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Abstract. An EIT shutterlesgampaignvasconductecn 11 July 2001andprovided 120 high-cadenc€68s)30.4nm images
of the north-eastermuarterof the Sun. Systematidntensity variationsare seenwhich appearto propagatealongano -disk

loop-like structure In this paperwe studythe natureof theseintensityvariationsby confrontingthe EIT obsenrationsstudied
in De Groofetal. (2004)with simultaneou$d imagesfrom Big BearSolarObseratory

With the goalto carefully co-registerthe two imagesets,we introducea techniquedesignedo comparedataof two di erent
instrumentsTheimageseriesare rst co-alignedandlateroverplottedin orderto visualizeandcomparethe behaiour of the

propagatinglisturbance bothdatasets Sincethesamentensityvariationsareseerin theEIT 30.4nmandin theH images,
we con rm theinterpretatiorof De Groofetal. (2004)thatwe areobservingdovn o ws of relatively cool plasmaTheorigin of

thedown owsis explainedby numericalsimulationsof “catastrophicooling” in acoronalloop whichis heatedpredominantly

atits footpoints.
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1. Intr oduction

Propagatingintensity variationsin magneticloop structures
are often seenin the solar atmosphereand are of greatim-
portancefor coronalseismologyandfor the understandingf
coronalheatingmechanismsSomeshaow a periodicbehaviour
andaremostoften classi®edas slov magneto-acoustiwaves
propagatingalongcoronalloops(e.g.Aschwandenetal. 1999;
Roberts2000;De Moortel etal. 2002a,b) Othersareobsered
in “areloopsor prominencesindareattributedto plasmama-
terial falling down alongthe magneticlegs of, respectiely, a
coronalloop aftertheeruptionof asolar are,or aprominence.
Even thoughthe characteristicof thesephenomenare very
di erent,both wavesanddown ows shov up as propagating
intensity variations.Slowv magneto-acoustigvaves are espe-
cially obsenedin high-resolutionEUV imagesof SOHQEIT
andTRACE (17.1nm and 19.5nm), mostly dueto densityin-
homogeneitiealongtheloop whenthe wave passe®y.

Down ows in “are loops or prominenceson the other hand
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areusuallyseenin cool chromospheridineslike the Caii line
andH (e.g.Engwld et al. 1979; Loughhead’ Bray 1984;
Deloneetal. 1989;Heinzeletal. 1992;Wiik etal. 1996).Since
the loopgprominencesre usually only partly ®lled with H
or Caii emitting material,the ®ne structurerevealedby high
spatialresolutionobsenationsconsistsof (a “train' of) bright
blobsmoving downwards.In someexceptionalcasesa contin-
uousmotionfrom onefootpointto the otheris obsened.

Propagatingdisturbancesin the EIT 30.4nm channel
(Delaboudinereet al. 1995)were ®rst reportedby De Groof
et al. (2004). The EIT 30.4nm bandis dominatedby the
transition-rgion line of Heii, correspondingo plasmaat a
temperatureof about60000K. However the spectralwidth of
the EIT 30.4nm ®lter leadsto contributionsof otherlineslike
Sixi andFeix emitting at highertemperaturegseeSect.2 for
details). As a consequencéoth plasmacooling down after
a areor draining from a cool prominencecan be visible in
EIT 30.4nm, aswell aswavesandinstabilitiespropagatingn
plasmaat thesetemperaturestherefore whenno clearor evi-
dentcausas noticablenearbythenatureof intensityvariations
in this EUV bandis not straightforwardto understand.
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Sincethetime cadencef theEIT instrumenis limited in nom-
inal mode,intensity variationswith periodsof the orderof a
minute can only be seenin the so-called EIT high-cadence
synoptic program' or ‘shutterlessprogram'. This program,
whichwasstartedn Decembe000by the Royal Obsenatory
of Belgium(Clette2000),takesevery 3 monthsahigh-cadence
sequencef 120 imagesin shutterlessnodé, allowing for a
time cadenceof 68s. Insteadof the normal full disk ®eld of
view, caughtby a CCD camereaof 1024 1024pixels,the EIT
shutterlesprogramis limited to a sub®eldof 416 416 pixels
(1 EIT pixel 2.6arcsecs)The sequencés taken alternately
in two bandpasse80.4nm and19.5nm. The programis sup-
portedby TRACE (mostoftenin 17.1nm) and optionally by
instrumentasCDS,MDI or Coronas-FSPIRIT Thetechnical
detailsandthecalibrationneededor thisEIT shutterlessnode
aredescribedn Sect.2 of De Groof et al. (2004) (hereafter
referredto asPaperl).

In Paperl, we concentratedntheanalysisof aspeci®cEIT
30.4nmshutterlessampaign¢arriedouton 11 July2001.The
mostintriguing featurepresents ano -diskloop-likestructure
above active region NOAA 9538which shavs intensityvaria-
tionspropagatinglovnwardduringthewholesequenceSouth
of this loop, a smallerandmore complex o -disk loop struc-
ture expandsand brightensup while northwestof thesetwo
phenomenaa dark ®lament shavs intensity variationsmov-
ing northward alongthe spineof the ®lamentconnectingt to
the part of the prominenceseeno -disk. In addition,the east
andnorthlimb show several(macro)spiculesandplasma ows
alongmagnetidoops.

