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Abstract. When drawing up a daibasefor sunspos from a large collecion of white-light films,
a needfor the aubmaion of the processarises.The conceps usedat the automaion of the area
measuemens of sunspad are descibed. As an exampke, sunspotgroups NOAA 5521 and 5528
are processel and the areas obtained are compared to the measurements published in the literature.
Similar valuesare obtained, exceptumbral areaspublished by Steinegger et al. (1996) which are
significanty larger than ours. We find that the differencesmay be attributed to the fact that the
definition proposedby Steingggeretal. (1996)for the penumba—umbia border of a sunspotis not
equiaent to thoseusedfor the measuemens of others of the umbral area.

1. Introduction

We have about100000white-light phobhelograms at DebrecenObsevatory and
atits Gyula Obsering Station. To processthis lage numberof heliograms,for
exampkto compieaheliographt coordinate andareadatabasdor sunspogroups,
it is expedient to minimize the human involvement in the process. The minimization
of the humaninteracion in the processf thecompiation of thedatbaseprovides
three advantges:the first oneis the econome benefitof reducing cost the second
onearisesfrom thefactthatthe homogenety of the databasés more relevantusing
instrumentl decsioninsteadof humanjudgmentandthethird oneisthe speedig
up the processing time.

In orderto achieveasignificantautomaton, aprogrampackagevasdeveloped.
This software, using scannear CCD imageof a sunspogroup deerminesauo-
maicaly the contours characterizing the umbrm-penumba and the phobsphee-
penumbaboundaresandfrom thistheumbral andpenumbal areasandtheheiio-
grapht postionsof the spots are deermined.

The matter was divided into three pats. This paperis the first pat which
providesthe conceps usedin the determinaion of the areaof the sunspos. The
secondpaperwill includethe determinaion of the heliographcal coodinates of
the sunspots, the corrections used at the reduction and the automatic identification
of the spots of two heliograms taken neaty at the same time. Genedlly, we take
three heliograms nearly at the same times (within ten minutes). The automatic
identification provides the possibility of making averages over these heliograms,
resultingin better accurag. In the third paper the obsenrational material, the
instrumentatiomndtheassessmerdf theaccurag will beaddressedddditionally,
the effectof differentfaciors on accuecy, aswasreveakdin the testng runsof the
programs,will bediscussed.
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Todigitizeaphotograplusually two devicesareused: animagescanneiwhichis
suitablefordigitizing largeimagedout usually distortstheimagen anunpredictable
way (depending on the quality of its step motor) or a CCD camera.

We usean 8-hit CCD canera (the image size is 768 x 576 pixels) to digitize
asunspotgroupon our phobhelogram. The diametr of the full-disc solar image
onour photoheliogranis aboutl00mm. The scaleof thedigitizedimageis about
0.25' pixel L.

If we hadasuitable scannethenwhole phobgraphic image(notonly asunspot
group)of theSunshouldbe digitizedand,in this case,thedigitizedimagewouldbe
suitable for obtaining the global heliographtc coordinats of the sunspad without
using any otherinstument But if we have only the digitizedimageof a sunspot
group(asinthecaseof aCCD camea)then,for postioningthisimageon theSun,
itisnecessarto deerminethecentr andthe radius of the phobhelogramandthe
position of some spots (at least three) with a coordinate measuring instrument.

If we want to deermine the areaof a sunspotthen first we mustanswerthe
queston: whatis a sunspo® Here, we are notinterestedin the physial propeties
of asunspotbut ratherin thepropeties of itsimage.lf we have alook atanimage
con@iningasunspoigroupthenwe canobsevetwo essenia feauresof the spots:
they are darker thenthesurounding phobbspheeandthey have borders (thatisthe
changeof the intensty from its phobspheic value to the spot value takesplace
within arelatively short distance).

