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Abstract. We have studied two regions located at
the base of a coronal hole. For the K; intensity minima
and K, peaks, which form between the upper photo-
sphere and the lower chromosphere and in the lower
chromosphere respectively, a number of Ca Il line pa-
rameters have been computed. We have improved the
determination technique for Ay, Ahkir, Ahkay, Alkor
line profile shifts, including certain cases when their
direct determination was complicated. We have deter-
mined Iy, lkirn lkov, lkor intensities, K; minima and K,
peak separations SEPk1=AAki~Alki, SEPko=Alkor—
Aoy respectively. We have constructed scatter plots
and have computed correlation relationships between
parameters relating to different levels of the atmosphere.

We have obtained the following results.

The intensities observed in the lower and middle
chromosphere are connected closer than intensities re-
lated to the upper photosphere and middle chromo-
sphere.

The structures with a stronger magnetic field are
brighter at the upper photosphere and lower chromo-

sphere levels as compared to the structures with a weak-
er magnetic field.

K; minima separations are of greater value for the
structures with a stronger magnetic field relative to the
structures with a weaker magnetic field, whereas K,
peak separations demonstrate the opposite behavior.
They are lower for the structures with a stronger mag-
netic field. It is true not only for the chosen structures
belonging to quiet regions but also for the plage, though
we need additional statistics for plages.

The relation between shifts of K; minima and K,
peak intensities for violet and red wings appeared to be
weak. This may be due to the considerable contribution
of random movements to the velocity field at the upper
photosphere and lower chromosphere levels or due to
different forming levels for the profile violet and red
wings.

Keywords: photosphere, chromosphere, K Ca Il line
profiles.

INTRODUCTION

In our previous work [Turova et al., 2018], hereinaf-
ter referred to as Paper I, we have shown that for the
regions S25W17 and S25W12 we studied there is a sig-
nificant correlation between intensities in the center and
wings of the K Ca Il line. This conclusion follows from
the comparison between parameters of the K line pro-
file, which belong to the K; and K, features formed at
heights of the middle and lower chromosphere respec-
tively. Also of interest in this context are K line intensi-
ty minima — the K; features formed at heights between
the upper photosphere and the lower chromosphere.
Paper | has not examined these features because of un-
reliability of their computer identification. We have
changed the determination technique for the K; and K,
features.

The purpose of this work is to complement our pre-
vious research by studying the correlations for K; and
K, features identified using the improved technique, and
also to involve a number of other correlations not in-
cluded in Paper 1.

1. OBSERVATIONS AND
DATA REDUCTION

Observations used in this paper have been described
in Paper | and in [Grigoryeva et al., 2016]. Chromo-
spheric structures were identified from the central inten-
sity of the K Ca Il line. Figure 1, a, b, taken from Paper
I, shows the variation of the time averaged central inten-
sity of the K line along the spectrograph slit for
S25W17 and S25W12. The regions are located at the
base of a coronal hole. The chromospheric structures
investigated in Paper | (see also [Teplitskaya et al.,
2006; Grigoryeva et al., 2016]) are denoted by letters
and numbers. The selected chromospheric structures are
designated as follows:

«n» — bright network structures («network»);

«ne» — an enhanced network;

«» — dark internetwork structures («internet-
worky);

«b» — a plage;

«p» — a structure with low brightness, which is ob-
served in frames of one of the two series;

«f» — areas on boundaries of the selected structures;
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Figure 1. Time averaged intensity lx; along the spectro-
graph slit: S25W12 (a); S25W17 (b). The selected chromo-
spheric structures are denoted by letters and numbers. The gray
vertical strip is a thread stretched across the spectrograph slit

«x» — structures with intermediate brightness,
which do not belong to the above structures.

