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ABSTRACT

One of the main characteristics of sunspot penumbrae is the radially outward-directed Evershed flow. Only recently have penumbral
regions been reported with similar characteristics to normal penumbral filaments but with an opposite direction of the flow. Such
flows directed toward the umbra are known as counter Evershed flows (CEFs). We aim to determine the occurrence frequency of
CEFs in active regions (ARs) and to characterize their lifetime and the prevailing conditions in the ARs. We analyzed the continuum
images, Dopplergrams, and magnetograms recorded by SDO/HMI of 97 ARs that appeared from 2011 to 2017. We followed the ARs
for 9.6 + 1.4 days on average. We found 384 CEFs in total, with a median value of six CEFs per AR. Counter Evershed flows are a
rather common feature, occurring in 83.5% of all ARs regardless of the magnetic complexity of the AR. However, CEFs were only
observed, on average, during 5.9% of the mean total duration of all the observations analyzed here. The lifetime of CEFs follows a
log-normal distribution with a median value of 10.6’:&4 h. In addition, we report two populations of CEFs, those that are associated
with light bridges and those that are not. We explain that the rarity of reports of CEFs in the literature is a result of highly incomplete
coverage of ARs with spectropolarimetric data. By using the continuous observations now routinely available from space, we are able

to overcome this limitation.
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1. Introduction

Sunspots are a manifestation of solar magnetism. The two main
constituents of sunspots are the dark umbra, which harbors a
strong and relatively vertical magnetic field (B), and the penum-
bra, which is highly filamentary in continuous radiation and has
a more horizontal B.

A radially outward-directed flow along the penumbra pro-
duces Doppler-shifted photospheric spectral lines' when the
sunspot is observed away from disk center. This Evershed flow
(see Solanki 2003 for a review) was detected more than a cen-
tury ago (Evershed 1909). In the past decade, there have been a
few reports of peculiar flows directed toward the umbra (Kleint
& Sainz Dalda 2013; Louis et al. 2014; Siu-Tapia et al. 2017;
Guglielmino et al. 2017, 2019; Louis et al. 2020). These so-
called counter Evershed flows (CEFs) have also been observed in
one magnetohydrodynamic (MHD) simulation (Siu-Tapia et al.
2018). Counter Evershed flows studied in the literature have
been found in complex active regions (ARs). Recently, Louis
et al. (2020) reported the appearance of a light bridge associated
with a CEF. Common to these works, each of which analyzed
only one sunspot, is that CEFs were described as “anomalous,”
“unusual,” or “atypical” flows.

Photospheric CEFs should not be confused with the more
commonly reported chromospheric inverse Evershed flows (St.
John 1911a,b; Maltby 1975; Choudhary & Beck 2018; Beck &

! In this paper the radial direction is taken to be parallel to the solar

surface and ascribed from the umbra-penumbra boundary, across the
penumbra, toward the quiet-Sun.

Choudhary 2019). Inverse Evershed flows transport material in
the chromospheric penumbrae toward the umbra and are thought
to be driven by pressure gradients (siphon flows; e.g., Thomas
1988).

The few existing reports of CEFs might suggest that this type
of photospheric flow is a rare phenomenon in sunspots. However,
until now, no study had systematically looked at a large set of
ARs to quantify how often CEFs occur in ARs and to determine
whether their occurrence depends on the magnetic complexity of
the host AR. In this Letter we fill this gap and present the first
analysis of CEFs in a large sample of ARs using six years of
space-borne data.

2. Observational data and analysis

We analyzed 97 ARs observed by the Solar Dynamic Observa-
tory (SDO; Pesnell et al. 2012) taken by the Helioseismic and
Magnetic Imager (HMI; Scherrer et al. 2012; Schou et al. 2012).
We analyzed the continuum intensity (/.), Dopplergrams (vLos),
and magnetograms (Bppgs) with a spatial resolution of 1”. Data
were taken with a cadence of 12min and covered the devel-
opment of each AR over a time ranging from 153 to 278h.
Table C.1 summarizes the observations. Data were processed
using standard SSWIDL routines, and temporal series were cre-
ated by co-aligning the images using cross-correlations between
the subsequent frames.