In our searchfor the origin and natureof the intensity varia-
tions,we comparedheEIT 30.4nmdatawith co-temporatiata
from TRACE (17.1nm), Yohkoh-SXT (soft X-rays),the other
EIT wavelengthq17.1nm,19.5nmand28.4nm) andBig Bear
Solar Obsenatory (H ). As discussedn Paperl, GOESre-
porteda C2.4 aregoingo in the®eld of view underanalysis
with its peakoccurringat 17:11 UT. This "areis seenin all
the available dataof EIT, Traceand SXT but it corresponds
to the small loop structureexpandingand brighteningsouth
of the downward motions we investigatehere. Overplotting
the EIT 30.4nmimagewith dataavailablein highertemper
aturesthan304A shoved no signof theloop-like structureun-
deranalysisnor the intensityvariations.Also datafrom lower
temperaturgplasmawere investigatedSincethe signalin the
EIT 304A bandpas$s dominatedby Heii emissionwe hoped
to seesimilar plasmafeaturesin the H line which emits at
chromospheritemperaturedJp to now, the EIT 30.4nm data
were only roughly comparedto H dataof Big Bear Solar
Obsenatory. Neverthelesssimilar intensityvariationsshaved
up in bothwavelengthbandsso this could proofthe EIT blobs
to be cool plasmaconcentrationsalling along magnetic®eld

1 The shutteris forcedto stay openduring the whole sequencef
imagesso thata high cadenceg68 s) andexposuretime ( 50 s) can
be establishedOn the other hand, this leadsto unphysicalsmears
throughoutthe image since the CCD pixels are read out while the
shutteris still opensothatphotonsfalling in ontothe CCD duringthe
read-outprocessarestill registered Thereforean adaptectalibration
programis neededo cleanthe images(Berghmans1998; De Groof
etal. 2004).

lines.

In the presentpaper we continuethe analysisof the down-
“ows by a thoroughinvestigationof the similarities between
thebrightblobsseenin EIT 30.4nmandtheonesin H . Tothe
bestof ourknowledge thisis the®rst studyin which moviesof
thesetwo instrumentsare comparedn a detailedmanner By
carefully co-aligningEIT andH , we compareon a pixel-to-
pixel basisthefeaturesobsenedby bothinstruments.

In the following section,the available dataand the char
acteristicsof both instrumentg®lters are described.The co-
registration technique which is developed is describedin
Sect.3 andappliedin Sect.4 for a detailedcomparisorof the
EIT 30.4nmandH down ows.In Sect.5, theorigin andthe
natureof thedown owsis discussea@ndinterpretedAll results
aresummarizedn Sect6.

2. Data description

The EIT 30.4nm shutterlesgampaigngcarriedout on 11 July
2001, lastedfrom 16:00UT until 18:28UT andresultedin a
sequencef 120imagesjnterruptedonly by two gapsallowing
eachfor aLASCO C2image.The®eld of view of the 30.4nm
sequenceainderanalysisis the northeastguarterdisk, shifted
oneblock (i.e. 32 32 pixels)to the eastand one block to the
south.TheresultingFITS ®les consistof 416 416 pixelswith
aresolutionof 2.6 arcsecger pixel.
On the sameday, the Big Bear Solar Obsenatory (BBSO),
locatedin Big Bear Lake, California, took 1060H images
between15:43 and 00:33UT at a cadenceof 30 seconds
(Denker et al. 1999). However, during the time EIT was ob-
servingas well (16:00-18:28UT),only the imagestaken be-
tweenl17:45:15and 18:11:15and a few imagesaround16:30
areuseful. The otherimagesshav adi erentFOV or contain
too mary technicaldefectsandartifacts.Before these56 full
diskimagescouldbecomparedwith the EIT 30.4nm data,the
raw datawere®rst calibratecby theBBSOteam(Yurchyshyn
privatecommunication)i.e. darkcurrentsubtraction, at®eld-
ing and contrastenhancemenivere performed.The resulting
FITS®lesof 2032 2032pixels(1.05arcsecperpixel resolu-
tion) werethenusedasinput for our analysis.
Sincetheemissiorrecordedby EIT 30.4nmandby BBSO
is ®lteredin adi erentway, the comparisorof the two wave-
lengthbandsrevealsimportantinformationaboutthe location
andtemperaturef the plasmawhichis obsened.
The30.4nmchannebf EIT wasdesignedo obsenrethetransi-
tion region andthe chromospherinetwork. Sinceit is a broad
wavelengthband (centredaround30.4nm), plasmaof di er
enttemperaturess obsered. The dominatingspectralline is
the Heii 30.4nm line, which hasan excitation temperaturef
about6:0 10*K. However, especiallyin plasmaat low den-
sities, thisline canemit aswell atlower temperaturebecause
of scatteringpf thediskradiation(e.g.Labrosse& Gouttebroze
2001).In addition,theEIT 30.4nmbandpasalsodetectemis-
sionfrom Feix at17.1nmandfrom Sixi at30.33nmwhichre-
sultsin a slightly wealer peakin the EIT responsaroundone
million K (seeFig. 9 in Delaboudinéreet al. 1995).Whether
emissioncaughton the CCD is dueto hot or cool materialcan
only be decidedby comparingthe EIT 30.4nm imageswith
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imagestakenin otherwavelengthbandse.g.by EIT 17.1nm
(theemissiorof whichis dominatedy theFeix line), andwith
the emissionfrom cool chromospheridines like the Caii-line
andH .

Thereis no suchuncertaintyfor the light recordedon the H
images.The 15cm telescopeat BBSO, monitoringthe whole
sun,is equippedwith a very narrov bandwidth®lter, centred
ontheH spectraline (656.281m). With a ®lter bandpassf
0.05nm, only light closeto theH wavelengthis recorded.

In orderto overlay the EIT and BBSO imagesand com-
parethe featureson a pixel-to-pixel basis,the two imagese-
ries should be limited and rebinnedin sucha way that they
shav the same®eld of view with a comparableesolution,i.e.
thesamenumberof pixels.This co-registrationtechniquemust
overcomethe di erencein wavelength,in spatial resolution
(2.6 arcsecsper pixel for EIT vs. 1.05 arcsecsper pixel for
BBSO0),in time resolution( 68sand30srespectiely), andin
®eld of view (18.2 18.2arcmins,roughly a quarterdisk, and
35.7 35.7arcmins,full disk, respectiely). In addition,there
are deformationsof the images,indescribablén translations,
which leadto a non-circularsolarlimb or a slight rotation of
thesolardiskaroundthesolarcentre Especiallthe BBSOim-
agestakenfrom Earth,su erthe mostfrom thesedeviations.

