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ABSTRACT

Aims. We have analyzed the contrast of facular features identified in a large dataset of PSPT full-disk photometric images and
SoHO/MDI magnetograms, obtained from 1998 to 2005. The aim of this work is to contribute to the improvement of semi-empirical
atmospheric models and of irradiance studies and to understand the reasons for the controversial results of facular contrast already

presented in the literature.

Methods. We used different identification methods to analyze their effects upon the results obtained. We also analyzed the effects of

the limited information content in the analyzed images.

Results. We show that selection effects associated with the identification method may produce significant differences in the results.
The facular contrast is not only a function of both selection methods and the heliocentric angle, but also of feature size, activity
level, and content of the analyzed images. Comparisons of the results obtained with computations of the most recent semi-empirical
atmospheric models of facular features show that these models reproduce limb-angle corrected contrast measurements with an offset

up to ~1% from the disk center to p = 0.3.
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1. Introduction

The space-based measurements of solar irradiance variations
obtained since 1978 have been recently reproduced by using
one-dimensional time-independent semi-empirical atmospheric
models of solar features and observed properties of the mod-
elled features, specifically the fraction of solar surface covered
by a given feature at any given time (Krivova et al. 2003; Penza
et al. 2003; Fontenla et al. 2004; Wenzler et al. 2005).

These reconstructions use complementary approaches and
are different in a few aspects, e.g. the number and the temper-
ature structures of the atmospheric models adopted in order to
compute the brightness of the observed features, the spectral
synthesis program employed, as well as the data used to iden-
tify features of the quiet and active sun. Notice that the compar-
ison between reconstructed and measured irradiance variations
show that more than 90% of the measured variance is explained
through these models (Solanki & Krivova 2004). However, both
the unexplained variance and some shortcomings of the models
presented show that further work is required. In particular, semi-
empirical models describing bright regions should be improved
(Fontenla et al. 2004; Penza et al. 2004).

Facular regions are the photospheric, small bright patterns
around dark sunspots and in the remnants of active regions, orig-
inally discovered near the limb in full-disk white light images.
Co-spatial chromospheric regions observed in the Call K spec-
tral range are bright as well. The connection of facular regions to
strong magnetic field was stated by Chapman & Sheeley (1968)
and Frazier (1971), while their sub-arcsecond resolution imaging
was obtained by Dunn & Zirker (1973) and Mehltretter (1974).
Starting from earlier photometric studies (Richardson 1933),
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facular contrast' has been reported by negative, zero, or positive
values near the disk center. There are controversial results for the
extreme limb, too: here sometimes the contrast appears to fall
off, while other times it appears to increase sharply (for a review
of earlier results, see e.g. Ahern & Chapman 2000; Walton et al.
2003; Steiner 2005). Differences in the reported measurements
have been ascribed to feature-discrimination method effects, i.e.
the facular contrast being not only a function of the heliocentric
angle, but also of wavelength range, facular size, magnetic field
strength, spatial resolution, activity level, and selection effects
(Solanki 1993, 1994).

Recent high-resolution images show facular brightening in
unprecedented detail (Lites et al. 2004). These appear as rela-
tively extended features about 0.6 arcsec on the centerward side
of solar granules and show a high temporal variability. Three-D
numerical MHD simulations of a non-grey atmosphere (Keller
et al. 2004) reproduce the observed small-scale features. The au-
thors of these simulations give an explanation of facular bright-
ening basically in accordance with the “flux-tube bright wall”
model of Spruit (1977).

We present the results obtained by analyzing the center-to-
limb variation (CLV) of facular contrast by using a large dataset
of full-disk photometric images and magnetograms. We stud-
ied the properties of features identified through different meth-
ods, some of which have already been presented in the litera-
ture. We also analyzed the dependence of the measured CLV
on several observation constraints, such as spectral range, spa-
tial resolution, and activity level. The objective of this study is

! The contrast is defined as % where Iy is the intensity of the facu-

lar region and I, the intensity of the quiet sun at any equivalent position
on the solar disk.
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twofold. First, it contributes to improving atmospheric models
assumptions, widely used for both irradiance studies and nu-
merical simulations of the solar atmosphere. Second, it singles
out an identification method based on Call K observations, like
those available for reconstructions of past total solar irradiance
variations. This method reproduces the outcome of current mea-
surements based on magnetic signals. Moreover, this analysis
makes us understand the differences in results presented in the
literature.

The paper is organized as follows. In Sect. 2 we present the
data sets used and the pre-processing applied to the images ana-
lyzed. In Sect. 3 we describe the five methods utilized to identify
facular regions. In Sect. 4 we show the results obtained, which
are discussed in Sect. 5. Finally, Sect. 6 presents our conclusions.

2. Observations and image pre-processing
2.1. Data sets

The bulk of the data we analyzed derives from the archive of
the daily full-disk observations carried out with the PSPT tele-
scope at the Rome Observatory. This archive® contains images
taken since July 1996. However, the data were obtained with the
final version of the telescope only from October 1997 onwards.
The PSPT was designed (Coulter & Kuhn 1994) to provide high-
precision photometric full-disk observations, and the current in-
strument operation is described by Ermolli et al. (2003). Briefly,
images are acquired with a 2048 x 2048 12 bit pixel CCD cam-
era, 2x binned, with a final spatial scale of ~2 arcsec pixel, using
three interference filters centered on the Call K line (393.3 nm,
fwhm 0.25 nm), blue continuum (409.2 nm, fwhm 0.25 nm), and
red continuum (607.1 nm, fwhm 0.5 nm).

