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Abstract. In order to better understand the atmosphere structure of the Sun, we have analyzed over 3000 daily maps of the
Sun taken at 17 GHz from the Nobeyama Radioheliograph (NoRH) from 1992 through 2001, focusing on the excess brightness
temperature observed near the limb. The purpose of this work is to characterize the limb brightness in two ways: (i) study
the temporal variation of the intensity and radial width of polar brightening; and (ii) measure the brightness distribution along
the limb as a function of position angle and compare it with data at other wavelengths throughout the solar cycle. The mean
intensity of the polar regions were found to be approximately 13% and 14% above quiet Sun levels at the North and South
poles, respectively. Moreover, the polar brightenings are strongly anti-correlated with solar activity (as measured by sunspot
number). The radial width of the excess brightness is slightly over 1 arcmin for both polar regions. Only a small variation with
the solar cycle was observed during the decline of last maximum, that is, the Southern polar brightening was found to be both
wider and brighter than the Northern one for the 23rd cycle. As for the angular variation of the limb brightening, for a month
during a period of minimum activity, it reaches 25% above quiet Sun levels at the pa%% near the equator, and 10% at
intermediate regions. &limages also show brightening enhancements at the polar regions for the same period. We also found
a strong anti-correlation between the radio polar brightenings and the coronal holes seen in soft X-ray images from 1992 to
2001. There seems to be a strong association of the radio limb brightening at 17 GHz with faculae. The implications of these
correlations are discussed.

Key words. Sun: general — Sun: corona — Sun: chromosphere

1. Introduction for the lack of brightening detection (Simon & Zirin 1969;

Wannier et al. 1983).
The study of the brightness temperature variation throughout )

the solar disc, obtained from radio observations (at microwave, SPicules are an important component of the solar chromo-
millimetric, and submillimetric wavelengths), has fundamentSPhere and probablyffect the limb brightening observed at
implications in the determination of chromospheric and cory€'Y high radio frequencies. Atthe limb, they are seen as jets of
nal temperature and density structures. Theoretical models (#&S and are observed at chromospheric lines suctvad e

dict a brightening near the solar limb at high radio frequencigBicules have an uprising mass flux of approximately 100 times
(215 GHz) caused by the positive temperature gradient of tj&9€r than the solar wind. The influence of the spicules on
solar atmosphere. Table 1 lists a sample of positive detectlSAP Prightening has been widely discussed. As mentioned
of temperature excess brightening from 17 GHz to submilfbove, the I.ack of brightening predlc_ted by theoretical models
metric wavelengths. These results show a limb excess of tefh{requencies-15 GHz has been attributed to the presence of
perature varying from 2 to 20% above quiet Sun levels Withﬁpmules,_whlch block_part (_)f the emission. On the other hand,
approximately 1 arcmin of the limb, with no clear dependen@ Very high frequencies, Lindsey et al. (1981) argued that the
on wavelength. gradual brightening observed at 860 GHz was due to chromo-

Nevertheless, many authors have also reported the absel eric material below the height of spicul_es, whereas Horne
of such brightening, for example at 25 GHz (Furst et al. 197 t,a_ - (1981) proposec_i that at_235 G.HZ’ the increase of the solar
35 GHz (Kawabata et al. 1980), 88 GHz (Simon & Zirin 196 adlus_ was d_ue to optically thick spicules, which in turn caused
Joensen et al. 1974), 98 GHz (Kosugi et al. 1986), 100 GI¥ Prightening.

(Belkora et al. 1992), and 114 GHz (Wannier et al. 1983). Another atmospheric feature which might contribute to the
Usually, the presence of jets, called spicules, has been blarggtission at high radio frequencies are faculae. Faculae are
small bright structures (sizes of a few arcsec) observed in the
Send gfprint requests toC. L. Selhorst, photosphere. Models have described faculae as thin magnetic
e-mail: caius@craam.mackenzie.br flux tubes, with “hot walls” (Spruit 1976) or a “hot cloud”
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Table 1. Limb brightness excess temperature at high radio 16—-July—1996
frequencies.
1000
v (GHz) Brightening %  Width (arcmin)  Reference
17 10-15 1,2
33-37 3-10 3,4 500
87-89 2-10 2 56 ’g
91 20 0.5 7 S
o 0
230 5-15 8 ~
%]
250 2 9,10 N
350-366 10-16 1-2 10, 11, 12, 13 500
857-860 3-5 1 10, 14

