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Abstract In general, it is believed that plages and sunspots are tle ecoatribu-
tors to solar irradiance. There are small-scale structmagbe Sun with intermediate
magnetic fields that could also contribute to solar irradérbut it has not yet been
quantified how many of these small scale structures conéribnd how much this
varies over the solar cycle. We used Ca Il K images obtairgd the telescope at the
Kodaikanal observatory. We report a method to separatedtveonk elements from
the background structure and plage regions, and computhtrges in the network
element area index during the minimum phase of the solae@mtl part of the as-
cending phase of cycle 24. The measured area occupied bytivenk elements is
about 30% and the plages cover less than 1% of the solar disigdtie observation
period from February 2008 to 2011. During the extended pesfaninimum activity,

it is observed that the network element area index decrégsssout 7% compared to
the area occupied by the network elements in 2008. A long sty of the network
element area index is required to understand the variatiegisthe solar cycle.
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1 INTRODUCTION

Synoptic observations of the Sun are very important in shglthe long term variations of the solar
magnetic field and its effect on space weather and climate.ldfye- and small-scale structures
observed on the Sun contribute to the solar irradiancesfiereint magnitudes at different times
of the solar cycle (Worden et al. 1998). The small-scale agtwstructures can be observed at the
chromospheric level and above in the solar atmosphere. difteasst between the network structures
is large in the Ca Il K wavelength band. The main features vgenie in the line center of the Ca-K
images are the plages, the active network, the enhancedrkeand network regions. Many have
used the Ca-K images to estimate the contribution of thegslamd the network to the total solar
irradiance at different times of the epoch (Worden et al.8)98everal authors have used different
techniques to compute the Ca-K plage index using the datatite Kodaikanal, Mt. Wilson, Arcetri
and Sac Peak observatories and compared the results abfi@nedifferent data sets (Foukal et al.
2009; Tlatov et al. 2009; Ermolli et al. 2009).

Many techniques have been developed to estimate the area wétwork, and the data describ-
ing most of these results are restricted to a small time geki@genaar et al. (1997) used a basin
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finding algorithm to estimate the areas of supergranulavar&tcells. The application of this tech-
nigue on the Ca-K images gave a cell size of about 15 Mm. A amtéchnique used by Srikanth
et al. (2000) showed a cell size of 25 Mm, close to the most contyrknown size of the network

cells. Schrijver et al. (1997) used a gradient-based tesisel algorithm on the Ca-K images to find
the network boundaries. This is a very effective techniguinid the area of the network cells. The
skeleton method (Berrilli et al. 1998), along with a celhdaitomaton method (Berrilli et al. 1999)
applied to the Precision Solar Photometric Telescope (PSBIK high pass filtered binary images,
showed the area distribution of the network cells. Fromrigshod it is found that the network cells
have a characteristic cell size of about 24 Mm.

The techniques to measure the plage and network areagjiimgline gradient-based tessellation
algorithms (Schrijver et al. 1997), the image decompasiti@thod (Harvey & White 1999; Worden
et al. 1998) and skeletonizing iterative procedure (Ernedlal. 2003), are restricted to small time
intervals and do not include one complete solar cycle. Hewawnany others (Tlatov et al. 2009)
have tried to estimate the variation in the plage indices sgeeral solar cycles using the digitized
data sets of Kodaikanal, Mt. Wilson, etc. Though the ovgrattern in the variation of the plage
areas match well from each of the observatories, their niadeé seem to be different for different
observatory data sets (Ermolli et al. 2009).

From the measurements on a’2sfjuare aperture, Skumanich et al. (1975) showed that tiie ave
age network has a brightness of 1.27 compared to that of #rag® non-network undisturbed chro-
mosphere and covers 39% of the quiet Sun. They probablyreeféo the active network. Worden
et al. (1998) analyzed 1400 Ca-K line spectroheliogram&igoy parts of solar cycle 21 and 22
with a spatial resolution of 8’5and defined the structures in Ca-K line spectroheliogranfisun
categories: plages, enhanced network, active network aied §un. They systematically identified
these components using different intensity thresholdglamdninimum size for each category. The
identified plages show intensity contrast relative to thieg8un greater than 2.776, and minimum
values of 1.44. Similarly, the upper and lower level intgnsontrasts are 2.06 and 1.37 for the en-
hanced network and 1.59 and 1.18 for the active network. Tiaybuilt up the masks of the plages
and found the plage area to be larger, by a factor of 2.8 cosdgarthe plage areas published by the
National Geophysical Data Center (NGDC).