Onthe bass of the above-menionedpropeties of the sunspotthe methodfor
areadeermination of the sunspat canbe dividedinto two main caegories: the
method using only the lower intensty of the sunspos (in this paperthis method
will beaddessedss athreshod method)andthe method making useboth of their
lowerintensty andthegradient of the intensty of the sunspotimage(this onewill
bereferred to as abordermethod)

Threshod methods:thesemethodsusea prescibed threshol intensty value
(cutoff value)to decidewheheran imagepoint belongsto aspotor not(in facttwo
threshol valuesare prescibed,onefor the penumba and onefor theumbm). On
thebassof how thecutoff valuesare determined thesemethodscanbedividedinto
two groups.The first group usescutoff valuesinferred from statistical studies of
the spotto-phospheeintensity ratios (Chapmarand Groisman,1984;Chapman
etal., 1989;Brandtetal., 1990) ChapmarandGroisman(1984)adjusteda cutoff
valueforintensity of penumbaso thatageneral agreemenbetweenaress published
in SGDandtheir own areameasuemens shout hold. Chapmaretal. (1989)tried
to put the threshot method on a firm bass, incomporating the essencéthe lamge
intensity gradient) of thebordermethodinto it. They foundthatthe intensty of the
steepestlescentt theouteredgeof the penumbaisat 8.5%below the phobspheic
value. But this goalcanbe achieved only on a statistical bass becauseaccoding
to our experience (see Section 5 of this paper) the intensities of the borders of
differentspots (espedlly in caseof theumbrae)are different.
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Thesecondgroupof thethreshotl methodtriesto determinethe cutoff valuesfor
penumbraand umbra, utilizing some properties of the histogram and the cumulative
frequeny diagramof the imageof the sunspotgroup Steineggeretal. (1996) We
shal return to this methodin Secton 5 of this paper

Border methods:here, at first the borders of the spots are determined, making
useof the sensiivity of the eye to the abrupt changesn theintensity in animage.
Thefollowing methodscanbeputhere. In DebrecenObsevatory thevideoimage
of asunspogroupisusedo measueitsarea.An isodensiy lineisfitted totheedge
of the spot Thisis achieved by changng the intensty of the isodendly line until
the bestfit (accoding to thejudgrentof themeasuer) is obtained(Dez, Gellei,
andKovacs,1987) Thespotareasin the Greenwch PhobhelographResuls (De
La Rue,1869)were measuedusing a glassplate with accustely ruled squaesin
contactwith phobgraphic film. Thenumbes of the squales containedin asunspot
were couned and transformed into area on the solar disc. The mehods using
sunspotdrawingscanalsobeplacedanongthe bordermethods.

Thebordermethodspresengd above for area determinaion of thesunspatare
time consumng, tiresomeand demandh ot of atention. Thesemay bethereasons
why the obsevationalmaterials for sunspos piled up in obsevatoriesall over the
world are, for the most part, unprocessedT he reasonavhich have givenimpets
to the measuemens of the heliographic coordinae and area of the sunspat at
the begnning of these measurements are still valid. In fact, the comparison of the
sunspotareaswith the high accuecy measuemens of the solar consant might
yield new results in the field of solar-terrestrial relations.

In the light of the above-menionedfacs it would be usetl to work out a
method which, making use of the image processing techngues,aubmats the
bordermethod of the arealmeasuementof thesunspas.

2. Basic Conceps

Thefirst ideathatcomesto mind whensoling thetask of looking for boundates
in animageistheuseof the gradientimage.High valuesfor the gradient indicate
the presenceof aborder, anabuptchangen the gray-level value.But the trouble
with the gradientimagein our caseis that the gradients along the boundares
(phobsphee—penumba,umbra—penumba)donotrepresenaiconiguousgleaty
cutclosedine mainly dueto filamenéry structure beingpresentn asunspogroup.
Somemanpulation of the gradient image,suchasglobal and local threshoding
(see Section 4.4 for the definition of these terms), may help but does not solve the
problem. This situation canbe easly seenin Figures1-3. Although,it cannotbe
directy interpreted as phobsphee—penumbaand umbra—penumbaboundaies,
the gradientimagecontins a lot of information about theseboundates, as can
be seenby compaing the gradient image (Figures 1-3) with the original image
(Figures5 and 6). This informaion canbe exploited as follows: let us assgn a
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Figure 1. Gradientimageof sunspogroupin NOAA region 5528(15 June1989,07:43:03 UT).

gradient value to every intensity conour of the imageby summng up the gradient
valuesalongthe points of the conbur (the term conobur meanshere an isodengy
line)anddividing thesumby thenumbesof the contourpoints.Let AGAC (average
gradient along conbur) denot this value.

It is reasonald to choosethe conbur having maximum AGAC among the
conburs of a spotasthe umbra—penumbabounday of the spot Thiswill bethe
guideline for finding the umbra—penumba bounday, although,in somecasest
mustbe modified. Similarly the conbur having the first localmaximum (couned
from the phobsphee) in AGAC amongthe contours of a spotcanbetaken asthe
photophere-penumbraoundaryof thespot,although thisdefinitionmug also be
modifiedin somecasesAs an exampk Figure 4 plotsthe AGAC valuesalongthe
intensity conburs of spot S of sunspotgroupin NOAA region5528(seeFigures5
and6 for spotS).