From the full archive we selected daily “sets” of Call K, blue
and red images, obtained on 291 different observing days, during
the months between July and September, from 1998 up to 2005,
i.e. under the same instrumental and operational setups. We
chose to analyze images obtained during these months, because
these were taken with better observing conditions (weather, short
exposure times, solar declination). Each “set” of Call K and con-
tinuum images analyzed were taken within a few minutes (less
than 5 min) from each other, so as to achieve nearly simultane-
ous observations of the solar photosphere and chromosphere.

The largest sample of the images analyzed was obtained by
co-adding frames acquired with very short exposure times (usu-
ally less than 50 ms). The addition of frames is meant to decrease
the noise of the photometric measurements, which is on average
lower than ~0.1% per pixel after instrumental calibrations. In
general, the addition of frames decreases the spatial resolution
on images to about 3 arcsec (Fazzari et al. 2003). Thus, single-
frame images acquired in the year 2005 were analyzed as well,
to evaluate degradation effects induced either by seeing changes
or by instrumental characteristics.

We also analyzed a sample of 42 images acquired from
July to September 2005 with the PSPT telescope operated by
the High Altitude Observatory at the Mauna Loa Observatory
(MLSO). These images were acquired with a “twin” telescope”,
at wavelengths similar to those mentioned above.

The MLSO PSPT archive contains observations taken since
1998. Nevertheless, in 2004 some major upgrades were installed,
affecting both telescope operation and characteristics. Due to
both telescope operation and site, MLSO images are charac-
terized on average by a better spatial resolution and a lower

2 http://www.mporzio.astro.it/solare/
3 http://rise.hao.ucar.edu/
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scattered light-level, as compared to the Rome images. For in-
stance, the pixel scale is 1 arcsec in the MLSO images, instead
of 1.9 arcsec in the Rome ones. For each observational day, the
images of best quality obtained at MLSO were selected (details
are given by Criscuoli et al. 2007).

Finally, we analyzed MDI full-disk magnetograms (Scherrer
et al. 1995), selected from those available in the SoHO archive*
during the months between July and September from 1999 to
2005. There are no MDI observations for the same months in
1998, due to SoHO spacecraft problems. Among all the data
available, we had to search for the full-disk magnetograms ac-
quired almost simultaneously to the Rome PSPT images. The
analyzed data set consists of 237 magnetograms, recorded dur-
ing 112 days spread over the period described above. We tried
to maximize the number of usable MDI data, but we found dif-
ficulties in obtaining magnetograms close in time to the PSPT
observations. In all the analyzed images, MDI and PSPT data
were recorded within 10 min from each other.

The MDI data provide a measure of the line-of-sight com-
ponent of the magnetic field averaged over a 2 X 2 arcsec reso-
lution element. We mainly used single magnetograms acquired
with 30 s integration time. Nevertheless, we have also analyzed
two samples of magnetograms acquired during the year 2000,
with 30 s and 300 s integration times, as well as averages of sin-
gle magnetograms, so as to evaluate how much the results are
affected by the reduction of the data-noise level.

2.2. Image pre-processing

The images from the Rome archive were pre-processed in or-
der to apply the instrumental calibration, i.e. dark and flat-field
compensations, as described in Ermolli et al. (2003). The center-
to-limb variation of the quiet sun was then compensated for by
using the average radial profile of the intensity over the solar
disk. Active regions were excluded from this computation by an
intensity threshold criterion.

The MLSO images we used were independently dark and
flat-field corrected. They also had the mean center-to-limb vari-
ation independently removed. The procedures applied to these
data are different from those used with the Rome images and are
described by Meisner & Rast (2002).

All the PSPT and MDI images were first re-sized to the same
solar disk size, by assuming linear interpolation. Then images
were rotated and co-aligned in order to allow a comparison pixel
by pixel (Fig. 1).

Following the authors who analyzed MDI full-disk magne-
tograms (e.g. Ortiz et al. 2002; Wenzler et al. 2004; Domingo
et al. 2005; Ortiz et al. 2006), we determined the data-noise level
as a function of solar disk position. This is done by computing
the standard deviation (sdev) for the magnetic signal with a run-
ning box (box side =40 pixel) on each magnetogram of a data
sample acquired in a low activity period. The magnetograms an-
alyzed for the year 2005 were used to this purpose. In order
to reduce effects of a possible remaining activity, the median
pattern was then evaluated from the set of computed sdev im-
ages. Moreover, a further smoothing filter is applied to the me-
dian pattern, so as to get the large-scale variation of the data
noise. The pattern obtained was used to compensate for the ob-
served increase toward the limb of the noise level on each an-
alyzed magnetogram. Notice that, due to the running box side,
the solar disk we analyzed is reduced by about 8%. A steady

4 http://soi.stanford.edu/data/
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Fig. 1. Examples of the full-disk images analyzed for this study, ob-
tained on July 26, 2000. Top: Rome PSPT Call K (leff) and blue con-
tinuum (right) images. Bottom: Rome PSPT red continuum image (left)
and MDI full-disk magnetogram (right).

extrapolation of the evaluated pattern is then computed in order
to cover the whole solar disk.