The 97 ARs were observed between 2011 July 30 and 2017
August 24. Active regions were tracked continuously while they
crossed the solar disk, for 9.6 + 1.4 days on average. The only
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Fig. 1. Examples of the calibration of the Dopplergrams measured by
SDO/HMI for AR 12489. (a): average LOS velocities estimated in the
quiet-Sun at disk center as a proxy for the observatory velocity, viog
(dotted gray line). The black line is the vig(sj obtained by Eq. (1). (b):
solar differential rotation obtained from Egs. (2)—(4), shown with black
lines, for the lower-left (dotted line), middle (solid line), and top-right
(dashed line) pixels inside a FoV with a size of 310” x 185”. The green
line is the average LOS velocity of the adjacent quiet-Sun. (c): convec-
tive blueshift estimated using Eq. (5) at the same three pixels inside the
FoV, shown with black lines, with the n values given by the blue lines.

criteria applied when selecting an AR was that it had sunspots
and could be followed for at least six consecutive days, regard-
less of whether individual sunspots within the AR emerged or
decayed during this period. These criteria exclude many small
ARs with only small, short-lived sunspots as well as many ARs
that formed when already fully on the disc or ARs that were
already decaying when they appeared at the east limb. They
might also exclude some ARs that appeared during the SDO’s
eclipsing seasons. We analyzed ~1.1 x 10° individual time steps
(for each acquired I, v os, and Brps).

Our sample covers all classification types of ARs, from the
simplest to the most complex. The magnetic complexity of solar
ARs is regularly described by Hale’s classification (Hale et al.
1919). In this classification, an AR is assigned to the category a
if it contains one or multiple sunspots of unique polarity, 3 refers
to ARs that harbor bipolar sunspots or groups, and y describes
complex ARs with sunspots and groups of intermixed polarities.
An amendment to Hale’s classification was made in the 1960s
with the addition of an extra category, d, to describe those ARs
that harbor umbrae of mixed polarities enclosed by a common
penumbra within <2° (Kiinzel 1960, 1965). The categories can
be appended to describe the complexity of an AR, increasing
from @ to Byd. In our sample, we take into account the change
in the magnetic classification for each AR over their lifetimes.
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Considering that bipolar-8 ARs are the most common type
observed on the Sun (~65%; Jaeggli & Norton 2016), our sample
is dominated by this AR type.

The determination of the zero level of the line-of-sight (LOS)
velocity measurements requires taking the following effects into
account: (1) the LOS velocity of the observatory with respect to
the Sun (vPB2), (2) the large-scale flows (LSFs) on the solar sur-
face, including solar differential rotation and meridional circula-
tion, (3) the center-to-limb variation in the convective blueshift,
and (4) the gravitational redshift. For SDO, the value for v;pQ
was estimated by combining the keywords OBS_VR, OBS_VW, and
OBS_VN in the header of the HMI data files. Following Schuck
et al. (2016), the vo? in the helioprojective coordinate system
(6, ) is given by

vfgcs) = OBS_VW sin 6, sinys
— OBS_VNsin 6, cos i + OBS_VR cos 6,,, (1)

where these keywords provide information about the speed of
the observatory in the radial direction from the Sun (OBS_VR),
westward in the direction of Earth’s orbit (OBS_VW), and north-
ward in the direction of solar north (OBS_VN). Thompson (2006)
provides the conversion between coordinate systems.

An alternative method to account for effect (1) is based on
the HMI Doppler- and magnetograms to estimate the average
quiet-Sun velocity calculated from a region +15” around disk
center. Strong magnetic concentrations are avoided by masking
regions with |BLps| > 500 G. The good agreement between the
average quiet-Sun velocities and the velocity information taken
from the header of the data files can be gleaned from Fig. la,
which shows diurnal variations in the spacecraft velocity of up
to £3kms~'. The peak-to-peak amplitude and mean of the vy oo
change over the course of the year.

The correction for the LSFs (effect 2) has two components:
differential solar rotation (vyo,) and the surface meridional flow
(Vmer,)- We calculated their contribution at every pixel in our
maps based on its Stonyhurst heliographic coordinates latitude
and longitude (®, ®). The LOS component of these LSFs, for
6, ~ 0, is given by

VLSE, (@, ®)|LOS = [Vimed, (®)][sin By cos ® — cos By cos O sin O]

- [th@ (®) — VCarrington + Vsynodic] Cos B() sin (I),

@

where Vearington = 14.184 deg day~! is the Carrington rotation
rate, corresponding to a velocity of 1994.21 ms™! at the equator.
The Veynodic = 0.986 deg day‘1 is the mean orbital angular veloc-
ity of the observer to account for the synodic rotation between
the Sun and Earth. At the equator, Veynogic = 138.63m s7'. The
differential solar rotation is given by

Viot, (©) = (@ + bsin® © + csin* @) cos @ [ms™'], 3)
and the surface meridional flow is given by

Vier, (@) = (d sin @ + esin® @) cos®[ms']. (@)
The coefficients in Eqs. (3) and (4) are ¢ = 35.6ms™!, b =

-208.6ms™!, ¢ = —420.6ms™', d = 29.7ms™!, and ¢ =
—17.7ms™!, as obtained by Hathaway & Rightmire (2011). The

2 See Egs. (39a)~(39c¢) in Schuck et al. (2016) for observations taken
closer to the Sun (e.g., by Solar Orbiter), where the maximum value of
6,, which is obtained at the limb sin 6, = R,/ Do, is not negligible.
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contribution of the surface meridional flow is tiny and therefore
negligible. Figure 1b shows examples of the correction for dif-
ferential rotation for the bottom-left, center, and top-right pixels
within the field-of-view (FoV) for AR 12489. For comparison,
the green line shows the average quiet-Sun velocity within the
FoV. It should be noticed that this average is influenced by the
location of the sunspots within the AR inside the observed FoV,
which may change as they evolve and change shape over multi-
ple days.

