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ABSTRACT

The ionospheric scattering of pulses emitted by PSR B0950+08 is measured using the 10m RadioAstron Space Radio Telescope, the 300-m Arecibo Radio Telescope, and the 14 x
25-m Westerbork Synthesis Radio Telescope (WSRT) at a frequency band between 316 and
332 MHz. We analyse this phenomenon based on a simulated model of the phase difference
obtained between antennas that are widely separated by nearly 25 Earth diameters. We present
a technique for processing and analysing the ionospheric total electron content (TEC) at the
ground stations of the ground-space interferometer. This technique allows us to derive almost
synchronous half-hour structures of the TEC in the ionosphere at an intercontinental distance
between the Arecibo and WSRT stations. We find that the amplitude values of the detected
structures are approximately twice as large as the values for the TEC derived in the international
reference ionosphere (IRI) project. Furthermore, the values of the TEC outside these structures
are almost the same as the corresponding values found by the IRI. According to a preliminary
analysis, the detected structures were observed during a geomagnetic storm with a minimum
Dst index of ∼75 nT generated by interplanetary disturbances, and may be due to the influence
of interplanetary and magnetospheric phenomena on ionospheric disturbances. We show that
the Space Very Long Baseline Interferometry provides us with new opportunities to study the
TEC, and we demonstrate the capabilities of this instrument to research the ionosphere.
Key words: scattering – methods: data analysis – space vehicles – techniques: interferometric – pulsars: general – pulsars: individual: B0950+08.

1 I N T RO D U C T I O N
The scattering of signals from compact radio sources such as
pulsars can be used to study small-scale fluctuations in the electron
density of intervening turbulent plasmas. Propagation effects are
most clearly accompanied by intensity modulation in the frequency
and time domains, pulse, and angular broadening with decreasing
frequency and signal dispersion. We researched plasma inhomogeneities in the directions of several pulsars using ground-space
Very Long Baseline Interferometry (VLBI) observations. These
observations were conducted using projected baselines of up to
220 000 km, thus providing the highest angular resolution ever
achieved at metre wavelengths for the detailed study of distant
objects in the Galaxy. Starting with the first observations of
pulsars B0950+08 (Smirnova et al. 2014) and B0329+54 (Gwinn
et al. 2016), which were carried out within the framework of the
RadioAstron Early Science Program (Sokolovsky 2012), it became
clear that most of the measured parameters cannot be obtained
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solely at ground level. Our analysis was based on the fundamental
behaviour of structure and coherence functions. It is shown that the
scintillation of the signal has a modulation of less than 100 per cent
at frequencies that are much less than the carrier frequency. This
modulation could be caused by scattering layers and a ‘cosmic
prism’, i.e. a sufficiently strong gradient in the column density of
refracting material that causes changes in phase located between a
pulsar and Earth. According to our estimation, the Fresnel zone of
refractive radiation of both pulsars exceeds one Earth diameter.
Ground-space interferometry enables us to measure this scale
directly, rather than inferring it via the movement of the pulsar,
scattering material and single antenna. Technical information on
the RadioAstron mission can be found in Kardashev et al. (2013)
and Andreyanov, Kardashev & Khartov (2014).
Radio waves of cosmic origin received at ground stations always
pass through the Earth’s ionosphere, and are recorded at ground
VLBI stations with an additional delay. The total electron content
(TEC) is an important ionospheric parameter in the propagation of
radio waves and is used in other fields such as space geodesy, spacecraft navigation, and communication. The state of the ionosphere is
mainly affected by the Sun via photoionization under UV radiation
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S̃(r 1 , r 2 ; ν, t) = S̃(r 1 ; ν, t)S̃ ∗ (r 2 ; ν, t),

(1)

where r 1 and r 2 are the spatial coordinates in the plane of the
observer perpendicular to the line of sight. S̃(r 1 , r 2 ; ν, t) is known
as the visibility in the frequency domain. The possibility of the
change in the cross-spectrum over time in increments longer than
the accumulation time of the single spectrum is determined by
the argument t. This is known as a dynamic cross-spectrum. After
propagation through a turbulent medium, the spectrum of the
electric field for one antenna is represented as
S̃(r 1 ; ν, t) = s̃(r 1 ; ν, t) exp[−i(r 1 ; ν, t)],

(2)

where s̃(r 1 ; ν, t) is the modulation coefficient and (r 1 ; ν, t) is the
phase delay determined by the ionosphere and the ‘cosmic prism’.
An inverse Fourier transform F−1 of ν to the delay τ leads to the
cross-correlation function of electric fields:


(3)
S(r 1 , r 2 ; τ, t) = F−1 S̃(r 1 , r 2 ; ν → τ, t) ,
where S(r 1 , r 2 ; τ, t) is known as the visibility in the delay domain.
When radio waves pass though the Earth’s ionosphere, the
majority of the phase delay in the signals is caused by the F2 layer,
which has the highest concentration of charged particles. A radio
sounding of the ionosphere enables us to derive information about
the plasma structures of the TEC along the path of the radio signal.
The results of such observations are discussed in Hernández-Pajares
Juan & Sanz (2006), which identifies medium-scale travelling
ionospheric disturbances (MSTIDs) with periods lower than 20 min,
and large-scale travelling ionospheric disturbances (LSTIDs) with
a period greater than 1 h. These are also described in Helmboldt
et al. (2012), where ionospheric fluctuations are interpreted as
the sum of two turbulent components with maximum scales of
about 10 and 300 km, and in Jacobson & Erickson (1992), where
Very Large Array (VLA) phase-baseline data are used to evaluate
ionospheric plasma irregularities. A more sophisticated method for
analysing simultaneous VLA and optical observations is proposed
in Coker et al. (2009), which gives an improved understanding of
dominant, night-time summer ionospheric phenomena contributing
to VLA signal distortion in great detail. The use of polarized signals
travelling through the ionosphere enables us to derive information
about the distribution of the magnetic field via an analysis of
the Faraday rotation of the plane polarization of the signal (e.g.
Ginsburg 1970). The first attempt to evaluate the influence of the
ionosphere on ground-space observations was made in Shishov et al.
(2017). The authors found periodic fluctuations in a complex crossspectrum with period 70 s, phase-shifted by 90◦ , for the Green BankWesterbork baseline. These fluctuations were due to changes in the
ionosphere over time. It was shown that the response of the ground
interferometer was more strongly distorted by the ionospheric phase
than the corresponding response of the ground-space interferometer.
These results were taken into account when the interstellar refractive
component was analysed.
MNRAS 491, 5843–5851 (2020)

There has been increasing interest of late in the ionosphere,
which has been stimulated by a new generation of wide-field lowfrequency instruments such as the Low-Frequency Array (LOFAR,
10–250 MHz; van Haarlem et al. 2013), the Long Wavelength Array
(LWA, 10–80 MHz; Ellingson et al. 2009), and the Murchison
Widefield Array (MWA, 80–300 MHz; Tingay et al. 2013). Experimental data related to the inhomogeneities in the ionosphere have
been obtained mainly using radiophysical methods such as groundbased soundings of the ionosphere and measurements of radiation
from cosmic sources and signals from artificial Earth satellites to
ground tracking stations. The Global Positioning System (GPS) and
Russian global navigation system (GLONASS) at two frequencies
have been used to simulate the plasma effects of the ionosphere in radio astronomical observations (Ma & Maruyama 2003; HernándezPajares et al. 2006; Arora et al. 2016). Dual-frequency dispersive
phase measurements such as these allow us to estimate the TEC between a GPS/GLONASS receiver and a broadcasting satellite. The
GPS system transmits dual-frequency data at central frequencies L1
= 1575.42 MHz and L2 = 1227.6 MHz. To enable clear differentiation from GPS, the GLONASS carrier frequencies are denoted
using G instead of L. The central frequency G1 is 1602.0 MHz
and G2 is 1246.0 MHz (Tsui 2000; Hofmann-Wellenhof et al.
2008).
In geodetic VLBI, observations are performed at two frequencies
2.3 GHz (S band) and 8.4 GHz (X band) to correct for the ionospheric
delay (Sekido at al. 2003; Hobiger, Kondo & Schuh 2006). The
dispersive properties of the ionosphere could be used in combination
with independent GPS-based TEC. These measurements are made
at stations near to VLBI sites. In Ros et al. (2000), accuracies
of up to sub-milli-arc-second levels were achieved at 8.4 GHz
using GPS TEC. It was shown that the GPS and VLBI values
for ionospheric delay agreed with root-mean-square differences of
below 0.15 ns for intercontinental baselines, and 0.10 ns for continental ones. This 0.1–0.15 ns delay corresponds to 5.3–7.9 TECU
at 8.4 GHz, where a TECU is the typical vertical value at night (1
TECU = 1016 electrons m−2 ). For our ground-space experiment at
324 MHz, an uncertainty of 5.3–7.9 TECU corresponds to a delay
error of τ err = 70–100 ns (see equation 19 below and τ err = ϕ/2πν).
Although a temporal correction of this size is acceptable in VLBI
observations at 324 MHz, an ionospheric analysis requires more
accurate TEC data.
The RadioAstron project provides users with another opportunity
to study the ionosphere at the ranges of large baselines. If the orbital
telescope is located at a sufficient distance from the Earth’s surface,
then only the spectra detected at the ground VLBI telescopes will
include modulations caused by the ionosphere, since emissions from
a cosmic source to the orbital antenna do not pass through the Earth’s
ionosphere. It then becomes possible to determine the absolute value
of the TEC along the line of sight from the source to the ground
station.
Pulsars are a good tool for investigating integrated ionospheric
parameters due to their very small angular sizes and high levels of
coherence. We chose one of the closest pulsars, PSR B0950+08
for this study from the pulsar catalogue ATNF1 (Manchester et al.
2005), which has a relatively high-flux density at metre wavelengths.
The annual parallax measurement using VLBI gives a distance of
0.26 kpc (Yao, Manchester & Wang 2017). Its barycentric period
is P◦ = 0.253065 s (Hobbs et al. 2004), and its dispersion measure