3. Facular region identification

Facular regions were identified on the pre-processed images by
applying five automated methods (Fig. 2).

Method 1: we applied the method presented by Nesme-Ribes
et al. (1996). It (NR, hereafter) corresponds to a straight thresh-
olding of contrast images. The threshold value is obtained for
each image i by studying the variation in the mean quiet sun
intensity for different thresholds. The threshold value that mini-
mizes the quiet sun intensity is assumed as the reference thresh-
old K;. It is worth noticing that the “reference threshold value”
K; is relative to a single image i and partly depends on the image
quality. Moreover, it slowly varies in anti-phase with the solar
activity, most likely because of unresolved small-scale magnetic
elements. Since this can affect studies of the dependence of facu-
lar contrast on solar activity, we used a single “average reference
threshold value” K for all our datasets for the time-variation anal-
yses presented in Sect. 4.3. The value we chose is the average
of the “reference threshold values” K;, as computed for images
from the year 2000.

Method 2: we applied the method presented by Ahern &
Chapman (2000). It (CH) is based on a contrast threshold rela-
tive to the quiet sun that varies as Iy = threshold X 1,/u, where Iy
is the intensity of the facular region, I, the intensity of the quiet
sun, u = cos 6, and 6 is the heliocentric angle. We assumed the
threshold as the “average reference threshold value” K resulting
from the NR method described above.

These two first methods take only the brightness properties
of pixels into account to single out features. Since intensity dis-
tributions of network and facular regions usually overlap, meth-
ods that are based only on intensity criteria may fail to single out
these two classes of features.

Method 3: we used a criterion based on intensity, continuity,
and size of features (Ktr). We first extracted relevant regions of
the solar disk that include active regions and their remnants (see
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Fig. 2. Examples of the results obtained by the processing of the images
shown in Fig. 1. From the left, top: Rome PSPT Call K image and bi-
nary image obtained by the NR method; middle: binary images obtained
by the CH and Ktr methods; bottom: binary images obtained by the the
B-R and the Mag methods.

e.g. Fig. 1 of Caccin et al. 1998). These pre-selected regions are
made up of all those pixels that are both brighter than a fixed
contrast value and larger than a fixed size, on a spatially filtered
image (box side = %). The “reference threshold value” K; ob-
tained with the NR method is then used to single out from the
pre-selected regions all those features identified for our study.

Method 4: this method uses the photometric properties of
facular features in the photosphere (B — R). In particular, each
day we compute a color image by subtracting the two continuum
images (blue minus red), in order to isolate the facular regions by
differential photometry, as proposed by Foukal & Duvall (1985).
We identified the photospheric facular regions by thresholding
the color image, with the threshold value set to o of the color
image intensity.

Method 5: we used a threshold to select facular features
by their signature on magnetograms (Mag). Following the au-
thors who analyzed MDI data with this criterion (e.g. Wenzler
et al. 2004; Ortiz et al. 2006), we set the threshold value to
+30 of the magnetogram values. Actually, we used data values
weighted by the factor }ll, so as to take into account that the mag-
netograms underestimate the magnetic flux in pixels close to the
limb. Moreover, we applied a further 3 x 3 smoothing filter to
remove isolated pixels. These pixels are identified mainly near
the limb, because the noise is considerably larger there than at
the disk center.

Through the different methods applied, we obtained five bi-
nary images with masks of the identified facular regions for each
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Fig. 3. Center-to-limb variation CLV of the facular contrast in the two
PSPT continuum bands (fop = blue, bottom =red measurements) com-
puted for the year 2000, using the five methods described in Sect. 3.
Error bars represent the standard deviation over the position bin; for
clarity, they have been superimposed only over the results obtained with
the Ktr method. Details about the deviation of contrast results obtained
with the other methods are given in the text.

day. We exclude from these masks all the pixels that are identi-
fied on the corresponding PSPT red continuum images by their
contrast, below the 30~ average contrast. In this way, possible iso-
lated dark pixels are also removed from the identified features.

In brief, the different methods applied use the datasets ana-
lyzed as follows: to identify facular features NR, CH, and Ktr use
the PSPT Call K images, B — R uses the PSPT red and blue im-
ages, and Mag the MDI magnetograms. In order to exclude spots
and pores, all methods use the PSPT Red images. The contrast
of the identified regions is defined, for each heliocentric angle,
as the ratio between the mean intensity of the facular pixels be-
longing to the angle and the mean value of the quiet sun inten-
sity. Notice that a definition of contrast based on median values
may slightly modify (<0.5%) the results, without affecting the
general discussion presented in the following.

Identified facular regions are also labelled to perform the
study of the dependence of contrast on size, as described in
Sect. 4.2.

