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ABSTRACT

Small-scale propagating disturbances (PDs) are ubiquitous in the solar corona. The method called time-normalised optical flow
(TNOF) was developed for mapping PDs velocity fields in time series of extreme-ultraviolet (EUV) images. We show PDs veloc-
ity fields of a quiet-Sun (QS) region containing a small coronal hole (CH) and filament channel (FC) that were jointly observed by
Extreme Ultraviolet Imager (EUI) on board the Solar Orbiter and Atmospheric Imaging Assembly (AIA) on board the Solar Dynam-
ics Observatory (SDO). The QS observations acquired on 28 October 2023 in the 174 A channel of High Resolution EUV Imager
(HRIEUV) of EUI and 171 A channel of AIA were used. During the time of the observations, the separation angle between Solar
Orbiter and SDO was approximately 26°. A novel image-alignment analysis shows that the dominant formation heights are 11.4 Mm
for HRIEUV and 4 Mm for AIA. Despite this height difference, the PDs velocity fields obtained from the observations from the two
instruments agree well throughout the region. In the QS, the median PDs speed is about 6.7 and 7.4 kms~! for HRIEUV and AIA, re-
spectively, with maximum speeds of about 40 kms™!. The small equatorial CH region is dominated by a low temperature of ~0.8 MK
and is host to high PDs speeds, with a median speed of 17 kms~!. The velocity field bridges coherently across the CH from neigh-
bouring QS regions from east to west, and the CH must therefore be overlaid by a system of long, low-lying closed magnetic loops.
This unexpected configuration is supported by a potential field (PF) magnetic model and might be caused by the longevity of the
CH, which allows time for interchange reconnection with neighbouring closed-field regions. The FC is observed to be multi-thermal,
with a narrow central high-emission strip at low (0.8 MK) and high (2.5 MK) temperatures and low emission at a warm (1.2 MK)
temperature. Despite this distinct temperature profile, the PDs speeds in the FC are similar to those of the QS. The TNOF velocity
field shows that PDs tend to flow into the FC from neighbouring regions before they align along the FC in a coherent direction. This
means that PDs within filaments are driven by external sources. The vector field is consistent with a highly non-potential barbs-and-
spine tubular magnetic field; the PF model fails to replicate this configuration. We conclude that longer magnetic loops are required
for higher PDs speeds, as observed for CH here, and that the smaller loop systems of the QS and FC generally lead to lower speeds.
These multi-instrument results show that the TNOF method can confidently be used as a diagnostic tool for the kinematics of PDs,
and it highlights its potential for probing the coronal magnetic field orientation, particularly in highly non-potential regions, where

extrapolation models may fail.
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1. Introduction

The magnetic topology of the corona above the quiet Sun (QS)
is only partly understood because direct observations of coro-
nal magnetic fields are limited and constraints for magnetic
field models in the atmosphere are lacking (e.g. Khomenko et al.
2003; Beck & Rezaei 2009; Suarez & Bellot 2012; Anusha et al.
2017). Recent works have shown that the velocity fields of
faint propagating disturbances (PDs) viewed on-disc in extreme-
ultraviolet (EUV) images can be used as an indirect tracer of
the underlying magnetic coronal topology (Stankovic & Morgan
2025). PDs play a significant role in plasma dynamics, where
they facilitate energy and momentum transport while contribut-
ing to the heating and structuring of the solar atmosphere
(Bellot Rubio & Orozco Suarez 2019; Berghmans et al. 2001).
In EUV time-series imagery, the PDs can be interpreted as signa-
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tures of slow magnetoacoustic (MA) waves (Gupta et al. 2012;
Kolotkov et al. 2021; Banerjee et al. 2021; De Moortel 2009;
Meadowcroft et al. 2023; Barczynski et al. 2023; Baweja et al.
2025) or as the high-speed quasiperiodic upflows (Tian et al.
2011; Schwanitz et al. 2023a,b).

Building on the work of Morgan & Korsés (2022b, hence-
forth Paper I), Stankovic & Morgan (2025) showed that PDs are
ubiquitous. By using the method called time-normalised opti-
cal flow (TNOF), they observed that the coronal velocity fields
were largely composed of a network of coherent cell-like struc-
tures, whose boundaries (PDs sources) are aligned with the
photospheric supergranulation network. They found that PDs
sources were consistent in various temperature regimes, while
sink regions showed a weaker correlation and were often found
in internetwork areas. The comparisons of velocity fields across
the observations in various temperature channels showed that
source and sink regions agree almost perfectly in many regions,
and that other regions have consistent spatial offsets. These were
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readily interpreted in terms of vertical and inclined magnetic
field geometries by Stankovic & Morgan (2025), which sup-
ported the use of PDs velocity maps to understand the topology
of magnetic fields.

