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The Atacama Large Millimeter/submillimeter Array (ALMA) allows for solar obser-
vations in the wavelength range of 0.3−10 mm, giving us a new view of the
chromosphere. The measured brightness temperature at various frequencies can
be fitted with theoretical models of density and temperature versus height. We
use the available ALMA and Metsähovi measurements of selected solar structures
(quiet sun (QS), active regions (AR) devoid of sunspots, and coronal holes (CH)).
The measured QS brightness temperature in the ALMA wavelength range agrees
well with the predictions of the semiempirical Avrett−Tian−Landi−Curdt−Wülser
(ATLCW) model, better than previous models such as the Avrett−Loeser (AL) or
Fontenla−Avrett−Loeser model (FAL). We scaled the ATLCW model in density
and temperature to fit the observations of the other structures. For ARs, the fit-
ted models require 9%−13% higher electron densities and 9%−10% higher electron
temperatures, consistent with expectations. The CH fitted models require electron
densities 2%−40% lower than the QS level, while the predicted electron tempera-
tures, although somewhat lower, do not deviate significantly from the QS model.
Despite the limitations of the one-dimensional ATLCW model, we confirm that this
model and its appropriate adaptations are sufficient for describing the basic physical
properties of the solar structures.
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1 INTRODUCTION

The chromosphere is possibly the least observed and studied
part of the solar atmosphere in the radio wavelength range.

Therefore, it is crucial to study this layer of the atmosphere and
to construct theoretical models that best describe the (radio)
observations. An important opportunity to compare the results
of theoretical models with measurements and to check their
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reliability is provided by the Atacama Large Millimeter/sub-
millimeter Array (ALMA)1,2, which enable the observation of
the solar chromosphere in the mm and sub-mm range (Bastian
et al. 2018; Loukitcheva 2019). ALMA observations provide
a good basis for discrimination between various models and
assessment of physical parameters of solar structures.

In the present analysis, we use the semiempirical model-
ing, in which a solar atmosphere model (electron density and
temperature as a function of height) is constructed from the
observed spectral lines of various elements, usually in the
extreme-ultraviolet (EUV) and infrared parts of the spectrum.
The model is used as is or modified for specific solar structures.
The radiative transfer equation is then solved giving bright-
ness temperature predictions. The first widely used atmo-
spheric model of this type was the Vernazza−Avrett−Loeser
(VAL) model (Vernazza et al. 1981) and in each subse-
quent decade new and improved models have been published:
the Fontenla−Avrett−Loeser (FAL) model (Fontenla et al.
1993), the Avrett−Loeser (AL) model (Avrett & Loeser 2008),
and the Avrett−Tian−Landi−Curdt−Wülser (ATLCW) model
(Avrett et al. 2015). In addition, a modification of this class of
models was developed by Selhorst et al. (2005) specifically to
include spicules and to cover radio frequencies in the 2−400
GHz range (Selhorst−Silva−Costa (SSC) model).

In multiwavelength radio observations, the semiempirical
models were used mostly to describe the quiet sun (QS). One
such example is the earlier study by Benz et al. (1997), which
used a modified and extended FAL model to interpret the radio
emission from the quiet corona observed with the Very Large
Array (VLA) at the wavelengths of 13 mm, 20 mm, and 36
mm. That study found that, at constant electron temperature in
the FAL model, an rms fluctuation in density of 10.2%, 17.6%,
and 16.4% is required to produce the standard deviations in the
QS brightness observed at the three wavelengths, respectively.
Benz et al. (1997) also point out that the VAL model signif-
icantly exceeds the observed QS brightness temperature and
deviates more from the observations than the FAL model.

The semiempirical QS models can also be used to study mm
and sub-mm features of other solar structures. In previous stud-
ies, a similar modeling of the solar atmosphere using the FAL
model was utilized to analyze the 8-mm radio emission from
coronal holes (CHs), prominences (PRs) on the solar disc, and
active regions (ARs) (Brajša et al. 2007, 2009). Various mod-
els were constructed for a given solar structure by modifying
the density and temperature of the FAL model, with thermal
bremsstrahlung taken as the dominant radiation mechanism.
An important result of those studies was that the assumed
thermal bremsstrahlung explains well the observed radio emis-
sion of the given solar structures. The FAL model was further

1http://www.almaobservatory.org
2https://www.eso.org/sci/facilities/alma.html

developed to calculate the brightness temperature of the QS,
ARs, and CHs in the wavelength range of 0.3−10 mm (Bra-
jša et al. 2018a). Various models were created and compared
with the ALMA observations at the wavelength of 1.21 mm,
and the properties (e.g., brightness, density, etc.) of the given
structures were determined. In addition to previous studies, the
SSC model was used to successfully interpret polar brighten-
ing observations at the wavelengths of 1.2, 3, and 18 mm on
the Sun (Selhorst et al. 2017, 2019).

The two newer AL and ATLCW models are based on sim-
ilar or more accurate observations and better treatment of the
structure of the solar atmosphere. The AL model is based
primarily on atlases of the EUV solar spectrum from data
collected by the Solar Ultraviolet Measurement of Emitted
Radiation (SUMER) instrument aboard the Solar and Helio-
spheric Observatory (SOHO), as well as data from the High
Resolution Telescope and Spectrograph (HRTS). The chromo-
spheric part of the model is semiempirical with a temperature
distribution adjusted to achieve optimal agreement between the
calculated and observed continuum intensities, line intensities,
and line profiles. The transition region model is theoretically
determined from a balance between radiative losses and down-
ward energy flow from the corona due to thermal conduction
and particle diffusion. The boundary conditions at the base
of the transition region were determined at the top of the
chromosphere from the semi-empirical model.

On the other hand, the ATLCW model is an upgrade of the
AL model with the main difference in the treatment of the tran-
sition region, where the temperature is adjusted to fit the H, He
I, and He II observations and the slope of the Lyman contin-
uum. The profile of the Mg II k line observed with the Interface
Region Imaging Spectrograph (IRIS) was also calculated and
taken into account when adjusting the calculated atmospheric
temperature to the observations.