3. Overviewof the Algorithm
The outline of the processing schemeis as follows:

— Checkingthe CCDimage. By taking too largeatransillu mination, it is possible
to burnin (to overilluminate)theumbraand so to distort thespotboundariesHere,
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Figure 2. Sameas Figure 1, but with global threshotling. The threshot value is the average
phoospheic gradientof theimage.

using the histogram of the image, this overillu mination is checked. Additionally, as
weshall seelatey, if the spot is near the solar limb, the CCDimage must be properly
oriented relative to the limb to make allowancefor limb darkening correction. This
properorientation is checledaswell.

— Filtering out cross-threads. For orientation purpose, two spider linesare placed
in the primary focusof the heliograph.It must be checledthat theselinesare in
theimageandif so, they mustbefiltered out

— Backgiound correcion. This is usedto comrect for the unevennessof the
transillumination used in taking the CCD image of a sunspot group and for the
sensitivity distribution of the CCD array.

— Limb-darkening correcion. Thelimb darkening of the solar discdistorts the
conburs belonging to a givenintensity (gray level), soit mustbe coreciedfor.

— Fourier filteringtheimage Toincreasaheshapnesgespecally in badseeing
condtions)of theboundaresof the spotsit is uselul to do somespaial frequeny
manpulation of theimage.

— Determiningthe Bgginning Intensity Level. Our CCDimageshave 256intens-
ity levels. To determinethe intensty conburs of theimageit isreasonald@to begin
with the level closeto the level of the penumba—phoibsphee boundates but
slightly below it. This is the Beginning Intensity Level of the processing.
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Figure 3. Sameas Figure 2, but applying alocalthresholding with a3 x 3 environment.

— Determining the gradientimage.

— Deteminingeachconburof evely intensty level below the BaginningIntens-
ity Level. Here, the AGAC valuebelonging to the contouris alsodeermined.

— Deteminingthe contoursbelongingto aLocal Minimumor alLocal Maximum
Every Local Minimum and Local Maximum is deermined, and a subsetof the
conbursetdeterminedaboveisassgnedio aLocal Maximumor aLocal Minimum
of theimage.Two subset belonging to two Local Minima, of course,may con@in
commoncontours if thetwo Local Minima have merged at the intensity level of
thesecontours.

— Filtering out Dark Penumbaal Filamens, Granular Local Minima andBright
Reagions Not every local minimumin the imageof a sunspotgroupis a spot It
canbe a Dark Penumbil Filament— an unusudly dak region betwveenbright
penumbal filamens — or a Granular Local Minimum, i.e.,arealdaik granuk or
onecausedy theseeng. Bright Regionsin asunspotpenumbashow up as Local
Maxima They must be handled separately and their areas (if their intensities are
nearto that of the phobsphee) mustbe subtracedfrom the penumbal area.

— Determining the penumbal boundaresof the spots.

— Determining the umbral boundaiesof the spots.
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Figure4. AGAC (averagegradientalongconbur) versusintensty of the contourfor spot S shownin
Figures5 and 6. The intensty conbur comespondig to the first local maximumis the phoosphee-
penumbabounday, andtheintensty conour corespondng to the globalmaximumisthe penumba
—umbra bounday of spotS. The other local maxima in the figure reflectinner structures in the
penumba and umbra. Note: Astheinverseimageis usedto deermine thebounday conburs of the
spots thus,the photospherés atthe lower intensitiesand the umbrais atthe higherones.

— Memging Local Minima having the sameUmbra—Penumba Boundaryinto
oneumbrm.

— Up to now, we consideredthe boundaiesof the spots asiso-densty lines,but
sometmesdifferentparts of abounday could belongto differentiso-densty lines.
To take into accounthis fact acorrecion is applied to theboundaresof the spot

— Detemmining the umbral and penumbal areasand cengrs of gravity of the
spos. This is doneby detrmining the pixels inside the bounday conour. Here,
the area of the Bright Regions having the intensty of the phobsphee inside a
penumba are subtaciedfrom thetotal area of the spot

In the next sections a little more detailed description of some steps of the
algorithm are addessed.
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Figure 5. NOAA region 5528(15 June1989,07:43:03 UT).

