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Abstract: We present an updated version of the multilayer spectral inversion (MLSI) recently proposed as
a technique to infer the physical parameters of plasmas in the solar chromosphere from a strong absorption
line. In the original MLSI, the absorption profile was constant over each layer of the chromosphere, whereas
the source function was allowed to vary with optical depth. In our updated MLSI, the absorption profile
is allowed to vary with optical depth in each layer and kept continuous at the interface of two adjacent
layers. We also propose a new set of physical requirements for the parameters useful in the constrained
model fitting. We apply this updated MLSI to two sets of Hα and Ca ii line spectral data taken by the
Fast Imaging Solar Spectrograph (FISS) from a quiet region and an active region, respectively. We find
that the new version of the MLSI satisfactorily fits most of the observed line profiles of various features,
including a network feature, an internetwork feature, a mottle feature in a quiet region, and a plage
feature, a superpenumbral fibril, an umbral feature, and a fast downflow feature in an active region. The
MLSI can also yield physically reasonable estimates of hydrogen temperature and nonthermal speed as
well as Doppler velocities at different atmospheric levels. We conclude that the MLSI is a very useful
tool to analyze the Hα line and the Ca ii 8542 line spectral daya, and will promote the investigation of
physical processes occurring in the solar photosphere and chromosphere.

Key words: Sun: atmosphere — Sun: photosphere — Sun: chromosphere — methods: data analysis —
line: profiles — radiative transfer

1. INTRODUCTION

The solar chromosphere is the atmospheric layer of the
Sun between the photosphere and the corona, where
temperature gradually increases with height. Non-
radiative heating is required to explain this outward rise
of temperature. It is widely believed that the chromo-
spheric heating is closely related to magnetohydrody-
namic processes such as magnetohydrodynamic waves
and magnetic reconnection (see, e.g. Carlsson et al.
2019, for a recent review). The investigation of these
processes requires the empirical determination of physi-
cal parameters such as plasma velocity and temperature
in the solar chromosphere.

Ground-based observations of the solar chromo-
sphere usually target strong absorption lines in the vis-
ible and near infrared (NIR) spectral ranges. Specifi-
cally the Hα line in the visible regime, and the Ca ii
8542 Å line in the NIR regime have been widely used
for the investigation of the chromosphere. Determining
Doppler velocity from the core of the Hα line can be
done without difficulty by using, for instance, the lamb-
dameter method (e.g. Deubner et al. 1996; Chae et al.
2013b). The same method can be used to infer the ve-
locity from the Ca ii line as well, if this line appears as
a simple absorption line that has a single minimum. In
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many regions, however, the core of this Ca ii line has a
complex shape characterized by multiple extrema, thus
a simple method like the lambdameter method fails to
properly determine the Doppler velocity, and an elabo-
rate technique based on the theory of radiative transfer
is required.

Recently we proposed the technique of multilayer
spectral inversion (MLSI; Chae et al. 2020). This
method infers from the profile of a strong absorption
line not only Doppler velocity, but also other param-
eters such as Doppler width and source function. The
idea traces back to the cloud model (Beckers 1964). The
essence of this cloud model is that the source function
is treated as a free model parameter that is indepen-
dent of wavelength from the line center and is to be
determined from the model fitting. This approach al-
lows the investigator to evade the problem of determin-
ing the level populations that is solved in the forward
modeling of non-LTE radiative transfer (see, e.g. Uiten-
broek 2001, and references therein). In Beckers’ classi-
cal cloud model, the source function is assumed to be
constant over optical depth as well. This assumption
best holds in an optically thin cloud-like feature that
is located much higher than the other chromospheric
features. It, however, does not hold in general in chro-
mospheric features, especially when these are low-lying
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Figure 1. Monochromatic images of a quiet region constructed at the wavelengths of the Hα line and the Ca ii 8542 Å line.
The observation was done on 2020 July 30, with the field of view centered at (+21′′, −64′′) from the solar disk center.
Marked by the plus symbols are the locations of the features we selected for illustration: a network feature at (−8.41,
−1.57) Mm, an internetwork feature at (8.99, 12.70) Mm, and a mottle feature at (−4.47, 3.42) Mm.

or optically thick. Therefore, a number of variants of
the cloud model have been developed with the source
function being allowed to vary with optical depth (see
Tziotziou 2007, for review).

A serious difficulty of most cloud models is that
the line profile of the light incident to the cloud from
below has to be specified. Usually it is assumed to be
the same as the mean of observed line profiles over a
region or the one at a point near the feature of inter-
est. The incident profile determined this way turns out
to be, if not precise, practically useful for a high-lying
cloud-like feature. This approach, however, cannot be
used at all for a low-lying feature that is embedded in
other features. This motivated the development of the
so-called embedded cloud model (Chae 2014), and the
MLSI.

The original MLSI (Chae et al. 2020, Paper I here-
after) automatically resolves the above-mentioned prob-
lem of specifying the line profile of the incident light by
including the photosphere and the lower chromosphere
into the modeling. The atmosphere is modeled to con-
sist of three layers: one layer for the photosphere and
two layers for the chromosphere. In each layer, the ab-
sorption profile was assumed to be constant, but the
source function was allowed to vary with optical depth
with a constant gradient. The model of a line profile
is fully specified by thirteen parameters, four of which
are fixed to prescribed values, and one of which is set to
the value determined from the central wavelength of a
weak line in the same spectral band. This leaves eight
parameters to be determined from the model fitting.
These parameters are determined using the technique
of constrained least squares fitting.

It was shown that the MLSI successfully repro-
duces the spectra of the Hα line and Ca ii 8542 Å
line taken from a quiet region. The MLSI produced

the Doppler velocities at different atmospheric levels as
the major outcome. In addition, the combination of
Doppler widths of the two lines resulted in estimates of
hydrogen temperature and nonthermal speed. The typ-
ical temperature of the upper chromosphere was found
to be 7000 K in internetwork regions, and 11,000 K in
network regions.

Despite this success and practical usefulness, the
original version of the MLSI has a physical flaw.
Doppler velocity and Doppler width are taken to be
constant in each layer, even though they are allowed
to vary from layer to layer. This means that these pa-
rameters can change discontinuously at the interfaces of
two layers, which is incompatible with the expectation
that all the physical parameters continuously vary with
height in the photosphere and the chromosphere.

