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Abstract. An EIT shutterlesscampaignwasconductedon 11 July2001andprovided120high-cadence(68s)30.4nm images
of the north-easternquarterof the Sun.Systematicintensityvariationsareseenwhich appearto propagatealongan o� -disk
loop-like structure.In this paperwe studythenatureof theseintensityvariationsby confrontingtheEIT observationsstudied
in De Groofet al. (2004)with simultaneousH� imagesfrom Big BearSolarObservatory.
With thegoal to carefullyco-registerthe two imagesets,we introducea techniquedesignedto comparedataof two di� erent
instruments.Theimageseriesare�rst co-alignedandlateroverplottedin orderto visualizeandcomparethebehaviour of the
propagatingdisturbancesin bothdatasets.Sincethesameintensityvariationsareseenin theEIT 30.4nmandin theH� images,
wecon�rm theinterpretationof DeGroofetal. (2004)thatweareobservingdown�o wsof relatively coolplasma.Theorigin of
thedown�o ws is explainedby numericalsimulationsof “catastrophiccooling” in acoronalloopwhichis heatedpredominantly
at its footpoints.
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1. Intr oduction

Propagatingintensity variations in magneticloop structures
are often seenin the solar atmosphereand are of great im-
portancefor coronalseismologyandfor the understandingof
coronalheatingmechanisms.Someshow a periodicbehaviour
andaremostoftenclassi®edasslow magneto-acousticwaves
propagatingalongcoronalloops(e.g.Aschwandenetal. 1999;
Roberts2000;De Moortel et al. 2002a,b).Othersareobserved
in ¯areloopsor prominencesandareattributedto plasmama-
terial falling down alongthe magneticlegs of, respectively, a
coronalloopaftertheeruptionof asolar¯are,or aprominence.
Even thoughthe characteristicsof thesephenomenaarevery
di� erent,both wavesanddown¯ows show up aspropagating
intensity variations.Slow magneto-acousticwaves are espe-
cially observed in high-resolutionEUV imagesof SoHO/EIT
andTRACE (17.1nm and19.5nm), mostlydueto densityin-
homogeneitiesalongtheloop whenthewavepassesby.
Down¯ows in ¯are loops or prominenceson the other hand
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areusuallyseenin cool chromosphericlines like theCaii line
andH� (e.g. Engvold et al. 1979;Loughhead& Bray 1984;
Deloneetal. 1989;Heinzeletal. 1992;Wiik etal. 1996).Since
the loops/prominencesareusuallyonly partly ®lled with H�
or Caii emitting material,the ®ne structurerevealedby high
spatialresolutionobservationsconsistsof (a `train' of) bright
blobsmoving downwards.In someexceptionalcasesa contin-
uousmotionfrom onefootpointto theotheris observed.

Propagatingdisturbancesin the EIT 30.4nm channel
(Delaboudini�ereet al. 1995)were®rst reportedby De Groof
et al. (2004). The EIT 30.4nm band is dominatedby the
transition-region line of Heii, correspondingto plasmaat a
temperatureof about60000K.However the spectralwidth of
theEIT 30.4nm ®lter leadsto contributionsof otherlines like
Sixi andFeix emittingat highertemperatures(seeSect.2 for
details).As a consequenceboth plasmacooling down after
a ¯are or draining from a cool prominencecanbe visible in
EIT 30.4nm, aswell aswavesandinstabilitiespropagatingin
plasmaat thesetemperatures.Therefore,whenno clearor evi-
dentcauseis noticablenearby, thenatureof intensityvariations
in thisEUV bandis not straightforwardto understand.
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Sincethetimecadenceof theEIT instrumentis limited in nom-
inal mode,intensityvariationswith periodsof the orderof a
minute can only be seenin the so-called`EIT high-cadence
synoptic program' or `shutterlessprogram'. This program,
whichwasstartedin December2000by theRoyal Observatory
of Belgium(Clette2000),takesevery3 monthsahigh-cadence
sequenceof 120 imagesin shutterlessmode1, allowing for a
time cadenceof 68s. Insteadof the normal full disk ®eld of
view, caughtby a CCD cameraof 1024� 1024pixels,theEIT
shutterlessprogramis limited to a sub®eldof 416� 416pixels
(1 EIT pixel � 2.6 arcsecs).The sequenceis takenalternately
in two bandpasses,30.4nm and19.5nm. Theprogramis sup-
portedby TRACE (mostoften in 17.1nm) andoptionally by
instrumentsasCDS,MDI or Coronas-F/SPIRIT. Thetechnical
detailsandthecalibrationneededfor thisEIT shutterlessmode
are describedin Sect.2 of De Groof et al. (2004) (hereafter
referredto asPaperI).

In PaperI, weconcentratedontheanalysisof aspeci®cEIT
30.4nmshutterlesscampaign,carriedouton11July2001.The
mostintriguingfeaturepresentis ano� -diskloop-likestructure
above active region NOAA 9538which shows intensityvaria-
tionspropagatingdownwardduringthewholesequence.South
of this loop, a smallerandmorecomplex o� -disk loop struc-
ture expandsand brightensup while northwestof thesetwo
phenomena,a dark ®lamentshows intensity variationsmov-
ing northwardalongthespineof the®lamentconnectingit to
the part of the prominenceseeno� -disk. In addition,the east
andnorthlimb show several(macro)spiculesandplasmā ows
alongmagneticloops.
In our searchfor the origin andnatureof the intensityvaria-
tions,wecomparedtheEIT 30.4nmdatawith co-temporaldata
from TRACE (17.1nm), Yohkoh-SXT(soft X-rays),theother
EIT wavelengths(17.1nm,19.5nmand28.4nm)andBig Bear
Solar Observatory (H� ). As discussedin PaperI, GOESre-
porteda C2.4¯aregoingo� in the®eld of view underanalysis
with its peakoccurringat 17:11UT. This ¯are is 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 dataavailable in higher temper-
aturesthan304Åshowednosignof theloop-likestructureun-
deranalysisnor the intensityvariations.Also datafrom lower
temperatureplasmawereinvestigated.Sincethe signal in the
EIT 304Å bandpassis dominatedby Heii emission,we hoped
to seesimilar plasmafeaturesin the H� line which emits at
chromospherictemperatures.Up to now, theEIT 30.4nm data
were only roughly comparedto H� dataof Big Bear Solar
Observatory. Nevertheless,similar intensityvariationsshowed
up in bothwavelengthbandssothis couldproof theEIT blobs
to be cool plasmaconcentrationsfalling alongmagnetic®eld