To compensate for the center-to-limb variation in the con-
vective blueshift, we reconstructed the profile from Lohner-
Bottcher & Schlichenmaier (2013, their Fig. 2c) and shifted the
profile to match it with the convective blueshift value at disk
center as measured by the Laser Absolute Reference Spectro-
graph (LARS; Doerr 2015; Lohner-Bottcher et al. 2017). LARS
performed absolute wavelength-calibrated observations with a
resolving power of ~700000 at 6173 A, determining the con-
vective blueshift for the Fe16173.3 A line at disk center to
be —320ms~! (Stief et al. 2019). At HMI’s resolving power
of ~81 000, this value reduces to —275ms~' (Lohner-Bottcher
et al. 2019). Similar to Stief et al. (2019), we fit the center-to-
limb variation with a fifth-degree polynomial, given by

verv(w) = 134 — 1179u — 2029
+9112u° — 10409u* + 4096° [ms™'], 6))

where n = cos @ and 6 is the heliocentric angle. To correct for
this effect, we obtained the p values for all pixels inside the FoV
and subtracted the result of Eq. (5) from the v os. An example
of this correction, taken at the same three pixels inside the FoV,
is shown in Fig. lc.

The gravitational redshift is a relativistic effect and a direct
application of the equivalence principle for the light traveling
from the Sun to the Earth. The gravitational Doppler shift is
given by

Adg = AGmg/Roc® . vg = 636.03 [ms™], (6)

where all the constants have their nominal meanings.

Continuum images were corrected for limb darkening fol-
lowing the procedure explained in Castellanos Durdn & Kleint
(2020). To select the penumbra, we used the continuum images
and set the commonly used limits 0.5/4s < Jpenumbra < 0.97Is,
where Iy is the mean quiet-Sun intensity.

Due to the Evershed flow, the limb-side penumbra
is observed redshifted, while the center-side penumbra is
blueshifted. This pattern is reversed if a sector of the penum-
bra is carrying a CEF. A CEF appears blueshifted if it is located
on the limb-ward side and redshifted on the center side. When
searching for candidate CEFs, we added the constraint that
these events should appear in penumbrae and that the penum-
bral region should have an adjacent umbra. The second condi-
tion avoids orphan penumbrae that tend to show strong flows but
for which it is nontrivial to establish whether the flow direction
corresponds to the normal Evershed flow or not.

Candidate CEFs were found using the SOBEL edge-
enhancement and CANNY edge-detection algorithms, both imple-
mented in the Interactive Data Language IDL8. 3 (Exelis Visual
Information Solutions, Boulder, Colorado), to detect breaks in
the Dopplergrams within the penumbrae. In addition, we calcu-
lated the spatial gradient of vi os, where the position of the maxi-
mum gradient often outlines the CEF region very well. However,
this method sometimes failed, especially when the CEF was ori-
entated closely parallel to the direction of the closest limb. It is

15}

number of ARs
=

(3,

012345678 9101112131415
number of CEFs

Fig. 2. Number of CEFs per AR. The median value of CEFs per AR
is six. An overview of the 16 ARs without any CEF is presented in
Appendix A.

difficult to detect CEFs that are aligned within 10—15° of the
direction of the nearest solar limb (these flows are perpendic-
ular to the LOS and hence produce almost no Doppler shift).
We, therefore, must have missed between 5% and 10% of all the
CEFs in the studied ARs if we assume that CEFs are isotrop-
ically distributed. We additionally checked all sunspots within
the ARs, by visual inspection of videos that showed their tem-
poral evolution, for CEFs that were not identified by the method
described above.

We used the Solar Region Summary (SRS) provided by the
Space Weather Prediction Center (SWPC?) to determine param-
eters such as the NOAA AR number, the heliographic latitude
and longitude, the area of the AR, and the magnetic classifica-
tion of the AR. We completed the records for a few ARs that
were excluded from the SRS reports because they emerged on
the same day, but after the SRS reports were issued at 00:30 UT.