4. Discussbn of the Steps of the Algorithm
4.1. CORRECTDN FOR LIMB DARKENING

To correctasunspogroupfor limb darkening,two methodsare used If the sunspot
groupisfartherthan100arc secfrom thelimb, thenthe limb darkening over aspot
group canbe appioximatd by a plane.From the CCD imageof the spotgroup
the position of this plane can be determined, and after that the correction for limb
dakening canbedone.

When the sunspot group is near the limb (within 100 arc sec) the CCDimageis
taken in suchaway thatthecolumnsof theimageare parmlle to thetangentof the
solar limb at the spotgroup (an accuecy of aboutfive degrees of the parllelism
is enough) Having madecorrecionsfor facube,the average of the profil e of the
firstandthelastrows of the image(of coursecar istakennotto have sposon the
edges of the image) represents fairly the limb darkening along the other rows of
the image as well, thus they can be used to correct it.
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S

Figure 6. Sameas Figure 5, but underexposed whentaking the phobgraphic copy of the original
phobheiogram, to make the umbra structure more visible.

4.2. FOURIERFILTERING

The pumposeof the Fourier filtering is to enhancehe borders (phobsphee—pen-
umbm, penumba—umbm) of the sunspos. Thevely short spaial wavelenghsare
atenuaed to decreasenoisein the image.It is known (Frieden,1979) that the
simple expedientof decreasig afinite bandof theimagespectal valueatfrequen-
ciescenered aboutthe origin will resukt in anenhanceautput For this reason,
longwavelengthsandtheze spaia frequeng are alsoattenuatd. Attenuaton of
the long wavelengths has also the effect of decreasing the unevenness of theiillu-
minaion remaning after backgoundandlimb darkening corecions. The shot
wavelengthsare amplifiedto emphasieboundaies.

Figure 7 shows the multiplication factor, g(\), as a function of the spatial
wavelength, A\, with which the coresponding Fourier componenof the imageis
multiplied. This function is obtained by prescribing the valuesof thefunction at five
wavelengths and connecing themwith straight lines. The five presciibed points
(bestsuited to our obsevations)are: (0.25,0) (1,1), (2,1.8) (3,1); (194,0.8) The
first numberin the dat pairs is the spatal wavelengh givenin arcsecsandthe
second one is the multiplication factor for this wavelength. We have chosen the
maximumvaluefor the gain facbor atwave length 2 becauseéhe diffracion limit
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Figure 7. Thefacbor g(\) with thatthe correspondind-ouriercomponenbf theimageis multiplied

versusthe spaia wavelengh, A.
for our phobhelographis about1”. The zeo spaial frequeny of the imageis

atenuatd by thefacbor 0.5.

4.3. BEGINNING INTENSITY LEVEL

Using theedgecolumnsand rows of the image theintensity level and the standad
deviation of the phobspheeis deermined (providedthatthere are no spotson the
edgeof theimage) Subtracing twicethe standad deviation from thephotspheic
level, a preliminary begnning level of intensity for processing is obtained. If
the numbes of the contours belonging to this intensity (i.e., the numbes of the
preliminary penumbae) are larger than a prescibed value then the beginning
intensity value is decreasedintl the numberof the conburs obtainedare smaler
than the presciibedvalue. So, we achieve the resut that the beginning intensity
level of theprocessigisnearenougho theintensty of the penumba—phoibsphee

bounday.
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Figure8. Compaisonof themeasuemensfor spotareaAs (penumba + umbra) measuedin units
of 1078 solar hemisphees of the sunspogroupin NOAA region 5521 from different obsevatories.

4.4, GRADIENT IMAGE

To deermine the AGAC vaue belonging to an intensity conour, we needthe
gradient image.To appioximate the gradientin the caseof a discrete funcion,
we usedthe method suggestd by Sobel(Tennenbaunet al., 1969) But before
using the gradient imagewe try to remove the gradientvaluesthatdo not belong
to a sunspotborder. To getrid of the phobspheic noise,a globalthreshoting is
appled using the average gradient value of the phobsphee asa threshotl value,
i.e.,if thegradient value in an imagepoint is lower thanthe threshol value,then
the gradientof this pointis setto zer. Compaing Figure 1 with Figure 2 it canbe
seerthatapart of thesumplusgradients (notrepresening aspotborder) isremoved.
If we apply alocal thresholing (i.e., retaining the gradient value of a pixel only
if it is alocalmaximuminside a prescibedenvironmentof the pixel in quesion)
then further successcanbe achieved in removing the suiplus gradients from the
gradient imageas canbe seerby conmparing Figure 2 with Figure 3.
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Figure 9. Comparison of the measuvemers for umbral area Au measued in units of 10~ solar
hemiphees of sunspotgroupin NOAA region 5521from different obsevatories.