Here we present an updated version of the MLSI.
The most important feature of this version is that the
absorption profile changes continuously in the chromo-
sphere, which is ensured by having Doppler velocity,
Doppler width and collisional damping vary continu-
ously with height. In addition to this, several changes
are implemented in the updated MLSI model. First,
line optical depth is now defined as the integral of the
peak absorption coefficient at the line peak over length,
whereas the original MLSI integrated the absorption
coefficient at the laboratory wavelength of the line cen-
ter. The newly-defined optical depth depends on the
amount of light-absorbing material only, and not on
the velocity. Second, non-zero collisional damping is in-
cluded in the absorption profile in the low chromosphere
to ensure a smoother transition from the photosphere
where the collisional damping is important. Next, the
source function in the chromosphere is assumed to be
a second-order polynomial of line optical depth in each
layer, whereas the original version adopted a first-order
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Figure 2. Monochromatic images of an active region constructed at the wavelengths of the Hα line and the Ca ii 8542 Å
line. The observation was done on 2013 July 17 with the field of view centered at (+247′′, −278′′) from the solar disk
center. Marked by the plus symbols are the locations of the features we selected for illustration: a plage feature at (−11.43,
13.40) Mm, a superpenumbral fibril at (−6.32, −5.51) Mm, an umbral feature at (0.29, 2.26) Mm, and a fast down flow
feature at (−6.21, 6.55) Mm.

polynomial of line optical depth. Finally, the photo-
spheric parameters of the model are allowed to vary
from region to region. Therefore, the updated MLSI is
applicable to much more diverse features than the orig-
inal one, including features in the sunspots and plages.

The updated MLSI also differs from the original
MLSI in how it physically constrains the model fitting.
In the original MLSI, eleven constraints were employed:
eight constraints that force the eight free parameters
to be located around the pre-defined expectation val-
ues, respectively, and three constraints that require the
Doppler velocity, Doppler width, and the source func-
tion in the lower chromosphere to be as close as possible
to those in the upper chromosphere. Among the eleven
constraints, five are related to the source function pa-
rameters. We found that these five constraints on the
source function are optimal for spectral data of quiet
regions only, but that they are not for the data from
other regions like sunspots and plages. Note that the
Ca ii 8542 line taken from sunspots and plages often has
a complex profile displaying emission cores and wings.
With the original MLSI, it is difficult to successfully fit
this kind of profile and obtain a unique and physically
reasonable set of model parameters. This difficulty was
another important motivation for developing the up-
dated MLSI. After testing a number of possible ways of
constraining the MLSI fitting, we have found a simple
and effective way of constraining the fitting that can
be used widely. We will describe the new set of physi-
cal constraints in comparison with those of the original
MLSI.

2. DATA AND REDUCTION

We use two sets of solar Hα line and Ca ii 8542 Å line
spectral data taken by the Fast Imaging Solar Spectro-
graph (FISS; Chae et al. 2013a) of the 1.6 meter Goode
Solar Telescope (GST) at the Big Bear Solar Observa-
tory. One set was taken at a quiet region on 2020 July

30. Figure 1 shows the images of the quiet region con-
structed from this data set. The observed region con-
tains network areas, quiet region fibrils, internetwork
areas. The other set was taken at an active region on
2013 July 17. This data set was first used and described
in detail by Chae et al. (2014). Figure 2 presents the
monochromatic images of the active region constructed
from this set. The observed region contains a few small
sunspots (pores), plage areas, and superpenumbral fib-
rils.

Data reduction comprised wavelength calibration,
intensity normalization, and stray light correction fol-
lowing the methodology described in Paper I. Intensities
are normalized by the continuum intensities of the refer-
ence profiles (average profile of the observed region). If
the observed region is at the solar disk center, the abso-
lute value of the intensity can be obtained by multiply-
ing Ic ≡ 2.84×106 erg s−1 cm−2 sr−1 Å−1 to the Hα line
wavelength, and Ic ≡ 1.76× 106 erg s−1 cm−2 sr−1 Å−1

to the Ca ii line wavelength, respectively (Cox 2000).

Here we add another data reduction step: the sub-
traction of the terrestrial absorption lines from the spec-
tra. Using an average intensity profile Iλ,av, we have
constructed a model of optical thickness τλ,t of the ter-
restrial atmosphere as a function of wavelength in each
spectral band, by specifying the central wavelength,
Doppler width, dimensionless damping parameter, and
default peak optical thickness of each terrestrial line.
These parameters can be determined by requiring the
corrected profile Iλ,av exp(τλ,t) to be as smooth as possi-
ble. After the optical thickness model τλ,t is established,
we take into account the daily variation of the water va-
por content in the Earth’s atmosphere, by introducing
the correction factor r and by requiring Iλ,obs exp(rτλ,t)
to be as smooth as possible, where Iλ,obs is an observed
individual line profile. This requirement is fulfilled by
minimizing the square sum of differences between adja-
cent wavelengths. As a matter of fact, Iλ,obs exp(rτλ,t)



142 Chae et al.

Figure 3. Configuration and parameters of the updated
MLSI model used for the present study.

obtained this way is the output profile with the terres-
trial lines subtracted.

3. UPDATED MLSI MODEL

The configuration and parameters of the updated MLSI
model are illustrated in Figure 3. As in the original
MLSI, the atmosphere is assumed to consist of three
layers: one layer representing the photosphere, and two
layers representing the chromosphere. The updated
model is characterized by 17 parameters. The parame-
ters v1 and w1 now refer to the values at the bottom of
the upper chromosphere whereas they represented the
values in the middle of the upper chromosphere in the
original MLSI. The newly introduced parameters v0 and
w0 refer to the values at the top of the upper chromo-
sphere. In principle, hence, the value (v0 + v1)/2, for
instance, in the updated MLSI corresponds to v1 in the
original MLSI.

3.1. Photospheric Layer
The photospheric layer is a semi-infinite layer with the
lower boundary located at infinite optical depth. The
photospheric surface defined by the continuum optical
depth of unity is marked by the dashed line in Figure 3.
The parameters at this level are source function Sp,
line-of-sight velocity vp, and Doppler width wp. The
upper boundary of the photosphere is equal to the lower
boundary of the chromosphere. The parameters at this
level are source function S2, line-of-sight velocity v2,
and Doppler width w2.

