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Abstract.

The Extreme ultraviolet Imaging Telescope (EIT) of SoHf@es a unique record of the
solar atmosphere for its sampling in temperature, fieldiefv, resolution, duration, and ca-
dence. To investigate globally and locally its topology @wdlution during the solar cycle,
we consider a multiscale approach, and more precisely wehasgavelet spectrum.

We present three results among the applications of suchceguee. First, we estimate
the typical dimension of the supergranules as seen in the 180. passband, and we show
that the evolution of the characteristic network scale mscat in phase with the solar cycle.
Second, we build pertinent time series that give the evautif the signal energy present in
the corona at dierent scales. We propose a method that detects eruptiongosdaring
activity in EUV image sequences. Third, we introduce a new twaextract Active Regions in
EIT images, with perspectives in e.g. long-term irradiamealysis.

Keywords: solar corona, chromospheric network, supergranule, fias;flare eruption, wavelet,
wavelet spectrum, scale, scale measure

1. Introduction

Since 1990, wavelets and related multiscale represengaliave been widely
applied in signal processing, and in particular in astrgptal data analysis.
In this paper, we use the Continuous Wavelet Transform, aore precisely
its wavelet spectrumalso calledscale measutéNe analyze individual EUV
solar images, as well as large time series thereof, sucheass fered by
the EIT/SoHO archive. The application of the scale measure to solagés
analysis was first proposed with early results by Hochesteal. (2002a).
Other type of wavelet transforms have been previously usedlar physics.
For example, Portier-Fozzaei al. (2001) use a Discrete Wavelet Transforms
and the ‘a trous’ algorithm. Their images analysis rewtdlielden structure
such as Coronal Mass Ejection formation and the evoluti@moofplex Active
Regions.

Below we present three applications that exploftedently the ability of
the scale measure to abridge the information present im Bokges. First,
we consider observations at 30.4 nm (dominated by He Il gomsand show
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that they exhibit a characteristic scale. Indeed, the gupeules of the chro-
mospheric network are visible in the He Il images (Reeve3619Vorden
et al., 1999). They have a size distribution which has bedhsuelied (Si-
mon and Leighton, 1964; Hagenaar et al., 1997; Meunier, 2D@8 Moro
et al., 2004; DeRosa and Toomre, 2004). The wavelet spedriatts this
structure, in the sense that for the scales close to the @nggpergranules
sizes, the scale measure has a maximum. It is of interesethcse the char-
acteristic scale, and hence the network cell size, evolvestbe whole solar
cycle (Meunier, 2003).

Second, we analyze a sequence at 19.5 nm (dominated by FenisBien)
when the Sun was active in early May 1998. The 1822024 pixel size
images are recorded every 12 minutes. In quiet periods, #velet spectrum
can be well fitted with a linear model; there is no charadierscale (Aletti
et al., 2000). However, during flares or post-flare eruptitims wavelet spec-
trum changes, and some characteristic scales may appeamedc fits are
successfully applied, providing scalar time series thedpéulate the activity
as seen by EIT in the given passband.

Third, we use a local version of the scale measure to segreiiiiage,
and in particular to extract automatically the active regio

The images analyzed here have been preprocessed usingritiarst
eit-prep procedure of thesolar software (sswhibrary. Unless stated other-
wise, we use the linedevel limages (which are photometrically normalized)
as input to our procedures.

This paper is organized as follows. Section 2 gives some basikground
on wavelet analysis, and presents the Mexican Hat wavedet inghis work.
Section 3 exploit the wavelet spectrum to extract a charniatite scale in
the 30.4 nm passband and to monitor its evolution over ther syicle. In
Section 4, we analyze a six day time series at 19.5 nm passhaoder
to detect flaring events. Finally, we explain in Section 5 hoveegment an
image using a local version of the scale measure. Sectionédisated to a
discussion and prospects for future research.

2. Background

2.1. GONTINUOUS WAVELET TRANSFORM (CWT)

Wavelet transforms have proved to be a useful tool for afradyztructures of
different sizes in a bidimensional signal. An image is a funcfianL »(R?)
which associates a value at a position. In practice, thistion is discretized
in pixel and DN. AL 1-normalized wavelet is defined as a functior L 1(R?)



that satisfies thadmissibility condition

C, = (zﬂ)zf 42K

wherey(.) denotes the Fourier transformwfand||x|| = (& + ... + x2)1/2is
the norm of a vectoR = (X, . .., Xn).