3. Co-registration technique
3.1. Pixel to pixel transformation

Theproceduravefollow for theco-registrationstartsby select-
ing one BBSO imageand one nearsimultaneou€lIT image.
First,we "'zoom-in' onthe partto be analysedthe selectionof
the interestingregion is donein the BBSO image,in the EIT
imagea slightly larger region is selectedso that all features
visible in the BBSO selectionarealsoincludedin the EIT se-
lection.
Since,apartfrom the deformationsdescribedabove, the dif-
ferencedetweernthetwo instrumentand®ltersleadto di er
encesn the plasmashawn in theimages contrastresolution,
etc., standardechniquedike cross-correlatioraredi cult to
use.Thereforewefollow atotally di erentapproachwith the
aid of n pairsof correspondingoints,i.e. n locationson the
solar surfaceor in o -disk plasmawhich can be recognized
in both wavelengthswe look for a transformatiorof the EIT
pixelsto the new BBSO®eld of view. Thetheorywe applyto
®nd the transformatiorbetweenthe n pairs of pointsis often
cited asa camen modelfor perspectiveimages (e.g. Semple
& Kneebonel979): pointson the so-called world plane'are
mappedo pointsonthe imageplane'(su eringfrom perspec-
tive projection)by a planeto planehomographyalsoknown as
aplaneprojectivetransformation

Mathematicallythis theoryis built up asfollows. The ho-
mographyis describediy a matrix H. Oncethis matrix is de-
termined,the back-projectiorof animagepoint to a point on
the world planeis straightforvard. Under perspeciie projec-
tion correspondingpointsarerelatedby (Mundy & Zisserman
1992;Semple& Kneebonel979):

X = Hx; 1)

wherepointson the world planearerepresentedy homoge-
neouscoordinatesX = (X;Y:2)T, their correspondingmages
arerepresentetly homogeneousoordinatex = (x;y;1)", and
Hisa3 3homogeneoumatrix.

In our casewe work with two images,onefrom Big Bear
SolarObsenatory, consideredo bethe "world plane'andone
from EIT, the “imageplane’, which are two-dimensionaknd
supposedo be parallef. Therefore,we simplify the theory
above by assumingall Z; to equall (the scalefactorbetween
bothimagescaneasilybe derivedatthe endof the procedure).
Fromthereonwe follow exactly thesameprocedureasusedin
thecamer modelfor perspectivémages
FromEq. 1, eachpair correspondencprovidestwo equations
linearin the H matrix elementsWe canusethefactthat X and
Hx areparallel,or X Hx = 0;to®nd

Yh3x  Zh?x = O;
Xh®x  Zh'x = O;
Yh2x  zZhlx = 0; ¥3)

wherehi(j = 1;2;3)is the j™ row of H andZ = [1;1;1]".
Only two of thesethreeequationsarelinearly independenso
we forgetaboutthe third andproceedwith the ®rst two. For n
correspondencese obtaina systemof 2n equationsn 8 un-
knowns.If n = 4, anexactsolutionis obtained.Otherwiseif
n > 4, the matrix is overdeterminedandH canbe estimated
by a suitableminimizationschemelik e the leastsquarealgo-
rithm. Whenthedataarenotperfectlikein thiscaseijt is better
to usemorethanfour pointsto calculateH.

The covarianceof the estimatedH matrix dependsboth on
the errors in the position of the points used for its com-
putation and the estimationmethod.In the most commonly
usedmethod the non-homogeneousear solution,oneof the
nine matrix elementsis given the ®xed value 1 and the re-
sulting simultaneousequationsfor the other eight elements
are solved using a pseudo-inerse.It has the disadwantage
that poor estimatesare obtainedif the chosenelementshould
have the value zero (Criminisi et al. 1999). Therefore,we
usea di erentmethodto estimateH: the singular value de-
composition(SVD). Writing the H matrix in vector form as
h = (hy1; hg; has; hog; hoo; hos; hag; s hsz), the homogeneous
equationq?2) for n pointsbecomeAh = 0, with Athe2n 9
matrix:

Axc 110 00 Xex¢ Xoyi Xal3
00xyirl Yixa Yiyp Vil
Y2 10 00 XX X2y2 Xo1
A= 0 0 x Y2 1 Yoxo Y2y2 Yo1
B ¥n 1 0 00 Xpxqg Xpyr Xq1§
0 00Xyl Xixt X1 Xl

It is a standardresultof linear algebrathat the vector h that
minimizesthe algebraicresidualskAhk, subjectto jhj = 1, is

2 Since SoHO follows an elliptic orbit aroundL1 and Big Bear
Solar Obsenratory is locatedon Earth (California), the two image
planesare not perfectly parallel. However, dueto the large distance
from the Sun,the maximumdeviation angle betweenboth planesis
approximately0; 13 or 0 07°44” which justi es theassumption.
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givenby the eigervectorcorrespondingo the leasteigervalue
of ATA. Thiseigervectorcanbeobtaineddirectly from thesin-
gular value decompositiorof A: like every matrix, A canbe
written as a productof two orthogonalmatricesU 2 R?" 2
andV 2 R® ® andamatrixS 2 R?" °:

A=USV";

with | an eigervalue of ATA, on the ®rst 9 rows and zeros
on the remaining2n 9 rows (e.g.Bai et al. 2000; Golub &
Loan1996).Thevectorh canbefoundasthevectorin V which
correspondo thelocationof thesmalleseigervaluein S. This
vectortotally determineghetransformatiomatrix H between
the “world plane' andthe “imageplane'. A scalefactorfound
from the ratio betweenthe coordinatesof the original points
andthetransformedpointsthencompleteghetransformation.