4. Results
4.1. Contrast CLV

The five methods single out chromospheric regions that are char-
acterized by different average contrast values. The relative differ-
ence between maximum and minimum values obtained, which
are achieved with Mag and NR, respectively, is about 15% in the
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PSPT Call K band. The contrast values of Call K features iden-
tified by NR, CH, and Ktr, as well as the deviation in measured
values, do not show a disk position dependence. The contrast
values are ~1.24, 1.24, 1.34, for the three methods. The deviation
of measured values is roughly the same for all the three methods,
specifically +0.02. By contrast, the results obtained with B — R
and Mag show a monotonic increase in the average contrast of
features from the disk center to g = 0.2. This increase is about
1% and 5%, for the two methods. The standard deviation in mea-
sured values also slightly increases toward the limb. The mean
contrast at the disk center is ~#1.31 = 0.02 and 1.35 + 0.04 in the
two methods respectively.

Figure 3 shows the average contrast CLV in the PSPT blue
and red bands. In all cases, we find that the contrast CLV in-
creases almost monotonically toward the limb, with no maxi-
mum up to u = 0.2. Actually, the CLV obtained with Mag shows
nearly a plateau for disk position corresponding to u < 0.4, but
this is likely to be due to the applied compensation of the noise
pattern.

Notice that the contrast CLV obtained depends largely on the
identification method used. In particular, the results differ for up
to a factor 3% and 2% at u = 0.2 on PSPT blue and red bands,
respectively.

We find that the contrast of features selected with Krr is
slightly larger than that computed by all the other methods, save
the one of the magnetic signal. Actually, Ktr selects larger size
features that mainly occur on activity belts. Mag identifies much
smaller size features than do the other methods, features that are
also not strictly distributed along activity belts, but mostly oc-
cur there. We find that the average contrast of these features is
slightly larger than the one obtained by Kfr (>1% at u < 0.5).
On the other hand, the contrast values obtained for the features
identified at the disk center by Mag is lower than the values mea-
sured with the other selection criteria (=0.5%). Average contrast
values lower than unity, i.e. features that show a negative con-
trast relative to the quiet sun, are found strictly at the disk center
of the red band observations. Negative contrast measurements
are found up to u = 0.9, but the average value is positive.

The vertical bars in Fig. 3 show the standard deviation of
measured values. At each disk position, this deviation also de-
pends slightly on the applied identification method. In particu-
lar, dispersion of contrast values obtained by Ktr and B — R are
very similar. The one obtained by CH and NR is smaller, up to
half the value at disk positions u > 0.6. On the other hand, the
deviation of values obtained by Mag is up to 1.5-2 larger than
the one obtained by the other methods at each disk position.

The maximum contrast and its deviation vary in a similar
fashion to the average values, though its dependence on disk
position is twice as large. The average value of the maximum
contrast obtained at each disk position does not depend on the
method. In fact, the absolute difference among the obtained val-
ues is smaller than the deviation of the contrast measurements at
each disk position. On the contrary, the average of the minimum
contrast value depends slightly on the method applied for disk
position u < 0.8. Nevertheless, the absolute difference among
the obtained values lies in the largest deviation computed. The
average of the minimum value obtained is negative at each disk
position for both the continuum bands analyzed.

As discussed below, the increased deviation in the data to-
wards the limb shown in Fig. 3 is likely due both to increased
spatial smearing in the smaller facular regions there and to real
contrast differences between individual features.

In Fig. 4, we show the ratio of the average contrast value
measured in the two continuum bands versus disk position. As
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measured CLV dependences is also sensitive to the identifica-
tion method applied, in particular near the disk center. Moreover,
we find that the linear relation drawn by the approximation lies
systematically below the curves obtained from all the measured
values.

4.2. Size dependence

Figure 5 shows the variation in the contrast of features as a func-
tion of their size. This variation concerns features identified at
the disk center (u > 0.9) with K#r on the entire dataset of Rome
PSPT images. We investigated the scaling of the maximum and
average contrasts of the features with their area, the latter be-
ing defined by the number of pixels selected by each identified
feature. Contrast values were averaged in area bins of width
Alog A = 0.05 (see detail in Criscuoli et al. 2007). In order
to reduce projection effects, the analysis was restricted to fea-
tures whose geometrical barycenter occurs in disk-position bins
of width u = 0.1.

We find that the average contrast of facular features at the
PSPT Call K band increases with feature size for area values
lower than about 2000 pixel?. This area value corresponds to
about 2800 Mm?. The contrast oscillates around the mean value
1.30 + 0.02 at area values higher than 2000 pixel?. On the other
hand, the average contrast of corresponding photospheric fea-
tures on the PSPT continuum bands seems roughly constant,
with a slight decrease in the measured values for large features.
For clarity, the photospheric values have been multiplied by a
factor 20. Finally, the maximum contrast value on the identified
features increases with the feature’s size for all the three sets of
analyzed images.

We only show the result obtained by the features identified
at the disk center with Krr. Nevertheless, this result is observed
also for the features identified with the other methods applied, as
well as considering other disk positions. Notice that the number
of features identified at the disk center (1« > 0.9) by NR, CH, and
B — R is about 10 times larger than the one obtained by Ktr, and
3 times larger than the one obtained by Mag.

Area (pixel2)

Fig. 5. Dependence of average (top) and maximum (bottom) contrasts
of features identified by the K#r method in their area (crosses, stars,
and square show Call K, blue and red bands results, respectively). For
clarity, the continuum contrast dependences have been scaled (20x).
The horizontal lines represent the mean contrast values for features with
an area larger than 2000 pixel2 (solid, dotted, dashed lines show Call K,
blue, and red measurement results, respectively).

