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Abstract. An atmospheric model was constructed in order to reproduce quantitatively the observations at 17 GHz from
Nobeyama Radio Heliograph, namely the brightness temperature at disk center (from 1.4 to 400 GHz), center-to-limb brightening distribution, and radius derived from 17 GHz solar maps. The two dimensional solar atmospheric model, that takes into
account the curvature of the Sun, includes spicules, which physical characteristics (such as size, temperature, density, position,
and inclination angle) were randomly attributed. After the interferometer instrumental response is taken into account, the results
showed than an atmospheric model without spicules produces 36% of limb brightening, approximately the value observed at the
solar poles. However, the inferred solar radius from the model (970 ) was 6 smaller than the mean value derived from the solar
maps. An improvement of the model is made by including spicules. Results from this upgraded model showed that depending
on their physical parameters, limb brightening and solar radius values are obtained in agreement with the radio observations
(except for polar regions).
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1. Introduction
1000

As can be seen on almost any high resolution image of the
Sun at 17 GHz from the Nobeyama Radio Heliograph (NoRH),
the brightness of the disk increases toward the limb. This limb
brightening, enhanced in Fig. 1, is expected due to the positive
temperature gradient in the chromosphere and corona. Such a
brightening, however, is thought to be homogeneous throughout the solar limb. Selhorst et al. (2003) studied in detail the
limb brightening observed in the Nobeyama maps and concluded that this brightening was neither constant in time nor in
space. Their main findings were: (1) the brightening at the poles
were usually more intense than at other limb regions of the
Sun (active regions excluded) being on average 25% brighter
than the mean disk brightness, whereas this excess brightness
reached 15% for the equatorial regions and 10% for the intermediate regions; (2) the brightness of the polar regions was
seen to be anti-correlated with the solar activity cycle, and positively correlated with the number of polar faculae.
Several semi-empirical models have been proposed for the
solar atmosphere based on spectral line observations, among
which the VAL (Vernazza et al. 1973, 1976, and 1981) and
FAL (Fontenla et al. 1990, 1991, and 1993) series may be
mentioned. VAL II (Vernazza et al. 1976) was built based on
optical continuum (0.125–500 µm) with the goal of modeling
the photosphere and temperature minimum region. Once extreme ultraviolet observations became available, which showed
the inhomogeneous nature of the chromosphere, the VAL III
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Fig. 1. NoRH map of the Sun at 17 GHz, with the brightness close to
the limb enhanced.

(Vernazza et al. 1981) model was put forward, separated in
six diﬀerent components (A–F) in an attempt to describe the
distinct regions of the higher solar atmosphere. These models
also take into consideration observations of spectral lines of
several atoms and ions.
One of the first models, denominated HSRA (Harvard
Smithsonian Reference Atmosphere), developed by Gingerich
et al. (1971), modeled the low chromosphere using extreme
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ultraviolet observations. This model extends from −159 km up
to 1900 km and is in good agreement with the observations
between 0.4 and 10 µm. A more recent series of atmospheric
models was performed by Fontenla and collaborators (1990,
1991, and 1993). These models used optical and ultraviolet
spectral line measurements, as well as continuum observations.
As the VAL III model, FAL II and III was also divided in diﬀerent components representing quiet sun, dark and bright regions,
as well as plages.
Despite the success of the model cited above for optical and
ultraviolet observations, they are unable to describe the radio
observations. The radio data are very reliable because it measures the true electron temperature since it is due to free-free
emission. Zhang et al. (2001) discuss the discrepancy between
ultraviolet and radio observations of the Sun at 20 and 6 cm.
The authors attribute this diﬀerence to an underestimation of
the Fe abundance used in the calculation of the UV line emission. In the majority of cases, the predicted limb brightening
is always much larger than what is observed. Presently, there
is no model capable of explaining all the radio observations at
various frequencies. Moreover, only the brightness temperature
at disk center is considered by the majority of these models.
Ewell et al. (1993) take into consideration both the brightness
temperature at disk center and radius determination from submillimetric observations.
In 1991, Zirin and collaborators (Zirin et al. 1991) measured the brightness temperature at the solar disk center for
20 frequencies from 1.4 to 18 GHz, based on which they proposed a chromospheric model. This model assumes a constant
temperature gradient of 3 K/km and a density scale height
of 700 km. It is based on this model that the NoRH 17 GHz
maps are normalized to 104 K, as described in Shibasaki
(1998).
Because of the discrepancy between the submillimetric
wavelength observations (200 µm to 3 mm) and the VAL models predictions, Ewell et al. (1993) developed the “Caltech
Irreference Chromospheric Model” (CICM). This model uses
a single parameter, namely the electron density scale height, in
order to fit the submillimetric limb height. This model situates
the transition region at about 5000 km.
The two models mentioned above are restricted to a straight
band of the solar atmosphere between the photosphere and the
transition region. It is true that the corona and high transition region contributions to the radio brightness temperature
at disk center is small. This is not the case, however, when the
emission close to the solar limb is considered due to the solar
curvature.
To explain the discrepancy between the radio observations
and the atmospheric models, several authors have proposed the
existence of chromospheric structures which alter the atmosphere locally. Among these features, spicules have been used
in atmospheric models in an attempt to explain the radio and
infrared observations.
Elzner (1976) studied the influence of spicules, uniformly
distributed throughout the solar atmosphere. The spicules were
modeled as cylinders perpendicular to the solar surface, which
number increased with height in the atmosphere. Calculations
showed that the limb brightening at 5 GHz decreased from 43%

