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ABSTRACT

The variation of solar irradiance is one of the natural fogainechanisms of the terrestrial climate.
Hence, the time-dependent solar irradiance is an impairiaat parameter for climate modelling.
The solar surface magnetic field is a powerful proxy for sotadiance reconstruction. The anal-
yses of data obtained with the Michelson Doppler Imager (MiDl board the SOHO mission are
therefore useful for the identification of solar surface metr features to be used in solar irradi-
ance reconstruction models. However, there is still a needdtomated technologies that would
enable the identification of solar activity features fromgéadatabases. To achieve this we present
a series of enhanced segmentation algorithms developezidoténd calculate the area coverages
of specific magnetic features from MDI intensitygrams andjneograms. These algorithms are
part of the Automated Solar Activity Prediction (ASAP) tool

The segmentation algorithms allow us to identify the areethe solar disk covered by magnetic
elements inside and outside boundaries of active regioegeiding on their contrast properties,
magnetic features within an active region boundary aresiflad as sunspot umbra and penumbra,
or faculae. Outside an active region boundary magnetic exisnare identified as network. We
present the detailed steps involved in the segmentatiorepsoand provide the area coverages of
the segmented MDI intensitygrams and magnetograms. Theréesegmentation has been car-
ried out on daily intensitygrams and magnetograms from IAdrj 1996 to April 11, 2011. This
offers an exciting opportunity to undertake further invesiayes that benefit from solar features
segmentations, such as solar irradiance reconstructioichwe plan to investigate in the future.
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1. Introduction

Solar radiation is the Earth’s most important energy sautds not constant, but varies over all
observed timescales. As such the incoming solar irradienaerery significant natural driver for
the Earth’s climate. For recent reviews s&ganki et al(2013, Ermolli et al.(2013 andYeo et al.
(20144 Space Sci. Rev.). Depending on its wavelength, the incgmadiation is absorbed in dif-
ferent layers of the Earth’s atmosphere and deposits itggm@ecordingly. For a detailed study of
the influence of solar irradiance, including the Solar Sgédtradiance (SSI) and the Total Solar
Irradiance (TSI), on the Earth’s climate system it is howevacial to know accurately its variations
over diferent time scales. Various methods of reconstruction df thet SSI and the TSI have been
presented in the literature. These methods can be catedani® proxy-based and semi-empirical
models.

The proxy-based models study to what extent specific sotexigs, such as sunspot number, Mg
Il index, F10.7 radio flux, abundance of cosmogenic isotppsctral lines or specific wavelength
bands in the observed solar spectra or solar intensitygreande used to describe solar irradiance
variability. The NRLSSI model (see e.glLean et al. 2017J) is based on the sunspot number, Mg
Il and F10.7 indices, and covers the full solar spectrum ftbemEUV to the IR.Thuillier et al.
(2012 employ the Mg Il index along with neutron monitoring obsaiens, with the model named
MGNM to model variations in the UV spectral range, whilerrill et al. (2011) use the Mg I
index and the Ca Il K activity derived from ground based otsons along with high-resolution
spectra taken by the Solar Ultraviolet Spectral Irradiavioaitor (SUSIM, Brueckner et a).1993
on the Upper Atmosphere Research Satellite (UARS) to mdaelariations in the UV part of
the spectrumbDudok de Wit et al(2014) employ a set of radio observations to empirically model
the SSI from the EUV to the visible part of the spectral rangeminger et al(2011) analyse
the dfect of the photometric sum of the solar features identifiedhfimages obtained at the San
Fernando Observatory (SFQhapman et gl.1997 in the red and blue continuum to model the
variation in TSI. For the understanding of the UV spectralgein particular.ean et al. (1999
andWorden et al (199§ 2007) analysed Ca Il K spectroheliograms to derive informationtize
evolution of solar activtiy features used in their empirivendels.

The semi-empirical models are based on the fact that vad@isct activity features on the
solar disk emit characteristic spectra. This involves iheileing the time-dependent area coverage
of features such as sunspots, faculae and network for aey gigint in time. The contrast of the
various features varies with wavelength and distance fragk centre. The area coverage of the
activity features is determined from solar images/andhagnetograms. Finally, weighting the in-
tensity spectra with the position-dependent relativesaceaered by the features yields the temporal
variation of the SSI (for an overview see elgrmolli et al, 2013. Different groups use filerent
spectral synthesis codes, solar images and magnetogram dat

Full-disk observations carried out with the Precision $dthotometric Telescope in Rome
(PSPT,Ermolli et al, 2010 are employed in the Osservatorio Astronomico di Roma (OAR)
model of solar irradiance variation®{mingo et al, 2009 Ermolli et al, 2011). More recently,
Ermolli et al. (2013 used, along with the PSPT images, spectra calculated heatiRH radiative
transfer code WJitenbroek 2002 to reconstruct TSI and the SSI from the UV to the IR wave-
length range. MoreoveFontenla et al(2011) reconstruct TSI and the SSI from the EUV to the
IR using the Solar Radiation Physical Modeling tools (SRPhtenla et a).2009 2011) along
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with data from PSPT{oulter et al. 1996, also operating at the Mauna Loa Solar Observatory.
Haberreiter et al(2014) use the Solar Modeling code (SOLMOBaberreitey 2011, 2012 and
images obtained with SOHEIT for the identification of activity features with the SPAGool
(Verbeeck et a).2014) to reconstruct the solar EUV spectral range.