Trends similar to the one shown in Fig. 5 were also observed
when analyzing features identified in subsets of images acquired
during the same year.

4.3. Time variation

Figure 6 shows the relative differences between the contrast CLV
of different years and the one obtained for the year 2000. The
features analyzed were identified by Kzr. It appears that the con-
trast CLV does not change significantly with time. In particular,
the relative differences among the contrast CLV for the differ-
ent years are smaller than 1% and 0.5% for the blue and red
continuum bands, respectively, up to u = 0.5. These differences
increase toward the limb. Here they also seem to follow the spe-
cific temporal order of the decrease in activity cycle 23, mainly
those from the PSPT red measurements.

We suggest that this apparent cyclic variation may be due to
sample effects. In fact, an increase in the observed relative dif-
ferences may arise from the decreased number of facular regions
identified on the disk at the decrease in solar activity. The limited
samples of features identified toward the limb for the years 1998,
1999 and 2004, 2005 are probably the main source of deviation
in this measurement.

This interpretation is confirmed by the time dependence of
the contrast of features separated by their size, i.e. taking sepa-
rately into account those features whose area is larger or smaller
than a reference area value. As shown in Fig. 7, both the average
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Fig.7. Temporal variation in the average contrast of features identi-
fied at disk center (u > 0.9) and selected depending on their size:
features with area larger (solid line) and smaller (dashed line) than
2000 pixel? (=2800 Mm?). Crosses, stars, and squares show the Call K,
blue, and red measurement results, respectively. For clarity, the devi-
ation in measurements is plotted only for the sample with the highest
contrast values.

and the maximum contrasts of features identified at disk center
(1 > 0.9) and separated by their size for each year of the period
analyzed show variations within the deviation in measurements.
The reference area value considered is 2000 pixel”. The choice
of this area value lies in the contrast dependence on size shown
in Fig. 5.
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Fig. 8. Temporal variation in the number of features identified at disk
center (u > 0.9) by the five identification methods applied. Symbols
refer to features with area smaller (squares) and larger (stars) than
2000 pixel?. The choice of this area value is based on the contrast’s de-
pendence on the size shown in Fig. 5. The number of identified features
is normalized as described in the text.

We also find that the size distribution of the features iden-
tified evolves through the period analyzed following the solar
cycle phase. For instance, Fig. 8 shows the temporal changes
of the number of features identified at the disk center by the five
methods applied, with an area larger or smaller than 2000 pixel?.
The numbers of features identified by each method have been
normalized to the number of images analyzed in the year and
then to the number of corresponding features obtained for the
year 1998. Mag results have been normalized to the number of
features obtained for the year 1999.

We find that small-size features identified by NR, CH, B— R,
and Mag are almost equally present throughout the period ana-
lyzed. Small-size features selected by Krr vary with the activity
level, with a maximum over minimum ratio ~1.5. The number of
larger-size features identified by Ktr, NR, CH and B — R shows
a similar cycle variation, with a maximum over minimum ra-
tio ~3.5. The number of small features always outnumbers the
larger ones, with a ratio factor of ~200 and 20 for NR and Ktr,
respectively.

It is worth noticing that the results presented are obtained by
assuming a fixed intensity threshold value, to identify features
over the whole sample of images. In detail, we assumed the “av-
erage reference threshold value” K obtained for the year 2000.
Larger contrast CLV variations that are well correlated with
activity level were obtained when applying methods in which
threshold values are determined by analyzing of the intensity
distribution content of images. Nevertheless, these CLV varia-
tions are mostly due to the variation in the intensity distribution
of the analyzed images, which, as we have shown, vary with the
solar cycle.

5. Discussion

This study evaluates the dependence of facular photometric
properties on the method applied to identify regions, as well as
on feature size and the activity level.

We notice that the different identification methods applied
correspond to five operative definitions of the analyzed features.
These definitions differ from those used in other works (e.g.
Harvey & White 1999; Turmon et al. 2002; Walton et al. 2003).
There is no universally-accepted, unique nomenclature for solar-
surface features. With respect to the scheme of feature classes
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Fig. 9. Relative difference among the contrast CLV dependences ob-
tained by analyzing higher resolution MLSO and Rome PSPT images,
compared to those used for the measurements reported above.

developed by Harvey & White (1999), regions identified by our
methods include plages, active and decaying active regions, as
well as enhanced network elements. We label all these features
as facular regions.

We notice that some of the results presented, especially those
concerning the quantification of contrast dependence on feature
size, area coverage, and variation in time, may depend on details
of the identification criteria used. For instance, an increase in the
threshold value used by K#r modifies the contrast CLV obtained
with that method. The absolute differences between the contrast
values obtained with the two thresholds are slightly larger than
the deviation in measurements at disk positions u < 0.5.

Finally, we notice that the scaling of facular size with at-
mosphere height (Chapman & Sheeley 1968) is unlikely to be
resolved by the data analyzed in this study, due to pixel size and
spatial resolution. We thus consider co-spatial photospheric and
chromospheric features.

