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I  Introduction

The non-telescopic observations of Sun and recording of sunspots span a period of more than 2800 years. Data obtained over this relatively long period can be divided into two independent sets. The first set is historical and consists of observations that go back to 800 BC. However, the observations from this historical period are sporadic and sparse (approximately one observation per a solar cycle). Another data set is formed by contemporary observations which provide incomparably richer amount of information (more than a thousand of observations per cycle). The disparity in the number of observations in each solar cycle is a major obstacle for combining these two data sets. In order to understand and to assess the value of historical observational data we have to analyze non-telescopic observations obtained in recent years. For example, we have about 5000 observations from last two solar cycles.

II Historical sunspot observation
First recorded non-telescopic observations of sunspots are found already in the ancient Chinese literature, from approx. 800 BC [1]. It is the Chinese collection that contains numerous records of sunspot observations. The first, more complete catalogue of the historical observations was compiled in 1978 [2]. The authors classified 148 non-telescopic observations from the period 43 BC – 1604 AD. In the same year another catalogue [3] was published listing 137 observations between 467 BC – 1638 AD. The works that followed removed some observations (e.g., two observations from ancient Greece, before 165 BC) and the resulting catalogue [4] documented 235 observations covering the period 165 BC – 1684 AD. This data set was enlarged by adding observations primarily from 1685 – 1918 [5]. The next catalogue [6] included observations from the 20th century and contained also 400 observations covering the period 165 BC – 1992. The last version [7] added more historical records and excluded observations after 1918. It documented 341 observations in the period 165 BC - 1918.

Historical records of telescopic observations begin in 1610 when Galileo Galilei used the telescope first time for observations of Sun. While this can be seen as a beginning of the telescopic observation era, reliable quantitative records can be traced only since 1749.

III Current sunspot observation and new catalogue
In recent years several authors published works related to naked-eye observations. Mossman [8] had conducted observations over 13 months in 1981 - 82 and recorded 233 observations (in 170 cases he observed a sunspot). Later the non-telescopic observations were done and analysed by other authors, however, the collected data sets consisted of at most hundreds of observations. Due to the lack of larger data sets one of the authors (Begeni) of this contribution initiated in 1990s a campaign and begun collecting and archiving observations of Czech and Slovak observers. In this process observation from the period 1988 – 1995 had been archived. The collection, which belongs to the 22nd solar cycle, was partially analyzed and published in [9]. Since 1999 the naked-eye observations have been carried on systematically by the Observatory of Kysuce in Kysucke Nove Mesto [10]. We included into our analysis also the observations recorded by the Kysuce team in the period 1999-2007, i.e., belonging to the 23rd solar cycle. 

Using this data set we analyzed 4973 observations with 2186 observations in which a sunspot was observed. The total number of observed sunspots was 3194.

The data sets from both solar cycles (22nd and 23rd) include also information about the position of a sunspot and its intensity, either in the form of description or drawing. In this paper we are interested not only in the number of sunspots in a single observation but also in the size (intensity) of the observed sunspots. The intensity was described by the observer on a scale 1 – 4, where 1 defines a sunspot at the threshold of visibility and 4 describes a clearly visible sunspot with a distinguishable shape. Experienced observers were able to distinguish the size (intensity) by using decimal digits on this scale.

Since the number of observations we have analysed is significantly larger than the observations documented in the previously published catalogues we have compiled our own catalogue of contemporary naked-eye observations [11]. The catalogue is freely available at http://sun.begi.sk. The catalogue will be regularly updated by including new observational data as they become available.

The catalogue contains the following information for each observational entry: Date and Time, Observational conditions, Observer, Place, Filter, Count of visible sunspots, Id number of the observed sunspot, Intensity and Position of the observed sunspot. Each observational post has geographic coordinates that are required for properly orientating the observation. The catalogue includes records from 45 observers.

IV Orientation of observations and results
An important step towards analyzing the recorded data is the proper orientation of observations. The obtained data are typically orientated towards the zenith. Since we had geographic coordinates of all observational posts we were able to calibrate the observation by calculating orientation of each recorded drawing with respect to North Pole. Subsequently we were able to calculate heliographic coordinates of each observed sunspot.