for a model without spicules to 25% (for a 7500 K spicule),
however observations showed no more than 15% of limb
brightening (Fürst et al. 1974).
In order to match the far infrared observations, Braun
& Lindsey (1987) proposed a plane-parallel model with
VAL-C densities and temperatures up to 1000 km, where above
this height the atmosphere is composed of randomly distributed
cylindrical spicules. The best agreement with the data was obtained for 7000 K optically thick spicules with heights up to
7000 km. Roellig et al. (1991) included the eﬀect of H and H−
free-free opacity in the Braun & Lindsey (1987) model in order
to fit observations at 30–670 µm wavelengths.
Since no single model explains the radio observations from
microwaves all the way to submillimetric wavelengths, we
propose a new model heavily based on the high resolution
17 GHz data, which takes into consideration three kinds of
data: (i) brightness temperature at disk center (1.4–400 GHz);
(ii) radius measurements (17 GHz); and (iii) brightness distribution close to the limb (17 GHz), namely limb brightening.
The influence of spicules is also taken into account by this
model.
The model is described in next section and compared
with brightness temperature data at several radio frequencies.
Section 2.1 discusses the discrepancy between the model and
the 17 GHz maps limb observations. The influence of the presence of spicules is shown in Sect. 3, whereas the bi-dimensional
model is presented in Sect. 4. Finally, the last section contains
the discussion and main conclusions of this work.

2. Basic atmospheric model without spicules
Since the NoRH maps at 17 GHz are normalized to 104 K
according to the Zirin et al. (1991) model, we start with this
model. However, no estimates for the density and temperature
values for the transition region and corona are made in this
model. Gabriel (1992), on the other hand presents a model for
the quiet solar atmosphere based on ab initio calculation and
spectral line intensities.
In this work, we do not account for the eﬀects of the strong
magnetic fields in active regions, we only tried to model the
quiet Sun atmosphere. In order to model the full solar atmosphere from the photosphere to the corona, we propose a hybrid model with 50 km spatial resolution, where (1) the photosphere up to 1800 km is represented by the FAL C (Fontenla
et al. 1993) model; (2) the chromosphere from 1800 to 3500 km
is based on the Zirin et al. (1991) model; and (3) the transition region and corona above 3500 km up to 40 000 km is
taken from the Gabriel (1992) model. In the computation of
the bremsstrahlung radiation by the model, we assume that the
atmosphere is basically composed of hydrogen (Z = 1.178),
and considered only the proton density, since it is much larger
than that of ions.
In order to make a continuous model at the boundary regions between the FAL C and the Zirin models, we modify
the Zirin model slightly by considering the density and temperature of the atmosphere between 1000 and 3500 km to
vary exponentially. The density decreases with a scale height
of 750 km, whereas the temperature increases with a scale
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Fig. 3. Brightness temperature of the solar disk center at various frequencies from 1.4 to 405 GHz represented by symbols. The solid
curve shows the result obtained from our model.
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Fig. 2. Temperature (top) and density (bottom) distribution for the
photosphere and chromosphere regions.