For simplicity, we assume, as we did in Paper I,
that in the photospheric layer the absorption profile is
constant with height. Accordingly, we have v2 = vp
and w2 = wp, and the intensity emergent out of the
photospheric layer is given by

Iλ,2 = S2 +
Sp − S2

ηφ(uλ, ap) + 1
(1)

with

uλ =
λ− λ0(1 + vp/c)

wp
. (2)

where φ(u, a) here is the Voigt function normalized to
φ(0, a) = 1, η is the ratio of peak line absorption to con-

tinuum absorption, and ap is the dimensionless damp-
ing parameter. All of η, wp and ap are assumed to be
constant with height in the photosphere.

In Paper I, these three parameters were fixed to the
corresponding pre-specified values. This choice worked
well because all the analyzed data were taken from quiet
regions. However, for the model to be applicable not
only to quiet regions, but also to active regions like
sunspots, these values have to be allowed to vary from
region to region. This requirement is implemented in
the updated MLSI as explained in the next section.

3.2. Chromospheric Layers
The chromosphere is modeled by two layers. We ignore
the continuum absorption in these layers, so the ab-
sorption profile at a position inside each layer is given
by

χλ = χpφ(uλ, a) (3)

with

uλ =
λ− λ0(1 + v/c)

w
(4)

and
a =

γλ
w

(5)

where γλ is the damping parameter in units of wave-
length. In Paper I, γλ was taken to be zero throughout
the chromosphere. Here, it is taken to be non-zero in
the lower chromosphere to ensure a smoother transi-
tion of the absorption profile from the photosphere to
the chromosphere.

The parameter χp above represents the peak ab-
sorption coefficient which is generally a function of po-
sition. With this value, we define the peak optical depth
of a position tp measured from the top of the layer as

tp ≡
∫ s

0

χpds
′ (6)

where s is the geometric depth of the position measured
from the top of the layer. The corresponding optical
thickness of the layer is defined by

τp =

∫ sm

0

χpds
′ (7)

where sm is the geometric thickness of the layer. As χp
is not affected by v and w in the absorption profile, tp
serves as a good reference optical depth.

This optical depth is different from the optical
depth defined at the rest wavelength of the line cen-
ter that was used in Paper I. If the velocity is zero,
they should be the same, but in the presence of fast
Doppler shift, they substantially differ from each other.
We think that the optical depth defined in Equation (6)
is more useful, because it is determined by the inte-
grated amount of light-absorbing material only, not be-
ing subject to the Doppler shift.

We define the normalized optical depth

x ≡ tp/τp (8)
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that ranges from 0 to 1. Then the optical depth tλ at
wavelength λ corresponding to tp is given by

tλ =

∫ s

0

χpφ(uλ, a)ds′ = τp

∫ x

0

φ(uλ, a)dx′ (9)

where we have used χpds
′ = dt′p = τpdx

′. The optical
thickness of the layer τλ is equal to the value of tλ at
x = 1 or

τλ = τp

∫ 1

0

φ(uλ, a)dx′ . (10)

By modeling v, w and γλ as first-order polynomials of
x

v = vt + (vb − vt)x (11)

w = wt + (wb − wt)x (12)

γλ = γt + (γb − γt)x (13)

with vt, wt, and γt being the velocity, Doppler width,
and damping parameter at the top, and vb, wb, and γb
being the ones at the bottom, we obtain the expressions

uλ =
λ− λ0(1 + (vt + (vb − vt)x)/c)

wt + (wb − wt)x
(14)

a =
γt + (γb − γt)x
wt + (wb − wt)x

(15)

The intensity of light emerging from each chromo-
spheric layer is given as

Iλ,t = Iλ,be
−τλ +τp

∫ 1

0

S(x) exp(−tλ)φ(uλ, a)dx . (16)

where S(x) is modeled with a second-order polynomial
of x

S(x) = S0 + (−3

2
S0 + 2S1 −

1

2
S2)(x+ x0)

+ (
1

2
S0 − S1 +

1

2
S2)(x+ x0)2 (17)

where x0 = 0 for the upper chromosphere and x0 = 1 for
the lower chromosphere. This model is different from
Paper I where S is modeled with a first-order polyno-
mial of x.

The evaluation of Iλ,1 requires the calculation of
the definite integrals in Eqs (9), (10), and (16). We
apply the technique of Gaussian quadratures for these
integrations.

In the lower chromosphere, by setting τp = τp,2,
vb = v2, wb = w2, vt = v1, wt = w1, γt = 0, γb = γ2,
and Iλ,b = Iλ,2, we obtain Iλ,1 = Iλ,t. Similarly, in
the upper chromosphere, by setting τp = τp,1, vb = v1,
wb = w1, vt = v0, wt = w0, γt = γb = 0, and Iλ,b = Iλ,1,
we obtain Iλ,0 = Iλ,t. It is Iλ,0 that is to be compared
with the observed line profile.

3.3. Model Fitting
Our inversion model is characterized by 17 parameters:
Sp,vp, and wp at the photospheric surface, ap and η in

Table 1
Fit parameter values chosen for the Hα and Ca ii lines.

Parameter Hα Ca ii

σc 0.01 0.01

log ap,e 0.5 1.4
εa 0.05 0.05
log ηe 0.5 0.4
εη 0.05 0.05

τp,2 5.0 5.0
τp,1 5.0 5.0
εS1 0.03 0.02
w 0.4 0.5
εv1 [km s−1] 3.0 3.0
logw1,e [Å] –0.5 –0.7
εw1 0.1 0.1

εv0 [km s−1] 3.0 3.0
logw0,e [Å] –0.5 –0.7
εw0 0.1 0.1
logS0,m [I0] –1.5 –1.5
δw 0.03 0.03
δS 0.03 0.03

the photosphere, S2, v2, w2 and γ2 at the bottom of the
chromosphere, τp,2 in the low chromosphere, S1, v1 and
w1 in the middle of the chromosphere, τp,1 in the up-
per chromosphere, and S0, v0, and w0 at the top of the
chromosphere (see Figure 3). We fix the two parame-
ters τp,2 and τp,1 to pre-defined values listed in Table 1.
The parameters vp, wp, and γ2 are set to the values de-
termined from the initial analysis of the spectrum. In
addition, v2 is set to vp, and w2, to wp. Hence these five
parameters vary from point to point, even though they
are not part of the output of the MLSI. Finally, left to
be determined from the fitting are 10 free parameters:
p = Sp, ap, η, S2, S1, v1, w1, S0, v0, and w0. These are
the output of the MLSI.