5.1. Observational and computational limitations

The results presented above were obtained from analyzing a
sample of best-quality images extracted from the Rome PSPT
archive. In order to discuss effects of both telescope operation
and seeing on the results obtained, we analyzed a sample of
higher resolution MLSO and Rome PSPT images available for
year 2005.

Figure 9 shows the relative differences among contrast CLV
computed from the higher quality images compared to those
used for the whole study. On average, less resolved images yield
a slight contrast reduction over the whole disk. This reduction
increases toward the limb, up to about 1% at y = 0.2. The small
sample of features identified for the year 2005 is probably the
main source of noise in these results. Notice that, due to the site
location, MLSO images are delayed by more than ten hours rel-
ative to the Rome ones. Thus the direct comparison of features
identified by the various methods on the images obtained at the
two sites on the same day is limited by rotation and evolution
effects.

These results indicate that a careful analysis of the temporal
dependence of the image quality is essential for studying the pos-
sible variation with the cycle of the properties of the identified
features. We find that photometric accuracy, spatial scale, and
stray light-level of the Rome PSPT data vary along the whole
period analyzed by an amount less than half the largest devia-
tion of these quantities over each year of the sample. The image
quality is thus uniform over this dataset.
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Fig. 10. Contrast CLV dependences obtained analyzing samples of mag-
netograms acquired with 30 s and 300 s integration times, as well as av-
erages of 20 single 30 s magnetograms, by assuming two different pro-
cessing parameters (running box side =40 and 100 pixels). For compar-
ison, results presented in Sect. 4.1 are plotted with symbols and relative
deviations.

The results presented were also obtained from analyzing
MDI single magnetograms acquired with 30 s integration time.
In order to discuss the effects of the data noise level on the re-
sults obtained, we analyzed two samples of MDI single mag-
netograms acquired in the year 2000, with 30 s and 300 s in-
tegration times (Mag30 and Mag300, hereafter). Moreover, we
computed averages over 5 and 20 Mag30 single data (Ave5 and
Ave20, respectively), taken at a cadence of 1 per minute, cen-
tered at the time of the PSPT observation. Ortiz et al. (2006)
found that the noise level of Mag300 data is 1.77 lower than that
of the Mag30 magnetograms used for our study. On the other
hand, the noise of Ave5 and Ave20 data varies roughly as # of

the Mag30 noise, where n is the number of magnetograms av-
eraged together. Notice that the different sets of magnetograms
analyzed concern the same set of observational days, i.e. of so-
lar features. All these magnetograms were pre-processed as de-
scribed in Sect. 2.2, save for changes on the side length of the
running box used.

Figure 10 shows that the contrast of features identified by the
Mag300 data is higher than the one obtained from the analysis of
Mag30 magnetograms, especially toward the limb. Nevertheless,
the contrast CLV obtained with the two sets of data is rather simi-
lar. By contrast, notice the different CLV behavior obtained using
the sample of Ave20 data, as well as using the sets of same mag-
netograms processed with a wider running box. In particular, we
applied a running box with a side length of 100 pixel, as used
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by Ortiz et al. (2002). We find that the contrast CLV obtained by
these latter datasets shows a maximum at disk positions closer
to the disk center, specifically around u = 0.4. However, the dif-
ference between the results obtained by the various sets of mag-
netograms processed homogeneously, i.e. with the same running
box, is smaller than the deviation of Mag30 contrast measure-
ments presented in Sect. 4.1. For clarity, we show and discuss
only Ave20 results, since these are very similar to those obtained
by the Ave5 data.

These results show that our contrast measurements are
slightly affected by a data noise-level reduction over almost the
whole disk. This reduction can be achieved for example by ana-
lyzing MDI magnetograms acquired with 300 s integration time.
By contrast, we show that the results obtained can be contam-
inated by the compensation applied to reduce the noise pattern
of the data, such as the choice of the running box side length.
We are aware that the noise level of Mag30 data is higher than
that of the other magnetograms. However, the Mag30 data maxi-
mize the number of usable MDI data. Notice that the average and
maximum values of the relative difference between the two noise
patterns obtained with the 40 and 100 pixel boxes are ~1.5%
and 2%, respectively, at disk positions u > 0.3.

Finally, we find that the average contrast of the identified fea-
tures at the disk center is positive, except for the red continuum
measurements from Mag (Fig. 3). Indeed, this result is slightly
sensitive to the operative definition of spots and pores and to the
way the pixels belonging to these features are excluded from the
identified facular regions. For instance, we find facular contrast
values at disk center lower than those reported above by using
a sunspot identification criterion based on feature size and in-
tensity thresholding of umbra and penumbra regions separately.
By this criterion, the deviations in measured values are larger.
Notice that we have assumed the sunspot operative definition
described in Sect. 3 to link our findings directly to those of some
recent similar studies.

5.2. Comparison with previous research
5.2.1. Contrast CLV

The radiative properties of magnetic features in the solar atmo-
sphere have been the object of numerous investigations. With
respect to facular regions, these investigations have not given a
clear picture. We show that the facular contrast CLV may also
critically depend on the identification method used to discern
features. In particular, the simultaneous use of five different iden-
tification methods applied to the same sample of data allows us
to explain some of the differences existing among previously re-
ported results.