Notonly themagntudeof the gradientisdeterminedbut alsoits orientation. For
the determinaion of the averagegradientalong anintensity conbour, the gradient
is weighted by a facor deermined from the angk betweenthe direcion of the
gradient andthetangentto the intensty conbur.

4.5. FLTERING ouT Dark Penumbil Filamens, Granular Local Minima, AND
BrightRegions

Somedaik lanesbetweenthe penumbal filamensin a sunspotgroupwith awell-
developedumbra canbe sodaik andso wide thatit is picked up by the program
asa Local Minimum. Sincethis laneis notasdaik asanumbra and its bounday
is notasshap as the bounday of anumbra, using thesepropeties, they may be
filtered out. Note, that using only the criteria for the intensity of the umbrato filter
out Dark Penumbial Filamens, the penumbal spos (spos above the intensty of
the umbra) would also be filtered out.

Thelevel of the intensty where the procesang beginsis someavhere between
the intensty of the phobsphee andthe intensity of the penumba-phobsphee
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Figure 10. Compaisonof themeasuemens for spotareaAs measuedin units of 10~® sdar hemi-
sphees (penumba+ umbr) of the sunspotgroupin NOAA region5528from different obsewatories.

bounday, so someof the daker granubeare picked up by the programasLocal
Minima To filter out Granular Local Minima it is necessary to determine the dif-
ferencebetweenGranular Local Minima andpores.For this pumposethefollowing
methodis used.Local Minima having smal area are singled outandtheir average
intensity and the standard deviation of their intensity is determined. Subtracting
twice the standad deviation from the averageintensty, an intensty criterion for
Granular Local Minima is obtained.Using the AGAC valuesof the largestspos
in the spot group, a gradientcriterion for Granular Local Minima canalso be set
up. Thiscriterion saysif themaximumAGAC valueof aLocal Minimumdoesnot
reachacetain percentgeof the average AGAC value belongingto the penunbra-
phobsphee bounday of somewell developedspots thenthe Local Minimumiis a
Granular Local Minimum

The contour of a Bright Region (phobspheic materia inside a penumba) at
a givenintensity level is inside another contour belonging to the sameintensty
level. Using this feature of the Bright Regions they are managedsepaately from
the Local Minima. If the intensity of a Bright Region is below the intensity of the
Penumbia—Photosphee Boundaryof the spot containing the Bright Region, then
the aea o the Bright Ragionis subtactedfrom thetotal areaof the spot
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Figure 11. Comparison of the measuemers for umbral area Au measued in units of 107° solar
hemiphees of sunspotgroupin NOAA region 5528from different obsevatories.

It maysomeimeshapperthataGranular LocalMinimumor aDark Penumbl
Filament is not filtered out (we are not too severe in speciying the parametrs
direcing thefiltering processeto avoid filtering out poresaswell). But thisis no
problembecauseve have three heliograns takenneaty atthe same times(within
ten minutes) and only thosespots are retained which are continedin all three
heliograms.

4.6. DETERMINATION OF THE Penumbia—Photosphee BoundaryoF THE SPO'S

Thedeterminaion of the Penumbia—Photosphee Boundaryof the Local Minima
comprisesthefollowing steps:

— ThoseLocal Minima having the samelastcontour (numbeing of the con-
tours of an Local Minimum beginsfrom the umbra) are united into a preliminary
penumba.

— Inside apreliminary penumba, the Local Minimum with minimum intensity
(Minimumlntensty Spo} is ascetained.
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Figure12. Cumulativefrequeny diagramfor thesunspogroupin NOAA region5528(15 June1989,
07:43:03UT). Straight lineswere fitted to the penumbal andumbral parts of the diagram,and from
their intersection a cutoff value for umbral intensity was derived. Note: to determine the cumulative
frequeny diagramwe usedtheinverseimage,so,the photospherés atthelower intensitiesand the
umbrais at higherones.

— Theconburrepresening the Penumbia—Photosphee Boundaryof the Min-
imum I ntensity Spotis determined, using the concepts mentioned before.