We studied the velocity fields of a QS region containing
a filament and equatorial coronal hole and compare results
from the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) on board the Solar Dynamics Observatory (SDO;
Pesnell & Addison 2011) and the Extreme Ultraviolet Imager
(EUI; Rochus et al. 2020) on board Solar Orbiter (Miiller et al.
2020). The High Resolution EUV Imager (HRIEUV) of EUI
observes in the 174 A channel and offers a unique opportunity
to study small-scale solar activity, including but not limited to
small-scale brightenings (Berghmans et al. 2021; Narang et al.
2025; Lim et al. 2025) and pico-flare jets (Chitta et al. 2021,
2023) in the solar corona.

The region of interest (ROI) we present is the QS containing
a quiescent filament channel (FC) and a small transequatorial
coronal hole (CH) (e.g. van Driel-Gesztelyi 2006). QS filaments
are generally larger than those in active regions. The elongated
central dark core, or spine, ranges from 60 to 600 Mm. They lie
above polarity-inversion lines in the photosphere and consist of
numerous fine threads that are aligned with the local magnetic
field. They have lateral offshoots that are called barbs (Baso et al.
2019; Diercke et al. 2018; Kuckein et al. 2016). When viewed
above the limb, they are called prominences, and they are often
surrounded by a large hot cavity (Habbal et al. 2010). The over-
all filament-cavity structure is thought to be a large magnetic
flux tube, with the cooler plasma condensing at the base of
the tube (Hutton & Morgan 2015). Filaments oscillate and have
wave-like motions that are often linked to MA waves that can
propagate along their structures, trigger mass flows, and cause
periodic disturbances that are observed in Doppler velocity mea-
surements (Somaiyeh & Poedts 2024).

Compared to QS regions, equatorial CHs are characterised
by a generally lower overall emission in the EUV, which
is indicative of a lower density, and their emission mea-
sures peak at lower temperatures (Morgan & Taroyan 2017;
Morgan & Pickering 2019). Coronal holes, particularly large
polar CHs, are usually characterised by open unipolar mag-
netic fields (Wang 2008) that extend into the heliosphere.
This distinguishes them from the mixed-polarity fields of
the QS. The topology of coronal holes can rapidly evolve
through interactions with a nearby active region or QS magnetic
fields. This process affects their unipolar magnetic configura-
tion (Lezzi et al. 2023; Cranmer 2009; van Driel-Gesztelyi et al.
2012). On smaller scales, the magnetic field configuration of
coronal holes can be more complex and characterised by mixed
polarities (Wiegelmann & Solanki 2004; Schwanitz et al. 2023a;
Huang et al. 2012). Equatorial CHs have a weak mixed-polarity
photospheric field, but one polarity slightly dominates when
integrated over the whole region (e.g. Paper I). O’Shea et al.
(2006) found evidence of propagating slow MA waves in polar
and in equatorial coronal holes. Their results show MA waves
observed in coronal holes (Banerjee et al. 2009) contribute to
non-thermal line broadening in EUV spectral lines. Harra et al.
(2025) provided an overview of recent advancements in under-
standing the dynamics of coronal holes and the QS.

We present an in-depth comparative analysis of PDs veloc-
ity fields within different magnetic subregions of the field of
view observed by HRIEUV, namely QS, equatorial CH, and qui-
escent filament channels (FCs). The paper is structured as fol-
lows: Section 2 presents the HRIEUV and AIA observations and
method. Section 3 presents results of vector field maps, statistical
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speed distributions in various regions, an interpretation in terms
of magnetic topology, and a comparison between the two instru-
ments. In Section 4 we further discuss the results, and Section 5
presents our conclusions with ideas for future work.

2. Dataset and method
2.1. Observation details

The two datasets we used are observations taken by HRIEUV
at 174 A and AIA at 171 A on 2023 October 28. The ROI is
mostly in the QS, centred just southwest of the disc centre, as
shown by the red bounding box in the left panel of Fig. 1. This
image was processed using Multiscale Gaussian Normalisation
(MGN, Morgan & Druckmiiller 2014). This unique dataset is
currently one of the longest continuous observations of the QS
obtained by HRIEUYV, with a high temporal and spatial resolu-
tion. The HRIEUV observations span a two-hour interval from
14:00UT until 16:00UT, with a cadence of five seconds. At this
time, Solar Orbiter was located at a distance of 0.52 AU from the
Sun. From this distance, the pixel scale of 0.492” of HRIEUV
images (Gissot et al. 2026) corresponds to a one-pixel resolu-
tion of approximately 200 km on the solar surface. Thus, the
2048x2048 pixel images correspond to an FOV of 410x410 Mm
on the solar surface. AIA and HRIEUV simultaneously captured
this region from two different perspectives, at a longitudinal sep-
aration angle of about 26° as depicted in the right panel of Fig. 1.
The AIA observations had a cadence of 12 seconds with a pixel
size of 0.6”, and the instrument observed at a distance of 1 AU
from the Sun.