height of 3800 km. Here, the plasma is considered to be fully
ionized above 1000 km. The base of the transition region is
kept at 3500 km, as in the Zirin et al. (1991) model.
For the transition and coronal regions (3500–40 000 km),
we use the Gabriel (1992) model, however in order to better fit
the data, the density was reduced by about 30% (lower panel of
Fig. 2). Nevertheless, the density values obtained are still compatible with coronal values, the smallest density value of our
model being 1.6 × 108 cm−3 at 40 000 km. If instead a modification in the temperature distribution were performed in order to fit the observations, the changes would have to be much
greater.
The resulting temperature, electron and proton density distributions as function of height above the solar surface (defined as the point of unity optical depth at a wavelength of
500 nm, similar to Fontenla et al. 1993) are shown in Fig. 2.
In the model the densities and temperature are specified every 50 km, totaling up to 800 points in order to reach coronal
heights of 40 000 km. The regions of the atmosphere based on
the FAL (photosphere) and Gabriel (corona) model were obtained by linear interpolation of the values listed on Table 2 –
model C (Fontenla et al. 1993) and Table 1 (Gabriel 1992),
respectively. Due to space limitation, only values at specified
heights are listed on Table 1. The total range can be easily obtained by linear interpolation from the values listed on the table.
Once the model has been established, the brightness temperature as a function of wavelength is calculated assuming
thermal bremsstrahlung as the emission mechanism:

T κν e−τν ds
(1)
T B (ν) =

where κν is the
 free-free absorption coeﬃcient (given by Zirin
1988), τν = κν ds is the optical depth, and T is the physical
temperature of the medium. The integrals are performed along
the line-of-sight.
The hybrid model described above fits the brightness temperature of radio observations from 1.4 to 400 GHz very well as
is shown in Fig. 3. As for 17 GHz, most of the emission arises
from a region 2900 km above the solar surface, where τ ∼ 1. In
this region, the temperature is about 9600 K whereas the density (electrons and ions) is 9.3 × 109 cm−3 , yielding a brightness temperature of 10 390 K, which is very close to the value
of 104 K adopted by NoRH 17 GHz maps.
Once the atmospheric temperature and density profiles
as a function of height have been established (see Table 1),
two bi-dimensional matrices, representing one quadrant of the
Sun, were created one for the temperature and another for the
product of the electron and proton densities, ne np , where each
matrix pixel represents a square area of 50 × 50 km2 . In order to
save computational time and memory due to the large number
of empty pixels (e.g. regions below the solar surface) since we
are only interested in the solar atmosphere, we divided the solar atmosphere into 7 smaller matrices both for the temperature
and density product. These matrices follow the solar spherical
curvature, as can be seen in Fig. 4. Since we have to follow
the radiation path near the solar limb, the region covered by
the matrices is slightly larger than one quadrant (90◦ ), in fact it
ranges from polar angles −10◦ through 100◦ .
In order to calculate the brightness temperature as a function of distance from disk center all the way to the limb, the
opacity integral and that of Eq. (1) are estimated along the horizontal lines of the 7 matrices described above. We have computed the brightness temperature every 14 lines, which corresponds to a distance of 700 km (approximately 1 ). This value
was chosen based on the spatial resolution of the NoRH maps,
which is of 10 . Nevertheless, we cannot increase the pixel size
(50 km) of the matrices because of the transition region which
is in reality very thin and would otherwise be suppressed from
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Table 1. Modeled temperature and densities representing the quiet Sun atmosphere as a function of height above the solar surface.
Height (km)
0.0
100.0
200.0
300.0
400.0
500.0
600.0
700.0
800.0
900.0
1000.0
1100.0
1200.0
1300.0
1400.0
1500.0
1600.0
1700.0
1800.0
1900.0
2000.0
2100.0
2200.0
2300.0
2400.0
2500.0
2600.0
2700.0
2800.0
2900.0
3000.0
3100.0
3200.0
3300.0
3400.0
3450.0
3500.0
3550.0
3600.0
3650.0
3700.0
3750.0
3800.0
3900.0
4000.0
4100.0
4250.0
4450.0
4700.0
5000.0
5400.0
5900.0
6550.0
7400.0
8500.0
9850.0
11 650.0
13 900.0
16 800.0
20 550.0
25 350.0
31 450.0
39 300.0