3. Results

We found CEFs in 81 out of the 97 ARs studied between 2011
July 30 and 2017 August 24. Figure 2 shows the distribution
of the numbers of CEFs per AR. The median number of CEFs
detected per AR is six. While eleven ARs presented just one
CEF, the peak is found at four CEFs, with fifteen ARs harbor-
ing that number. There are six ARs with ten or more CEFs, with
AR 11520 harboring fifteen CEFs (see Fig. B.69), the largest
number for any AR in our sample. Some CEFs also appear in
nests, that is to say, multiple CEFs are observed to form in the
same part of the penumbra of a given sunspot. In a few cases,
multiple CEFs were observed at the same time at different loca-
tions of the same sunspot. We observed that the occurrence of
CEFs depends neither on the size nor on the number of sunspots
belonging to an AR. Table C.1 summarizes the parameters of the
observations and the general properties of the hosting ARs, such
as the NOAA AR, the date and time, the total duration of the
observation, the size of the FoV, the median latitude of the AR,
the start and end longitude of the considered observations of the
AR, and the magnetic classification of the AR on all the days it
was observed.

Four examples of CEFs are shown in Fig. 3 (from left to
right): the continuum image of the whole AR and a zoomed

3 https://www.swpc.noaa.gov/
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Fig. 3. Examples of CEFs not associated with light bridges (nLB-CEFs)
found in four ARs. In every row, the left-most map is the continuum
image of the whole AR, and the three next maps present a close-up of
the region surrounding the CEF. From left to right they are: the con-
tinuum image, the Dopplergram clipped at +2kms™', and the mag-
netogram clipped at +1.5kG. Arrows point toward disk center. The
magnetic classification of the AR and the time of the observation are
shown at the top-left and bottom-left of each row.

in view of three regions of interest showing three quantities,
I, vios, and By ps. Counter Evershed flows generally appear as
elongated structures that, depending on their location, are either
redshifted (Fig. 3; two top rows) or blueshifted (Fig. 3; two bot-
tom rows). All the CEFs found in this study are presented in
Figs. B.1-B.81. Each figure groups all CEFs harbored within
one AR. The layout of these figures is the same as in Fig. 3.

We find that CEFs can be categorized into two different
groups. The first type are CEFs associated with light bridges:
Such CEFs originate in a light bridge or in a penumbral intru-
sion (i.e., a partial light bridge) and extend into the penumbra
with an opposite flow direction compared to that of the adja-
cent penumbra. We label these CEFs as “LB-CEFs.” Four exam-
ples of such LB-CEFs are plotted in Fig. 4. The second type are
CEFs that are completely embedded in the penumbra, labeled as
“nLB-CEFs” (non-light bridge CEFs; Fig. 3). Both types of
CEFs are almost equally common in our sample: 198 (51.6%)
nLB-CEFs versus 186 (48.4%) LB-CEFs.

Counter Evershed flows appeared in all magnetic types of
ARs: ranging from simple @ ARs to the more complex § ARs.
Similarly, the few ARs not harboring any CEF also show many
complexity categories. The examples of CEFs presented in
Figs. 3 and 4 indicate the magnetic classification just above
the leftmost image of each row, illustrating the large variety of
ARs where CEFs appeared. There is no clear dependence of the
occurrence of CEFs on the complexity of the AR. Both types of
CEFs appear in all magnetic classes.
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Fig. 4. Examples of four CEFs associated with light bridges (LB-CEFs);
same layout as Fig. 3.
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The 81 ARs that hosted CEFs were observed for a total
of ~1000 days. The percentage of days on which CEFs are
observed does seem to depend on the magnetic complexity of
an AR. For the simplest regions (i.e., @ regions), CEFs are visi-
ble on only 8% of all days. This increases to roughly one-third of
all days for 8 and By regions and finally becomes slightly more
than 50% for the By¢ regions.

We did not observe CEFs in 16 ARs (16.5%), all but one
of which contained only a single sunspot. The magnetic clas-
sification of these ARs is dominated by the simple class, «
(51.8% of all days these regions were observed). In 39.3% of
those observed days, the ARs without CEFs appear in 8 con-
figuration, 7.1% in By, and 1.8% in 6. Figure A.1 shows the
continuum images of all the ARs without CEFs. The sunspots
within these ARs share a similar roundish morphology and are
all rather small, with a diameter smaller than 40”’. The details of
these ARs, as well as their evolution through different magnetic
classes, are summarized in the top part of Table C.1.

