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ABSTRACT

Context. Solar flare ribbons are intense brightenings of principally chromospheric material that are responsible for a large fraction of
the chromospheric emission in solar and stellar flares. We present an on-disc observation of flare ribbon substructures in an X9.3-class
flare observed by the Swedish 1-m Solar Telescope.
Aims. We identify categories of ribbon substructures seen in the Ca ii 8542 Å, Hα, and Ca ii K lines, focusing on their spatial locations
and their (spectro-)polarimetric properties.
Methods. Color Collapsed Plotting (COCOPLOT) software is used to assist in identifying areas of interest.
Results. We present five categories of spectral profiles within the general body of the flare ribbon: (1) Extremely broadened spectral
line profiles, where the standard Fabry-Perot interferometer wavelength windows (≈ 70 km s−1) are insufficiently wide to allow for
a complete analysis of the dynamics and atmospheric conditions. The mechanisms causing this degree of this broadening are not yet
clearly understood. (2) Long-lived, dense kernels that manifest as more saturated chromospheric line profiles with lower signal in both
Stokes parameters. They are interpreted as footpoints of bunched magnetic field loops, whose chromospheric lines form at greater
heights than the nearby areas. (3) Doppler-shifted leading edges of the flare ribbon in regions that transiently display lower Stokes
signals due to the emission dominating at greater heights in the atmosphere. (4) Condensed coronal rain overlapping the flare ribbons
in the line of sight, producing exceptionally high Doppler shifts near the footpoints. (5) Compact blue-shifted areas close to areas
with coronal rain down-flows, which are interpreted as material that is thrown up as a result of the down-flowing material impacting
the chromosphere. Additionally, a ribbon formation height of about 700 km with respect to penumbral features is estimated using
correlating structures on the ribbon and the underlying photosphere.
Conclusions. When selecting areas of flare ribbon for more general analysis, especially small regions consisting of a few pixels
or low-resolution averages, it is important to be aware of the variety of substructures present within a flare ribbon, and of the spatial
context that can produce these differences. General behaviors across the ribbon should not be inferred from regions that show localized
differences.
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1. Introduction

Solar flare ribbons are regions showing strongly enhanced emis-
sion in chromospheric spectral lines during flares. They are of
particular interest to researchers studying flares and solar ac-
tivity as they account for a large fraction of the optical emis-
sion, and provide a wealth of spectral line data that can be used
to diagnose energy transport, conversion, and release. Recently
there has been increased interest in using information from spa-
tially resolved solar flare ribbon observations to understand the
physical origins of spectral behavior reported from stellar flares
(Kowalski et al. 2017b, 2019; Otsu et al. 2022; Pietrow et al.
2024; Otsu & Asai 2024). However, there is an energy gap of
several magnitudes between solar and stellar flares due to the
way that they are detected and measured on stars as shown in
e.g. Maehara et al. (2015), Pietras et al. (2022), and Simões et al.
(2024).

Since the 1950s researchers have reported the observations
of areas within ribbons that have spectral line profiles exhibiting
features such as strong asymmetries (Švestka et al. 1961, 1962;
Ichimoto & Kurokawa 1984; Wuelser & Marti 1989), or particu-

larly different profiles of intensity as a function of time (Dodson
et al. 1956; Harvey 1971).

These spectral line behaviors have generally been interpreted
as being produced by the lower atmospheric effects (in terms
of dynamics, energy deposition, and evolution of atmospheric
conditions) resulting from energy released in coronal magnetic
reconnection (Sweet 1958a,b; Parker 1963; Petschek 1964) and
transported down to the solar surface along magnetic field lines
(Sturrock 1966, 1968; Brown 1971; Syrovatskii & Shmeleva
1972; Emslie 1978; Shibata 1998; Fletcher et al. 2011; Zharkova
et al. 2011).

To date, ribbon formation has been modeled using detailed,
field-line-aligned, 1-dimensional hydrodynamic models with de-
tailed radiative transfer prescriptions and externally prescribed
field strength parameterizations, such as RADYN (Allred et al.
2005, 2015) and HYDRO2GEN (Druett et al. 2017; Druett &
Zharkova 2018, 2019). More recent incarnations of RADYN
models have also attempted to bridge the gap to multiple di-
mensions via stacked 1D modeling (Kerr et al. 2020). Multi-
dimensional magnetohydrodynamic studies of ribbon formation
(Druett et al. 2023b,a) have recently been produced using the
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Fig. 1: The flare arcade and ribbon plotted with respect to (x, y) = 515,−268 between 12:02:52 and 12:02:58 UT in the red wings
(left) of the Ca ii K, Hα, and Ca ii 8542 Å lines, as well as in a COCOPLOT (right). Colored cross-sections mark representative
examples of ribbon freckles (red), the leading edge of the flare ribbon (orange), a blue-shifted up-flow region (blue), and the flare
arcade (white). Top row: The red wing of Ca ii K along with a COCOPLOT. Second row: The same, but for Hα. Third row: Same
but for Ca ii 8542 Å. Bottom row: Maps of the Ca ii 8542 Å line of the total linear (left) and circular (right) polarization.

MPI-AMRVAC code (Keppens et al. 2023), but without inclu-
sion of the detailed lower atmospheric structure and radiative
transfer modeling that is important for accurate synthesis of en-
ergy transport and dynamics in the flaring chromosphere.

Such models provide new insights into the details and re-
maining questions about flare ribbons, such as their formation
height, the velocities and durations of flows within them, and ex-
planations of the exceptionally broad line profiles present within
the ribbon (Druett et al. 2021; Kowalski et al. 2022). This has
been achieved in parallel with interpretations and data from
space telescopes such as Hinode (Kosugi et al. 2007), the So-
lar Dynamics Observatory (SDO, Pesnell et al. 2012; Lemen
et al. 2012; Scherrer et al. 2012), and the Interface Region Imag-
ing Spectrograph (IRIS, De Pontieu et al. 2014) and ground-

based telescopes such as the Swedish 1-m Solar Telescope (SST,
Scharmer et al. 2003) and GREGOR (Schmidt et al. 2012; Kleint
et al. 2020).

Flare strengths are typically expressed using the Baker
(1970) scale, which is based on the peak soft X-ray flux observed
in the 1-8Å channel of the Geostationary Operational Environ-
mental satellite (GOES) (Schmit et al. 2005, 2017, 2019; Machol
et al. 2020). We refer the reader to p29 of Pietrow (2022) for a
complete overview of the system.

Kuridze et al. (2020) used SST observations of a flare over
the solar limb to determine the height of ribbon emission in the
wing of the Hβ line during an X-class solar flare, measuring 300-
500 km, in good agreement with previous Hard X-ray observa-
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Fig. 2: COCOPLOT and 4000 Å continuum images of the flare ribbon plotted with respect to (x,y)=514,-266 between 11:57:19 and
11:57:25 UT of the Ca ii K, Hα, and Ca ii 8542 Å lines. Magenta slits mark the region with the strongest broadening on each image.

tions of limb flares (Martínez Oliveros et al. 2012; Krucker et al.
2015).