The model fitting is done by optimizing the free
parameters that best satisfy the requirements follow-
ing below. There are basically two kinds of require-
ments: data requirement and parameter requirements.
The data requirement is that the model intensity data
should be as close to the observed intensity data as pos-
sible, as is expressed by the inequality |fk(p)| < 1 with

fk(p) ≡ Iλk,obs − Iλk,0(p)

σk
(18)

for every k ranging from 1 to N . Here Iλk,0 and Iλk,obs
denote the model intensity and observed intensity at
the k-th wavelength λk, respectively. The parameter
σk controls the tightness of this constraint in each data
point. We adopt the photon noise

σk = σc
√
Iλk,obs (19)

that is equal to σc in the continuum Iλk,obs = 1, and to
0.5σc in the core with Iλk,obs = 0.25.

The goodness of the model for data requirement is
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measured by

εD(p) ≡

[
1

N

N∑
k=1

f2k (p)

]1/2

, (20)

which represents the standard error in the model fitting.
Now we think of parameter requirements. Note

that positivity is required for Sp, S2, S1, w1, S0 and
w0. This positivity constraint is automatically fulfilled
by working with their logarithmic values as stated in
Paper I.

There are a few different ways of constraining the
model parameters. First, we require some model pa-
rameters to be around the pre-specified expectation val-
ues. These constraints are expressed by the inequalities
|gj | < 1 for j = 1, .., 7 where

g1 ≡ log ap − log ap,e
εap

(21)

g2 ≡ log η − log ηe
εη

(22)

g3 ≡ logS1 − logS1,e

εS1

(23)

g4 ≡ v1 − v1,e
εv1

(24)

g5 ≡ logw1 − logw1,e

εw1

(25)

g6 ≡ v0 − v0,e
εv0

(26)

g7 ≡ logw0 − logw0,e

εw0

(27)

where the parameters with a subscript e – ap,e, ηe, S1,e,
v1,e, w1,e, v0,e, w0,e – denote the expectation values of
the corresponding parameters – ap, η, S1, v1, w1, v0,
w0. The parameters containing ε – εap , εη, εS1 , εv1 ,
εw1 , εv0 , εw0 – denote the allowed standard deviations
of the corresponding parameters from the expectation
values. Most of these control parameters are fixed to
the values as listed in Table 1. The parameters v1,e,
v0,e that are not listed in the table are set to the values
initially determined from the data. From experiments,
we found it useful to set the parameter logS1,e to the
weighted average of the logarithm of the observed con-
tinuum intensity Icont,obs, and that of the observed core
intensity Icore,obs

logS1,e = w log Icont,obs + (1− w) log Icore,obs (28)

where the weight w in each line is listed in Table 1.
Second, Doppler velocity and Doppler width are

required to have as small gradient as possible, as ex-
pressed by the inequalities |gj | < 1 for j = 8, 9 with

g8 ≡
v0 − v1

(ε2v0 + ε2v1)1/2
(29)

g9 ≡
logw0 − logw1

(ε2w0
+ ε2w1

)1/2
. (30)

Finally, we impose physical inequality conditions.
For example, we require w1 > w0 if w1 and w0 have to
differ from each other. This requirement is very helpful
to fit line profiles with very wide wings. This physi-
cal inequality requirement can be implemented by the
mathematical requirement |g10| < 1 with

g10 ≡
fp(logw1 − logw0)

δw
(31)

where fp(x) is a penalty function for positivity. It is
defined to be non-negative: 0 for x ≥ 0 and |x| for
x < 0. Note that in general the condition |fp(x)/δ| < 1
for positive δw is equivalent to the condition x > −δ.
The smaller δ is, the more strictly satisfied the condition
x > 0 is. The adopted value of δw above is specified in
Table 1.

We also impose physical inequality conditions on
the source function parameters. First, we require logSp
> logS2 in both the lines, which is implemented by the
inequality |g11| < 1 with

g11 ≡
fp(logSp − logS2)

δS
. (32)

We also require logS2 > logS1 in the Hα line, but
logS2 < logS1 in the Ca ii line. In addition, in both
lines we require logS1 > logS0. These requirements
imply that the source function of the Hα line monoton-
ically decreases outward whereas that of the Ca ii line
decreases outward, increases and then decreases again
outward. These requirements are based on the previ-
ous comparative studies on the behavior of the source
function between the hydrogen Balmer lines and the
Ca ii lines (see, e.g. Mihalas 1978). The requirement of
logS2 > logS1 in the Hα line is implemented by the
inequality |g12| < 1 with

g12 ≡
fp(logS2 − logS1)

δS
(33)

and that of logS2 < logS1 in the Ca ii line, by the
inequality |g12| < 1 with

g12 ≡
fp(logS1 − logS2)

δS
. (34)

The requirement logS1 > logS0 in both the lines is
implemented by the inequality |g13| < 1 with

g13 ≡
fp(logS1 − logS0)

δS
. (35)

We found it helpful to set a lower bound logS0,m for
logS0, as expressed by the inequality |g14| < 1 with

g14 ≡
fp(logS0 − logS0,m)

δS
. (36)

The new parameter δS controls the strictness of the
inequalities in the above. The chosen values of logS0,m,
δS are listed in Table 1.
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Let us denote the total number of constraints by
M . In the above, we introduced a total of 14 inequalities
for parameter requirements, so we have M = 14. The
goodness of the model for parameter requirements is
measured by

εP (p) ≡

 1

M

M∑
j=1

g2j (p)

1/2

. (37)

We determine the optimal set of parameters p by min-
imizing the functional

K(p) ≡ [εD(p)]
2

+ [εP (p)]
2

(38)

which is expected to ensure roughly equal contributions
of the data and the constraints to the fitting. If the
fitting is satisfactory, we expect to have both εD < 1
and εP < 1.

3.4. Initialization

There are ten free parameters to be determined from the
MLSI: p = logSp, log ap, log η, logS2, logS1, v1, logw1,
logS0, v0, and logw0. These are estimated initially and
are determined from the fitting eventually. The other
seven parameters vp, wp, τp,2, w2, v2, γ2, and τp,1 are
fixed to the values determined from the initialization
based on the data.

1. Both τp,2 and τp,1 are set to the same fixed value,
5. This choice means that the chromosphere is de-
fined in each line as the atmosphere layer from the
outside to the level where line optical depth is suf-
ficiently large, say, 10. Note also that the chromo-
sphere is equally divided into the upper chromo-
sphere and the lower chromosphere in terms of line
optical depth. This division, in fact, implies that
the upper chromosphere spans a larger range of
geometric heights than the lower chromosphere be-
cause of strong density stratification. It thus seems
reasonable to think that most observable chromo-
spheric features belong to the upper chromosphere.