The lifetimes of the CEFs found in the literature range from
1h to approximately 12h (e.g., Louis et al. 2014, 2020; Siu-
Tapia et al. 2018). Figure 5 presents the histogram of the life-
times of the CEFs from our study. The median and average life-
time of CEFs are 10. 6+é204 h and 13.5h, respectively. The total
lifetime distribution is reasonably well reproduced by a log-
normal function given by

)

1 2
flog—normal(t) = _[ n(t/o)) ] ,

n
ex
EN2nt p[ 282
where = 780.6 + 0.6, { = 11.6 £ 0.4, and ¢ = 0.8 = 0.03.
The peak in the lifetime distribution is found at around ~7 h, and
85.1% of CEFs have a lifetime shorter than 1 day. The previ-
ously reported lifetimes of CEFs fall close to the median value,
including the MHD-simulated CEF that vanishes after ~10h
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Fig. 5. Lifetime of CEFs. The maximum is ~7h, and the median is
10.6*124h. Colors mark nLB-CEFs (dark blue) and LB-CEFs (light
blue). Thick lines show the best fit of a log-normal function (Eq. (7)) to
the distributions of nLB-CEFs (dark blue), LB-CEFs (light blue), and
the whole sample (green line). The cumulative curve is shown in black.

(Siu-Tapia et al. 2018). On average, we found a CEF in 5.9%
of the mean total duration of the observations of an AR (see the
bottom x-axis in Fig. 5).

In Fig. 5 we differentiate between nLB-CEFs (dark blue) and
LB-CEFs (light blue). The mean lifetime of LB-CEFs is 3.5h
longer (15.4 + 10.1 h compared to 11.9 + 9.3 h). In addition, the
lifetime of CEFs does not depend on the magnetic classification
of the AR (not shown).

We found a slight positive trend between the lifetime of
CEFs and the total area of the AR but with a large scatter, so the
trend is not statistically significant at the 10~ confidence level. In
addition, ARs are usually formed by a group of many sunspots
(e.g., Mandal et al. 2021), while CEFs often appear in just one
of the sunspots within the AR. Therefore, we divided the total
area of the AR by the number of visible sunspots belonging to
the AR. The scatter remains large. The slight positive trend is
enhanced but still not statistically significant.

Most of the CEFs appear as elongated structures, with the
By os values being lower than in the surrounding penumbra and
sometimes even of opposite magnetic polarity (see for example
Fig. 4, cf. Lim et al. 2020). As we used LOS magnetograms
for this study, this polarity statement is only reliable for CEFs
located at p values larger than ~0.8. From the 181 CEFs fulfill-
ing this criterion, ~42% are of opposite polarity compared to the
surrounding penumbra (38/91 nLB-CEF versus 38/90 LB-CEF).

4. Summary and conclusions

We have presented the first statistical survey of CEFs in a sample
of 97 ARs. We tracked the ARs for 9.6 + 1.4days on average
using the continuous observations by SDO/HMI. We report the
appearance of 384 CEFs in 83.5% of the ARs. Counter Evershed
flows were observed in all magnetic types of the ARs cataloged,
from @ and S8 to Byd. The number of CEFs produced by an AR
ranges from one to fifteen, with a median value of six CEFs per
AR.

We distinguished two populations of CEFs, one associ-
ated with light bridges and the other not. The two populations
are almost equal in size, and approximately two-fifths of the
CEFs within these two populations are of opposite polarity with

respect to the surrounding penumbra. Given that not all sunspots
have light bridges and that the light bridges take up only a small
part of the sunspot, we conclude that light bridges provide favor-
able conditions for the formation of CEFs. The LB-CEFs have
slightly longer lifetimes, but the separation of these two popula-
tions based on their lifetimes is not statistically significant.

Almost all the CEFs in our sample are long and narrow. We
could not find another example as broad (i.e., covering such a
large penumbral segment) as the CEF reported by Siu-Tapia et al.
(2017). These results enhance the uniqueness of AR 11930 and
its CEF (Siu-Tapia et al. 2019).

The paucity of reports in the literature of ARs associated
with CEFs suggests that this might be a rather rare phenomenon.
However, in this survey we have shown that almost all ARs of
all magnetic types harbor CEFs. The reason for this seeming dis-
crepancy most likely lies in the fact that CEFs are narrow and
can easily be missed. Additionally, the average lifetime of CEFs
is rather short compared to the total duration of the observa-
tion. The ratio between these two quantities highlights the obser-
vational difficulty of detecting CEFs (see the bottom x-axis in
Fig. 5): we needed to continuously track the ARs for, on aver-
age, 9.6 + 1.4 days to detect six CEFs in an AR (median value).
From our findings, we expect to only see a CEF during an aver-
age of 5.9% of the mean total duration of the observation of an
AR. Therefore, to detect CEFs, uninterrupted and stable time
series of continuum images and Doppler velocity observations
are required. These requirements had not been met until obser-
vations became available from space, in particular by HML.