Most of the time an enhanced or active network is present erCé-K line images and this
makes it difficult to separate the network elements. Kodek&as been observing the full-disk
images of the Sun since 1907. Recently, it has been updatkdiliér-based images and a charge
coupled device (CCD) as an image acquisition system. Thee Gikintered at 393.37 nm of the Ca-
K wavelength has been used to image the Sun. The data obtaittedhis telescope provide a
good opportunity to estimate the network element area ilhekits variation with time during the
minimum solar activity period.

We applied a global fit method to the Ca-K data to normalizertteges and used the threshold
limits to automatically identify the network elements andges on the solar surface. In this case,
because of the extended solar minimum during the 2008—-26d06dy we only have the quiet net-
work features and a small amount of plages without the presefthe active and enhanced network.
Hence, this is a good opportunity to study the network elérasza index.

In this paper, we give a brief description of the instrumesgdito obtain the Ca-K images at the
Kodaikanal observatory and present the Ca-K network el¢@rea index variation results during
the period between February 2008 and February 2011, sgaaronnd three years.

In Section 2, we describe our instrument, which was usedbtaining the Ca-K data sets at the
Kodaikanal observatory. The results on variation of thevoek element area index are presented in
Section 3 and in Section 4 we discuss the various other stadieé compare these studies with the
results we obtained. We summarize the results in the finéibsec
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2 INSTRUMENTS AND OBSERVATIONS

At the Kodaikanal observatory, photoheliograms of the Savehbeen obtained on a daily basis
since 1904 using a 15-cm aperture telescope, along with Gpetroheliograms since 1907 and
H, spectroheliograms since 1912. Prior to this, the imageseoSun were recorded on specialized
photographic emulsions. In 1995 we started using a narrowl fiker at Kodaikanal, but still used
the old siderostat and CCD camera with axi format to take Ca-K filtergrams. We have now
designed and fabricated a telescope to take Ca-K line ant ligiht images of the Sun and named
it the TWIN telescope. This telescope has been in operatime 2008 and has collected images
during times with clear skies.

The TWIN telescope consists of two telescopes mounted onggesiracker. One of the tele-
scopes takes the white light images in the continuum of thie blavelength, and the other ob-
serves the Sun in the Ca-K wavelength. The focal length ofLlB@&mm objective lens from Zeiss
is 2250 mm, and forms a 20.6 mm solar image. The optical systeapable of providing a spatial
resolution of 0.7 arcsec at a wavelength of 400 nm. An interfee filter with a 10 nm pass band
centered at 395 nm is kept in front of the objective lens tacigrcess heat in the telescope, and also
reduces the intensity to the required level to record tharsolages. A thermally controlled narrow
band interference filter centered at 393.37 nm with a passb&6.12 nm is kept near the focus to
isolate the central portion of the Ca-K line. The CCD cameith & 2Kx 2K pixel format with a
16-bit read out at 1 MHz records the Ca-K images. The image §&83' per mm, and so the pixel
size with 13.5um provides a resolution of 1.25 arcsec per pixel. The images been taken at a
rate of one every 5 min. In case of activity on the Sun such assflave plan to obtain the images at
an interval of 2 s by restricting the FOV and binning the CClipdly 2x 2 pixel.

The TWIN telescope has been functional since 2008 Februaand can obtain the Ca-K line
images of the Sun whenever the sky is clear. We have analyatedug to 2011 February 28. The
quality of the data is mostly homogeneous, except for a @ofpyaps when the observations could
not be made. The data obtained in cloudy conditions havee®st bsed in this study. On a clear day
we were able to get about 80 images, and in all we have used 26000 images in our study. We
compute the average network element area for the day uditizeaimages taken on that day, and
the obtained data are dark subtracted and corrected forefldiny.

3 RESULTS

A typical observed Ca-K image (Fig. 1) shows the networkcitme, a small plage region near the
limb and the intensity gradient due to limb-darkening effedlo other types of large spatial scale
intensity gradients are seen. When we started the solanatgms with this telescope, the solar
activity was in its declining phase. Hence, we do not see naatiye regions on the solar disk.

3.1 Network Cell Identification

In order to identify the network elements, we followed thegadure as given: (1) limb fitting to
identify the image center and radius of the solar disk, (2ypoting the limb-darkening profiles, (3)
fitting a polynomial curve to the intensity profile and (4)ngithe thresholding method to identify
the network cells and plages. The details of this method eseritbed below.