1 The shutteris forcedto stayopenduring the whole sequenceof
imagesso thata high cadence(68 s) andexposuretime (� 50 s) can
be established.On the other hand,this leadsto unphysicalsmears
throughoutthe imagesince the CCD pixels are readout while the
shutteris still opensothatphotonsfalling in ontotheCCDduringthe
read-outprocessarestill registered.Thereforeanadaptedcalibration
programis neededto cleanthe images(Berghmans1998;De Groof
et al. 2004).

lines.
In the presentpaper, we continuethe analysisof the down-
¯ows by a thoroughinvestigationof the similaritiesbetween
thebrightblobsseenin EIT 30.4nmandtheonesin H� . To the
bestof ourknowledge,this is the®rst studyin whichmoviesof
thesetwo instrumentsarecomparedin a detailedmanner. By
carefully co-aligningEIT andH� , we compareon a pixel-to-
pixel basisthefeaturesobservedby bothinstruments.

In the following section,the available dataand the char-
acteristicsof both instruments/®lters are described.The co-
registration technique which is developed is describedin
Sect.3 andappliedin Sect.4 for a detailedcomparisonof the
EIT 30.4nm andH� down¯ows. In Sect.5, theorigin andthe
natureof thedown¯owsis discussedandinterpreted.All results
aresummarizedin Sect6.

2. Data description

TheEIT 30.4nm shutterlesscampaign,carriedout on 11 July
2001,lastedfrom 16:00UT until 18:28UT andresultedin a
sequenceof 120images,interruptedonly by two gapsallowing
eachfor a LASCOC2 image.The®eld of view of the30.4nm
sequenceunderanalysisis the northeastquarterdisk, shifted
oneblock (i.e. 32� 32 pixels) to the eastandoneblock to the
south.TheresultingFITS ®lesconsistof 416� 416pixelswith
a resolutionof 2.6arcsecsperpixel.
On the sameday, the Big Bear Solar Observatory (BBSO),
locatedin Big Bear Lake, California, took 1060 H� images
between15:43 and 00:33UT at a cadenceof 30 seconds
(Denker et al. 1999).However, during the time EIT wasob-
servingas well (16:00-18:28UT),only the imagestaken be-
tween17:45:15and18:11:15anda few imagesaround16:30
areuseful.Theotherimagesshow a di� erentFOV or contain
too many technicaldefectsandartifacts.Beforethese56 full
disk imagescouldbecomparedwith theEIT 30.4nmdata,the
raw datawere®rstcalibratedby theBBSOteam(Yurchyshyn-
privatecommunication),i.e.darkcurrentsubtraction,̄at®eld-
ing andcontrastenhancementwereperformed.The resulting
FITS®lesof 2032� 2032pixels(1.05arcsecsperpixel resolu-
tion) werethenusedasinput for our analysis.

Sincetheemissionrecordedby EIT 30.4nmandby BBSO
is ®lteredin a di� erentway, thecomparisonof the two wave-
lengthbandsrevealsimportantinformationaboutthe location
andtemperatureof theplasmawhich is observed.
The30.4nmchannelof EIT wasdesignedto observethetransi-
tion region andthechromosphericnetwork. Sinceit is a broad
wavelengthband(centredaround30.4nm), plasmaof di� er-
ent temperaturesis observed.The dominatingspectralline is
theHeii 30.4nm line, which hasan excitation temperatureof
about6:0 � 104 K. However, especiallyin plasmaat low den-
sities,this line canemit aswell at lower temperaturesbecause
of scatteringof thediskradiation(e.g.Labrosse& Gouttebroze
2001).In addition,theEIT 30.4nmbandpassalsodetectsemis-
sionfrom Feix at17.1nmandfrom Sixi at30.33nmwhichre-
sultsin a slightly weaker peakin theEIT responsearoundone
million K (seeFig. 9 in Delaboudini�ereet al. 1995).Whether
emissioncaughton theCCD is dueto hot or cool materialcan
only be decidedby comparingthe EIT 30.4nm imageswith
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imagestaken in otherwavelengthbands,e.g.by EIT 17.1nm
(theemissionof whichis dominatedby theFeix line),andwith
theemissionfrom cool chromosphericlines like theCaii-line
andH� .
Thereis no suchuncertaintyfor the light recordedon the H�
images.The 15cm telescopeat BBSO,monitoringthe whole
sun,is equippedwith a very narrow bandwidth®lter, centred
on theH� spectralline (656.28nm). With a ®lter bandpassof
0.05nm,only light closeto theH� wavelengthis recorded.

In order to overlay the EIT andBBSO imagesandcom-
parethe featureson a pixel-to-pixel basis,the two imagese-
ries shouldbe limited and rebinnedin sucha way that they
show thesame®eld of view with a comparableresolution,i.e.
thesamenumberof pixels.Thisco-registrationtechniquemust
overcomethe di� erencein wavelength,in spatial resolution
(2.6 arcsecsper pixel for EIT vs. 1.05 arcsecsper pixel for
BBSO),in time resolution(� 68sand30srespectively), andin
®eld of view (18.2� 18.2arcmins,roughly a quarterdisk, and
35.7� 35.7arcmins,full disk, respectively). In addition,there
aredeformationsof the images,indescribablein translations,
which leadto a non-circularsolar limb or a slight rotationof
thesolardiskaroundthesolarcentre.EspeciallytheBBSOim-
ages,takenfrom Earth,su� er themostfrom thesedeviations.