Synthetic spectra calculated in non-Local Thermodynamiglibrium (non-LTE) with the COde
for Solar Irradiance (COSHKaberreiter et a).2008 Shapiro et al.2010 has also been used for
semi-empirical modelling of solar irradiancegberreiter et a).2005 Shapiro et a.2017). With
the analysis of MDI magnetograms presented here we aim abumg their UV reconstruction.

RecentlyYeo et al.(20140) used a series of full-disk observations from the Kitt Pealkiim
Telescope (KPVT,Jones et a).1992, SOHQMDI and the Helioseismic and Magnetic Imager on
board the Solar Dynamics Observatory (SBI®II, Schou et al.2012 to reconstruct TSI and
SSI from the FUV to the IR, with the SATIRE-S model for the periof 1974-2013 (see e.g.,
Krivova et al, 2003 Unruh et al, 2008 Ball et al, 2013; Yeo et al, 2013 and references therein).
In the following we summarise the concept of the SATIRE restarction model in more detail as
it is in some respect similar to the new approach presented he

Sunspots are identified as groups of magnetic pixels thag bantinuum intensities below a
certain threshold value. All other magnetic pixels on thiusdisk are identified as faculae and
network. In the irradiance reconstruction these pixelssasegned a specific weighting, i.e. filling
factor. It has a value between 0 and 1, depending on the piradignetic field strength and is
determined via linear interpolation between 0 G and theraatin value Bs,) of the faculae and
network pixels. Finally, the intensity spectra for theéfelient features and positions on the disk
are calculated with the LTE spectral synthesis code ATLASY(cz 1997). For the faculae and
network elements the same intensity spectra are used.

It is clear that each of the groups that identify the area @me of solar activity features from
various instruments use slightlyftérent definitions and identifications for these featuresevile
phasise that there areidirent definitions for some photospheric solar structurastlaere is no uni-
versally accepted unique definition for these structures\(ey and Whitg1999. Sunspots, for ex-
ample, are typically straight forward to identify as theypagar dark in photospheric intensitygrams.
The diferences arise for faculae and network definitions and ffiesttion techniques. For instance,
using PSPT images, faculae and network are identified thrthe position-dependent contrast of
the narrow-band Ca Il K intensities. On the number of featudentified, several discrete thresh-
olds might be applied. Therefore, unless the same featargifetation and consequently threshold
technique is applied by flerent authors, a direct comparison of the segmentatiottsesdifficult.

Here we present yet another definition for the detected gblatospheric structures taking into
account the locations of magnetic pixels with respect tovaaegions. We also use continuum
intensitygrams and magnetograms, however the idea ididsitjes the information of the contrast
and the photospheric magnetic field strength of the feattineg proximity to an active region is
also taken into account. In particular, we investigate t@awwdxtent faculae and network can be
distinguished through their proximity to a sunspot group.

The present work is the first of a series of papers that aimartbereating a new approach for
the identification of solar features from SOHMDI intensitygrams and magnetograms, for the pur-
pose of semi-empirical irradiance reconstruction. Theivation for this is that in the near future
we aim to incorporate it into an automated system that camatgpen a real-time mode to pro-
cess low-latency data from space missions. As a proof ofemnwe start our investigations on
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SOHQMDI data, and in the near future we plan to investigate B data and adapt our meth-
ods accordingly. One particular outcome of the current wetthe provision of area coverages of
different solar features, which will be used at a later stagerfadiance reconstruction, and would
also be available to the community to carry out any kind ofigsia for a better understanding of
these features. In this paper we discuss and present tfetidet@ethodology of solar features from
SOHQMDI intensitygrams and magnetograms and their area cogeFayy this purpose, we use an
extended version of the Automated Solar Activity Predictimol (ASAP,Colak and Qahwaj2008§
2009, which was used in previous research on the detection cfpsis and active regions. We
detect magnetically active solar features in magnetogeardsocally dark solar features in intensi-
tygrams and provide active regions, sunspot umbra and perayfaculae, and network detections
as well as the quiet Sun at daily intervals for the availabl@l itensitygrams and magnetograms.

We provide binary segmentation maps along with the sola eoserages of the features as a
function of position on the solar disk. In an upcoming papemill assign intensity spectra to these
activity features and reconstruct the SSI for the full MDhé series.

The following parts of the paper are organised as followg $SO®HOQMDI data used in this study
and the pre-processing applied are briefly described in@eztThe statistics of the intensity and
magnetogram signals from the full set of the MDI data areuwdised in SectioB. The method-
ologies adopted for the detection of features in solar image discussed in Sectidnthe results
obtained and their analysis, including a simple model of @&ed on the results obtained here, are
presented in Sectids while conclusions are drawn in Sectién

2. MDI Data

The Solar Oscillations Investigatigviichelson Doppler Imager (S@DI Scherrer et aJ1995 on
board of the Solar and Heliospheric Observatory (SOHO]lgat®ok sets of high quality full-disk
images. The images were taken using five narrow-band fiheosigsh the Ni | 676.8 nm absorption
spectral line, and were used to produce, amongst othermtémesitygrams and magnetografms

In this work, we use level 2 intensitygrams, which have bemmected for limb-darkening, ob-
served with a 6-hour cadence and level 1.8 5-min magnetagrabserved with a 96-minute ca-
dence. A total of 90,463 FITS data files were downloaded, whicluded 17,347 intensitygrams
and 73,116 magnetograms. The downloaded data cover a gesiadApril 21, 1996, when the
first magnetogram was recorded, to April 11, 2011, when thd bli3ervations were terminated.
This period covers solar cycle 23 and the beginning of solelec24, and includes data from two
solar minima and one solar maxima periods. The downloadedsds, however, includes a signif-
icant number of corrupted intensitygrams and magnetogramish if left included, would cause
miss detection and classification of solar features. Theeetare was taken to identify and exclude
corrupted files, which have poor quality and missing values.