We now briefly describe the procedure performed in the
present analysis. The starting point is the semiempirical
ATLCW model of the QS atmosphere, giving density and tem-
perature as a function of height. Such model is then used in
its original form or modified for a specific solar structure, in
our case AR and CH, as the input model. The modification
is performed by multiplying the density and temperature by a
numerical factor for the defined height range. Then the radia-
tion mechanism is chosen, in this case thermal bremsstrahlung,
and the radiative transfer equation is numerically solved for
each input model. The output of the calculation is the radiation
intensity (expressed by the brightness temperature) as a func-
tion of wavelength. This result is then compared with ALMA
and other measurements, and the input model is modified again
by changing the numerical factors, if necessary. The cycle is
repeated until the best correspondence between calculated and
measured brightness temperatures is reached. The final results

http://www.almaobservatory.org
https://www.eso.org/sci/facilities/alma.html
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are the best-fitting model and the goodness of the model fit.
The main idea of this work is to compare the predictions of
AL and ATLCW models with QS measurements from ALMA
and Metsähovi observatories, using thermal bremsstrahlung
as the dominant radiation mechanism and improved values of
the Gaunt factor. Then, the better model (in our case ATLCW
model) is modified to fit the observations of three different
solar regions (QS, AR, and CH) returning their estimated
electron temperatures and densities.

2 THE MODELS AND THE BRIGHTNESS
TEMPERATURE CALCULATION

The main radiation mechanism of the quiet and active
chromosphere at mm and sub-mm wavelengths is thermal
bremsstrahlung (Zirin 1988; Hurford 1992; Brajša 1993;
White 2002; Benz 2009; Wedemeyer et al. 2016) and it is
assumed here for interpretation and calculations. In radio
astronomy, the measured radiation intensities are usually
expressed in terms of the brightness temperature. Following,
for example, Wilson et al. (2013), the brightness temperature
can be derived starting from the radiation transfer equation:

𝐼𝜆 =

∞

∫
0

𝐵𝜆𝑒
−𝜏𝜆d𝜏𝜆, (1)

where 𝜆 is the measuring wavelength, 𝜏𝜆 is the optical depth,
and 𝐼𝜆 is the measured radiation intensity. If we assume that the
source function 𝐵𝜆 in Equation (1) follows Planck’s law and
we take the Rayleigh−Jeans approximation (ℎ𝑐∕𝜆 ≪ 𝑘B𝑇e)
into account, we can write the source function in the form:

𝐵𝜆 =
2ℎ𝑐2

𝜆5
(

𝑒
ℎ𝑐

𝜆𝑘B𝑇e − 1
)

≈
2𝑐𝑘B𝑇e
𝜆4

, (2)

where ℎ is the Planck’s constant, 𝑘B is the Boltzmann’s con-
stant, 𝑐 is the speed of light, and 𝑇e is the electron temperature.
If we substitute the 𝐵𝜆 function in Equation (1) with the
last expression in Equation (2) and take into account that the
brightness temperature is the solution of the radiative transfer
equation, we now write Equation (1) in a new form (e.g., Brajša
et al. 2018a):

𝑇b(𝜆) =

∞

∫
0

𝑇e𝑒
−𝜏𝜆d𝜏𝜆, (3)

where 𝑇b(𝜆) = 𝜆4𝐼𝜆∕(2𝑐𝑘B) is the brightness temperature. In
the present work, we use Equation (3) when calculating the
brightness temperature as a function of wavelength. As the
wavelength decreases, 𝜏𝜆 reaches 𝜏𝜆 = 1 at lower heights in
the solar atmosphere where the temperature is lower. The opti-
cal depth d𝜏𝜈 for the observing frequency 𝜈 of bremsstrahlung
for solar abundances and distance d𝑠 neglecting the magnetic

field is given by (e.g., Benz 2002):

d𝜏𝜈 =
0.01146 cm5Hz2K3∕2 × lnΛ𝑛2𝑒

(

1 − 8.06 × 107 cm3Hz2 × 𝑛𝑒∕𝜈2
)1∕2 𝜈2𝑇 3∕2

𝑒

d𝑠. (4)

The Gaunt factor, ln Λ, is a slowly varying function of electron
density, 𝑛𝑒, and temperature, 𝑇𝑒 (Rybicki & Lightman 1985;
Weinberg 2020). In the present work, the Gaunt factor for the
observed frequency is calculated using the accurate interpola-
tion method recently developed by van Hoof et al. (2014) and
implemented in the solar context by Simões et al. (2017) and
Selhorst et al. (2019).

2.1 Obtaining theoretical models
As a reference model of the solar atmosphere, we use the
ATLCW QS model in its original form. To obtain the bright-
ness temperature profile, we calculate the brightness temper-
ature for a given wavelength using the input 𝑇𝑒 and 𝑛𝑒 values
from the ATLCW model and store its increase per unit height
in an array. These contributions are integrated over all heights
defined for a given solar structure, yielding the total brightness
temperature for a given wavelength (Equation 3). This proce-
dure is repeated for all given wavelengths. We note that the
calculation procedure in the present work is similar to that used
by Brajša et al. (2018a), but with important differences. Bra-
jša et al. (2018a) used the FAL model (Fontenla et al. 1993)
and the Gaunt factor calculation according to Bekefi (1966)
and Benz (2002) and here we use the ATLCW model and the
Gaunt factor according to van Hoof et al. (2014) and Selhorst
et al. (2019).

In order to use the ATLCW QS model as input for the bright-
ness temperature calculation of a given solar structure, it must
be modified by scaling the 𝑛e and 𝑇e values of the model with
multiplicative factors, 𝑓n and 𝑓T, defined as:

𝑓n =
𝑛e(modif ied)
𝑛e(original)

, 𝑓T =
𝑇e(modif ied)
𝑇e(original)

, (5)

where 𝑛e and 𝑇e denote electron densities and temperatures
of the original and modified models. The model is modified
only in the height range defined for a given solar structure. For
ARs, we assumed a minimum height of 400 km and a max-
imum of 57 797 km (maximum height value available in the
ATLCW QS model). For CHs, we assumed the height range
of 2 100−57 797 km, where the minimum height of 2 100 km
was chosen because at about this height the transition region
for the used QS model (𝑇 = 2.4 × 105 K) ends. For QS on
the other hand, the entire height range from the photosphere to
the maximum available height in the ATLCW QS model was
considered.
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2.2 Fitting theoretical models to
observational data
In order to compare the brightness temperature from the the-
oretical model and actual measurements, we use the standard
𝜒2-minimization technique (e.g., Ivezić et al. 2014) to fit the
theoretical model on the measured data. The resulting bright-
ness temperature profile obtained from the calculation proce-
dure described above is compared with the observed values
and a dimensionless 𝜒2 analysis is performed, where we cal-
culate the sum of 𝜒2 values for all the observed wavelengths 𝜆
using the following form:

𝜒2 =
∑

𝜆

(𝑥obs − 𝑥exp
Δ𝑥obs

)2

, (6)

where 𝑥obs and 𝑥exp correspond to the observed brightness tem-
perature and the prediction of a theoretical model, respectively,
and Δ𝑥obs is the measurement uncertainty of the observed
brightness temperature. The best-fitting brightness tempera-
ture profile minimizes the above sum. This is done by varying
values of the multiplicative factors 𝑓n and 𝑓T (Equation 5) and
for each pair of the two multiplicative factors the brightness
temperature calculation is repeated until the global minimum
of Equation (6) is found. The range of values within which
the two multiplicative factors are varied is set so that the input
model’s combination of 𝑛e and 𝑇e matches observations within
the corresponding height range. As a result, we obtain the best-
fitting brightness temperature profile with the corresponding
𝑓n and 𝑓T factors. The uncertainties of the 𝑓n and 𝑓T factors
are calculated from the 𝜒2 function where the 𝜒2 value reaches
Δ𝜒2 = 1 above the minimum (𝜒2

min), which corresponds to 1𝜎
uncertainty.

3 OBSERVATIONAL RESULTS

3.1 ALMA data
ALMA provides single-dish (White et al. 2017) and interfero-
metric (Shimojo et al. 2017) observations of the full solar disc
and a smaller area on the Sun, respectively. The wavelength
bands most frequently used by ALMA are Band 3 and 6, which
are centered around the wavelengths of 3 mm and 1.21 mm,
respectively. These two bands cover the solar atmosphere in
the height range of 600−1 600 km for Band 3 and 400−1 400
km for Band 6, with the highest sensitivity at around 960 km
for Band 3 and at around 730 km for Band 6 (see Figure 5 in
Wedemeyer et al. 2016). In Brajša et al. (2018b), the results
of the first analysis of solar structures in the Band 6 full-disc
ALMA image (𝜆 = 1.21 mm, beam size = 26 arcsec) are
presented. The measurements of the brightness temperature of
various structures (QS, AR, and CH) for December 18, 2015

are given in Table 1 in that paper. These results are repeated
here in Table 1 in a slightly modified form.

In the present work, we extend the analysis of Brajša et al.
(2018b) by including an analysis of the same solar structures
in the Band 3 ALMA full-disc map (𝜆 = 2.80 mm, beam size
= 58 arcsec) taken on the previous day, December 17, 2015.
Following the procedure described in Brajša et al. (2018b), we
determine the brightness temperature of the QS region in the
center of the solar disc for the Band 3 data by averaging the
values of all pixels within a radius of about 15 pixels. The size
of a single pixel of the Band 3 full-disc map is 6 arcsec on
the Sun. For CH, which is a southern polar CH, and thus at
the solar limb, the brightness temperature is measured by aver-
aging the value within an area of a radius of 10 pixels within
the visible CH structure, but away from the solar limb. Next,
the entire AR, which is observed near the central region of the
solar disk, is selected based on a numerical criterion by setting
the lower threshold for the brightness temperature. The bright-
ness temperature is then averaged over all pixels brighter than
this threshold. In this way, sunspots are automatically excluded
from the AR and do not contribute to the measurement of the
AR brightness temperature.

Limb brightening was taken into account by comparing the
brightness temperature measurements of each non-QS struc-
ture with the brightness temperature values averaged over a
10-pixel radius QS region located at the same radial distance
from the solar center as the observed non-QS structure. Unlike
earlier studies by Alissandrakis et al. (2017), Selhorst et al.
(2019), and Sudar et al. (2019), we applied the limb brighten-
ing correction to the measured brightness temperatures before
the modeling was done. The measurements of the brightness
temperature are listed in Table 1.

In addition to the ALMA Band 3 and Band 6 measurements,
we also included the observational results of Alissandrakis et
al. (2022) for the Band 7 mode (𝜆 = 0.86 mm, beam size =
21 arcsec) and an estimate for the Band 5 mode (𝜆 = 1.50
mm, beam size = 29 arcsec) also from that paper. Here we
use the brightness temperature values from the corrigendum
Alissandrakis et al. (2023), in which, unlike the original paper
Alissandrakis et al. (2022), the frequency variation of the
Gaunt factor was taken into account. The results for Band 5
and 7, available only for QS, are shown in Table 1.

3.2 Metsähovi data
Due to the current unavailability of the ALMA measurements
above the wavelength of 3 mm, we are missing a large part
of the mm range reachable for ALMA, which could be impor-
tant for theoretical modeling of the observed solar features.
For this reason, we extend the currently observed ALMA
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TABLE 1 Measurements of brightness temperature 𝑇b(Structure) of various structures in solar atmosphere (central QS, AR
(devoid of sunspots), and CH region) obtained by ALMA and Metsähovi at corresponding time (Date) and wavelength or
frequency (𝜆∕𝜈), with a given spatial resolution (Beam size). The brightness temperature 𝑇b(QS) corresponds to the brightness
temperature measurement of a QS region at a similar distance from the solar disk’s center as the given structure (central QS,
AR, or CH). In the case of Metsähovi, due to limb brightening already being taken into account, all its measured 𝑇b(QS) values
correspond to that of the central QS region. The brightness temperature difference Δ𝑇b calculated as Δ𝑇b = 𝑇b(Structure) −
𝑇b(QS) is also given. For details on the individual measurement see the corresponding references (Reference).

Structure Instrument Date 𝜆/𝜈 Beam size 𝑇b(QS) 𝑇b(Structure) Δ𝑇b Reference
(name) (name) (y:m:d) (mm)/(GHz) (arcsec) (K) (K) (K) (citation)

QS

ALMA 2020-08-01 0.86/347 21 5985 5985 0 Alissandrakis et al. (2023)
ALMA 2015-12-18 1.21/248 26 6040 6040 0 Brajša et al. (2018b)
ALMA 2020-01-04 1.50/198 29 6467 6467 0 Alissandrakis et al. (2023)
ALMA 2015-12-17 2.80/107 58 7114 7114 0 Present work

Metsähovi 1994-10-18 (start) 3.40/87 60 7200 7200 0 Urpo et al. (1997)1995-10-15 (end)

Metsähovi 1994-10-18 (start) 3.90/77 72 7250 7250 0 Urpo et al. (1997)1995-10-15 (end)

Metsähovi 2018-03-17 (start) 8.10/37 144 8100 8100 0 Kallunki & Tornikoski (2018)2018-05-16 (end)

AR
ALMA 2015-12-18 1.21/248 26 6240 7250 +1010 Brajša et al. (2018b)
ALMA 2015-12-17 2.80/107 58 7303 7928 +625 Present work

Metsähovi 2015-12-19 8.10/37 144 8100 8580 +480 Present work

CH
ALMA 2015-12-18 1.21/248 26 6590 6540 −50 Brajša et al. (2018b)
ALMA 2015-12-17 2.80/107 58 7543 7398 −145 Present work

Metsähovi 2015-12-19 8.10/37 144 8100 8020 −80 Present work

wavelength range to longer wavelengths by including observa-
tions from the Metsähovi 14-m diameter radio telescope3. The
Cassegrain telescope system of the Metsähovi radio telescope
can be used to obtain full-disc and partial maps of the Sun in
the wavelength range of 3 mm−3 cm (Urpo et al. 1997).