If ¥ € L1(R?) N L,(R?), this condition is equivalent to the fact thatis
localized around the origin and has zero-average:

|A_)

is such that < Cy < oo,

f W(X)d’% = 0. (1)
R2
A family of continuous wavelets is obtained by scaling amh&lation:
1 (%-b I
lﬂB’a(X)Zglﬂ(T), bER, aeR,

wherey Ba is now centered at Iocatldm and the scaling factor/&? ensures
theL ;—normalization ofw»

By convolving each of these functloﬂ% with the functionf, it is pos-
sible to exploref at different scales and locations:

Wi.a) = [ 1600 . @

wheresx denotes the complex conjugation.

Equation (2) defines the Continuous Wavelet Transform (CWVhich
acts as a mathematical microscope: waerelet coﬁicients‘Wf(Bo, ap) mea-
sures the component dfthat is proportional t@y and is located in a neigh-
borhood ofby. Equation (2) entails that if an imadecontains some structures
having a size close to the essential sup‘po’rt//ﬁao, then‘(Wf (b, ao)’ will be
large.

The wavelet functions posselNs> 1 vanishing moments if (Antoine et al.,
2004)

j“mmWffx R=(xy),0<a+f<N.
RZ

When a wavelet habl vanishing moments, its wavelet dheients are zero
whenever the signal is a polynomial of orddr— 1. This means that the
wavelet transform only detects the sharp features and Igintes such as
edges or ridges. It remains blind to the smoothest partseofitinal.

! The essential support of a function is defined as the supgmtervthe function is larger
than a given small value.



In practice, the convolution in (2) is computed using thé Fasurier Trans-
form. The discretisation of a function then imposes a mitiscale in order
to avoid numerical instabilities. Our first scale is highleart this minimal
scale; it is taken equal to one pixel.

2.2. \MAVELET SPECTRUM

Plancherel’'s formula can be applied to measure the energysanal from
its CWT:

2 _ 2 o, 1 2 2da s
||f||2_fR2|f(x)| d'X= & IRZXRe]wf(b,a)] B,

SN e
The term|'W;(b,a)|] must be seen as an energy density in the wavelet space.
Let Q be the domain of interest (in our application, it will be eitha part

S 2 _
or the whole solar disk). Integratirjg¥+ (b, a)‘ overQ gives thescale mea-
sure(Antoine et al., 1998) owavelet spectrum

(@) = fg wid.a) . 3)

In Section 4 and 5, we demonstrate that the scale measuresatioe to
separate diierent types of activity in the EJBoHO images.

It is possible to compute analytically the scale measure fahite noise
random procesgX;} having a standard deviatian. Indeed, by the Wiener-
Khintchine theorem (Kittel, 1958; Torrésani, 1997), weWrthat the wavelet
codficients of such a noisy process have a standard deviatimhtelﬂu%’a L=

lv1l,_, o/a. Since the integration of the wavelet ¢beients ovelQ is equal to
zero, the wavelet spectrupa(a) in (3) can be seen as the variance of the
wavelet coéficients. It follows thaj«(a) is proportional to:

2 02

u@ = v}, .

Hence if an image is essentially white noise, then for any QWifh L;-
normalization, the scale measwé) follows a power law with index equal
to-2.

2.3. MexicaN HAT WAVELET

Features present in EIT images, such as the chromosphasionkén 304 nm,
the quiet Sun or Active Region (AR) in the solar corona, caafy@oximated
as a superposition of Gaussian peaks fitdént sizes. For this reason, we use
in our subsequent analysis the Mexican Hat (MH) wavelestiam, since it
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provides an optimal filter for detection of Gaussian peak&/dnnoise (Sanz
etal., 2001). The Mexican Hat wavelet and its Fourier trammsfare both real
and have an analytical expression:

w9 = (2= [47)exo(- 47 12) T = 2x K exo(- K] 12) @
The MH wavelet is the second derivative of a Gaussian, andehpos-

sess two vanishing moments (Antoine et al., 1998). It isiptessso compute
analyticallyu(a) if the signall (X) is a Gaussian peak with standard deviation

7 centered ab = O:
2 211 =12
— - A
) )

272 (@) = Zexp| ——5

[(X) = 2:;2 exp[

whereT(J)) is the Fourier transform df(X). By the convolution theorem we
have o A2
((2\7(a2)1242 2 a
u@) = [ @iEafes = ootas ©
The maximum ofu(a) is attained foramax = V27: we say that there is a
characteristic scaleat V2r. Intuitively, this means that the shapeyf,
follows as closely as possible the functit{ix).

Sinceu(a) is a squared quantity that often follows a power law as véll b
shown in our applications, we took the convention of reprisg Iog(\/@) =
}logu(a).

