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Abstract. The nature and behaviour of large-scale patterns on the solar surface, indicated by the areas of 
brightness-temperature depressions in the millimetric wavelength range, is studied. A large sample of 346 
individual, low-temperature regions (LTRs) was employed to provide reliable statistical evidence. An 
association of 99 % was found between the locations of LTRs and the large-scale magnetic field inversion 
lines, and 60 % of the LTRs were associated with the inversion line filaments. A tentative physical association 
with filaments is reconsidered, and one particularly well-observed case is presented. The heights of the 
perturbers causing brightness-temperature depressions are discussed. The tong-term evolution of the 
latitudinal distribution of LTRs is presented in a butterfly diagram. Two belts of low-temperature regions 
outline the active region belts, shifting with them towards the equator during the solar activity cycle. The 
low-temperature region belts of the forthcoming cycle appear already at the maximum of the actual cycle 
at latitudes of about 55 o. The superpositions of the temperature minima distributions in the synoptic maps 
show patterns appearing as 'giant cells' and compatible with indications inferred from magnetographic data. 
The reliability of the inferred cells is considered, and a statistical analysis reveals a negligible probability 
for an accidental distribution appearing in the form of giant cells. 

1. Introduction 

Observations of the Sun in the millimetric wavelength range reveal three categories of 
stable features. The most prominent ones are large-amplitude enhancements of the 
brightness temperature associated with active regions. The second type of features 
appearing within the latitude belt + 55 ~ are the areas of low-amplitude brightness 
temperature depressions (Hiei et al., 1986, and references therein), which can be detected 
only in high-sensitivity contour maps. The third type of features are areas of low- 
amplitude brightness temperature enhancements which may be found in polar regions 
(Urpo et al., 1989). We call a temperature depression area a 'Low Temperature Region' 
(LTR) and a temperature enhancement area a 'High Temperature Region' (HTR). In 
this paper we shall study especially the LTRs. 

The most extensive studies on the nature of LTRs were performed by Schmahl, 
Bobrowsky, and Kundu (1981) and Hiei etal .  (1986) who related the LTRs with 
quiescent filaments and the magnetic inversion lines. Some observations of LTRs were 
used to determine the solar differential rotation (Liu and Kundu, 1976; Urpo et al., 

1989; Pohjolainen etal . ,  1991) and LTRs seem to be useful tracers to determine the 
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ro t a t i on  ra te  o f  large scale  p a t t e r n s  on  the  solar  surface.  H o w e v e r ,  the  p rev ious  s tudies  

were  b a s e d  on  smal l  s amp le s  a n d  were  l imi ted  by  sho r t  o b s e r v a t i o n a l  in tervals .  

2. The Data Set 

We present a study based on a large sample of data, covering a long time period. 
Processing of solar maps started at the Mets~hovi Radio Research Station (Finland) 
in 1978, based on the observations obtained by the 13.7 m diameter dish radio-telescope 
(Urpo, Pohjolainen, and Ter~isranta, 1987). In TablesIa-I1 microwave observations 
performed in the years 1979, 1980, 1981, 1982, 1987, 1988, and 1989 and used in this 
study are presented. The dates, the number of 37 GHz maps per day (N) and the number 
of identified temperature minima (NLTR) are  presented. 

The observations were performed from 2 up to 10 weeks per year and were carried 
out at the frequencies of 12 GHz (26 mm), 22 GHz (13 mm), 37 GHz (8 ram), and 
87 GHz (4 ram). Often, several maps per day were obtained. Most of the solar maps 
were obtained by scanning the Sun in right ascension at 37 GHz. In the following 
analysis we consider only the maps of the solar disc observed at 37 GHz, where the 

TABLE Ia 

List of microwave observations in the period May/June 1979 

Date N NLT R Date N NET R 

6 May, 1979 1 3 
8 May, 1979 2 3 

13 May, 1979 1 4 
14 May, 1979 1 4 
15 May, 1979 1 4 
18 May, 1979 1 4 
19 May, 1979 1 5 
20 May, 1979 1 5 
21 May, 1979 1 6 
22 May, 1979 1 4 
25 May, 1979 1 5 
26 May, 1979 1 7 
27 May, 1979 1 6 
28 May, 1979 1 4 

29 May, 1979 
30 May, 1979 
31 May, 1979 

1 June, 1979 
2 June 1979 
3 June 1979 
4 June 1979 
5 June 1979 
6 June 1979 
7 June 1979 
8 June 1979 

10 June 1979 
11 June 1979 
12 June 1979 

1 7 
1 7 
1 4 
1 7 
1 5 
1 2 
1 4 
1 4 
2 5 
2 5 
1 4 
2 4 
1 1 
1 1 

TABLE Ib 

List of microwave observations in the period October 1979 

Date N NET R Date N NET R 

5 Oct., 1979 2 2 7 Oct., 1979 2 4 

6 Oct., 1979 2 4 9 Oct., 1979 1 1 
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TABLE Ic 

List of microwave observations in the period May/June 1980 

Date N NET R Date N NET R 
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29May,  1980 1 4 9 June, 1980 1 3 
30May,  1980 1 4 10 June, 1980 1 5 