The level-2 calibrated data of HRIEUV were used (prepro-
cessing was applied to reduce spacecraft pointing errors and jit-
ter in the images) from EUI data release 6 (Kraaikamp et al.
2023). The specific HRIEUV observation sequence we used
was obtained with Solar Orbiter Observing Plan (SOOP) called
R_BOTH_HRES_MCAD_Bright-Points (Auchere et al. 2020;
Zouganelis et al. 2020). For AIA observations, we used cal-
ibrated level-1 scientific data from the AIA instrument that
are available from the Joint Science Operations Centre (JSOC
2025), and we applied the standard AIA data-processing steps
using the SSWIDL routine of aia_prep.pro.

In order to compare results from the two viewpoints, we
transformed all images into Carrington coordinates. This was
hard because the transformation required a mapping onto a
spherical surface. When we used the photosphere as the sur-
face, a consistent shift was seen between features in HRIEUV
and AIA because the observed light is dominated by emis-
sion from the low corona above the photosphere. We there-
fore experimented with surfaces at different heliocentric dis-
tances that ranged from the photosphere into the corona. The
images taken closest to the middle time of our period of interest
(14:05UT) were used for both instruments. We varied the dis-
tance independently for both instruments because we assumed
that their emission is dominant at different heights. For each pair
of heights (HRIEUV height and the independent AIA height),
we remapped the images onto a regular Carrington longitude and
latitude grid projected to this spherical surface, and we calcu-
lated the translational Ax and Ay subpixel shifts required to max-
imise the spatial alignment between the images using Fourier
correlation tracking (FCT, Fisher & Welsch 2008). This analysis
was limited to the region of interest defined by the HRIEUV
FOV because the AIA observes the full solar disc. For each
pair of images, we calculated a translational shift magnitude as

TSM = 4/Ax + Ay. Figure 2a shows the variation in TSM as a
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Fig. 1. Left: AIA 171 A full-disc image on 2023 October 28, 14:04 UT with the ROI boxed in red. Right: Illustration from the solar-MACH tool
Gieseler et al. (2023) where the location of the Earth and SDO marked by (1) and Solar Orbiter marked by (2) relative to the Sun is shown.

function of height. The calculations were made at increments of
~1.5 Mm, and the results of Figure 2 show the cubic spline inter-
polation of the discrete results. This surface reaches a minimum
TSM of ~1 pixel at a height of 11.4 Mm for HRIEUV and 4 Mm
for AIA. Cuts of the TSM as a function of height are shown in
Figures 2b and ¢ for HRIEUV and AIA, respectively. These opti-
mal distances defined our spherical surface for remapping into
Carrington coordinates for all our subsequent results, and they
enabled the best comparison of features across the ROL.

This method for minimising the translational shift between
images uniquely gives the approximate dominant height of emis-
sion of the 171 and 174 A channels of AIA and HRIEUYV, respec-
tively. These optimal heights are only approximated average
heights because the emission comes from a range of heights. The
height of maximum emission can also vary across the region,
particularly between and even within different coronal struc-
tures (i.e. QS, CH, and filament channel). The optimal heights
are therefore an overall average estimate that is suitable for
the whole ROI, which may lead to local differences. The TSM
shown in Figure 2 therefore probably has a minimum of about
one pixel and is not zero. This method applied to smaller regions
in order to map the dominant height of emission in different
structures leads to less stable curves than for the whole region,
and it requires further development.

In simplified terms, the separation between the two space-
craft is 26°, which means that a feature extending 4 Mm above
the surface introduces a parallax displacement of about 1753 km.
With the rebinned AIA pixel size of 864.6 km, this corresponds
to about 2 pixels. Since the effective spatial resolution of AIA
is about two pixels (about 1730km), the parallax uncertainty
remains within the AIA spatial resolution. Because the source
and sink regions are expected to lie in the low corona, the opti-
mised height assumed in the alignment is biased toward the alti-
tude of strongest emission. The large-scale structure remained
unchanged over the time period we examined, so that any artifi-
cial uncertainty introduced by height differences would be static
and not dynamic.

After the remapping to Carrington coordinates, Figure3
shows a closer view of the ROI for (a) HRIEUV and (b) AIA.

These regions are identified by labeling all pixels below a certain
intensity threshold and keeping only continuous regions with an
area larger than 2 x 10 pixels. The thresholds differed between
the instruments, and there is a small difference in thresholds
between the CH and filaments that allows us to distinguish them.
These thresholds were found by manual inspection and trial-and-
error.

