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ABSTRACT

The solar corona is a highly-structured plasma which can reach temperatures of more than ∼2 MK. At low frequencies (decimetric and
metric wavelengths), scattering and refraction of electromagnetic waves are thought to considerably increase the imaged radio source
sizes (up to a few arcminutes). However, exactly how source size relates to scattering due to turbulence is still subject to investigation.
The theoretical predictions relating source broadening to propagation effects have not been fully confirmed by observations due to the
rarity of high spatial resolution observations of the solar corona at low frequencies. Here, the LOw Frequency ARray (LOFAR) was
used to observe the solar corona at 120−180 MHz using baselines of up to ∼3.5 km (corresponding to a resolution of ∼1−2′) during
the partial solar eclipse of 2015 March 20. A lunar de-occultation technique was used to achieve higher spatial resolution (∼0.6′)
than that attainable via standard interferometric imaging (∼2.4′). This provides a means of studying the contribution of scattering
to apparent source size broadening. It was found that the de-occultation technique reveals a more structured quiet corona that is not
resolved from standard imaging, implying scattering may be overestimated in this region when using standard imaging techniques.
However, an active region source was measured to be ∼4′ using both de-occultation and standard imaging. This may be explained by
the increased scattering of radio waves by turbulent density fluctuations in active regions, which is more severe than in the quiet Sun.

Key words. Sun: corona – Sun: radio radiation – techniques: interferometric – instrumentation: interferometers

1. Introduction

Solar radio observations are an invaluable tool to better under-
stand solar eruptive processes and the structure of the solar
corona. As radio waves travel through the corona, they are sub-
ject to propagation effects such as scattering off of electrons
as well as refraction due to a changing electron density and
refractive index (Erickson 1964). This results in apparent angu-
lar broadening of the radio sources, which is directly related
to coronal density turbulence and inhomogeneities (Steinberg
et al. 1971). The effect of apparent angular broadening is observ-
able at decimetric and metric wavelengths and becomes more
severe as the observed frequency approaches the local plasma
frequency and if there are increasing levels of density fluctu-
ations due to higher turbulence, for example, near an active
region (Abramenko & Yurchyshyn 2010, 2020). Therefore, the
study of radio source size variation can provide greater insight
into radio wave propagation effects as well as the nature of

density inhomogeneities in the corona. However, to date, the
exact relationship between source size and coronal scatter-
ing remains somewhat inconclusive. This ambiguity empha-
sises the importance and necessity of high spatial resolution,
low frequency (10−300 MHz) radio observations of the small-
est sources of compact radio emission in the corona.

Many observational studies of the solar corona at low fre-
quencies have measured observed source sizes. Work done
by Lang & Willson (1987) and Zlobec et al. (1992) resolved
sources of 30−40′′ using the Very Large Array (VLA;
Thompson et al. 1980; Napier et al. 1983) between 328 and
333 MHz. A sub-arcminute structure associated with a Type I
noise storm was observed by Kerdraon (1979) at 169 MHz using
the Nançay Radioheliograph (NRH; Kerdraon et al. 1997) and
by Mercier et al. (2006, 2015) at 236 MHz and 327 MHz using
the NRH and the Giant Meterwave Radio Telescope (GMRT;
Ananthakrishnan et al. 2002) in tandem. At lower frequencies,
Ramesh & Sastry (2000) observed sources of approximately 3′
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at 34.5 MHz using the Decameter Wave Radio Telescope in the
Gauribidanur Observatory (Sastry 1995). However, due to insuf-
ficient baselines lengths, none of the above studies have imaged
sub-arcsecond structure in the metric and decimetric regime,
despite X-ray and extreme ultraviolet (EUV) imaging show-
ing the corona to be highly structured on arcsecond and sub-
arcsecond scales (Walker et al. 1988; Koutchmy 1988; Golub
et al. 1990).