Figure 1 illustrates the behavior pfa) on a signal composed of Gaussian
peaks having a standard deviatios 20 and a unit amplitud@. The signal is
also perturbed by Gaussian white noise having a standaratidew- = 0.01.

It is clear that the scale measure separates the featuresnprat diferent
scales: at small scales, the decreasing sloédag(u(a)) represents the white

noise background, whereas the maximura at V27 indicates the presence
in the signal of the Gaussian peaks.

3. Time evolution of the chromospheric network size

The 30.4 nm passband of EIT is dominated by He Il emission bod's the
chromospheric network. In this section, we computeharacteristic scale
amax associated to the network, that is, the scale for which theeleaspec-
trum u(a) is maximum. We indicate how this particular scale can bateel
to the size of the network cell, and show its evolution overgblar cycle.
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(a) Signal (b) Wavelet spectrum

Figure 1. (a) Signal composed of 5 Gaussian peaks=( 20,A = 1) on Gaussian white
noise witho = 0.01 (b) Graph of log{(a)?) versus log&), wherea is the scale ang(a) is
the wavelet spectrum. At small scales the white noise givdscaeasing wavelet spectrum
(with slope close te-1), whereas at larger scale the wavelet spectrum presengianan at
log(r V2) = log(20V2) = 3.32.

3.1. GiARACTERISTIC SCALE IN EIT 30.4NM IMAGES

In this study, the scale measur@) is computed by integration over a digk
centered at the center of the Sun, and having a radius equEbRg, R,
being the solar radius. This choice ©f limits the distortion (or shorten-
ing) of the network’s size due to the projection of the solainese on the
two-dimensional plane of the sky. We choose the valliR because the
projection then induces a bias always smaller than 15%,wikicomparable
to other approximation errors. Indeed, the observed ctexistic scale vari-
ation exhibits instantaneous fluctuations of the order éb16ee Figure 4.
These fluctuations result from the method (finite grid of esa) scale plate
variation), and from possible intrinsic solar variability

The imagelsp4 in Figure 2(a) represents the58; solar disk taken on
January 2, 1997 in the 30.4 nm channel. The correspondirlg st@asure
exhibits a maximum at 10@{ax) = 1.26, i.e.amax = 3.53, see Figure 3.
Figure 2(b) displays the MH wavelet déieients at thecharacteristic scale
amax that isW,,,,(3.53, b). As explained in Section 2, the wavelet fogient
of a functionf will be maximum when the corresponding wavelet follows as
closely as possible the shapefofThis is exactly what happens in Figure 2:
the image given by the CWT at the characteristic scale revaakisely the
contour of the network cells seen in the original image. Relwe define
(somewhat loosely) theetwork sizas the average between the cell diameters
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(the cell interior appears in dark in EIT images like Figu(a)?, and the cell
junction thickness (these junctions are shown in brightlifi iEhages). With
this definition, we can say that the characteristic scalegyan indication of
the network size.

The essential support diameter of the MH wavelet beiag.4 and the
EIT pixel representing 1.800 Mm at the Sun (Auchére and atz2004),
we can estimate the network size diameter asaax X 1.8 Mm, and its
surface asr (2 X amax X 1.8)2 Mm?2. With the above valu@max = 3.53, we
obtain a diameter of 28 Mm (and a surface of 507 Mfh Those values are in
good agreement with published values (Simon and Leight®®4;1IMeunier,
2003; Del Moro et al., 2004; DeRosa and Toomre, 2004) of netwell
dimensions. For example, Simon and Leighton (1964) fouliddeameters
that range between 20Mm and 50Mm, whereas Del M. (2004) reports
a mean cell diameter of 27Mm for some images taken in 1999.

(a) 0.8, solar disk (b) CWT at characteristic scale

Figure 2. (@) 0.3R, solar disk observed on January 2, 1997 in the 30.4 nm passkiand
Mexican Hat Continuous Wavelet Transform (CWT) of the lefage computed at the charac-
teristic scal@max = 3.53 pixels. The CWT is maximum at that scale because the gamneling
wavelets have a size close to the one of the network.

3.2. EVOLUTION OF THE NETWORK SIZE OVER THE SOLAR CYCLE

We now analyze EIT 30.4 nm images taken during a period of rsyé&@m
January 1, 1997 up till September 5, 2004, at a cadence ofwengei every 5
days. All 595 images have 1024.024 pixels and do not contain any missing
block. Our interest lies in studying the time evolution o tetwork size over
the solar cycle by means of the characteristic scale datedhin the previous
section.
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Figure 3. Scale measure of the image on Figure 2(a) in log-log scale.raximum value
of u(a) is reached afn.« = 3.53, leading to a typical network cell area-0f500 Mn?. See
Section 3.1

Before computing the scale measure, it is necessary toedtiactfect of
the Active Regions as seen in 30.4 nm. Indeed, these larghbtlsiructures
produce a linear trend in the scale measure that can wipé@ubharacteristic
scale. Hence in each image, the pixel values that are hidiaer & given
constant threshol@* are replaced by *. This means that Active Regions are
replaced by a constant value for which the corresponding @3\#€ro, and
thus their contribution to the scale measure is null. Thae/&F was chosen
to reduce the impact of active region(s) pta), while leaving untouched
the Solar Minimum images. The optimum was found to be 400 ©Nin
photometrically normalized images, and it is th8@-th quantile of the last
image in our data set.