2 June, 1980 1 6 11 June, 1980 1 3 
3 June, 1980 1 5 12 June, 1980 1 1 
4 June, 1980 1 4 13 June, 1980 1 6 
5 June, 1980 2 6 14 June, 1980 1 5 
6 June, 1980 i 5 15 June, 1980 1 8 
7 June, 1980 1 4 16 June, 1980 1 9 
8 June, 1980 1 3 17 June, 1980 1 6 

TABLE Id 

List of microwave observations in the period September/October 1980 

Date N NET R Date N NET R 

9 Sept., 1980 1 1 24 Sept., 1980 2 6 
10 Sept., 1980 1 7 25 Sept., 1980 2 7 
11 Sept., 1980 1 8 26 Sept., t980 1 7 
12 Sept., 1980 1 9 27 Sept., 1980 2 7 
13 Sept., 1980 1 6 28 Sept., 1980 1 3 
17 Sept., 1980 1 6 29 Sept., 1980 1 2 
18 Sept., 1980 1 4 30 Sept., 1980 1 3 
19 Sept., 1980 1 7 1 Oct., 1980 1 3 
22 Sept., 1980 1 7 3 Oct., 1980 1 2 

TABLE Ie 

List of microwave observations in the period May/June 1981 

Date N NLT R Date N NET R 

4May,  1981 1 3 
5May,  1981 1 6 
6May,  1981 1 9 
7May,  1981 1 9 
8May,  1981 1 7 

10May, 1981 1 6 
11 May, 1981 1 12 
12May, 1981 1 13 
13May, 1981 1 13 
14May, 1981 1 10 
16May, 1981 1 11 
17May, 1981 1 13 
18May, 1981 1 10 
19May, 1981 1 8 
20May,  1981 1 7 
21May,  1981 1 7 
22May,  1981 1 7 

23May,  1981 
24May,  1981 

1 June 1981 
2 June 1981 
3 June 1981 
4 June 1981 
5 June 1981 
6 June 1981 
8 June 1981 
9 June 1981 

12 June 1981 
15 June 1981 
18 June 1981 
28 June 1981 
29 June 1981 
30 June, 1981 

1 9 
1 5 
1 4 
1 8 
1 6 
1 4 
1 5 
1 4 
1 8 
1 8 
1 7 
1 4 
1 I 
1 4 
1 6 
1 6 
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TABLE If 

List of microwave observations in the period September/October 1981 

Date N NLT R Date N NET R 

17 Sept., 1981 1 3 27 Sept., 1981 1 4 
18 Sept., 1981 1 3 28 Sept., 1981 1 7 
19 Sept., 1981 1 3 29 Sept., 1981 1 8 
20 Sept., 1981 1 4 30 Sept., 1981 1 5 
21 Sept., 1981 1 1 1 Oct., 1981 1 7 
24 Sept., 1981 1 2 2 Oct., 1981 1 8 
25 Sept., 1981 1 2 3 Oct., 1981 1 8 

TABLE Ig 

List of microwave observations in the period July 1982 

D at e N NLT R D at e N NET R 

15 July, 1982 1 6 17 July, 1982 1 6 

16 July, 1982 1 6 18 July, 1982 1 6 

TABLE Ih 

List of microwave observations in the period May 1987 

Date N NLT R Date N NLT R 

15May, 1987 1 6 24May,  1987 1 6 
16May, 1987 1 10 25May,  1987 2 9 
17May, 1987 1 7 26May,  1987 1 10 
19May, 1987 1 10 27May,  1987 1 4 
20May,  1987 1 6 28May,  1987 1 5 
21 May, 1987 1 7 29May,  1987 2 7 
22May,  1987 1 7 30May,  1987 1 6 
23May,  1987 1 4 31 May, 1987 1 5 

TABLE li 

List of microwave observations in the period August/September 1987 

Date N NET R Date N NET R 

17 Aug., 1987 1 2 27 Aug., 1987 1 8 
20 Aug., 1987 1 7 31 Aug., 1987 1 9 
22 Aug., 1987 1 9 2 Sept., 1987 1 8 
24 Aug., 1987 1 11 3 Sept., 1987 1 8 
25 Aug., 1987 1 10 4 Sept., 1987 1 4 
26 Aug.,1987 1 10 6 Sept.,1987 l 5 



LARGE-SCALE PATTERNS ON THE SUN 

TABLE lj 

List of microwave observations in the period April/May i988 
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Date N NLT R Date N NLT R 