At each point of space, for the selected structures we
constructed K Ca Il line profiles. The line profile parame-
ters of interest were calculated in an IDL code. All shifts
in wavelength were calculated with respect to the nomi-
nal center of the K Ca Il line. Wavelength calibration was
performed using the FTS atlas [Brault, Neckel, 1987]. For
several (10-12) reference lines identified in the spectrum
and in the atlas, we calculated line centers and performed
polynomial fitting of pixel numbers with wavelengths.
The K Ca Il line nominal center thus calculated was used
as the zero point of the wavelength scale.

1.1. Improvement of the determination tech-
nique for K; and K,

The K Ca Il line profiles observed in the quiet chro-
mosphere not always have pronounced K, peaks and K;
minima in contrast to profiles of the enhanced network and
plages. Figure 2, a illustrates a K line profile with pro-
nounced K, peaks and K; minima. This profile pertains to
the chromospheric structure with enhanced brightness.
The K, and K; features for such profiles are found quite
simply in IDL.

A different situation arises with the profiles such as
in Figure 2, b.

This profile is associated with one of the dark struc-
tures of S25W17 (internetwork «c1»). There are no K,
peaks there. Instead of them there are small features with a
less steep intensity variation, which resemble short plateaus

11

0,034 T T T T T T T T 1T
0,032

0,03
0,028
0,026
0,024

0,022

I W cm-2 ster-1A-1

0,02

0,018

0,016 1 | | 1 1 | 1 1 1
-05-04-03-02-01 0 01 02 03 04

AN, A

0,036
0,034
0,032

0,03
0,028
0,026
0,024
0,022

0,02
0,018

0,016
0’014 1 1 1 1 1 1 | | 1
-05-04-03-02-01 0 01 02 03 04 05

AN, A
Figure 2. K Ca Il line profiles in S25W17: for the chro-

mospheric structure with enhanced brightness (a); for the in-
ternetwork "c1" (b)
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against a steep variation in the wing intensity. There are
also profiles with almost monotonous intensity variation
throughout the wing. We observed such reversal-free
profiles in S25W12; they are described in Paper I. In such
cases, we can speak of the location of the K; and K, fea-
tures only under some assumptions. Nonetheless, we
need information on these features to find the relationship
between them and those profile features that are formed
at other heights in the atmosphere.

In Paper I, we have already pointed out the difficul-
ties related to computer processing of profiles with faint
peaks. The IDL code used in Paper I could not always
cope with calculations in K; and K,. In those cases, we
had to change the algorithm to fit it to each individual
profile. This way is of little use for processing a large
amount of observational data. To date, we have modi-
fied the algorithm, which allowed us to work with a
uniform approach when processing the profiles with
faint peaks.

Testing has shown that the most accurate result in
determining the location of K; and K, can be obtained
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when using the second derivative of the K line intensity
— d?/d(AL)%. Grossmann-Doerth et al. [1974] em-
ployed the derivatives d?I/d(AL)? for the same purpose,
but the authors only briefly mentioned this in their pa-
per, without describing the technique.

Using this approach involves two steps.

Step I. Search for extrema of the K Ca Il intensity
I(AL) corresponding to K; and K, in a given wavelength
range. The search range is set close to the mean value of
Ak, we have obtained in Paper I, which is = 0.21 Ain
the violet and red wings for both regions.

Step 1. If under search conditions, the first step does
not work, as the location of K, and K; we take values of
£+ 0.21 A and + 0.30 A respectively. The value Aly;
~0.30 A often characterizes two-peak profiles in a quiet
region for which it is readily determined in IDL (e.g.,
our Figure 2, a). It is also known from the literature
(see, e.g., [Liu, 1974, Table; Jensen, Orral, 1963, Fig-
ures 3, 7; Grossmann-Doerth et al., 1974]).

To implement Step I, we find the second derivative
d?I/d(AL)?. We adopt the DERIV procedure from the
IDL library, which performs numerical differentiation
through three-point, Lagrangian interpolation. The line
profile is set in the range AA== 0.5 A and includes 101
points with a step of 0.01 A (see Figure 2, a, b).