The lack of small-scale coronal structures at low frequen-
cies is theoretically due to the large amount of scattering expe-
rienced by radio emission in coronal plasma. There have been
numerous studies on the effects of scattering on the broadening
of source sizes (Steinberg et al. 1971), the shift in source posi-
tion (Fokker 1965), and change in the intensity of observed radio
emission (Riddle 1974; Robinson 1983). A number of studies
have carried out comparisons of observed source size to theoret-
ical predictions of turbulence made with the use of coronal scat-
tering models (McMullin & Helfer 1977; Melrose & Dulk 1988;
Mercier et al. 2006; Thejappa & MacDowall 2008; Subramanian
& Cairns 2011). It has been theorised that the angular size of
sources in solar radio observations is limited to arcminute scales
due to this coronal scattering (Bastian 1992, 1994). Recently,
Kontar et al. (2017) showed scattering to be quite severe at low
frequencies, using tied-array imaging to show that a 0.1′ radio
source, observed at 32 MHz, can be broadened to ∼20′ through
scattering alone. However, the large size of the observed source
may be due (in part) to the tied-array technique rather than inher-
ent source size (Murphy et al. 2020).

Recently, the increasing need for improved resolution and
sensitivity at low radio frequencies has encouraged the use of
larger arrays spread across several hundreds of kilometres, such
as the LOw Frequency ARray (LOFAR; van Haarlem et al.
2013) and on a smaller scale the Murchison Widefield Array
(MWA; Tingay et al. 2013). These arrays are now providing reg-
ular imaging of both the quiet and active Sun (Breitling et al.
2015; McCauley et al. 2017; Vocks et al. 2018; Zhang et al.
2020). The large baselines help in increasing the resolution of
these instruments, allowing them to provide radio observations
in the metric range with which we can probe the small-scale
coronal structures. As well as this, Very Long Baseline Inter-
ferometry (VLBI) observations have been used to achieve sub-
arcsecond resolution in the microwave regime (Tapping et al.
1983; Benz et al. 1996). However, in the absence of longer base-
line or indeed VLBI observations, radio solar eclipse observa-
tions can be exploited to achieve superior angular resolution.
These high resolution observations can then be used to measure
source sizes and further constrain the extent of scattering effects.
This technique has been used with microwave observations, for
example, Marsh et al. (1980) and Gary & Hurford (1987), where
the motion of the lunar disc across the Sun provided the abil-
ity to resolve source sizes smaller than that possible using stan-
dard interferometry. This motivates a similar type of study in
the metric range, where scattering is considered to be more
prominent.

In this paper, interferometric LOFAR observations of a solar
eclipse on 2015 March 20 are presented. This is the first LOFAR
observation of a solar eclipse, which granted a unique oppor-
tunity to probe coronal source sizes via the lunar de-occultation
technique. Section 2 gives context to the solar activity at the time
of the observation and introduces the LOFAR telescope, provid-
ing a description of the instrument’s specifications. Following
on, an overview of the observing campaign is given. Section 3
details the methods used for imaging and source size determina-
tion. Section 4 focuses on the results of this work. Lastly, Sect. 5

Fig. 1. LOFAR contours 50−95% (blue to red) of the peak intensity
on top of a SDO/AIA 193 Å image. The contours are from a multi-
frequency LOFAR map (140−160 MHz) and the 193 Å EUV image is
from 11:05 UT, 2015 March 20.

provides an analysis of the results in the context of previous
observations.

2. Observations

On 2015 March 20 between 08:32 and 10:50 UT a partial solar
eclipse (80% totality) was observed as part of a 5 h LOFAR
observing campaign that was carried out between 07:20 and
12:00 UT. During the observation, there were a number of active
regions (NOAA 12297, 12299, 12302, 12303, 12304) visible
on the solar disc. There were also a number of C-class flares
prior to the eclipse, most notably a C7.9 (which peaked at
00:58 UT) accompanied by a partial halo CME (first observed
in SOHO’s Large Angle and Spectrometric Coronagraph C2
(LASCO; Brueckner et al. 1995) field of view at 01:05 UT).
A 193 Å Solar Dynamics Observatory/Atmospheric Imaging
Assembly (SDO; Pesnell et al. 2011, AIA; Lemen et al. 2011)
image of the Sun with LOFAR contours is shown in Fig. 1.