3. Co-registration technique

3.1. Pixel to pixel transformation

Theprocedurewefollow for theco-registrationstartsby select-
ing oneBBSO imageandonenear-simultaneousEIT image.
First,we `zoom-in' on thepartto beanalysed:theselectionof
the interestingregion is donein the BBSO image,in the EIT
imagea slightly larger region is selectedso that all features
visible in theBBSOselectionarealsoincludedin theEIT se-
lection.
Since,apart from the deformationsdescribedabove, the dif-
ferencesbetweenthetwo instrumentsand®lters leadto di� er-
encesin theplasmashown in the images,contrast,resolution,
etc.,standardtechniqueslike cross-correlationaredi� cult to
use.Therefore,we follow a totally di� erentapproach:with the
aid of n pairsof correspondingpoints,i.e. n locationson the
solar surfaceor in o� -disk plasmawhich can be recognized
in both wavelengths,we look for a transformationof the EIT
pixelsto thenew BBSO®eld of view. Thetheorywe apply to
®nd the transformationbetweenthe n pairsof points is often
cited asa camera modelfor perspectiveimages(e.g.Semple
& Kneebone1979):pointson the so-called`world plane' are
mappedto pointsonthe`imageplane'(su� eringfrom perspec-
tiveprojection)by aplaneto planehomography,alsoknown as
a planeprojectivetransformation.

Mathematicallythis theoryis built up asfollows. The ho-
mographyis describedby a matrix H. Oncethis matrix is de-
termined,the back-projectionof an imagepoint to a point on
the world planeis straightforward.Underperspective projec-
tion correspondingpointsarerelatedby (Mundy & Zisserman
1992;Semple& Kneebone1979):

�X = H �x; (1)

wherepointson the world planearerepresentedby homoge-
neouscoordinates�X = (X; Y; Z)T, their correspondingimages
arerepresentedby homogeneouscoordinates�x = (x; y; 1)T, and
H is a3 � 3 homogeneousmatrix.

In our casewe work with two images,onefrom Big Bear
SolarObservatory, consideredto bethe`world plane' andone
from EIT, the `imageplane', which are two-dimensionaland
supposedto be parallel2. Therefore,we simplify the theory
above by assumingall Zi to equal1 (the scalefactorbetween
bothimagescaneasilybederivedat theendof theprocedure).
Fromthereonwefollow exactly thesameprocedureasusedin
thecamera modelfor perspectiveimages.
FromEq. 1, eachpair correspondenceprovidestwo equations
linearin theH matrix elements.We canusethefactthat �X and
H �x areparallel,or �X � H �x = 0; to ®nd

Yh3 �x � Zh2 �x = 0;

Xh3 �x � Zh1 �x = 0;

Yh2 �x � Zh1 �x = 0; (2)

whereh j( j = 1; 2; 3) is the j th row of H andZ = [1; 1; 1]T.
Only two of thesethreeequationsarelinearly independentso
we forgetaboutthethird andproceedwith the®rst two. For n
correspondenceswe obtaina systemof 2n equationsin 8 un-
knowns.If n = 4, an exact solutionis obtained.Otherwise,if
n > 4, the matrix is overdetermined,andH canbe estimated
by a suitableminimizationscheme,like the leastsquarealgo-
rithm.Whenthedataarenotperfectlike in thiscase,it 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,thenon-homogeneouslinearsolution,oneof the
nine matrix elementsis given the ®xed value 1 and the re-
sulting simultaneousequationsfor the other eight elements
are solved using a pseudo-inverse.It has the disadvantage
that poor estimatesareobtainedif 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 = (h11; h12; h13; h21; h22; h23; h31; h32; h33), the homogeneous
equations(2) for n pointsbecomeAh = 0, with A the2n � 9
matrix:

A =

2
66666666666666666666666666664

x1 y1 1 0 0 0 � X1x1 � X1y1 � X11
0 0 0 x1 y1 1 � Y1x1 � Y1y1 � Y11
x2 y2 1 0 0 0 � X2x2 � X2y2 � X21
0 0 0 x2 y2 1 � Y2x2 � Y2y2 � Y21

: : :
xn yn 1 0 0 0 � X1x1 � X1y1 � X11
0 0 0 xn yn 1 � X1x1 � X1y1 � X11

3
77777777777777777777777777775

It is a standardresult of linear algebrathat the vectorh that
minimizesthe algebraicresidualskAhk, subjectto jhj = 1, is

2 SinceSoHO follows an elliptic orbit aroundL1 and Big Bear
Solar Observatory is locatedon Earth (California), the two image
planesarenot perfectlyparallel.However, dueto the large distance
from the Sun,the maximumdeviation anglebetweenboth planesis
approximately0; 13� or 0� 07044” which justi�es theassumption.
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givenby theeigenvectorcorrespondingto theleasteigenvalue
of ATA. Thiseigenvectorcanbeobtaineddirectly from thesin-
gular value decompositionof A: like every matrix, A can be
written asa productof two orthogonalmatricesU 2 R2n� 2n

andV 2 R9� 9 anda matrixS 2 R2n� 9:

A = USVT ;

whereS consistsof the diagonalmatrix diag(� 1; � 2; : : : ; � 9),
with � i an eigenvalueof 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
correspondsto thelocationof thesmallesteigenvaluein S. This
vectortotally determinesthetransformationmatrix H between
the `world plane' andthe `imageplane'. A scalefactorfound
from the ratio betweenthe coordinatesof the original points
andthetransformedpointsthencompletesthetransformation.