It has long been known that small flare kernels within the
ribbon have much stronger red asymmetries in their chromo-
spheric spectral lines, such as hydrogen Hα (Harvey 1971). This
has been re-emphasized by observations with modern instrumen-
tation (Deng et al. 2013; Osborne & Fletcher 2022), including
highlighting behaviors such as the clustering of the profiles with
larger red-wing asymmetries in widths of about 1000 km at their
leading edges during the impulsive phase (Asai et al. 2012), and
the kilogauss strength and visibility of chromospheric magnetic
structures within the flare ribbon (Vissers et al. 2021) between
which signs of magnetic reconnection can switch rather abruptly
(Asai et al. 2012). Druett et al. (2017) showed that small (sub-
arcsecond) individual flare kernels, even in a C1.5 class flare, can
exhibit strong Doppler red-shifted emission in Hα that can be in-
terpreted as downward compressive flows in the chromosphere.

Zhu et al. (2019) and Huang et al. (2019) studied the
Mg ii h & k triplet lines, which show profiles in flares that are
particularly difficult to reconcile with self-consistent flare mod-
els, with Kerr et al. (2019a,b) providing additional insight into
modeling approaches that can help to overcome these. Zhu et al.
(2019) suggest that effects such as the high free electron density
and the transient stretching of the transition region (TR) over
a greater distance, due to dramatic heating of the chromosphere,
can help but not fully explain such emissions. They inferred from
their models that the formation region of the spectral line core of
Mg ii h & k can be compressed and subsequently pushed down-
wards by around 500 km. A similar conclusion is reached by
Yadav et al. (2021) for the Ca ii K line. Kerr et al. (2019c) inves-
tigated the Si iv line emission with IRIS observations and RA-
DYN modeling, which support the picture that Si iv is formed
under optically thick conditions in stronger flares from plasmas
with characteristic temperatures in the range 30-60 kK. Sub-
second cadence observations of flare ribbons made with IRIS
in Mg ii h & k, Si iv, C ii line spectra are reported in Druett et al.
(2024). Interpretation of these observations through MHD mod-
els suggests that the combination of TR stretching and the down-
ward motion of the formation regions can contribute to differing
TR line Doppler shifts in flare ribbons. Similarly, simulations
have shown that the contribution function of photospheric lines
can expand well into the chromosphere where peak beam energy
deposition occurs (Monson et al. 2021).

The leading edges of flare ribbons have also been the sub-
ject of significant recent study. Kerr et al. (2021) showed that
dimming of the leading edges of expanding flare ribbons in He i
10830Å can be explained by non-thermal collisional ionization.

Polito et al. (2023) found that the leading edges of four flare
ribbons showed significantly reduced signs of evaporation and,
via interpretation using RADYN modeling, evidence of reduced
electron beam injection effects. Druett et al. (2023b,a) demon-
strated that multi-dimensional effects can also impact the lead-
ing edge via compression and heat diffusion from neighboring
field lines, which should also result in a leading edge with lower
electron fluxes and evaporation signatures. Singh et al. (2024)
used sub-second cadence optical observations in the Hα line to
analyze the downward motion of ribbon substructures, which
brighten and then move down toward the main body of the flare
ribbon over distances on the order of thousands of kilometers at
velocities on the order of tens of kilometers per second.

In this paper we combine conclusions from previous inves-
tigations with a new analysis of a X9.3-class flare, to present a
summary view of solar flare ribbon structures. This interpreta-
tion will allow us to (re)interpret previous and newly analyzed
data.

2. Data and methods

The active region designated NOAA 12673 ((x, y) =
(537′′, −222′′), µ = 0.79) was observed on the 6th of Septem-
ber 2017, between 11:55 and 12:52 UT with the SST, us-
ing the CRisp Imaging SpectroPolarimeter (CRISP, Scharmer
et al. 2008) and the CHROMospheric Imaging Spectrometer
(CHROMIS, Scharmer 2017) instruments.

With CRISP the Hα 6562.8Å and Ca ii 8542 Å lines were
observed sequentially with a total cadence of 15 s. For Hα the
observing sequence consisted of 13 wavelength positions in at
±1.50, ±1.0, ±0.80, ±0.60, ±0.30, ±0.15, and 0.00 Å relative to
the line center. The Ca ii 8542 Å line was sampled at 11 wave-
length positions taken in full Stokes polarimetry mode at ±0.7,
±0.5, ±0.3, ±0.2, ±0.1, and 0.0 Å relative to the line center. The
CRISP plate scale is 0.058′′ pixel−1, and its spectral resolution
is around R ≈ 130 000.

With CHROMIS only the Ca ii K line, together with the
4000 Å continuum was observed, with a cadence of 6.5 s. The
scan consisted of 19 wavelength positions in the Ca ii K line at
±1.00, ±0.85, ±0.65, ±0.55, ±0.45, ±0.35, ±0.25, ±0.15, ±0.07,
and 0.00 Å relative to the line center, plus a single continuum
point at 4000 Å. The CHROMIS plate scale is 0.0375′′ pixel−1,
and its resolution is around R ≈ 120 000.

In addition to the narrow-band images, wide-band images
were obtained co-temporally with each CRISP and CHROMIS
narrow-band exposure for alignment purposes.
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Fig. 3: Spectral profiles of the cross-section indicated in Figs. 1 and 2. Each vertical set of three panels corresponds to the Ca ii K,
Hα, and Ca ii 8542 Å respectively, with each column corresponding to the cross-section of the same color shown in Fig. 1 or
Fig. 2. Left column/red: A ribbon freckle at x ≈ 0.65 arcsec. Second column/orange: The leading edge of the flare ribbon at
x ≈ 0.3 arcsec. Third column/grey: A cut tracing the trajectory of a coronal loop with condensed rain flowing down towards the
flare ribbon. Fourth column/blue: Profiles from the part of the ribbon near the base of a coronal loop down-flow crossing a region
showing blue-shifted profiles. Fourth column/magenta: Broad profiles found in the early stages of the flare.

The data were processed using the standard SSTRED
pipeline (de la Cruz Rodríguez et al. 2015; Löfdahl et al. 2021)
with multi-object multi-frame blind deconvolution (MOMFBD,
Löfdahl 2002; van Noort et al. 2005). However, under poor see-
ing conditions this process fails (e.g. see Fig. 5.4 of Pietrow
2022), and for this reason so-called mixed reductions have been
produced according to the methods presented in Pietrow et al.
(2024).

The Hα and Ca ii 8542 Å data were first described in Quinn
et al. (2019), while the Ca ii K data were first shown in (Pietrow
et al. 2022) and were reprocessed for Pietrow et al. (2024). A
detailed review of the data, and the evolution of the AR that
gave rise to the flare can be found in section 4.2 of Pietrow et al.
(2024).

Overviews of the spectral information are given using Color
Collapsed plots (COCOPLOTs, Druett et al. 2022). This method
summarizes spectral information by making use of the RGB
color space. In our case we have convolved the images with
three equally spaced Gaussian wavelength filters, creating three
filtergrams centered on the line center and the red and blue line
wings. When combined into an RGB image, the relative pixel
value of each of these three filtergrams is expressed as a color.
For example, a purple pixel represents a typical absorption pro-
file whose wings are above the line center. A strongly red-shifted
profile will appear red, a non-shifted emission profile will ap-
pear green, and a heavily broadened profile will appear white
since all three filtergrams give a similar value. This makes CO-
COPLOTs a powerful quick-look tool for identifying and even
selecting specific profiles.

Polarization information is summarized using the total
circular (TCP =

∫
|Vλ|/Iλdλ), and total linear (TLP =

∫ √
Q2
λ + U2

λ/Iλdλ) polarizations respectively. Where I, Q, U,
and V, represent the respective Stokes (1851) parameters.