3.2. Application to the EIT and BBSO image series

We now applythetheorydescribedabove to thetwo imagese-
rieswewantto compareAs explainedbefore we startwith one
BBSOimageandoneEIT imagewhich arenearsimultaneous.
We considera selectedpart of the BBSO H imageasthe
‘world plane' and a similar (but larger) selectionof the EIT
30.4nm imageasthe ‘imageplane’. We choose®ve locations
in the solar plasmawhich can be recognizedin both wave-
lengthsand determinethe ®ve correspondingpairs of coordi-

The imageswe chooseto calculatethe transformatiormatrix
aretheH imagetakenat17:53:45UTandtheEIT 30.4nmim-
ageof 17:53:57UTIn Fig. 1, theselectedreaof theH image
is shavn ontheleft andasimilar but slightly largerselectionof
theEIT imageis shavn ontheright. Bothimagesareenhanced
or calibratedin a specialway to shov maximalcontrastMore
detailsaboutthesetechniquesaregivenin Sects4.1and4.2.
To simplify therestof thealgorithm,we rescalébothimageso
400 600pixels.
In thenext stepwe choosé®ve correspondingointsin eachim-
ageandmarkthemby crosseslt is importantto choosethese
pointsasfar apartaspossiblein orderto increasehe quality of
thetransformationln additionsolarfeatureamustbe carefully
comparedsincebothimagesaretakenin di erentwavelengths
sothate.g.loopsobseredin oneimagedo not alwayscorre-
spondto the loopsvisible in the otherimage.
Thecoordinate®f the®ve pointsin the EIT imagearenow
transformedto the BBSO image by calculatingthe transfor
mationmatrix H (seealgorithmabove). Theratio betweerthe
coordinate®f the®ve BBSO pointsandthe coordinate®f the
transformecEIT pointsdetermineghe scalefactor In orderto
validatethe transformationwe plot in Fig. 2 (left) the marked
points of BBSO togetherwith the transformecEIT pointson
theBBSOH image.Thesmalldi erencesn thelocationof
thecrossesremainly dueto theerrorsmadein thepositioning
of correspondinglatapoints.
Thelaststepnow consistsof transformingthe whole EIT im-
age(or betterthepartwhichreally correspondsvith theBBSO
selection)}to the coordinatesystemusedfor the BBSOimage.
SincetheEIT selectionto betransformecdhasslightly lessthan

Fig.1. Left: The processedH imagetaken at 17:53:45UT. The
brightnesf theo -disk region is enhancedn orderto clearly shov
boththefeatureson-ando -disk (seeSect.4.1).Right: The partially
calibratecEIT 30.4nmimageat17:53:57UT (seeSect.4.2).Only the
sub eld whichis selectedo betransformeds shavn.

Fig. 2. Left: The BBSO selectionshaving the marked pointsin this
image,togethemwith their counterpartsvhich aremarkedin EIT and
transformedo the BBSO coordinatesystemRight: The EIT 30.4nm
selectionafter transformationshaving the same eld of view asthe
BBSOimageontheleft.

400 600 pixels,transformingit to a new 400 600 pixel ®eld
leadsto oversampling.This problemis solved by ®rst rebin-
ning the EIT imageto the doublesize (®lling the even rows
andcolumnsby aninterpolationprogram).Theresultis shovn
in Fig. 2: thetransformedEIT 30.4nm imageis shavn on the
right handsideandcanbe comparedvith theH imageonthe
left.

4. Detailed comparison of both data sets

As describedn theintroduction,the solaractiity we wantto
analyseandcomparein di erentwavelengthsshavs up asin-
tensityvariationspropagatinglownwardfor atleasttwo hours
alongano -diskloop structure(seePaperl| for moredetails).
This feature,interpretedas down ows in Paperl, resembles
a train of bright blobsmoving down the magneticloop struc-
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16:33:15

Fig.3. Left: H imageof the north-eastermuarterdisk at 16:33:15
UT. The brightnessof the o -disk region is enhancedn order to
clearlyshav boththefeatureson-ando -disk. Right: CalibratedEIT
30.4nmimageof theo -disk-loopregionat16:33:18UT.

ture,bothin the EIT 30.4nmshutterlessequencéwhereseven
blobswerede®ned)asin theH data.

Sincewe dealwith moving featurestheco-reggistrationof these
datasetsshouldbe seenover awider time span.Thereforethe
only way to visualizethe similaritiesanddi erencesn both
wavelengthss to overlay both imageseriesin sucha manner
that the bandpassn which eachfeaturewas obsened is still
visible and,on theotherhand,overlappingfeaturegpresenin
bothdatasets)areclearlyrecognizedWetesteddi erentkinds
of visualizationtechniquesindevaluatedhesen termsof con-
trast, visibility of overlappingfeatures,stability (in movies),
etc. Before we startoverplotting both imageseries,we try to
®nd the bestpossiblepresentatiomf bothimagesseparately

4.1. Visualization of BBSO H images

Although we are especiallyinterestedin the o -disk region,
the standardprocessinggf BBSOH dataaimsto maximally
enhancehe on-disk features.Thereforewe have to enhance
theo -diskregionintensitywhile theon-diskregionis left un-
changedWe de®nethelimb in theimagesasthe collectionof
pixels wherethe intensity equalsa certainlimiting value. All
pixelswith intensitiesabove this valuearede®nedaslying on-
disk, while all pixels which are darker belongto the o -disk
region. Theintensityof the latter canthenbe enhancedn or-
derto shaw all interestingfeaturesboth on ando -disk. The
resultis shovn in Fig. 3 (left), whereonly the region selected
in Sect.3 is depicted.The sametechniqueis usedto visual-
izetheH imagein Figs.1 and2 (left), taken at a later time.
Notethatdueto the®xedintensityvaluesetaslimiting bound-
ary betweerthe on-diskando -disk region, somevery bright
o -diskregionslikethe areloopsshav (unphysical)ntensity
jumps.