For the purpose of the work described here, one pair of iftfggram and magnetogram is se-
lected for each day over the complete MDI data set. These detsrmined, by selecting the in-
tensitygram observed closest to 12:00 UT each day. Then dymatogram closest in time to the
intensitygram was chosen. As part of the selection protiessime diterence between the selected

1 Full-disk 1024<1024 pixel intensitygrams and line-of-sight magnetogralais sets are both available to
download from the SOHO and JSOC archive: litgoho.nascom.nasa.gov; httigoc.stanford.edu
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intensitygram and magnetogram pair was not allowed to ekt®ee hours. Each intensitygram
was then re-mapped taking account df@lential solar rotation, using the approach discussed in
Tang (1981), to correspond to the observing time of the associated stagram. Through this
process, 2,490 days with joint intensitygram-magnetogpairs remained and were used for the
subsequent analysis that is discussed here.

3. Data Analysis

In this work, we take advantage of the ASAP tool for initialopbspheric feature detection and
grouping. ASAP was designed to operate in near real-timesandsed SOHMIDI intensity-
grams and magnetograms, provided in Graphics Interchaoigedt (GIF) 8-bit format. However,
the downloaded data files used in the current work are in tbeillie Image Transport System
(FITS) format, containing data stored as signed 32-bit &iras well as detailed header informa-
tion. Therefore, the conversion of the FITS data from 32sighed to unsigned 8-bit greyscale
images is necessary to enable the data visualisation amdrimaiges that are similar in nature to the
GIF ones provided in SOHO archives. To implement the data tgmversion, the solar disk mini-
mum and maximum values of the investigated intensitygramdsw@agnetograms were determined.
We found the full range of values are between 0 and 1.5 fomtemsitygrams, and between -3,500
and 3,500 Gauss for the magnetograms. These values weeéotieeused in linear operations to
scale the signed 32-bit data from the FITS files to unsigned 8ata, which were then stored as
images.

Subsequently, we found and recorded the solar disk meamjasth deviation, minimum, and
maximum values for each of the investigated intensitygram$ magnetograms. This is a very
useful step for analysing and understanding the natureeointrestigated data set. The collected
values are therefore analysed for the purpose of findingnpetexs that enable thdfieient and
constant detection and enhanced visualisation of the ppbtic features. The collected values
and their analysis are presented and discussed in the folisubsections.

3.1. Intensitygram Analysis

The mean (1)), standard deviationo(), minimum (n) and maximum I,y values of the on-
disk pixels for the intensitygrams are recorded and andlys@rder to find the most appropriate
parameters and values that enable the detection and giatiati of sunspots, pores and quiet Sun.
These values are summarised in Tabénd discussed in the following subsections. We report the
values of these parameters as relative 8-bit pixel valhesefore we do not assign units to them.

3.1.1. Intensitygram Statistics

We collectel), Imin andlyax Values within the solar disk for the full set of the analysetéin-
sitygrams. Figuré shows plots okl) (green),lmin (blue) andl a4 (red) for the on-disk pixels of
the intensitygrams over the full MDI time series. We fouidl to be fairly steady with average
about 169.5. We found thk,, values to be higher on average during the solar minimum g@erio
in comparison with during the solar maximum period. Theeaxkdl i, values can represent the
intensities of sunspots, pores, or the quiet Sun. Therefersee thd,, values drop to its low-
est levels during the solar maximum, when bigger sunspdtslaiver intensities are common. We
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Table 1. Summary of the statistical analysis of the intensitygrams.

Parameter 8-bit Value Description

{1y, 169.5 The mean and median valug bfduring

{1 med the solar cycle.

(o1, sMin) » 1.5 The mean and median value of a setrptiuring
(T1,5Min)med the Solar Minimum (SMin) period.

foundl s values to increase slightly during the solar maximum, wrengared to during the solar
minimum period. Thé. values can represent the intensities of the quiet Sun ohtorggions. It
is also worth noting that extreme values are often found toespond to single erroneous pixels.

—Min —Max —Mean

Pixel Value

5/1996 2/1997 1/1998 8/2000 1/2002 6/2003 10/2004 1/2006 1/2007 11/2007 12/2008 11/2009 10/2010
Time (Month/Year)

Fig. 1. <I) (green),lmin (blue) and .« (red) of the solar disk for the full set of 8-bit intensitygra.

Moreover, we determined the standard deviatigrfor on-disk pixels of individual intensity-
grams for the full set. The collecter] are shown plotted in Figu As expected, we found to
be lowest during the solar minimum periods and to increaaduglly towards the solar maximum
period or with the presence of solar activity. Thus, we tindo be a good indicator for selecting
intensitygrams at times with low solar activity. Figl@shows the statistics of the intensitygrams
selected during quiet time.