12 Apr., 1988 3 5 9May, 1988 2 5 
13 Apr., 1988 1 5 10May, 1988 1 6 
15 Apr., 1988 1 5 11 May, 1988 1 6 
4May, 1988 1 3 I2May, 1988 1 7 
5May, 1988 1 3 13May, 1988 1 6 
6May, 1988 1 3 14May, 1988 1 3 
7May, 1988 1 2 15May, 1988 1 3 
8May, 1988 4 5 

TABLE Ik 

List of microwave observations in the period September 1988 

Date N NLT R Date N NET R 

6 Sept., 1988 3 8 11 Sept., 1988 1 2 

9 Sept., I988 3 3 

TABLE II 

List of microwave observations in the period June 1989 

Date N NLT R Date N NLvR 

20 June, 1989 4 9 25 June, 1989 2 4 
21 June, 1989 3 7 26 June, 1989 2 5 
22 June, 1989 3 7 27 June, 1989 3 6 
23 June, 1989 2 3 28 June, 1989 2 4 
24 June, 1989 1 4 30 June, 1989 1 2 

number  of data points varied from one thousand to several thousand.  The telescope 

beam size at 37 G H z  is 2.4 arc min. In the temperature scale, the resolution is always 

better than 1 ~o of the quiet Sun level, which is estimated to have a brightness temperature 

of 7800 K in all maps. A computer program provides coordinates on the solar disc with 

an accuracy of one heliographic degree at the disc center. 

Typical observed dimensions of the LTRs were between several arc minutes and 

10 arc min, but one must  take into account beam/convolut ion effects which apparently 

increase the size of small sources. Durat ions of the LTRs were between 3 and 7 days 

but the real lifetime is probably longer since the visibility of LTRs is significantly reduced 

close to the limb. The usual temperature depression measured at 37 G H z  was several 

hundred  K, but sometimes it was as large as i000 K (again the beam/convolut ion effect 

tends to decrease the amplitude of temperature perturbation of small sources). In 

Figure 1, as an example, we present the synoptic map of the inferred magnetic field 
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inversion lines (McIntosh,  1972) and contours of  LTRs clearly tracing them. As the 

contours of  LTRs depend on the choice of  the isothermal-line level (and of  course on 

the ratio o f  the source size and the telescope beam size), we based our analysis on the 

6~ I 
0 o 6'0 ~ 120 ~ 180 ~ 2 i 0  ~ 300 ~ 360 ~ 

Fig. 1. Synoptic map of Carrington rotation No. 1708. Thin lines represent the inversion lines of the 
inferred magnetic fields (Soln. Dann. Bull.) and the shaded areas show the shapes of the LTRs. 

temperature minima positions within LTRs.  By LTR we denote further on a group of  

such positions observed during one Carrington rotation within a particular temperature 

depression (Figure 2). Our sample consisted of  346 individual LTRs based on more than 

one thousand positions of  temperature minima. 
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Fig. 2. Synoptic map of Carrington rotation No. 1709. Thin lines represent the inversion lines of the 
inferred magnetic fields (SGD) and the dots show the positions of the brightness temperature minima within 

LTRs (outlined by dotted lines). 

The positions and orientations of  filaments were provided by Meudon patrol 
Ha-observations.  We considered the actual Carrington rotation, as well as the preceding 
and the following one. The synoptic maps presenting the inferred magnetic fields were 



LARGE-SCALE PATTERNS ON THE SUN 73 

taken from Solar Geophysical Data (SGD) and Solnechnye Dannye Byulleten (SDB). 
Finally we used the magnetographic observations presented by Bumba (1987) to com- 
pare the inferred large-scale cells (Section 6). 

3. Distribution of LTRs across the Solar Disc 

We present the central meridian distance (CMD) distribution of LTR positions across 
the solar disc in Figure 3(a), to show the visibility function. The distributions presented 
separately for the periods 1979-1982 (sample of 730 temperature minima) and 
1987-1989 (351 temperature minima) are also indicated to illustrate the magnitudes of 
the statistical fluctuations The visibility function has a maximum between 10 ~ and 20 ~ 
of CMD, and only few LTRs are found at CMD > 55 ~ 
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Fig. 3. (a) Visibility of LTRs as a function of CMD; the full line represents the whole sample, the dashed 
line the 1979-1982 sample and the dotted line the 1987-1989 sample. (b) Latitudinal distribution of LTRs 
in the period 1979-1982. The belts of slow and fast rotation, as presented by Howard and LaBonte (1980) 

are denoted by the letters s and f, respectively (c) Latitudinal distribution of LTRs in the period 
1987-1989. 

