashed circle). 

resolution) can be used. In practice better QDC are obtained 
by using additional data, smoothing with a sliding median 
filter, and by taking the mean of the third and fourth highest 
values for each sidereal time bin. The QDC estimate 
approach used here was described in details by He et al. 
(2014). Although the cosmic background signal (excluding 
contributions for solar activity) does not vary over human 
lifetimes the quiet day curves are recalculated every 16 d to 
account for seasonal absorption effects and other factors 
such as changes in ground conductivity and possible pile-up 
of snow inside the antenna array. 

To analyze the riometer’s beam-forming performance 
the quiet day curves are a natural place to start as by design 
they remove noise and absorption events. We analyzed quiet 
day curves for the period 2019-10-09 to 2019-10-23, which 
were derived from data recorded from 2019-10-08 to 
2019-10-24. 

The cosmic radio background contains strong spatial 
variations. The Milky Way can be readily seen when the 
riometer quiet day curves are converted to a sky map. There 

are also strong radio sources (particularly Cygnus A and 
Sagittarius A*) which are responsible for clear maxima in 
some of the quiet day curves. These features can be 
combined with the riometer beam projection to confirm that 
the beam numbering is correct. 

The centers of the riometer beams projected onto the 
ionosphere do not form a neat grid, although they can be 
approximated to a grid with pin-cushion distortion. The  
−3 dB outline of the beams projected onto a curved 
ionosphere at 90 km altitude can be seen in the Figure 1. 
This map view is correct when considering absorption, 
which occurs in a thin layer at about 90 km altitude. When 
considering received power and the radio sources 
responsible it must be remembered that the beams do not 
stop at 90 km altitude but project back to the cosmic radio 
background. One consequence is that beams at CIAO that 
point northwards, with a zenith angle equal to 90°−65.71°= 
24.29°, will be parallel to the axis of rotation and thus will 
observe approximately the same portion of cosmic 
background regardless of sideral time. Such a quiet day 
curve will be nearly flat (Even if a beam is perfectly aligned 
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with the axis of rotation, it is unlikely to be truly flat as that 
would require the beam to be conical with no side lobes). 
Beams that point northwards with zenith angles larger than 
24.29° will observe the cosmic background on the opposite 
side of the Earth, and can be identified by a phase shift in 
their sideral curve when compared to the zenithal beam. 
Beams that point South and have large zenith angles trace 
longer paths across the cosmic background so they typically 
have larger rates of change in received power. These 
properties can be used to confirm the correct beam 
numbering for the rows of the beam projection. 

To confirm the beam number is correct with respect to 
the columns it is possible to analyze the timing of peaks 
from a strong radio source. Beams which point East will 
observe the maxima earlier than beams which point West. 
These are the properties that will be checked to confirm the 
beam numbering is correct. 

3.1  Row order 

Information was used to set the correct beam row scan 
numbering prior to the riometer installation at CIAO. The 
correct scan mapping was programmed into the riometer 
data acquisition microcontroller EEPROM. The send_ 
cmd.py program can be used to query and modify any of 
the EEPROM settings. The scan mapping setting should 
not be modified. The microcontroller sends all of its 
EEPROM settings to the Raspberry Pi data logger 
whenever it boots. The initial value of this setting is stored 
in an array: 

Scan_mapping = [0, 4, 2, 6, 1, 5, 3, 7]; //Last value not 
used 

Since C/C++ language uses zero-indexed array values 
the first row (beams 1 to 7) is row zero, and the last row of 
beams (43 to 49) is row 6. To obtain the scan number for 
row zero we use scan_mapping [0], that is, send 0 to the 
Butler matrix controller. To obtain the scan number needed 
for row 3 (central row, beams 22 to 28) we use 
scan_mapping [3], so 6 is sent. 

As shown in Figure 6 all quiet day curves are plotted 
in their corresponding beam location, with the same Y-axis 
limits. It can be seen that beams 4, 11 and 18 contain less 
dynamic range than the other beams in that column. There 
is not a clear phase shift indicating a beam viewing the 
cosmic background from the opposite hemisphere. This 
suggests that the rows are approximately correct. The beams 
7, 14, 21, 28, 35, 42 and 49 are more representative of what 
would be expected from the central column. This suggests a 
possible issue with the column ordering. 

3.2  Column order 

There is no specific row mapping setting in the data 
acquisition microcontroller. When the riometer was shipped 
to CIAO no mapping corresponding to that used for rows 
was implemented for the columns. During a short operation 
period it was not possible to check the row ordering, mostly 
because the riometer had not collected sufficient data to 
allow good quiet day curves to be generated. The column 

ordering can be checked from the plot of beams 36–42 
shown in Figure 7, and the initial column mapping is shown 
in Table 2. 

We use the maxima that is visible after 12 h sidereal 
time. The maxima are seen first in beam 39, then 41, 37, 42, 
38, 40 and finally in beam 36. The expected order is 42 (the 
beam which looks most easterly), then 41, 40, 39, 38, 37 
and finally beam 36. This strongly suggests that the beams 
are incorrectly ordered. The likely correction is to apply the 
same mapping as is used for rows (Likely because the row 
and column phasing are essentially identical but there is the 
possibility of a left-right swap). The mapping is 
zero-indexed and the count must be start at zero. 

Applying the mapping we now desire the first column 
(0), and the mapping returns 0. That is, beam 36 is still 
beam 36. The second column (1) will be beam 37, the 
mapping states that column 4 (current beam 40) is the real 
beam 37. The method is: to find the current beam number, 
to obtain the column mapping from that row, to look for the 
row where the index matches the column mapping, the 
middle column is the actual beam number. Subsequently, 
we got the results as shown in Table 3. 