— If, in addition to the MinimumIntensty Spot there is a Local Minimum (or
there are Local Minima) in a preliminary penumbra, then, at the determination of
the Penumbia—Photosphee Boundaryof this Local Minimum, two casesre con-
sidered. If the contour represening the Penumbia—Photosphee Boundaryof the
Minimumintensty Spotis amongthe contours of theLocal Minimumin quesion,
then this contour will also be the Penumbia—Photosphee Boundaryof the Local
Minimum, othemwisethe relative sepaation contour with respectto the Minimum
Intensity Spot of the Local Minimum will be the Penumbia—Photosphee Bound-
ary of the Local Minimum. In thelatter case pf course,the preliminary penumba
is sepaated into two penumbae. The explanaton of the secondcaseis thatthe
Penumbr—Photosphee Boundaryof a smal spotvery nearto a lamge spotcan
have higherintensty thanthe Penumbia—Photosphee Boundaryof the large one.

As definedbefore, the Penumbia—PhotospheeBoundaryof aMinimumintens-
ity Spotisthe contourwith thefirst localmaximum(countedfrom thephosphee)
in AGAC amongthe contours of thespot But sometmes(especally in badseeing



124 LAJOSGYORI

-

. ' a4

.

Figure 13. Contours correspondng to intensity level 107 are supeiimposeddn the imageof sunspot
group (NOAA 5528,15 Junel989,07:43:03 UT).

condtions) there is no localmaximum of the AGAC on the contours of the pen-
umbma. In this casethe contour having the largestrate of the changeof the AGAC

from oneconbur to the next is chosenasthe Penumbia—Photosphee Boundary
of the Minimumintensty Spot

4.7. DETERMINATION OF THE Umbra—Penumba Boundaryor THE SPO'S

The Umbra—Penumba Boundaryof a Local Minimum was definedas the con-
tour with maximum AGAC amongthe contours of the Local Minimum. But this
definition can only be taken as a preliminary definition of the Umbra—Penumba
Boundaryandneedsomerefinementlf theUmbra—PenumbaBoundaryof aLoc-
al Minimum(denoedby A) containsthe Umbra—Penumba Boundaryof anoter
Local Minimum (denoed by B) thenthis meansthat (at the level of the intensty
of the Umbra—Penumba Boundaryof Local Minimum A) Local Minimum B and
Local Minimum A were the samespot but after the sepaation Local Minimum B
hadshaiper borderthanLocal Minimum A. In this case the preliminary Umbra—
Penumbia Boundaryis taken as Umbra—Penumba Boundaryfor Local Minimum
B and the sepaation contour of Local Minimum A with respect to Local Minimum
B istakenasthe Umbra—Penumba Boundaryfor Local MinimumA. If the prelim-
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inary Umbra—Penumba Boundaryof Local Minimum A contains the preliminary
Umbra—Penumba Boundaryof several Local Minimathenthe innemostrelative
sepaation contour of Local Minimum A is takenasUmbra—Penumba Boundary
for Local Minimum A.

Anothermodification of thepreliminary Umbra—PenumbaBoundaryof aLoc-
al Minimumis neededvhenthe intensty level of the Local Minimum preliminary
Umbra—PenumbaBoundaryis higherthenthelevel presciibedfor aLocal Minim-
umto beanumbra.According to thepapernf BeckandChapmar(1993)theumbral
bounday intensity is about65 percentof theintensity of the phobsphee. To use
thisinformation abouttheintensty of the umbrawe musttry to transform our CCD
intensity into real intensity on the Sun. Theintensity of apoint on the Sun’s surface
becomes the intensity on the CCD image due to the following processes:

First, the light coming from the Sun’s surface causes silver deposition on the
film. The connecton betweenthe intensty 7 of the light and the densty p of
the silver deposition (in the linear portion of the D — log E' curve of thefilm) is
(Andrews and Hunt, 1977)

kp =~Init+ Dg , Q)

where-~ is the gammaof the film, ¢ is time of the exposue, andk and Dy are
consant pammeers.

Then, the Suns film imageis translluminated. The connectionbetweenthe
incidentI; and the transmitted I, intensity of thelight is

I = Iyexp(—kp) . )

Last, the transmitted intensity is converted to a CCD intensity by the CCD
camera. In the case of linear connection between the transmitted intensity and the
CCDintensity z the transformation between them is

It:ax—i-b, (3)

wherea andb are constints specfied for the CCD canera.
Using relations (1), (2), and (3), the connection between the relative intensities
of the photogphereonthe CCD imageand onthe Sun canbewritten

z/zp = (1 —z0/2p)(i/ip)" + w0/ p , 4)

wherez, is phobspheic intensty on the CCD image, i, is the intensity of the
phobspheeonthe Sunandzo = —b/a.