It is often difficult to distinguish small CH regions near
the equator from other types of regions, such as dark halo
regions (e.g. Lezzi et al. 2024). The CH has been reported as
such in the Heliophysics Event Knowledgebase (HEK) based
on the algorithm called spatial possibilistic clustering (SPoCA,
Verbeeck et al. 2014), and it seems to be a southward equato-
rial extension to a larger CH to the north. This northern CH
and its equatorial extension is clearly visible as a dark region in
AIA 193 A images. This CH existed for several rotations prior
to our date and time of study, and no identified active regions
lie near the ROI for a similar time period. Figure4 provides
results from a differential emission measure (DEM) analysis of
the ROI. We used all EUV channels of AIA for this analysis and
applied the algorithm called solar iterative temperature emission
solver (SITES) algorithm for the inversion (Morgan & Pickering
2019). To better delineate regions of different temperature, we
show the fractional emission measure (FEM), which for a given
pixel is the emission at a temperature divided by the total emis-
sion integrated over all temperatures, expressed as a percentage.
At a low temperature of 0.8 MK, Figure 4a shows the CH as a
region of relatively high FEM. The southern filament channel
has a narrow central line with a relatively high FEM at this tem-
perature. At 1.2 MK (Figure 4b), the CH FEM has dropped and
the boundaries of the CH have a higher FEM. The filament has
very low FEM at this ‘warm’ temperature. At higher tempera-
tures of 1.6 MK and above (Figure 4c and d), the CH has a very
low FEM. The filament has a wide strip with a high FEM at the
hot temperature of 2.5 MK, which we interpret as hot plasma
that surrounds the cooler filament itself that supports eclipse
observations of hot prominence cavities (Habbal et al. 2010). In
summary, the identification of the northwest part of the ROI as
a CH is supported by this temperature analysis, its persistence
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Fig. 3. Region of interest as observed by (a) HRIEUV and (b) AIA. For display purposes, these images were processed using MGN. The images are
mapped into Carrington coordinates to better compare the features observed from the two viewpoints. The yellow contour bounds a transequatorial
CH, and the filament is labelled with a cyan contour. (c) A comparison of the segmented filament and CH regions from both instruments with the
filament in dark blue contours (HRIEUV) and cyan (AIA), and the CH in orange (HRIEUV) and yellow (AIA).

over several rotations, and its association with a larger CH in the
north, as described above.

2.2. Time-normalised optical flow

The TNOF method works in two main steps that we summarise
here, the full details are given by Morgan & Korsds (2022a)
(Paper II). First, small-scale dynamics including faint PDs are
enhanced through a time-normalisation process. The second step
involves an optical flow algorithm to characterise any quasi-
repetitive faint motions.

A time series of images of the ROI was loaded into a data
cube, and the individual frames were globally co-aligned via
subpixel translations found using a Fourier correlation to a cen-
tral reference image taken closest to the mid-time of the obser-
vation period (Fisher & Welsch 2008). After the alignment, the
images were spatially rebinned through local averaging, as dis-
cussed further below. High-frequency noise was then reduced
by applying a narrow Gaussian low-pass filter to the time series
of each pixel. The time series was filtered by subtracting a
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time-local weighted mean (calculated by convolution with a
wide Gaussian kernel) and dividing by the local weighted stan-
dard deviation (calculated over the same wide kernel) plus a
small constant, which produced a filtered signal with a local
zero mean and a standard deviation of one. This was the time-
normalisation step. The small constant avoids division by very
small numbers in low-signal regions. Additional noise reduction
was achieved through a spatial multi-scale a frous decomposition
that discarded the highest-frequency component and summed the
remaining scales (applied to each time frame independently).

In the second step, a modified Lucas-Kanade optical flow
algorithm was used to derive a velocity vector field, capturing
the direction and magnitude of motion in the ROI. The algo-
rithm calculated the spatial (x and y) and temporal (f) deriva-
tives of the intensity, and determined a least-squares solution for
the velocities v, and v, at each pixel using the standard relation
between the derivatives on which Lucas-Kanade is based (see
Equation 4 of Paper II). We had 600 time steps at each pixel for
AIA and 1400 time steps for HRIEUV, and we therefore found
the least-squares solution locally at each pixel independently
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Fig. 4. Results of a Differential Emission Measure (DEM) analysis of the ROI at four selected temperatures (a) 0.8, (b) 1.2, (c) 1.6, and (d) 2.5 MK.
These plots show the Fractional Emission Measure (FEM), which is the emission at a given temperature divided by the total emission (integrated
over all temperatures) at that pixel expressed as a percentage, as shown in the colour bars.

(the Lucas-Kanade algorithm usually operates on pairs of images
and thus requires a local group of pixels for a solution). Shorter
observation periods lead to less coherent velocity fields because
there are fewer data points, which increases fluctuations at small
scales and decreased the correlation with the coronal structure.
The velocities (in units of pixels per time step) were used to
warp the image intensities, which essentially reduced any motion
shifts between time steps, and the process was repeated. Iter-
ation continued until the change in the velocity field became
small. There were further steps at each iteration, including
imposing an adaptive local spatial smoothing on the velocities
based on the fitting residuals, all detailed in Paper II. Based
solely on the fitting residuals, Paper II gives an uncertainty of
6.5% on the derived velocities for a QS region in the 193A
AIA channel. This should be considered a minimum uncertainty
estimate.