Due to the variable seeing conditions in which this data set
was taken, only a limited number of scans exist where all three
lines and the continuum point are sampled under good enough
conditions to resolve small scale structures co-temporally. In this
work, we focus on two such frames that were taken at 11:57
and 12:02 UT. Four regions of interest were selected in the latter
time frame’s field of view (FOV), and one in the former. Multi-
ple examples were found of each spectral category, but we focus
on giving a representative example of each, showing their spec-
tral and polarimetric behavior to introduce key features of each
structure. A future study will focus on the statistical and spec-
tropolarimetric properties of these structure types.

3. Results

In Fig. 1 an approximately 30 by 12 arcsec FOV centered on
the flare ribbons is shown in Ca ii K, Hα, and Ca ii 8542 Å (top
three rows) with total circular and linear polarization in the
Ca ii 8542 Å line shown in the bottom row. Each FOV is given
with coordinates relative to (x,y) = 515,-268. A red wing in-
tensity image and a COCOPLOT are shown to distinguish be-
tween the different ribbon sub-structures, and the total polariza-
tion maps indicate the magnetic field structure. The spectral lines
in this figure are sorted by typical relative solar formation heights
(although actual formation heights can vary greatly within the
3D structures of the chromosphere). The Ca ii 8542 Å line core
forms in the lower chromosphere, below Hα. The Ca ii K line
core forms above these two, in the middle of the chromospheric
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Fig. 4: Spectra of each feature described in Fig. 3 compared to their surroundings. The top row shows the Ca ii K spectral lines,
the middle row shows Hα, and the bottom row shows Ca ii 8542 Å. The left column shows in red these spectra for the red slit from
Fig. 1 placed over a ribbon freckle. The second column shows in orange the results for the leading edge of a flare ribbon. The third
column shows in gray the spectra for the slit tracing the trajectory of a flare loop, which shows coronal down-flows over a ribbon
area in the line of sight. The fourth column shows spectra in blue for profiles at the base of the coronal rain loops. The fifth column
shows broad profiles. The darkest line in each of the panels is the spectral line shape from the pixel in the middle of each structure
selected for examination, and the lighter lines represent the spectra as one moves out from this feature along the slit indicated in
Fig. 3.
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Fig. 5: the Ca ii 8542 Å polarization degree derived from the Stokes profiles extracted from the pixels along the colored cross-
sections shown in Figs. 1 and 2. The black line represents the red-wing intensity along each slit, the blue line represents the TCP,
and the red line denotes the TLP along the same cut. Each line profile is normalized and offsets for ease of comparison.

Article number, page 5 of 11

https://orcid.org/0000-0002-0484-7634


0 5 10 15 20
0

5

10

15

Y 
[a

rc
se

c]

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
X [arcsec]

Fig. 6: A photospheric map at 11:57 UT, plotted with respect to (x,y)=529,-278 taken in the 4000 Å continuum (left panel), along
with co-aligned, logarithmically scaled maps of the red wing of Ca ii K, Hα, and Ca ii 8542 Å, respectively. A chain of peripheral
umbral dots is indicated with the red arrow, while its imprints on the ribbon are indicated with the blue arrows. Green arrows indicate
the location of a penumbral feature used to align all images. The offset between the red and blue arrows gives an indication of the
height difference between each layer.

layer (de la Cruz Rodríguez et al. 2019, Fig. 1). While it is sug-
gested from modeling (Allred et al. 2005, 2015; Kowalski et al.
2017a; Simões et al. 2017; Druett et al. 2017; Druett & Zharkova
2018, 2019; Druett et al. 2023a) and from the mean heights
of flare ribbon emission observed over the solar limb (Kuridze
et al. 2020) that the lower atmosphere of the flare is greatly com-
pressed when compared to the quiet Sun, we still assume for the
sake for this graphic that the relative ordering of the line core
formation regions remains intact.

Five structures of interest are investigated in this work by
extracting spectral profiles from the lines of pixels intersecting
the feature locations (see Fig.1). While most slits overlap for all
spectral lines, we found that it was not possible to achieve this
for the first type of region that is indicated in red. A different
location was picked for the Hα line to ensure that the selected
profiles are representative.

1. Dense kernels that create a variegation pattern on the bright
flare ribbon (indicated by red lines). We name these regions
’ribbon freckles’ due to their spotty nature on the otherwise
smooth flare ribbon. They can be seen as bright spots in
the Ca ii 8542 Å red wing, and as purple (Hα) or yellow
(Ca ii 8542 Å) spots in the COCOPLOTS. These features
are much less obvious in both the wing and COCOPLOT of
Ca ii K. but can be seen as a subtle brightening in the former.

2. The leading edge of the ribbon, which exhibits spectral pro-
files with larger red-shifts than the typical profiles on the
main body of the ribbon (indicated with orange lines). There-
fore, this feature appears as a bright edge in the red wing
of all three lines, and with an orange-red color in the CO-
COPLOTs.

3. Areas with spectra that exhibit large red-shifted components
in their profiles which occur near the footpoints of the flare
loop arcade (profiles taken along the white line). In the CO-
COPLOT they can be seen as a color similar to that of the
freckles, making it more difficult to distinguish between the
two, close to the flare arcade.

4. A narrow lane of Doppler blue-shifted profiles found on ei-
ther side of the flare arcade, close to the down-flows of region
three (indicated with blue lines).

5. Wide profiles that occur in small bright flare kernels early on
in the time series. These are indicated with magenta lines
in Fig. 2, where they have a white color in the Hα, and
Ca ii 8542 Å COCOPLOT, while appearing up as a bright

green color in Ca ii K. In the continuum, they correspond to
white light flare emission.

The spectra of the features shown with cross-section cuts in
Figs 1 and 2 are displayed in Figs. 3 and 4, where each column
corresponds to the aforementioned features and each row shows
the Ca ii K, Hα, and Ca ii 8542 Å spectra.

3.1. Ribbon freckles and flare ribbon height

The red lines in Fig. 1 correspond to ribbon freckles. The colored
slits cross a freckle at roughly X=0.6-0.7 arcsec, where there is
some broadening in each of the three lines. To illustrate this, the
individual spectra of the 15 pixels before the core of the freckle
have been plotted in the first column of Fig. 4, where the darkest
profile represents the center of a freckle, and the lightest profile
represents the background area slightly away from it. From this,
it can be seen that in both calcium lines the freckle is charac-
terized by a broadening in the red wing, while in Hα it broad-
ens on both sides, as well as flattens off in the core. Visually
there is no clear shift in the central position of the Hα line. How-
ever, when comparing the line profile centroids a close agree-
ment is found for the Doppler shift in each of the three lines,
with Ca ii K, Hα, and Ca ii 8542 Å showing maximum displace-
ments of 1.55km s−1, 1.69km s−1, and 1.70km s−1respectively
with respect to the centroid positions outside the freckle. The
line centroids were calculated using equal weightings for each
measurement. Each measurement is the average of the locations
of the left and right sides of the line profile at intensities equal
to (0.5,0.6,0.7,0.8, and 0.9) of the maximum value. These frac-
tions are measured in terms of the increase above the baseline
intensity, which was taken in far the blue wing. These threshold
values were chosen so that the profile locations we used all fall
inside the available spectral window, and linear interpolation of
the profile values was used to estimate the locations of the in-
tersections of the line profiles with the threshold values between
sampled wavelengths.