3.2. Application to the EIT and BBSO image series

We now applythetheorydescribedaboveto thetwo imagese-
rieswewantto compare.Asexplainedbefore,westartwith one
BBSOimageandoneEIT imagewhicharenear-simultaneous.
We considera selectedpart of the BBSO H� image as the
`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-
lengthsanddeterminethe ®ve correspondingpairsof coordi-
natevectors,(Xi ; Yi)T in H� and(xi ; yi)T in EIT (i = 0; : : : ; 4).
The imageswe chooseto calculatethe transformationmatrix
aretheH� imagetakenat17:53:45UTandtheEIT 30.4nmim-
ageof 17:53:57UT. In Fig.1, theselectedareaof theH� image
is shown ontheleft andasimilarbut slightly largerselectionof
theEIT imageis shown ontheright.Both imagesareenhanced
or calibratedin a specialway to show maximalcontrast.More
detailsaboutthesetechniquesaregiven in Sects.4.1 and4.2.
To simplify therestof thealgorithm,werescalebothimagesto
400� 600pixels.
In thenext stepwechoose®vecorrespondingpointsin eachim-
ageandmark themby crosses.It is importantto choosethese
pointsasfarapartaspossiblein orderto increasethequalityof
thetransformation.In additionsolarfeaturesmustbecarefully
comparedsincebothimagesaretakenin di� erentwavelengths
so thate.g.loopsobserved in oneimagedo not alwayscorre-
spondto theloopsvisible in theotherimage.

Thecoordinatesof the®vepointsin theEIT imagearenow
transformedto the BBSO imageby calculatingthe transfor-
mationmatrix H (seealgorithmabove).Theratio betweenthe
coordinatesof the®veBBSOpointsandthecoordinatesof the
transformedEIT pointsdeterminesthescalefactor. In orderto
validatethetransformation,we plot in Fig. 2 (left) themarked
pointsof BBSO togetherwith the transformedEIT pointson
theBBSOH� image.Thesmall di� erencesin the locationof
thecrossesaremainlydueto theerrorsmadein thepositioning
of correspondingdatapoints.
The laststepnow consistsof transformingthewholeEIT im-
age(or better, thepartwhichreallycorrespondswith theBBSO
selection)to thecoordinatesystemusedfor theBBSOimage.
SincetheEIT selectionto betransformedhasslightly lessthan

Fig.1. Left: The processedH� image taken at 17:53:45UT. The
brightnessof theo� -disk region is enhancedin orderto clearlyshow
boththefeatureson- ando� -disk (seeSect.4.1).Right: Thepartially
calibratedEIT 30.4nmimageat17:53:57UT (seeSect.4.2).Only the
sub�eld which is selectedto betransformedis shown.
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Fig.2. Left: The BBSO selectionshowing the marked points in this
image,togetherwith their counterpartswhich aremarked in EIT and
transformedto theBBSOcoordinatesystem.Right: TheEIT 30.4nm
selectionafter transformation,showing the same�eld of view asthe
BBSOimageon theleft.

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

4. Detailed comparison of both data sets

As describedin the introduction,thesolaractivity we want to
analyseandcomparein di� erentwavelengthsshows up asin-
tensityvariationspropagatingdownwardfor at leasttwo hours
alongano� -disk loop structure(seePaperI for moredetails).
This feature,interpretedas down¯ows in PaperI, resembles
a train of bright blobsmoving down the magneticloop struc-
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Fig.3. Left: H� imageof the north-easternquarterdisk at 16:33:15
UT. The brightnessof the o� -disk region is enhancedin order to
clearlyshow boththefeatureson-ando� -disk.Right: CalibratedEIT
30.4nm imageof theo� -disk-loopregionat 16:33:18UT.

ture,bothin theEIT 30.4nmshutterlesssequence(whereseven
blobswerede®ned)asin theH� data.
Sincewedealwith moving features,theco-registrationof these
datasetsshouldbeseenover a wider time span.Thereforethe
only way to visualizethe similaritiesanddi� erencesin both
wavelengthsis to overlayboth imageseriesin sucha manner
that the bandpassin which eachfeaturewasobserved is still
visible and,on theotherhand,overlappingfeatures(presentin
bothdatasets)areclearlyrecognized.Wetesteddi� erentkinds
of visualizationtechniquesandevaluatedthesein termsof con-
trast, visibility of overlappingfeatures,stability (in movies),
etc.Beforewe startoverplottingboth imageseries,we try to
®nd thebestpossiblepresentationof bothimagesseparately.

4.1. Visualization of BBSO H� images

Although we are especiallyinterestedin the o� -disk region,
thestandardprocessingof BBSOH� dataaimsto maximally
enhancethe on-disk features.Thereforewe have to enhance
theo� -disk region intensitywhile theon-diskregion is left un-
changed.We de®nethelimb in theimagesasthecollectionof
pixels wherethe intensityequalsa certainlimiting value.All
pixelswith intensitiesabovethis valuearede®nedaslying on-
disk, while all pixels which aredarker belongto the o� -disk
region. The intensityof the latter canthenbe enhancedin or-
der to show all interestingfeaturesboth on ando� -disk. The
resultis shown in Fig. 3 (left), whereonly the region selected
in Sect.3 is depicted.The sametechniqueis usedto visual-
ize theH� imagein Figs.1 and2 (left), taken at a later time.
Notethatdueto the®xedintensityvaluesetaslimiting bound-
ary betweentheon-diskando� -disk region, somevery bright
o� -diskregionslike the¯areloopsshow (unphysical)intensity
jumps.