After we determined the velocities, the units were converted
from pixels per time step into kms~! using the appropriate spher-
ical coordinates of each pixel (based on the optimal heights given

by the TSM approach described above). We recall that these are
the plane-of-sky optical velocities that have projection effects.
We minimised this by choosing a region near the disc centre
and by the appropriate use of spherical coordinates at the opti-
mal height. Changing the width of smoothing kernels resulted
in different velocity magnitudes, although the vector directions
remained consistent (see Section 5 of Morgan & Hutton 2018).
Morgan & Hutton (2018) also reported a bias in the v, values
that is consistent with the solar rotational velocity, which gives
us some confidence that the optical velocities are reasonably
well calibrated. In this work, the step of co-aligning the datacube
images removed this bias.

For computational efficiency and improved noise statistics,
we spatially rebinned the images prior to applying the TNOF
method. This rebinning uses local averaging to a new image
size that is an integer division of the number of original pix-
els. To compare the results from the two instruments with dif-
ferent spatial pixel scales, we also used this rebinning step to
match the pixel spatial scales of the two instruments better. The
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Table 1. Comparison of mean, median, and maximum speeds for
HRIEUV and AIA for varying rebin factors.

Speed (km/s)

Inst. R Mean Median Max
2 6.90 5.62 79.06
3 840 6.72 93.38

HRIEUV 4 9.64 7.67 98.70
5 10.72 8.56 141.18
6 11.64 9.34 163.78
2 895 7.10 42.87
3 10.80 8.39 61.41

AIA 4 12.13 9.37 66.46
5 13.03 10.17 71.40
6 13.78 10.78 62.70

closest matching pixel scales were given by integer rebinning
factors of two for AIA and four for HRIEUV. For the HRIEUV
sequence we used, the observed solar radius was 1851.90” and
the pixel scale was 0.49” which is 184.8 km at the Sun. For AIA,
the observed solar radius was 965.88" and the pixel scale was
0.60” which is 432.3 km. Therefore, the rebinned images have a
pixel scale of 739.32km for HRIEUV and 864.6 km for AIA.
Table 1 shows the effect of different rebinning factors on the
TNOF speed values. The mean, median, and maximum values
of the speeds across the ROI are listed for HRIEUV and AIA
for rebinning factors from 2 to 6. The highlighted rows show
our final selection of the rebinning values based on the com-
parable pixel size. A higher rebinning value gives a smoother
velocity field and higher speed values. When the same bin factors
between the instruments are compared, AIA always has higher
speeds because of the larger pixels.

Our results assumed a similar measurement of the plasma
by the two instruments. Shestov et al. (2025) compared the tem-
perature response of HRIEUV and the AIA channels (see, e.g.
their Figures 2 and 3) and showed that the radiometric sensitiv-
ity of HRIEUYV is approximately 40% higher than that of AIA
171 A. The HRIEUV bandpass is reported to be slightly broader
than the ATA 171 A bandpass (Shestov et al. 2025; Dolliou et al.
2023), with the HRIEUV bandpass centred very close to the
Fe IX/X emission, and the peak temperature response occurs at
1.0 MK. The AIA 171 A bandpass is dominated by Fe IX, which
peaks closer to 0.8 MK. HRIEUV is therefore far more sensitive
to a slightly hotter plasma than AIA 171 A. This is supported by
our TSM analysis, where the optimal height for HRIEUV is con-
siderably higher, and thus hotter, than for AIA 171 A.The strong
difference in height but relatively weak difference in temperature
implies a shallow gradient of the temperature increase in the low
corona for this region.

3. Results
3.1. Velocity vector fields

The velocity fields, superimposed on the background intensity
images, are shown in Figure 5 for HRIEUV and AIA. For the
visualisation, the field lines are plotted with a rainbow colour
scheme from red, yellow, and green to blue to indicate the prop-
agation direction, with a field line starting with red, and advanc-
ing through yellow, green, and ending in blue. The vector maps
show similarities in both channels across most of the ROI, and
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the larger-scale coherent structures agree well. The differences
might arise from projection effects inherent to the different lon-
gitudinal viewpoints, from assuming a constant height in map-
ping to Carrington coordinates, or from inherent differences in
the data (pixel size, cadence, or noise). Some differences might
also appear because of the display scheme of the vector field, that
is, the field lines are traced from a random distribution of points
from the TNOF results of the two nearly aligned data sequences.
The different temperature response of the two instruments also
causes differences.

Within the QS (outside of the filaments and CH), the field
is typically distributed as a network of distinct cells, many of
which are circular/elliptical with a typical diameter of 30-50".
There are other more elongated features, with coherent sets of
field lines extending across several degrees of longitude/latitude.
Many of these structures originate from a concentration of PDs
sources (red line sections), but there are also concentrations of
PDs sinks (blue/black sections). Long spines of converging or
diverging flows often connect multiple source or sink regions,
and clear, narrow boundaries are marked by very low or zero
velocities.