3.1.2. Sunspot Intensities

We collected and analysed 350 intensitygrams from the soill@imum periods for the purpose of
obtaining an initial sunspot detection threshdlds. For each image, we analysed thé&elience
between i, and({l). The collected data are shown plotted in FigBir&s expected intensitygrams
with the smallest diferences betweeh,, and(l) have no sunspots or pores. In cases where the
difference betweehy, and(l) is larger, it turns out that the corresponding intensityggaontain
pores or small sunspot groups. We experimented with theaelll data to empirically define the
sunspot threshold, by linearly increasing the fadtgsubtracted fron{l) of the investigated im-
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Fig. 2. Standard deviationy,, of the solar disk for the full set of 8-bit intensitygrams.
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Fig. 3. Imin (blue) and(lsyin) (red) of 350 intensitygrams, with the lowest, collected from the
solar minimum periods.

ages, and found thdis = 15 in the 8-bit range of values provides a reasonable, byalisspection,
threshold for the sunspot detection. Thus we adopt theviiaig equation for calculating the initial
Thgs from the intensitygrams:

Thss:<|>_ fss~ (1)

For comparison purposes, we found that the corresponding @ this threshold to the original
intensitygrams in FITS format is equal to 0.91. An examplehef initial sunspot detection of an
intensitygram using Equatidnis shown in Figuré.

3.1.3. Pore Intensities

We carried out further analysis in order to enhance the teteof sunspots achieved from the
first stage, as discussed in Sectdbh.2 to detect smaller parts of sunspots and pores in each of
the detected sunspot groups, by calculaflig... using Equatio2. 140 samples with the lowest
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Fig. 4. Left panel: MDI intensitygram obtained May 17, 2000 at 11U Middle panel: Sunspot
segmentation map, which was achieved by applying Equati®his is the results of the first stage
of the initial sunspot segmentation. Right panel: Sunspgtrentation map, which was achieved
by applying Equatiof. This is the results of the second stage of the initial sunspgmentation.
The segmentation map from the second stage shows furthestidet of sunspots.

Std
1.70

1.65
1.60
1.55
1.50

1.45

Pixel Value

1.40
1.35
1.30
1.25

5/1996 9/1996 11/1996 2/1997 5/2008
Time(Month/Year)

Fig.5. The standard deviatioms, swin, Of 140 intensitygrams collected from the solar minimum
periods.

activity during the solar minimum periods were collectedl @malysed at this stage in order to
establish the values of the parameters in Equatidrhe o values of the collected data samples
were analysed in order to determine an estimate of the std@aiation of the solar disk with the
lowest activity ¢ smin). The collected data are plotted and shown in Figuihen these samples
were examined, care was taken to check that the solar diskch@as of sunspots and pores. The
average and the median of suin, {o1.smin) @nd (o smin)mee Were found to be equal to 1.5. We
consider this value to reflect the standard deviation vafuee quiet Sun at the solar minimum.
Thus,o smin, {o1.smin) = 1.5, is adopted for th& hp, calculation. We also carried out an empirical
analysis on a number of sunspot detections in ax100-pixel window, which is equivalent to
a field-of-view of about 200200 arcsec. The aim was to find a threshold valug,e that can
enhance the detection of sunspots, as defined in Equafidre analysis was carried out by linearly
increasing the value of, to find the most appropriate value for the detection of pomsch was
found to be 7. Further discussion about enhancing the studspection is given in Sectich An
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example of this stage of sunspot detection in comparisoh thi¢ results from the first stage, is
shown in Figuret.

Thpore= (I >region - (fp X U’I,SMin) , (2)
wheref, = 7 ando smin = 1.5.

3.2. Magnetogram Analysis

Having converted the magnetograms to unsigned 8-bit gadysmages, we record the med),
standard deviatiomrg, minimum By,i,, and maximumB,,,,, Of the scaled on-disk magnetic field
values for the whole dataset summarised in Taldad the following subsections.

Table 2. Summary of the statistical analysis of the magnetograms.

Parameter 8-bit Value Description

«BY), {BYYmed 127 The mean and median value(8) during
the solar cycle.

(BYsmin — MiN(Bmin.smin) 30 The diference betwee(B) and minBmin)

during the minimum period of the solar cycle.

(B)smin — MaxBmaxsmin) 30 The diference betwee(B) and maxBmay)
during the minimum period of the solar cycle.

OB.SMin 2.4 The standard deviation of the magnetic field strength
during the minimum period of the solar cycle.

3.2.1. Magnetogram Statistics

We determinedB), Bnin, and Bya for the on-disk pixels of the full set of the analysed magne-
tograms. The collected data are plotted in Fidgure

We find the mean magnetic field strengB) to be fairly constant over the full time series, and to
be on average 127. TH&,, and B« Values were also collected as they can give an indication of
the intensities of the negative and positive polarity ragicAs expecte®B i, andBax Values vary
in line with the solar cycle. As a result of the 8-bit rescglof negative and positive magnetic field
strength values onto one positive scale, By values are higher during the solar minimum period
and gradually decreases towards the solar maximum pertutk B,.« values are lower during the
solar minimum period and gradually increase with solawvégti

Furthermore, the standard deviation of the magnetic fiehgth,o 5, has also been determined
for the full set of magnetograms and plotted in FigiirAs expected, we findg to be lower during
the solar minimum period and to increase with the presenselaf activity. In the following, we
useo as an indicator for finding magnetograms with the lowestrsadéivity in the data set.
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~Min —Max —~Mean
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Fig. 6. (B) (green) Bmin (blue), andB,,a« (red) of the full disk for the full set of 8-bit magnetograms.
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Fig. 7. The standard deviation of the magnetic field strength,of the full disk for the full set of
8-bit magnetograms.