4.2. Visualization of EIT 30.4 nm images

Raw EIT shutterlessmagesshawv a lot of noiseandartifacts
due to the telescopes aging and the peculiar use of the in-
strumentduring a shutterlesgrogram.The unphysicakmears
causedby the openshutterandthe correspondingalibration
techniquesare describedn detail in Paperl. Apart from the
smeaythe sequencehouldalsobe correctedfor the standard
contaminationslueto theinstrumenttself. Sincethe standard
"EIT_PREP'-progran{availablein the DL SolarSoftLibrary)
cannotbeappliedon shutterlessequencesye usesimilar IDL
techniguesimplementedlirectly into the codewe designedo
read,calibrateand analysethe seriesof images.The bestre-
sults are found after correctingfor missingblocks, at ®eld
emissiontracesof thegrid, andafterthe applicationof a®lter
factor correction.Sincethe normal responsdunction applied
in EIT_PREPIs notadaptedo the extracomplicationf shut-
terlessimages,we chooseto skip this correctionin orderto
keepan optimal contrastin the imagesand more speci®cally
in the down ow region. The resulting EIT 30.4nm image of
theselectecandco-rgyisteredregionis shavnin Fig. 3 (right).
As aconsequencef theincompletecorrection partof thegrid
structureis still visible o -disk. Again the sametechniqueis
usedin Figs.1 and2 (right).

By comparingthe two nearsimultaneousmagesn Fig. 3,
severalsimilaritiescanbefound.In thenext subsectionve will
studythemin detail by overlayingboth imagesby meansof
di erentvisualizationtechniques.

4.3. Overplotting both image series

A ®rst techniquewe useto visualizethe correspondencbe-
tweentheimagesis to overplotthe BBSO datawith a contour
plot of EIT. In Fig. 4 (left) two imagestaken by both tele-
scopesaround17:55 UT are correctedin the way described
above andoverplottedby meansof a contourplot. The corre-
spondingfeaturesseenby bothinstrumentslik e thedown ow
region, the “are loops and the prominenceo -disk, together
with somebright regions on-disk, seemto matchvery well.
Neverthelesscontourstend not to shav all the information
availablebecauseontourlines aretoo far apart,while on the
otherhandadditionalcontourlines male the plots too messy
and are too overwhelmingwhen usedin movies (seeon-line
movie “eitoverbb-contougif') . This visualizationtechniques
perfectto studythe dataof oneinstrumentin detail with the
dataof theotherinstrumen{in contourlines)asbackgroundr
asreferenceHowever, whenthe full informationavailablein
thetwo datasetss important thistechniquedoesnot satisfyall
needs.

A secondechniquewhich canbe usedto overlaytwo sim-
ilar imagesconsistdn displayingeachimagein oneparticular
colour channel,for exampleoneimagein red andthe other
in green.In this way, featureswhich are only visible in one
of the two imagesshow up in the original colour of thatim-
age,red or green,while overlappingfeaturesget a compos-
ite colour, yellow in this case For this techniqueijt is impor-
tant that both imagesare displayedwith a similar brightness
to avoid that overlappingfeaturesare not recognizeddueto a
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Fig.4. Left: H imageof theo -disk-loopregion at 17:54:45,over-
plottedby thecontoursof EIT 30.4nmat 17:55:05.Thecontournorth
of the aring loop correspondavith the downward motion in EIT.
Right: Idembut overplottedin colourcoding.

dominantbrightnessn one of thetwo channelsHowever, the
width andpeakingof the wavelengthband®Itered by eachin-
strumentcancausecertainplasmatemperaturesr densitieso
shav up very brightly in the one and quite weakin the other
image.Ononehand thisis anexcellenttool to extractinforma-
tion aboutthe characteristicef the plasmawe areobserving.
On the otherhand,this complicateghe techniqueof overplot-
ting sincesomefeaturesvisiblein onechannekouldbehidden
by their dominantbrightnessin the other channel.Therefore
theindividualimagesshouldnever be exludedfrom the analy-
sis.

Taking this into account,the resultsare very promising. In
Fig. 4 (right), we overplotthe sameimagesasusedin Fig. 4
(left) but now in colour coding.Only for the visualizationof
theH image,anextratool is used.Apart from the enhanced
o -disk region, the intensitiesin this region are shavn with
the aid of the edge-detectiorprocedureSobel. This means
that, insteadof shaving the pixel intensitiesthemseles, the
largest gradientsin intensity are detectedand marked by
bright lines. In this way the fairly weak falling blobs, mov-
ing along the PD-loop (see Sect. 1) are bettervisible. This
techniquegives very good resultswhen usedin movies (see
on-line movies “eitoverbb-coll.gif (with edge-detectionand
“eitoverbb-col2z.gif (zoomedwithout edge-detection)).

4.4, Comparison of down o ws: blobs and speeds

As shavn by the movies, the sequenc®f down owing blobs
thatwas®rst seenn the EIT 30.4nm (Paperl) is perfectlyrec-
ognizablein the co-registeredH images.This provesthatthe
phenomenois indeedof chromospherioatureandnotacoro-
nal contribution of the Sixi line in the EIT bandpassAn extra
argumentto draw this conclusionis found by comparingthe
speedf the blobsseenin EIT 30.4nm andH . The speeds

of the EIT blobswereanalysedn Paperl andfound to form
a compactcloud of speedsncreasingfrom roughly 40kms *
at the top of the loop (100 Mm) to about120kms ! nearthe
limb (seeFig. 7 in Paperl). Thesemeasurementseredoneby
®tting the slopeof the bright ridgesshaving up in a location-
time plot (Fig. 6 of Paperl). In Fig. 5, a similar location-time
plotis made,now for H . Firstwe outlinethetrackthatmost
of the blobsarefollowing (seeFig. 5-left) and collectthe in-
tensityinformationof eachpixel alongthetrackandthe pixels
in its directneighbourhoodor eachframein the sequenceAll
countsin abox of 5 by 5 pixelsaroundeachtrack pixel (span-
ning 5 arcseclare summedogetherandusedto constructthe
intensitypro®le alongthe track at timet. The setof thesepro-
®lesfor eachmomentin time arecombinedascolumnsin the
location-timeplot in Fig. 5 (right). Time is plottedon the hori-
zontalaxis. Sincethe overall brightnessf the plot waschosen
in orderto shav asmary featuresaspossible the brightestre-
gion of theplotis saturatedThereforewe alsoincludeaclose-
up of thisregion asaninsetin Fig. 5 (right).