Temperature (K)
6.5200e+03
5.4100e+03
4.9900e+03
4.7700e+03
4.5600e+03
4.4071e+03
4.5500e+03
5.0045e+03
5.4690e+03
5.7445e+03
5.9000e+03
6.0573e+03
6.2188e+03
6.3847e+03
6.5549e+03
6.7297e+03
6.9092e+03
7.0934e+03
7.2825e+03
7.4767e+03
7.6761e+03
7.8808e+03
8.0909e+03
8.3067e+03
8.5282e+03
8.7556e+03
8.9890e+03
9.2287e+03
9.4748e+03
9.7275e+03
9.9868e+03
1.0253e+04
1.0527e+04
1.0807e+04
1.1095e+04
1.1242e+04
1.2921e+04
8.9536e+04
1.6723e+05
2.5304e+05
2.9924e+05
3.4544e+05
3.9164e+05
4.2154e+05
4.4674e+05
4.7194e+05
5.0974e+05
5.6014e+05
6.2315e+05
6.5724e+05
6.9633e+05
7.4518e+05
8.0180e+05
8.4500e+05
9.0090e+05
9.6951e+05
1.0195e+06
1.0561e+06
1.1033e+06
1.1644e+06
1.2425e+06
1.3270e+06
1.4319e+06

Electron density (cm−3 )
7.6800e+13
9.8900e+12
3.9300e+12
1.7100e+12
7.2400e+11
3.0314e+11
1.2600e+11
8.3482e+10
1.0661e+11
1.2310e+11
1.1000e+11
9.6269e+10
8.4252e+10
7.3735e+10
6.4531e+10
5.6476e+10
4.9426e+10
4.3256e+10
3.7857e+10
3.3131e+10
2.8996e+10
2.5376e+10
2.2209e+10
1.9436e+10
1.7010e+10
1.4887e+10
1.3029e+10
1.1402e+10
9.9790e+09
8.7333e+09
7.6432e+09
6.6891e+09
5.8541e+09
5.1234e+09
4.4838e+09
4.1947e+09
3.9171e+09
3.3051e+09
2.6583e+09
1.7297e+09
1.5281e+09
1.3264e+09
1.1247e+09
1.0526e+09
1.0055e+09
9.5829e+08
8.8755e+08
7.9322e+08
6.7531e+08
6.3503e+08
5.9687e+08
5.4917e+08
4.9648e+08
4.6925e+08
4.3401e+08
3.9076e+08
3.6040e+08
3.3952e+08
3.1260e+08
2.7780e+08
2.3325e+08
1.9654e+08
1.5440e+08

Proton density (cm−3 )
6.0000e+13
1.4000e+12
1.1000e+11
2.3800e+10
6.7000e+09
2.7057e+09
5.4600e+09
3.2955e+10
8.3040e+10
1.1080e+11
1.1000e+11
9.6269e+10
8.4252e+10
7.3735e+10
6.4531e+10
5.6476e+10
4.9426e+10
4.3256e+10
3.7857e+10
3.3131e+10
2.8996e+10
2.5376e+10
2.2209e+10
1.9436e+10
1.7010e+10
1.4887e+10
1.3029e+10
1.1402e+10
9.9790e+09
8.7333e+09
7.6432e+09
6.6891e+09
5.8541e+09
5.1234e+09
4.4838e+09
4.1947e+09
3.9171e+09
3.3051e+09
2.6583e+09
1.7297e+09
1.5281e+09
1.3264e+09
1.1247e+09
1.0526e+09
1.0055e+09
9.5829e+08
8.8755e+08
7.9322e+08
6.7531e+08
6.3503e+08
5.9687e+08
5.4917e+08
4.9648e+08
4.6925e+08
4.3401e+08
3.9076e+08
3.6040e+08
3.3952e+08
3.1260e+08
2.7780e+08
2.3325e+08
1.9654e+08
1.5440e+08

C. L. Selhorst et al.: Solar atmospheric model with spicules

369

Table 2. Spicule temperature variation results.
Figure

10a
10b
10c
10d
11a
11b
11c
11d
11e

12
12
12
12

Width
(km)
–
500
500
500
500
500
500
500
500
500
500
700
900
1100
500
500
500
500

Spicule parameters
Height
Inclination
T
(103 km)
(◦ )
(103 K)
–
–
–
5
30–150
6
5
30–150
8
5
30–150
10
5
30–150
12
5–7
30–150
10
5–7
30–150
10
5–7
30–150
10
5–7
30–150
10
5–7
30–150
10
5–7
30–150
7–13
5–7
30–150
7–13
5–7
30–150
7–13
5–7
30–150
7–13
5–7
30–150
7–13
5–8
30–150
7–13
5–9
30–150
7–13
5–10
30–150
7–13