From the polarimetric signal, which is plotted from profiles
taken along the slits in Fig. 5 and the maps in Fig. 1, it can be
seen that these structures tend to have an overall lower signal
in both the linear and circular polarization maps relative to their
surroundings. When compared to the 4000 Å continuum, some
but not all freckle structures can be seen to correspond to the lo-
cations above visible umbral dots and penumbra structures. This
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is illustrated in Fig. 6, where the imprint of a narrow chain of pe-
ripheral umbral dots can be seen on the flare ribbon in all three
lines.

The flare ribbon height can be estimated based on the loca-
tion of ribbon freckles if it is assumed that the freckle is oriented
vertically and that the ribbon lies parallel to the solar surface.
This is done by equating the viewing angle to the hypotenuse of
the shift in the FOV ∆r, and the height between the two objects
∆z, with a consistency check performed to ensure that the quo-
tient of these changes is approximately in agreement with what
would be expected for a vertical structure at this viewing angle
θ. Solving this right-angled triangle gives ∆z = ∆r/

√
1 − cos2 θ.

For Ca ii K a precise shift of 0.75" can be estimated with re-
spect to the corresponding photospheric feature, as both the line
and its continuum are observed in the same scan. For the other
two lines this is more difficult due to the absence of a continuum
point to align with, as well as the differing pixel size and sub-
optimal seeing conditions between them and the 4000 Å contin-
uum point. Instead,the peak intensity of a familiar photospheric
point (Fig. 6, green arrow) is selected in the line wing of all three
lines, and the distance between that and the imprint of the chain
of peripheral umbral dots is calculated. The three measured hori-
zontal shifts for Ca ii K, Hα, and Ca ii 8542 Å are 90, 91, and 93
CRISP pixels respectively, which correspond to heights of 710,
690, and 600 km above the photospheric reference point.

In Ca ii K the feature marked by the green arrow moves by
roughly 0.2" (5 CRISP pixels), when observed from the contin-
uum point versus the line wing due to the change in formation
height of the continuum and the spectral line. Conservatively,
a similar shift is assumed in the remaining two, lower-forming,
lines, which is combined with the uncertainty of finding the ex-
act location of the penumbral feature. We use this value, which
corresponds to roughly 150 km, as an uncertainty in the mea-
sures. For the Ca ii K line a smaller uncertainty of 3 CHROMIS
pixels is assumed, which corresponds to roughly 100 km.

3.2. Leading edges

The orange line in Fig. 1 corresponds to a representative location
for the leading edges of the flare ribbon, with the correspond-
ing spectra being shown in the second column of Figs. 3 and 4.
In all three lines, a strong enhancement is seen in the red wing
that is not observed in the blue wing or central part of the pro-
file, suggesting additional components to the emission spectrum.
The separation of these components is particularly visible in the
Ca ii 8542 Å line (Fig. 3 central column, bottom pair of panels)
and also somewhat in the Ca ii K line (Fig. 3 central column, bot-
tom pair of panels). In polarization, we see a strong dip in total
circular polarization in this area, while the total linear polariza-
tion does not change as drastically.

3.3. Down-flows

The white cross-section in Fig. 1 is aligned with the post-flare
loop arcade, which has footpoints overlapping the trailing edges
of the flare ribbons. It is longer than the other cuts to capture the
full behavior along the condensed material in the loops. The cut
starts on the right side, which is represented with light grey pro-
files in the third column of Figs. 3 and 4. Both representations
show profiles with central enhancement along the full length of
the slit, with a component that shows a strong red-shift towards
the end of the cross-section at the base of the loop footpoint.
The red-shift of this enhanced emission component increases

Limb

Leading edge

Freckle Flare Ribbon

Splash-back

Flare Ribbon

Freckle

Leading edge

Freckle

Flare Ribbon

Splash-back

Leading edge

Fig. 7: A comparison between COCOPLOTS of two X-class
flares in edge-on, and top-down views with the described region
types pointed out from a top-down and sideways view. Top: A
two-ribbon X1.5-class flare seen in Hα at the solar limb in the
NOAA Active Region NOAA 12087 observed with CRISP at
the SST on June 10 2014 at 12:52 UT. The data for this flare is
comprehensively described in Singh et al. (2024). Middle: Hα
observations of our X9.3-class flare. Bottom: Ca ii 8542 Å ob-
servations of our X9.3-class flare

until the signal exits the observational spectral window in both
the Ca ii 8542 Å and Hα lines, but stops at around 70 km s−1in
Ca ii K. In polarization, it is found that the signal is primarily
linearly polarized in the first part of the cross-section, near the
coronal loop-tops of the arcade. The signal switches to being pri-
marily circularly polarized as we move along the slit towards the
footpoint of the loop and the trailing edge of the flare ribbon, as
one would expect for a signal from material following a mag-
netic field loop through the corona viewed at this orientation.

3.4. Confined up-flows

The blue line in Fig. 1 crosses the narrow lane showing blue-
shifted emission profiles in Ca ii 8542 Å that is located close to
the footpoints of the coronal rain down-flows. The measured
blue shift is of a similar order as the freckle red-shift, and is
stronger in Ca ii 8542 Å than Ca ii K. In Hα it is not measured,
and only a red-shift is visible. The polarimetric signal stays
mostly the same when compared to its surroundings.

3.5. Broad profiles

The magenta cuts in Fig. 2 cross bright kernels close to the flare
ribbon edge that are white in both the COCOPLOT images of
Ca ii 8542 Å, and Hα, and a bright green in Ca ii K. The profiles
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Fig. 8: Schematic representation of a cross-section through a
two-ribbon flare, with the features described in this work.

taken from these areas are shown in Figs. 3 and 4, which corrob-
orate that this coloration is due to a strong line profile broadening
in these locations.

4. Interpretation, discussion, and conclusions

The high spatial and spectral resolutions of these observations
allow for a detailed study of flare ribbon substructures at various
heights in the chromosphere through a set of three spectral lines.
This on-disc view is also contrasted with an on-limb X1.5-class
flare observation from (Singh et al. 2024), which can be used for
further validation of our suggested model for their origins. These
two points of view, together with characteristic examples of each
of the five features described in this paper are shown in Fig. 7.
Additionally, a schematic cross-section of a two-ribbon flare pre-
senting our findings regarding these substructures is shown in
Fig. 8. In this section we break-down the discussion of these
features, separating each into its own subsection, starting with
the five types described in the results section 3, and ending with
a discussion on the height of the flare ribbon emission.