1 http://www.atnf.csiro.au/people/pulsar/psrcat/
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and soft X-rays, injection of particles from the solar wind, and
ionization of the atoms and molecules of the ionosphere by cosmic
rays. Unusual phenomena in the ionosphere are associated with the
action of particles and radiation during solar or magnetospheric
flare events.
Ionospheric effects are a source of phase errors in the visibilities
due to destruction of the phase coherence of the signal between
two elements of an interferometer. The cross-power spectrum or
cross-spectrum S̃(r 1 , r 2 ; ν, t) at a frequency ν is the conjugate
multiplication of the complex electric field at two antennas:

Probing the ionosphere with RadioAstron

2 O B S E RVAT I O N S A N D DATA P RO C E S S I N G
2.1 Space VLBI observations
Pulsar observations were carried out on 2012 January 25, between 05 and 06 UT, using a Space Radio Telescope (SRT)
mounted on a Spectr-R satellite in conjunction with the Arecibo
(latitude = 18.3442◦ N and longitude = 66.7528◦ W) and WSRT
(latitude = 52.9147◦ N and longitude = 6.6033◦ E) stations. Two
polarization channels (right circular polarization and left circular
polarization) for the 16 MHz upper sideband (USB) were involved
in this session. The central frequency of the receiver was ν ◦ =
324 MHz. Data were sampled at the Nyquist frequency (31.25 ns
sampling time) and were stored on computer discs as separate scans
over a continuous period of 570 s with a gap of 30 s in the two-bit
digitizing mode for the ground telescopes and over 270 s with gap
of 30 s in one-bit digitizing mode for the SRT. The RadioAstron
project code was RAFS12. The duration of a continuous scientific
session with SRT was limited by the thermal conditions of the onboard data transmission system and depended on the orientation of
the satellite relative to the Sun. The observations were conducted
at geocentric distance of between 291 000 and 292 000 km near the
apogee (317 000 km). Scientific data from the SRT were transmitted
in real time to the Pushchino tracking station (TS) and were recorded
on a disc in RadioAstron Data Recorded format (Andreyanov 2015).
At the ground stations, the data were recorded in MARK5B and
MKIV1 4 VLBI data formats. To decode the data, we used the
MARK5ACCESS routine developed by Walter Brisken from the DIFX
software package (Deller et al. 2007). The pulsar observations
were planned using the fakerat software package (Zhuravlev 2015),
which was developed for scheduling space VLBI observations using
baselines exceeding the Earth’s diameter. FAKERAT software was
designed to model the position of a spacecraft (SC) with respect to
an object, with regards to the design constraints on the orientation of
the SC, the angles of visibility of the SC by the TS (the Pushchino

RT-22 and Green Bank 140 Foot Telescope), and the angles of
visibility of a source tracked by the ground-bases radio telescope.

2.2 SRT single-dish data processing
The highly elliptical orbit of a SC evolves with time under the
influence of the Moon and other external factors, which may
be small but act over a long period. In the FAKERAT model, the
motion of the SC is defined by the predicted values of coordinates
and velocities, which are calculated until the middle of 2019
(Zhuravlev 2015). However, the maximum possible accuracy of
the ephemerides is required in order to obtain the responses of the
interferometer. The values for each session were calculated at the
Keldysh Institute of Applied Mathematics (IAM) of the Russian
Academy of Sciences (Zakhvatkin et al. 2014). The accuracy of
the reconstructed orbit is achieved by measurements of range and
range rate in the C band at two Russian Command and Telemetry
Stations at Bear Lakes (near Moscow) and at Ussurijsk, and Doppler
measurements in the X- and Ku-bands and optical measurements
of the position of the SC in its orbit (Kardashev et al. 2013;
Khartov et al. 2014). The theoretical model provides an accuracy of
200 m in the position, corresponding to delay errors of 0.7 μs. Real
measurements of the position of the SC can exceed the theoretical
accuracy, and the clock delay for the SC can reach values of up to
10 μs. The delays for certain ground stations are not known with
an adequate accuracy. An initial fringe search should therefore be
performed using a wider correlation window, with at least 2048
sampling periods of (±64 μs) (Likhachev et al. 2017).
The synchronization of clocks between the SC and TS is done at
the beginning of each scan by solving the light-cone equation:
δτsrt =

1
{r srt (τts + δτsrt ) − r ts (τts )},
c

(4)

where r srt is the position of the SC in the geocentric coordinate
system according to its ephemerides, r ts is the position of the TS
in the geocentric coordinate system, τ ts is the time coordinate of
the TS, δτ srt is the time coordinate correction, and c is the speed of
light.
During the observations, data are synchronized by the on-board
hydrogen maser (H-maser) and transmitted to the TS. The start of
a new observing session is controlled by the local H-maser. The
time offset between the ground station and the on-board clock can
be established by restoring the time delay between the SC and TS
from a ballistic prediction of the position of the SC (Likhachev et al.
2017).