The latitudinal distribution in ten degree intervals is presented in Figures 3 (b) and 3 (c) 
independently for the periods 1979-1982 (maximum and descent of solar activity) and 
1987-1989 (minimum and ascension of solar activity). The distributions are significantly 
different from the CMD distribution, revealing two maxima in each sample. The 
positions &the maxima changed in the course of the solar cycle. In the period embracing 
the maximum of solar cycle 21 one finds the minimum in the latitudinal distribution in 
the belt of latitudes 10~ ~ , corresponding to the active region belt in this phase of 
the cycle. In the period preceding the maximum of cycle 22 (1987-1989) one finds two 
minima: one embracing the equator and another one in the latitude belt 30~ ~ 
corresponding to the active region belts of cycles 21 and 22, respectively. Such a 
behaviour reveals an evolution of the latitudinal distribution during the cycle. 
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In Figure 4 we present a sketch of the LTR butterfly diagram obtained by inspecting 
maxima and minima in LTR latitudinal distributions in all of the observational intervals. 
The LTR belts border the active region belt, shifting simultaneously with active regions 
towards the equator as the activity of the solar cycle declines. During the activity 
maximum of the actual cycle, at latitudes higher than 50 ~ one finds a new LTR belt 
being a part of a cradle for the forthcoming cycle. It also shifts towards the equator and 
later on (1987-1989) borders the active regions of the new cycle (Figure 3(c)). 
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Fig. 4. Latitudinal distribution of LTRs schematically presented in the Butterfly diagram. Hatched areas 
and unshaded rectangles represent maxima and minima in the distribution, respectively. Dashed lines 
represent the active region belts of the actual and the forthcoming cycle. The bold lines illustrate the 'border' 

between the cycles. 

The polar crown, defined by a line of prominences oriented nearly parallel to the 
equator and outlining the polar caps (Tandberg-Hanssen, 1977) could also be detected 
on the microwave maps as a belt-like zone of LTRs. However, in our observations LTRs 
were not clearly identified at latitudes higher than 55 ~ and we could not establish reliably 
a poleward migration of this belt (Tandberg-Hanssen, 1977). This Polar Crown belt of 
LTRs separates HTRs in polar regions from the large-amplitude HTRs in the sunspot 
zone and LTRs corresponding to the Royal Zone prominences (the prominences 
migrating in the butterfly diagram equatorward together with sunspots). The broken 
lines in Figure 4 depict the active region belts of cycles 21 and 22, and the bold line 
illustrates a 'border' between the cycles. Let us stress that the precursor of the new solar 
cycle appears in the LTR distribution already during the maximum of the preceding 
11-year cycle, i.e., much earlier than the active regions themselves. 

4. Association of LTRs with Magnetic Inversion Lines 

The positions and shapes of LTRs superposed onto the inversion lines of the global 
magnetic fields drawn in Figure 1 show that the regions of decreased brightness tern- 
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perature trace these lines. We applied two procedures to establish the association rate 
between LTRs and the inversion lines. The first considers the positions of the centers 
of LTRs (defined as a group of temperature minima - a sample consisting of 346 LTRs). 
The second is based on the positions of all temperature minima measured (a sample 
consisting of 1081 positions). We considered an association as positive if the distance 
of a LTR (or temperature minimum) from the nearest inversion line was less than the 
telescope resolution. Both procedures give the same statistical results. 

When the locations of LTRs are superposed onto the SGD, maps of the inferred 
photospheric magnetic fields, one finds that more than 90% of LTRs were situated on 
the inversion lines. This is a very high association rate, as the method of the inferred 
large-scale fields cannot always provide reliable results, and in dubious situations it is 
liable to subjective impressions (McIntosh, 1972). Therefore, we superposed the LTR 
positions also onto the SDB inversion lines and we found again, a 90% association rate, 
but now almost all LTRs which were apart from the SGD inversion lines coincided with 
the SDB inversion lines. Only about 1 ~; of LTRs were not related to either SGD or 
SDB inversion lines, revealing an extremely high correlation. To illustrate the asso- 
ciation, in Figure 2 we present the LTRs positions during the Carrington rotation 
No. 1709. It is worth noting that a large fraction of LTRs was situated at positions where 
the inversion lines were sharply curved or at the locations appearing as tongues or 
throats in the large-scale magnetic fields patterns. 

5. Association of LTRs and Filaments 

Schmahl, Bobrowsky, and Kundu (1981) and Hiei et al. (1986) reported observations 
of rather small samples of LTRs and concluded that LTRs are most probably caused 
by absorption in cold and dense prominence plasma (Chiuderi-Drago, 1990). An 
additional support to this interpretation were the measurements of rotation rates of the 
LTRs: a rather small sample of 22 LTRs, observed at 35 GHz from March 6 to 
March 30, 1972 was studied by Liu and Kundu (1976). The LTR tracers used were on 
average rotating faster than the solar surface corresponding to an average height of 
35 000 km for the LTR perturbers, which is a typical height of quiescent solar promi- 
nences. 