For this problem it is convenient to use values of the
derivative d?I/d(AL)? although when describing a tech-
nique it is sometimes more convenient to use curvature
k, which reproduces the behavior of d?/d(AL)* and nu-
merically differs from it by less than 1 %. Our goal is to
find the points at which |d2l/d(AL)? on a given range AL
reaches its maximum value provided that between these
points d?I/d(AL)? changes sign. In other words, we ob-
serve a transition from the concave intensity curve to the
convex one if we consider each wing in the direction
from AA=% 0.5 A to the line center.

In the violet wing, the behavior of d?I/d(AL)? is ana-
lyzed in the range AA=(-0.27+-0.16) A. In the red wing,
the behavior of d2l/d(AA)? is analyzed in the range
AA=(0.16+0.30) A. The maximum value of d?I/d(AL)? in
these ranges AA indicates a point identified with the loca-
tion of a K; minimum. The minimum value of d?I/d(AL)?
indicates a point that corresponds to the location of a K,
peak.

Figure 3 presents the result of computations for the
red wing of the profile illustrated in Figure 2, b. The
blue line shows the intensity I1(AAL) in the search range;
the green line depicts the behavior of the second deriva-
tive.

The minimum value of d2I/d(AL)? is at AL = 0.22 A,
which corresponds to the K, location. Maximum
d?I/d(AL)? is at AA=0.25 A and indicates the Ky loca-
tion.

Applying this method to profiles with faint peaks has
shown that the method has a relatively high sensitivity to
slight intensity variations in the line wing. For example,

at the curvature k ~|0.2| a picture similar in quality to

Figure 3 may emerge, but at such small k this bending
cannot be considered as a peak. For a weak peak we take
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Figure 3. Result of determination of K; and K, positions
for the red wing of the K line profile shown in Figure 2, b.
Blue color is the intensity, green color is the second derivative
of the intensity in the search range. Vertical lines show K; and
K, locations

awing part such that k >|0.8|. An example of this profile

can be the profile in Figure 2, b. If in both wings of the
profile the given condition is not valid, the profile is con-
sidered reversal-free.

Notice that profiles with well-defined peaks often
have a larger distance between K, and K; features than
those with faint peaks. We can see this, for example,
when comparing the profiles depicted in Figure 2, a, b.
So, in Figure 2, a the difference between Aly, and Ak
is approximately ==+ 0.08 A, whereas in Figure 2, b it is
~+0.03 A.

2. CORRELATIONS
BETWEEN INDIVIDUAL PROFILE
PARAMETERS

We have explored possible relationships between the
following parameters:
Ik, lkir — intensities of the violet and red
minima respectively;
Ahgiy and Al — shifts of the Ky, and Ky,
minima with respect to the nominal line center;
lov, lkar — intensities of the violet and red

[ ]
peaks;

e Alkyy and Alky — shifts of the K,, and Ky,
peaks with respect to the nominal line center;
lxz — a minimum intensity in the line center;

Ak — a shift of the K3 minimum along the wave-
length axis with respect to the nominal line center;
SEPk; — the separation of K; minima equal to
Alki—AAkay;

SEPk, — the separation of K, peaks equal to
A7\4k2r_A}\4K2v-

Mean values of the parameters are listed in Table.
For all possible combinations of pairs of these parame-
ters we constructed scatter plots, calculated mean corre-
lation coefficients, and also built histograms showing
how the parameter values are distributed for different
chromospheric structures. Figures 4-6 give typical ex-
amples of scatter plots for some pairs of parameters.
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Mean parameter values. Shifts AA and separations SEP of peaks are given in km/s