The top row of Figure 6 shows a QS region nestled within
the U-shaped filament in greater detail. There are clearly formed
cells that appear in the vector maps of both instruments. For
example, the source (red) cell centred at approximately (2, —11)
that is labelled in the top panels clearly exists in both instru-
ments. It appears as a point source in AIA, but as two closely
separated point sources in HRIEUV. This is an example of a
topological difference that is most likely due to the different spa-
tiotemporal resolutions, sensitivity, and temperature sensitivity
of the instruments. We expect the magnetic topology to vary
between the different emission heights viewed by the two instru-
ments. The cell centre in HRIEUV at coordinates (—2, —13) has
an elongated sink (blue) region. The flow lines converge from all
directions into this elongated sink. In AIA, this feature appears
to be shifted east by half a degree in longitude (to the left). This
pattern of consistent features that are shifted by a small factor in
coordinates between the instrument likely has two main reasons.
(1) The global heights to the spherical surface for the mapping
to Carrington coordinates might not be suitable for all regions.
(2) The topology of the magnetic field might change between the
dominant height layer observed by AIA and HRIEUV.

The U-shaped filament structure is dominated by blue lines,
indicating that PDs end their propagation within the filament.
The middle row of Figure 6 shows a closer view of part of a fil-
ament located in the top left corner of Figure 5. The field lines
are generally aligned along the filament spine, with a predom-
inant single direction of motion. Thus, PDs tend to propagate
from closely neighbouring QS regions into the filament, at which
point they propagate along the filament in a consistent direction.
This is seen in both instruments, although there are some differ-
ences in the actual detail at smaller scales for the same reasons
as listed above.

The equatorial CH shows the interesting feature of very long
coherent velocity field lines that form a bridge from one side of
the CH to the other (from left to right). This is shown in more
detail in the bottom row of Figure 6. These field lines originate
from the QS east (left) of the CH and extend west across to the
QS (right). These are the longest coherent field lines through-
out the ROI, and they are structurally different from the line of
the QS and the filaments in that they do not exhibit a cell-like
pattern. The intensity images of Figure 5 show few faint approx-
imately linear enhancements in the intensity bridging across the
CH with a similar configuration as the PD velocity field lines.
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Fig. 5. Time-normalised optical flow velocity vector field for the (a) HRIEUV 174 A and (b) AIA 171 A channel. The field lines have a rainbow
colour scheme to indicate propagation direction, with a field line starting in red and advancing through yellow, green, and blue. The background

image is the original intensity image with MGN processing.

The velocity field must therefore arise from PDs traversing along
a QS magnetic field that forms a bridge across the CH. This con-
trast with the expected open magnetic field topology of CHs. The
intensity images only show a few loops that form bridges across
the CH, whilst the velocity field suggests that this is a general
configuration in the whole CH.

3.2. Speed distributions

Figure 7 maps the TNOF speeds for both instruments. The CH
appears as a broad region with a higher speed in the 20-40 kms~!
range for both instruments. Outside of the CH lie only isolated
regions with higher speeds, and most of the regions have val-
ues of below 10kms~! or close to the most probable speed of
about 5 kms~!. The speeds in the filament channel do not show
the coherence of the CH, although clusters of higher speeds
are distributed along the boundaries of the southern U-shaped
bend of the filament. Overall, our optical velocities are in the
expected range of slow MA waves, and they agree with previ-
ous reports (e.g. Nakariakov & Zimovets 2011; Zhao et al. 2025;
De Moortel et al. 2014; Gupta et al. 2012).

The left panel of Figure 8 compares the distribution of speeds
across the whole ROI for both instruments. The distributions
are very similar. Both extend to velocities up to approximately
40kms~!. AIA has a mean of 9.02kms™' and the mean of
HRIEUV is 10.14kms~'. The most probable speed for AIA is
4.0kms~!, compared to 4.8 kms~! for HRIEUV. The middle and
right panels of Figure 8 compare the AIA and HRIEUV distri-
bution of the x (longitudinal) and y (latitudinal) velocity compo-
nents in the whole ROI. The most probable V, speed is 1.5 kms™!
for AIA and —1.6 kms~! for HRIEUV, and for V,, the most prob-
able speed for both AIA and HRIEUV is —1.4kms™!. The small
difference in V, might be due to the optimal height for the con-
version to spherical coordinates, although this is also expected
to lead to a small difference in the y component. A more subtle

effect might arise from an early step in the method in which suc-
cessive image frames are aligned by a global translational shift
in x and y. This global alignment fits successive images best, but
it might not be accurate for the entire ROI because different areas
are expected to shift by different quantities (due to the spherical
geometry and differential rotation). The same effect is present in
AIA and HRIEUYV, but is stronger in AIA because of the faster
apparent rotation of the Sun due to the spacecraft orbital dynam-
ics. This effect will always be most apparent in the longitudinal
velocity component.

Figure 10 shows histograms of the filament region speeds for
AIA (red) and HRIEUV (blue). The two distributions agree very
closely. The speeds peak at values near 5kms~' and the distri-
butions decline to about 25-30kms~!. These speeds are con-
siderably lower than the CH. The x and y speed components
in the middle and right panel agree well, with the largest dif-
ference seen in the x component of the middle panel. Here,
HRIEUV is shifted to slightly higher positive values. Similar
to the CH, this might be due to the different sensitivity of the
instruments and other effects, but it might also be due to the
projected true velocities seen from the different longitudinal
viewpoints.