Since quiescent filaments are aligned along the inversion lines of the large-scale 
magnetic fields and occupy a considerable part of those, an association of LTRs and 
filaments can be accidental, especially when small samples are considered, as in the 
studies mentioned. If a larger sample is used to compare the positions of filaments and 
the positions of LTRs, one finds typically a 60-70~o association (applying the same 
criteria as for the magnetic inversion lines) on different synoptic maps. However, taking 
into account the filaments in the preceding and following rotations one finds a higher 
association rate: only 10 ~o of LTRs in our sample were without an associated filament 
as illustrated by Figure 5 (the indicated dimension of an LTR is defined by the dispersion 
of temperature minima positions. We want to stress that there is a large number of 
filaments which do not produce any observable temperature depression, and since a 
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rather high fraction of LTRs was not associated with filaments directly, the association 

can be statistically accidental. Finally let us point out that we could not find any 
statistical correlation between the filament geometry (length, height, and width) and the 

area or the amplitude of the LTR. 
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Fig. 5. Synoptic map of Carrington rotation No. 1709. The oval shapes represent LTRs and the lines 
represent the positions of associated filaments in the preceding rotation (1708) and the following rotation 

(1710). 

The relation between filaments and LTRs can be studied directly by simultaneous 

observations in the He  line and microwaves. As an illustration we present the observa- 
tions of the most prominent LTR in our sample (Figures 6(a) and 6(b)) and the 
associated filament (Figures 6(c) and 6(d)) during their disc passage in July 1982. The 

LTR was visible at 37 GHz,  as well as at 22 GHz during several days (Table II). The 
SGD and SDB Ha-reports show a huge quiescent filament associated with the LTR. 

The filament was aligned roughly in the north-south direction, obviously not belong- 
ing to the Polar Crown (Tandberg-Hanssen, 1977). It extended from the latitude 

q~s = 25 ~ to ~PS = 70 ~ in the northern hemisphere and was located at a longitude of about 
2j. = 300 ~ . The associated LTR was detectable at a latitude of ~PLa-R = 50~ ~ and at 
the same longitude as the filament. The positions of the LTR observed at 22 and 37 G H z  

at the time of measurements (UT) are presented in Table II, where the indices represent 
the radio frequency. The CMDs of the filament body (CMDs) measured at the LTR 

latitude and the CMDs of the closest footpoints (CMDsp) are presented in Table III. 
Although the LTR and the filament were at the same longitude within the accuracy of 
measurements, the estimated positions of 37 GHz  temperature minima (corrected for 
the time difference between the He  and microwave observations) were always at the 
edges of the filament closer to the central meridian, indicating a lower height of the LTR. 

The apparent synodic rotation rates of the LTR obtained by tracing the position of 
the temperature minima at 22 and 37 GHz  were 14.7 + 0.9 and 13.5 + 0.4 deg day-  1, 
respectively. The part of the filament body at the same latitude showed an apparent 
synodic rotation (14.6 + 0.4 deg day-  a) implying that the 37 GHz  LTR perturber was 
lower than the main prominence body while the 22 GHz  perturber was at about the same 
height as the prominence body. The synodic rotation rate of the filament footpoints was 
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Fig. 6a. 

Fig. 6. Disc passage of the 'July '82 LTR' (denoted as LTR). The maps presented were obtained on July (16) 
(a) and July 18 (b). The temperature minimum studied indicated together with an active region (AR) a weak 
brightness temperature enhancement close to the pole (HTR). The direction of the temperature gradient 
is depicted by the mark normal to the isothermal lines, pointing towards lower temperatures. The numbers 
on the right-hand side are the contour levels with respect to the quiet-Sun level (7800 K). Disc passage of 

the filament associated with. the 'July '82 LTR' is presented in (c) and (d). 

10.8 + 1.8 deg day ~, which is an appropriate value for surface rotation at these lati- 
tudes. 

The temperature depressions at 37 GHz (AT37) and 22 GHz (AT22) are given in 
Table II. During July 15, 16, and 17, the temperature depression at 37 GHz was about 
11~o of the quiet Sun level, and on July 18 it was reduced to 6~o. This 'temperature 
increase' is probably associated with the disappearance of the Ha filament on July 19, 
i.e., it could be a consequence of changing coronal conditions above the inversion line, 
but other reasons cannot be excluded. A similar behaviour, but with flatter depressions, 
was also found at 22 GHz (Table II). Unfortunately we have no microwave measure- 
ments after July 18. 
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Fig. 6b. 

Fig. 6c. 
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Fig.  6d. 

T A B L E  I I  

P o s i t i o n s  and  t e m p e r a t u r e s  o f  the  L T R  o b s e r v e d  at  22 a n d  37 G H z  

D a t e  UT22  ~b22  C M D 2 2  ~T22 UT37 q537  C M D 3 7  AT37 

14 1 3 : 5 0  53 ~ - 35 ~ - 720 . . . .  