When comparedo Fig. 6b of Paperl, this plot is limited in
time. The Big BearH imagesareonly availablefrom 17:45
to 18:11which leadsto a restrictionto the so-calledblobs 5
and6 seenin the EIT data.The downward movementof these
two blobsalongtheloop trackshavs upin Fig. 5 (right) asthe
two brightridgeswith anegative slope, runningfrom theupper
left cornerof the imageto the bottom (seelabelsB5 and B6
in the ®gure). Thereis alsoa limitation in spacebecausehe
blobsare not seenasfar from thelimb asin the EIT 30.4nm
images.Thereforea comparisoncan only be madewith the
speedsfound for the EIT blobs5 and 6, and up to a height
aroundé0000km above thelimb.

By measuringhe slopesof eachridge at severallocations
alongtheloop (markedby thenumbersn theleft ®gureandthe
horizontalsolid linesin theright ®gure),we cancalculatethe
apparent speedplane-of-sl speedpf theintensityvariations
ateachlocation.In orderto comparehespeed®ftheH blobs
shavn herewith the speedaneasuredn the EIT images,we
overplot the bright ridgesin Fig. 5 (right) with straightblue
lines which slopescorrespondo the EIT blob speedsEach
line is centredon the locationwherethe speedwvas measured
(theselocationsareindicatedby horizontaldashedinesin the
®gure). As it is clearfrom this ®gure, theselines outline the
H brightridgesalmostperfectlywhich meanghatthe speeds
measuredn H andEIT 30.4nm matchvery well.

We alsoputthenewly measuredpeedraluesonalocation-
speedplot (similar to Fig. 7 in Paperl). Fig. 6 shovs the mea-
suredspeed®f each’blob’, in EIT 30.4nmandH , atseveral
locationsalongthe loop. The locationsat which speedswvere
measuredn the Big BearH data(for blobs5 and6) arein-
dicatedby arrows at the bottom of the ®gure. Again thereis
agoodagreemenbetweerthe speedsneasuredn bothwave-
lengths. Theuncertaintiesloseto thelimb aredueto the often
broadbaseof thebrightridgesin thelocation-timediagrams.

3 We write “apparent'since, taking into accountthe line-of-sight
projectione ects,the measured/ialuesareonly alower limit for the
true propagatiorspeeds.
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Fig. 5. Left: Thetrackof theintensityvariationsoutlinedin oneframeof theH -sequencéat17:49).Right: Location-timeplot of theoutlined
track. The location numbersin the left gure correspondo the numberedhorizontalsolid lines on the right. The horizontaldashedines
correspondo the locationswherevelocitiesweremeasuredn the EIT images.The slopesof the blue lines correspondvith thesevelocities.

Theinsetshavs a lessbright close-upof the baseof blob 5.
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Fig. 6. Themeasuredpeed®f each’blob' at severallocationsalong
theloop. Thearravs pointto measurementsonein H

The co-registeredmovies and Figs. 5 and 6 showv that
the blobs seenin the two wavelengthsfall at the sametime
and with the same speed downward along the loop-like
structure which leadsto the conclusionthat the sameplasma
blobs (or at least parts of the sameplasmaconcentrations,
atslightly di erenttemperaturesareseerin bothwavelengths.

4.5. Comparison of down o ws: blob appearance

Although the speedsof the blobs seenin both wavelenghts
matchvery well, the way the blobsshow up in bothimagese-
riesis clearlydi erent,asillustratedby Fig. 7. In four subse-
guentimagegshetouchdavn of the®fth blobin theEIT shutter
lesssequencéseePaperl) is shavn, asobsenedby Big Bear
SolarObsenatoryin H (top row), andby EIT 30.4nm (mid-
dle). Thebottomrow of imagesshowvs bothimagesatthesame
time, overplottedusing the colour coding technique(without
edge-detectionAlthoughwe know from Fig. 6bin Paperl and
from themoviesthattheblobsareclearlyseparatedn the EIT
30.4nm imagesof Fig. 7 blob 5 seemgo almosthave memged
with thefollowing blob comingdown. For thisreasorwhitecir-
clesaredrawn in the EIT 30.4nmimagespointingto the parts
relatedto blob 5 which thuscanbe comparedwith the bright
partof theloopin theH imagesBlob 6 doesshav upin the
H imagesaswell, viz. in theimagetakenat 17:58:15UT as
theweakbrighteningustabove the brightendof blob 5 touch-
ing down atthe solarsurface(seealsoFig. 5).

It is clearfrom Fig. 7 that a few pronounceddi erences
areseenin the appearancef the blobsin the two datasetsln
generaltheH blobsaresmallerandmorecompactthanthe
bright plasmain EIT 30.4nm. Secondly EIT 30.4nm shows
muchmorematerialhigherup ascomparedoH . TheBBSO
H imagesonly shav blobscloseto thelimb, evenwhile some
blobs higher up are very bright in EIT 30.4nm. Apart from
thesegeneraldi erencesFig. 7 alsoillustratesa di erentbe-
haviourin time:onlyin H , theblob brightensupwhile falling
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Fig. 7. Touchdevn of blob 5 in the BBSOH

images(top) andin the EIT 30.4nm images(middle). The white circle in eacheit304image

pointsto the partwhichis relatedto this particularblob. The bottomrow shaws the overplottedimagesin colourcoding.

down. In EIT 30.4nm, theblob'sintensitydoesnot changesig-
ni®cantlyandmostblobsevendisappeam 30.4nmbeforethey
touchthesolarsurface.

Sincethesedi erencesnightrevealalot aboutthe plasma
beingobsenred, soundargumentsshouldbe foundin orderto
explainthe natureof thedown ows. Thereasonwhy the blobs
inH aresmallerandmorecompacthanin EIT 30.4nmmight
bethatEIT 30.4nmshawvsplasman amuchwidertemperature
bandthanH . Only the coolestpartsof the EIT blobsshowv up
inH anddueto theincreasingadiativelossin denseplasma,
thesepartsarelikely to be the “cores' of the blobs (seealso
Sect.5).