4.1. Ribbon freckles

An example of these ribbon sub-structures is marked in red in
Fig. 1, with profiles displayed in the first column of Figs. 3,
4, and 5. In the schematic of Fig. 8 they are represented by
the tops of the yellow bunched field on the flare ribbon, which
matches the elevated purple structures seen in the on-limb ob-
servation of Fig. 7. In Hα the most noticeable characteristics
are the flattening (saturation) and broadening of the line core.
This can be interpreted as an increased opacity due to the higher
density of material in this region, which in turn results in a sat-
uration of the profile against the source function (See Pietrow
et al. 2022, Fig. 7). Additionally, a small centroid red-shift of
1.69 km s−1was also measured. Some of these regions align with
umbral and penumbral structures found in the photosphere. In
both the Ca ii 8542 Å and Ca ii K lines the line core intensity in-
creases slightly and in all three spectral lines the line broadens
on the red side of the profile, suggesting the presence of low-
velocity down-flow components, or velocity gradients in these
regions. Maximum displacements of 1.55 km s−1, 1.69 km s−1,
and 1.70 km s−1were found for the Ca ii 8542 Å, Hα, and Ca ii K
lines respectively with respect to the centroid positions outside

the freckle. This coupled with the decrease of both the linear and
circular polarisation inside the freckle as compared with the rest
of the slit, as seen in Fig. 5, implies that the plasma in these re-
gions is less magnetized than its surroundings. We propose that
these features occur above concentrations of flux on the ribbons,
into which a greater density of material is collected during the
ribbon formation, compared to the surroundings. This is consis-
tent with the Hα line opacity, which is strongly correlated with
column mass (Leenaarts et al. 2012), meaning that such a flux
tube would raise the opacity locally, and in turn broaden and sat-
urate the line core via opacity broadening. A larger opacity con-
tribution from the upper regions of the flare ribbon can also ex-
plain the lower polarization signal despite the flux concentration
below. This is because the formation region is sampled higher
in the atmosphere, and the emission is thus forming at heights
with a lower magnetic field strength. This is also consistent with
features we have observed in the limb flare data set presented by
Singh et al. (2024), where it is possible to see ribbon freckles
from the side. On the solar limb, they are visible as small "puffs"
and "loops" of higher-density chromospheric material extending
above the main flare ribbon structure.

4.2. Leading edges

The leading edges, marked by orange lines in Fig. 1, exhibit in-
creased emission along with a strong Doppler red-shifted com-
ponent compared to the rest of the ribbon. Additionally, the cir-
cular polarization signal decreases strongly, like the freckles (see
2nd column of Figs. 3, 4, and 5). They are represented as red
downwards-pointing arrows in Fig. 8.

In Singh et al. (2024) it was found that the flare ribbon ex-
hibits rapid brightenings of higher-lying chromospheric material
that subsequently decreases in height with velocities on the or-
der of tens of km s−1. In particular, the authors consider that this
apparent velocity could be due to plasma motions, or thermal
conduction including heating or cooling. Our top-down obser-
vations provide leading-edge features with Doppler-shifted ve-
locities of the same order as Singh et al. (2024) registered for
plane-of-sky plasma motion velocities, typically several tens of
km s−1. This interpretation of higher formation height is again
consistent with the observed lower polarimetric signal. Thus in
our schematic, these are interpreted as features at the leading
edges of the flare ribbons. In particular, the compression of the
non-flaring chromospheric density plasma and pre-existing chro-
mospheric structures at the leading edges, displayed using red ar-
rows near the flare ribbon in Fig. 7. These have traditionally also
been interpreted as sites of energetic particle beams, although
more recently other potential effects at the leading edge have
been presented (Polito et al. 2023; Druett et al. 2023b,a). More-
over, the side-on view provided by the limb flare in the top panel
of Fig. 7 is consistent with the impression of greater formation
heights that one can also gain from the on-disc view. Namely,
that the chromospheric structures outside of the flare ribbon area
form at greater vertical heights in the atmosphere. This can be
seen via the broad flare ribbon emission which appears white in
the COCOPLOT. However, the core wavelengths of this emis-
sion are absorbed by the cooler material in front of it in the line
of sight, which due to the viewing angle, must relate to plasma
at higher vertical locations. This absorption removes the signal
from the COCOPLOT central (green) filter, leaving areas with
overlapping cool material in the line of sight as bright magenta
in the image, whereas the unobstructed areas of the flare ribbon
are bright white.
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4.3. Coronal rain down-flow regions

Close to the footpoints of the flare arcade there are chromo-
spheric spectral profiles that indicate the presence of strongly
red-shifted components of the emission. The maximum mea-
surable Doppler velocities within the spectral windows are
around 70 km s−1and contributions from the emission in Hα and
Ca ii 8542 Å appear to be present outside the limits of their re-
spective wavelength windows. These are marked by the white
line in Fig. 1, and their spectra are shown in the third column of
3, and 4.

These features are evidenced by our high-resolution obser-
vations as coronal rain down-flows from the now-cooling and
condensing material that had previously been evaporated into the
reconnected flare loops. They are represented as the footpoints
of the black loops near the trailing edge of the flare ribbon in the
schematic Fig. 8.

Typical values for chromospheric down-flows observed with
modern instruments are between 40 and 100 km s−1(Druett et al.
2017; De Pontieu et al. 2021; Kerr 2022), often with lifetimes
on the order of tens of seconds to a minute. However, older Hα
observations with wider spectral windows showed flare ribbon
spectra close to the polarity inversion line with Doppler shifted
components between 100 and 200 km s−1lasting for times on the
order of a few minutes (Ichimoto & Kurokawa 1984; Zarro et al.
1988; Wuelser & Marti 1989; Zarro & Canfield 1989).

The older results can now potentially be re-interpreted as re-
gions at the footpoints of coronal rain loops that are overlapping
with the flare ribbon in the line of sight. Spectra from our study
in these regions show emission enhancement components that
move out of the spectral window as one moves along the flare
loop, towards the foot points of the arcade. This implies that
down-flow velocities above 100 km s−1are plausible in these re-
gions. Moreover, the prolonged supply of coronal rain mass over
a few minutes could also explain the long duration of the red-
shifted components that were previously observed, without the
recourse to an exceptionally deep ingress of the down-flowing
material into the Sun.

In UV lines, velocities above 100 km s−1have recently been
reported in IRIS observations by Xu et al. (2023) for a short-
lived region of interest inside of an X1.3 flare. In their paper,
these down-flow velocities are also interpreted as decelerating
coronal down-flows.

4.4. Down-flow splash-back

The narrow channel of areas showing blue-shifted emission at
the bases of coronal rain down-flows were investigated using
profiles along the cuts indicated by blue lines in Fig. 1. These
profiles exhibit a low-velocity blue-shift in the calcium lines,
while no conclusive shifts are seen in Hα (see 4th column of
Figs. 3, 4, and 5). They are represented as blue upwards pointing
arrows in Fig. 8. The small area in which these up-flows oc-
cur, and their proximity to the coronal rain down-flows suggests
that this is not the same type of up-flow that was described by
Schmieder et al. (1990) and interpreted as a gentle evaporation,
as this was visible from a transition-region line, while this fea-
ture can barely be detected in the lowest forming chromospheric
line.

Instead, we propose that the proximity of these regions to
the red-shifted profiles caused by coronal rain, as well as the
parabolic spatial variation of the blue-shifted Ca ii 8542 Å fea-
ture, suggest that these may be a form of reflection, or ’splash-
back’ from the impact of the coronal rain against the flare rib-

bon. The fact that the polarization signal is comparable to the
surrounding area, also suggests that this material does not travel
as high as the freckles. Due to the sideways projection, and ex-
cept where the line-of-sight is favorable, it is not always easy to
distinguish these features from the leading edge of the limb flare
ribbons in Fig. 7.

This phenomenon could potentially be modeled using the lat-
est multi-dimensional flare simulations (Ruan et al. 2020; Druett
et al. 2023b,a).

4.5. Broad profiles

Highly broadened spectral lines are common in chromospheric
lines, particularly in Hα, but partly due to their intractable na-
ture, they have not been commonly studied (Druett et al. 2021;
Kowalski et al. 2022). Example plots from the same data set were
provided in Figure 14 of Zharkov et al. (2020) for Hα, and addi-
tional examples for Ca ii 8542 Å are reproduced here.