After this preprocessing, we compute the Mexican Hat CWhefwhole
image, using 60 scaleswith values between 1 and 20, regularly spaced on
a logarithmic scale. We compute the scale meag(@g as in Equation (3)
using as domaif the solar disk of radius.BR.

We are interested in a characteristic saglgy that lies within the range of
values [15; 7.5] pixels, that is, that corresponds to a network size betanip
[10.8 Mm;54 Mm]. However, several images do not show anyattaristic
scale within this range. This happens for example when & |Af§ covers
most of the domai. In this case, it is not possible anymore to extract an
indication of the network size. Consequently, our algonitignores these
images. Out of the 595 images treated, 45 do not exhibit aayackeristic
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scale within the given range. Most of these images dates 2001, during
the solar maximum.

Figure 4 represents the evolution of the network size diamever a
period of 7 years, together with a nonparametric fit (FrieaE984) of
this evolution. We displayed here only the 550 diameters fadés within
the range prescribed above. Note that in this analysis wadidorrect for
the varying distance between the SoOHO mission and the Sdeeth the
corresponding approximation error is of a few percent, wagour observed
quantity (the characteristic scale) varies by a factor 2.

Figure 4 shows clearly that the network cell diameter ineesdrom solar
minimum to solar maximum, with peaks in 2000 and 2002. After $olar
maximum, this diameter decreases. Note that the two peaksiis¢he non-
parametric fit of Figure 4 should not be taken in too strictrzsse Indeed, in
2001 several images were excluded from the analysis becauskaracter-
istic scales were found within the desired range. Hence dn@arametric fit
may slightly underestimate the actual values in 2001.

These results are in concordance with the analysis of MeaniMDI/SoHO
magnetograms (Meunier, 2003), which also shows that theamktcharac-
teristic size increases as the Sun reaches its period ohmahactivity.

50
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Figure 4. Time evolution of the estimated network size diameter in Mrhis diameter is
computed asimax X 4 x 1.8, wherean,y is the characteristic scale computed from the scale
measure. The network size increases from solar minima & stxima.
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4. Global scale measure analysis for detection of flares

We now consider a coronal data set constituted of a highemcadsequence
taken by the EIT telescope in the 19.5 nm passband (domirgtéee Xl
emission) from 1 May 1998 up till 6 May 1998. As before, imagenfat is
1024x 1024, with no missing blocks. The sampling time is in genefdl2
minutes. However, if an image contains some missing blatks,omitted
from the analysis, hence it occurs that the sampling time agenthan 12
minutes. During these six days there were two periods thigited 51512
rebinned images. Hence no 1024024 images have been recorded on May
1 between 12:25 and 16:53. There is again such a gap betwezhdiBMay

2 and 16:34 on May 3.

This particular data set was chosen for its high solar dgtmontent: it
contains two X-flares, four M-flares, 25 C-flares and 16 B-#a® recorded
by the soft X-ray flux monitor (Bornmann et al., 1996) abodre GOES-8
satellite. Our aim here is to analyze the wavelet spectrumnwiis dfected
by the presence of bright features. Before proceeding twéwelet analysis,
we found it useful to first pre-process the images in ordeetoave most of
the cosmic rays hits.

4.1. DeTECTION AND REMOVAL OF COSMIC RAY HITS

To remove cosmic ray hits (hereafter CRH), we modified theréitlygm pro-
posed in (Hochedez et al., 2002b; Antoine et al., 2002; J=x;d2004), so as
to decrease the probability of removing solar featureshsgcbrightenings
or loop footpoints).

The method detailed in Jacques (2004) proceeds as follovadirst stage,
the noise level in the image is estimated locally using a arefliter. CRHs
will belong to the set of points (denot&) that exceed several times this noise
level. As such, the sé& contains many solar features. In a second stage, a
local Holder regularity analysis selects points that areourelated with their
neighbors. Those are less likely to represent solar stegthe algorithm
considers that these pixels have been hit by cosmic raystequalces their
values by a median over a small neighborhood of size3® The method
iterates over these two former stages.