LOFAR is a low-frequency radio interferometer operated
by the Netherlands Institute for Radio Astronomy (ASTRON).
LOFAR is comprised of thousands of antenna divided up into
core, remote and international stations, centred around Exloo
in the Netherlands and extending over a maximum baseline of
∼2000 km. Each station is composed of Low Band Antennas
(LBAs), observing from 10 to 90 MHz, and High Band Antennas
(HBAs), which observe from 120 to 240 MHz.

In this study, the HBAs from 23 of LOFAR’s core sta-
tions were used, providing a maximum baseline of ∼3.5 km.
Raw visibility data were produced using LOFAR’s interferomet-
ric mode for 253 baselines, providing a temporal resolution of
1 s and spectral resolution of 12.207 kHz (van Haarlem et al.
2013). Observations were taken for a number of subbands, every
10 MHz between 120 MHz and 180 MHz, and integrated over
5.5 s in order to increase signal-to-noise. The angular resolution
of the 23 station array ranges from 2.0′ at 120 MHz and 1.2′ at
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Fig. 2. u, v coverage for the multi-frequency band 140−160 MHz. Each
of the coloured points on the u, v plane correspond to a different fre-
quency observed for a given baseline. A series of red rings illustrate
an example of the baselines which contribute to achieving a particular
angular resolution for 140 MHz, i.e. the longer baselines are responsible
for resolving the smaller structure.

180 MHz. In the following analysis, the data from the core sta-
tions were used to produce interferometric maps and carry out
the lunar de-occultation technique.

3. Data analysis

3.1. Interferometric imaging

This analysis was divided up into two distinct parts, namely the
interferometric imaging of the solar eclipse and the implemen-
tation of the lunar de-occultation technique. Firstly, the Default
Pre-Processing Pipeline (DPPP; van Diepen & Dijkema 2018)
was used to average the data over 2.5 s and apply weights to the
visibilities using autocorrelations to account for the array con-
figuration. DPPP is also capable of performing flagging for radio
frequency interference (RFI). This was not applied as automated
RFI flaggers are susceptible to flagging solar radio bursts and
sometimes quiet solar emission. Instead, the data were manually
inspected and flagged for RFI and malfunctioning antennas. A
bandpass calibration was applied using static calibration tables
generated from a 20 min observation of Cygnus A prior to the
eclipse.

As this was an eclipse observation, longer exposure aper-
ture synthesis was considered unsuitable. Snapshot imaging
was used instead and in order to increase the u, v coverage,
multi-frequency synthesis (MFS) was implemented (McCready
et al. 1947; Conway et al. 1990; Sault et al. 1999). The visi-
bilities at several frequencies were concatenated into a multi-
frequency band. A number of iterations of self-calibration were
then applied using a multiscale, multi-frequency synthesis (MS-
MFS) CLEAN (McMullin et al. 2007; Rau & Cornwell 2011).
MFS is a useful technique to increase u, v coverage without
the inclusion of additional baselines. Figure 2 demonstrates
that for a particular baseline it is possible to have many u, v

points corresponding to different frequencies. For this work a
frequency range of 120−180 MHz was divided into three sepa-
rate multi-frequency bands; 120−140 MHz, 140−160 MHz, and
160−180 MHz. Each band has a width of 20 MHz as the spec-
tral brightness of the radio non-flaring Sun is known not to vary
greatly over this range at these frequencies.

In Fig. 1, the contours of the solar radio emission observed
by LOFAR were overlaid onto an SDO/AIA image from
11:05 UT. The LOFAR contours are shown to interweave
between the coronal holes and small bright regions on the Sun
as seen in the 193 Å EUV image. The brightest source of radio
emission observed, is situated close to the north-eastern limb,
and is associated with the active region NOAA 12303.

A series of multi-frequency CLEAN maps were produced
every 10 min for the whole duration of the observation, an exam-
ple of which can be seen in Fig. 3. These maps are plotted in a
helioprojective coordinate system. Each row is a different multi-
frequency band, increasing in frequency from top to bottom. The
first column is at 08:45 UT, the second column at 09:45 UT, and
the third column at 10:45 UT. These CLEAN maps show clearly
the passage of the Moon (pink dashed circle) across the Sun as
the eclipse transitions through ingress, maximum phase (80%),
and egress.