2.3 VLBI data processing
Data correlation is performed using the ASC software FX correlator
developed in the Astro Space Center of the P.N. Lebedev Physical
Institute (Likhachev et al. 2017) based on a pulse window, with
compensation for the dispersion of the signal over the receiver
band (Hankins & Rickett 1975). The ASC correlator uses the
ORBITA2012 delay model, which is based on ARIADNA algorithms.
ORBITA2012 calculates the delays between individual telescopes,
including the SRT relative to the centre of the Earth. ARIADNA
calculates the delays between the telescopes using a ‘consensus
model’ (see chapter 11 in IERS Conventions 2010). This ‘consensus
model’ defines the standard reference system implemented by the
International Earth Rotation and Reference System Service (IERS)
and the models and procedures used for this purpose.
MNRAS 491, 5843–5851 (2020)
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is DM = 2.96927 pc cm−3 (Stovall et al. 2015). This pulsar lies at
Galactic latitude 43.70◦ and longitude 228.91◦ .
In this paper, we present a study of the ionospheric phase delays
for pulses emitted by pulsar B0950+08 over 1 h obtained via observations using the RadioAstron ground-space radio interferometer.
We analyse the phase difference between the antennas based on the
behaviour of cross-spectra responses of large ground-space baselines. We describe a new technique for measuring the ionospheric
TEC and carry out an analysis of the derived ionospheric plasma
based on the intercontinental distance between the Arecibo and
WSRT stations. We show that use of ground-space interferometer
greatly simplifies the procedure of determining the ionospheric TEC
towards to the pulsar at the latitude and longitude of the ground
station.
In Section 2, we describe the observations and data processing.
A detailed description of phase incursion in a model simulating
the development of the phase difference between the antennas
is presented in Section 3. In Section 4, we consider the TEC
measurements from the International Reference Ionosphere (IRI)
project at the latitude and longitude of the Arecibo (AR) and
Westerborg Synthesis Radio Telescope (WSRT) stations over the
period of observations. In Section 5, we present a technique
for measuring the ionospheric TEC at the ground station and
analyse the preliminary results. Our conclusions are summarized in
Section 6.
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Complex cross-polarization spectra, including auto-correlation
spectra for each antenna, are formed between pairs of telescopes for
all scans. Data were correlated using on- and off-pulse windows with
512 frequency channels. The on-pulse window was centred at the
maximum of the average profile, while the off-pulse window used
to record the noise was shifted by a quarter of the pulsar period later
than the pulse profile, in order to avoid low-level precursor signals.
The width of each window was T◦ = 20.6 ms (about 10 per cent of
the maximum of the average profile Manchester et al. 2005). At the
correlator output, we obtained spectra in standard Flexible Image
Transport System (FITS) data format. The analysis of the correlated
data was carried out with the help of the CFITSIO package (Pence
1999).
The on- and off-pulse windows were moved synchronically with
the pulsar period, and the longitudes of the on- and off-pulse
windows with respect to the centre of Earth were determined using
a new pulsar-timing package called TEMPO-2 (Hobbs, Edwards &
Manchester 2006) in the topocentric coordinate system. The timing
ephemerides were taken from the ATNF pulsar catalogue. The
longitude of the pulse maximum was preliminarily determined by us
based on an analysis of the autocorrelation for Arecibo, the largest
ground radio telescope.
Post-correlation data reduction was performed using the MATPLOTLIB plotting library and software specially developed by the
authors.
3 PHASE INCURSION

Figure 2. UV-coverage (visibility coverage of the Fourier domain) obtained for RadioAstron observations of PSR B0950+08 in units of spatial
frequency, defined as the projected baseline in wavelengths 106 λ.

scintillation structures defined by angular refraction from the ‘cosmic prism’. Following Shishov et al. (2017), we consider a phase
difference between antennas (r 1 , r 2 ; ν, t) as a combination of
interstellar and ionospheric refractions at an intermediate frequency
ν = ν − ν◦ :
(r 1 , r 2 ; ν, t) =

int (r 1 , r 2 ; ν) +

ion (r 1 , r 2 ; ν, t).
(5)

We parametrize the interstellar component using the interstellar
refraction angle θ ◦ at the frequency ν ◦ :
int (r 1 , r 2 ; ν◦ ) = k(r 1 − r 2 ) · θ ◦ ,

where k = 2π/λ is the wavenumber and λ = c/ν ◦ is the wavelength.
Fig. 2 shows the resulting UV-coverage of the PSR B0959+08
observations. We see that the projections of the Arecibo-SRT and
WSRT-SRT ground-space baselines do not change significantly,
and we consider them fixed. For a fixed baseline |r 1 − r 2 |, the
interstellar refraction depends only on ν:
int (r 1 , r 2 ; ν) =