The "appearance" of line profile broadening can arise for a
number of reasons. They can be created by multi-velocity plasma
in the line of sight such as Doppler shifted emission from coro-
nal rain or prominence material located over centrally enhanced
emission from below (see broad profiles in column 3 of Fig. 4),
or spatially unresolved flows within an observational "pixel".
These should however, be carefully distinguished from flattened
profiles without broadening, which can also be produced in lines
that are typically absorption lines, but that are nearing conver-
sion into emission (e.g. Berlicki et al. 2005, Fig. 5.). Also,
opacity broadening can produce great variations in line profile
widths without recourse to highly increased temperatures to ex-
plain the variations that would be required using thermal broad-
ening (Molnar et al. 2019; Pietrow et al. 2022).

However, many examples do appear to be highly "broad-
ened" in the true sense of the word, particularly in the impulsive
phases of solar flares. Typically broadening mechanisms consid-
ered in spectral lines include Lorentzian (such as natural broad-
ening) and Gaussian effects (such as thermal motions) (see sec-
tion 3.3 of Rutten 2003, for a more comprehensive discussion
of these broadening effects). However, the typically considered
line-broadening processes are far from able to explain the full
widths of such profiles, which often also defy capture in Fabry-
Perot interferometer spectral windows.

No comprehensive explanation of these line widths currently
exists. Attempts have been made to see if they are consistent
with generation through mechanisms such as the Orrall Zirker
Effect (Orrall & Zirker 1976) i.e. the exchange of an electron
with a proton in a beam of energetic ions accelerated as well as
the electrons in the corona (Kerr et al. 2023a). Another impor-
tant factor is the modeling of broadening due to the quadratic
Stark effect, due to the presence of high densities of free elec-
trons in the flare ribbon (Zharkova & Kobylinskii 1993; Allred
& Kowalski 2016; Kowalski et al. 2017b; Druett & Zharkova
2018). Investigations are continuing to try to address this issue
(Kowalski et al. 2022; Kerr et al. 2023b). Here we also mention
a speculative thermal, but particle process that might be consid-
ered as a candidate to help explain these excessive line widths.
The proposed mechanism is a "companion" of the Orrall Zirker
effect, namely a "memory effect" of high-temperature protons,
and other ions. The tops of flare chromospheres have a com-
pact interface between chromospheric temperature material and
extraordinarily dense and high temperature thermal coronal ma-
terial that is often highly turbulent
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Although electrons at coronal temperatures tend not to re-
combine with hydrogen ions (protons) due to their great mi-
croscopic energies and the slow recombination rates (Leenaarts
et al. 2007), high-temperature thermal coronal protons intrud-
ing to cooler layers could come into contact with electrons ther-
malized to chromospheric temperatures that have similar micro-
scopic velocities, due to the 1836 mass ratio between the pro-
ton and electron particle species. It is feasible that these popu-
lations could recombine. If recombination occurs between these
two populations then exceptionally broadened emission would
be produced, with memory-effect "thermal" Doppler widths in
great excess of the local electron temperature. However, this ef-
fect is yet to be tested or proven with modeling and experimen-
tation.

4.6. Flare ribbon height

The height of the flare ribbon can be estimated for all three lines
based on the locations of ribbon freckles and the corresponding
structures below (see Fig. 6.) However, as the photospheric fea-
tures seen in the line wing of these lines do not form at the same
location, an uncertainty of around 150 km (See end of Sec. 3.1) is
introduced to height measured in this way. This is not the case for
the Ca ii K line, as it is co-aligned with a continuum point which
allows for a direct comparison between the two, resulting in a
lower uncertainty of roughly 100 km. Heights of 710, 690, and
600 km have been measured for Ca ii K, Hα, and Ca ii 8542 Å
respectively with respect to the umbral feature marked in Fig. 6.
This is consistent with the fact that the freckles used to measure
these heights have very similar centroid red-shifts, which means
that they either have a consistent velocity structure over height,
or are sampled at similar heights.

While the error bars make it impossible to confirm whether
or not the lines indeed form in the expected order, it is appar-
ent that the chromosphere is indeed compressed down greatly
when compared to a non-flaring atmosphere (e.g. Vernazza et al.
1976; de la Cruz Rodríguez et al. 2019; Morosin et al. 2020). It is
also in line with the 170km wide flare layer width described by
Berlicki et al. (2008), although our flare ribbons appear to form
much lower than is suggested in that work.

This is higher than the 300-500 km Hβ, and 0 km
Ca ii 8542 Å ribbon heights inferred by (Kuridze et al. 2020),
and from x-ray signatures (200-300 km Martínez Oliveros et al.
2012), but slightly below the value of 800 km above the pho-
tosphere inferred by Krucker et al. (2015) from x-ray emission.
However, it should be noted that our height estimate is with re-
spect to features inside of a sunspot which are effected by Wilson
depression (Wilson 1774). This is around 600 km on average for
the umbra (Löptien et al. 2018), but is expected to be less for
umbral dots (e.g. Wilson 1969). This adds further uncertainty to
the absolute height of the flare ribbon with respect to the solar
surface. This could potentially be constrained by inverting the
region with a code that allows for the recovery of a geometrical
scale, such as FIRTEZ-dz (Pastor Yabar et al. 2019).

1D simulations have produced similar emission heights for
hydrogen emission in down-flowing chromospheric compres-
sion, for example, the 5F11 RADYN flare reported in Kowal-
ski et al. (2022) and the HYDRO2GEN simulations of Druett
& Zharkova (2018). Recent multi-dimensional simulations of
Druett et al. (2023a) also show plasma with characteristic tem-
peratures for emission in these lines bunched around heights of
500-1000 km in their most powerful flare simulations.

4.7. Outlook

Flare ribbons are highly complicated, and dynamic phenomena
with many rapidly evolving sub-structures that require observa-
tions at high spatial and temporal resolution to be captured. The
strong variation in the presented spectral features of these sub-
structures shows that care should be taken when lower-resolution
or average spectra are produced.

This study provides prospective and illustrative, but not
definitive interpretations of the variety of flare ribbon profiles.
This work will be followed up by statistical, inversion-based, and
simulated investigations to bolster the evidence provided here
from imaging and qualitative spectral analysis.
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143
Pietrow, A. G. M. 2019, AlexPietrow/CRISpy 0.31
Pietrow, A. G. M. 2022, Physical properties of chromospheric features: Plage,

peacock jets, and calibrating it all, PhD thesis, Stockholm University
Pietrow, A. G. M., Cretignier, M., Druett, M. K., et al. 2024, A&A, 682, A46
Pietrow, A. G. M., Druett, M. K., de la Cruz Rodriguez, J., Calvo, F., & Kisel-

man, D. 2022, A&A, 659, A58
Polito, V., Kerr, G. S., Xu, Y., Sadykov, V. M., & Lorincik, J. 2023, ApJ, 944,

104
Quinn, S., Reid, A., Mathioudakis, M., et al. 2019, ApJ, 881, 82
Ruan, W., Xia, C., & Keppens, R. 2020, ApJ, 896, 97
Rutten, R. J. 2003, Radiative Transfer in Stellar Atmospheres
Scharmer, G. 2017, in SOLARNET IV: The Physics of the Sun from the Interior

to the Outer Atmosphere, 85
Scharmer, G. B., Bjelksjo, K., Korhonen, T. K., Lindberg, B., & Petterson, B.