Certain features are more apparent in the different multi-
frequency maps as is shown in Fig. 3. The structure in the lower
frequency band images appears more diffuse, most likely due to
the decreased angular resolution at these frequencies. This is evi-
dent in Figs. 3c, e, and f where the features appear extended in
the lower frequency bands in comparison to the compact fea-
tures seen in the higher frequency bands. The unique set-up
of a solar eclipse allows for the implementation of the lunar
de-occultation technique which can provide better spatial resolu-
tion than what is achieved via standard interferometric imaging
(STIM) in Fig. 3.

3.2. Lunar de-occultation

Lunar de-occultation is a unique method that exploits imaging
observations of a solar eclipse. Over time, as the moon reveals
the solar surface, the intensity in the maps changes due to the
revelation of coronal structure. The change in intensity over time
can be related to intensity variation in space. For this to work,
it must be assumed that all changes in intensity are due to the
de-occultation of coronal sources. To ensure that this was the
case, we searched for various signs of activity during the de-
ocultation. Firstly, we examined GOES X-ray lightcurves and
radio dynamic spectra, both of which were found to be clear of
significant solar activity. Any timesteps that were associated with
small bursts in the dynamic spectrum were flagged and removed.
Secondly, any instrumental effects not removed by the calibra-
tion were taken into account by normalising the maps. This was
done by dividing the entire map by the average intensity in a
quiet region for each timestep.

In practice, lunar de-occultation is carried out by subtract-
ing data from consecutive timestamps during the egress of the
eclipse and summing the differenced data together. Here we
explore two different approaches to lunar de-occultation; namely
image-differencing (IMD) and visibility-differencing (VISD).
One iteration of both the IMD and VISD methods is shown in
Figs. 4a and b respectively. The following sections focus on the
application of the lunar de-occultation techniques to the central
multi-frequency band, 140−160 MHz. The central band was cho-
sen as the lower and upper bands were dominated by significant
radio frequency interference (RFI).

A43, page 3 of 7

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039024&pdf_id=2


A&A 648, A43 (2021)

Fig. 3. LOFAR multi-frequency maps at ingress, maximum phase, and egress of the partial solar eclipse on 2015 March 20. Time increases from
left to right, whereby the first column is 08:45 UT, the second column is 09:45 UT, and the third column is 10:45 UT. Frequency increases from top
to bottom of the grid. The top row is the 120−140 MHz multi-frequency band, the middle row is the 140−160 MHz multi-frequency band, and the
bottom row is the 160−180 MHz multi-frequency-band. In each image, the solid white circle is the visible solar limb and the pink dashed outline
is the lunar limb. The white ellipse in the bottom left corner of each image is representative of the beamsize.

3.2.1. Image-differencing (IMD)

The resulting map after one step of the image-differencing
(IMD) method is shown in Fig. 4a. The IMD method involved
firstly performing the inverse Fourier transform of visibility data
to make a series of dirty maps with 1 min cadence. These dirty
maps were then CLEANed and self-calibrated using a MS-MSF
CLEAN, as described above. The pixel values in each CLEAN
map were subtracted from the pixel values of the following map,
that is, Imt+1(x, y)− Imt(x, y), hereafter Im(x, y) is written as Im.
An example of a resulting differenced map, Imdiff , when two
CLEAN maps 1 min apart were differenced is shown in Fig. 4a.
Imdiff is a crescent-shaped portion of the solar corona. It is effec-
tively an annular aperture which can be used to probe the coronal
structure revealed in the time interval between Imt+1 and Imt.

3.2.2. Visibility-differencing (VISD)

The resulting map after one step of the second approach, the
visibility-differencing (VISD) method, is shown in Fig. 4b. With
the VISD method, the raw visibility data were used instead.