Figure 11 shows speed histograms in the quiet-Sun regions
(i.e. not belonging to the CH or filament) for AIA (red) and
HRIEUYV (blue). The two distributions agree very closely. The
speeds peak at values in AIA of 2.30kms~! and 4.60 kms™!
for HRIEUV and distributions decline to around 30 kms~'. The
mean speed for AIA is 8.23 kms~! and 9.25 kms~!. These speeds
are considerably lower than those in the CH and are slightly
lower than the filament. Again, the x and y speed components
in the middle and right panel agree well, with a small differ-
ence in the x component of the middle panel. Here, HRIEUV
is shifted to slightly higher positive values. Similar to the pre-
vious histograms, this might be due to the different sensitivity
of the instruments and other effects, but it might also be due to
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Fig. 6. Greater detail of the selected subregions showing QS (top), part of a filament (middle), and the CH (bottom).

the projected true velocities seen from the different longitudinal be conducive to these high speeds compared to the smaller sys-

viewpoints. tems of loops in the QS. Alternatively or in addition, these loops
might be rooted in QS network regions with a higher magnetic
4. Discussion field strength that might drive faster PDs, although other loop

systems in the QS are rooted in photospheric network regions
The CH is a large region with consistently higher speeds than  with a similar strength and show no such high speeds.
in the rest of the ROI. This is probably linked to the system of Figure 12 shows field lines from a potential field (PF) model
linear magnetic loops that form bridges across the CH that might  overlaid on a HMI magnetogram with the model limited to
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Fig. 8. Left panel: Distribution of TNOF speeds across the whole ROI for AIA (red) and HRIEUV (blue). Middle and right panels: x (middle) and

y (right) velocity components for both instruments.

a region encompassing the CH. The model was created using
Green’s function and considered all pixels from a magnetogram
region, with margins extending beyond the model volume. HMI
shows that photospheric positive polarities are slightly domi-
nant in this whole region (CH and QS), with a mean field of
3.2G. The photospheric field strength within the CH is slightly
lower than the surrounding QS region (8.3G compared to 9.0G)
and has a higher excess positive flux (mean field of 5.0G com-
pared to 2.9G for the QS). Whilst some local opposite polarities
are linked by smaller loops, there are systems of overlying field
lines that are long and link more distant regions, including field
lines that extend across the CH. This generally agrees with the
TNOF velocity map of Figure 5. Although a PF extrapolation of
this limited region containing generally weak field (i.e. with a
higher relative uncertainty in the photospheric measurement) is
not likely to give a wholly accurate model of the coronal field,
Figure 12 supports our interpretation of the coronal field above
the CH.

This CH is old (it persisted for several solar rotations prior
to these observations) and narrow in longitudinal extent, as is
typical of small equatorial CHs. The closed magnetic field from
the surrounding QS regions might evolve through gradual small-

scale reconnection with the open field so that it eventually forms
a bridge across the CH. This implies that the CH might not pos-
sess an open field. The question then arises why it appears so
clearly as a dark low-temperature region in the EUV. The prop-
erties of the plasma are typical of a CH, but the magnetic field
properties are not.

The left panel of Figure9 shows significant differences
between the HRIEUV and AIA speed distributions within the
CH. The reason might be the spatiotemporal resolution and sen-
sitivity, as described previously. Another possibility is the effect
of the projected true PD velocities in the corona to the different
image planes of the instruments. This projection effect would be
difficult to see in the QS or filament because of its smaller-scale
structure and complexity, but it is expected to be most apparent
in a region such as this CH, with its system of coherent linear
motion lines throughout a broad region. The CH is closer to the
disc centre for AIA than for HRIEUV and is subject to fewer
projection effects. Furthermore, the projection effect is stronger
in the longitudinal than in the latitudinal dimension. This argu-
ment supports the greater difference in the mean speeds of the
instruments in the longitudinal (x) direction compared to the lat-
itudinal (y) direction.
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(right) components for both instruments.
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Fig. 11. Left panel: Histogram of speeds for the quiet-Sun region for AIA (red) and HRIEUV (blue). Middle and right panels: x (middle) and y

(right) components for the two instruments.

Another effect might be the different height of the peak
emission of the two instruments. Previous works using TNOF
showed clear topological differences in the velocity fields from
different AIA channels, which are dominated by different tem-
peratures/heights in the atmosphere. For example, the 304 A
channel shows a smaller-scale cell-like pattern than the 171 A
and 193 A channels. The 193 A channel in particular shows
the largest coherent cell-like structures. We expect the mag-
netic topology, as well as the PDs speeds, to change between
the 4Mm AIA 171 A height and the 11.4 Mm HRIEUV 174 A
height. The challenge is to distinguish these real topologi-
cal features from other effects, and this will require further
development.