3.2.2. Magnetic Region Analysis

During the solar minimum, the Sun has lower magnetic agtiaiid flux when compared to the
solar maximum period. In this context, we collected 100 daspf magnetograms from the solar
minimum periods when solar activity was lowest and analybedB), Bn,n, and Bn,ax Values, in
order to get an initial estimation of the pixel values thgtresent magnetic regions. The collected
data are shown plotted in Figu8eAt this stage, we are unable to define the threshold values fo
detecting magnetic regions. However, we consider the geashthe minimum, mir,,), and the
maximum, maxBnay), Values of the collected samples to indicate magneticeglWe found the
differences between these values @By |(B) — min(Bnin)|, and|{B) — maxBmay)|, to be approxi-
mately 30 and -30. These values are adopted to enable theaathaisualisation of the magnetic
regions, which is achieved by applying contrast stretchéoghat values betweéB) - 30 and(B)

+ 30 will be transformed to values between 0 and 255 respédgtizquation3 is applied to perform
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—Min —Max —Mean
160 -

155

150

145

140

135
o 130
Q
2115

110

105

100

95

90

5/1996 7/1996 9/1996 10/1996 11/1996 2/1997 9/2008 10/2008
Time(Month/Year)

Fig. 8. (B) (green),Bnin (blue), andBn4« (red) of 100 magnetograms, with the lowest, collected
from the solar minimum periods.

the contrast stretching, where in this case the intervahefmagnetic field values to be stretched
areB;, = (B)-30andB;, = (B)+ 30, respectively.

Min Max

) 255
Mn BT B

Max Min

BOutput: BInput - B (3)

After performing the contrast stretching process, we edraut investigations to find the most
appropriate approach for detecting magnetic regions withe solar disk, using the investigated
samples. However, as reportedintiz et al.(2002 andLiu (2012, we find that the magnetograms
have non-uniform noise, and the application of a constaestiold results in the detection of sig-
nificant numbers of isolated pixels particularly in the lowight quadrant of solar disks, where the
actual noise is slightly above the average used in the tbléisiy. This segmented noise has been
eliminated by applying ax83 median filter to the magnetogram, with littifect on the segmented
signal. An example of an enhanced magnetogram is shown urd9g

After enhancing the investigated images, we carried ounaestigation on the collected data
in order to determine the threshold values for the magnegons detectionT{hy,). We did so by
investigating the most appropriate value for the varidhlen Equatior4 that can be used to detect
the magnetic regions. The value®d svin, in Equationd is a predetermined value, fixed at the value
of o of the solar disk at the solar minimum, which is approximatdjual to 2.4. This value
was determined by calculating tle of the contrast stretched magnetogram samples which were
collected from the solar minimum periods, when magnetiviiets were the lowest. Thusg swin
is set to 2.4 for the magnetic region detection and with thesfewnd, by visual inspection, that
using the value 2 fof,,, gave the most appropriate results. For purpose of companse found
the physical equivalent of hy,, to be about 30 Gauss. This is equivalent to about three tihees t
noise level of the MDI magnetograms, as found by other stu@egliu (2012). Figure9 shows
an example of a magnetic region segmentation map, which @as\eed by applying Equatich

Thmr = <B> * (fmr X U'B,SMin) 5 (4)

wherefy,=2, andog suwin=2.4 in the 8-bit scale of the magnetograms.
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Fig. 9. Top left panel: MDI magnetogram obtained May 17, 2000 at®@US3. Values in the range of
-3,500 to+3,500 Gauss are represented in grey-scale. Top right gheelontrast stretched version
of the magnetogram. Values with the equivalence of -828883 Gauss are represented in grey-
scale. Bottom left: median filtered version of the contrasttshed magnetogram. Bottom right:
magnetic region segmentation map. The grey and white regiarthe segmented map represent
the negative and positive regions on the magnetogram, cesply.

4. MDI Segmentation

ASARP is the collective name for a set of algorithms used tea@ss solar images. These cover algo-
rithms for detecting sunspots and active regignslék and Qahwaji2009, solar-flare prediction
(Colak and Qahwaj2009 and sunspot detection and tracking(beeck et a).2014). For the pur-
poses of the work described here, new segmentation algwitvere developed and integrated into
ASAP to enable the detection and identification of faculag aetwork thought to be important
for irradiance reconstruction. In summary, we apply ounsexgtation algorithms as follows. First
the initial feature detection processes, described ini@ettl, are applied to determine sunspot
and magnetic region candidates. Second, a Neural Netwaxl (hethod is applied, described in
SectiomM.2.2 to group sunspots and identify active regions based on et@gregion and sunspot
properties. This step determines active region and theintaries, which is a crucial intermediate
process needed to determine whether features are localted iside or outside active regions.
Finally, in Sectior.2.3 the maps generated are analysed to identify faculae amibrietbased
on their contrasts and proximity to active regions. In Ssoti3 we summarise the process and
provide flowcharts of the overall segmentation process.

12
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Fig. 10. Left panel: intensitygrams from the solar maximum (top)laftd solar minimum (bottom
left). Right panel: initial sunspot segmentation maps freolar maximum (top right) and solar
minimum (bottom right).

4.1. Initial Feature Detection

We process MDI intensitygrams and magnetograms for thelinietection of sunspots and mag-
netic regions. This is carried out in a similar manner to tesicribed irColak and Qahwaj2008§
using automatically calculated threshold values, basetnaige type and the solar features that
need to be detected. In this work, we adopted a number of finedgparameters, which are derived
from analysing the MDI solar cycle data, as described iniBe& and use them systematically in
the segmentation approach, in order to achieve consistgmientations. The initial detection of
sunspots and magnetic regions are explained further below.