Consecutive visibility data were subtracted from each other, that
is, Vt+1(u, v) − Vt(u, v), hereafter V(u, v) is written as V . The
inverse Fourier transform was then taken of differenced visi-
bility data, Vdiff , to produce a dirty map. The dirty maps were
CLEANed and self-calibrated as mentioned previously, to pro-
duce Imdiff . An example of the CLEANed crescent-shaped annu-
lus produced via VISD can be seen in Fig. 4b whereby visibility
data 1 min apart were differenced.

The last step taken in both the IMD and VISD methods
was to produce a map comparable to an image made via stan-
dard interferometric imaging (STIM) at 10:59 UT. As described
by Gary & Hurford (1987), the Point Spread Function (PSF) is
modified when using this de-occultation technique. In 1 min the
“knife-edge” lunar limb profile has moved by 0.6′. This is con-
volved with the instrument beam producing a ramp-like profile.
When two of these ramps are differenced it results in a triangular-
shaped profile. This causes the emission extending beyond the
dashed pink circle in Fig. 4a. The convolution of the instrument
beam and the triangular window results in a broader Gaussian
beam with a lower amplitude than the synthesised beam. This
was taken into account by dividing each Imdiff CLEAN map by
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Fig. 4. Demonstration of two different approaches to the lunar
de-occultation technique. a: contains the results from differencing two
CLEAN maps via the image-differencing (IMD) method, i.e. Imdiff .
b: output when the visibility data are differenced first before CLEAN-
ing, as per the visibility-differencing (VISD) method, i.e. F−1{Vdiff}. In
both a and b, the differenced data are 1 min apart. The solid white circle
is the visible solar limb and the dashed pink circle is the visible lunar
limb.

a correction factor of 0.1, calculated using Eq. (1) of Gary &
Hurford (1987).

After this correction was applied, the differenced maps were
summed together, that is, ΣImdiff[t]. Figure 5 is a comparison
of a map made using STIM and maps made using the IMD
and VISD methods. It is clear from Figs. 5b and c that finer
structure in the quiet Sun is revealed when using the lunar
de-occultation technique. This observation of smaller sources
in the corona implies that the effects of scattering are not as
severe as it might be concluded from Fig. 5a, where radio sources
appear larger and broader. In order to quantify the obtained
improved resolution, 1D intensity profiles were taken across
the brightest emission (corresponding with the active region
NOAA 12303) and the quiet Sun in each map.

3.3. Source size determination

In order to directly compare the maps shown in Fig. 5, their
intensities were first normalised. One of the brighter sources in
all three maps is associated with the active region NOAA 12303.
A horizontal slice was taken across the bright emission in
each map, depicted by a cyan, orange or purple dashed line
in Figs. 5a–c. Another vertical slice was taken across a region
of quiet Sun in each map, represented my the dotted-dashed
coloured lines in Figs. 5a–c. The width of the highest peak in
each intensity profile was measured at 80% the maximum inten-
sity, the results of which are detailed in Table 1.

4. Results

From Fig. 5, it is apparent that the maps from both de-occultation
techniques display more detail than those when using STIM. 1D
slices were taken across the radio emission associated with active
region NOAA 12303 (AR profile) and a region of quiet Sun (QS
profile) in each of the STIM, IMD, and VISD maps. The inten-
sity profiles in Fig. 6 correspond to the same coloured lines in
Fig. 5. The width of the tallest peaks in each intensity profile can
be seen in Fig. 6 and is also detailed in Table 1. The error in the
width for the STIM map was taken to be 1/4 of the beamsize at
this frequency (0.6′). The error in the widths for both the IMD
and VISD maps was calculated as 1/4 of the crescent aperture
de-occulted in 1 min (0.1′).

Fig. 5. Three LOFAR maps produced using three different methods.
a: a CLEAN map made via standard interferometric imaging (STIM) at
10:59 UT. b: a map made by summing the Imdiff produced by differenc-
ing consecutive CLEAN maps, 1 min apart (IMD). c: a map made by
summing the Imdiff , made by differencing consecutive visibility data,
1 min apart (VISD). Each map is normalised and the contours are
50−95% the max intensity. The solid white circle is the visible solar
limb. The white crescent is the area not de-occulted by the moon.