Figure 5 shows that the dominant colour of the velocity field
lines within the FC is blue to black, which means that most PDs
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velocity vectors start near the filament channel boundary and
end within the filament. This suggests that PD activity in fila-
ments is dominated by external drivers, although the core of the
filament is likely cool and optically thick and will not be seen
in our observations. These are elongated field lines that tend
to align approximately along the filament spine. This pattern
of PDs propagation is consistent with the expected large-scale
magnetic field topology of filaments, where field lines rooted
close to the filament channel enter the flux tube of the filament
and become aligned with the overall flux tube axis. The lower
right portion of Figure 12 shows a large arcade of PF field lines
that form a bridge over part of the filament channel (outlined
in orange), with the field lines approximately perpendicular to
the alignment of the channel. This strongly disagrees with the
filament-aligned PDs velocity field lines and shows that a PF
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model cannot accurately depict the highly non-potential mag-
netic field of a filament.

Regions outside of the CH and FC that we labelled QS are
thought to consist of loop systems lying low in the corona. We
have shown previously that the cell-like patterns covering QS
regions are closely aligned with the photospheric network, with
the network generally associated with PD sources. This agrees
with the generally accepted model that the QS loop footpoints
are embedded within the network. Whilst the TNOF velocity
vector fields contain topological differences at smaller scales, the
distribution of QS speeds are very similar. This suggests either
that PDs speeds are similar over a range of low coronal heights
in the QS or that the motions are most apparent in the temper-
ature band that is common to both instruments. Future instru-
ments with a finer temperature resolution are required to answer
these questions.

5. Conclusions and future work

Our comparison of the PDs velocity fields and speeds gained
from HRIEUV 174 A and AIA 171 A observations agrees very
well overall, which increases our confidence that the TNOF
method estimates the motions of PDs in the low corona accu-
rately. We interpret the differences in PDs speeds and velocity
vector maps in terms of the real variation expected with height
in the corona, with the different temperature sensitivity of the
instruments viewing different layers. This interpretation is lim-
ited, however, because it is currently impossible to distinguish
this from other effects, such as differences in the spatiotempo-
ral instrument resolution, projection effects due to the different
viewpoints, and uncertainties in the results.

To enable the comparisons in this work, we remapped them
to Carrington coordinates and optimised the heights of the spher-
ical surfaces we used as a coordinate basis for each instrument,
where we found optimised heights of 11.4 Mm for HRIEUV
174 A and 4Mm for AIA 171 A. This is a large difference in
height for a relatively small difference in temperature sensitivity,
which implies that the gradient of the temperature height is grad-
ual in the quiet low corona. This method can be readily applied
to other suitable EUI and AIA datasets. We wish to apply this
approach to smaller regions to map the height of dominant emis-
sion over different types of coronal structures. Currently, our
attempts at this localised mapping give unstable results, and fur-
ther development is therefore required.

The TNOF velocity vector map shows that the CH has a sys-
tem of low-lying closed magnetic field that forms bridges from
east to west and is rooted in nearby QS regions. This is sup-
ported by a PF magnetic model extrapolation of the observed
photospheric field. This contradicts the general CH model of
an open magnetic field. The CH region has consistently higher
speeds than the QS and FC, which suggests that longer quasi-
linear magnetic loops allow higher PDs speeds than the smaller
loop systems of the QS and FC.

The configuration of the FC velocity vector field agrees with
the generally accepted model of the highly non-potential tubular
magnetic field of a filament, which the PF magnetic model fails
to replicate. We also presented evidence that the PDs activity in
filaments arises from external drivers. The QS shows a similar
cell-like structure as the velocity field, which we showed previ-
ously is aligned with the photospheric network. The PD speed
distributions in QS and FC regions are very similar in HRIEUV
and AIA, which suggests that either PDs speeds do not vary

Solar Y (")

100 200 300
Solar X (")

Fig. 12. Magnetic field lines from a PF model of the HMI observed
photospheric field for a region encompassing the CH. The background
image is the HMI observation, and positive (negative) regions are shown
in white (black). The CH is bounded in pink and part of the filament
channel in orange. The colour along a field line represents the height
above the photosphere and ranges from black (low height) through blue,
green, yellow, and red for an increasing height to the limit of the model
volume at ~0.1 R;.

much with height or that the instrument observations are domi-
nated by the same layer.

A long-term goal is to use different spacecraft viewpoints to
enable a three-dimensional constraint on the PDs velocity fields,
but this is challenging. When the longitudinal separation is suit-
able, the application of TNOF to the same region from both per-
spectives might allow us to assess the variation in the velocity
fields with viewing angle. This will help us to determine the
extent to which the differences reflect the magnetic field align-
ment, particularly above network boundaries, and whether this
approach can provide practical constraints on the field connec-
tivity despite the uncertainties in height and projection. Another
approach includes the comparison of spectral Doppler measure-
ments and numerical simulations. Depending on their nature, the
PDs might not always show a Doppler shift. The source and sink
regions might still carry significant flows that are field aligned,
however, which complement the TNOF PD velocity fields that
show the plane-of-sky component. This type of analysis would
offer a novel and valuable insight into the magnetic field topol-

ogy.
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