4.1.1. Initial Sunspot Detection

The initial detection of sunspots includes two stages.tFinsthe MDI intensitygram, we detect
pixels with values below(() — fs), which detects the majority of sunspot pixels, but ocazaiiy
misses smaller parts within the sunspots. It has been fdwatdsome of these missing small parts
can be detected by the second stage, where a window of sizd@0@ixels are drawn around each
group of the detected pixels, and the mean is calculatedafdr window, which we denote here as
({I)region- Any intensitygram pixel within the window that has valwaver than (I)gegion— (fp X
o.smin)) IS detected. Examples of sunspots segmentation mapbh@na $n Figurel .

13
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Fig.11. Left panel: magnetograms from the solar maximum (top left) aolar minimum (bot-
tom left). Right panel: magnetic region segmentation mapsifsolar maximum (top right) and
solar minimum (bottom right). The negative and positiveaeag on the magnetogram images are
represented as grey and white regions respectively on gmesgation map, for clarity purpose.

4.1.2. Initial Magnetic Region Detection

For the purpose of this paper, magnetic regions are defineelgiens of the magnetograms that
have magnetic field significantly higher than their surrangd. Prior to the detection of mag-
netic regions, we apply contrast stretching in order to anb&ahe visualisation of the magnetic
regions, followed by 83 window median filtering, to reduce the non-uniformed negin the
magnetogram, as described in SB2.2 Magnetic regions with positive and negative polarity are
identified and segmented separately. For the segmentétieshiold calculation, pixels that have
values below (B) — (fn X o smin)) represent negative polarity regions, while pixels thatehaal-
ues above(B) + (fm X os.smin)) represent positive polarity regions. In both casesgthevin value

is set to 2.4, which is the averages in the solar minimum period when no activity was present,
as discussed in Secti@m2 Two examples of magnetic region detection from magnetograre
shown in Figurel 1.

4.2. Final Feature Detection

After detecting sunspot candidates and magnetic regidnes résults are processed to cluster
sunspots into groups, and also to identify groups of magmegions that overlap with sunspots,
which we define as active regions.

14
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In this section, we summarise the determination of actigerecandidates using image process-
ing, which is described in Secti@n2.], and the validation and final identification of active region
and sunspot groups using neural network machine learnihgshws described in Sectigh2.2
Full details of the sunspot and active region grouping cafobad in Colak and Qahwaj(2009.
We provide a summary of this process below.

4.2.1. Active Region Candidates

In order to identify sunspot and active region groups, thgmeéc region and sunspot candidate
maps are combined as follows. First a pixel marked as a stinapdidate Rspotcan 0N the sunspot
candidate map is found. If the magnetic region map has a niagmeel (Py.g), at the same location
asPspoican @ NEW Map is created for the active region group candidated) and marked with the
pixel value of thePyag. Then, all adjacent pixels B,canthat are marked as magnetic in g,
are marked aPacican

4.2.2. Neural Network for Active Region and Sunspot Grougnidication

For the active region detection, we employ the machine iegrapproach that was introduced in
Colak and Qahwa[i2009. A neural network (NN) was trained to enable the detectimhgrouping

of active regions, using sunspot and active region canelsdaioperties. A NN is a machine learning
algorithm that is commonly used for tasks such as data &ilzsson, clustering and prediction. The
adopted NN has been trained on nearly 100 examples of swepdactive regions properties. For
the NN application, the properties of overlapping sunspdtactive region candidates are extracted
and fed to the NN as an input. These properties include geaaletnd location information of the
active regions candidates. The NN then provide an outpusidec which represents whether the
active region candidate is considered to be an active regiont. The identified active regions are
then used for the final determination of sunspot groups asid tloundaries.

The umbra and penumbra parts of a sunspot are then detattadimilar manner to the ap-
proach introduced ircolak and Qahwaj(2008. This approach classifies the sunspot pixels that
have values below([ss) — o-ss) as umbra, and the remaining sunspot pixels as penumbra. Her
(lss) andoss are the mean and the standard deviation, respectivelyeahtansitygram pixels that
are detected as sunspots. The final output from the procdssrssed in this subsection are the
sunspot groups, including umbra and penumbra, and actijerrgroups, examples of which are
shown in Figurd 2.

4.2.3. Final Detection of Faculae and Network

In this work, faculae are considered to be magnetic pixelslié within the boundary of an active
region, while network is defined as magnetic pixels locatgdide active region boundaries. For the
distinction between faculae and network, ASAPs activearegletection is used as an intermediate
step. The starting point to distinguish between these featis to employ image processing to the
corresponding sunspot, magnetic region, and active regeps. An example set of these maps is
shown in Figurd.3.

We identify the faculae and network map by subtracting thespat map from the magnetic
region map. Then, the faculae and network pixels are sussifiad to faculae if they are located
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Fig. 12. Top left and right, the input intensitygram and magnetogfattom left: Map of sunspot
umbra and penumbra. Bottom right: active region groupshiEacup is given a dierent shade of

grey.

within active region, or to network if they are located odéesan active region. Examples of detection
results are shown in Figuréd and15.

Ortiz et al.(2002) study the position-dependent contrast of magnetic elésmarspecific mag-
netic field strengths intervals from the threshold valueaipQ0 G (see their Figure 3). From this
study it can be concluded that faculae at disk center witkd S&lengths between 300 and 500 G
typically have a contradt/lqs ~0.8 (or -0.2 in their representation), and a slightly lowentrast
lt/14s =0.75 for the interval of 500-600 G. These contrast valuesatew the threshold of 0.91
used for sunspot identification in the present work. In otdeensure that faculae are not erro-
neously identified as sunspots, we included a criterionghaspot pixels that have a magnetic field
strength lower than 800 G are always identified as faculaglpiXJsing this value we follow the
approach bygall et al.(2012).

