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Abstract. The radius is a fundamental parameter of the Sun measured since the 3rd century B.C. As the observation wavelength
changes, the radius varies because the altitude of the dominant electromagnetic radiation is produced at different heights in the solar
atmosphere. Also, radius variations in observational time series are indications of changes in the solar atmosphere related to the solar
cycle. Therefore, the solar semi-diameter is a very important parameter for the calibration of solar atmospheric models enabling a
better understanding of the atmospheric structure. Solar radii measured with the extensive Submillimeter Solar Telescope (SST) data
are higher than expected, possibly due to limb brightening and low telescope resolution, while the ones derived from ALMA are
closer to the solar atmospheric models prediction. In addition, it was found that the variation of the radii over 19 years show different
behavior at 212 and 405 GHz.
Resumo. O raio é um parâmetro fundamental do Sol medido desde o século III a.C. À medida que o comprimento de onda da
observação muda, o raio varia, porque a altitude da radiação eletromagnética dominante é produzida em diferentes alturas na
atmosfera solar. Além disso, variações de raio em séries temporais observacionais são indicações de mudanças na atmosfera solar
relacionadas ao ciclo solar. Portanto, o raio solar é um parâmetro muito importante para a calibração de modelos atmosféricos solares,
permitindo uma melhor compreensão da estrutura atmosférica. Os raios solares medidos com extenso conjunto de dados do SST se
mostram acima do esperado, possivelmente devido ao abrilhantamento de limbo e a baixa resoluçao do telescópio, enquanto que os
derivados do ALMA estão mais próximos da predição de modelos atmosféricos. Além disso, verificou-se que a variação dos raios ao
longo de 19 anos mostram comportamenos diferentes nas frequências de 212 e 405 GHz.
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1. Introduction
The Sun radius is taken as the base of the photosphere observed
at visible wavelengths. When observing at other frequencies, the
plasma becomes opaque at other altitudes, so that the radius
varies as a function of the observation wavelength and can be
understood as the height above the photosphere where most of
the emission at these wavelengths is created. In Figure 1 we compiled data of the solar radius at several wavelengths (UV, visible,
IR, radio) from different authors.
Another aspect to be considered is that the radius shows
slight variations over time. Temporal series of observations obtained over many years show that the radius can be modulated
with the 11-year activity cycle (mid-term variations) as well as
longer periods (long term variations), as suggested by Rozelot
et al. (2018) and references therein.
At radio wavelengths, Costa et al. (1999) measured the solar
radius at 48 GHz, obtaining an average value of 983.600 ±1.900 .
From 1990 to 1993, temporal variations were observed and yield
the linear relation that suggests that the radius is decreasing in
phase with the sunspot number. Selhorst et al. (2004) found the
average solar radius at 17 GHz to be 976.600 ±1.500 . From 1992
to 2003, the variation in the solar radius is correlated with the
sunspot cycle with a coefficient ρ = 0.88. However, the polar
radius is anti-correlated with the sunspot cycle with a coefficient
ρ = −0.64.
We measure the mean equatorial and mean polar solar radii
at 100, 212, 240 and 405 GHz and thus estimated their respective
altitudes above the photosphere. Also, we present an investigation on the phase and correlation between the radius variation
(equatorial and polar radii at 212 and 405 GHz) and the solar
flux at 10.7 cm – the proxy for the solar cycle.

Figure 1. Previous radius values as a function of frequency
and/or wavelength from other authors and including our present
results. The dashed line represents the exponential trend of the
radius. The black crosses are previous measurements from other
authors, the green crosses are the present radius values derived
from ALMA maps and the red crosses are the radii derived from
SST observations.