S25W12
Ahgyr | Ahkay | Ahior | Adkay | Ahks | lkar lkiv Ikar Ikov lks | SEPk:1 | SEPk
«» | 196 | -21.4|16.0 |-16.0 0.1 0.025 | 0.026 | 0.025 | 0.027 | 0.017 | 41.0 32.1
«n» | 208 | -235 | 158 | -16.1 | -0.3 | 0.027 | 0.028 | 0.028 | 0.029 | 0.020 | 44.3 31.9
«b» | 316 | -33.6|154 |-126| 2.3 | 0.033 | 0.033 | 0.043 | 0.049 | 0.034 | 65.2 28.0
«» 1199 | 229|153 |-164 | 0.7 0.027 | 0.027 | 0.027 | 0.028 | 0.019 | 42.7 31.7
«X» | 188 | -21.2 | 151 |-16.1|-0.6 | 0.025| 0.026 | 0.025 | 0.026 | 0.018 | 40.0 315
«p» | 185 | -17.7 | 153 | -15.2 | 0.9 0.023 | 0.022 | 0.022 | 0.021 | 0.014 | 30.1 27.4
S25W17
Ahkyr | Ahkay | Ahgor | Ahkoy | Ahks | lkar Ik Ikar Ikav lks | SEPk; | SEPk;
«» | 185 | -21.3|154 |-170|-1.1 0.024 | 0.024 | 0.024 | 0.024 | 0.015 | 39.8 32.4
«n» | 193 | -21.8 | 1563 | -15.2 | -0.2 | 0.025 | 0.026 | 0.025 | 0.027 | 0.018 | 41.1 30.5
«b» | 31.3 | -34.0|13.7 |-128 | 0.8 | 0.032 | 0.032 | 0.047 | 0.051 | 0.037 | 65.3 26.5
«f» | 195 | 222|153 | -16.2 | 0.6 0.025 | 0.026 | 0.026 | 0.027 | 0.018 | 41.7 314
«X» | 18.2 | -20.0 | 155 | -15.8 | -0.5 0.024 | 0.024 | 0.024 | 0.025 | 0.016 | 38.2 314
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Figure 4. Scatter plots of intensities associated with various features of the K Ca Il line profile formed at different heights of
the solar atmosphere in S25W17 and S25W12. Color marks isolated chromospheric structures: black — for the «c» structure;
blue — for «n»; red — for «by». Crosses indicate mean distribution values of «c» (white cross), «n» (dark-gray cross), «b» (light-
gray cross). Intensities are given in the same units as in Figure 1
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Figure 5. Scatter plots of shifts of different features of the K Ca II line profile. AXA is in angstroms. Designations are the same
as in Figure 4
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Figure 6. Scatter plots for separations of K; minima and K, peaks. Designations are the same as in Figure 4. The separations

are given in angstroms

Detailed examination of the results is easier to make
by dividing the parameters into three groups: intensities,
shifts of peaks and minima, separation of K;minima and
K, peaks.

Intensities. We can note a high correlation between
Ik1y and Iy, (see Figure 4 @, b), with the highest correla-
tion in the plage and internetworks of the two regions.
This correlation is expected because K; minima appear at
close heights. Nevertheless, they are lower than the ex-
tremely high correlations obtained for the intensities in
the corresponding wings at the K; and K, formation lev-
els for the internetwork and network (Figure 4, c, d). The
correlations between lx; and Iy, are approximately equal
for the violet and red wings (those for the violet wing are
not shown). A lower correlation between ly; and I, has
been found for the plage from S25W17 (0.47 for the red
wing and 0.38 for the violet one). Much lower correla-
tions are observed for the intensities at the K; and Kj
levels (Figure 4, e, f). For the S25W17 plage the intensity
correlations at the K; and Kj; levels are close to zero
(~0.05). Intensity correlations at the K; and Kj levels for
all selected structures are lower than those at the K, and
Ks levels (Figure 4, g, h).

Shifts of peaks and minima. We have found that the
correlation between locations of K; minima in the violet
and red wings is low (Figure 5, a), as well as the corre-
lation between locations of K, peaks in the violet and
red wings (Figure 5, b). Both for K; minima and for K,
peaks a higher correlation occurs in «c» and «n» struc-
tures. The correlation between locations of K; minima
and the location of the Kz minimum is also low (Figure
5, ). The correlation between positions of K, maxima
and the K3 minimum for all the structures is higher than
that for K; minima (Figure 5, d).