In this work, we use full-disc Metsähovi observations of the
mentioned solar structures at 3.40 mm (beam size = 60 arcsec),
3.90 mm (beam size = 72 arcsec), and 8.10 mm (beam size =
144 arcsec). The Metsähovi results for the brightness temper-
ature were obtained using a similar procedure as described for
ALMA, but with the limb brightening effect already accounted
for, are shown in Table 1.

4 MODELING RESULTS AND
COMPARISON WITH OBSERVATIONS

Following the procedure described in Section 2, we obtained
the best-fitting brightness temperature profiles using the mod-
ified ATLCW QS atmosphere model as the input model in our
calculations. In the following subsections, we present the mod-
eling results separately for three different solar structures: QS

3https://www.aalto.fi/en/metsahovi-radio-observatory

region in the center of the solar disc, AR devoid of sunspots,
and a CH region.

4.1 Quiet sun
The first solar structure is the quiet sun (QS), which is regarded
as the region with a diffuse emission devoid of highly active
structures (e.g., AR). Due to being the largest and widespread
solar structure with similar properties throughout it, for mea-
surements and modeling analysis of the brightness tempera-
ture, for the QS structure only a small part of the QS region in
the center of the solar disk is considered (see Section 3).

The calculated best-fitting QS brightness temperature pro-
file (blue dotted curve) obtained for the ALMA and Metsähovi
measurements of the central QS structure in Table 1 using the
modified ATLCW QS model is shown for the ALMA wave-
length range in Figure 1. We note that the error bars for the
ALMA and Metsähovi data in all figures refer to measurement
errors and not the distribution of the mean values of all data
points. These measurement errors are estimated to be about
5%−10% (Shimojo et al. 2017; White et al. 2017). Other ear-
lier and much older observational results for the QS compiled
by Loukitcheva et al. (2004) and by Benz (2009), which have
low spatial, spectral, and temporal resolutions, are added here
for comparison only.

https://www.aalto.fi/en/metsahovi-radio-observatory
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FIGURE 1 Calculated QS brightness temperature profiles.
The black curves indicate the brightness temperature pro-
files obtained using the original AL QS (dashed curve) and
ATLCW QS models (solid curve), while the blue dotted curve
indicates the best-fitting QS profile, obtained using the modi-
fied ATLCW QS model, for ALMA and Metsähovi measure-
ments (blue symbols). For comparison, the QS measurements
compiled by Loukitcheva et al. (2004) (beige symbols) and
Benz (2009) (red symbols) are also indicated.

We see that the original ATLCW QS model (black solid
curve) reproduces well the ALMA and Metsähovi observations
over the entire ALMA wavelength range. Even the best-fitting
QS model does not differ significantly from the original one
(to be distinguished from the modified ones), confirming the
accuracy of the ATLCW QS model and justifying our use of it
as a reference model. In comparison, the profile resulting from
the older original AL QS model (black dashed curve) differs
significantly from both the measurements and the profile from
the original ATLCW QS model already after a wavelength of
2 mm. Moreover, the observations reviewed by Loukitcheva et
al. (2004) and by Benz (2009) also appear to be in better agree-
ment with the original ATLCW model than with the original
AL model. Here the measurements compiled by Loukitcheva
et al. (2004) follow both the original and modified ATLCW
models well over the entire ALMA wavelength range, while
those of Benz (2009) agree well only up to a wavelength of 6
mm and begin to depart upward from the ATLCW models at
longer wavelengths.

The density and temperature multiplicative factors, 𝑓n and
𝑓T respectively (QS_best in Table 2), correspond to the best fit
of the QS brightness temperature profile. The resulting value
of the 𝑓T factor differs from unity by only 1%, which shows
an excellent prediction of the original ATLCW model for the
electron temperature of the QS. On the other hand, the result-
ing 𝑓n factor shows that the QS density is 13% higher than
the value predicted by the original ATLCW model. However,

this small deviation in density did not result in any signifi-
cant change in the best-fitting brightness temperature profile
within the ALMA wavelength range, indicating the validity of
the original ATLCW QS model.

4.2 Active region
The second structure is the active region (AR), and it is
the region with the highest activity on the Sun with a very
enhanced radiation emission in comparison with other regions.
In this work, sunspots present inside an AR are considered as a
separate structure and are excluded from the AR as described
in Section 3. However, unlike the QS, the entire AR structure,
with exclusion of sunspots, is considered in our analysis.

The modeling of ARs was similar to that of QS presented in
the previous section, but compared with QS, the ALMA and
Metsähovi brightness temperature of ARs is determined using
two measurement procedures. In the first procedure, which
corresponds to the actual measurement, the brightness temper-
ature of AR is determined by adding the difference Δ𝑇b from
Table 1 to the measured brightness temperature of the central
QS (QS structure in Table 1), while in the second procedure,
the difference Δ𝑇b is added to the value given by the profile
from the original ATLCW QS model (black curve in Figure 2)
for the corresponding wavelength. The results for both proce-
dures are indicated by index a and b, respectively, in Figure 2
and Table 2. This approach was chosen to investigate whether
a small change in the measurements would lead to a significant
change in the output brightness temperature profile. A similar
approach was also used for CH (Figure 3).

The best-fitting AR profiles in Figure 2 fit the ALMA and
Metsähovi measurements well, with no significant differences
between the profiles of the two types of measurement a and
b over the entire ALMA wavelength range. We should note
that the Metsähovi measurement is somewhat lower than pre-
dicted by, but still within errors from the AR profile. Moreover,
both the observations and the AR profiles lie significantly
higher than the brightness temperature profile for the origi-
nal ATLCW QS model, indicating higher temperatures than
the QS values. Assuming thermal bremsstrahlung as the main
radiation mechanism higher brightness temperatures in ARs
are mainly a consequence of enhanced density in the chro-
mosphere and corona. This shifts the 𝜏 = 1 layer to higher
altitudes where the temperature is higher, as shown in Figure
2.