2. The parameter vp is fixed to the value determined
from the data. In the Hα spectral band, vp is
inferred from the central wavelength of the Ti ii
6559.6 Å line; in the Ca ii 8542 Å band, it is in-
ferred from the Si i 8536.2 Å line.

3. The value of wp is indirectly inferred from the in-
tensity at a far wing wavelength 4.0 Å from the
line center. The intensity is converted to a value
of temperature, which together with the adopted
value ξ = 1 km s−1 for non-thermal speed, is used
to determine the Doppler width, wp.

4. The source function parameters logSp and logS2

are estimated by comparing the intensity values of
the observed profile at two wavelengths in the far
wings, 1.5 Å and 4.0 Å with the model values given
by Equation (1).

5. The parameters log η and log ap are initially set to
the expectation values log ηe and log ap,e, respec-
tively.

6. The parameters v2 and w2 are fixed to vp and wp,
respectively.

7. The value of γ2 is fixed to 0.2apwp where apwp cor-
responds to the value of γ in the middle height of
the photosphere, and the factor 0.2 is the supposed
ratio of γ in the middle and at the top of the pho-
tosphere.

8. The parameter logS1 is initially set to logS1,e.

9. The parameter S0 is initially set to 0.8Im in the
Hα line, and to 0.7Im, in the Ca ii line, where Im is
the minimum intensity of the observed line profile
Iλ,obs.

10. The parameters w1 and w0 are initially set to the
values of w1,e and w0,e in Table 1, respectively.

11. The parameters v1 and v0 are initially set to v1,e
and v0,e, both of which are set to the value in-
ferred from the weighted average of wavelength
over the line core. The weight at each wavelength
is given by Iλ,2 − Iλ,obs where Iλ,2 is the model
profile specified in Equation (1). If Iλ,2 < Iλ,obs or
|λ− λ0| > 0.5 Å the weight is set to zero.

3.5. Computing Time

We found that the updated MLSI fitting is slower than
the original MLSI. Using Python 3.7 installed on a lap-
top computer with a 1.80 GHz CPU and Windows 10
operating system – the same as used for the calcula-
tions in Paper I – it took 0.14 s on average to fit each
Hα line profile and 0.12 s to fit each Ca ii line profile.
These computing times are longer than the values of
0.02 and 0.05 s, respectively, in the original MLSI.

There are a couple of reasons why the updated
MLSI is slower. First of all, the updated MLSI has
to carry out a number of numerical integrations to ob-
tain the optical depth and to solve the radiative transfer
whereas the original MLSI used analytical expressions
for the calculations. Second, the updated MLSI has 10
free parameters whereas the original MLSI has 8. The
higher number of free parameters leads to longer com-
putation times. In addition, the new set of physical
constraints used in the updated MLSI may further slow
down the speed of computation. The original MLSI
used physical constraints that are applicable to quiet
sun features only, such as the constraints on the four
source function parameters. As far as the quiet sun
features are concerned, these constraints were chosen
in an optimum way, so they actually sped up the fit-
ting. These optimized constraints, however, can not
be used for features in active regions. The new set of
constraints implemented in the updated MLSI is more
generally valid and may cause the model fit to converge
slower than the original MLSI.
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Figure 4. Maps of the Hα parameters in the quiet region (upper three rows) and in the active region (lower three rows),
respectively.
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Figure 5. Maps of the Ca ii parameters in the quiet region (upper three rows) and in the active region (lower three rows),
respectively.
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Figure 6. MLSI of the Hα line (left) and the Ca ii line (right) taken from a network feature in the observed quiet region.
Each reference profile was obtained by taking the spatial average of the line spectra over the observed quiet region. The
lower panels show the residual fk defined in Equation (18). Shown here are only data points used by the fit.

Table 2
Physical parameters derived from the lines.

Feature TH [K] ξ [km s−1]

Quiet region (mean) 8900 7.9
Network 11000 8.9
Internetwork 5600 7.5
Mottle 11100 7.6

Active region (mean) 11200 8.8
Plage 14800 9.6
Superpenumbral fibril 10600 8.9
Sunspot umbra 6900 10.3
Fast downflow 11800 11.0

4. RESULTS

4.1. Temperature of Chromospheric Features

If the Doppler widths of the Hα line wH and of the
Ca ii line wC are known, and the two Doppler widths
represent the same plasma, it is possible to separately
determine hydrogen temperature TH and nonthermal
speed ξ using the formulae given by Chae et al. (2020).
Specifically, we are interested in the determination of
TH and ξ in the upper chromosphere. In principle, this
can be done by identifying (w0 + w1)/2 of the Hα line
with wH and that of the Ca ii line with wC . In reality,
however, we have to consider two aspects. First, we find
that in dynamical features the value of the Hα line w1

is often found to be significantly larger than w0, being
too large to yield chromospheric temperatures which
are usually below 20,000 K (Chae 2021). It seems that
fast motions, if any, make the far wings of the line wider
and lead to an overestimate of w1. The value of w0 is
less affected by this abnormal broadening. Accordingly,

the temperature values determined from the values of
w0 alone seem to be physically more reasonable.

Second, the formation heights of the two lines are
not exactly the same, even though they seem to strongly
overlap. It is known that in the solar atmosphere, the
Ca ii line is usually formed at somewhat lower heights
than the Hα line, representing plasmas of slightly higher
density and lower velocity. We attempt to correct wC ,
the Doppler width of the Ca ii line, for this subtle dif-
ference in formation height by multiplying a correction
factor q to it. Note that wC is mostly contributed by ξ,
and ξ increases with height in the solar chromosphere.
We also know that Doppler velocity amplitude increases
with height. Both scalings with height are due to the
decrease of density as functions of height, so we simply
assume that the ratio of ξ at two heights is the same as
that of the Doppler velocity amplitude. Accordingly, we
identify q with the ratio of the rms value of v0 between
the two lines, which is found to be 1.50 for the quiet
region, and 1.35 for the active region. It is not surpris-
ing that q differs between the two regions, because they
may differ in atmospheric structure, introducing differ-
ences in the formation heights of the two lines. The
difference in q, however, is not big, so we use the mean
value q = 1.42 over all regions for simplicity.