1 Shibasaki (1998)2 Nindos et al. (1999)2 Kundu et al. (1977);

4 Kosugi et al (1986)? Gomez-Gonzalez et al. (1983)Pohjolainen —-1000
(2000);7 Shimabukuro et al. (1975%; Horne et al. (1981)? Clark

& Park (1968);1° Lindsey et al. (1995)!* Lindsey et al. (1984);

12 Bastian et al. (1993}2 Ewell et al. (1993)% Lindsey et al. (1981).

—-1000 -500 0 500 1000
E-W (arcsec)

Fig. 1. Solar map from NoRH at 17 GHz observed on July 16, 1996.
(Chapman 1979). Faculae are mainly observed within active re-
gions and near the poles. Several authors have reported a signif-
icant increase in the number of faculae toward the poles (Ortiz
et al. 2002; Erofeev 2001), and the intensity contrast of facul

E:S b::cnesfgg\&/gn. Ij)r:pcr:eeisaei nlegagggigc;:%g\ﬁzg ﬁé'r:nlg ar activity; and (ii) measure the brightness distribution as a
wr ' u ' s therein). function of position angle along the limb and over time in or-

Several authors have reported the existence of regionsdgfr to compare it with b and soft X-ray images, and faculae

enhanced temperatures at radio wavelengths in the polar Z08thts. The data are described in the next section, with the data
of the Sun (Kundu & McCullogh 1972; Efanov et al. 1980,

) ) . X ) analysis results presented in Sect. 3. Discussion of the results
Riehokainen et al. 1998, 2001; Shibasaki 1998; Nindos et g4 ain conclusions of this work are listed in Sect. 4.

1999; Gelfreikh et al. 2002). Riehokainen et al. (1998) and

Gelfreikh et al. (2002) showed that these bright radio features

could be divided into two groups: low latitude40°) bright-

enings associated with active regions and high latitud®{) 2. Opservations

regions that are uncorrelated with the sunspot cycle.

So far, most limb studies at radio frequencies were done 8rtotal of 3000 daily maps of the Sun, at 17 GHz from the
sporadic data taken over a short period of time, of the orddpbeyama Radioheliograph (NoRH, Nakajima et al. 1994)
of a few days. Hence, no long term study has been perfornfé@m 1992 through 2001 were analyzed in this work. An exam-
on the dependence of the brightening with the solar cycle, wigte of such a map is shown in Fig. 1, obtained during a period
few exceptions. Efanov et al. (1980) concluded that the polkminimum activity. This period of observation is interesting
brightening was anti-correlated with the solar activity cycle. because it starts just at the decline of one solar maximum and

Moreover, there is very little information on the angulagnds at the rise of the next maximum. At this radio frequency,
variation of the limb brightening, since most previous worl is believed that the emission originates at a height of approxi-
is based on North-South scans. Shibasaki (1998), from arfggtely 3000 to 3500 km (Zirin 1988) corresponding to the high
ysis of 5 years of NoRH data, concluded that the observelromosphere or the base of the solar corona. The brightness
brightening at 17 GHz was the sum of two components: offmperature of the quiet Sun of every NoRH solar map is nor-
of the order of 10% due to the temperature gradient of the &alized to approximately f0K (Shibasaki 1998) according
mosphere and a second one up to 40% due to bright patcH@satmosphere model proposed by Zirin et al. (1991).
near the poles. Shibasaki (1998) did not verify a one-to-one In order to verify the existence of a correlation of the
correlation between the polar brightening at 17 GHz and collimb brightening with solar activity, the radio data will be
nal holes observed in soft X-ray images. Bastian et al. (199%)mpared with sunspot numberfsp.ngdc.noaa.gov/STP/
measured a 16% limb brightening with respect to the quiet SSOLAR DATA/SUNSPOT NUMBERS) and faculae counts. For the
at 350 GHz, however no fierence was found in the brightnesgomparison with angular variation of the 17 GHz limb, we
distribution in the North-South from the East-West directionsuse 10 Hr images from the Big Bear Solar Observatory