3.1.1 Limb fitting method to identify the disk center and uadi

In the technique to automatically detect features on the fighit is essential to identify the center
and radius of the Sun in terms of pixels. Hence, we computeddtiius and center of the solar disk
in the calibrated data sets. This was achieved by identifthe solar limb. The solar limb has a steep
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Fig.1 Context image of Ca-K taken from the Fig 2 Computed two-dimensional limb-darkening

TWIN telescope, shown here for the observation fynction used to remove the limb-darkening effect
date of 2008-November-05. in the Ca-K image.

gradient between the solar disk and the surrounding reffienused the Sobel filter to detect the
edge of the solar limb.

We then used a threshold value of five times the mean value@adbel filtered image to retain
only the edges of the solar limb. We detected the eight poimtie limb, four points on the east (E),
west (W), north (N) and south (S) each, and the other four erste, N-E, N-W and S-W points.
Using the eight detected points on the solar limb, we apglipdlynomial fitting to obtain the Sun’s
center and radius in terms of pixels. With this method we @adéntify the Sun’s center and the
solar limb with a one pixel accuracy.

3.1.2 Removal of limb-darkening

Intensity distribution is not uniform over the Sun’s diskid large in the disk center and decreases
towards the limb. In order to remove the non uniformity in thiensity due to the limb-darkening
effect, we need to compute the limb-darkening profile. Tlais been achieved by the method de-
scribed in Denker et al. (1999). These procedures have liggriead to remove the limb-darkening
in the H, images, and a similar procedure has been adopted here. Wesaedian value of inten-
sity, which is less sensitive to asymmetric intensity distiion. To do this, the full-disk images are
transformed to polar coordinates and at each radial pagttie® median value is computed. This way
gives the average radial profile and it is smoothed by largedie. The final averaged and smoothed
profile has been transformed to Cartesian coordinates. Wtirgg limb-darkening image is shown
in Figure 2. We also show the profile of the limb-darkeningeoted image in Figure 3 (left). This
profile has been extracted for those pixels shown as dark iimthe middle of Figure 3 (right). The
profile in Figure 3 (left) shows that in addition to the smatigitude due to small scale variations
in the network, a small amount of residual gradient is preséfe remove this gradient by fitting
a polynomial as described in the next section. The limb-glairig function is computed for each
image, and the correction is applied to the calibrated dettéosremove the limb-darkening in the
images.

3.1.3 Polynomial fitting and thresholding

The solar image in Ca-K displays several features such amrieelements, an intra-network region
and plages. Network cells have borders and they are morasiatthan the intra-network points.
However, the network elements are less bright than the plagjens in the images taken in the
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Fig. 3 Left a typical intensity profile along a row of the image correcfer the limb-darkening
effect. Right the image obtained after limb darkening correction angmpaiial fitting. The black
boxes marked on the Ca-K image represent the regions fortwvthé contours of the network ele-
ments are shown in subsequent figures. The black lines atedigons for which the profiles have
been shown in Fig. 4.
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Fig. 4 Profile of row cuts (shown in Fig. 3ight) as two black lines)Left the plot is shown for the
quiet region. The horizontal dashed and dash-dot-dot Im#se plot indicate the intensity contrast
levels of 1.006 and 1.12 respectiveRight the plot is shown for the row cut that includes the plage
region. The dashed line is drawn to show the intensity cehteael of 1.12.

Ca-K filters. We only used 90% of the inner solar disk in thewwek element/plage area index
estimation as the fitted profile near the edges of the imagks lealarge uncertainty due to a sharp
intensity gradient. Next, to segregate each of the featnb® solar image we used the solar images
after making the corrections for limb darkening as descrifigove. Further, in order to remove the
residual intensity gradient in the images, we repeatedpliegh a third degree polynomial to one-
dimensional (1D) row-wise and column-wise sliced pixelskegping the mean level of the 1D
data as before. By this method we make the background unémahthere are no variations in the
backgroundimage. This procedure only keeps small-scaé {oi pixel intensity variations due only
to the network elements and plages. The resulting imagevisrsin Figure 3 (right).

The background of the global fitted images has been norniktiiza value equal to one. Figure 4
(left) shows the intensity distribution along a row with pitthe network and intra-network elements
extracted from the line indicated by black in the middle a&f tmage, as shown in Figure 3 (right).
The dashed line and the dash-dot-dot line in the plot reptéstensity contrast levels of 1.006 and
1.12, respectively. The pixels with a spatial scale of2% arcset, with an intensity contrast less
than 1.006, represent the background intra-network. Ttemgity contrast locations between 1.006
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Fig.5 Top left a context image extracted from the center of the Sun’s infsigewn as region | in
Fig. 3 (right)). Top right a binary image of the left side image obtained using intgreantrasts of
1.006-1.12Bottom contours of the top right image overlaid onto the top-lefage.

and 1.12 represent the network elements. Figure 4 (riglotyshihe intensity contrast distribution
along a row extracted from a Ca-K image at a high latitudehihata small plage (this can be seen as
a black line on the plage region in Fig. 3 (right)). The infgnsontrast of the plage region is larger
than 1.12.