Both measurement procedures also resulted in very simi-
lar 𝑓n and 𝑓T factors (AR_best in Table 2), as expected from
the appearance of the output AR profiles. Based on the result-
ing 𝑓 a,b

n best fit factors, the density of the AR is 9%−13%
higher than the QS level. This is consistent with the pre-
viously mentioned higher brightness of the ARs due to the
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TABLE 2 Output multiplicative factors for electron density (𝑓n best fit) and temperature (𝑓T best fit) corresponding to the best-
fitting model for two measurement procedures (index a and b) calculated for various solar structures (central QS, AR (devoid of
sunspots), and CH region) with corresponding minimum 𝜒2

min value determined from Equation (6). The 𝑓n range and 𝑓T range
correspond to the range of density and temperature factor values (Equation 5), within which the values of the two factors are
varied to modify the density and temperature parameters of the input atmospheric model globally within a given height range
until the global minimum of Equation (6) is found, thus producing the best fit. For a detailed description of the fitting procedure
and the factor calculation, see Section 2.

Structure Input atm. model Height range 𝑓n range 𝑓T range Procedure 𝑓n best fit 𝑓T best fit 𝜒2
min Ref. name

(name) (name) (km) (value) (value) (index) (value) (value) (value) (name)

QS ATLCW QS 0 − 57 797 0.5 − 1.5 0.5 − 1.5 a 1.13+0.14−0.13 0.99+0.02−0.02 1.19 QS_best

AR ATLCW QS 400 − 57 797 1 − 3 1 − 3
a 1.09+0.18−0.16 1.10+0.04−0.03 0.76

AR_best
b 1.13+0.17−0.16 1.09+0.03−0.04 1.71

CH ATLCW QS 2 100 − 57 797

1∕5 − 1∕0.5 1∕25 − 1∕0.5
a 1∕

(

1.34+1.34−0.33

)

1∕
(

5.40+>20−5.00

)

0.49
CH1_bestb 1∕

(

1.67+3.84−0.75

)

1∕
(

5.76+>20−5.66

)

0.18

1∕5 − 1∕0.5 1∕5 − 1∕0.5
a 1∕

(

1.08+1.07−0.40

)

1∕
(

1.36+>4−1.22

)

0.49
CH2_best

b 1∕
(

1.33+3.08−0.63

)

1∕
(

1.35+>4−1.24

)

0.18

1∕5 − 1∕0.5 1
a 1∕

(

1.02+1.01−0.25

)

1
0.49

CH3_best
b 1∕

(

1.26+1.23−0.56

)

0.18
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FIGURE 2 Similar to Figure 1 for AR. The red and blue dotted
curves indicate the best-fitting AR brightness temperature pro-
file for ALMA and Metsähovi measurements obtained using
the first (index a) and second measurement procedure (index
b), respectively.

enhanced plasma density of the ARs compared to the sur-
rounding regions. In the case of 𝑓 a,b

T best fit factors, the results
show that the temperature of AR is 9%−10% higher than that
of QS.

4.3 Coronal hole
Finally, we come to coronal hole (CH), a region of lower tem-
perature and density in the solar atmosphere, which gives it a

darker appearance in comparison to the surrounding regions.
The CH in question was a southern polar CH (see Figure 1
in Brajša et al. 2018b), whose entire structure was not visible,
so only a part of the CH structure away from the solar limb
was considered for the CH brightness temperature analysis, as
described in Section 3.

Given the observed lack of temperature enhancements in
the chromosphere and transition region, it is sufficient that
the atmosphere models differ only in density at the transition
region and coronal heights. As the coronal radiation is optically
thin, a change in coronal temperature would not result in a sig-
nificant change in brightness temperature. Here we investigate
three cases, in which the same 𝑓n factor range is chosen based
on the hybrid network model of Gabriel (1992), with modifi-
cation and upgrade taking into account, and its various studies
of the solar corona (Stix 1989; Hara et al. 1994; Doschek et al.
1997; Golub & Pasachoff 1997; Gallagher et al. 1999; Avrett
2000; Koutchmy 2000; Lang 2000; Aschwanden 2004). For
the first case, however, a wide range of 𝑓T factors is chosen
with no a priori assumption, but in two other cases, we restrict
that range to values closer to 1 (second case) or fix the factor
value to exactly 1 (third case).

All three cases (CH1_best, CH2_best, and CH3_best in
Table 2) resulted in similar CH brightness temperature pro-
files, as shown in Figure 3. Here, the CH profiles follow all
measurements well. The measurements lie nearly at or slightly
below the QS level from the original ATLCW model (black
solid curve), indicating that CH is slightly darker than the sur-
rounding QS atmosphere in the ALMA wavelength range. In
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FIGURE 3 Similar to Figure 2 for CH. The same figure is
obtained for all three solutions of the density and temperature
multiplicative factors, 𝑓 a,b

n best fit and 𝑓 a,b
T best fit respectively,

denoted as CH1_best, CH2_best, and CH3_best in Table 2.

addition, the measurement Procedures a and b show no signif-
icant difference in the output CH profile. However, the profile
for Procedure a is essentially at the QS level, indicating no
difference in the brightness temperature between CH and QS,
while for Procedure b there is a small but increasing difference
between CH and QS toward longer wavelengths.

Moreover, the fact that all three cases of 𝑓 a,b
T best fit factors

(Table 2) give the same CH profile and that the uncertainty
of those factors is higher than the actual factor value, but
decreasing as it approaches 1, indicates that the CH brightness
temperature does not depend on the electron temperature. If
we would set the measurement uncertainties to lower values
than they are given in this work, the density factor uncertainty
becomes much smaller, but the uncertainty of the tempera-
ture factor still remains significantly high and going outside
the considered value range. Therefore, a significant change in
electron temperature does not result in a significant change in
the CH brightness temperature, as is predicted. One can then
simply set the temperature factor to 1 like in the third case.
Between cases, the 𝑓 a,b

n best fit factors (Table 2) do not change
significantly for both Procedures a and b. Procedure b yields
a slightly lower density than Procedure a. However, the same
resulting 𝑓n and 𝑓T factors of the best fit show that CH is
less dense than QS, but also slightly colder, which is in good
agreement with the expected appearance of CHs in the solar
atmosphere (Baranovskii et al. 2019; Gopasyuk et al. 2020).