In this survey we have shown that CEFs are far more com-
mon than the few cases reported in the literature would suggest.
We find that ~85% of ARs harbor at least one CEF, and typi-
cally six, over the course of their lifetimes. However, only HMI
provides the uninterrupted, stable, and relatively high-resolution
velocity measurements needed to identify a high fraction of
CEFs. Based on the probability found in this study, the Japanese
solar mission Hinode (Kosugi et al. 2007) should have observed
more CEFs than those found in the current literature. A quick
and simple search in the archive of the Spectro-Polarimeter (SP)
instrument (Ichimoto et al. 2008) revealed 18 CEFs, indicating
that the estimates for the occurrence of CEFs derived in this
study are reasonable. The regions harboring CEFs observed by
Hinode/SP were classified from « to d, and the CEFs belong-
ing to the two categories (LB-CEFs and nLB-CEFs) are roughly
equal in number, consistent with the results reported in this
Letter.

The Polarimetric and Helioseismic Imager (PHI; Solanki
et al. 2020) on board Solar Orbiter (Miiller et al. 2020) will allow
us to track individual ARs for longer periods of time thanks to
the partial corotation of the spacecraft with the Sun near its peri-
helion and the possibility of combining measurements from PHI,
Hinode/SP, and HMI. Such measurements will allow us to accu-
rately measure the flow velocity and the magnetic and thermo-
dynamic conditions inside CEFs.
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Appendix A: ARs without CEFs

Counter Evershed flows appear to be a more common phe-
nomenon than previously conceived. We were able to detect
CEFs in all but 16.5% of the ARs in our sample. Continuum
images of the 16 ARs without CEFs are presented in Fig. A.1.
Most of these ARs are composed of just one sunspot. The top
part of Table C.1 summarizes the general characteristics of the

ARs without CEFs.

AR 12670 AR 12664 AR 12600 AR 12574 ’
e
AR 12526 AR 12341 AR 12227 AR 12218
- | i
- - - *
AR 12186 AR 12151 AR 12107 AR 12032
40 m
5 20 ’
2 : .
17} - 4
g ° - ’
> -20 . s
-40| AR 11931 AR 11692 AR 11582 AR11312

-40 -20 0 20 40

X (arcsec)

Fig. A.1. Continuum images of the ARs without CEFs. Images were

taken when the ARs were close to disk center.
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Appendix B: All CEFs

All the CEFs found in this study are presented in Figs. B.1-B.81.
Each figure groups all the CEFs found per AR. Figures are
in reverse chronological order, going from 2017 to 2011. The

Continuum image Continuum image 2
(whole AR)
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VLosékm/s) _1'5 0'505 (kG)

(ROI)

16 Aug 2017 21:24 107
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19 Aug 2017 05:00 10°

Contmuum image Continuum image 2

‘@ (
+2km/s F1.5kG 17 Aug 2017 04: 00
‘@wkc 19 Aug 2017 12: 36

layout is the same as in Fig. 3. We remark that CEFs are dis-
played at the time closest to their maximum contrast with respect
to their surroundings in the LOS velocity maps. Hence, for a few
cases, the association with light bridges and the LB-CEFs are
buried.
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Fig. B.1. AR 12671 followed for 8.6 days from 16-Aug-2017 starting at 06:12 UT.
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Fig. B.2. AR 12665 followed for 9.4 days from 7-Jul-2017 starting at 12:00 UT.
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Fig. B.3. AR 12599 followed for 9.2 days from 5-Oct-2016 starting at 00:00 UT.
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Fig. B.4. AR 12585 followed for 9.4 days from 1-Sep-2016 starting at 00:36 UT.
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Fig. B.5. AR 12576 followed for 6.4 days from 10-Aug-2016 starting at 14:36 UT.
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Fig. B.6. AR 12565 followed for 8.7 days from 14-Jul-2016 starting at 17:00 UT.
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Fig. B.7. AR 12567 followed for 10.6 days from 12-Jul-2016 starting at 19:00 UT.
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Fig. B.8. AR 12542 followed for 8.1 days from 5-May-2016 starting at 21:00 UT.
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Fig. B.9. AR 12529 followed for 9.2 days from 9-Apr-2016 starting at 08:00 UT.
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Fig. B.10. AR 12489 followed for 8.9 days from 26-Jan-2016 starting at 00:00 UT.
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Fig. B.11. AR 12483 followed for 8.6 days from 8-Jan-2016 starting at 10:36 UT.
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Fig. B.12. AR 12480 followed for 9.4 days from 7-Jan-2016 starting at 13:36 UT.
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Fig. B.13. AR 12470 followed for 10.9 days from 13-Dec-2015 starting at 21:36 UT.
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Fig. B.14. AR 12381 followed for 10.7 days from 5-Jul-2015 starting at 06:12 UT.
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Fig. B.15. AR 12371 followed for 9.6 days from 17-Jun-2015 starting at 05:00 UT.
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Fig. B.16. AR 12339 followed for 10.3 days from 6-May-2015 starting at 08:12 UT.
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Fig. B.17. AR 12321 followed for 9.1 days from 13-Apr-2015 starting at 05:12 UT.
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Fig. B.18. AR 12324 followed for 9.0 days from 14-Apr-2015 starting at 23:12 UT.
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Fig. B.19. AR 12325 followed for 9.4 days from 15-Apr-2015 starting at 06:24 UT.
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Fig. B.21. AR 12282 followed for 10.5 days from 8-Feb-2015 starting at 23:24 UT.