Density
(1010 cm−3 )
–
4
4
4
4
2
3
4
5
6
2–6
2–6
2–6
2–6
2–6
2–6
2–6
2–6

Center T b
(K)
10 392 ± 7
9031 ± 129
10 148 ± 36
10 981 ± 37
11 666 ± 104
10 478 ± 19
10 807 ± 53
11 093 ± 79
10 796 ± 55
9927 ± 50
10 700 ± 136
10 729 ± 115
10 726 ± 143
10 697 ± 142
10 700 ± 136
10 752 ± 152
10 677 ± 134
10 766 ± 118

Results
Limb bright.
(%)
width ( )
36.4
33.8
–
–
9.8
134.7
20.1
90.8
30.2
78.8
10.1
134.1
13.8
130.1
17.3
122.5
13.5
129.9
3.1
79.3
12.5
123.9
12.6
134.3
10.6
141.6
11.1
163.0
12.5
123.9
12.2
107.0
12.6
126.6
9.1
156.8

Radius
( )
969.7
969.2
970.2
970.6
970.8
972.5
972.4
972.6
972.4
971.9
972.3
972.3
972.6
972.5
972.3
972.5
974.6
975.1

Fig. 5. Center-to-limb variation of the brightness temperature at
17 GHz, obtained from the model described in the text. The solid line
is the result of the convolution of the model results (crosses) with the
10 Nobeyama synthesized beam.
Fig. 4. Representation of the 2-D solar atmosphere showing the regions covered by the temperature and density matrices. In this picture,
Earth direction is to the right, making disk center at 0◦ and limb at the
top, at 90◦ .

the simulation (that is, its width would be much smaller than
on pixel).

2.1. Comparison with 17 GHz limb observations
Figure 5 shows the results for the calculation of the brightness
temperature from disk center to the limb. The result is folded at
disk center in order to simulate the observations, that is, from

one limb to the opposite one. From this simulation it is possible
to measure the brightness temperature at disk center and at the
limb, or in other words the temperature excess above disk center values, and also the radius of the Sun defined as the distance
where the disk center intensity falls to half its value. These results are listed on Table 2.
As can be seen from the figure, a limb brightening of 100%
(crosses) with respect to the values at disk center is obtained
from the model. Since this result was obtained with a spatial
resolution of 1 , and the NoRH observations have a resolution of 10 , we have convolved this result with a 10 FWHM
Gaussian beam. The result of this convolution is shown as a

3. Inclusion of spicules in the 1-D model
As can be seen from the results of the model described in the
previous section, a spherically symmetric homogeneous atmosphere is not a good representation of the 17 GHz observations. In order to obtain a model closer to reality, we decided
to create an inhomogeneous atmosphere by including spicules.
Observations of spicules, mainly in Hα, show them as elongated structures lasting from 5 to 15 min, and covering from 1
to 10% of the solar surface (Sterling 2000). Since spicules
reach heights greater than 3000 km above the solar surface,
they are present in the regions where the 17 GHz emission is
produced.
In the model, spicules are represented as cylinders of constant density and temperature plasma with solar composition,
inclined with respect to the solar surface. Here, it is assumed
that at the location of the spicules, the atmospheric material
is substituted by that of the spicule, that is, the density and
temperature values of the matrices are replaced by those of
the spicules. A further assumption is that the rest of the atmosphere is unaltered. As spicules are chromospheric structures
commonly observed in Hα, we define the base of the spicules
at 1000 km above the photosphere, following Braun & Lindsey
(1987).
A first test of the spicules influence on the 17 GHz emission
was to simulate the eﬀect the total height reached by the spicule
would cause in the brightness temperature measured at disk
center. The results of the simulation are shown in Fig. 6. In each
panel, the height reached by a spicule starts at 1000 km and increases up to a maximum value of 10 000 km, the curves represent spicule temperature varying between 7000 and 13 000 K,
with a 1500 K step. Each panel shows the results for a constant
density, which varies from panel to panel in steps of 1010 cm−3 ,
starting at 2 × 1010 cm−3 . The main results obtained from this
test for the brightness temperature, T B , measured at disk center
are:
– for heights varying from 1000 up to approximately
2500 km, the brightness temperature is not altered since the
spicules are completely below the region where the 17 GHz
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solid line in Fig. 5. The excess temperature at the limb now has
decreased to 36% above disk center values.
Despite the good agreement at disk center, T B ∼ 104 K,
the values at the limb are of the order of the maximum values measured at the polar limbs of NoRH maps (Selhorst et al.
2003) and much larger than those of 10–15% observed at equatorial limb regions (in the absence of active regions). The limb
brightening width of 34 , that is the distance where the intensity is half the maximum value of the excess above quiet Sun,
is also much smaller than that measured from 17 GHz maps,
which is on average 66 ± 16 arcsec (Selhorst et al. 2003). As
for the radius determined after the convolution, the measured
value of 970 from this simulation is at least 5 smaller than
the mean solar radius measured from 17 GHz maps (Selhorst
et al. 2004). Before convolution, a radius of 966.5 was measured, increasing the discrepancy with observations even more.