The purpose of this work is twofold: (i) study the temfrom August 1996, and soft X-ray images frovohkohfrom
poral variation of the intensity and radial width of the polat992—2000.

nperature excess and their correlation with indicators of so-
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3. Data analysis and results 1.2 ‘
y 0> [\ AN //\

From the synthesized NoRH images, we have extracted the

brightness distribution profiles across the disc by making raz

dial cuts through the center of the Sun, takénapart. The £ o056
position angle of each profile is measured counter-clockwisg
with respect to the West equator. Each cut provided a bright§
ness profile, where the increase near the limb is quite evident. 0-2
Two quantities were chosen to characterize the excess bright- ¢ g
ening near the limb: its maximum intensity and its width. In 5

0.4

order to measure the width, the intensity profile near the limb 500 _ 1000 ,5‘00 0 500 wo‘oo 1500
was fit by the following curve: position (arcsec)
f(x) = ax exp(-cx¥) (1)
0.20
wherex is the angular position along the radial profile, and b)

the width was defined at half maximum intensity. This proces.c 5
dure was performed in both studies of the temporal and anguifas
variation of the limb brightening, as discussed in the following ©
subsections. = 30.10

relative
above

©
@)
o

3.1. Temporal variation of the polar brightening

Active regions are concentrated within a band on the solar disc,  og
rarely OCCUrring above Bdatitude. Thus, in this StUdy of the —1000 —950 —900 —850 —800 ~750
polar brightening, we will only consider the regions withir? 30 position (arcsec)

of both North and South poles. This value was reached taking

into account the 50maximum latitude of active regions plus™'9- 2- @)Average of 60 scans withia30" of the solar polesb) Blow
the 7 variation of theB, inclination angle (i.e., solar center'P of the Southern polar region showna}) the solid line represents

latitude). the fit by Eq. (1).

The polar intensity was estimated from the average of
the 60 profiles taken between’6@nd 120, and between 240 to be 13:t4% above the quiet Sun value, whereas it was4%
and 300 position angles (90and 270 corresponding to the for the South one, equivalent to a temperature excess of 1000—
North and South poles, respectively). Figure 2a displays an @000 K. For comparison, the number of monthly-averaged
ample of such average profile, where the North and South padaily polar faculae counts within latitudes of°78nd 90, as
brightening are clearly seen on the right and left of the profilmeasured by Mitaka Observatory (Irie et al. 1993), are also
respectively. A zoom of the North region is shown in Fig. 2bhown in Figs. 3b, d for the North and South poles, respec-
with the fit given by Eq. (1) shown as a solid line. From thiively. A Fourier filter was also applied to the faculae data.
average profile, we obtain the maximum intensity and excessgood coincidence in the overall temporal variation of the
temperature width, taken at half the maximum value of the fihumber of faculae and the polar radio intensity can be seen

Only less than 1% of the maps were discarded becaus@ithe figure. Nevertheless, when compared with the number
was not possible to fit the data by Eq. (1). This occurs, in greaftsunspots plotted on panel e, an anti-correlation with solar
part, due to the lack of brightening or due to the presence oéetivity is readily seen. For the sunspots, a correlation index
dark filament. From the remaining maps it was found that tieé —0.81 was obtained for the Northern polar region and an in-
constantc in Eq. (1) is close to 1, resulting in an exponentialex of —0.82 for the Southern one. Efanov et al. (1980) have
increase of the temperature as the limb is approached. also found an anti-correlation of the polar brightening with the

Due to the variation of th&, angle, the values of inten- solar cycle for short periods of data.
sity and width of the polar brightening were seen to oscillate As for the width of the polar brightening, shown in Fig. 4,
with a period of 1 year. The Nobeyama data have been ctire mean values were 6312 arcsec and 69 16 arcsec for
rected for the position angle as an image rotation (as tie kthe North and South polar regions, respectively. Only a small
andYohkohimages). However, it is not possible to correct theorrelation with the solar cycle was found (correlation index
images for theBy angle oscillations without loss of data, whosef —0.14 and-0.17 for the North and South polar regions, re-
yearly variation influences in some way the intensities mespectively). What can be seen in the Figure is a greater vari-
sured. Thus, a Fourier filter was applied to the data eliminatiagion of the width during the periods of maximum activity in
the oscillations associated with periods of 1 year and 6 montth892 and after 2000.