4.3. Summary of Detection Algorithm

This section described the proposed approach for deteatmgnber of solar features, present in
MDI intensitygrams and magnetograms. The feature detectiteria are summarised in Talde
while the overall detection process is summarised as a flawemd shown in Figude. The key
elements of the feature identification scheme are as follows
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Fig. 13. Example of the segmentation maps for sunspots (left), magmgions (centre), and active
regions (right). These maps are further employed for thetifieation of faculae and network.

Fig. 14. Segmentation maps are shown in the top row, from left to yifgintfaculae and network,
faculae, and network with their corresponding boundatiesvs in red in the bottom row for May
17,2000 at 01:39 UT.

— The detection of solar features present in MDI intensitgggaand magnetograms, in line with
ASAP feature detection.

— The detection of faculae and network is based on the locafiomagnetic regions in relation to
active regions.

17
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Fig. 15. Segmentation maps are shown in the top row, from left to yifgtfaculae and network,
faculae, and network with their corresponding boundatiesve in red in the bottom row for April

22, 1997, 00:04 UT. For this input, no faculae is detectedretore no indication for faculae is
given in the central segmentations.

— The automated detection and classification of solar featanel the calculation of their area
coverage for the whole period of MDI data.

A summary of the solar features detection processes is getenv:

— Detect initial sunspots candidates from intensitygranm&gl enagnetic regions from magne-
tograms. Un-magnetised regions on the magnetogram deérgutht Sun.

— Group sunspots and magnetic regions for the detection anficagon of active regions and
sunspots. Active regions are detected based on the lowatsd magnetic regions and sunspots
using NNs.

— Identify faculae and network by subtracting sunspot mamftiee magnetic region map. The re-
maining magnetic regions pixels are classified as faculdeyf are located within active regions,
otherwise, if they are located outside active regions, they are classified as network.

5. Results

The main aim of this research is the detection of solar feattor the provision of useful proxies
for reconstructing TSI and SSI. For the detection of phdtesig features, we carried out a series
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Intensitygram Magnetogram

Sunspot \ 4 Magnetic

Candidates | Sunspot &Active|  Regjons

Region Decision
Rules

Sunspots Sunspots Active Regions
Umbra &
Penumbra

Fig. 16. Flowchart of the individual steps of the feature identificatscheme of ASAP.

of processes to identify feature of interest on MDI inteyiams and magnetograms. Fig(ie
shows colour maps of features extracted from intensitygrach magnetogram pairs taken from
solar maxima and the solar minima on the days indicated ifigloee. Further to the application
of the identified solar features, we have also computed tha filting factors for the detected
features. These will be used in our future work for the SSbmnstruction. The calculated filling
factors for a feature reflect the fraction of the solar diskered by the feature and assign reference
synthetic spectra to it. The filling factor is specified as action of radial position on the solar
disk, by relative radius values that determine concenitrgsraround the disk centre, as indicated in
Tables4 and>5. In the case of MDI the last interval would be between 0.95taedimb. To reduce
uncertainty in the calculation of area filling factors, thieas are calculated to sub-pixel accuracy.
Tables4 and5 give the sets of filling factors calculated for the intengrgm-magnetogram pairs for
May 17,2000 11:11 UT and April 22, 1997 at 00:04 UT respebtivEhe bottom row in each table
is provided as a check and shows the number of pixels for gpehaf feature and should equal the
sum of the numbers in the rows above.
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Table 3. The solar features identification criteria that have beesptatl in this work, and the pa-
rameters employed to identify them, from the respectiva dat. Intensitygrams and Magnetograms
are shortened to Int and Mag, respectively.

Feature Data type Detection Criterium Description

Sunspots Int Thss = () — fss where fss=15

Pores Int Thpores= (I dregion — (fp X O’LSMin) where fy= 7, ando| smin=1.5

Umbra, Int Thyp = (I)ss— Tss where(l)ss is the mean of sunspot groups amgk is the stan-
Penumbra dard deviation of sunspot group. Umbra and penumbra are de-

fined after the detection of sunspots. Sunspot pixels withega
below the threshold are classified as umbra, while the remain
ing sunspot pixels are classified as penumbra.

Faculae Mag Thmr = (B) = (fmr X 0B SMin) where fpy = 2 andog smin = 2.4.
Faculae are magnetic regions, except sunspots, locathahwit
active regions boundaries.

Network Mag Thmr = (B) = (fmr X 0B.SMin) where fy = 2 andog smin = 2.4.
Network are magnetic regions located outside active region

Solar Max., May 17, 2000 01:39 UT

Solar Min., April 22, 1997 00:04 UT

e

Fig.17. The left panels shows the original MDI intensitygram (topflanagnetogram (bottom).
The right panels shows a colour map of the detected solarresatumbra (red), penumbra (orange),
faculae (yellow), and network (blue).
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Table 4. Pixel coverage of the rings with inner and outer raBii,andR, respectively, expressed
relative to the solar radius, of the features penumbra, apfaculae, and network, as detected on
the intensitygram and the magnetogram observed May 17, 2A089 UT.