4.2. Visualization of EIT 30.4 nm images

Raw EIT shutterlessimagesshow a lot of noiseandartifacts
due to the telescope's aging and the peculiaruse of the in-
strumentduringa shutterlessprogram.Theunphysicalsmears
causedby the openshutterand the correspondingcalibration
techniquesare describedin detail in PaperI. Apart from the
smear, the sequenceshouldalsobe correctedfor the standard
contaminationsdueto theinstrumentitself. Sincethestandard
`EIT PREP'-program(availablein theIDL SolarSoftLibrary)
cannotbeappliedonshutterlesssequences,weusesimilar IDL
techniques,implementeddirectly into thecodewe designedto
read,calibrateandanalysethe seriesof images.The bestre-
sults are found after correctingfor missingblocks, ¯at ®eld
emission,tracesof thegrid, andaftertheapplicationof a ®lter
factorcorrection.Sincethe normal responsefunctionapplied
in EIT PREPis notadaptedto theextracomplicationsof shut-
terlessimages,we chooseto skip this correctionin order to
keepan optimal contrastin the imagesandmorespeci®cally
in the down¯ow region. The resultingEIT 30.4nm imageof
theselectedandco-registeredregion is shown in Fig. 3 (right).
As aconsequenceof theincompletecorrection,partof thegrid
structureis still visible o� -disk. Again the sametechniqueis
usedin Figs.1 and2 (right).

By comparingthetwo near-simultaneousimagesin Fig. 3,
severalsimilaritiescanbefound.In thenext subsectionwewill
study them in detail by overlayingboth imagesby meansof
di� erentvisualizationtechniques.

4.3. Overplotting both image series

A ®rst techniquewe useto visualizethe correspondencebe-
tweentheimagesis to overplottheBBSOdatawith 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 bothinstruments,like thedown¯ow
region, the ¯are loops and the prominenceo� -disk, together
with somebright regions on-disk, seemto matchvery well.
Nevertheless,contourstend not to show all the information
availablebecausecontourlinesaretoo far apart,while on the
otherhandadditionalcontourlines make the plots too messy
andare too overwhelmingwhenusedin movies (seeon-line
movie `eitoverbb-contour.gif ') . This visualizationtechniqueis
perfectto study the dataof one instrumentin detail with the
dataof theotherinstrument(in contourlines)asbackgroundor
asreference.However, whenthe full informationavailablein
thetwo datasetsis important,this techniquedoesnotsatisfyall
needs.

A secondtechniquewhichcanbeusedto overlaytwo sim-
ilar imagesconsistsin displayingeachimagein oneparticular
colour channel,for exampleone imagein red and the other
in green.In this way, featureswhich are only visible in one
of the two imagesshow up in the original colour of that im-
age,red or green,while overlappingfeaturesget a compos-
ite colour, yellow in this case.For this technique,it is impor-
tant that both imagesare displayedwith a similar brightness
to avoid thatoverlappingfeaturesarenot recognizeddueto a
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Fig.4. Left: H� imageof the o� -disk-loopregion at 17:54:45,over-
plottedby thecontoursof EIT 30.4nmat17:55:05.Thecontournorth
of the �aring loop correspondswith the downward motion in EIT.
Right: Idembut overplottedin colourcoding.

dominantbrightnessin oneof thetwo channels.However, the
width andpeakingof thewavelengthband®lteredby eachin-
strumentcancausecertainplasmatemperaturesor densitiesto
show up very brightly in the oneandquite weakin the other
image.Ononehand,this is anexcellenttool to extractinforma-
tion aboutthe characteristicsof theplasmawe areobserving.
On theotherhand,this complicatesthetechniqueof overplot-
ting sincesomefeaturesvisible in onechannelcouldbehidden
by their dominantbrightnessin the other channel.Therefore
theindividual imagesshouldneverbeexludedfrom theanaly-
sis.
Taking this into account,the resultsare very promising. In
Fig. 4 (right), we overplot the sameimagesasusedin Fig. 4
(left) but now in colour coding.Only for the visualizationof
theH� image,an extra tool is used.Apart from theenhanced
o� -disk region, the intensitiesin this region are shown with
the aid of the edge-detectionprocedureSobel. This means
that, insteadof showing the pixel intensitiesthemselves, the
largest gradients in intensity are detectedand marked by
bright lines. In this way the fairly weak falling blobs, mov-
ing along the PD-loop (seeSect.1) are better visible. This
techniquegivesvery good resultswhen usedin movies (see
on-line movies `eitoverbb-col1.gif' (with edge-detection)and
`eitoverbb-col2z.gif' (zoomed,without edge-detection)).

4.4. Comparison of down�o ws: blobs and speeds

As shown by the movies, the sequenceof down¯owing blobs
thatwas®rst seenin theEIT 30.4nm(PaperI) is perfectlyrec-
ognizablein theco-registeredH� images.This provesthatthe
phenomenonis indeedof chromosphericnatureandnotacoro-
nal contributionof theSixi line in theEIT bandpass.An extra
argumentto draw this conclusionis found by comparingthe
speedsof the blobsseenin EIT 30.4nm andH� . The speeds

of the EIT blobswereanalysedin PaperI andfound to form
a compactcloudof speedsincreasingfrom roughly40kms� 1

at the top of the loop (100 Mm) to about120kms� 1 nearthe
limb (seeFig. 7 in PaperI). Thesemeasurementsweredoneby
®tting theslopeof thebright ridgesshowing up in a location-
time plot (Fig. 6 of PaperI). In Fig. 5, a similar location-time
plot is made,now for H� . First we outlinethetrackthatmost
of the blobsarefollowing (seeFig. 5-left) andcollect the in-
tensityinformationof eachpixel alongthetrackandthepixels
in its directneighbourhoodfor eachframein thesequence.All
countsin a box of 5 by 5 pixelsaroundeachtrackpixel (span-
ning 5 arcsec)aresummedtogetherandusedto constructthe
intensitypro®lealongthetrackat time t. Thesetof thesepro-
®les for eachmomentin time arecombinedascolumnsin the
location-timeplot in Fig. 5 (right). Time is plottedon thehori-
zontalaxis.Sincetheoverallbrightnessof theplot waschosen
in orderto show asmany featuresaspossible,thebrightestre-
gionof theplot is saturated.Thereforewealsoincludeaclose-
upof this regionasaninsetin Fig. 5 (right).
When comparedto Fig. 6b of PaperI, this plot is limited in
time. The Big BearH� imagesareonly availablefrom 17:45
to 18:11which leadsto a restrictionto the so-calledblobs5
and6 seenin theEIT data.Thedownwardmovementof these
two blobsalongtheloop trackshowsup in Fig. 5 (right) asthe
two bright ridgeswith anegativeslope,runningfrom theupper
left cornerof the imageto the bottom(seelabelsB5 andB6
in the ®gure).Thereis alsoa limitation in spacebecausethe
blobsarenot seenasfar from the limb asin the EIT 30.4nm
images.Thereforea comparisoncan only be madewith the
speedsfound for the EIT blobs 5 and 6, and up to a height
around60000km abovethelimb.