From Table 1, the peak in the AR profile was found to be
4.3± 0.6′ in the VISD map, 4.1± 0.1′ in the IMD map, and
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Table 1. Width of sources at 80% maximum intensity in the maps pro-
duced via the three imaging techniques.

STIM IMD VISD

θ 2.4 ± 0.6′ 0.6 ± 0.1′ 0.6 ± 0.1′
AR width 4.0 ± 0.6′ 4.1 ± 0.1′ 4.3 ± 0.1′
QS width 13.0 ± 0.6 9.6 ± 0.1′ 7.6 ± 0.1′

Notes. The table lists: standard interferometric imaging (STIM), image-
differencing (IMD), and visibility differencing (VISD). The beamwidth
(θ) for STIM is given in the direction of the minor axis.

4.0± 0.1′ in the STIM map. These are all within error of each
other and therefore no improved resolution was achieved in the
AR. However, it is clear from Fig. 5 that the contours around the
AR in both the VISD and IMD maps suggest a more complex
morphology that is not resolved by the STIM map.

In addition, from examination of Figs. 5a–c, it is evident
that there is also finer structure resolved in the QS by the lunar
de-occultation techniques. The contours marked by white arrows
in Fig. 5c provide tentative evidence of a structure as small as
2−3′ that is not resolved by the STIM map of Fig. 5a. In addition,
the VISD profile in Fig. 6b appears to reveal a double-peaked
feature more clearly instead of the single-peaked feature of the
STIM and IMD profiles. The width of the QS source was found
to be 7.6± 0.1′ in the VISD map, as shown in Table 1. This is 1.4
times smaller than that of the IMD profile (9.6± 0.1′) and 1.7
times smaller than that of the STIM profile (13.0± 0.6′). This
implies that this QS source size is overestimated by 40−70%
when using the IMD lunar de-occultation technique or STIM.
This has implications for determining the effects of scattering,
that is, if QS source sizes from STIM or IMD were used to deter-
mine the level of scattering, the effect would be overestimated.
The following section seeks to quantify this overestimation.

5. Discussion

Theoretically, the IMD and VISD methods offer an angular res-
olution that is a factor of ∼4 times better than that of the STIM
method. In this study, the VISD and IMD methods reveal a QS
source to be ∼7.6′ and 9.6′ in width, which are 1.7 and 1.4 times
smaller than the sources revealed by the STIM method. As dis-
cussed in Sect. 4, finer structure is evident in both the IMD and
VISD maps of the quiet Sun. However, though smaller scales are
found in the QS source, all three methods yield similar results
for the AR source, which was found to be ∼4′. This difference
may be a consequence of radio wave scattering being larger in
the active region. That is, the plasma in and above that AR is
expected to have more density fluctuations than the QS due to
higher levels of turbulence (Abramenko & Yurchyshyn 2010,
2020). Increased levels of turbulence results in more scattering
and larger source sizes.

Both Figs. 5b and c reveal structure that is not obvious in
Fig. 5a around both the AR and QS sources. The resolution of
smaller structure is due to the data differencing implemented
during the lunar de-occultation procedure. Differencing consecu-
tive visibilities or maps results in the removal of the background
as well as enhanced spatial resolution. In this case the back-
ground is in fact the QS emission. By removing it, one reveals the
small-scale structure normally embedded in the QS background.
Using a similar approach Marsh et al. (1980) were able to resolve
source sizes of 9−25′′ at 4.9 GHz. Here, the smallest source size

Fig. 6. Intensity slices across the bright active region (AR) emission cor-
responding to NOAA 12303 (- -) and the quiet Sun (QS) emission (-.).
The profile colours correspond to the horizontal and vertical, coloured,
dashed lines in Figs. 5a–c. The widths have been determined for the
tallest peak, in each profile, as is labelled above.

resolved using IMD and VISD was the AR, measuring 4.1± 0.1′
and 4.3± 0.1′ as well as tentative evidence of features as small
as 2−3′.