The calculated heliographic coordinates are depicted in the butterfly diagram in Fig 1. Although estimates of sunspot positions from non-telescopic observations lack accuracy the shift of heliographic latitudes during the Solar cycle is clearly visible. The gray areas in the diagram denote periods in which we have no observations.
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Fig.1 – Butterfly diagram composed from non-telescopic solar observations – dependence of the heliographic latitude of sunspots on the Carrington rotation number.
Another immediate results obtained from this simple analysis of recorded data is the synoptic map of the solar surface. Although such a map has a rather prototypical character it demonstrates limitations of naked-eye observations. The size of the spots on the synoptic map (Fig 2) is proportional to the sunspot intensity as determined by the observer. We have created 163 synoptic maps for all Carrington rotation numbers in which the observations were done. The reader should note that on many synoptic maps the number of sunspots is very low – often only a single sunspot – especially in periods of low solar activity.

[image: image2.wmf]
Fig.2 – Synoptic map from naked-eye observations for the Carrington rot. number 1964.
V Sunspot area identification and results
Using heliographic coordinates of sunspots we were able to assign the area to the observed sunspots by comparing the non-telescopic data with telescopic observations. We used the sunspot areas obtained from the telescopic observations published by the National Oceanic and Atmospheric Administration - National Geophysical Data Center [12].

The dependence of number of observations on the spot area is shown in Fig. 3 (left). Solid circles depict the number of visible sunspots depending on their position. Number of observations in which observers could not see any sunspot and dependence of this number on the area of the largest sunspot present on the day of the observation is depicted by empty circles. Both curves intersect at the value of the sunspot area approx. 300 millionths of the solar hemisphere. This value can be interpreted as a critical area of the sunspot below which majority of the observers did not see the sunspot. Above this value of the area a sunspot was observed by the majority of the observers. In other words this value represents an average lower bound on the size of sunspots visible in naked-eye observations. We note that this value has a character of an average and even smaller sunspots were observed.

Under the simplifying assumption of circular shapes for the sunspots we can transform the determined area to the angular diameter of the sunspot. The dependence of the number of observed sunspots on their angular diameter is shown in Fig. 3 (right) with the same meaning of the symbols as in Fig. 3 (left). The lower bound on the area corresponds to the angular diameter 45'', however, there exist cases when sunspots were observed at the angular values of 20'' and smaller. However, in such cases the sunspots were observed at the edge of the solar disc and thus having an elliptical shape. Therefore we used a more general assumption of the elliptical shape which led to the average lower bound on the angular dimensions of the sunspots to be 40'' x 50''.
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Fig.3 – Dependence of the number of observed sunspots on the sunspot area (left) and the sunspot diameter (right). 
We conducted the described calculation of the average lower bound on the visibility of sunspots also for observations from different periods of the Solar cycle: in the maximum (1989-91, 2001-2002), in the middle of the cycle (1992-93, 2003-04) and in the minimum (1994-95, 2005-06). We excluded the years 1988, 1999, and 2000 since in those years we have no information about negative observations (i.e., about observations when no sunspot was observed). Similarly the year 2007 was excluded since there were only 3 days when there was a sunspot visible. In the maximum of the Solar cycle the lower bound on the visible sunspot was 42'', in the middle of the cycle this value was 53'' and in the minimum it increased to 59''. The dependence of the lower bound is demonstrated in Fig. 4 where we depict the lower bound compared with the annual average of the Wolf number. Inspecting the graph reveals a surprising fact: in 1989 (the maximum of the cycle) the lower bound on the observed size was 30'', while in 2006 (the minimum of the cycle) it was only 70''. We do not have a precise explanation for the fact that the observed size in the year of minimum solar activity is almost twice as large as the size observed in the maximum of the solar cycle. However, it is conceivable that this difference is caused by psychological effects and a data collection bias. In the periods of large solar activity the observers are more active and they implicitly assume presence of a larger number of sunspots. At the same time they are often aware that there are large sunspots on Sun. On the other hand in the minimum of the solar cycle the observers assume that the number of sunspots is low and their motivation to look for them is diminished. Hence during the maximum of the solar activity they are more motivated and thus able to observe even smaller sunspots.

[image: image4.wmf]
Fig.4 – Values of the average lower bound on the sunspot diameter (solid line) compared with the annual average of the Wolf number (dashed line).
VI Solar activity index defined from non-telescopic observations
In order to properly interpret historical solar observations it is necessary to define correctly the solar activity index for the non-telescopic observations. We have attempted to define this index in several papers using various approaches based on correlation analysis or other interpolation methods. The major difficulty stems from the fact that we do not know what function would describe this index. In order to make an assumption on such a function we need to define the minimal value of the Wolf number below which the sunspots are not visible in the naked-eye observations. Eddy et al. [13] determined this value to be 50. However, as we have found from our analysis this value cannot be generalized. It strongly depends on the phase of the solar cycle: in the maximum of the cycle it was achieving more than 180 and in the minimum it was less than 20.