5 DISCUSSION AND CONCLUSIONS

A comparison of the QS brightness temperature profiles calcu-
lated from the ATLCW QS atmosphere model with the recent

ALMA and Metsähovi observations (Figure 1) reveals gen-
eral agreement over the entire ALMA wavelength range. The
best-fitting QS model showed no significant deviation from
the original ATLCW model in both density and temperature.
These results show that the original ATLCW QS model is suf-
ficient for describing the QS atmosphere and no additional
modifications are needed in the model at this time.

In the ALMA and Metsähovi full-disc images, the ARs
appear significantly brighter than the measured surrounding
QS atmosphere, but also brighter than the ATLCW QS level
(Figure 2). At mm and sub-mm wavelengths, ARs are bright
primarily due to increased density, and our AR models appear
to be in a good agreement with this statement. We note that
the electron temperature was also higher for ARs. The excess
temperature of ARs compared to QS is consistent with the
expected AR features where a strong magnetic field could lead
to an increase in temperature, for example, due to dissipation
in current sheets (da Silva Santos et al. 2022).

Using the SSC atmosphere model for the QS, de Oliveira e
Silva et al. (2022) modeled the density and temperature for dif-
ferent parts of an AR (umbra, penumbra, and plage) up to 6 000
km above the photosphere. The AR in question is the same
as the one observed in the present work and in Brajša et al.
(2018b). Devoid of sunspot structures (umbra and penumbra),
in the chromosphere, de Oliveira e Silva et al. (2022) obtained
the average AR density about 47% higher and a temperature
about 7% higher than the SSC QS values. Our results for the
AR 𝑓T best fit factor (Table 2) somewhat agree with the results
by de Oliveira e Silva et al. (2022), while our 𝑓n best fit factors
(Table 2) seem to be in the lower range of their model. How-
ever, their value of 47% higher density would still produce an
AR profile within the measurement errors and also close to the
AR profiles we obtained.

The last structure we analyzed were CHs. The ALMA and
Metsähovi measurements reveal that the CHs have slightly
lower brightness temperatures than the measured QS (Table 1)
and the ATLCW QS model (Figure 3). All output CH bright-
ness temperature profiles indicate very little or almost no
difference from the ATLCW QS level over the entire ALMA
wavelength range, resulting in the CH being slightly darker
than the QS at ALMA wavelengths. Moreover, our results
also provide clear evidence that the brightness temperature of
the CHs depends on their electron density rather than their
temperature, which is consistent with the results of earlier
observational and modeling studies by Brajša et al. (2007,
2018a).

Considering the CH density, out of three cases, the
CH1_best has significantly lower density when compared with
the QS. Because the CH is at the solar limb, where more
higher atmospheric layers are observed on average, one would
expect to see a higher contrast in density, as well as temperature
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between a CH and the surrounding QS. The CH1_best results
for both the electron density and temperature could indicate
just that. For a similar temperature, as is the situation with the
three cases (CH1_best, CH2_best, and CH3_best) individu-
ally, a lower density means that the CH profile shifts downward
toward lower brightness temperatures. This is true for all three
cases. However, having both lower density and temperature,
one would expect a profile to have a larger downward shift, but
all cases give similar profiles despite different output densities
and temperatures. This could indicate that the chromospheric
appearance of a CH visible in the ALMA wavelength range is
not too sensitive to the density changes. Similarly, temperature
changes as those seen among the three cases also do not affect
the chromospheric appearance of a CH significantly. If there
is any significant difference between the investigated cases, it
might be at the coronal heights, outside the observed height
range of the current measurements. To single out the more
physical case for the given CH, we would first need to get mea-
surements at even more wavelengths, which would increase the
number of data points used in the profile fitting. Also, the cur-
rent observed wavelength range might need to be extended to
even coronal heights to constrain more the possible density and
temperature parameters, for which the nonlinear Equation (3)
gives the best-fitting profile (future work).

Using the He I observations from the Solar tower telescope
BST-2 and H𝛼 observations from the Global Oscillations Net-
work Group (GONG) of a polar CH in the solar chromosphere,
Baranovskii et al. (2019) found the temperature of CHs to be in
the range of 4 580−8 150 K, which is 500−1 500 K lower than
the QS level. This results in a CH temperature about 1.12−1.23
times lower than that of the surrounding QS. Also, based on the
polar and equatorial CHs, Gopasyuk et al. (2020) found the CH
temperatures to be 1.29−1.33 times lower than the QS value.
The results of these two studies agree well with our results,
especially with CH2_best in Table 2. In addition, Baranovskii
et al. (2019) found that the density of observed CHs in the solar
chromosphere is 2−3 times lower than that of QS. Our results
(Table 2) give a CH density 1−1.7 times lower than the QS
value, being below the minimum value found by Baranovskii
et al. (2019). When the uncertainties in the density factors are
taken into account, the upper limit of our results falls inside
the value range determined by these authors. This small differ-
ence between our results and those of Baranovskii et al. (2019)
could be because different CHs were observed, but also due to
different spatial resolutions in the two studies.

It should be noted that the ATLCW, AL, and similar atmo-
sphere models are hydrostatic models. This means that, for
example, a modified temperature would change the pressure
scale height, and thus the density profile. The obtained bright-
ness temperature profiles for the observed AR and CH appear
not to follow this trend because the profiles for both solar

structures are less sensitive to the temperature changes and
more sensitive to the density changes. From one aspect, when
observing the brightness temperature of the solar atmosphere,
more than one atmospheric layer in the observer’s line-of-sight
contributes to the overall measured brightness temperature.
In the case of AR and CH, this means that a non-negligible
change in density in the observed column of plasma in the solar
atmosphere would cause a significant change in the observed
brightness temperature. The change, significant or not, in only
temperature in the observed plasma column by itself might
not be enough to make as significant change in the measured
intensity as the change in density would have. From another
aspect, having different sensitivities on the density and temper-
ature changes, the AR and CH structures as a whole might not
be governed by hydrostatic laws, but rather some other laws
or mechanisms, most likely related to magnetic field structure
and its properties. If in fact the hydrostatic case is valid for AR
and CH structures, it would not be applicable for a structure
as a whole, but instead only within specific layers of a given
structure.

Furthermore, we compare the current modeling results
based on the modified ATLCW model presented in this work
with earlier efforts by Brajša et al. (2018a) based on the
modified FAL model:

(i) The QS brightness temperature profiles based on the
ATLCW models are systematically higher than for the mod-
ified FAL models. The functional dependence of brightness
temperature on wavelength is also different for the two models.