The di erencen intensityhighabovethelimb, on the
otherhand,could have severalreasonsFirst it couldbeanin-
strumentale ectsinceBig BearSolar Obsenatoryis not de-
signedto seeary featureso -disk. By the contrastenhance-
menttechniquesdescribedin Sect.4.1, we were able to de-
tectsomefeaturesloseto thelimb but ary featuredurtherout
could still be hidden.This could also explain why the blobs
look brightercloserto thelimb.

Anotherreasomight bethattheblobshigh up arestill too hot
toshav upin H while they have cooleddown atthetime they

nearlyreachthelimb. This explanationis alsosupportedy the
factthat for several blobs,at touchdavn, the footpoint shavs

up brightonlyin H andnotin EIT 30.4nm.

Finally, it is possiblethat cool blobshigherup in theloop are
not seenin H becausehe loop structureis bendedat larger
heightsso that the line-of-sightvelocity of the blobscausesa

shiftof theH emissiono -bandof thenarrov ®lter. Thishap-
pensfrequentlyin prominenceobsenations.

The third importantdi erence the variationin theblobs'
intensitywhile falling down, couldbe causedy aninstrumen-
tale ect,asexplainedbefore,or by thee ectofacoolingloop
(seeSect.5 for detailsandcoolingtimes).However, especially
closeto thelimb, the varyingintensityof the blobscould also
be causedby the so-called’Dopplerbrightening’ (in caseof
H ) and ‘Dopplerdimming' (Heii 30.4nm). Thesebright-
nesschangesareinducedby velocity-dependentariationsin
the atomic-level populationsandconsequentlyn the radiation
intensity in the wavelenghthrangeof the instruments ®lter.
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Heinzel& Rompolt(1987)shovedthatthesee ectscanplay
animportantrole provided that the vertical velocity is of the
order of 100kms ! or more and the densityis not too high
so that the scatteringof the disk radiationdominatesthe line
sourcefunction.

Apart from thedi erenceghereis alsoa remarkablesim-
ilarity betweenthe down ows in the two wavelengthbands.
Both imageseriesdo not shav ary brighteningor changein
the plasmaon-disk at the time a blob comesdown. Probably
the blobsfall down just behindthelimb andasa consequence
therealfootpointis invisible for thetwo instruments.

5. Interpretation of origin and nature of the falling
blobs

As discussedbefore,the bright blobsseenin EIT 30.4nm and
H aremostlikely dueto cool plasmaconcentrationgalling
along magnetic®eld lines. A promisingtheory which could
explaintheorigin of thesemassblobsis theso-called heating-
condensationa@porationcycle’, ®rst describediy Antiochos
etal. (2000)for a prominencecon®guratiorandlater extended
to coronalloopsby Muller etal. (2003).1t is basedon the fact
thatamagnetidoop whichis predominantlyheatecatthefoot-
pointsbecomeghermally unstableandrapidly coolsdown at
the ap. Due to the associategressuredrop high up in the
loop, plasmais evaporatednto the coronalloop which then
coolsrapidly dueto alossof thermalequilibrium.Thecon®ned
region of “condensedplasmasubsequentlyalls dowvn under
thee ectof gravity in the form of a cool plasmablob. When
the massblob encounterghe transitionregion, it compresses
the underlyingplasmaandis therebydeceleratedFinally, the
depletedoopreheatand®Ils upagainby chromospherievap-
orationandanew cycle starts.

This idea could easily explain the falling bright blobs seen
in 30.4nm. The numericalsimulationsof Mller et al. (2003,
2004),carriedout with a 1D implicit hydrodynamiaccodewith
adaptve grid, indeedshav plasmacondensationsand high-
speeddown owsin (cool) coronalloops,usinga very simple,
time-independentieatingfunction. Dependingon the spatial
distribution of the enegy depositionin theloop, the evolution
is static, periodicor irregular. Sincethe non-equilibriumrate
equationsfor ary desiredatomic speciesare solved simulta-
neouslywith the hydrodynamicequationsthetime-dependent
emissionof optically thin UV emissionlines can be synthe-
sized and comparedto the obsenations. Thesesimulations,
®rst performedin a loop of 200Mm, shaov a lot of similari-
ties with the obsenations(seeFig. 13 in Miller et al. 2004).
After thetime theloop needsto becomeunstablehaselapsed,
a condensatiomegion appearsat the loop ape. It grows and
fallsdown undergravity alongbothlooplegs(or alongoneleg,
dependingon the symmetryof theloop, possiblesoundwaves
propagatinghrough,etc.). Whenthe condensatiomegion en-
countergthe transitionregion, it slows down or even bounces
back, beforeit reacheghe solarsurface(z = 0). Compared
to our obsenations,the resultsof Muller et al. (2003,2004)
werevery encouragingn the sensehatthe formationof such
high-densityregions was indeed possiblewithout any time-
dependentriving mechanismOn the other hand,the simu-
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Fig. 8. Left: Heii emissionin aloop of 300Mm (ape atz=150Mm,

only the left half of the loop is shavn). Right: Line pro les of Heii

in a 300Mm loop during the fall of the condensatiomegion (M ller
etal. 2005).

lations mostly shoved only one falling blob with a velocity
of 30-40kms ! which is lower thanthe obsened ones(up to
120kms 1, seeFig. 6).