15 0 7 : 1 1  55 ~ - 25 ~ - 630 0 9 : 1 3  52 ~ - 23 ~ - 900 

16 0 7 : 0 7  54 ~ - 5 ~ - 550 0 7 : 4 5  56 ~ - 10 ~ - 860 

17 0 7 : 4 4  55 ~ + 9 ~ - 590 0 8 : 1 8  53 ~ + 4 ~ - 860 

18 0 7 : 4 9  48* + 19 ~ - 320 0 8 : 2 0  49 ~ + 17 ~ - 4 7 0  

T A B L E  I I I  

H e l i o g r a p h i c  c o o r d i n a t e s  o f  the  ' Ju ly  1982 f i l a m e n t '  

14 10 :23  50 ~ - 4 0  ~ - 30 ~ 

15 13 :23  52 ~ - 25 ~ - 20 ~ 

16 13 :35  56 ~ - 10 ~ + 1 ~ 

17 0 6 : 5 4  53 ~ + 3 ~ + 5 ~ 

18 0 8 : 3 9  49 ~ + 16 ~ + 9  ~ 

D a t e  U T  ~pf C M D u  C M D f o  
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6. Large-Scale  Patterns  - Giant Cells 

The superpositions of LTR locations in the synoptic maps reveal elliptical and circular 
patterns giving the impression of giant cell-like structures, similar to the patterns found 
by Schr6ter and W0hl (1976), Schr0ter et al. (1978), Schwan and W0hl (1978), Bumba 
(1987), Ambro~ (1987). The superpositions of LTRs for three periods, well covered by 
observations are presented in Figure 7. In all maps one can identify several cells 
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Fig. 7. (a) Superposition of the LTR positions in the period May 1979-May 1980 (black l May/June 1979; 
shaded - October 1979; white - May/June 1980). With dotted lines we outline the shapes of the 'giant cells' 
indicated by the distribution of LTRs. Crosses represent the positions of the centers of the 'giant cells' 
inferred by Bumba (1987) from magnet=graphic data. The belts of slow and fast rotation, as presented by 
Howard and LaBonte (1980) are denoted by the letters s and f, respectively. (b)Superposition of LTR 
positions in the period May-June 1981. (c) Superposition of LTR positions in the period May-August 1987 

(black - May 1987; White - August 1987). 
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(indicated by the dashed line) consisting of 8-12 LTRs. A typical longitudinal extension 

of the features was 60 ~ and the latitudinal dimensions were between 30 ~ and 40 ~ . 
The map presented in Figure 7(a) is the superposition of the LTR positions obtained 

in the observational intervals May/June 1979, October 1979 and May/June 1980, i.e., 
it partly covers about a one-year time period (for details see Table I). The indicated cells 
embrace 87~o of all LTRs in the map. Inspecting Figure 7(a) one finds that some cells 
persisted in only one observational subinterval. However, cells centered at coordinates 
2 = 3 0  ~ - 2 0 ~  ~ - 2 0 ~  ~ ,q~= + 2 0 ~  ~ - 2 0  ~ 
and 2 = 300 o, q~ = + 20 o were composed of LTRs appearing during the first as well as 
during the last observational interval (the observational subinterval in October 1979 
was rather short so only the longitudes 2 = 300~ ~ were covered). Such a long 
persistence of the large-scale patterns implies a rigid rotation of the elements constituting 

them (Stenflo, 1989). Pohjolainen etal .  (1991) studied the properties of the LTR 
differential rotation obtained by tracing the LTRs day by day, and have found a really 
rigid rotation for the period 1979/1980. On the other hand, in the periods 1981/1982 and 
1987 (related to the examples presented in Figures 7(b) and 7(c), covering the period 
May-June 1981 and May-August 1987, respectively) the LTRs behaved almost accord- 
ing to the 'standard' differential rotation law. So, the large-scale patterns appearing in 
these periods could not survive for more than few rotations in the most favorable cases 
when the patterns were close to the equator, which caused a rather intricate situation 
in the maps presented in Figures 7(b) and 7(c). The short life-time of the cell-like 
patterns was also inferred by SchrOter and W0hl (1976), Schr0ter et al. (1978), Schwan 
and WOhl (1978), and Bumba (1987). 

The period 1979/1980 overlaps with the study performed by Bumba (1987) who 
analyzed the global magnetic field patterns and also inferred possible cell-like structures. 
In the period embracing Carrington rotations No. 1681-1687 (April 1979-October 
1980) he indicated (Plate 4 in Figure 5 therein) a number of possible cell-like structures. 
The magnetograms presented show rapid changes of the photospheric magnetic field 
patterns, however some cells were observed for several rotations. In Figure 7(a) we 
indicated by crosses the positions of the centres of Bumba's ceils which could be 
identified during more than one rotation. Comparing the positions of Bumba's cells with 
the 'LTR-cells', one finds an intriguing correspondence. The cells centered at 2 = 180 ~ 
~p = + 15 ~ and 2 = 90 ~ cp = - 20 ~ were present in all of the magnetograms presented. 
The cell centred at 2 = 260 ~ ~b = - 20 ~ can be identified on magnetograms covering 
rotations No. 1683-1686, while the other cells were seen only for two rotations. The 
LTR-cell between 2 = 300 ~ and 2 = 20 ~ at ~b = + 20 ~ could be, in fact, related to two 
cells indicated in the magnetograms (lasting through rotations 1683-1684 and 
1685-1686, respectively). The cell centred at 2 = 30 ~ q5 = - 20 ~ can be found only on 
the last magnetogram in the series (rotation No. 1687), but was notable in microwaves 
also in the May/June 1980 period. 