ν
int (r 1 , r 2 ; ν◦ ).
ν◦

We obtained dynamic cross-spectra for on-pulse scans between all
possible pairs of telescopes showing diffraction scintillations in the
time-frequency plane. Off-pulse spectra were used to correct for
the receiver bandpass (Zhuravlev et al. 2013). Fig. 1 shows the
dynamic cross-spectrum of PSR B0950+08 for the Arecibo-WSRT
ground baseline. This spectrum was formed by summing crossspectra with two opposite polarizations. The dark 30-s horizontal
bands along the frequency axis show interruptions where the signal
was not recorded. We can see a large-scale drift of diffraction
patterns at a speed of df/dt = 4 MHz/1000 s. This drift shows sloping
MNRAS 491, 5843–5851 (2020)

(7)

We examine the ionospheric component at separate small time
intervals n from (tn,◦ − T/2) to (tn,◦ + T/2), where tn,◦ is the central
moment of the nth time interval. The duration of time interval is
determined by a number of accumulated spectra as
T = N T◦ ,

3.1 Phase coherence

(6)

(8)

where N = 50, 200 and 330 are the numbers of accumulated spectra for the Arecibo-WSRT, Arecibo-SRT, and WSRT-SRT baselines,
respectively. We then obtain an expression for the ionospheric
component at ν:
ion (r 1 , r 2 ; ν, tn,m ) =

ν
ν◦

ion (r 1 , r 2 ; ν◦ , tn,m ),

(9)

where ion (r 1 , r 2 ; ν◦ , tn,m ) is the ionospheric component at ν ◦ ,
tn,m is the particular pulse time m within the time interval n.
Furthermore, ion (r 1 , r 2 ; ν◦ , tn,m ) as a time function can be
expanded around the central moment tn,◦ by a Taylor series up to
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Figure 1. Dynamic cross-spectrum of PSR B0950+08 at an observing
frequency of 324 MHz for the Arecibo-WSRT ground baseline.
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the linear term:
ion (r 1 , r 2 ; ν◦ , tn,m ) =

ion (r 1 , r 2 ; ν◦ , tn,◦ )
+

(tn,m − tn,◦ )
T

ion (r 1 , r 2 ; ν◦ , tn,◦ ),

(10)

where ion (r 1 , r 2 ; ν◦ , tn,◦ ) = T dtd [ ion (r 1 , r 2 ; ν◦ , t)]|t=tn,◦ , is the
phase incursion.
The phase difference between antennas can be represented by the
second moment SMn (ν), averaging over time and frequency as
SMn (ν) = J ( ν, tn,m )J ∗ ( ν + ν, tn,m )
∗

= j ( ν, tn,m )j ( ν + ν, tn,m )

tn,m
tn,m ϕn (ν),

ϕn (ν) = exp{−i[ (r 1 , r 2 ; ν, tn,m )
tn,m

= exp{−i(ν/ν◦ )[ int (r 1 , r 2 ; ν◦ )+ ion (r 1 , r 2 ; ν◦ , tn,◦ )]}
× sinc[(ν/2ν◦ )

ion (r 1 , r 2 ; ν◦ , tn,◦ )].

(i) The value of Rn (ν) is zero at ν = 0, as determined by the
sin{−(ν/ν◦ )[ int (r 1 , r 2 ; ν◦ ) + ion (r 1 , r 2 ; ν◦ , tn,◦ )]}. factor in
equation (12).
(ii) The other zero value of Rn (ν) is determined at ν = ±ν ∗ (tn,◦ )
by the sinc[(ν/2ν◦ ) ion (r 1 , r 2 ; ν◦ , tn,◦ )] factor. We designate this
frequency as the ‘zero factor’. It is defined by the argument of sinc
equal to ±π .

(11)

where j( ν, tn,m ) are coefficients of the interferometric response, ν
is the frequency shift, and ϕ n (ν) is defined by (r 1 , r 2 ; ν, tn,◦ )
from equation (5) taking into account equations (7)–(10):

− (r 1 , r 2 ; ν + ν, tn,m )]}

Let us define the ratio of the imaginary part of the second moment
to its modulus as Rn (ν). Figure 3 shows examples of Rn (ν) for the
ground-space and ground baselines, averaged over different time
intervals.

(12)

3.2 The ‘zero factor’
In addition, to increase the signal-to-noise ratio without destroying
the signal itself, we apply a fourth-order Savitzky–Golay filter
(Savitzky & Golay 1964) along the frequency axis. As can be seen
from Fig. 3, the filtering completely smooths out the small-scale
noise fluctuations that remain after averaging.
Fig. 3 shows Rn (ν) with typical small values of ν ∗ in the left-hand
panels and with typical large values in the right-hand panels. The
values of ν ∗ for short-ground baselines occupy a frequency domain
MNRAS 491, 5843–5851 (2020)

Downloaded from https://academic.oup.com/mnras/article/491/4/5843/5652197 by Lebedev Institute of Physics RAS user on 28 October 2021