The above algorithm correctly detects most CRHs, but stdigers on
some solar features. Indeed, given the good Point Spreactieur{PSF) of
the EIT optics, point like solar structures can be uncoteelavith their neigh-
bors, and therefore mistakenly categorized as CRHs. Tipigdres especially
in the ARs or close to the limb. To prevent the algorithm freamoving solar
features, we assume that a CRH will rarely appear at the saca¢idn on
two consecutive images. On the contrary, small solar abj@ety live longer
than 12 minutes at a same location. Our modification considtsoking at
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Figure 5. Example of a linear trend of lgga) corresponding to the image taken on May 4,
1998 at 03:03.

two consecutive images (taken 12 minutes apart). If a dsdle€CRH appears
in two successive images, then it is considered &&see CRH and is not
removed from the original image.

4.2. DETECTION OF FLARING ACTIVITY IN THE 19.5NM PASSBAND

In this section, we analyze than-discpart, denoted2*, of the EIT images

in the 195 nm channel that represents the solar corona. The on-dittspa
defined as the disk centered on the Sun and having a radiutedu@5R

(in order to avoid edgeffect at the limb). The scale measure is computed by
integration oveQ)*, and we now study its behavior in detail.

4.2.1. Log-linear behavior of the scale measure

In the absence of flares, the wavelet spectrum of a solar admage typi-
cally behaves approximately like a power law (Hochedez .e@D2a), that
is:

1
51091(a) = o +p1loga+e, (7)

wheree represents the statistical error in the model. This errooawts for
the fact that the values @¢fi(a)} computed from the images do not lie exactly
on a straight line when represented on a log-log scale. &i§ushows an
example of a data s@ibg(a), log(u(a))} that follows approximately a straight
line. It gives an indication of thautosimilarityshown in the solar corona, in
the sense that the wavelet spectrum is always steadilyasicrg.
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We now look at a subset of 44 images taken on May 4, betweerd 03:0
and 15:00. During this period, no flare was recorded. For éaelge, we
compute the wavelet spectryaga) and we estimate the parametess, 1)
of its log-linear fit (7) using the least squares (LS) methad. (ﬂo ,81) denote
the resulting LS estimate. We also evaluate the goodnesshyf éiomputing
the R2—statistics, which is defined as the ratio between the vagiarplained
by the mode% logu(a) = Bo + B1loga and the total variation of the original
data set. ArR? = 1 means that the model fits the data perfectly (that is, in
case of model (7), that the poinfi®g(a), log(u(a))} lie exactly on a straight
line), andR? = 0 means the model is totally inappropriate (Chatterjee and
Hadi, 1986). _ .

Figure 6 displays the time evolution of the intercgpt the slopess, and
the goodness of fiR? for these 44 images. Note that tR& is always larger
tAhan 095, indicating a good linear fit. It is interesting to notettﬁa and
B1 evolve in opposite ways: the larger the intercept, the snalie slope.
Figure 7(a) identify more precisely this relationship beéw intercept and
slope, that is, it shows the linear least squares estimategties through the
points{(B81,Bo)}. This linear fit on Figure 7(a) follows the equation

Bo=487-26%;. with R - statistics= 0.87 (8)

By putting equation (8) into the modelSlog(u(a)) = Bo+p1 loga, we see
that at the scale log{) = 2.69, we have}- log(u(a*)) = 4.87. In other words,
the energy at the scadé = exp(269) ~ 14.4 pixels~ 26.5Mm remains more
or less constant across time, even though the energy legehait scales is
subject to variations. Figure 7(b) illustrates the fact titacan be seen as a
“fixed point” scale. The origin of this fixed scale is not yetienstood, and is
a subject for future research.

4.2.2. Log-quadratic behavior of the scale measure

In the presence of flares the dynamicg.(d) changes: when the flare domi-
nates the image from a signal energy point of view, it createlsaracteristic
scale;u(a) exhibits a maximunwithin (and not at the boundary of) the range
of values ofa = 1,...,20. The data (log, % logu(a)) are then best fitted
using least squares method for the quadratic model

1
510g4(8) = o + y110ga+ y2(log a)?’+e, (9)

where o, v1, y2) are the parameters of the model, arisithe statistical error.
In fact, a small quadratic component is always present iretoéution of
logu(a), as can be noticed from Figure 7(b). However, we need a todét
cide whether this quadratic component may be neglectedtobo proposed
method is as follows. We fit the linear model (7) to the datg(@h log(u(a)))
using the least squares method, and we compute the resBftirgjatistics,
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Figure 6. Estimated intercep?o and slopeﬁl together with theR?-statistics for the 1% nm
images taken on May 4, 1998. Note how the intercept and shoglees in opposite directions.