In the period about the solar maximum, the cells were centred at heliographic latitudes 
about 20 ~ In Figure 8 we present the latitudinal distribution of LTRs simulated by 
taking 20 ~ for the average heligraphic latitudes of the cell centred symmetrically with 
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respect to the equator, 60 ~ and 40 ~ for their longitudinal and latitudinal extension, 
respectively, and assuming a ring width of 10 ~ The effect of the visibility of LTRs 
(Figure 3(a)) was also included. Comparing the simulated distribution with the one 

~ 
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Fig. 8. Simulation of the latitudinal distribution of LTRs using the cell interpretation, corresponding to the 
period 1979/1980. The simulated distribution (full line) is obtained by taking into account the visibility of 

LTRs (Figure 3(a)) compared with the observed distribution (dashed line). 

presented in Figure 3(b) one finds a good correspondence. Locations of the cell centres 
associated with the old cycle were distributed closer to the equator as the cycle proceeded 
to the minimum. In Figure 7(b) we present the synoptic map, with indicated cell-like 
structures, where we find several cells almost at the equator. Such a 'redistribution' of 
the cells during the cycle has caused the change of the latitudinal distribution shown in 
Figures 3(b) and 3(c). The cells associated with a new cycle appear at higher latitudes 
already at the maximum of the preceding cycle, as is shown by the butterfly diagram 
presented in Figure 4. In Figures 3 (b) and 7(a) we have also indicated the positions of 
the zones of fast and slow rotation in the corresponding period as given in Howard and 
LaBonte (1980). 
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7. Discussion and Conclusion 

The large sample of LTRs embraced in our study enables a reliable statistical analysis, 
and it shows that LTRs are directly associated with the inversion lines of the large-scale 
magnetic fields. An association with filaments is less obvious, since there are a con- 
siderable number of cases when LTRs were not associated with filaments, and also a 
large number of filaments did not produce observable LTRs. There are also discre- 
pancies in the heights of the LTR perturbers inferred from the differential rotation study 
(Pohjolainen et al., 1991). Still, one cannot exclude such an association, as one should 
expect strong absorption of the millimetric radiation in the dense plasma constituting 
the prominence (Chiuderi-Drago, 1990). 

The appearance of a LTR without an associated filament could be explained by the 
presence of a coronal condensation which is too hot to appear as a prominence in the 
chromospheric lines, but still causing an absorption of millimetric waves (Kundu et al., 

1978). Using the coefficient for free-free absorption k = O . 1 5 N 2 v - 2 T  -3/2 (Tucker, 
1975) and a temperature T = 20 000-30 000 K and density N = 5 x 109-101~ cm-  3 one 
finds that the optical depth, z = 1, will be reached for a thickness of the order of 104 kin. 
Similar conditions can appear after the thermal disparition brusques of quiescent 
prominences (Mouradian and Soru-Escaut, 1989). The appearance of a LTR in the 
absence of a filament could be caused also by a 'depression' in the transition region, 
associated with the magnetic inversion line. At the locations where the magnetic field 
is almost parallel with the temperature gradient (as should be expected at the inversion 
lines) the transition region is thinner than normal, and so it can be observed as a 
brightness temperature depression (Chiuderi and Chiuderi-Drago, 1991). On the other 
hand, an absence of LTRs in the presence of a filament can be explained simply by 
inadequate spatial resolution of the microwave observations and related temperature 
sensitivity: a small and weak 'source' will be smeared out and diluted, so the contrast 
might not be sufficient to be observed. 

The evolution of the latitudinal distribution shows a similar behaviour as the one for 
the active regions, only appearing much earlier (already at the maximum of the preceding 
11-year cycle). The LTRs are apparently grouped in two belts in the butterfly diagram, 
forming the borders of the active region belt and also showing an equatorward shift. This 
can be related to the equatorwards redistribution of the giant cells inferred from the 
superpositions of synoptic maps. Statistical considerations support the reliability of 
these cells, as well as does the consistency of the results with the ones from the 
independent study of magnetic field patterns presented by Bumba (1987). The typical 
longitudinal dimension of cells was about 60 ~ which is consistent with some previous 

studies (Stix, 1989; W0hl, 1990, and references therein). The lifetime of cells depended 
on the phase of the solar cycle. In the period 1979/1980 some cells could be identified 
during a period of one year, revealing a rigidly rotating component as depicted by 
Sheeley, Nash, and Wang (1987) and by Stenflo (1989). In other periods, the lifetimes 
were up to a few rotations, which is in accordance with the time variation of the LTR 
differential rotation law found by Pohjolainen et al. (1991). 
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Appendix 