By measuringtheslopesof eachridgeat several locations
alongtheloop(markedby thenumbersin theleft ®gureandthe
horizontalsolid lines in theright ®gure),we cancalculatethe
apparent3 speed(plane-of-sky speed)of theintensityvariations
ateachlocation.In orderto comparethespeedsof theH� blobs
shown herewith the speedsmeasuredin the EIT images,we
overplot the bright ridgesin Fig. 5 (right) with straightblue
lines which slopescorrespondto the EIT blob speeds.Each
line is centredon the locationwherethe speedwasmeasured
(theselocationsareindicatedby horizontaldashedlinesin the
®gure).As it is clear from this ®gure, theselines outline the
H� bright ridgesalmostperfectlywhichmeansthatthespeeds
measuredin H� andEIT 30.4nmmatchverywell.

Wealsoputthenewly measuredspeedvaluesonalocation-
speedplot (similar to Fig. 7 in PaperI). Fig. 6 shows themea-
suredspeedsof each̀ blob', in EIT 30.4nmandH� , at several
locationsalongthe loop. The locationsat which speedswere
measuredin the Big BearH� data(for blobs5 and6) arein-
dicatedby arrows at the bottomof the ®gure.Again thereis
a goodagreementbetweenthespeedsmeasuredin bothwave-
lengths.Theuncertaintiescloseto thelimb aredueto theoften
broadbaseof thebright ridgesin thelocation-timediagrams.

3 We write `apparent'since,taking into accountthe line-of-sight
projectione� ects,themeasuredvaluesareonly a lower limit for the
truepropagationspeeds.
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Fig.5.Left: Thetrackof theintensityvariations,outlinedin oneframeof theH� -sequence(at17:49).Right:Location-timeplot of theoutlined
track. The locationnumbersin the left �gure correspondto the numberedhorizontalsolid lines on the right. The horizontaldashedlines
correspondto the locationswherevelocitiesweremeasuredin theEIT images.Theslopesof theblue linescorrespondwith thesevelocities.
Theinsetshows a lessbright close-upof thebaseof blob 5.

: Blob       1

: Blob       2

: Blob       3

: Blob       4

: Blob       5

: Blob       6

: Blob       7

Fig.6. Themeasuredspeedsof each`blob' at several locationsalong
theloop.Thearrows point to measurementsdonein H� .

The co-registeredmovies and Figs. 5 and 6 show 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� erenttemperatures)areseenin bothwavelengths.

4.5. Comparison of down�o ws: blob appearance

Although the speedsof the blobs seenin both wavelenghts
matchvery well, theway theblobsshow up in both imagese-
ries is clearlydi� erent,asillustratedby Fig. 7. In four subse-
quentimagesthetouchdownof the®fth blobin theEIT shutter-
lesssequence(seePaperI) is shown, asobservedby Big Bear
SolarObservatoryin H� (top row), andby EIT 30.4nm (mid-
dle).Thebottomrow of imagesshowsbothimagesat thesame
time, overplottedusing the colour coding technique(without
edge-detection).Althoughweknow from Fig.6bin PaperI and
from themoviesthattheblobsareclearlyseparated,in theEIT
30.4nm imagesof Fig. 7 blob 5 seemsto almosthave merged
with thefollowingblobcomingdown.For thisreasonwhitecir-
clesaredrawn in theEIT 30.4nm imagespointingto theparts
relatedto blob 5 which thuscanbe comparedwith the bright
partof theloop in theH� images.Blob 6 doesshow up in the
H� imagesaswell, viz. in the imagetaken at 17:58:15UT, as
theweakbrighteningjustabovethebrightendof blob5 touch-
ing down at thesolarsurface(seealsoFig. 5).

It is clear from Fig. 7 that a few pronounceddi� erences
areseenin theappearanceof theblobsin the two datasets.In
general,the H� blobsaresmallerandmorecompactthanthe
bright plasmain EIT 30.4nm. Secondly, EIT 30.4nm shows
muchmorematerialhigherup ascomparedto H� . TheBBSO
H� imagesonly show blobscloseto thelimb, evenwhile some
blobs higher up are very bright in EIT 30.4nm. Apart from
thesegeneraldi� erences,Fig. 7 alsoillustratesa di� erentbe-
haviour in time:only in H� , theblobbrightensupwhile falling
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Fig.7. Touchdown of blob 5 in the BBSOH� images(top) andin the EIT 30.4nm images(middle).The white circle in eacheit304image
pointsto thepartwhich is relatedto thisparticularblob. Thebottomrow shows theoverplottedimagesin colourcoding.

down. In EIT 30.4nm,theblob's intensitydoesnotchangesig-
ni®cantlyandmostblobsevendisappearin 30.4nmbeforethey
touchthesolarsurface.

Sincethesedi� erencesmight reveala lot abouttheplasma
beingobserved,soundargumentsshouldbe found in orderto
explain thenatureof thedown¯ows.Thereasonwhy theblobs
in H� aresmallerandmorecompactthanin EIT 30.4nmmight
bethatEIT 30.4nmshowsplasmain amuchwidertemperature
bandthanH� . Only thecoolestpartsof theEIT blobsshow up
in H� anddueto theincreasingradiativelossin denserplasma,
thesepartsare likely to be the `cores' of the blobs (seealso
Sect.5).