In a subsequenpaper(Miller et al. 2005), the simulations
were performedin a loop geometryinferred from the EIT
30.4nm data (L 300Mm). In addition a higher heating
rate was usedto reachmore realistic apex temperaturesor
large active region loops. Applying the catastrophiccooling
scenariato thesemore appropriatemodelsrevealsthatthe re-
boundshockscausedby rapid cooling processe@ hot loops
can trigger further cooling events. The associateccondensa-
tion regions,shaving up assubsequerntool plasmablobs,are
initially travelling with almostfree-fall speedand canreach
velocitiesof the orderof 100kms ! beforetheir deceleration
setsin in the lower regions of the atmosphereThis is shavn
in Fig. 8 wherethe emissionin the Heii line* is plottedin or-
derto comparewith the obsenationsin the EIT 30.4nm data.
In theleft plot, which shavs the emissionintegratedover the
spectralline pro®le, two blobsarevisible which follow close
to oneanother The ®rst blob wasformedoutsidethis plot and
movedslowly downwards(it ®rst appearsn the plot arounda
heightof 20Mm). Whenencounteringhetransitionregion, the
subsequenteboundshocktriggersanothercatastrophicool-
ing processwhich forms a secondblob, visible in Heii atan
arclengtharound70Mm. This secondblob movesmuchfaster
and bounceshack when encounteringhe densemartsof the
atmosphereln theright plot, the varying velocity of the con-
densatiorregion canbedeductedrom theline pro®lesof Heii.
For this plot, the emissionis spatiallyintegratedover the loop-
half wherethe blob is falling down, assuminga view straight
from above.

The simulationsindeedgive a theoreticalexplanationfor
the intensity variationsseenin the EIT 30.4nm andH ob-
senations.The cool blobsare manifestation®f a rapid cool-

4 The emissionfor this plot is calculatedin an e ectively thin
plasmawherethe radiative lossesare assumedo be entirely dueto
collisional excitation followed by spontaneousadiative decay No
scatterings taken into accountwhich maya ectthe emissionin the
Hell 30.4nmline.
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ing processwhich setsin without ary time-dependendriv-
ing mechanismThe fact that the blobs are ®rst seenin EIT
30.4nm,forming closeto theape, andonly laterin H  (which
hasa lower formation temperature)s a consequencef this
coolingprocessThisideaalsoexplainswhy theH blobsare
seento brightenup while falling down. Quantitatvely, the ra-
diative coolingtime-scaldor a300Mm hotloop,coolingdown
from 2.5MK purely dueto radiative lossesjs calculatedo be
about180 minutes(seeEq. 3 in Schrijver 2001).For compar
ison, the down ow time-scalefor the fastblob in the 300Mm
modelfrom the ®rst appearance Fig. 8 (left) around62Mm
to a heightaround10Mm wherethe blob is stronglydeceler
ated,is 17 minutes.This provesthatthe moving blobsarenot
simply coolingfrontsmoving dowvnwards (If oneconsidershe
time-scalestartingfrom the blob's formation- the ®rst subtle
local maximumin the radiative losses- until the blob ®nally
drainsaround7 Mm height,onegetsabout60 min (seeFig. 5
and6in Muller etal. 2005).)

Finally, the train of subsequenbright blobs canbe explained
by rapid cooling processesn parallel loop structuresor by
reboundshockstriggering subsequenand often much faster
blobs. The location-timeplot of the EIT 30.4nm dataindeed

indicatessigni®cantdi erencesn the speedsof subsequent

blobs.Thereevenseemto be eventswherefastblobscatchup
with slower ones(seeFig. 6 in Paperl), but furtheranalysisof
moredatasetsis neededo con®rmor rejectthis hypothesis.

6. Summary

In this paper we studied in detail two high-cadenceco-

temporaldatasetsof o -disk intensityvariationsalonga half

loop,takenat 11 July 2001.The®rstimageserieswvastakenby
EIT (in shutterlessnode)in a broadwavelengthbandaround
30.4nm, the secondwas taken from earthby Big Bear Solar
Obsenatory at the wavelengthof H , =656.3nm. Both data
setsshawv bright blobs moving down at similar (increasing)
speedsIn orderto comparethemin more detail, we ®rst de-
signeda co-ragistrationtechniquewhich coalignsboth image
seriesasgoodaspossiblein spaceandtime (Sect.3). As anext

step,in Sect.4, severalvisualizationtechniquesveretestedin

orderto shav bothtypesof imageswith maximalcontrastand
similarbrightnessln thisway, bothimageseriescouldbeover-

plottedin orderto study similaritiesanddi erencesn space
andtime. In this particularexamplethesecondechniqueausing
colourcodingwasfoundto give the mostsatisfyingresult.

These co-ragistration and visualization techniqueswere
thenusedto comparehe behaiour of the plasmablobsin the
EIT 30.4nm andthe BBSOH images(Sect.4.5). We con-
cludedthatthe samecool plasmais seenby both instruments
but dueto di erencesdn the width of the spectralwindow and
consequentlyn the temperatureof the plasmaobsened, the
blobsshowv upin adi erentwayin bothimageseries.

All resultssupportthe ideaof the bright blobsbeingcool
plasmacondensationfalling undergravity. The mostpromis-
ing theory to explain the origin of the blobsis the “heating-
condensationa@porationcycle' simulatedin long coronal
loopsby Miiller etal. (2005).Simulationsdonein loopscom-
parableto the PD-loop shav condensatiomegions and high-
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speeddown ows comparableto the onesobsened in EIT
30.4nm andBBSOH . However, more high-cadencebser
vationsof o -disk coronalloopsareneededo con®rmor re-
jectthe catastrophiacooling scenarioThe distribution of blob
speedasafunctionof heightabove thelimb shouldbestudied
andcomparedo thetheory For exampleobsenationsof blob
speedswvhich are®rst increasingandthendecreasingloseto
the solarlimb, would strengtherthe conceptof falling plasma
condensationsHowever, obsenations of blobs approaching
the limb at high speedqcloseto free-fall) don't necessarily
rejectthis hypothesisthis could indicatethat part of the loop
underneattthe falling blob hasbeenevacuatedoy a di erent
process.

Sincethe basisof the catastrophicoolingtheoryis a contin-
uous(time-independentheatingat the coronalfootpoints,an
extendedinvestigationcould give us importantinsight in the
natureof theheatingmechanism(sctingin theoverallcorona.
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