14 Feb 2015 15:48
n=0.43

- LB-CEF

18 Feb 2015 18:12

L1, page 15 of 38


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=25
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=26
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=27

A&A 651, L1 (2021)
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Fig. B.22. AR 12277 followed for 10.2 days from 30-Jan-2015 starting at 02:48 UT.
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Fig. B.23. AR 12268 followed for 10.6 days from 22-Jan-2015 starting at 21:48 UT.
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Fig. B.24. AR 12259 followed for 11.6 days from 8-Jan-2015 starting at 13:24 UT.
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Fig. B.25. AR 12257 followed for 6.8 days from 6-Jan-2015 starting at 13:36 UT.
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Fig. B.26. AR 12241 followed for 8.8 days from 15-Dec-2014 starting at 03:12 UT.
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Fig. B.27. AR 12237 followed for 8.2 days from 13-Dec-2014 starting at 23:00 UT.
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Fig. B.28. AR 12236 followed for 10.0 days from 12-Dec-2014 starting at 02:00 UT.
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Fig. B.29. AR 12230 followed for 7.4 days from 8-Dec-2014 starting at 15:00 UT.
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Fig. B.30. AR 12222 followed for 8.8 days from 27-Nov-2014 starting at 20:00 UT.
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Fig. B.31. AR 12216 followed for 9.6 days from 21-Nov-2014 starting at 00:24 UT.
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Fig. B.32. AR 12209 followed for 9.9 days from 15-Nov-2014 starting at 18:12 UT.
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Fig. B.33. AR 12187 followed for 10.2 days from 12-Oct-2014 starting at 21:00 UT.
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Fig. B.34. AR 12178 followed for 10.4 days from 28-Sep-2014 starting at 02:36 UT.
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Fig. B.35. AR 12175 followed for 6.2 days from 24-Sep-2014 starting at 19:48 UT.
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Fig. B.36. AR 12172 followed for 8.3 days from 22-Sep-2014 starting at 12:00 UT.
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Fig. B.37. AR 12158 followed for 10.6 days from 5-Sep-2014 starting at 18:36 UT.
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Fig. B.38. AR 12149 followed for 10.5 days from 22-Aug-2014 starting at 07:12 UT.
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Fig. B.39. AR 12146 followed for 10.6 days from 17-Aug-2014 starting at 12:00 UT.
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Fig. B.40. AR 12135 followed for 10.4 days from 6-Aug-2014 starting at 10:48 UT.
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Fig. B.41. AR 12109 followed for 11.1 days from 3-Jul-2014 starting at 03:24 UT.
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Fig. B.42. AR 12108 followed for 9.9 days from 2-Jul-2014 starting at 06:24 UT.
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Fig. B.43. AR 12085 followed for 7.1 days from 6-Jun-2014 starting at 11:24 UT.
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Fig. B.44. AR 12082 followed for 8.2 days from 5-Jun-2014 starting at 08:24 UT.
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Fig. B.45. AR 12080 followed for 8.8 days from 4-Jun-2014 starting at 19:24 UT.
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Fig. B.46. AR 12056 followed for 10.5 days from 6-May-2014 starting at 21:48 UT.
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Fig. B.47. AR 12055 followed for 10.2 days from 6-May-2014 starting at 01:48 UT.
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Fig. B.48. AR 12049 followed for 10.9 days from 27-Apr-2014 starting at 22:12 UT.
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Fig. B.49. AR 12034 followed for 9.6 days from 11-Apr-2014 starting at 09:00 UT.
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Fig. B.50. AR 12005 followed for 10.5 days from 13-Mar-2014 starting at 02:00 UT.
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Fig. B.51. AR 11976 followed for 11.4 days from 9-Feb-2014 starting at 03:12 UT.
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Fig. B.52. AR 11960 followed for 11.4 days from 19-Jan-2014 starting at 03:00 UT.