2003, in Proc. SPIE, Vol. 4853, Innovative Telescopes and Instrumentation
for Solar Astrophysics, ed. S. L. Keil & S. V. Avakyan, 341–350

Scharmer, G. B., Narayan, G., Hillberg, T., et al. 2008, ApJ, 689, L69
Scherrer, P. H., Schou, J., Bush, R. I., et al. 2012, Sol. Phys., 275, 207
Schmidt, W., von der Lühe, O., Volkmer, R., et al. 2012, Astronomische

Nachrichten, 333, 796
Schmieder, B., Malherbe, J. M., Simnett, G. M., Forbes, T. G., & Tandberg-

Hanssen, E. 1990, ApJ, 356, 720
Schmit, T. J., Griffith, P., Gunshor, M. M., et al. 2017, Bull. Am. Meteorol. Soc.,

98, 681
Schmit, T. J., Gunshor, M. M., Menzel, W. P., et al. 2005, Bull. Am. Meteorol.

Soc., 86, 1079
Schmit, T. J., Li, J., Lee, S. J., et al. 2019, Earth Space Science, 6, 1730
Shibata, K. 1998, in Astrophysics and Space Science Library, Vol. 229, Ob-

servational Plasma Astrophysics : Five Years of YOHKOH and Beyond, ed.
T. Watanabe & T. Kosugi, 187

Simões, P. J. A., Araújo, A., Valio, A., & Fletcher, L. 2024, MNRAS
[arXiv:2401.07824]

Simões, P. J. A., Kerr, G. S., Fletcher, L., et al. 2017, A&A, 605, A125
Singh, V., Scullion, E., Botha, G., et al. 2024, ApJ (Submitted)
Stokes, G. G. 1851, Transactions of the Cambridge Philosophical Society, 9, 399
Sturrock, P. A. 1966, Nature, 211, 695
Sturrock, P. A. 1968, in Structure and Development of Solar Active Regions, ed.

K. O. Kiepenheuer, Vol. 35, 471
Sweet, P. A. 1958a, in Electromagnetic Phenomena in Cosmical Physics, ed.

B. Lehnert, Vol. 6, 123
Sweet, P. A. 1958b, Il Nuovo Cimento, 8, 188
Syrovatskii, S. I. & Shmeleva, O. P. 1972, Soviet Ast., 16, 273
van Noort, M., Rouppe van der Voort, L., & Löfdahl, M. G. 2005, Sol. Phys.,

228, 191
Vernazza, J. E., Avrett, E. H., & Loeser, R. 1976, ApJS, 30, 1
Vissers, G. & Rouppe van der Voort, L. 2012, ApJ, 750, 22
Vissers, G. J. M., Danilovic, S., de la Cruz Rodríguez, J., et al. 2021, A&A, 645,

A1
Švestka, Z., Kopecký, M., & Blaha, M. 1961, Bulletin of the Astronomical Insti-

tutes of Czechoslovakia, 12, 229
Švestka, Z., Kopecký, M., & Blaha, M. 1962, Bulletin of the Astronomical Insti-

tutes of Czechoslovakia, 13, 37
Wilson, A. 1774, Philosophical Transactions of the Royal Society of London
Wilson, P. R. 1969, Sol. Phys., 10, 404
Wuelser, J.-P. & Marti, H. 1989, ApJ, 341, 1088
Xu, Y., Kerr, G. S., Polito, V., et al. 2023, arXiv e-prints, arXiv:2309.05745
Yadav, R., Díaz Baso, C. J., de la Cruz Rodríguez, J., Calvo, F., & Morosin, R.

2021, A&A, 649, A106
Zarro, D. M. & Canfield, R. C. 1989, ApJ, 338, L33
Zarro, D. M., Canfield, R. C., Strong, K. T., & Metcalf, T. R. 1988, ApJ, 324,

582
Zharkov, S., Matthews, S., Zharkova, V., et al. 2020, A&A, 639, A78
Zharkova, V. V., Arzner, K., Benz, A. O., et al. 2011, Space Sci. Rev., 159, 357
Zharkova, V. V. & Kobylinskii, V. A. 1993, Sol. Phys., 143, 259
Zhu, Y., Kowalski, A. F., Tian, H., et al. 2019, ApJ, 879, 19