The di� erencein intensityhighabovethelimb, on the
otherhand,couldhave severalreasons.First it couldbeanin-
strumentale� ect sinceBig BearSolarObservatory is not de-
signedto seeany featureso� -disk. By the contrastenhance-
ment techniquesdescribedin Sect.4.1, we were able to de-
tectsomefeaturescloseto thelimb but any featuresfurtherout
could still be hidden.This could also explain why the blobs
look brightercloserto thelimb.

Anotherreasonmightbethattheblobshighuparestill toohot
to show up in H� while they havecooleddown at thetimethey
nearlyreachthelimb. Thisexplanationis alsosupportedby the
fact that for several blobs,at touchdown, the footpoint shows
upbrightonly in H� andnot in EIT 30.4nm.
Finally, it is possiblethat cool blobshigherup in the loop are
not seenin H� becausethe loop structureis bendedat larger
heightsso that the line-of-sightvelocity of the blobscausesa
shift of theH� emissiono� -bandof thenarrow ®lter. Thishap-
pensfrequentlyin prominenceobservations.

The third importantdi� erence,the variationin theblobs'
intensitywhile falling down, couldbecausedby aninstrumen-
tal e� ect,asexplainedbefore,or by thee� ectof acoolingloop
(seeSect.5 for detailsandcoolingtimes).However, especially
closeto the limb, thevaryingintensityof theblobscouldalso
be causedby the so-called`Doppler-brightening' (in caseof
H� ) and `Doppler dimming' (Heii 30.4nm). Thesebright-
nesschangesareinducedby velocity-dependentvariationsin
theatomic-level populationsandconsequentlyin theradiation
intensity in the wavelenghthrangeof the instrument's ®lter.
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Heinzel& Rompolt(1987)showedthat thesee� ectscanplay
an importantrole provided that the vertical velocity is of the
order of 100kms� 1 or more and the density is not too high
so that the scatteringof the disk radiationdominatesthe line
sourcefunction.

Apart from thedi� erencesthereis alsoa remarkablesim-
ilarity betweenthe down¯ows in the two wavelengthbands.
Both imageseriesdo not show any brighteningor changein
the plasmaon-diskat the time a blob comesdown. Probably
theblobsfall down just behindthelimb andasa consequence
therealfootpointis invisible for thetwo instruments.

5. Interpretation of origin and nature of the falling
blobs

As discussedbefore,thebright blobsseenin EIT 30.4nm and
H� aremost likely dueto cool plasmaconcentrationsfalling
along magnetic®eld lines. A promising theory which could
explaintheorigin of thesemassblobsis theso-called̀ heating-
condensation-evaporationcycle', ®rst describedby Antiochos
etal. (2000)for aprominencecon®gurationandlaterextended
to coronalloopsby Müller et al. (2003).It is basedon thefact
thatamagneticloopwhichis predominantlyheatedat thefoot-
pointsbecomesthermallyunstableandrapidly coolsdown at
the apex. Due to the associatedpressuredrop high up in the
loop, plasmais evaporatedinto the coronalloop which then
coolsrapidlydueto alossof thermalequilibrium.Thecon®ned
region of “condensedºplasmasubsequentlyfalls down under
the e� ect of gravity in the form of a cool plasmablob. When
the massblob encountersthe transitionregion, it compresses
theunderlyingplasmaandis therebydecelerated.Finally, the
depletedloopreheatsand®lls upagainby chromosphericevap-
orationandanew cyclestarts.
This idea could easily explain the falling bright blobs seen
in 30.4nm. The numericalsimulationsof Müller et al. (2003,
2004),carriedout with a 1D implicit hydrodynamiccodewith
adaptive grid, indeedshow plasmacondensationsand high-
speeddown¯ows in (cool) coronalloops,usinga very simple,
time-independentheatingfunction. Dependingon the spatial
distribution of theenergy depositionin the loop, theevolution
is static,periodicor irregular. Sincethe non-equilibriumrate
equationsfor any desiredatomic speciesare solved simulta-
neouslywith thehydrodynamicequations,thetime-dependent
emissionof optically thin UV emissionlines can be synthe-
sized and comparedto the observations.Thesesimulations,
®rst performedin a loop of 100Mm, show a lot of similari-
ties with the observations(seeFig. 13 in Müller et al. 2004).
After thetime the loop needsto becomeunstablehaselapsed,
a condensationregion appearsat the loop apex. It grows and
fallsdown undergravity alongbothlooplegs(or alongoneleg,
dependingon thesymmetryof theloop,possiblesoundwaves
propagatingthrough,etc.).Whenthecondensationregion en-
countersthe transitionregion, it slows down or even bounces
back,beforeit reachesthe solar surface(z = 0). Compared
to our observations,the resultsof Müller et al. (2003,2004)
werevery encouragingin thesensethat the formationof such
high-densityregions was indeedpossiblewithout any time-
dependentdriving mechanism.On the other hand,the simu-

10.5

Intensity [relative units]

0

Fig.8. Left: Heii emissionin a loop of 300Mm (apex at z=150Mm,
only the left half of the loop is shown). Right: Line pro�les of Heii
in a 300Mm loop during the fall of thecondensationregion (MÈuller
et al. 2005).