There are two problems with using this formula to determine the maximum
intensity level accepéble for anumbra. Thefirst oneis pracical: we do notknow
the exactvalue of ganma becausét changegrom phobheiogramto phobheio-
gramdependig maikedly onthe conditionsduring development(Kitchin, 1984)
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The secondoneis conceptial: accoding to our pracice the Umbra—Penumba
Boundargs of the pixels in a sunspotgroup can have different intensty levels.
But, fortunately, we only need the maximum intensity level for an umbrato decide
whetheraspotcanbeanumbia (the bounday of the umbrais notbasedn intens-
ities but on gradients). Thus, we determine a preliminary maximum intensity level
for umbrae using an averagegammaandthe rel ative intensity (65% of the photb-
spheic intensty) of the umbm bounday on the Sun, andafteiwards this valueis
increasedy anamountobtainedfrom expeiienceto getthe maximum accepable
umbral intensity level. Using this method of prescibing the maximum umbral
level, someimes, it canoccurthata penumbal spotis regadedasanumbra.

If the intensity of the preliminary Umbra—Penumba Boundary of a Local
Minimum is higher than the maximum presciibed umbral intensty level, then
we go backon the contours of the Local Minimum until the prescribed maximum
intensity level fortheumbraisreachedndtheconburobtainedthiswaywill bethe
Umbra—Penumba Boundaryof the Local Minimum. If the prescibed maximum
intensity level for the umbra cannotbereachedthe Local Minimum is taken as a
penumbal spotwith zeo umbral area.

4.8. MERGING Local MinimaHAVING THE SAME Umbra—Penumba Boundary
INTO ONE UMBRA

During the life of a sunspotgroup an umbia canbreak up into severa umbrae
or someimesneaby umbrae canmeige into oneumbra. How doesthe program
managehis process?n our appoachegshe umbra—penumbabounday isaline
with maximum gradientvalue. So, if two (or more) Local Minima have the same
conbur as an Umbra—Penumba Boundary this means that they have already
meiged or they have not yet sepaated. Following this line of argument Local
Minima having the samecontour asthe umbra—penumba bounday are memed
into oneumbra. Butthememing is only donefrom thearealviewpoint (themeiged
Local Minima have acommonumbral area determinedby thecommonbounday).
Fromtheviewpointof the heliographic coordinat, theLocal Minimacomprising an
umbraarehandedsepaately; their cenersof gravity, fromwhichtheir heliographic
coowdinaks are ascetained,are deerminedby using their sepaation contours.

In our interpretation, the term spot meansalocal minimum (apixel representing
the centr of gravity of asunspo} retainedafter differentfiltering mechansmsin a
sunspogroup.A spotcanbea penumbal oneif itsintensity is notlow enoughor
canbeanumbral oneif it isinsideanumbra. A spotis specfied by threedat: its
postion,theumbrathatcontinsit andthepenumbathatcontainsit. Thehierarchy
of notationsspot umbraandpenumbais asfollows: apenumbacontainsumbiae
andan umbra containsspos.
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Table|

Area differencesbetween other and Gyula
measuemens in percengge of the Gyula
measuementand in units of 10~° sdar hemi-
sphee (m.h.) for sunspotgroupsin NOAA
regions5521and5528

Obsevatory Mean Stand.dev.

% m.h. % m.h.

Spotarea(penumbe+umbra

Tenerife 6 -93 27 358

Debrecen 6 26 13 274

SGD 4 —-119 40 278
Umbralarea

Teneiife 101 141 68 70

Debrecen —11 -27 28 43

4.9. IMPROVEMENT OF THE BOUNDARY OF THE UMBRA AND THE PENUMBRA

According to thedefinttionsgiven eatier, the boundares(Penumbia—Photosphee

BoundaryandUmbra—Penumba Boundary are iso-densty lines.Ther are large

sunspoigroupswith very complcaedinnerstructure. It canoccurwith this kind

of sunspothat different parts of the penumbal border of the spothave different
intensties. Theseeingcanal giveriseto changesn theintensty of theboundary
of a spot To make allowancesfor these the bounday obtainedabove is divided

into intervals and the average gradient along an interval is compared to the values

of theaveragegradientalongsimilar intervals of the neighboing intensty conburs

of the bounday andtheinterval of the bounday is replacedby the onehaving the

maximum average gradient value.