denotedRﬁn. If R,Zin > 0.95, we consider that the model is linear (quiet sit-
uation). On the contrary, iRIZin < 0.95, we compute the parameters of the
quadratic model (9). If th&2-statistic for this quadratic model is superior to
0.9, we consider the model (9) to be satisfactory, otherwiseanelude that

0

Intercept B
0.5 log p(a)

=

3585 L L
024 026 028

3
032 034 0.36 35

03
Slope Bl

Figure 7. (a) Intercepﬁo as a linear function of the slopﬁg (b) First 10 scale measures of the
May 4, 1998 series. The vertical line indicates the saal@here all the images have a similar
value ofu(a).
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Year 1998

Figure 8. Values ofRZ for the series of May 1998 in the 19.5 nm passband of EIT. Diaino
‘¢’ indicates thafR2 < 0.95, whereas a sta¢” stands for cubic shape. The dashed (resp. con-
tinuous) lines represent the beginning of an M-flare (resflabe). The dotted lines represent
B- or C-flare activity (flare itself or post-flare eruptionpuglly seen in EIT image.

the data follows a model of higher order. This selection ofaleh (linear,
quadratic, higher order) based on the value ofRhestatistics is appropriate
to our situation since the data $kig(a), log(u(a))} contains little noise.

Figure 8 represents thﬁzm values for our data set. Therein, the detection
of a quadraticu(a) is indicated by a diamond ¢*). Only one image had a
cubic scale measure; it is represented by a stédy. (Ve look at the corre-
spondence between a quadratic behavior of the scale meastie and the
occurrence of flares recorded by the GOES X-ray sensor. Véews that
M-flares and above are always related to a quadratic beha¥ittre scale
measure.

First, the vertical dashed (resp. continuous) lines on Heid@irepresent
the beginning of an M-flare (resp. X-flare). Every time thesean M- or
X-flare, it is detected by our method. Indeed, these stromggetic events
produce a clear characteristic scaleuif@). Second, fainter events are also
detected. A visual inspection of the images having a quiadb&thavior of
u(a) shows either the presence of a flare, or of a post-eruptitwitacThe
dotted vertical lines in Figure 8 indicate the time of eveeither flares or
post-flare eruptions) that correspond to GOES X-ray evestiscted by our
method.

Figure 9(a) shows the snapshot of a post-flaring activitpnésd on May
1 at 18:36. From GOES records, the corresponding C-flaredeatd#8:17.
After the flare there was probably a magnetic reconnectiablggd by our
technique, followed by the eruption of a filament. The dethithe region
that produces a B-flare on May 5 at 00:20 is represented inr&ig(b). It
is this region that produces the characteristic scale, andehthe quadratic
behavior inu(a). Note how the scale measure is sensitive to localized svent
like flaring. This is due to the fact that the CWT itself is lbzad, and aims
at detecting discontinuities in the signal. Hence a brigiglian results in a
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high value of the wavelet céigcients present at the location and scale of the
bright event. In other words, due to the localized natur&éei@WT, the scale
measure is more reactive to local features than, e.g. thé $om or total
variation time series.

Figure 8 shows two anomalous images, i.e. false positivésctien of
flares. The image recorded on May 3 at 17:35 shows a quadmtipanent
without any flaring event: here the quadratic component ifaah created
by a cosmic ray that was not filtered out by our preprocesstimglly, the
cubic behavior detected on May 6 at 15:13 is due to a smalhbrigion in
a magnetic loop that perturbs the linear trend of the scaksuare.

(a) Post-flare (b) Flare

Figure 9. (a) Post-flaring activity recorded on May 1 at 18:36. (b) Efd &-flare recorded
on May 5 at 00:20

All the B- or C-flares recorded by GOES do not necessarily lzageun-
terpart in our detection using the global scale measures iShdue partly to
the limited cadence of EIT images, and partly to th&edence in wavelength
ranges (EUV versus XUV) of both instruments. Indeed, thdystf Bergh-
manset al. (2001) shows that there is not always a one to one correspoade
between events observed in the XUV (such as the SXT teleswopmard
Yohkoh) and in the EUV.