2. Observations and Data
The data used for the determination of the solar radii were provided by daily solar observations of the Solar Submillimeterwave Telescope (SST, Kaufmann et al. 2002) at 212 and 405
GHz, and the 12-meter diameter single-dish of the Atacama
Large Millimeter/submillimeter Array (ALMA, Wootten &
Thompson 2009) at 100 and 240 GHz. To determine the solar
radius at 212 and 405, we used 57527 maps of the whole Sun
observed from 2002 to 2019. For the radii at 100 and 240 GHz,
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Table 1. Spearman’s correlation coefficient, ρ.
Freq.
(GHz)
100
212
240
405

Figure 2. SSC model degraded with SST beam profiles. Left
panel: profiles at 212 GHz. Right panel: profiles at 405 GHz.
Blue lines are SST’s reconstructed beam profiles. Red lines are
the SSC brightness temperature profiles. Black lines are the convolved profiles.

we used 196 solar maps, created between December 2015 and
May 2018.
To determine the Sun’s radius, we use the method known as
half power method (more in Menezes & Valio 2017). First, we
determined the background and quiet-Sun values so that the solar limb level is set as the average value of both. The background
value is assumed as the most common value in the map disregarding the solar disk (i.e., the sky) and the quiet-Sun level is the
value corresponding to the the most common temperature value
within the solar disk. Then, the coordinates corresponding to the
solar limb level are fit by a circle yielding the circumference center coordinates and the radius, that is the mean distance between
limb coordinates and the center. After this procedure (for all the
maps), the resulting radii values were corrected for the Earth’s
orbit eccentricity (for more information on these procedures see
Menezes & Valio 2017). There was still a large scattering in the
distribution of SST radius values. Thus, we applied a 2.5-sigma
clipping on the distribution.
The radius is calculated using two different latitude regions
of the solar disk. First, the radius of each map is determined
using equatorial latitudes of the solar disk – points between 30◦
N and 30◦ S. Then, the radius determination is made with polar
latitudes – only points above 60◦ N and below 60◦ S of the solar
disk.
Solar atmospheric models predict limb brightening at frequencies such as SST’s. For instance, the SSC solar atmospheric model (Selhorst et al. 2005) provides profiles or temperature brightness, T B , at 212 and 405 GHz with limb brightening
roughly 30% higher than the quiet Sun levels, T qS . This effect,
combined with the asymmetry and size of the SST beam profiles,
led us to suppose that the SST calculated radii could be affected
by this, thus undergoing a large increase in value.
To investigate that, we convoluted the profiles of SST beams
(212 and 405 GHz) with T B profiles from the SSC model (Figure
2). The beam profiles were reconstructed using an average of the
differentiation of SST scan profiles – a method very similar to
that used by Costa et al. (2002). Then, we compared the radii
of the profiles before and after the convolution. This way, the
limb brightening contribution can be estimated in a more precise
position and, consequently the radius as well.
For the time series correlation analysis, we used daily flux
values of the 10.7-centimeter solar radio emission (Dominion
Radio Astrophysical Observatory, DRAO) as the proxy for the
11-year solar activity cycle, smoothed by a 396-day (13 months)
factor. To check for any correlation between the data sets, we
firstly used the Spearman’s correlation coefficient, ρ.
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Equat. radius
(arcsec)
969.1±1.4
973±5
964.5±1.5
975±6