The order observed was 39, 41, 37, 42, 38, 40, 36. The 
actual beam order using this mapping is: 42, 41, 40, 39, 38, 
37, 36 as shown in Figure 8. This could be the expected 
behavior – the most easterly beam observes the maxima 
first and most westerly beam observes the maxima last. This 
corrected mapping also explains the column ordering issues 
identified in the row ordering section. 

3.3  Revised column ordering  

The plots in Figure 9 show the result of the revised column 
ordering. For simplicity this was implemented in MIA and 
corrects the data order as the files are read by Matlab. The 
cleanest correction would be a modification to the Python 
data logging program, and to reprocess all of the existing 
data. 

The plots show a phase shift between beams 11 and 18, 
as is expected. Beam 11, which is aligned most closely to 
Earth’s axis of rotation, has the quiet day curve with least 
dynamic range. The maxima observed in beams 36 to 42 
now occurs in the expected order. The column mapping 
revision has corrected all of the observed issues and the 
beam numbering and projections are correct and as 
designed. 

One minor observation is the lower power level 
observed in beam 7. The riometer has seven receiver 
channels as shown in Figure 2 of each making this 
measurement which is responsible for the other beams in 
that column so it does not appear to be an issue with the 
riometer or the ADC channel. The lower level appears to be 
a realistic feature of that particular beam. It should be noted 
that the corner beams all have multiple grating lobes 
stronger than −6 dB (relative to the beam center) and as a result 
of the spatial ambiguities this causes MIA defaults to not using 
the data when creating absorption images. Therefore, the lower 
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Figure 7  Initial QDC power of the beams 36–42 generated by the data from 2019.10.08 to 2019.10.24. 

 
Figure 8  Revised QDC power of the beams 36–42. 

Table 2  The initial column mapping for beams 36–42 

Index Current beam number Column mapping 

0 36 0 

1 37 4 

2 38 2 

3 39 6 

4 40 1 

5 41 5 

6 42 3 

 

Table 3  The actual beam number after revised 

Current beam Actual beam 

36 36 

37 40 

38 38 

39 42 

40 37 

41 41 

42 39 
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received power level in Beam 7 is not a cause for concern. 
October 16, 2019 is a geomagnetically active day 

referring to the Kp and Ap index provided by World Data 
Center for Geomagnetism, Kyoto. Based on the QDC 
power in Figure 9, all the 49 beams’ cosmic noise 
absorption (CNA) of CIAO imaging riometer are 
presented in Figure 10. All the absorption level was less 
than 1 dB, which indicated that there was no significant 
absorption occurred on this day. The CNA in column 5 

showed there was an absorption enhancement from  
~4:00 UT to ~5:30 UT for all the seven beams. A series of 
2D images of CNA over CIAO with 7 s intervals from 
5:10:35 UT to 5:14:12 UT is shown in Figure 11. The 
images indicate the evolution of absorption area in the 
field of view. The evolution shown in Figure 11 gave a 
local absorption variation with no significant absorption 
patches transit across over CIAO during the period. 

The 2D absorption data of imaging riometer can reflect  
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Figure 11  2D images of CNA over CIAO with 7 s intervals from 5:10:35 UT to 5:14:12 UT. 

the absorption evolution at 90 km altitude. It is usually used 
to study auroral precipitation processes with co-located 
optical imagers because they could have the same source 
from the morning-side inner magnetosphere or magnetotail. 
Sometime the two kinds of data (imaging CNA data and 
aurora optical data) may have the same evolution feature. 
And by comparing the two kinds of data, the 2D absorption 
data could be used to validate whether the beam direction is 
correct or not. However, the 2D CNA data alone could not 
be used to validate the beam direction, so as to demonstrate 
the validity of the beam direction correction. And even by 
using the method of comparing the two kinds of data as 
stated, it is not a guaranteed approach to ensure the validity 
of the beam direction, because sometimes the co-located 
optical and CNA data are not showing the similar evolution 
trend. The proper way to correct the beam-forming is the 
method introduced in subsection 3.1 and 3.2. 

4  Summary and prospects 

The CIAO is located at Kárhóll in the northern part of 
Iceland, with geomagnetic latitude of ~65.5°. This 
geographical site makes it suitable for the ground-based 
observations of ionospheric response to magnetotail 
reconnection and energy transfer process after substorm 
commencement on the nightside. For this purpose, a 
riometer system has been setup in August, 2019, including 
an imaging and a wide-beam riometer. The features of the 
riometer system are presented. Based on the preliminary 
data, a beam-forming correction method was introduced and 
applied to the column ordering. 

Geospace is a significant part of the environment of 
importance for the survival and development of mankind. 
Space weather has a remarkable effect on human activities, 
especially on the radio communication system. As an active 
significant indicator of the solar wind-magnetosphere- 
ionosphere coupling process, nightside aurora absorption 
and polar cap absorption are getting important for space 
weather monitoring. At Yellow River Station in the Arctic 
and Zhongshan Station in Antarctica (both located at the 
cusp-latitude auroral oval and are suitable for observations 
of the dayside aurora absorption) a digital and a typical 
analogue imaging riometer (Hu et al, 2017) has already 
been running continuously for more than a decade, 
respectively. After the deployment of CIAO imaging 
riometer, it is able to carry out the dayside and nightside 
optical aurora form observation and aurora absorption 

observation simultaneously at Yellow River Station and 
CIAO in Arctic. It will promote future research and 
monitoring capabilities of space weather, auroral physics, 
and the solar wind-magnetosphere-ionosphere coupling 
process. 
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