Since nearly all the scale measures show a good quadratiidiitre 10
summarizes the six days time series using the estimatedria®ptersyo, v1,
v») of the quadratic model (9). A bright solar event (flare ortgtase erup-
tion) will create a characteristic scale, that is, a maximom(a), and the
corresponding value 6f, will be negative. On the other hand, a cosmic ray
willinduce a lot of energy at small scale, and may create digig behavior
but with a positive square component, as it is the case fanthge taken on
May 3 at 17:35. Note also the value of the slgpe which is close to 0.5:
u(a) is essentially proportional ta.
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0.5log(u(a)) =y, +v, log(a) +v, log(a)®
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Year 1998

Figure 10. Intercepty,, slope componeny,, and quadratic componemg for the 195 nm
series. Diamond¢’ indicates thatR2 = < 0.95, whereas a star” stands for cubic shape.
The continuous (resp. dashed) lines represent the begiohian X-flare (resp. M-flare). The
dotted lines represent B- or C-flare activity (flare itselpost-flare eruption) visually seen in
EIT image.

5. Local scale measure for image segmentation

In this section, we propose a method to segment the solabdstd ortocal
scale measures. Other works on segmentation include Weitdain(1999),
where the authors present a simple method for segmentidgnd®.images.
The aim is to study the respective contributions of thedent structures
(plage, enhanced network, active network, quiet chromag)to the solar
He Il irradiance. Although the authors present a good mudimafor doing
segmentation, their method is somewhat ad hoc; in partitéaparameters
used for segmentation are derived by trial and error. Sitgiléleselovsky and
Zhukov (Veselovsky et al., 2001; Zhukov et al., 2002) stddie contribution
of AR, Coronal Holes and Bright Points to the total intensgen in EIT
images.

Our method is based on the fact that AR and Quiet Sun h&Vereint
local scale measures. A clustering method allows to comegains having a
similar evolution of the local scale measure, and therefeble to separate
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regions of diferent activity. We first present our algorithm, and theexaft
show its performance on two particular examples.

5.1. ALGORITHM FOR SEGMENTATION

LetT = 33 be the diameter pixel size of the circular region useddonguta-
tion of the local scale measure. Our treated images have QD24 pixels.
For each locationi situated at least at a distanté2 from the border of the
imagel, we perform the following operations:

1. Construct a small circular regicmg of diameterT centered afi.

2. For arange of scalese [1, 3], compute the local scale measure as

- 2 -
pr(,a) = f w62 B
Dg

3. Estimate the parameterg](,. 5] ) and compute th&?—statistics (de-
noted %)) for the linear model

logut(,8) = By 4+ Br4loga+e.
Let,f% d andii’\lr 4 denote these least squares estimates.

Given the diameteT = 33 pixels, the maximum scal"®* = 3 is cho-
sen so that the circular regidhg may contain the essential support of four
wavelets at scal@™® without overlapping.

As a result of the operations described above, we obtain Baeatf size
992 x 992. On these matrices we apply a mask in order to retain tmly t
on-discpart, similarly to what is done in Section 4. For a given lawmati, the
behavior of B1 ., AT .. (R})]) will be different depending on whetheties
within an Active Region, inside the Quiet Sun, or close to snaic ray hit.

Our proposed method consists in grouping the valugslof.(81 . (R)T)
into homogeneous clusters. Note that the data set usedj&'tedhg is quite
large: it consists o& 4.10° locationsi (or ‘observations’ in statistical terms)
having each 3 componentgg(j, Elru’ and Rz)g). Hence, amongst the set of
clustering methods proposed in the statistical literatweused the CLARA
method of Kaufman and Rousseeuw (Kaufman and Rousseeu, 380yf
et al., 1997), since it is precisely designed to deal witgdadata sets. The
CLARA method uses a partitioning of the database into a s&tadiisters,
wherek needs to be specified by the user. Each cluster is represbpted
one of the objects in the cluster (called ‘medoids’), andatyorithm aims
at finding the partition that minimizes the sum of distancenveen a point
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and its medoids. The procedure also gives as output a quradiex (called
the ‘isolation’ number) that reflects the strength of thestdung. Hence in
the figures, the clusters are numbered as follows: the clastmber 1 has
the highest quality index, the cluster number two the sedoglest quality
index, and so on.

5.2. SGMENTATION OF A TRANSITION REGION IMAGE

We first tested the segmentation procedure on two 30.4 nmeg)ame be-
ing taken in 1996 in period of solar minima, and the seconddi@02during
maximal activity of the Sun. We tried the partitioning metdhgsing 2, 3, and
4 clusters. As expected, the 3rd and 4th clusters are nieigliginly two large
sets of points are detected by the method: one corresporttie &R seen
in 30.4 nm, and the second to the network, see Figure 11. Timpaxdson
between Figures 11(b) and 11(d) shows that the proportiokRofs higher
in period of maximal activity. Hence this method could beduss a basis
for automatically monitoring the proportion of the solasklithat contain
active regions in the 30.4 nm passband. Similarly to the vad/ordenet
al. (1999), the aim would be to understand how thiedent structures seen
in He Il contribute to the solar irradiance and its varidili