Equat. height
(Mm)
6.9±1.0
10±4
3.5±1.9
11±4

Polar radius
(arcsec)
968.7±1.7
973±5
964.5±1.4
975±6

Polar height
(Mm)
6.6±1.2
10±4
3.5±1.0
11±4

Table 2. Spearman’s correlation coefficient, ρ.
Freq.
(GHz)
212
212
405
405

Latitude
Equat.
Polar
Equat.
Polar

2002-2019
ρ
-0.12
-0.10
-0.36
-0.49

2002-2011
ρ
0.61
0.70
-0.49
-0.74

2011-2019
ρ
-0.75
-0.78
-0.24
-0.45

3. Results and Conclusion
The measured average radius and atmospheric heights are listed
in Table 1. Based on models such as SSC, VAL-C (Vernazza
et al. 1981), and C7 (Avrett & Loeser 2008), emission altitudes
derived from ALMA maps, at 100 and 240 GHz, are found to be
respectively in the solar corona (6.9±1.0 and 6.6±1.2 Mm) and
in the chromosphere or lower corona (3.5±1.9 and 3.5±1.0 Mm)
depending on the model. The emission altitudes at 212 and 405
GHz – respectively 10±4 and 11±4 Mm – would be in the solar
corona.
To check for consistency, our results are plotted with those
from other authors in Figure 1. An exponential curve (dashed
line) shows the trend of the radius as a function of the observation frequencies and wavelengths, indicating that the radius decreases exponentially at radio frequencies and increases at short
wavelengths (visible, UV). Our results are shown as red (SST)
and green (ALMA) crosses in the plot. The ALMA results seem
to agree with the trend and the solar atmospheric model predictions, however the altitudes of SST emission are considerably
above the trend and the expected solar atmospheric layer (chromosphere). Based on the SSC T B profiles (Figure 2), solar radii
at 212 and 405 GHz are supposed to be 963.100 , therefore they
are respectively 7200 km (9.900 ) and 8600 km (11.900 ) higher.
These high values could be explained possibly due to the
presence of limb brightening combined with the low spatial resolution and large secondary lobes of SST’s beams. In Figure 2,
the convolution between the SSC profile and the SST’s beam resulted in an increase (∆R) of 14.800 (212 GHz) and 14.100 (405
GHz). It is also important to emphasize that the rms error is
quite high for the altitude values. Moreover, the radius time series shows a variation bigger than 500 or 3.6 Mm. Therefore, the
layers can differ considerably.
The temporal variation in solar radius and its relationship
with the 11-year solar cycle was investigated using three different periods: 2002-2019, 2002-2011, and 2011-2019. The observational time series are plotted in Figure 3 and the calculated
correlation coefficients, ρ, are summarized in Table 2 by frequency, solar latitude regions, and periods. Both equatorial and
polar radii at 212 GHz show no correlation with the solar cycle for the 2002-2019 period, however it is correlated during the
first half (2002-2011) of this period, and anti-correlated during
the second half (2011-2019). The latter result is corroborated by
the trend of the radii annual mean derived from ALMA (bottom
panel in Figure 3). On the other hand, both radii at 405 GHz are
negatively correlated to the solar cycle during the whole period
of observation, the polar radius more than the equatorial one.
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Figure 3. Subterahertz radii and 10.7cm radio flux from 2002
to 2019. In both panels, radii at 212 GHz are in blue (equatorial) and green (polar) and the gray area is the 10.7cm radio flux.
Top panel: radii at 405 GHz (equatorial in red and polar in orange). Bottom panel: radii at 240 GHz (equatorial in yellow dots
and crosses, and polar in purple dots and crosses). In the bottom
panel the radii are mean-subtracted; the dots are the radii derived
from ALMA, and the crosses are their annual means.
Radius measurements over time at 17-GHz and 48-GHz
(Costa et al. 1999) and at optical wavelengths (Noël 2004;
Gough 1988; Ulrich & Bertello 1995; Basu 1998; Rozelot 1998;
Emilio et al. 2000) are expected to be positively correlated to the
solar cycle. However, Gilliland (1981), Wittmann et al. (1993),
Delache et al. (1993), and Laclare et al. (1996) found anticorrelation in their solar radius studies. Selhorst et al. (2004) show that
polar measurements of radius and limb brightening at 17 GHz
are anti-correlated with the solar magnetic cycle. Moreover, the
seismic radius at the f-mode frequencies shows cyclic changes in
anti-phase with solar activity (Kosovichev & Rozelot 2018b,a).
The periods of positive correlation could be explained by
the increase of active regions and temperature at the solar atmosphere during maxima, specially at equatorial latitudes where the
occurrence of active regions are higher. A possible explanation
for the anti-correlation during certain periods may be that high
solar activity is associated with increased magnetic fields, which
would lead to a reduced energy flux transported by convection,
or it could also be explained by photospheric contribution to the
subterahertz emission, that could reflect the seismic radius behavior. To measure the solar radius at subterahertz is not an easy
task and our results are crucial to test solar atmospheric models and achieve a better understanding of the solar atmosphere.
Nevertheless, more studies of such kind at other wavelengths are
needed so that solar atmospheric models can be improved.
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