Table 2 presents the values of TH and ξ in a va-
riety of features in the quiet region and the active re-
gion that are determined from the values of w0 and
q = 1.42. Temperatures range from 5600 K (internet-
work feature) to 11,100 K (mottle feature) in the quiet
region, and from 6900 K (umbral feature) to 14,800 K
(plage feature) in the active region. All these tempera-
tures are within the range at which a significant fraction
of hydrogen atoms can remain non-ionized in the solar
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Table 3
Mean m, standard deviation σ, and standard error ε of the model parameters in the active and quiet region, respectively.

Hα (AR) Hα (QR) Ca ii (AR) Ca ii (QR)
Parameter m± σ/ε m± σ/ε m± σ/ε m± σ/ε

logSp [I0] –0.01±0.02/0.001 0.01±0.01/0.001 0.00±0.03/0.003 0.02±0.02/0.003
vp [km s−1] 0.2±0.4/0.04 0.2±0.4/0.04 0.0±0.5/0.09 0.0±0.5/0.09
logwp –0.644±0.003/0.0002 –0.644±0.002/0.0002 –1.269±0.003/0.0002 –1.268±0.002/0.0002
log ap 0.47±0.02/0.002 0.51±0.02/0.002 1.36±0.02/0.007 1.38±0.02/0.006
log η 0.49±0.01/0.001 0.50±0.01/0.001 0.38±0.01/0.003 0.39±0.02/0.004

logS2 [I0] –0.21±0.02/0.002 –0.25±0.02/0.002 –0.44±0.05/0.005 –0.49±0.06/0.007
logS1 [I0] –0.42±0.04/0.002 –0.45±0.03/0.002 –0.33±0.04/0.003 –0.41±0.04/0.004
v1 [km s−1] –0.4±1.4/0.10 –0.4±1.4/0.13 –0.3±1.6/0.34 0.0±1.7/0.38
logw1 [Å] –0.41±0.04/0.002 –0.44±0.04/0.002 –0.71±0.04/0.006 –0.75±0.05/0.006

logS0 [I0] –0.78±0.09/0.004 –0.88±0.06/0.004 –0.73±0.16/0.008 –1.05±0.17/0.02
v0 [km s−1] 0.0±1.4/0.12 0.0±1.9/0.13 0.5±1.1/0.22 0.9±1.3/0.19
logw0 [Å] –0.45±0.04/0.002 –0.50±0.05/0.002 –0.74±0.06/0.007 –0.79±0.05/0.008

εD 0.7±0.2/0.02 0.8±0.3/0.02 0.5±0.1/0.05 0.6±0.1/0.06
εP 0.5±0.2/0.01 0.5±0.2/0.02 0.4±0.2/0.04 0.6±0.2/0.04

atmosphere (Chae 2021).

4.2. Maps and Statistics of Model Parameters
Figure 4 presents maps of Hα model parameters in
the active region and in the quiet region, respectively.
The updated MLSI yields spatial distributions of source
function at four levels of the atmosphere, Doppler ve-
locity at three levels, and Doppler width at two levels.
We also present the Eddington-Barbier source function
defined by SE ≡ S(τp = 1) ≈ 0.4S0 + 0.1S1. This cor-
responds to the line center intensity to be observed in
the absence of Doppler velocity, and hence looks very
similar to the raster scan maps (Figures 1 and 2) con-
structed at the line center.

We found that the all the model parameters of the
Hα line have very regular spatial distributions, with-
out discontinuities. Discontinuities in parameter maps
are usually artifacts originating from the ill-determined
modeling that can produce more than one solution. The
absence of discontinuities in the maps indicates that the
parameter requirements employed in the present work
are successful in removing this ambiguity by effectively
regularizing the fitting process.

Likewise, the maps of the Ca ii parameters pre-
sented in Figure 5 look very regular. In fact, inferring
the parameters from the Ca ii line spectra is more diffi-
cult than doing so from the Hα line spectra for two rea-
sons. First, the height variation of the source function is
more complex in the Ca ii line than in the Hα line. The
source function of the Ca ii line decreases with height,
reaches a minimum, then rises to a peak, and then de-
creases with height again, whereas the source function
of the Hα line monotonically decreases with height.
This complexity is the main reason why the spectral
inversion of the Ca ii line spectra is more difficult. Sec-
ond, the Ca ii line spectra taken by the FISS have higher
noise levels and lower signal-to-noise (S/N) ratios than
the Hα line spectra. Even though the noise was signif-
icantly suppressed by the PCA (principal component

analysis) compression (Chae et al. 2013a), the S/N ra-
tios of the Ca ii line spectra are still lower than those of
the Hα line. These lower S/N ratios are partly respon-
sible for the noisier appearance of the maps of the Ca ii
parameters. Despite this, the maps do not display ar-
tificial discontinuities. This indicates that the updated
MLSI can reliably infer the model parameters from the
Ca ii 8542 Å line spectra as well.

Table 3 presents the statistics of the parameters
obtained by applying the updated MLSI to the data.
It lists the means, standard deviations, and standard
errors for each parameter. Note that the error of a pa-
rameter, say, x was set to the standard deviation of all
the finite differences (xj−1 − 2xj − xj+1)/

√
6 where j

denotes the spatial index of a pixel along the slit direc-
tion. Unless there is a systematic structure along the
slit direction, these values will be contributed mostly
by random errors that vary pixel by pixel. In reality,
both random errors and systematic structures will con-
tribute to the standard deviation of the finite differ-
ences, because errors and structures are unlikely to be
correlated. Accordingly, the real random error may be
smaller than this standard deviation, and the standard
errors presented in the table may be the upper bounds
of the real errors.

The table presents the errors in the velocity mea-
surements at each location. We find that the velocity at
the top of the upper chromosphere v0 can be measured
with a precision of about 100 m s−1 in the Hα line, and
200 m s−1 in the Ca ii line. The photospheric veloc-
ity can be measured at the precision of about 40 m s−1

in the Hα line band, and 90 m s−1 in the Ca ii band.
The poorer precision of the measurements in the Ca ii
line should be attributed to the lower values of the S/N
ratio.