Figure 11 shows the comparison of the results we obtained
with those recently presented from similar studies (Lawrence
et al. 1988; Ortiz et al. 2002; Walton et al. 2003; Foukal et al.
2004). We find that the average contrast of facular regions is es-
sentially positive at the disk center in the PSPT blue and red
bands. This result agrees with those previously obtained by au-
thors who do not use identification methods based on magnetic-
field flux thresholding (Lawrence 1988; Lawrence Chapman &
Herzog 1988; Ahern & Chapman 2000; Walton et al. 2003). In
contrast, results obtained with these last methods (Foukal et al.
1990; Topka et al. 1992; Ortiz et al. 2002, 2006) show that fac-
ular regions at photospheric levels have negative contrasts at the
disk center with respect to the neighboring quiet regions.

We show that, at the disk center, the identification method
based on magnetic signal (Mag) seems to pick out slightly more
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Fig. 11. Selected facular contrast CLV measurements plotted versus
disk position. The symbols with error bars show the results obtained
with the K7r method, while those without error bars show the results by
the Mag method. The different lines show the results of recent measure-
ments of facular contrast presented in the literature.

negative (<0.5%) features than those identified by the other
methods based on intensity contrast (Kt, NR, CH, B — R). Those
are features that are not marked as spots on PSPT continuum
observations but that have a lower contrast than the quiet sun.
Nevertheless, the negative contrast values we measured with
Mag largely differ from those presented in the literature, for ex-
ample, by Ortiz et al. (2002) and Ortiz et al. (2006). In this com-
parison, the discrepancy in results obtained may depend on the
different spectral sampling of PSPT continuum images with re-
spect to MDI intensity ones.

Notice that, in agreement with our finding, Tritschler &
Uitenbroek (2006) have recently asserted by MHD simulations
results that identification methods of features based on magnetic
flux intensity give lower contrast measurements than methods
based on intensity contrast. Unfortunately, a direct comparison
of their results with those obtained by our study is not possible,
because of the different spatial resolution® and different spectral
ranges considered.

We find a monotonic increase in the contrast as the helio-
centric angle increases in all the methods we applied. This disk-
dependence agrees with the results obtained by Vogler (2005).
From MHD simulations, this author shows that the bolomet-
ric contrast of facular features increases monotonically up to
u = 0.2 for features characterized by small magnetic signals
and continues growing towards the limb for features with larger
signals. This disk-dependence differs from the one presented by
Ortiz et al. (2002) and Ortiz et al. (2006), which shows that fea-
tures reach their maximum contrast at disk positions closer to
the disk center. The decrease in the contrast reported by these
authors toward the limb has been attributed to resolution effects
by Domingo et al. (2005). Vogler (2005) explains the same de-
crease through differences in the spatial distribution of features
smeared by the resolution element analyzed. Actually, we have
shown that contrast values obtained with the Mag method ap-
plied to MDI full-disk magnetograms at disk positions u < 0.4
may be contaminated by the compensation applied for the reduc-
tion in the data noise pattern.

5> About 100 times higher than that of the datasets analyzed for our
study.



I. Ermolli et al.: Photometric properties of the facular features

5.2.2. Wavelength, size, and time dependences

The results obtained with all the methods show that relative
contrasts in different continuum bands are roughly proportional
to (wavelength)™!, as expected from a Planck distribution in
the Wien approximation. Nevertheless, the curves drawn by
our contrast measurements lie systematically above what is ob-
tained with the blackbody approximation, for all the identifica-
tion methods applied and for all the disk positions. Moreover,
the distance between the measured curve and the one obtained
with the approximation increases from the limb toward the disk
center. These results confirm earlier findings by Chapman &
Mc Guire (1977) and Lawrence et al. (1988) from observations
of smaller samples of facular features. Thus, significant errors
may be introduced when monochromatic measurements of facu-
lar contrasts are used to estimate bolometric luminosity (Foukal
et al. 2004) or irradiance excess.

We find that the maximum contrast of features increases with
their size for all the three PSPT bands analyzed. On the other
hand, the increase in the average contrast of chromospheric re-
gions shows nearly a plateau for large features. This agrees with
the results recently presented by Meunier (2003) and Walton
et al. (2003). Notice that the flux tube model of facular fea-
tures predicts this behavior for the average and maximum con-
trast from geometrical considerations of both the filling factor of
flux elements and the viewpoint of the observer.

We find that the change in facular contrast CLV during the
analyzed period is within 1%. At chromospheric levels, Worden
et al. (1998) find that intensity contrasts of bright features (in
detail, plage, enhanced network, and active network) remain ap-
proximately constant over the solar cycle. At photospheric lev-
els, Walton et al. (2003) and Ortiz et al. (2006) report that small
features do not present a change in contrast with the cycle. Our
result agrees with the one reported by Ortiz et al. (2006) who
analyze MDI magnetograms and intensity images obtained from
1996 to 2001. The lower uncertainty associated to our result,
compared to the one (10%) reported by Ortiz et al., may be as-
cribed mostly to the lower photometric accuracy of MDI inten-
sity measurements® compared to the PSPT ones.