Due to this variability we considered a different way to find a function that could define the solar activity index. We selected the area of the sunspot as a measure for defining the activity index. As described above, the sunspot area allows us to determine the angular diameter under the assumption of the circular shape. We have the intensity (I) of observed sunspots determined on the scale 1 - 4 subjectively by the observer. Dependence of the average diameter on this intensity is shown in Fig. 5 (solid circles). Crosses and stars depict values of the diameter under the assumption that the observed shape is elliptic, obtained by the projection of the sunspot on the solar disc. The zero intensity points represent observations when no sunspots were visible without a telescope and the area for these points is derived from the largest sunspot present on a given day. The important conclusion from this graph is that the dependence of the diameter on the intensity is linear, or equivalently that the area depends quadratic-ally on the intensity.

[image: image5.wmf]
Fig.5 – Dependence of the sunspot diameter, calculated from the area, on the sunspot intensity. Solid circles represent diameters obtained under the assumption of a circular shape of the sunspot. Crosses and stars depict axes of the ellipse under the assumption of the elliptical shape obtained from the projection of the sunspot on the solar disc. 
We have also discovered another dependence: the sum of areas is linearly dependent on the Wolf number. Given that the Wolf number defines a measure of the solar activity we can make the following conclusion: the solar activity index (S) defined for non-telescopic observations depend on the sum of second powers of sunspot intensities (I).
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In order to find a functional form of the solar activity index (S) we solved the best-fit approximation
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where I is the sunspot intensity, k is the number of sunspots observed without a telescope and we solve for the unknowns a, b, c. Under the assumption that we seek the fitting for the average value of S for each day we obtained, from the analysed data sets, the values a=80.9, b=0.51, and c=1,98. Thus the solar activity index defined from the daily average is represented by the functional form
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However, the historical observations usually offer much sparser data sets than those we obtained from the recent observations. Therefore we define an index which is derived from averages over a longer period. If we define such a period to be one calendar year we obtain, from the equation (1), a new expression
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Moreover, we have found that other definitions of the annual solar activity index also agree fairly well with the curve given by the Wolf number. In Fig. 6 the different definitions of the annual index are compared to the annual average of the Wolf number. The indices in Fig. 6 are defined as follows:
· expression (3)

· the sum of intensities multiplied by 80

· the sum of squares of intensities, multiplied by 30

· the percentage of positive observations (i.e., the number of observations when a sunspot was observed divided by the total number of observations), multiplied by 250.

As we have already mentioned the historical observations are sparse and sporadic. The data sets do not record observations when no sunspots were observed. The historical records include descriptions of observed sunspots, however, determining the sunspot intensity from the description is often problematic (although we are attempting to calibrate these data). Nonetheless, from our analysis we can define the solar activity index obtained from these observations as a number of historical observations over a given period.

[image: image10.wmf]
Fig.6 – Different definitions of the solar activity index compared to the annual average of the Wolf number.
IV Conclusions

Over the period 1988 – 2007 we have collected approx. 5000 non-telescopic solar observations. In spite of the large observational errors (as compared to the modern solar observational techniques) we are able to calibrate the observations and graphically process them in the form of synoptic maps or butterfly diagrams. Analyzing the area of the observed sunspots we have determined the average lower bound on the angular diameter of visible sunspots 45'' (under the assumption of the circular shape). We have found that this value depends on the phase of the solar cycle and can change between 30'' (at the cycle maximum in 1989) and 70'' (at the cycle minimum in 2006). We interpret these deviations as an effect caused by observers' psychological bias.

Our analysis led to the definition of a solar activity index. The daily computed index can be defined by the expression (2). Due to the scarcity of historical data we also defined an index based on annual averages. The annually computed index is defined by the expression (3). However, we have found that the index defined over long periods of time can be defined in various ways which also follow the evolution of the solar activity as measured by the Wolf number.

In the ongoing work we are attempting to calibrate the intensity of sunspots using the historical observations and thus obtain a connection to the contemporary non-telescopic observations. We expect that such connection will help us to obtain more complete information about the long-term evolution of solar cycles.
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