Article number, page 11 of 11

https://orcid.org/0000-0002-0484-7634
http://dx.doi.org/10.1051/0004-6361/202245359
https://ui.adsabs.harvard.edu/abs/2023A&A...673A..66K
http://dx.doi.org/10.3389/fspas.2022.1060856
https://ui.adsabs.harvard.edu/abs/2022FrASS...960856K
http://dx.doi.org/10.3847/1538-4357/ab3c24
https://ui.adsabs.harvard.edu/abs/2019ApJ...883...57K
http://dx.doi.org/10.3847/1538-4357/acb92a
https://ui.adsabs.harvard.edu/abs/2023ApJ...945..118K
http://dx.doi.org/10.3847/1538-4357/abaa46
https://ui.adsabs.harvard.edu/abs/2020ApJ...900...18K
http://dx.doi.org/10.3847/1538-4357/ab48ea
https://ui.adsabs.harvard.edu/abs/2019ApJ...885..119K
http://dx.doi.org/10.3847/1538-4357/aaf46e
https://ui.adsabs.harvard.edu/abs/2019ApJ...871...23K
https://ui.adsabs.harvard.edu/abs/2023arXiv231007111K
http://dx.doi.org/10.48550/arXiv.2310.07111
http://dx.doi.org/10.3847/1538-4357/abf42d
https://ui.adsabs.harvard.edu/abs/2021ApJ...912..153K
http://dx.doi.org/10.1051/0004-6361/202038208
https://ui.adsabs.harvard.edu/abs/2020A&A...641A..27K
http://dx.doi.org/10.1007/s11207-007-9014-6
https://ui.adsabs.harvard.edu/abs/2007SoPh..243....3K
http://dx.doi.org/10.3847/1538-4357/ac5174
https://ui.adsabs.harvard.edu/abs/2022ApJ...928..190K
http://dx.doi.org/10.3847/1538-4357/836/1/12
https://ui.adsabs.harvard.edu/abs/2017ApJ...836...12K
http://dx.doi.org/10.3847/1538-4357/aa603e
https://ui.adsabs.harvard.edu/abs/2017ApJ...837..125K
http://dx.doi.org/10.3847/1538-4357/ab1f8b
https://ui.adsabs.harvard.edu/abs/2019ApJ...878..135K
http://dx.doi.org/10.1088/0004-637X/802/1/19
https://ui.adsabs.harvard.edu/abs/2015ApJ...802...19K
http://dx.doi.org/10.3847/1538-4357/ab9603
https://ui.adsabs.harvard.edu/abs/2020ApJ...896..120K
http://dx.doi.org/10.1051/0004-6361:20078161
https://ui.adsabs.harvard.edu/abs/2007A&A...473..625L
http://dx.doi.org/10.1051/0004-6361/201219394
https://ui.adsabs.harvard.edu/abs/2012A&A...543A.109L
http://dx.doi.org/10.1007/s11207-011-9776-8
https://ui.adsabs.harvard.edu/abs/2012SoPh..275...17L
https://ui.adsabs.harvard.edu/abs/2002SPIE.4792..146L
http://dx.doi.org/10.1051/0004-6361/202141326
http://dx.doi.org/10.1051/0004-6361/201833571
https://ui.adsabs.harvard.edu/abs/2018A&A...619A..42L
http://dx.doi.org/10.1186/s40623-015-0217-z
https://ui.adsabs.harvard.edu/abs/2015EP&S...67...59M
https://ui.adsabs.harvard.edu/abs/2015EP&S...67...59M
http://dx.doi.org/10.1088/2041-8205/753/2/L26
https://ui.adsabs.harvard.edu/abs/2012ApJ...753L..26M
https://ui.adsabs.harvard.edu/abs/2012ApJ...753L..26M
http://dx.doi.org/10.3847/1538-4357/ab2ba3
https://ui.adsabs.harvard.edu/abs/2019ApJ...881...99M
http://dx.doi.org/10.3847/1538-4357/abfda8
https://ui.adsabs.harvard.edu/abs/2021ApJ...915...16M
https://ui.adsabs.harvard.edu/abs/2020arXiv200614487M
https://ui.adsabs.harvard.edu/abs/2020arXiv200614487M
http://dx.doi.org/10.1086/154642
https://ui.adsabs.harvard.edu/abs/1976ApJ...208..618O
http://dx.doi.org/10.1093/mnras/stac2570
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.6066O
https://ui.adsabs.harvard.edu/abs/2024arXiv240200589O
http://dx.doi.org/10.48550/arXiv.2402.00589
http://dx.doi.org/10.3847/1538-4357/ac9730
https://ui.adsabs.harvard.edu/abs/2022ApJ...939...98O
http://dx.doi.org/10.1086/190087
https://ui.adsabs.harvard.edu/abs/1963ApJS....8..177P
http://dx.doi.org/10.1051/0004-6361/201935692
https://ui.adsabs.harvard.edu/abs/2019A&A...629A..24P
http://dx.doi.org/10.1007/s11207-011-9841-3
https://ui.adsabs.harvard.edu/abs/2012SoPh..275....3P
http://dx.doi.org/10.3847/1538-4357/ac8352
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..143P
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..143P
https://ui.adsabs.harvard.edu/abs/2022PhDT.........3P
https://ui.adsabs.harvard.edu/abs/2022PhDT.........3P
http://dx.doi.org/10.1051/0004-6361/202347895
https://ui.adsabs.harvard.edu/abs/2024A&A...682A..46P
http://dx.doi.org/10.1051/0004-6361/202142346
https://ui.adsabs.harvard.edu/abs/2022A&A...659A..58P
http://dx.doi.org/10.3847/1538-4357/acaf7c
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..104P
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..104P
http://dx.doi.org/10.3847/1538-4357/ab2c9e
https://ui.adsabs.harvard.edu/abs/2019ApJ...881...82Q
http://dx.doi.org/10.3847/1538-4357/ab93db
https://ui.adsabs.harvard.edu/abs/2020ApJ...896...97R
https://ui.adsabs.harvard.edu/abs/2017psio.confE..85S
https://ui.adsabs.harvard.edu/abs/2003SPIE.4853..341S
http://dx.doi.org/10.1086/595744
https://ui.adsabs.harvard.edu/abs/2008ApJ...689L..69S
http://dx.doi.org/10.1007/s11207-011-9834-2
https://ui.adsabs.harvard.edu/abs/2012SoPh..275..207S
http://dx.doi.org/10.1002/asna.201211725
http://dx.doi.org/10.1002/asna.201211725
https://ui.adsabs.harvard.edu/abs/2012AN....333..796S
http://dx.doi.org/10.1086/168879
https://ui.adsabs.harvard.edu/abs/1990ApJ...356..720S
http://dx.doi.org/10.1175/BAMS-D-15-00230.1
https://ui.adsabs.harvard.edu/abs/2017BAMS...98..681S
http://dx.doi.org/10.1175/BAMS-86-8-1079
http://dx.doi.org/10.1175/BAMS-86-8-1079
https://ui.adsabs.harvard.edu/abs/2005BAMS...86.1079S
http://dx.doi.org/10.1029/2019EA000729
https://ui.adsabs.harvard.edu/abs/2019E&SS....6.1730S
https://ui.adsabs.harvard.edu/abs/1998ASSL..229..187S
http://dx.doi.org/10.1093/mnras/stae186
https://ui.adsabs.harvard.edu/abs/2024MNRAS.tmp..187S
http://dx.doi.org/10.1051/0004-6361/201730856
https://ui.adsabs.harvard.edu/abs/2017A&A...605A.125S
https://ui.adsabs.harvard.edu/abs/1851TCaPS...9..399S
http://dx.doi.org/10.1038/211695a0
https://ui.adsabs.harvard.edu/abs/1966Natur.211..695S
https://ui.adsabs.harvard.edu/abs/1968IAUS...35..471S
https://ui.adsabs.harvard.edu/abs/1958IAUS....6..123S
http://dx.doi.org/10.1007/BF02962520
https://ui.adsabs.harvard.edu/abs/1958NCim....8S.188S
https://ui.adsabs.harvard.edu/abs/1972SvA....16..273S
http://dx.doi.org/10.1007/s11207-005-5782-z
https://ui.adsabs.harvard.edu/abs/2005SoPh..228..191V
http://dx.doi.org/10.1086/190356
https://ui.adsabs.harvard.edu/abs/1976ApJS...30....1V
http://dx.doi.org/10.1088/0004-637X/750/1/22
https://ui.adsabs.harvard.edu/abs/2012ApJ...750...22V
http://dx.doi.org/10.1051/0004-6361/202038900
https://ui.adsabs.harvard.edu/abs/2021A&A...645A...1V
https://ui.adsabs.harvard.edu/abs/2021A&A...645A...1V
https://ui.adsabs.harvard.edu/abs/1961BAICz..12..229S
https://ui.adsabs.harvard.edu/abs/1962BAICz..13...37S
http://dx.doi.org/10.1007/BF00145527
https://ui.adsabs.harvard.edu/abs/1969SoPh...10..404W
http://dx.doi.org/10.1086/167567
https://ui.adsabs.harvard.edu/abs/1989ApJ...341.1088W
https://ui.adsabs.harvard.edu/abs/2023arXiv230905745X
http://dx.doi.org/10.48550/arXiv.2309.05745
http://dx.doi.org/10.1051/0004-6361/202039857
https://ui.adsabs.harvard.edu/abs/2021A&A...649A.106Y
http://dx.doi.org/10.1086/185394
https://ui.adsabs.harvard.edu/abs/1989ApJ...338L..33Z
http://dx.doi.org/10.1086/165919
https://ui.adsabs.harvard.edu/abs/1988ApJ...324..582Z
https://ui.adsabs.harvard.edu/abs/1988ApJ...324..582Z
http://dx.doi.org/10.1051/0004-6361/201936755
https://ui.adsabs.harvard.edu/abs/2020A&A...639A..78Z
http://dx.doi.org/10.1007/s11214-011-9803-y
https://ui.adsabs.harvard.edu/abs/2011SSRv..159..357Z
http://dx.doi.org/10.1007/BF00646487
https://ui.adsabs.harvard.edu/abs/1993SoPh..143..259Z
http://dx.doi.org/10.3847/1538-4357/ab2238
https://ui.adsabs.harvard.edu/abs/2019ApJ...879...19Z

	Introduction
	Data and methods
	Results
	Ribbon freckles and flare ribbon height
	Leading edges
	Down-flows
	Confined up-flows
	Broad profiles

	Interpretation, discussion, and conclusions
	Ribbon freckles
	Leading edges
	Coronal rain down-flow regions
	Down-flow splash-back
	Broad profiles
	Flare ribbon height
	Outlook