The polar average intensities are shown in Fig. 3, where In order to verify if there were dlierences between both
the a and c panels show the temporal variation of the Northgrolar brightenings, we have plotted the intensities (Fig. 5a) and
and Southern polar regions intensities, respectively. The mehea widths (Fig. 5b) of the Southern region minus the Northern
maximum intensity for the North polar brightening was foundne. A running mean of 30 days is plotted as a thick line on
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Fig. 3. Mean intensities of the brightness temperature above quiet Sun . .
level at the poles fom) the Northern polar region and far) the %gA.Mean width of the polar excess temperature in arcsea)ftire

Southern polar region. Monthly average counts of polar faculae Ol\tl)(_)rthern region and fob) the Southern region.

served at thé) North andd) South polese) Sunspot number for the
same period.

From the 17 GHz solar maps, radial cuts were taken ev-
ery 2. As in the case of the polar brightening study above, the
the figure. As can be seen from the plots in Fig. 5, the Southgifib brightness was taken as the maximum intensity close to
polar region was both brighter and larger during the decline gfe solar limb (with respect to quiet Sun value) for each radial
last maximum from 1992 to 1996. In order to check against theofile corresponding to a position angle. The position angle is
faculae data, Fig. 5c presents the South polar faculae num@efined as before, i.e., the angle measured counter-clockwise
minus the North pole faculae. Even though the agreementism the West equator. The angular variation of limb inten-
not as good as that of the radio intensities, there certainlysiy averaged for these 10 maps is displayed in Fig. 6a. As
a predominance of faculae on the South pole over the Nog#n be seen from this plot, the limb brightening is not uni-
one during the period of 1993 through 1997, about the safe@mly distributed. Near the poles, the brightening is on aver-
period as the dominance of the Southern polar region intensigye 25-27% above the quiet Sun value, whereas near the equa
(panel a)). In summary, we found that during the decline gfrial regions its mean value is 15%. The intermediate regions
solar cycle 22, the Southern polar brightening was both mafgve the smaller brightening, with average excess temperature
intense and occupied a larger area than the Northern onesfl{0% above quiet Sun value. From a few days of observation
would be interesting to continue this study and see if this bgaring July 1984 at 36 GHz, Kosugi et al. (1986) found 3—7%

havior reverses during the next activity cycle. brightening at latitudes65°, whereas the brightening was less
than 1% near the equator.
3.2. Angular and temporal variation of the limb Photographic images have shown the presence of bright
brightness faculae near the poles of the Sun (Makarov & Makarova 1996).

Spicules are also observed inrHimages, being more numer-
In order to study the angular variation of the limb excess brighdus near the poles (Lippincott 1957; Rabin & Moore 1980;
ening, 10 maps made during the month of August of 1996 Pataraya et al. 1990). As spicules and faculae are seerron H
period of minimum solar activity, were used. These maps wdameages, we have made a detailed comparison between these
chosen such that there were also images available for the sameges and the 17 GHz maps. Since previous work also sug-
days in soft X-rays fromvohkohand Hr from the Big Bear gested that the polar brightenings were associated with coronal
Solar Observatory with no active regions close to the limb. holes, we have analyzéthkohsoft X-ray images as well.
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Fig.5. The diference ina) intensity (above quiet Sun levels) andFig. 6. Angular variation of the limb brightening as a function of posi-

b) width (in arcsec) for the brightening of Southern polar region minu®n angle fora) 17 GHz mapsh) He, andc) soft X-ray images. These

the Northern onec) The difference in the number of faculae detectedre mean values of images taken during 10 days of August 1996, at the
on the South pole minus those on the North pole for the same peridhree wavelengths.