In the following, we demonstrate that the selected threshalues of intensity contrast are able
to segregate the network elements and Ca-K plage regions.

Figure 5 (top left) shows the image extracted from the cépwetion of the solar image (box
number | in Fig. 3 (right)). The top right image is the binanyaige of the left-side image showing
only the network elements extracted using upper and loweskiold values 1.006 and 1.12, respec-
tively. A comparison of the left- and right-side images tates that all the network elements lie in
this contrast range. The bottom image shows the contouisediop-right image overlaid onto the
top-left image. These maps show that once the backgrounbdtasne uniform, a fixed upper and
lower threshold is able to separate the different netwagkneints from each other.

Figure 6 shows the contours of the detected network elenogattaid onto the region Il shown
in Figure 3 (right). This map clearly shows that the contagmcide with the network elements,
suggesting that the method is able to identify the netwagkneint features even near the limb.
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Fig.6 Contours of the region obtained from the intensity contitasishold values of 1.006 (lower)
and 1.12 (upper) overlaid onto the region Il shown in Figright).
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Fig. 7 Binary image for the extracted network elements using theeupnd lower threshold values
for the whole disk.

Figure 7 shows the extracted network elements on the whske The extracted network pattern
is uniform over the disk, except for some of the gaps thateee & the polar regions which may be
due to poor intensity contrast.

Once the network elements have been identified by the ahgotiased on the threshold values
of intensity contrast, it becomes a simple task to extrazptage region. In the absence of enhanced
and active network elements during this period, we ideutifi@ge regions with an intensity contrast
greater than 1.12. To make sure that this threshold valumifabs only the plage region, the contours
of the threshold region obtained from the algorithm are kaw@wonto the Sun’s image, as shown in
Figure 8 (top left). Three different regions are magnified #me contours overlaid onto it. This is
shown in Figure 8 (top right, bottom left and right). The amns shown in Figure 8 demarcate
the plages from the other regions. From this segregatioheoirtdividual regions it is now easy to
estimate the network element area and plage area index.
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Fig. 8 Top left the contours of the plage region detected by the algorithenlaid onto the full-disk
image and the contours of the detected plage regions odentad the magnified portion of the first

(top right), second lgottom lefy and third pottom righ}) plage regions seen in the full-disk image
from left to right.

3.2 Network Element Area and Plage Area Index

The network element area index is expressed as a ratio oféheéthe network elements occupied
on the Sun to the area of the visible solar disk excluding tageareas. We excluded the plage
area from the visible solar disk area while computing thevoet element index to study absolute
variations of the index in this period by making the data omif. We estimated the network element
area index for 90% of the solar disk. The remaining 10% clogée limb is simply discarded as a
large projection effect. It is difficult to extract the remaig network elements because of improper
limb-darkening correction at the edges. We computed thieisaaf the Sun for a particular epoch.
The area occupied by all the pixels in the contrast range @96 to 1.12 was taken into consider-
ation for the network element area index calculation andékalting network element area index is
converted into a percentage using the 90% value of the eisitda of the solar disk.

In order to study the variations in network element areavirwer the years, we plotted the daily
average value of the network element area index of the oatens for the period from February
2008 to February 2011 (Fig. 9). The plot shows that the nétvetgment occupies about 32% of
the solar disk from February 2008 until August 2008. Thenrthwork element area decreases
monotonically until February 2009. After that it remaing,flwith some small undulations in its
value. The error in measuring the network element area isf2¥%ealaily average network element
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Fig. 9 Top the daily average value of the network element area infigx.(), middle the plage area
index (Parea) @andbottom the sunspot area inde$(...) expressed in terms of percentage, plotted
over a period from February 2008 to February 2011.

area index, and the error was estimated by varying the loweshold value. The upper threshold
value is kept at 1.12, as it is a large value and it did not affec result by more than 0.02%.
The network element area decreased by about 7% from Feb20&§ to 2011. The plage area
during the solar minimum period and the ascending phaselaf spcle 24 occupies less than 1%
of the solar disk. It should be noted here that the area oedupy the network element over the
solar disk is not corrected for the projection effect. Thénoek elements cover the disk almost
uniformly. We are looking for variations in the network elent area index with time. Although the
values of the network element area are equally affected éytbjection effect over the observing
period, the percentage of the area may only change margamthe network element area changes
proportionally to the visible area of the solar disk aftee floreshortening correction. Thus, the
observed differences in the area index over the three y&&¥s dppear real and may not be due to
the foreshortening effect. We may consider this for theystifdong-term variations of the network
element area index in the future. The sunspot area indesassalown at the bottom of Figure 9 for
comparison. Similar to the plage area index, the sunspatase covered less than 1% of the solar
disk during the extended minimum period.