Brightness temperature
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Fig. 6. The plots show the eﬀect of the brightness temperature measured at disk center as a function of the spicule height for diﬀerent
values of spicules temperature and density.

is formed (2900 km), thus the brightness is determined by
the atmosphere;
– the largest variations occur when the height of the spicule
reaches 2500 up to 3700 km (τ ∼ 1). For larger heights, the
brightness temperature barely alters, since the spicule material is optically thick and the area covered by the spicules
basically does not increase at disk center;
– for the same density, T B increases as the spicule temperature increases;
– the brightness temperature increases as the spicule density
increases up to 4 × 1010 cm−3 , and decreases for larger density values.
The temperature and height values used in the characterization of spicules are the ones commonly found in the literature
(Coates 1958; Beckers 1968 and 1972; Cheng 1992; Sterling
2000; Saito et al. 2001), however there are few estimates as to
their density. For a spicule composed mainly of hydrogen, the
density is 3−18 × 1010 cm−3 . The plots in Fig. 6 show that densities higher than 8 × 1010 cm−3 would decrease the brightness
temperature to very low values even for hot spicules, that would
reduce the disk center brightness temperature and completely
suppress the limb brightening.

4. Results of 2-D model with spicules
The 2-D model of the solar atmosphere with spicules was constructed by randomly distributing spicules within the temperature and density matrices (Fig. 7). The brightness temperature
as function of distance from disk center was calculated in the
same way as in the homogeneous atmosphere (Sect. 2). The
total number of spicules included in the model was equivalent
to 10% of the solar surface covered by spicules.
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Fig. 7. Distribution of spicules over the solar limb.
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Fig. 9. Center-to-limb brightness temperature distribution for a mean
of 28 simulations using the atmospheric model with spicules (crosses).
The solid line depicts the convolution of the brightness temperature
with a 10 Gaussian beam representing the NoRH spatial resolution.
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4.1. Effects of spicule parameter variation
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Fig. 8. Brightness temperature center-to-limb variation for a single
simulation using the atmospheric model with spicules.

Initially, the simulations were performed with spicules
of constant height, width, temperature, and density, except
for their locations and inclination angle that were randomly
attributed. Eventually, the other physical properties (height,
width, temperature, and density) were also varied. An example of the spicule distribution over the solar atmosphere can be
seen in Fig. 7.
The result of a single simulation is shown in Fig. 8, where
the center-to-limb brightness temperature variation is depicted
by crosses. The dispersion of the points reflects the presence
or absence of a spicule crossing that particular line-of-sight.
Depending on the physical characteristics of the spicule it may
yield a brightness temperature higher or lower than the surrounding atmosphere. Many simulations with spicules of random parameters were performed, and the mean of the brightness temperature distribution was calculate in order to obtain
the final center-to-limb brightness temperature, T b (r), for the
model. The mean T b (r) is shown in Fig. 9 (crosses), along with
the result from the convolution with a 10 beam representing
the NoRH observations (solid line).
The total number of center-to-limb brightness temperature
simulations, N, was determined by a convergence criterion in
which the mean of N simulations is calculated; from which the
rms of the 400 points closest to disk center is determined; this
rms and that calculated from N + 1 simulations should be less
than 0.0003. Usually, it suﬃces to perform 20–40 simulations.
In the following sections we present the results obtained from
varying each of the spicule physical properties such as temperature, density, width, and height.