5.3. SGMENTATION OF A SOLAR CORONA IMAGE

The images of He Il could rather clearly be decomposed intwari& and
active regions. The situation is more complex in the caselaf €orona im-
ages, since these contain Active Regions, Quiet Sun, anch@bliHoles that
do not have clear mutual boundaries. As before we perforimedltistering
method using 2, 3 and 4 clusters. We found out that the Quiete®d the
Coronal Holes are grouped into one cluster. As we increasentimber of
clusters in the segmentation, the CLARA algorithm divideshright regions
and leaves untouched the Quiet Sun and Coronal Holes. Fli@usbows the
partitioning of two 19.5 nm (Fe XlI) images using 3 clustédnie image was
taken during solar minimal activity, the other in period ofess maxima. In
both images, the first two clusters corresponds to brighibnsg the cluster
2 contains the Active Regions and magnetic loops, and treeslll groups
the points close to the Active Regions that are relativelgtir The cluster
number 3 represents the Quiet Sun and Coronal Holes, anddwasraquality
index (i.e. is less well separated) than the first two clgster

The method proposed in our paper could be usegutonomouslheval-
uate the surface covered by active regions, and to also ssiéigV irradi-
ance issues. Moreover, image segmentation procedureg i develop-
ment of new tools for long term studies equivalent to bugedfhgrams. A
pre-processing that removes the strongest cosmic raysasutie one de-
scribed in Section 4.1 would probably improve the perforogatiowever, it
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0

(a) 304 nm image in 1996 (b) Segmentation of (a) in two clusters

2

0

(c)304 nm image in 2000 (d) Segmentation of (c) in two clusters

Figure 11. (a) On-disc part of an 3@ nm EIT image recorded on December 22,1996. (b)
Result of the CLARA partitioning on the values of the linedraind R?—statistics of local
scale measure. The two clusters shows the Active Regiorsigla) and the chromospheric
network (Cluster 2). (c) On-disc part of an.80hm EIT image recorded on August 03, 2000.
(d) Result of the partitioning method of the image in (c) gsiwo clusters. Again, Cluster 1
identifies the AR and Cluster 2 the network.

is important to keep solar features untouched during thésadjpn. The fact
that the Coronal Holes cannot easily be separated from thet Qun may
be due to the fact that both structures are relatively homagg compared
to ARs. In order to improve the performance of the segmematjuadratic
components of the local scale measure will be used in fukgearch.
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0

(c)195 nm image in 2000 (d) Segmentation of (c) in three clusters

Figure 12. (a) On-disc part of an 18 nm EIT image recorded on December 22, 1996. (b)
Result of the partitioning method on the values of the irtptcslope andR? statistics com-
puted from the local scale measure of the image. Cluster aufihteveals the relatively bright
areas close to the AR, whereas the cluster 2 shows the aetjies together with regions that
contains cosmic ray hits or brightenings. The quality indethese two clusters are close. The
cluster 3 groups together the Quiet Sun and Coronal holg®r(disc part of an 19 nm EIT
image recorded on August 03, 2000. (d) Partitioning of thagenin (c) in 3 clusters: Cluster
number 1 reveals the areas close to the Active Regions tadiraghter than the Quiet Sun,
cluster 2 represents the active regions and some cosmidgtsagpind the Cluster 3 delimits the
Quiet Sun together with the Coronal Holes

6. Discussion

In this paper, we have shown three applications of the wagglectrum in
the analysis of EITSoHO images. The wavelet spectrum allows to follow the
evolution of the chromospheric network size, to detect laaed to separate,
e.g, Quiet Sun and Coronal Holes from the Active Regionssg& pomising
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results stimulate further investigations. We now discuss possible exten-
sions of our work.

In the 304 nm passband, we are working towards an approximation of the
network sizedistribution using the scale measure. It will be of interest to see
how this distribution evolves over the solar cycle.

In the 195 nm passband, a higher cadence of images would make it pos-
sible toforecasteruptions. Indeed, we empirically observed a small in@eas
in scale measure at the smallest scale before a large eruptourred. We
conjecture that the scale measure reveals unresolved mies@othat could
be interpreted in the framework of resistive MHD .

Finally, we only showed two applications of the segmentatiban image.

In order to separate more precisely an image into Quiet Sativé\ Re-
gions, Coronal Holes, Filamepf&ominences, etc,..., it might be necessary
to use the local scale measure on data acquired simultdgeatugarious
temperatures. The AIA instruments of the SDO mission witep such a
possibility.
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