lations mostly showed only one falling blob with a velocity
of 30-40kms� 1 which is lower thanthe observedones(up to
120kms� 1, seeFig. 6).
In a subsequentpaper(Müller 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 temperaturesfor
large active region loops. Applying the catastrophiccooling
scenarioto thesemoreappropriatemodelsrevealsthat the re-
boundshockscausedby rapid cooling processesin hot loops
can trigger further cooling events.The associatedcondensa-
tion regions,showing up assubsequentcool plasmablobs,are
initially travelling with almost free-fall speedand can reach
velocitiesof the orderof 100kms� 1 beforetheir deceleration
setsin in the lower regionsof the atmosphere.This is shown
in Fig. 8 wheretheemissionin theHeii line4 is plottedin or-
der to comparewith theobservationsin theEIT 30.4nm data.
In the left plot, which shows the emissionintegratedover the
spectralline pro®le, two blobsarevisible which follow close
to oneanother. The®rst blob wasformedoutsidethis plot and
movedslowly downwards(it ®rst appearsin theplot arounda
heightof 20Mm). Whenencounteringthetransitionregion,the
subsequentreboundshocktriggersanothercatastrophiccool-
ing processwhich forms a secondblob, visible in Heii at an
arclengtharound70Mm. This secondblob movesmuchfaster
andbouncesbackwhenencounteringthe denserpartsof the
atmosphere.In the right plot, the varyingvelocity of thecon-
densationregioncanbedeductedfrom theline pro®lesof Heii.
For this plot, theemissionis spatiallyintegratedover theloop-
half wherethe blob is falling down, assuminga view straight
from above.

The simulationsindeedgive a theoreticalexplanationfor
the intensity variationsseenin the EIT 30.4nm and H� ob-
servations.The cool blobsaremanifestationsof a rapid cool-

4 The emissionfor this plot is calculatedin an e� ectively thin
plasmawherethe radiative lossesareassumedto be entirely due to
collisional excitation followed by spontaneousradiative decay. No
scatteringis taken into accountwhich maya� ect theemissionin the
He II 30.4nm line.
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ing processwhich setsin without any time-dependentdriv-
ing mechanism.The fact that the blobs are ®rst seenin EIT
30.4nm,formingcloseto theapex, andonly laterin H� (which
hasa lower formation temperature)is a consequenceof this
coolingprocess.This ideaalsoexplainswhy theH� blobsare
seento brightenup while falling down. Quantitatively, the ra-
diativecoolingtime-scalefor a300Mm hotloop,coolingdown
from 2.5MK purelydueto radiative losses,is calculatedto be
about180minutes(seeEq. 3 in Schrijver 2001).For compar-
ison,thedown¯ow time-scalefor the fastblob in the300Mm
modelfrom the®rst appearancein Fig. 8 (left) around62Mm
to a heightaround10Mm wheretheblob is stronglydeceler-
ated,is 17 minutes.This provesthat themoving blobsarenot
simplycoolingfrontsmovingdownwards.(If oneconsidersthe
time-scalestartingfrom the blob's formation- the ®rst subtle
local maximumin the radiative losses- until the blob ®nally
drainsaround7Mm height,onegetsabout60 min (seeFig. 5
and6 in Müller etal. 2005).)
Finally, the train of subsequentbright blobscanbe explained
by rapid cooling processesin parallel loop structuresor by
reboundshockstriggering subsequentand often much faster
blobs.The location-timeplot of the EIT 30.4nm dataindeed
indicatessigni®cantdi� erencesin the speedsof subsequent
blobs.Thereevenseemto beeventswherefastblobscatchup
with slower ones(seeFig. 6 in PaperI), but furtheranalysisof
moredatasetsis neededto con®rmor rejectthis hypothesis.

6. Summar y

In this paper we studied in detail two high-cadence,co-
temporaldatasetsof o� -disk intensityvariationsalonga half
loop,takenat11July2001.The®rst imageserieswastakenby
EIT (in shutterlessmode)in a broadwavelengthbandaround
30.4nm, the secondwas taken from earthby Big BearSolar
Observatoryat thewavelengthof H� , � =656.3nm. Both data
setsshow bright blobs moving down at similar (increasing)
speeds.In order to comparethemin moredetail,we ®rst de-
signeda co-registrationtechniquewhich coalignsboth image
seriesasgoodaspossiblein spaceandtime(Sect.3). As anext
step,in Sect.4, severalvisualizationtechniquesweretestedin
orderto show bothtypesof imageswith maximalcontrastand
similarbrightness.In thisway, bothimageseriescouldbeover-
plotted in order to studysimilaritiesanddi� erencesin space
andtime.In thisparticularexamplethesecondtechniqueusing
colourcodingwasfoundto give themostsatisfyingresult.

Theseco-registration and visualization techniqueswere
thenusedto comparethebehaviour of theplasmablobsin the
EIT 30.4nm and the BBSO H� images(Sect.4.5). We con-
cludedthat the samecool plasmais seenby both instruments
but dueto di� erencesin thewidth of thespectralwindow and
consequentlyin the temperatureof the plasmaobserved, the
blobsshow up in adi� erentway in bothimageseries.

All resultssupportthe ideaof the bright blobsbeingcool
plasmacondensationsfalling undergravity. Themostpromis-
ing theory to explain the origin of the blobs is the `heating-
condensation-evaporationcycle' simulated in long coronal
loopsby Müller et al. (2005).Simulationsdonein loopscom-
parableto the PD-loopshow condensationregionsandhigh-

speeddown¯ows comparableto the ones observed in EIT
30.4nm andBBSO H� . However, more high-cadenceobser-
vationsof o� -disk coronalloopsareneededto con®rmor re-
ject thecatastrophiccoolingscenario.Thedistribution of blob
speedsasafunctionof heightabovethelimb shouldbestudied
andcomparedto thetheory. For exampleobservationsof blob
speedswhich are®rst increasingandthendecreasingcloseto
thesolarlimb, would strengthentheconceptof falling plasma
condensations.However, observations of blobs approaching
the limb at high speeds(close to free-fall) don't necessarily
rejectthis hypothesis;this could indicatethatpart of the loop
underneaththe falling blob hasbeenevacuatedby a di� erent
process.
Sincethe basisof the catastrophiccooling theoryis a contin-
uous(time-independent)heatingat the coronalfootpoints,an
extendedinvestigationcould give us importantinsight in the
natureof theheatingmechanism(s)actingin theoverallcorona.
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