5. Resuls

To assessthereliability of themethodpropo®dhere areador thesungotgroupsn
NOAA region5521and5528were deerminedandcompaed with the resutsfrom
Tenerife (Steinegger etal., 1996) from Debrecen(KalmanandGerei, 1994)and
from Sobr Geophysial Data Bulletin (SGD. Following Steineggeretal. (1996)
we usedthe largestSGD value from different obsevatoriesper day and sunspot
groups.Thedetilsof thiscomparsoncanbeseerin Figures8—11.Asthescater in
theareameasuemensfor sunsposdepend®ntheareaitself, it isexpedentto use
the percenegedifferencein the areameasuementsfor statistical purposegi.e.the
areadifferencedveweenGyulaandothermeasuenmensin percentgeof the Gyula
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Figure 14. Bordercontours (umbral andpenumbal) obtainedby the method suggestdin this paper
are supeimposedon the imageof sunspogroup (NOAA 5528,15 Junel989,07:43:03 UT).

measuemnment are usedhere). Table | providesthe summarizing statistics which
expresghemain aspecbf the compaiisonof thedifferentspotareameasuenens.
No definite differencesvere foundin the meanof the percentgedifferenceof the
spotareasbut the scater is significantespecally in the caseof the SGD.

The umbral areasobtainedby Steineggeret al. (1996)are about 100%larger
than thosemeasued by us. In order to claiify this discrepany we followed the
metod descibedin their paper For this purmposewe usedthe sunspotgroupin
NOAA region5528(15 June1989) Firstwe determinedthe cumulative frequeny
diagram for the sunspotgroup (seeFigure 12). Thelinesfitted to the umbral and
the penumbal patts of the diagram intersectat intensity level 107.In Figure 13
the contours correspondigto intensity level 107 are supeimposedn the sunspot
group. Figure 14 shows the border contours (umbral andpenumbal) obtainedby
the method proposedoy us.Figures13 and14 are printed versionsof the images
on the computer screen and after printing the quality of the image has changed
for the worse. For this reasomandto it make easér to judgethe goodnes®f the
fit of the contours to the borders of the spots, two phobgrapht copies (one of
themis undeexposedto make the umbra structure more visible) of the original
phobhelogramsare provided (Figures5 and 6). Compaing Figures13and14 we
cansedhattheumbial conbursobtainedusingthe methodsuggestdby Steinegger
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etal. (1996)embiacea significanty larger areathan the contours obtainedby the
metod proposedin this paper The umbral area determined by the conburs of
Figure 13 is 48%larger thenthe oneobtainedby the conburs of Figure 14. This
valueisvelry nearto the 51%which isthe percentgedifferencebetwveenthe Gyula
and Teneife measuemens for the umbral areafor this day (see Figure 11). A
similar resut wasobtainedfor sunspotgroupNOAA region5528on13Junel989.
Using the method suggestd by Steineggeret al. (1996)we obtained62% larger
areathanwith the method proposeddy ushete. ThedifferencebetveenGyulaand
Teneiife measuemens for umbral areafor this dayis 67%(seeFigure 11).

Using the umbral conburs in Figure 14, the following statistics canbe estb-
lishedfor their intengties: Their averageintensty is 120, the standarddeviation
is 19 and their intengties changebetweenl101 and 160. Thes statigics ques
tion whether a uniquecutoff value canbe adopedfor every umbia. In their paper
Steineggeretal. (1996)concuded: Obviously, at someof theobsevatoriescettain
patts of theumbr areidenifiedaspenumba. Inthelightof the above-menioned
facs, we think thatthe opposie statementis valid, thatis, in their measuemens
for umbral area,cettain patts of thepenumba areidenifiedasumbia.

6. Discussbn

Using the concepts presented above, computer programs were written to single

out spos inside a sunspotgroup andto determine their postionsandareas.The
programscanuseCCD or scannedmagesf sunspogroups.Theproposednethod
hasthe adwantageover other mehods(Dez$ etal., 1987;De La Rue,1869)used
for this pumposethatit gets rid of the humaninvolvementin the measuing process
so it may resut in better honogenetiy and accuecy of the databasecompiled

using this method. It is anoher advantge, especally nearthe limb, that before

determining spot areas a limb correction is applied. It can also be mentioned as a
benefithattakinginto accounthe brightregionsof the penunbra,amore accuste

spotareacanbedegermined.
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