In order to check the reliability of the inferred giant cells described in Section 6, we 
performed a simple statistical analysis of the distribution of the cells on the synoptic 
map. We present an average cell as an elliptical ring. Taking for typical cell axes the 
values of 60 ~ and 40 ~ respectively, and for the ring width 10 ~ one gets Ao = 2700 deg: 
for the area outlined by the outer edge of the ring, and A, = 1200 deg z for the area of 
the inner void, giving an estimate for the area of the ring Ar = 1500 deg:. Furthermore 
we will take A = 36000 deg 2 for the area of the synoptic map between + 50 ~ where 
almost all LTRs appeared. 

In order to simplify the problem, we will first consider the situation with only one cell 
on the map. We look for the probability that in the case of an accidental distribution 
(P1) all of n LTRs constituting the sample (n = 70 in the situation presented in 
Figure 7(a)) fall out of the inner void, centred at the centre of one of Bumba's cells, and 
that x LTRs fall within the ring. One finds 

where 

and 

. x  
P1  = - P v )  P r  11)0 , (A1) 

Po = (A - Ao) / (A  - Av)  (A4) 

are the probabilities that a LTR would fall in the void, would fall in the ring when the 
void is excluded, and would fall outside the ring when the void is excluded, respectively. 
The term (1 - p~)" in Equation (A1) represents the probability that all LTRs fall outside 
the void. Taking into account Equations (A2)-(A4) one finds 

p l ( x ) = ( ; ) ( A r / A ) X ( 1 - A o / A )  " - x  (15) 

Pv = A J A  , (A2) 

Pr = Ar / (A  - A , ) ,  (A3) 



LARGE-SCALE PATTERNS ON THE SUN 85 

In  Figure  9 we presen t  the func t ions  P1 (x) for different values  of Ar/A and Ao/A in order  

to i l lustrate  the probabi l i t ies  for acc identa l  a p p e a r a n c e  of  the cells o f  different d imen-  

sions. F o r  a typical  cell, like the  one  cen te red  at 2 = 2 5 5 ~  fl = - 20 ~ in F igure  7(a), 

which  cons i s t ed  of  x = 12 L T Rs ,  one  finds, us ing  

n 

F~o = ~ P,(x), ( 1 6 )  
No 

tha t  the probabi l i ty  of  hav ing  x > x o = 12 L T R s  in the r ing is F12 = 10 - 4  for a ' th ick '  

cell (curve 3 in Figure  9) a n d  F12 = 10 - 6 for a ' th in  cell' (curve 2 in Figure  9), which  are 

P,(x) 
x 10 -3" 

2 0 -  

10 
13) 

(2) 

1 2 3 Z, 5 6 ? 8 9 10 11 12 X 

Fig. 9. Probability distributions for different cell sizes. Shaded areas represent the limit F = 10-3. The 
curve 1 is obtained for a typical elliptical cell with axes of 60 ~ and 40 ~ and with a thickness of 10 ~ 
(Ao/A = 0.075, A/A = 0.042). The curve 2 is obtained for a thinner and smaller cell (Ao/A = 0.07, 
A/A = 0.04). The curve 3 is obtained for a very large and very thick cell (Ao/A = 0.09, ArM = 0.06) 

representing an upper limit on cell dimensions. 

bo th  stat is t ical ly entirely insignif icant .  The  limit o f F  = 1 0 -  3 is reached  for 10 L T R s  in 

the case of  a large a n d  thick cell (curve 3 in Figure  9). F o r  o ther  cases,  this l imit  is shifted 

to a smal ler  n u m b e r  of  L T R s  (Figure  9). T o  clarify more  directly these  resul ts ,  we 

pe r fo rmed  a numer ica l  exper iment  s imula t ing  an  acc identa l  d is t r ibut ion,  and  we found  

the same  resul ts  as given by Equa t ion  (A5). 
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Taking into account that several cells are present simultaneously on the synoptic map 
(one finds at least 6 cells in Figure 7(a), embracing 87~o of  all LTRs in the map) the 
probability for accidental generation of cell-like patterns is reduced drastically. 

To illustrate the reduction of  the probability (when several cells are present) we 
consider a situation with only two distant cells. A similar procedure as used to obtain 
Equation (A5) gives 

P2(x,, x2) = (n-x) ( ~ )  (Ar,/A)Xl (Ar2/A)X2 (1- (Aol + Ao2/A)) n-x, (A7) 

where x = x I + x 2 and xl and x 2 are the numbers of  LTRs in cell-rings of  areas Arl and 
At2, respectively. Approximating that the cells are equal, one finds 

P2(Xl' x2) = ~11 (ARIA) (1 - 2Ao/A) n-x, (AS) 

which gives a much smaller probability for x I > x o and x 2 > x o than Equation (A6). 
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