Figure 3. Rn (ν) is the ratio of the imaginary part SMn (ν) to the modulus |SMn (ν)| for the Arecibo-SRT (upper panel), WSRT-SRT (middle-panel), and
Arecibo-WSRT baselines (lower panel) at varying time. In each panel, the serial number of the averaging interval n and the numbers of averaged pulses



are shown. The pulse numbers are defined as n + (n − 1)N÷n + iN − 1, where n is a pulse offset. The dependencies are smoothed using a fourth-order
∗
Savitzky–Golay filter. The numerical value of the ‘zero factor’ ν is presented in MHz. Examples with small values of ν ∗ are shown in the left-hand panels,
while those with large values are shown in the right-hand panels. Example with two ‘zero factors’ is shown in the lower left-hand panel (for more details, see
the discussion in Section 3.2).
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Figure 4. Phase incursion as a function of time for the Arecibo-SRT
(upper panel), WSRT-SRT (middle panel), and Arecibo-WSRT (lower panel)
baselines.

from 0 to 4 MHz, while ν ∗ for the large ground-space baselines
shifts the frequency domain to large values of between 2.5 and
8 MHz.
We note that for both ground-space baselines and in most cases
for the ground baseline, we have Rn (ν) with only one ‘zero factor’,
while for the ground baseline only, we detect Rn (ν) with two ‘zero
factors’ over a few averaging intervals. An example with two ‘zero
factors’ is shown in Fig. 3 (lower left-hand image). The first ‘zero
factor’ is found at 1.3 MHz, and the second is found at 4.0 MHz. This
behaviour of Rn (ν) is easy to explain using our phase model (see
equation 12). When the value of the first ‘zero factor’ is sufficiently
small (in our example, ν ∗ = 1.3 MHz), an additional ‘zero factor’
(in our example, ν ∗∗ = 4.0 MHz) may appear within the band of
the frequency lag, (0–8) MHz. The second ‘zero factor’ is defined
by an argument of sinc equal to 2π . For clarity, we used only the
first value for the ‘zero factor’ regardless of whether or not a second
value was detected.
We can see that the number of detected ‘zero factors’ depends on
the state of the ionospheric plasma, the baseline of the interferometer, and the band pass receiver.

Fig. 4 shows values of ion (r 1 , r 2 ; ν◦ , tn,◦ ) for the ground space
and ground baselines. We see that for the ground baseline, the
ionospheric phase is larger and varies more rapidly with frequency
than for the ground-space baselines, and we draw attention to the
significant differences between the time dependencies of the phase
incursions for the ground space and ground baselines, as follows:
(i) This is due to a significant increase in ion (r 1 , r 2 ; ν◦ , tn,◦ )
during the first 30 min of the observations for both ground-space
baselines, which is absent from the ground baseline.
(ii) Sudden jumps in ion (r 1 , r 2 ; ν◦ , tn,◦ ) to long lag times are
then detected at the ground baseline, which are absent from the
ground-space baselines.
(iii) Despite certain similarities in the time dependencies of
ion (r 1 , r 2 ; ν◦ , tn,◦ ) on the ground-space baselines, differences
definitely exist.
These issues are discussed in more detail in Section 5.
4 I O N O S P H E R I C I N F O R M AT I O N D E R I V E D
F RO M I R I M E A S U R E M E N T S
Here, we present an estimate of the TEC obtained from other
independent measurements. The profile of the ionospheric electron
density over height can be taken from the IRI-2018 model (Bilitza
2018). Fig. 5 shows two profiles: one for Arecibo and the second for
WSRT. The arrows indicate the directions along which the profiles
change during the session. Using the available data, we estimate the
vertical TEC (VTEC) from IRI as follows:
VTEC =

Finally, for our values of ν ∗ (tn,◦ ), we find the phase incursion as
function of time:
= 2πν◦ /ν ∗ (tn,◦ ).
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VTECh ,

(14)

h=60

3.3 Phase incursion

ion (r 1 , r 2 ; ν◦ , tn,◦ )

2,000


(13)

where VTECh is the value of the VTEC for an individual layer at
height h with a thickness of 1 km.
Excessive values of the slant TEC (STEC) along the line of sight
can be obtained from the thin-layer model, which approximates the
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Figure 5. Profiles of ionospheric electron density from IRI at 05-06 UT
on 2012 January 25 at the positions of the Arecibo and WSRT stations.
The arrows indicate the directions along which the profile changes. The
ionospheric layers are shown. The ionospheric profile extends up to a height
of 2000 km.
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5 R E S U LT S F O R S PAC E V L B I A N D
C O M PA R I S O N W I T H I R I DATA
We represent the phase difference ion (r 1 , r 2 ; ν, tn,◦ ) between two
phase incursions ion (r 1 , r 2 ; ν, tn,◦ ) measured at frequencies ν k and
ν ◦ (δν = |ν k − ν ◦ | ≤ 8 MHz) within the time interval [tn,◦ − T/2,
tn,◦ + T/2] as
ion (r 1 , r 2 ; δν, tn,◦ )

Figure 6. Variation in the ionospheric IRI STEC for the Arecibo and WSRT
stations during the session, along the line of sight to PSR B0950+08.