The table also presents the errors in the Doppler
width measurements. The error in the measurement of
logw0 is found to be around 0.002 in the Hα line, and
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Figure 7. Same as in Figure 6, but for an internetwork feature in the same quiet region.

around 0.008 in the Ca ii line. These values can be used
to determine the errors in TH and ξ. We find errors of
150 K for TH and 0.2 km s−1 for ξ. Using the FISS data
and the MLSI, we can investigate relative variations of
TH and ξ as function of either position or time that
fluctuate with amplitudes larger than these values.

The values in this table are useful for understand-
ing the differences between the Hα line and the Ca ii
line, and between the active region and the quiet re-
gion, respectively, and for inferring the properties of
the chromosphere in the active region and in the quiet
region, respectively. There are several characteristics
noticeable from the table. First, the two lines are dif-
ferent from each other in that the source function of the
Hα line monotonically decreases outward, whereas that
of the Ca ii line has a local maximum in the chromo-
sphere. This is consistent with the physical requirement
we imposed: S2 > S1 in the Hα line and S2 < S1 in the
Ca ii line. Note that the height variation of the source
function is not the result of this imposed requirement
as it is found even without this requirement. The im-
posed requirement just helps the fitting, preventing it
from producing any unrealistic solution. Second, the
active region has higher source function values in the
chromosphere (logS2, logS1, and logS0) than the quiet
region, supporting the notion that the active region
chromosphere is hotter than the quiet region chromo-
sphere. Third, the chromosphere is ceaselessly moving
with Doppler velocities showing rms fluctuations of up
to 2 km s−1.

The values of TH and ξ listed in Table 2 for the
quiet region and the active region, respectively, were
calculated using the average values of w0 listed in Ta-
ble 3. From Table 2, we find T = 11,000 K and
ξ = 9 km s−1 as the typical temperature and nonther-
mal speed in the upper chromosphere of the active re-

gion, and T = 9000 K and ξ = 8 km s−1 in the quiet
region. The higher value of T in the active region, to-
gether with the higher values of the source function pa-
rameters, particularly of the Ca ii line, is consistent with
the notion that the active region chromosphere is hotter
than the quiet region chromosphere.

The nonthermal speed measures the most probable
speed of unresolved random motions. The rms velocity
fluctuations corresponding to, say, ξ = 8.5 km s−1 is
6.0 km s−1. This value is much bigger than 2 km s−1,
the rms fluctuation of the resolved Doppler velocity,
indicating that the solar chromosphere is more dynamic
at spatially unresolved scales.

Finally, it seems worth mentioning that the data in
Table 3 are made use of as a basis to refine the control
parameters given in Table 1. For instance, εv1 , εv0 ,
εw1 , and εw0 in Table 1 were set to roughly twice the
standard deviations of v1, v0, logw1, and logw0 over all
the data estimated based on the values in Table 3.

4.3. Individual Features
For illustration, we present the results of the MLSI fit-
ting of several features: a network feature, an internet-
work feature, and a mottle feature in the observed quiet
region, and a plage feature, a superpenumbral feature,
an umbral feature, and a fast downflow feature in the
observed active region.

4.3.1. Network Feature

Figure 6 presents the observed intensity profiles of the
network feature in comparison with the reference pro-
files. Note that each reference profile was constructed
by taking the average of all profiles over the observed
quiet region. We find that the fit quality is satisfactory
in both the lines with εD < 1 and εp < 1. The net-
work feature is characterized by a higher core intensity
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Figure 8. Same as in Figure 6, but for a mottle feature in the same quiet region.

than the reference in both lines, and higher values of
logS0 and logS1 than the average values listed in Ta-
ble 3. The upper chromosphere of this network feature
has higher values of core intensity and source function
parameters than the average over the quiet region be-
cause the temperature there (11,000 K) is higher than
the quiet region average (8900 K).

4.3.2. Internetwork Feature

The internetwork feature in Figure 7 is characterized by
lower values of core intensity than the reference, espe-
cially in the Ca ii line. The MLSI fitting is satisfactory
in both lines. This internetwork feature is clearly dif-
ferent from the network feature discussed above in that
it has the lower Ca ii line core intensity, lower values
of the Ca ii line source functions, and smaller Doppler
widths. The feature has the temperature of 5600 K,
and represents the coolest chromospheric feature.

4.3.3. Mottle Feature

The line profiles of the mottle feature are characterized
by the very low intensity of the Hα line core, which is
even lower than for the internetwork feature, and the
very broad wings of the two lines measured by w1. Even
though the MLSI model fits both lines fairly well, the
interpretation of the model parameters should be done
with caution. We find that the MLSI of the Hα line pro-
duces a much larger value of w2 than the average and a
high blueshift of v1 = −5.8 km s−1, whereas the values
of w0 and v0 are comparable to those of the network fea-
ture. A similar behavior can be seen in the Ca ii line as
well. The very low Hα core intensity may be attributed
to the presence of cloud-like plasmas that lie high above
the top of the average chromosphere. These cloud-like
plasmas are also responsible for the abnormally large
values of w1 and v1 because parts of the plasma move

upward at fast speeds. These fast upward-moving plas-
mas absorb the light at the far blue wings of the lines,
which results in the larger value of w1 and the high
blueshift of v1. Therefore, the measured w1 and v1 do
not represent the physical state at the bottom of the up-
per chromosphere. Indeed, for this kind of features, the
current MLSI as depicted in Figure 3 is not good enough
and a more sophisticated MLSI needs to be developed.
With the current MLSI, the values of w1 should not be
used to determine temperature in such features.

Using the values of w0 only, we obtained TH =
11,100 K, and ξ = 7.6 km s−1. Even though this feature
appears darker in the Hα line core than the internet-
work feature, it is much hotter, and is in fact as hot as
the network feature. As far as the temperature is con-
cerned, thus, the mottle feature is closer to the bright
network feature than to the dark internetwork feature.
A mottle appears very dark in the Hα line, not because
it has low temperature, but because it is located at high
altitudes.

4.3.4. Plage Feature

The plage feature in Figure 9 is very bright in the core
of the Ca ii 8542 line. It is also bright in the core of the
Hα line. The most important spectral characteristic
is that the Ca ii line profile displays emission near its
core. It is not in simple absorption, but is very similar
to the core profile of the Ca ii K line displaying emission
in near wings (denoted as K2V and K2R) and the self-
absorption core (denoted as K3). This kind of emission
occurs in the profile of the Ca ii 8542 line only in specific
features, such as this plage feature, that are subject
to strong heating. Note that the Hα line is in simple
absorption even in this feature.