The analysis of It images consisted of three steps: (i) dewavelengths show that the emission at the North pole is greater
termining the quiet Sun intensity as the most probable valtien that at the Southern one. An enhancement of the emission
of the imag¢map, (ii) extracting radial profiles of the imageat the equatorial regions is seen at all three wavelengths.
every P, and (iii) defining the mean intensity at that angle by In order to study the temporal evolution of the limb bright-
averaging the intensity at the limb, from 0.99 to 1.01 of the sening during the solar cycle, we have performed the same anal-
lar radius. The limb was taken at half the quiet Sun value. Arsis described above for a series of 17 GHz and soft X-ray
example of such analysis is shown in Fig. 6b, for 1dikhages maps, from July 1992 through December 2000. Unfortunately,
obtained for the same days of August 1996 as the radio magh&re is no such continuous coverage of high resolutienrit
An increase in intensity of about 1-2% at both polar regionsages for the same period.
clearly seen in the figure. Once a month during this period, a 17 GHz and a soft X-ray

Usually, the polar regions seen in soft X-ray images ammage, for the same day, were sliced evetyThe limb bright-
dark regions of much smaller emission wherever coronal hoksing as a function of position angle was calculated as de-
are found. Next we studied a possible association between sheabed previously. The results for all the 88 maps analyzed are
coronal holes and the bright polar regions seen in microwavptted in Figs. 7 and 8, for 17 GHz and soft X-ray, respectively.
In order to do so, the solar limb of soft X-ray images werghese figures show the intensity, as gray scale, plotted as posi-
adjusted for circumference, and the mean intensity was takem angle § axis) versus timex axis). Hence, each column of
from 25’ inside to 2% just outside the limb. An example ofthe images represents the brightening as a function of position
such aresultis presented in Fig. 6¢ for the same days of Augasgle for a single day. Note that the 17 GHz brightening is that
1996. During this period, a decline in intensity at the North pokbove the quiet Sun value.
due to the presence of a coronal hole is quite evident. Two features are clearly distinguished in each figure. The

A comparison of the limb angular profile at the three wavéwo continuous bright bands seen in Fig. 7 outline the bright-
lengths shows that the presence of coronal holes at the potssng at the North and South poles. Moreover this brightening
seen in the X-ray images, is associated with an increase inimzreases during periods of minimum solar activity. The bright
tensity in the 17 GHz and &emission. In the X-ray imagesregions corresponding to active regions near the East and West
for this period, the North coronal hole is more prominent thaaguatorial limbs are seen to follow the known butterfly dia-
the Southern one. Correspondingly, the data at the other tgimam, approaching the equator as the cycle evolves. Also seen
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Fig. 7. Temporal evolution of the 17 GHz angular variation of the limlfrig. 8. Same as the previous figure for the soft X-ray images from
brightening. North pole corresponds to°9fibsition angle, whereas Yohkoh
South corresponds to 27.0

brightening above quiet Sun level reaches 25% at the polar
. 1R 0 . .
in Fig. 7 is the yearly variation of polar brightening due to the :29:822’ 15% near the equator, and 10% at intermediate
change inBo. gions. - . .
. . . 6. During periods of minimum activity, a strong correlation
The temporal evolution of the solar limb seen in soft . o : . .
exists between the angular variation of the limb brightening

X—r_ay IMages 1 similar to the radio limb, as far as the equa- observed in the radio anddHmages. The poles are also the
torial regions are concerned, where there is a strong correla- = . .
regions with strongest emission atH

tion between the active regions seen at soft X-ray and 17 GH77'.' There is also a strong correlation of the radio maps with soft

However, the polar regions are quite distinct. These polar . . )
. . o X-ray images at the equatorial regions due to the presence
regions (position angles around °9@nd 270) are seen as . . : . . :
of active regions, especially during periods of solar maxi-

dark bands across the figure, indicating the presence of coro- - . . .
mum activity. However, the radio polar brightenings were
nal holes. Even though a one-to-one correspondence between