ionosphere as a thin layer of a spherical shell at a fixed height H
from the Earth’s surface. Then, based on the VTEC and the zenith
angle of the ray path passing through this thin layer, the STEC can
be represented as
STEC = VTEC sec θ,

(15)

where θ is the zenith angle at the Ionospheric Pierce Points (IPPs).
The zenith angle of the ray at the bottom of the ionosphere is
connected with the zenith angle at the observer by the sine law (e.g.
Thompson, Moran & Swenson 2017):


R⊕
sin θ  ,
(16)
θ = arcsin−1
R⊕ + H
where R⊕ = 6371 km is the mean radius of the Earth. Therefore,
from equation (15),

2 −1/2

R⊕

,
(17)
STEC = VTEC × 1 −
sin θ
R⊕ + H
We present the STEC values approximated by the thin layer
model at H = 450 km. Fig. 6 shows the IRI STEC for the Arecibo
and WSRT stations in the direction of PSR B0950+08 as function
of time. We can see that approximately 50 min after the beginning
of the session, the STEC for Arecibo and WSRT became equal.
Note that equality of the STEC at the ends of the interferometric
baseline for the ground stations follows indirectly from our analysis.
In the second half of the observations for the ground interferometer
(see Fig. 4, lower panel) sudden jumps appear in the phase incursion
ion (r 1 , r 2 ; ν◦ , tn,◦ ), while there are no such jumps for the groundspace interferometers. In our opinion, these jumps occur every
time the constant term ion (r 1 , r 2 ; ν◦ , tn,◦ ) is zeroed out in the
Taylor expansion (see equation 10). These events happen each time
the STEC is aligned at the ends of the interferometric baseline.
In this case, only one term (the first derivative) remains in the
Taylor expansion, and the phase incursion model no longer works
correctly. According to our analysis, zeroing of the constant term in
the Taylor expansion occurs twice during the session: the first time,
sudden jump is detected about 30 min after the beginning of the

=

ion (r 1 , r 2 ; ν◦ , tn,◦ )

δν
.
ν◦

(18)

The phase delay for a cold, collisionless plasma with no magnetic
field for a frequency exceeding the plasma frequency ν p can be
approximated by the following expression (e.g. Intema et al. 2009):


1 STEC
e2
ϕ
ne dl = 8.447 × 103
.
(19)
4πε◦ me cν
ν TECU
where e is the electron charge, ε◦ is the vacuum permittivity, and
me is the electron mass. The integral over ne is the STEC along the
line of sight. The plasma frequency is
νp =

e
2π

ne
.
ε◦ me

(20)

Typical values for the plasma frequency for the ionosphere are
within the range of 1–10 MHz. Cosmic radiation at lower than the
plasma frequency does not reach the Earth’s surface.
The same phase difference ion (r 1 , r 2 ; δν, tn,◦ ) can be obtained
based on the STEC at the same δν:


STEC δν
3
.
(21)
ion (r 1 , r 2 ; δν, tn,◦ ) = 8.447 × 10
TECU ν◦2
Consequently, taking into account the thin layer model of the
ionosphere in equation (17), the value of the VTEC for the ground
arm of the ground-space interferometer is given by the relation:
VTEC
= 1.18 × 10−4 ν◦
TECU

×

1−

ion (r 1 , r 2 ; ν◦ , tn,◦ )

R⊕
sin θ  (t)
R⊕ + H

2
.

(22)

Fig. 7 represents the VTEC for the Arecibo (upper panel) and WSRT
(lower panel) stations as function of time. The time resolution
for the VTEC is 0.8 and 1.4 min for the Arecibo and WSRT
stations, respectively. For comparison, we show the corresponding
IRI VTEC, as follows:
(i) At both ground stations, during the first 30–40 min after the
beginning of the session, large half-hour structures in VTEC are detected in comparison with the VTEC from IRI. Moreover, the VTEC
for the Arecibo station shows an increase to the level of 15.5 TECU
after ∼25 min after the beginning of the observations, while the
MNRAS 491, 5843–5851 (2020)
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observations, while the second time, a similar event occurs about
15 min later. Thus, in order to implement correct data processing,
it is necessary to introduce at least the second derivative into
equation (10), and we intend to address this in future work. In
Section 5, our consideration of the ionosphere will be limited
by the Arecibo-SRT and WSRT-SRT ground-space baselines, as
discussed in Section 1. Along the large ground-space baseline, the
ionospheric effects are detected only for the ground stations, so
the implementation of the case considered above (equality of the
STEC at the ends of the interferometric ground-space baseline) is
physically impossible.
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expected daily variations are clearly shown in the VTEC derived
from IRI. Fig. 7 shows the daily decrease in IRI VTEC for the
Arecibo station and the daily increase in the IRI VTEC for WSRT.
Unfortunately, the daily variations in the ionospheric VTEC derived
from the ground-space interferometer are greatly obscured by the
structures detected in this experiment.

6 CONCLUSIONS

Figure 7. VTEC for Arecibo (upper panel) and WSRT (lower panel) as a
function of time. The corresponding values of the IRI VTEC are also shown.