4 DISCUSSION

By using Ca-K images obtained from the TWIN telescope at tbddikanal observatory, and by
applying a novel technique, we were able to separate theonleglements from other structures such
as background and plage regions. After applying this tephmithe contrast between the network
elements is almost the same at all disk positions, and herc&eare able to identify the network
elements by using single upper and lower threshold valuesn Ehe identified network elements
we computed the network element area index over the minimeniog of the solar cycle until the
ascending phase of solar cycle 24.

It is not a straight forward process to compare our resultls thiose obtained by others in the
past. This is mainly because of the different pass bandsedfiltbrs used in previous observations
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and the different spatial resolutions and seeing effediseinstruments. All these parameters affect
the contrast of the network element features. Many of thewe maeasured the network area for
a few days and some of them have measured it for a few yearsalandncluded enhanced and
active networks, whereas our study only deals with quieogt elements. Singh & Bappu (1981)
reported that the Ca-K network size is smaller in the quigiore during the maximum phase of the
solar cycle compared to that during the minimum period. Warek al. (1998) measured the intensity
contrasts of the various features observed in Ca-K imagefoamd that the intensity contrast of the
plages and enhanced network regions do not change overldregde, though their numbers will
go down during the solar minimum. They estimated that thgepknd enhanced network cover the
solar surface by 13% and 10%, respectively, during the soéatimum. By using the Ca-K images
from the Rome PSPT, Ermolli et al. (2003) estimated that #te/ark coverage over the disk changes
by 6% over the ascending phase of solar cycle 23, being smatiglthe minimum and increasing
up to the solar maximum. Walton et al. (2003), using the Sandfalo observatory Ca-K images,
found that the area covered by the active region reduces lbgtarfof ~ 20 from maximum to
minimum. On the other hand, the area covered by the smatdimedincluding the network) reduces
by a factor of about two from maximum to minimum of the actiitycle. Hagenaar et al. (2003)
observed that the different magnetic flux concentratiotekénetwork elements behave differently
during different phases of the solar cycle. Meunier (20@pprted that the magnetic flux in the
network elements are in phase with the solar cycle. Jin €R8ll1) obtained a result similar to
Hagenaar et al. (2003), and also reported that the fradt@mea of the quiet regions is anticorrelated
with the solar cycle, but that their total magnetic flux isretated with the solar cycle. Mcintosh
et al. (2011) found that the mean supergranulation lengglesthanges from solar maximum to
minimum. They also found that there is a difference of abo&tNIm in the mean radius of the
supergranulation during the current solar minimum comg&oethe previous solar minimum. All
these analyses focus mostly on the contrast of the netwdheaarea of the network, and some of
them use magnetograms to measure the variations of theSuieflux with the solar cycle. In our
study, we concentrated on the area occupied by the netwenkegits over the solar disk during the
minimum period and the ascending phase of solar cycle 24 oledfa decrease of about 7% in the
disk coverage of the network element from the minimum phasied ascending phase of solar cycle
24. During the prolonged minimum period of solar cycle 2&réhare a few or no active regions
observed on the Sun. One of the main concepts of network fegldmtion is the decay of the active
regions. Since the number of active regions reduces to a fewowe, the magnetic fields of the
network may also have been reduced and hence the area atbyylee network elements was also
reduced. It could also be possible that we are observingrthieoarelated component of the quiet
Sun network here (Jin et al. 2011). Long-term network eldrdata analysis is required to confirm
this conjuncture.

5 SUMMARY

The Kodaikanal observatory has provided 100 years’ worttiadd with Ca-K and white light im-
ages. To continue the availability of data for future solles, we have developed a CCD-based
imaging system at Kodaikanal. The advantage of this systenpared to the previous one is that it
can take a burst of images within a few hours. We have destalmeethod to determine the network
element area and plage area index separately. We applgetethinique to the data obtained from
the new telescope at Kodaikanal, and using this techniqwasteasy to separate the network and
plage regions in the limb-darkening corrected images. €Balts obtained from this technique in-
dicate that the network elements occupy about 30% of the didle. However, the network element
area index slowly decreases by about 7% during a period aftdbree years. The decrease in the
daily average of the network element area index over a peridtree years could be related to
the extended minima and continuing low activity phase. Wedreelonger time sequence of data to
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understand this variation in the network element area iaghekwve plan to use digitized data for this
study.
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