The first line of Table 2 lists the results from the homogeneous model, i.e., from a spiculeless atmosphere. The next
four lines of the table list the simulation results with spicules
500 km wide and 5000 km high, electron and ion density of
4 × 1010 cm−3 and random inclination from 30 to 150◦ with
respect to the solar surface are shown in Fig. 10 and listed in
Table 2. Each panel of the figure depicts the brightness temperature variation as function of disk center distance for diﬀerent
spicule temperatures, starting at 6000 K (Fig. 10a) and increasing by steps of 2000 K up to 12 000 K (Fig. 10d).
These results show that as the spicule temperature increases
so do the quiet Sun brightness temperature and limb brightening, whereas the limb brightening width decreases.The solar
radius measured at half quiet Sun value increases slightly with
spicule temperature.
Before studying the eﬀect of spicule density variation, the
height of the spicule was chosen as a random value in the
range of 5000 to 7000 km. The spicule electron and ion densities were considered to be equal. The results of varying the
spicule density from 2 to 6 × 1010 cm−3 are displayed in Table 2
and in Fig. 11. The simulations yield similar results to the
1-D model, i.e., that both the central disk brightness temperature and limb brightening increase with the spicule density up
to 4 × 1010 cm−3 , and decreases thereafter. For the same temperature and density (10 000 K and 4 × 1010 cm−3 ) as the previous simulation, the solar radius increased by 2 indicating that
the solar radius at 17 GHz reflects the average height reached
by spicules.
Next, the eﬀect of diﬀerent spicule widths were analyzed.
The spicule width is the only fixed parameter, starting at
500 km and increasing in steps of 200 km. In each simulation, spicule height varies randomly from 5000 to 7000 km,
inclination from 30◦ to 150◦ as before, temperature from 7000
to 13 000 K, and density from 2 to 6 × 1010 cm−3 . Since the
number of spicules was kept constant, an increase in their width
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Fig. 10. Brightness temperature center-to-limb variation, mean from a
set of simulations using the atmospheric model with spicules of different temperatures.
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Fig. 11. Brightness temperature center-to-limb variation, mean from a
set of simulations using the atmospheric model with spicules of different densities.

implies that a larger area of the solar surface is covered. The results listed on Table 2 show very little variation in disk center
brightness temperature (within the uncertainty), limb brightening (2%), and solar radius.

4.2. Influence of spicule height
A more detailed study of the influence of spicule height is performed, since there was an indication that the solar radius is
sensitive to the average height of the spicules. New simulations were made, with all parameters, except the width, varying randomly. The only diﬀerence is that the upper limit to
the spicule height increases by factors of 1000 km in each set
of simulations.
In Fig. 12 and last lines of Table 2, the results show that
neither the disk center brightness temperature nor the limb
brightening are aﬀected by the spicule height. These limb
brightening values are compatible to what is observed in the
equatorial and ±45◦ limb (Selhorst et al. 2003). The calculated
solar radius values, however, reinforce our previous result that
the 17 GHz radius increases as the spicule reaches higher in
the chromosphere. These results agree with Horne et al. (1981)
who proposed that spicules are optically thick at 235 GHz,
and are responsible for the increase in the apparent radius of
the Sun. Moreover, eclipse observation (Belkora et al. 1992)
showed a very good correspondence between the extension of
the solar limb at 3 mm and the height of Hα spicules.

Fig. 12. Solar radius dependence on average spicule height, h.

4.3. Comparison with 17 GHz observations
A comparison with observations is shown in Fig. 13, as a
gray line whereas the model is depicted as the solid black
line. The observation is a scan through the solar equator of
a 17 GHz solar map taken during the last solar minimum,
when there were no active regions near the equatorial limb.
The intensity, or brightness temperature, is normalized to the
quiet Sun value taken as the most common value of the map.

C. L. Selhorst et al.: Solar atmospheric model with spicules

the transition region at 3500 km, and not at around 2000 km
as in the FAL model, and second, the region below 2000 km is
optically thick to the 17 GHz emission. In order to test the decreasing temperature distribution set forth by Carlsson & Stein
(1995), observations at higher frequencies are needed. This will
be investigated in a future work.
The brightness temperature as a function of distance from
disk center was calculated by integrating along parallel paths.
The main results from this model were:
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Fig. 13. Comparison between the observational profile at the equator
(gray) and the mean of the simulations (black).