(ii) The QS brightness temperature as a function of wave-
length based on the ATLCW solar atmosphere model agrees
much better with observations, both from ALMA, Metsähovi,
and from other studies, than the models presented by Brajša et
al. (2018a).

(iii) The models of ARs in the present work are more realis-
tic and closer to the observational results than in the previous
study (Brajša et al. 2018a).

(iv) The results for CHs are consistent at the qualitative
level (no obvious difference from the QS level for wavelengths
0.3−4 mm and slightly lower emission of CHs for wavelengths
4−10 mm), but the functional dependence of brightness tem-
perature on wavelength is different compared with the previous
models.

It should be noted that for structures other than QS we had
only three observed wavelengths on which to base our analy-
sis and conclusions. Therefore, more observations, especially
above the wavelength of 3 mm, are needed to improve the cur-
rent models, obtain more precise values of the density and
temperature factors with lower uncertainties than the current
results, and get a better picture of the physical properties of the
solar structures. Moreover, depending on the spatial resolution
(beam size), single-dish measurements could potentially lead



10 Matković ET AL

to incorrect conclusions about the solar structure depending on
how much of the surrounding region is included in the average
brightness temperature measurement. For this reason, a com-
parison between the results of single-dish (as in this work) and
interferometric observations could be useful to see if a model
based on one type of observation is also valid for the other type
(future work).

A similar analysis, as presented in this work, can also be
applied to other solar structures such as prominences and
sunspots. However, we should note that both prominences
and sunspots are not background structures as QS, ARs, and
CHs are. Prominences have complex three-dimensional struc-
tures that extend from the chromosphere to the corona, while
sunspots are relatively small structures in the low solar atmo-
sphere and single-dish observations are often not able to
resolve them. This represents a challenge when modeling these
two solar structures, so they should be treated differently than
the solar structures analyzed in the present article. In future
work, we plan to analyze both prominences and sunspots using
a similar modeling as in this work, but including special treat-
ments in order to study their complex two-dimensional and
three-dimensional structures and properties in more details.

The results of this work and their comparison with earlier
studies suggest that the approach of using one-dimensional
models based on the semi-empirical ATLCW model proved
to be a good basis for modeling solar structures and suf-
ficient for obtaining realistic brightness temperature values
of those structures. We plan to extend the current analy-
sis of this work by testing this approach for other solar
structures not yet addressed in this work. However, the one-
dimensional approach has a significant disadvantage compared
to multidimensional models. For a given wavelength, the one-
dimensional models only give the mean value of the brightness
temperature of a given solar structure as a whole, without any
details about the substructure. The next step would therefore
be to extend the current one-dimensional model to a two-
dimensional model, and later three-dimensional model. Using
the procedure described in this work, one can further extend
this procedure to obtain a two-dimensional brightness tem-
perature map, together with corresponding electron density
and temperature maps, of a given solar structure for different
observing wavelengths (heights). We would then be able to
study the cross-section of a solar structure and the variation of
brightness temperature, and other physical properties within
the structure. This will be addressed in future work.

ACKNOWLEDGMENTS

This work was supported by the Croatian Science Foun-
dation as part of the "Young Researchers’ Career Devel-
opment Project - Training New Doctorial Students" under
the project 7549 "Millimeter and submillimeter observations
of the solar chromosphere with ALMA". Support from the
Austrian-Croatian Bilateral Scientific Projects ”Comparison
of ALMA observations with MHD-simulations of coronal
waves interacting with coronal holes” and ”Multi-Wavelength
Analysis of Solar Rotation Profile” is also acknowledged. It
has also received funding from the Horizon 2020 project
SOLARNET (824135, 2019–2023). In this paper, ALMA
data ADS/JAO.ALMA#2011.0.00020.SV were used. ALMA
is a partnership of ESO (representing its member states),
NSF (USA), and NINS (Japan), together with NRC (Canada),
MOST and ASIAA (Taiwan), and KASI (Republic of Korea),
in cooperation with the Republic of Chile. The Joint ALMA
Observatory is operated by ESO, AUI/NRAO, and NAOJ.
We thank the ALMA project for enabling solar observations
with ALMA. This publication also uses data from the Met-
sähovi Radio Observatory, operated by the Aalto University
(Aalto University 2019). RB acknowledges financial support
from the Alexander von Humboldt Foundation. HGL acknowl-
edges financial support from the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation)−Project-ID
138713538−SFB 881 ("The Milky Way System”, subproject
A04). CLS acknowledges financial support from the São Paulo
Research Foundation (FAPESP), grant number 2019/03301-
8. We would also like to thank Manuela Temmer for critical
reading of the manuscript.

REFERENCES

Aalto University. (2019), Metsähovi Radio Observatory public solar
database, Espoo, Finland: Aalto University, Metsähovi Radio
Observatory., http://urn.fi/urn:nbn:fi:att:f371cb6d
-f84c-4d76-99e4-c39c639fd0de.

Alissandrakis, C. E., Bastian, T. S., & Nindos, A. (2022), A&A, 661,
L4.

Alissandrakis, C. E., Bastian, T. S., & Nindos, A. (2023), A&A, 670,
C3.

Alissandrakis, C. E., Patsourakos, S., Nindos, A., & Bastian, T. S.
(2017), A&A, 605, A78.

Aschwanden, M. J. 2004, Physics of the Solar Corona. An Introduc-
tion, Chichester, UK: Praxis Publishing Ltd.

Avrett, E. (2000), Photospheric-Chromospheric Model. In Allen’s
Astrophysical Quantities, ed. A. N. Cox, Springer (New York).

Avrett, E., Tian, H., Landi, E., Curdt, W., & Wülser, J. P. (2015), ApJ,
811, 87.

Avrett, E. H., & Loeser, R. (2008), ApJS, 175, 229-276.
Baranovskii, E. A., Gopasyuk, O. S., & Shtertser, N. I. (2019),

Astrophysics, 62, 226-233.
Bastian, T. S., Bárta, M., Brajša, R. et al. (2018), The Messenger,

http://urn.fi/urn:nbn:fi:att:f371cb6d-f84c-4d76-99e4-c39c639fd0de
http://urn.fi/urn:nbn:fi:att:f371cb6d-f84c-4d76-99e4-c39c639fd0de


Matković ET AL 11

171, 25-30.
Bekefi, G. 1966, Radiation processes in Plasmas, New York, London,

Sydney: John Wiley and Sons, Inc.
Benz, A. O. 2002, Plasma Astrophysics, Astrophysics and Space

Science Library, 2nd ed., Vol. 279, Kluwer (Dordrecht).
Benz, A. O. 2009, Radio Emission of the Quiet Sun. In: Trümper J.