Index Ry R, Penumbra Umbra Faculae Network
1 0.00 o0.07 0.00 0.00 0.00 57.47
2 0.07 0.16 0.00 0.00 0.00 390.68
3 016 0.25 1.00 0.00 135.42 1,275.05
4 025 0.35 311.79 17.00 1,249.22 2,871.43
5 035 045 1,639.00 274.38 4,140.83 3,648.80
6 045 0.55 1122.68 113.61 4,658.81 4,720.42
7 055 0.65 263.51 10.00 3,665.51 4,158.12
8 065 0.75 126.00 5.00 709.90 4,462.60
9 075 0.85 580.73  100.00 2,635.51 3,148.56

10 0.85 0.95 497.26 57.00 2,993.76 2,713.37
11 095 1.00 6.00 0.00 149.00 478.44
Sum 4548.00 577.00 20,338.00 27,925.00

Table 5. Same as Tabk but for the intensitygram and the magnetogram observed 2pyil997,
00:04 UT.

Index Ry R, Penumbra Umbra Faculae Network
1 0.00 0.07 0.00 0.00 0.00 26.97
2 0.07 0.16 0.00 0.00 0.00 144.31
3 016 0.25 0.00 0.00 0.00 479.62
4 025 0.35 0.00 0.00 0.00 499.07
5 035 045 0.00 0.00 0.00 571.25
6 045 055 0.00 0.00 0.00 542.30
7 055 0.65 0.00 0.00 0.00 537.65
8 065 0.75 0.00 0.00 0.00 395.57
9 075 0.85 0.00 0.00 0.00 404.29

10 0.85 0.95 0.00 0.00 0.00 84.66
11 095 1.00 0.00 0.00 0.00 27.25
Sum 0.00 0.00 0.00 3,713.00

The area coverage of the identified features (umbra, peraymietwork and faculae), which
will be employed in upcoming reconstructions, is given iguel8 (left panel). The solar cycle
modulation of the area coverage of all the features is gleasible. To further test the segmenta-
tion result, we carried out a multi-regression fit to the SQYBGO data Frohlich et al, 1997).
Following Fehlmann et al(2012) we first corrected (divided) the VIRGO data by the corractio
factor 1.0034 to account for theftBrence between the World Radiometric Reference (WRR) main-
tained at PMODWRC to which VIRGO has been compared to, and the Sl-scaldattez being
realized at the TSI Radiometer Facility (TR&pp et al, 2012). The PicardPREMOS instrument
(Schmutz et a).2009h 2013 has been compared to both scales and independently codfthrae
difference of the WRR and Sl scale. We then carried out the niéiat regression from which
we obtained correlation céiecients between the observed TSI time series and the disgratied
relative area coverage of umbra, penumbra, network, andaawf 0.29, 0.29, 0.82, and 0.57,
respectively. Figur&8 (right panel) shows the comparison of the model (red) with YWRGO
data (black). It is clear that the TSI variability is very Wete-produced. Some strong decrease in
TSI due to the appearance of large sunspots is slightly estierated. Figur&9 shows the scatter
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Fig.19. Scatter plot between the VIRGO TSI data and the fitted datadbas our regression
analysis. The squared correlation ffagents of the fit versus the VIRGO observatiomds= 0.88.
The dashed line indicates equality between the two data sets

plot between the VIRGO data and the fitted data, the coroglatpeticient between the two being
r2 = 0.88.

Figurel9 shows the scatter plot of the VIRGO data compared to the simggression model.
The analysis of the time series shows that the applied methideéntify solar activity features from
SOHQMDI intensitygrams and magnetograms gives realistic tssul

6. Conclusions

In this paper, a new image segmentation approach is intestitec enable theficient detection
of sunspot umbra and penumbra, faculae, network and quret@iher techniques were also de-
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veloped for the visualisation and the calculation of areeecages of the detected features. The
imaging methods and tools introduced in this work enablecettiraction of area coverages for the
different solar features for the duration of the entire MDI noissiThese area coverages will be
used in the near future for the reconstruction of SSI. Werslgd the ASAP system for the purpose
of identifying a number of solar features and calculatirgrthrea coverage, which is necessary for
the SSI reconstruction. As part of this process, we carrigdnvestigations to determine a set of
key values that enables thresholding of solar features o iNtBnsitygrams and magnetograms.
ASAP is an automated system that provides near real-tinectien of solar features and predic-
tion of solar flares, and is currently operating using SDO HiMiénsitygrams and magnetograms.
Taking this into account, the approaches described in #ipgpcan be applied to a calibrated SDO
FITS files in order to enable the systematic detection ofrdektures, and subsequently enable the
provision of near real-time solar irradiance using SDO HMages.

The relative contribution of the quiet Sun and various salaivity features to the total solar
irradiance strongly depends on wavelength. Radiometgys RICARDPREMOS Echmutz et a).
20099 and PROBAZYRA (Hochedez et al.2006, dedicated to observe the solar spectrum in
specific passbands from the EUV to the visible and near davhich allows a detailed valida-
tion of our approach. The situation regarding SSI measunéns however rather bleak. The only
upcoming SSI instrument currently planned for the futuréhis TSIS instrument which will be
integrated on the international space station in 2017.&fbeg, it is crucial to have reliable models
available that allow modelling of the expected SSl in a roles/. Using the results presented here
along with the synthetic spectra calculated from semi-eicgdimodels will allow us to determine
the contributions of the various features to the variatim®8I. As the intensity spectrum emitted
by the diferent solar components can be pre-calculated, the soletrspecan be predicted practi-
cally in real-time. The reconstruction of the SSI over a braavelength range will be the focus of
a follow-up paper.
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