h . ) strongly anti-correlated with the coronal holes seen in soft
coronal hole and microwave brightening cannot always be X-ray images
found, the microwave brightenings statistically correlate with '
the coronal holes in the polar regions over the period of apn increase of the emission is seen at the polar regions, as had
proximately one solar cycle. been previously pointed out by Shibasaki (1998), Kosugi et al.
(1986), and Nindos et al. (1999) from analysis of North-South
scans. Moreover the polar brightenings are anti-correlated with
the solar cycle, being strongest during periods of minimum
Our results have shown that the emission close to the solar liatiivity. This result agrees with that of Efanov et al. (1980)
is far from being uniform at 17 GHz, either spatially or in timeobtained at millimetric wavelengths, thus suggesting that the
Our main results may be summarized as: polar brightening is dependent on the phase of the solar cycle,
being anti-correlated with sunspot number. A good correlation
1. The mean intensity of the polar regions was found to Iméth the number of polar faculae was also found (Fig. 3).
approximately 13% and 14% above quiet Sun levels at the The mean intensity of the polar regions reported here
North and South poles, respectively. (~1300-1400 K, for a quiet Sun brightness temperature of
2. The polar brightenings are anti-correlated with the solar cy®* K) is consistent with the results of Nindos et al. (1999).
cle, being strongest during periods of minimum activity. The authors found the polar brightening to consist offeude
3. The width of the excess temperature was observed todoenponent of about 1500 K excess temperature with patchy
slightly over 1 arcmin for both polar regions. sources of more than 3000 K above quiet Sun levels, basically
4. The Southern polar brightening was found to be both widdgre same result found as by Shibasaki (1998) and Koshiishi
and brighter during the decline of the previous maximum(1996).
5. There is an excess temperature all around the limb and notWe would like to point out that this work is the first to an-
just at the poles. During periods of minimum activity, thislyze the limb brightening as a function of position angle, and

4. Discussion and conclusions
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also in time. Here we have shown that there is an excess tem-Thus, the angular variation of the 17 GHz limb intensity, as
perature all around the limb and not just at the poles. The tegiown in Fig. 6, may be explained as follows. All around the
perature enhancement is not uniform all around the limb, beisglar limb, there is anfiective brightness excess of 10%, very

strongest at the poles and weakest at intermediate latitudeslikely due to the positive temperature gradient, already taking

As for the comparison with observations at other wavdito account the presence of spicules. This is what is observed

lengths, the good correspondence of the radio brightné’ésthe intermediate regions between the poles and the equato-
enhancements with & seem to indicate that the emissioﬁial limb. The extra 15-20% brightness temperature enhance-

at 17 GHz is formed at chromospheric heights. As for the 49Nt above the 10% level and the quiet Sun level are associ-
sociation of polar-cap brightening at radio frequencies wififed with the polar faculae seen at .optlcal wavelength_near the
coronal holes that had been pointed out before by ShibasBRI€S- Their good temporal correlation was already pointed out
(1998) at 17 GHz and by Kosugi et al. (1986) suggests that th%_lg,ove. At the equatorial limb regions (within Iaytud£30°),

are due to the temperature and density structure of the upp@f€ these are the sunspot belt zones, the radio enhancements
chromosphere in these regions (Kosugi et al. 1986). HoweV@2?e (on top of the isotropic 10% brightening) are associated
Shibasaki (1998) did not verify a one-to-one correlation b@ufh features of the same type as active region faculae, even if

tween the polar brightening at 17 GHz and coronal holes dihere were no active regions right at the limb during the 10 days
served in soft X-ray images. of solar minimum images analyzed. The influence of spicules

) . and faculae on the observed radio brightness temperature will
Results 1, 2, 4, and 5 listed above suggest an associaii¥¥ rither investigated in a future work.

between the limb brightening observed at 17 GHz and the pres-

ence of faculae. The main observational evidence is as follows.

First, faculae are known to be more abundant near the poj@knowledgementsie are grateful to the BBSO observing féta
(Erofeev 1980; Unruh et al. 1999; Ortiz et al. 2002), howevésr obtaining the full disk K images. CLS acknowledges sup-
they are also present in active regions (Ortiz et al. 2002). Tpert from the Brazilian agency FAPESP, grant numbei0R106-3.
study of radio limb brightening as a function of position an¥ohkohis operated by ISAS, NASA andohkohteam members. The
gle has shown that the emission is stronger at the polar Nabeyama Radioheliograph is operated by NAGbeyama Solar
gion and also at the equatorial limb (Fig. 6), albeit less inten&&dio Observatory.

thus agreeing with the faculae distribution. Second, at polar re-

gions the number of faculae is seen to be anti-correlated Witferences

thg sunspot cycle (Makarov & Makarova 19_96, had alrea /istian, T S., Ewell, M. W., & Zirin, H. 1993, ApJ, 415, 364
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