The figure shows that the updated MLSI fitting
works well even in this feature. It is particularly im-
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Figure 9. MLSI of the Hα line (left) and the Ca ii line (right) taken from a plage feature in the active region. Each reference
profile was obtained by taking the spatial average of the line spectra over the observed active region.

pressive that the complex emission core of the Ca ii line
is satisfactorily fitted by the model. As expected, the
values of logS1 and logS0 are found to be significantly
higher than the corresponding averages taken over the
active region. Likewise, the values of w1 and w0 of
the Hα line are much larger than the average values.
The temperature is estimated to be around 14,800 K
(Table 2), the highest value among the features we ex-
amined.

4.3.5. Superpenumbral Fibril

Superpenumbral fibrils appear as dark and elongated
features in the cores of both the Hα line and the Ca ii
line (see Figure 2). These features are similar to the
mottles in the quiet region, but are less dynamic and
supported by predominantly horizontal magnetic fields.
Both line profiles of a superpenumbral fibril are in sim-
ple absorption (Figure 10). The model fit is very good.
The line profiles are characterized by low values of core
intensity and logS0. These low values are not due to
the low temperature, but due to the cloud-like nature
of the fibril, as in the mottle feature mentioned above.
The temperature is estimated to be 10,600 K, which is
comparable to that of the mottle feature in the quiet re-
gion, and the average temperature of the active region.

4.3.6. Umbral Feature

Figure 11 indicates that this umbral feature appears
somewhat brighter in the line core than the reference
even though it is much darker in the far wings. Accord-
ingly, the line profiles are in shallow absorption, which
expresses itself in small values of logSp − logS0. The
MLSI fitting is fairly good in both profiles. Note that in
the Hα line fitting we excluded the data at wavelengths
0.40–0.80 Å, because this part is blended by the weak

Co i 6563.41 Å line that appears only in sunspots, par-
ticularly in dark umbrae. The red wing of the Ca ii line
though, is found to be free from such a blending. The
temperature of the upper chromosphere of this umbral
feature is estimated from w0 to be 6,900 K. It is lower
than that of the other features in the active region, but
is higher than for the internetwork feature in the quiet
region.

4.3.7. Fast Downflow Feature

In general, the faster a feature moves, the more diffi-
cult the fitting of its line spectra is. Figure 12 illus-
trates a fast downflow feature. The high values of the
core intensity indicates that this feature is from a plage
area. We find that the model fit still works fairly well
in both lines, even in this fast-moving feature. The
Hα line core is shifted redward, implying a downflow
of 7.9 km s−1. The redshift of the Ca ii line core indi-
cates a downflow of 10.5 km s−1. The line profiles also
indicate that the downflow speeds in the lower chro-
mosphere – 4.7 km s−1 and 7.2 km s−1, respectively –
are lower than those in the upper chromosphere. Since
this feature moves fast, the model parameters should
be interpreted with caution as in the case of the mottle
feature described above. The large value of w1 in the
Hα line may be related to the high-speed downflow, not
necessarily due to high temperature. The temperature
would be more reasonably estimated from the value of
w0, which gives 11,800 K.

5. SUMMARY AND DISCUSSION

We have updated the MLSI originally developed by
Chae et al. (2020). First of all, the height variation
of the absorption profiles was taken into account in the
model. The Doppler shift, Doppler broadening, and
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Figure 10. Same as in Figure 9, but for a superpenumbral fibril in the same active region.
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Figure 11. The same as in Figure 9, but for an umbral feature in the same active region.

damping parameter determining the absorption profile
are now allowed to vary not only from layer to layer, but
also within each layer. In addition, several changes have
been made in the formal solution of the radiative trans-
fer equation. Moreover, the model fitting is carefully
controlled by new physical requirements for the param-
eters. These requirements are intended for a unique and
physically realistic estimate of the model parameters in
a variety of chromospheric features.

We have demonstrated that the updated MLSI is
superior to the original MLSI in that both the Hα line
and the Ca ii 8542 line are well fitted by the model in
nearly all chromospheric features, including a network
feature, an internetwork feature, a mottle feature in a

quiet region, and a plage feature, a superpenumbral fib-
ril, an umbral feature, and a fast downflow feature in
active regions. The original MLSI was applicable to
quiet region features only because some physical con-
straints were specific to the features in quiet regions.
We also find that both, the goodness-of-fit and the reg-
ularity of the model parameters, have improved signif-
icantly. With “regularity” we mean that the fit yields
a unique set of physically reasonable parameters. This
regularity is demonstrated by the regular appearance
of the parameter maps that display few artifacts, like
non-physical discontinuities.

The results of the MLSI of the Hα line and Ca ii
line data can be exploited for the investigation of the
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Figure 12. The same as in Figure 9, but for a fast downflow feature in the same active region.

solar chromosphere in several ways. First of all, the
Doppler velocities can be used to study processes in-
volving plasma motion such as oscillations, waves, and
jets. We found that velocities can be measured with
precisions as high as 40 m s−1 in the photosphere and
100 m s−1 in the chromosphere. In addition, even
though we have not investigated this in detail in the
present work, the updated MLSI improves investiga-
tions of the height variation of source function and
Doppler velocity. The height-variation of Doppler ve-
locity can be studied in detail by combining the values
of v1 and v0 in the Hα line and the Ca ii line, and the
photospheric velocities. Second, the Doppler widths of
the two lines yield estimates of TH and ξ in the upper
chromosphere. Their variations as function of position
and time can be investigated if their amplitudes are
significantly larger than 150 K and 0.2 km s−1, respec-
tively, which are the standard errors of measurement.
Finally, the values of the source function together with
those of other parameters can be used to yield the ra-
diative loss of each layer in each line. The source func-
tions Sp and S1 can be directly converted to radiation
temperatures in the low atmospheric levels.

A shortcoming of the updated MLSI is that the
computation takes more time than the original MLSI.
This is unavoidable because the updated MLSI is more
sophisticated than the original MLSI. The computing
time problem, in fact, exists not only in the updated
MLSI, but also in the original MLSI, whenever a large
number of line profiles is be analyzed. We plan to use
the technique of deep learning to apply the updated
MLSI to a huge amount of spectral data in a reasonably
short time.

We conclude that the MLSI is a convenient tool
to make the most of the Hα line spectra and the Ca ii
8542 Å line spectra simultaneously taken by FISS. It

will improve the spectral investigation of physical pro-
cesses occurring in the solar photosphere and chromo-
sphere.
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