The difference in resolution achieved by the two lunar
de-occultation approaches (IMD and VISD) may be attributed to
the different levels of noise in each of the approaches. By making
a series of maps, differencing them and then making a CLEAN
map, artefacts are introduced via the imaging procedure for each
image in the series, that is, Imt, Imt+1 . . . Imn. However, by dif-
ferencing the visibilities first and then making a CLEAN map,
the introduction of artefacts via the imaging procedure is only
once at the final step, that is, making Imdiff .

The overestimation of source sizes by STIM in the QS
corona has implications for our approximation of the effects of
scattering as these two properties are intrinsically related. Using
Eqs. (3), (6), and (7) from Steinberg et al. (1971) and Eq. (8)
from Chrysaphi et al. (2018) angular broadening, d〈θ2〉/dr, can
be related to the level of turbulence caused by coronal density
inhomogeneities, δn2/n2.

d〈θ2〉

dr
=

√
π

2h

f 4
pe(r)

( f 2 − f 2
pe(r))2

〈δn2〉

n2 (1)

where h is the correlation scale for the inhomogeneities in the
corona, fpe is the plasma frequency, and f the frequency of the
observed emission. Equation (1) shows angular broadening is
proportional to the relative level of density fluctuation. There-
fore, by taking the ratio of angular broadening in the QS between
VISD and STIM, scattering is overestimated by a factor of 70%.
Similarly, IMD would yield an overestimation in the effects of
scattering in the QS by a factor of 40%. This suggests a possible
over-estimation of the effects of radio scattering in the corona in
previous studies (Kontar et al. 2017).
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6. Conclusions

In summary, due to propagation effects such as refraction and
scattering, it is accepted that observed sources in the solar
corona may undergo changes in shape, position, and indeed size.
Presently, the actual extent of coronal scattering is still not fully
understood. This work has highlighted the possible issues asso-
ciated with using observed source size in radio imaging to con-
strain the effects of scattering.

The ambiguity surrounding the effects of scattering has been
abetted by, up until now, the rarity of high spatial resolution
imaging of the Sun. Therefore, it was impossible to understand
if the lack of observations of the sub-arcminute source sizes is
due to scattering effects or, due to insufficient resolution of the
observations.

Here the first LOFAR observation of a solar eclipse was
presented. This rare observation has provided a unique oppor-
tunity to probe coronal source sizes and push interferometric
imaging beyond its limit when longer baseline observations were
not available. It enabled the use of a special technique, namely
lunar de-occultation, to achieve higher spatial resolution than
that attainable via standard interferometric imaging. Using the
VISD lunar de-occultation technique source sizes as small as a
few arcminutes were resolved. This agrees with previous stud-
ies that claim the effects of scattering at low frequencies prevent
sub-arcminute structure being observed regardless of the angular
resolution of the instrument (Bastian 1994).

Due to increased turbulence around the AR (Abramenko &
Yurchyshyn 2010, 2020) the effects of scattering were deemed so
severe that, regardless of the imaging technique, no better resolu-
tion was achieved. However, the lunar de-occultation techniques
provided better resolution than standard interferometric imaging
of the QS corona. Similar results were found at microwave fre-
quencies by Marsh et al. (1980) and Gary & Hurford (1987).
A difference in results depending on which approach was taken
when performing the lunar de-occultation technique was noted.
The smallest source sizes were found in the maps made via the
VISD method. An over-estimation of QS source sizes by a factor
of 1.4−1.7 when using IMD or STIM was demonstrated, high-
lighting the implications for estimation of the effects of coro-
nal scattering. As angular broadening and coronal turbulence are
directly proportional, QS sources measured in maps from IMD
or STIM maps would yield an over-estimation of scattering of
40−70%.

This work endorses the use of longer baseline solar imag-
ing, to push the limits of high spatial resolution interferometers
in order to more accurately quantify the effects of scattering.
Though solar eclipses are infrequent events, the addition of a
number of low-frequency radio interferometers around the world
(such as the MWA) increases our chance of performing simi-
lar analysis at even lower frequencies where the effects of radio
wave propagation are known to be even more severe.
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