(ed.), Landolt Börnstein, Springer-Verlag (Berlin), 103 – 117.
Benz, A. O., Krucker, S., Acton, L. W., & Bastian, T. S. (1997), A&A,

320, 993-1000.
Brajša, R. (1993), Sol. Phys., 144, 199-202.
Brajša, R., Benz, A. O., Temmer, M., Jurdana-Šepić, R., Šaina, B., &

Wöhl, H. (2007), Sol. Phys., 245, 167-176.
Brajša, R., Kuhar, M., Benz, A. O. et al. (2018a), Central European

Astrophysical Bulletin, 42, 1.
Brajša, R., Romštajn, I., Wöhl, H., Benz, A. O., Temmer, M., & Roša,

D. (2009), A&A, 493, 613-621.
Brajša, R., Sudar, D., Benz, A. O. et al. (2018b), A&A, 613, A17.
da Silva Santos, J. M., Danilovic, S., Leenaarts, J. et al. (2022), A&A,

661, A59.
de Oliveira e Silva, A. J., Selhorst, C. L., Costa, J. E. R. et al. (2022),

Frontiers in Astronomy and Space Sciences, 9, 911118.
Doschek, G. A., Warren, H. P., Laming, J. M. et al. (1997), ApJ, 482,

L109-L112.
Fontenla, J. M., Avrett, E. H., & Loeser, R. (1993), ApJ, 406, 319-

345.
Gabriel, A. (1992), The Solar Corona. In NATO Advanced Sci-

ence Institutes (ASI) Series C, eds. J. T. Schmelz & J. C. Brown,
Dordrecht: Springer, Vol. 373.

Gallagher, P. T., Mathioudakis, M., Keenan, F. P., Phillips, K. J. H.,
& Tsinganos, K. (1999), ApJ, 524, L133-L137.

Golub, L., & Pasachoff, J. M. 1997, The Solar Corona, Cambridge
University Press (Cambridge).

Gopasyuk, O. S., Baranovskii, E. A., Tarashchuk, V. P., & Shtertser,
N. I. (2020), Astrophysics, 63, 421-429.

Hara, H., Tsuneta, S., Acton, L. W., Bruner, M. E., Lemen, J. R., &
Ogawara, Y. (1994), PASJ, 46, 493-502.

Hurford, G. (1992), Solar Radio Observations. In NATO Advanced
Science Institutes (ASI) Series C, eds. J. T. Schmelz & J. C.
Brown, Dordrecht: Springer, Vol. 373.

Ivezić, Ž., Connolly, A. J., VanderPlas, J. T., & Gray, A. 2014,
Statistics, Data Mining, and Machine Learning in Astronomy: A
Practical Python Guide for the Analysis of Survey Data (??th ed.).
Princeton, NJ: Princeton University Press.

Kallunki, J., & Tornikoski, M. (2018), Sol. Phys., 293, 156.
Koutchmy, S. (2000), Solar Corona. In Allen’s Astrophysical

Quantities, ed. A. N. Cox, Springer (New York).
Lang, K. R. 2000, The sun from space, Berlin, Heidelberg: Springer-

Verlag.
Loukitcheva, M. (2019), Advances in Space Research, 63, 1396-

1403.
Loukitcheva, M., Solanki, S. K., Carlsson, M., & Stein, R. F. (2004),

A&A, 419, 747-756.
Rybicki, G. B., & Lightman, A. P. 1985, Radiative Processes in

Astrophysics, Weinheim, Germany: Wiley-VCH.
Selhorst, C. L., Silva, A. V. R., & Costa, J. E. R. (2005), A&A, 433,

365-374.
Selhorst, C. L., Simões, P. J. A., Brajša, R. et al. (2019), ApJ, 871,

45.
Selhorst, C. L., Simões, P. J. A., Oliveira e Silva, A. J., Giménez de

Castro, C. G., Costa, J. E. R., & Valio, A. (2017), ApJ, 851, 146.
Shimojo, M., Bastian, T., Hales, A. et al. (2017), Sol. Phys., 292, 87.
Simões, P. J. A., Kerr, G. S., Fletcher, L., Hudson, H. S., Giménez de

Castro, C. G., & Penn, M. (2017), A&A, 605, A125.
Stix, M. 1989, The Sun. An Introduction, Springer-Verlag (Berlin,

Heidelberg, New York).
Sudar, D., Brajša, R., Skokić, I., & Benz, A. O. (2019), Sol. Phys.,

294, 163.
Urpo, S., Pohjolainen, S., Heikkilä, J., & Wiik, K. 1997, Solar Obser-

vations at Metsähovi in 1994-1995, Espoo, Finland: Hels. Univ.
Technol., Metsähovi Radio Res. Stn., Rep. Ser. A, No. 26.

van Hoof, P. A. M., Williams, R. J. R., Volk, K. et al. (2014), MNRAS,
444, 420-428.

Vernazza, J. E., Avrett, E. H., & Loeser, R. (1981), ApJS, 45, 635-
725.

Wedemeyer, S., Bastian, T., Brajša, R. et al. (2016), Space Science
Reviews, 198, 1.

Weinberg, S. 2020, Lectures on Astrophysics, Cambridge University
Press (Cambridge).

White, S. M. (2002), The Solar Atmosphere at Radio Wavelengths.
In Stellar Coronae in the Chandra and XMM-NEWTON Era, eds.
F. Favata & J. J. Drake, San Francisco, CA: Astronomical Society
of the Pacific, Vol. 277, p. 299.

White, S. M., Iwai, K., Phillips, N. et al. (2017), Sol. Phys., 292, 88.
Wilson, T. L., Rohlfs, K., & Hüttemeister, S. 2013, Tools of Radio

Astronomy (6th ed.). Springer (Berlin Heidelberg).
Zirin, H. 1988, Astrophysics of the Sun, Cambridge University Press

(Cambridge).


	Calculated brightness temperatures of solar structures compared with ALMA and Metsähovi measurements
	Abstract
	Introduction
	The models and the brightness temperature calculation
	Obtaining theoretical models
	Fitting theoretical models to observational data

	Observational results
	ALMA data
	Metsähovi data

	Modeling results and comparison with observations
	Quiet sun
	Active region
	Coronal hole

	Discussion and conclusions
	Acknowledgments
	References