Locations of K; minima correlate with positions of
corresponding K, peaks (Ky, and K,,, K;; and Ky) (hot
shown). They are especially high in the red wing for «c»
structures (r.>0.70 for S25W17), «x» structures with
intermediate brightness (r.~0.80 for S25W17), and, sur-
prisingly, for the «p» structure with reduced brightness
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(r,> 0.80). The last result cannot be considered reliable
because of the reversal-free profiles of the «p» structure.
Cross-correlations, for instance, between locations of
the violet K; minima and the red K, peaks are very low
(= 0.02), increasing slightly in the plage (to 0.2).

High correlations for both regions were found be-
tween locations of K; minima and I, in respective wings
(Figure 5, e). There is a slightly lower but significant cor-
relation between locations of K; minima and K, peak
intensities (Figure 5, f). The cross-correlation, for exam-
ple between Ak, and lky, is lower. The cross-correlation
at the K, formation level, for example, between Ak, and
lkoy is much lower than that at the K; formation level
(Figures are not given), as in the case of respective wings
(Figure 5, e, g). Correlations between shifts of K; minima
and the intensity lys, shifts of K, peaks and the intensity
Ik are insignificant, with a few exceptions (see Figure 5,
h, i).

Separation of K; minima and K, peaks. The scatter
plots indicate high correlations between the separation
of K; minima and the intensity at the same level of the
atmosphere Iy, for all the structures (Figure 6, a). There
are also high correlations between the separation of K;
minima and lx, (Figure 6, b). Correlations with Iy are
lower (Figure 6, ¢). The highest correlation between the
separation of K, peaks and I, is for the plage «b» (Fig-
ure 6, d). The correlation of the separation of K, peaks
with Iy, and Iz is low (Figure 6, e, f). High correlations
between separations of peaks at the K, and K; formation
levels occur for the structures «c» (see Figure 6, g) and
«x» (r v=0.60, not shown).

3. RESULTS AND CONCLUSIONS

The parameters found by the above technique have en-
abled the study of the solar atmosphere in a wide range of
heights, from the photosphere to the middle chromosphere.
The correlations we obtained allowed us to observe how
close the relationship is between the calculated parameters
at heights between the upper photosphere and the lower



Spatial and temporal variations of K Ca Il line profile shapes

chromosphere (K;, and Ky,) and the parameters in the
lower chromosphere (K,, and Ky) and in the middle
chromosphere (Ks).

The correlations between intensities at the K; and K;
levels (Figure 4, e, f) for all the structures selected ap-
peared to be lower than those at the K, and Kj levels
(Figure 4, g, h). By recognizing that the intensity lxs
does not reproduce the local temperature of the middle
chromosphere, we can assume that Ixs should correlate
with the intensity in lower layers of the solar atmos-
phere, where the source function is quite closely related
to the Planck function. It would seem to correlate with
Ik1. Our observations are inconsistent with this picture.
Perhaps we need another method for comparing values
at these levels, which takes into account the complex
process of radiative transfer.

The distributions obtained for Iy, and lx,, (Figure 7,
a, b) are constructed for the S25W17 structures «c»,
«n», and «by». It is obvious that to structures with higher
magnetic field strength correspond higher intensities at
the K; and K, formation levels, i.e. in the upper photo-
sphere and lower chromosphere. A similar result for Iy,
and lyx,, was obtained in the work [Leenaarts et al.,
2018] from filter observations of structures with differ-
ent brightness in an active region.

We have found a very weak correlation between shifts
of Ky minima in the violet and red wings — Akys, and
Ak (Figure 5, a). The same situation is true for K, peaks,
i.e. for Alkoy and Ahy,, (Figure 5, b). Perhaps this is due to
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the fact that at levels of formation of K; minima and K,
peaks random wave motions prevail rather than systematic.
Moreover, the weak correlation may be due to the dif-
ference between heights of formation of the violet and
red wings. Using results of the 3D simulation carried
out by Bjergen et al. [2018] and by the example of three
models, the authors have shown that the K, peak ap-
pears slightly lower than the K,, peak. Consequently, in
the layers of K,, and K,, formation the dynamical pro-
cesses occurring at a given moment of time may be dif-
ferent. This assumption is also confirmed by the higher
correlation between locations of corresponding K; min-
ima and K, peaks (e.g., AAkiy and Aldyo,,) than the cross-
correlation between Alkqy and AAkor.