The model result plotted on this figure was obtained by varying randomly all physical parameters of the spicules (except
the width which is kept at 500 km): temperatures of 7000–
13 000 K, densities in the range 2−6 × 1010 cm−3 , inclination
angle between 30◦ −150◦ , and heights of 5000 to 7000 km. The
agreement of the model with the data is remarkable, reproducing very well the 12% limb brightening and its width observed
in the solar map of this day.

5. Discussion and conclusions
A model for the solar atmosphere, from the photosphere all
the way to the corona, was constructed taking into account
three observational radio data: (i) brightness temperature of
quiet Sun (1.4–400 GHz); (ii) limb brightening (17 GHz); and
(iii) solar radius at half the quiet Sun value (17 GHz). The
model presented here is based on previous models for the photosphere (Fontenla et al. 1993), chromosphere (Zirin 1988;
Zirin et al. 1991), and corona (Gabriel 1992).
The first model was spherically symmetric, without any
structures such as spicules, and is described by temperature
and density matrices which values are given in Table 1. In this
model, the transition region occurs at 3500 km above the solar surface and is about 100 km wide. This transition region is
about 1000 km higher than that typically used in the VAL and
FAL models. The VAL C model locates the transition region at
approximately 2300 km above the photosphere. This discrepancy may be due to underestimated abundances of metals used
in the UV line calculation (Zhang et al. 2001).
The model presented here may be seen as a representation of the dynamic nature of the chromosphere (Carlsson &
Stein 1995), where each individual simulation represents a
snapshot of the time-variable atmosphere. The authors show
that the temperature enhancement at 2000 km proposed by the
FAL model is not real and may be produced by temporally
varying waves, while the eﬀective temperature of the chromosphere below 1800 km is still decreasing. We point out that our
model is not in disagreement with the temperature distribution
proposed by Carlsson & Stein (1995). First, our model locates

– Very good agreement with the quiet Sun brightness temperatures reported in the literature at several frequencies
from 1 to 400 GHz. At 17 GHz, T b = 10 392 K that is
compatible with the quoted value of 104 K.
– A limb brightening of 36% above quiet Sun values, after convolution with a 10 FWHM Gaussian representing
the synthesized beam of NoRH. This result resembles that
of the solar poles, however, it is somewhat larger than the
brightening observed at equatorial (∼15%) and intermediate (∼10%) regions (see Selhorst et al. 2003).
– The solar radius obtained from the model was (∼970),
which is at least 5 smaller than the mean observed value
(Selhorst et al. 2004).
Since the limb brightening was too large, we decided to introduce spicules in our model. Several authors have claimed
that spicules were responsible for a decrease in the limb brightening of radio observations, especially at microwaves (Elzner
1976; Fürst et al. 1974; Braun & Lindsey 1987). Spicules were
modeled as cylindrical structures of constant density (electron
equals ion density) and temperature, starting at 1000 km from
the solar photosphere and inclined with respect to it. It was assumed that at any given time, 10% of the solar surface was covered by spicules. The physical characteristics of each spicule
(such as density, temperature, height, and inclination angle)
were attributed randomly. The spicule width was kept at a constant value of 500 km in the simulations.
The center-to-limb brightness temperature distribution was
determined in the same was as in the first model, and the results
showed that:
– The quiet Sun brightness temperature and limb brightening
increase as the temperature of the spicule increases.
– The quiet Sun brightness temperature and limb brightening
increase with density up to 4 × 1010 cm−3 , and decreases
for higher spicule density values.
– The solar radius at 17 GHz is determined by the average
height of the spicules, increasing as the height increases.
– Limb brightening values of 12% are obtained by varying
randomly the physical parameters of spicules. This limb
brightness temperature increase agrees with observations
at 17 GHz, except for the polar regions.
In conclusion, the atmospheric model, from the photosphere
to the coronal levels, presented here is able to reproduce well
the quiet Sun brightness temperature at disk center from 1
to 400 GHz, the measured radius at 17 GHz, and the limb
brightening observed in NoRH solar maps, except the polar regions which will be discussed elsewhere (Selhorst et al. 2005).
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Nevertheless, in order to reproduce the observations at radio
wavelengths, it was necessary to include absorbing chromospheric structures such as spicules. The spicules parameters
had random values in the range commonly found in the literature. As a final note, we point out that this model should also
be able to reproduce the photospheric line observations since
our model uses the values from Fontenla et al. (1993) model.
Acknowledgements. C.L.S. acknowledges support from the Brazilian
agency FAPESP, grant number 01/02106-3. The Nobeyama
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