The steady contrast in time reported by this study supports
the idea that facular flux tubes do not vary with solar cycle.
Nevertheless, due to the spatial resolution of the data analyzed,
we can only take those effects into account associated with the
combined changes in both contrast and clustering of magnetic
elements. Thus consistent high-resolution sub-arcsec observa-
tions performed at various activity levels are required to study
this subject in greater depth.

Finally, the maximum-over-minimum ratio of the number of
small-size features identified by the Ktr method agrees fully with
the ratio (1.5) reported by Foukal et al. (1991) for network fea-
tures. On the other hand, the ratio value estimated from the num-
ber of larger sized features is also in agreement with the one
(3.5) reported by Meunier (2003) for magnetic features below
3% 10" Mx.

5.3. Comparison with semi-empirical models

We now compare the results obtained with the outputs of some
recent atmospheric model computations of facular features. In
particular, we consider the three sets of one-dimensional semi-
empirical average models proposed by Fontenla et al. (2006),

6 The nominal noise level for MDI continuum 1-min measurement
is 0.3%.
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Fig. 12. Comparison of contrast CLV measurements with the output of
semi-empirical atmospheric model computations (top = PSPT blue, bot-
tom = PSPT red measurements). The different lines show the results
of model computations. Symbols represent the results obtained for the
year 2000 by the different identification methods. For clarity, the devia-
tion in measured values is plotted only for the results obtained with the
Ktr method. Notice that Fontenla et al. (2006) model calculations are
available only for the PSPT red band.

Unruh et al. (1999), Penza et al. (2004), and Penza (2006)’.
These authors assumed complementary approaches, which differ
in the data and approximation used.

The output of model computations for the PSPT measured
bands were kindly provided by the authors of the models. Notice
that, for this comparison, the measured contrast CLV has been
corrected for a geometrical effect, as discussed by Penza et al.
(2004). In brief, this correction considers the dilution effect on
contrast measurements of features by the quiet sun at the in-
crease of the heliocentric angle. This correction makes increas-
ing modifications to the measured contrast CLV moving toward
the limb. In particular, the contrast increase is about 3% and
1.8% at u = 0.5 and about 15% and 9% at u = 0.2 for the PSPT
blue and red measurements, respectively.

Figure 12 shows the comparison of the CLV of limb-
corrected contrasts with respect to those predicted by the models
listed above. In particular, we considered the computed contrast
of model P, which is representative of facular regions in all the
three sets of models. We find that the contrast CLV obtained by
Ktr and Mag can be reproduced through a single atmospheric
model with an offset ranging from ~1 to 5% over the whole disk

7 These models are obtained by applying the Penza et al. (2004) ap-
proach to the atmospheric stratifications proposed by Fontenla et al.
(2006).
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up to u = 0.3, depending on the model. The fraction of solar
disk considered was reduced to u < 0.3, because this range is
shared by all the computations. The relative differences among
the computed and measured contrast values are 2—3 times larger
than the relative deviation in the measurement results at the disk
center, while they show very similar values at 4 = 0.3. Moreover,
we find that the contrast CLV measured with NR and CH is two
and three times steeper than what is calculated (Penza 2006) as-
suming model H, representative of plage regions on Fontenla
et al. models, in the blue and red bands, respectively. The offset is
~3% and 2% at u = 0.4 for the PSPT blue and red bands, respec-
tively. On the other hand, the agreement between measurements
and computations (Penza 2006) of model F, representative of ac-
tive network regions on Fontenla et al. models, is rather poor.
The relative deviation results are ~10% and 5% at u = 0.4 for
the PSPT blue and red bands measurements, independent of the
identification method.

The agreement found between measured and modelled CLV
dependences is quite important. Semi-empirical atmospheric
models are in fact used for both static and dynamic numerical
simulations of the solar atmosphere (see i.e. Okunev & Kneer
2005; Steiner 2005) in order to reproduce high-resolution inten-
sity and spectropolarimetric observations of facular regions.

6. Conclusions

We have presented a study of the contrast of facular features and
its dependence on disk position, feature size and activity cycle.
We also showed that the results obtained are quite sensitive to
the identification method applied, as well as to the limited qual-
ity of the data analyzed. We then compared the results with re-
cent finding of studies carried out with similar data, as well as
with the output of most recent 1-D semi-empirical atmospheric
models of facular regions.

These results were obtained analyzing moderate spatial res-
olution data, where these solar features appear as bright quite
large patches with a mean size of a few kilo-arcsec. Although
high-resolution observations have shown a rather small sub-
arcsec granular appearance of these features, results obtained
at moderate resolution are still quite important. For instance,
static and dynamic numerical simulations currently used to ob-
tain constraints to the physical description of these features (e.g.
Steiner 2005; Vogler et al. 2005) make assumptions based on
low-resolution results. In particular, the results of these simula-
tions have to be smeared to get the quantitative comparisons with
the observed features necessary for validating this approach.
Moreover, at present, only results of moderate resolution obser-
vations allow us to study medium and large-scale activity fea-
tures and to deepen the understanding of solar cycle variations.
Finally, these observations allow us to use the results today of
past synoptic programs. For instance, the results presented above
can be used to study past total solar irradiance variations, such
as Lockwood (2005) recently did, through results of old full-
disk observations and facular contrast measurements presented
by Ortiz et al. (2002).
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