Results of our calculations for the separation of min-
ima SEP; have shown that an increase in the intensity
in structures with a stronger magnetic field is accompa-
nied by a broadening of the profile at the K; formation
level relative to the structures with a weaker magnetic
field. Figure 7, c shows distributions of SEP, for the
«», «n», «by» structures of S25W17. Mean values of
SEPy; are seen to be greater for structures with a
stronger magnetic field.

A similar separation of K; minima is noted in the work
[Grossmann-Doerth et al., 1974], based on spectral obser-
vations of the K Ca Il line for regions in internetworks and
on their boundaries (see Figure 7 and Table Il therein).
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Figure 7. Histograms of Iy, lkoy, Separations of minima SEP;, separations of peaks SEPy, for S25W17. Distribution of the
structures «c» is marked with blue; «n», with green; and «b», with red. Vertical lines indicate mean values of the distributions
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A qualitatively similar distribution for the separation of K;
minima have been obtained in [Leenaarts et al., 2018].

Comparison between our values of SEP; for an in-
ternetwork and the separations of K; minima derived
from observations of a quiet region in [Bjergen et al.,
2018] shows that results of both studies are consistent
with each other (see their Figure 12). The mean values
of SEPy; listed in Table fall into the central part of the
distribution for the separation of K; minima in Figure
12 of those authors.

At the K, formation level, the situation differs from that
at the K; formation level. There is an inverse relationship
of SEPy, with I, lk,, and Ik (Figure 6, d—f). Distributions
of SEP, for the «c», «n», «bx» structures are shown in the
histogram (Figure 7, d). The mean values of SEPy; for the
structures with a stronger magnetic field are seen to be
smaller than those for the structures with a weak magnetic
field. This is particularly noticeable for the plage. For it,
not only the mean SEP, but also the entire distribution is
in the left wing of the lowest values of distributions for «c»
and «n». A similar result has been obtained in the work
[Kianfar et al., 2020], carried out on the basis of broadband
images in the H and K Ca Il line cores. The authors have
found that the separation of K, peaks in a bright structure is
much smaller than outside of it. They have assumed that
this may indicate either a lower microturbulent velocity in
bright structures or the onset of chromospheric temperature
rise located higher up.

Our SEPk, values are consistent with those obtained
in [Bjergen et al., 2018] for the separation of K, peaks
from observations in a quiet region. Both mean SEPy»
and most individual values are quite high, over 22 km/s.
They fall into the central part of the distribution shown
in Figure 12 [Bjergen et al., 2018].

Summing up the results of our work, let us note the
following.

The intensities that are observed in the lower and
middle chromosphere are more closely linked to each
other than the intensities in the upper photosphere and
middle chromosphere.

Structures with a stronger magnetic field are brighter
in the upper photosphere and lower chromosphere.

The weak relationship between Ak, and Aigy, and
between Alyk,, and Alyy may be determined by the
significant role of random motions relative to systematic
wave motions or by the difference between heights of
formation of the violet and red wings, or by both factors.

In the profiles that belong to the structures with a
stronger magnetic field, the separation of K; minima is
greater than that in the structures with a weaker magnet-
ic field.

There is an inverse relationship between the separa-
tion of K, peaks and lx;, lkz, lks, 8 compared to the
separation of K; minima. Mean values of SEP, for the
structures with a stronger magnetic field are smaller
than those for the structures with a weaker field. It
should be noted that in contrast to the statistics on «c»
and «n», the statistics on «b» is small. Obviously, the
correct statements about the profile behavior in a strong
magnetic field of a plage require extra data for compari-
son. It is the aim of our further research.
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