VTEC for the WSRT remains at a value of 7.37 ± 0.71 TECU
within the first 30 min, without significant fluctuations.
(ii) In the second half of the session, VTEC decreases to a level
corresponding to the VTEC from IRI. This decrease occurs along
different paths for the Arecibo and WSRT stations. From Fig. 7, we
find that the VTEC for Arecibo decreases exponentially and lasts
∼10 min, while the VTEC for WSRT decreases almost linearly and
lasts twice as long.
(iii) At the low geomagnetic latitude of Arecibo (27.85 ◦ N), we
obtain the expected values for the VTEC, which are approximately
twice as large as the corresponding values at the mid-geomagnetic
latitude of WSRT (53.48◦ N).
(iv) The local time (LT) of the expected daily minimum VTEC
depends on the diurnal and seasonal variation in VTEC and coordinates of the observing station. According to published data (see
e.g. Spoelstra & Kelder 1984; Mangla, Sharma & Rajput 2014), the
observed daily minimum VTEC occurs between approximately 3h
and 5h LT. The observations for the Arecibo station were conducted
after sunset (18h 16m LT) between 1h and 2h LT and those for
the WSRT before sunrise (8h 27m LT) between 6h and 7h LT. The
MNRAS 491, 5843–5851 (2020)

We carried out a successful RadioAstron VLBI measurements of the
ionospheric electron concentration, based on ground-space interferometric responses of cross-spectra. This work became possible
after launching the SRT and using it in conjunction with other
ground antennas on large baselines of nearly 25 Earth diameters.
Due to the fact that the orbital telescope was located at a large
distance from the Earth’s surface (above the ionosphere), only the
Arecibo and WSRT ground stations could be used to record the
ionospheric effects. Based on simulations of the interstellar and
ionospheric refractions and the phase delay, we present a technique
for processing and analysing the ionospheric TEC localized at the
ground stations of the ground-space interferometer at 324 MHz.
Using this technique, we obtained the ionospheric TEC with a
resolution of 0.8 and 1.4 min for Arecibo and WSRT, respectively.
An analysis of the detected TECs shows almost synchronous halfhour structures in the ionosphere at the intercontinental distance
between the Arecibo and WSRT stations, which are approximately
twice as large in amplitude as the corresponding values of the TEC
derived from IRI. According to a preliminary analysis, these structures were observed during a geomagnetic storm with minimum
Dst index ∼75 nT generated by interplanetary disturbances, and
may be due to the influence of interplanetary and magnetospheric
phenomena on ionospheric disturbances. The results presented in
this paper may be useful in correcting or at least investigating
the impact of the ionosphere on VLBI observations and may be
developed in future radio astronomical projects (Zhao, An & Lao
2019).
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According to a preliminary analysis, the detected structures may
be due to the influence of interplanetary and magnetospheric events
during the observations (Tsurutani & Gonzalez 1997; Yermolaev
et al. 2005). The event (05:00–05:30 UT 2012 January 25) was
observed during disturbed interplanetary conditions, and fell into
the compression region between the slow and fast solar wind streams
(the so-called corotating interaction region, CIR), which began
with a forward interplanetary shock at ∼15 UT 2012 January 24,
and ended with a reverse interplanetary shock at ∼17 UT 2012
January 25. The front edge of the CIR collided with the rear
edge of the previous magnetic cloud and was therefore additionally
compressed (see the catalogue of large-scale solar wind phenomena
in Yermolaev et al. 2009). Ground magnetic stations showed that
just after the shock at ∼15 UT 2012 January 24, Storm Sudden
Commencement (SSC) was observed on the Earth with a moderate
two-stage magnetic storm with an intermediate minimum of Dst
index −44 nT at ∼20 UT on 2012 January 24, and the main
minimum in the Dst index was −75 nT at ∼11 UT 2012 January
25 (Word Data Center for Geomagnetism 2012). These changes
in the magnetic field occurred as a consequence of the global
restructuring of the magnetosphere-ionosphere current system, and
were are accompanied by large perturbations of the ionosphere
(Mannucci et al. 2008; Prölss 2008; Kilpua et al. 2017; Tsagouri,
Koutroumbas & Elias 2018).

Probing the ionosphere with RadioAstron
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From the middle of 2011 until the beginning of 2019, about
90 observations of pulsars were carried out using RadioAstron
in conjunction with different arrays of ground telescopes at two
frequencies 324 MHz (P band) and 1668 MHz (L band). In this
paper, we have considered data only at 324 MHz. We plan to test the
robustness of our proposed technique by processing and analysing
the TEC at a second standard RadioAstron frequency with the double
side band (DSB), each with two polarizations. The RadioAstron
mission is also able to operate simultaneously on two frequency
channels each receiving a radio signal with different polarizations.
These modes will allow us to expand the technique by including
two frequency channels at the same time under different ionospheric
conditions and will facilitate obtaining more information regarding
dynamic processes in the ionosphere.
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