L1, page 25 of 38


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=56
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=57
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141159&pdf_id=58

A&A 651, L1 (2021)

Continuum image Continuum image _, _Jios {km/s) s o9 Bios k@) _ continuum image Continuum image _
(whole AR) (ROI) [ s ] . 5 (whole AR) (ROI)
u=0.76,
By— nLB-CEF ., Y= nLB-CEF .7

t2km/s 71.5kG 4 Jan 2014 11 48

5 Jan 2014 00:36

p1d ~ nLB-CEF .7

5Jan 2014 10:24 ” +2km/s *1.5kG 6 Jan 2014 02:24

u=0.98
BYS — nLB-CEF . - /
8 Jan 2014 07:36 107 *2km/s $1.5kG 9 Jan 2014 16:24
1=0.88 .
Byd — nLB-CEF .. Y0 — nLB-CEF iy
i oo e
9 Jan 2014 17:48 107 F2km/s 1. 5kG 10 Jan 2014 08:36

BYS — LB-CEF

“‘

e

10 Jan 2014 08:48 107 F2km/s 71.5kG 10 Jan 2014 15:36

Fig. B.53. AR 11944 followed for 8.3 days from 3-Jan-2014 starting at 22:12 UT.
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Fig. B.54. AR 11899 followed for 10.8 days from 13-Nov-2013 starting at 07:48 UT.
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Fig. B.55. AR 11893 followed for 10.5 days from 8-Nov-2013 starting at 12:36 UT.
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Fig. B.56. AR 11890 followed for 6.5 days from 4-Nov-2013 starting at 12:00 UT.
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Fig. B.57. AR 11877 followed for 10.5 days from 19-Oct-2013 starting at 15:00 UT.
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Fig. B.58. AR 11875 followed for 10.7 days from 18-Oct-2013 starting at 00:00 UT.
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Fig. B.59. AR 11861 followed for 8.1 days from 9-Oct-2013 starting at 22:48 UT.
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Fig. B.60. AR 11818 followed for 9.2 days from 11-Aug-2013 starting at 10:00 UT.
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Fig. B.61. AR 11734 followed for 10.0 days from 1-May-2013 starting at 01:00 UT.
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Fig. B.62. AR 11711 followed for 10.7 days from 31-Mar-2013 starting at 01:48 UT.
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Fig. B.63. AR 11654 followed for 10.0 days from 8-Jan-2013 starting at 15:00 UT.
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Fig. B.64. AR 11640 followed for 7.7 days from 30-Dec-2012 starting at 02:00 UT.
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Fig. B.65. AR 11623 followed for 11.1 days from 28-Nov-2012 starting at 00:12 UT.
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Fig. B.66. AR 11598 followed for 11.1 days from 22-Oct-2012 starting at 00:00 UT.

Continuum image Continuum image _, VLOSékm/s) 21509263 BoskG)
(whole AR) (ROI) . 1
1=0.68
By - nLB-CEF ./

20 Oct 2012 16:12 10 +2km/s

Fig. B.67. AR 11596 followed for 11.1 days from 18-Oct-2012 starting at 18:48 UT.
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Fig. B.68. AR 11543 followed for 11.0 days from 8-Aug-2012 starting at 00:24 UT.
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Fig. B.69. AR 11520 followed for 8.0 days from 8-Jul-2012 starting at 18:12 UT.
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Fig. B.70. AR 11515 followed for 10.5 days from 27-Jun-2012 starting at 20:36 UT.
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Fig. B.71. AR 11513 followed for 11.3 days from 26-Jun-2012 starting at 17:12 UT.
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Fig. B.72. AR 11504 followed for 11.3 days from 9-Jun-2012 starting at 10:24 UT.
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Fig. B.73. AR 11476 followed for 8.0 days from 8-May-2012 starting at 00:00 UT.
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Fig. B.74. AR 11460 followed for 8.5 days from 16-Apr-2012 starting at 19:24 UT.
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Fig. B.75. AR 11384 followed for 11.4 days from 20-Dec-2011 starting at 03:36 UT.
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Fig. B.76. AR 11339 followed for 11.6 days from 2-Nov-2011 starting at 10:00 UT.
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Fig. B.77. AR 11330 followed for 10.1 days from 22-Oct-2011 starting at 16:36 UT.
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Fig. B.78. AR 11314 followed for 8.7 days from 11-Oct-2011 starting at 11:36 UT.
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Fig. B.79. AR 11302 followed for 11.1 days from 23-Sep-2011 starting at 05:24 UT.
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Fig. B.80. AR 11289 followed for 10.3 days from 8-Sep-2011 starting at 06:12 UT.
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Fig. B.81. AR 11263 followed for 9.5 days from 30-Jul-2011 starting at 00:12 UT.
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How rare are counter Evershed flows?

J. S. Castellanos Duran et al
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