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ABSTRACT

Aims. We investigate whether restoration techniques, such as those developed for application to current observations, can be used
to remove stray-light degradation effects on archive CaII K full-disk observations. We analyze to what extent these techniques can
recover homogeneous time series of data.
Methods. We develop a restoration algorithm based on a method presented by Walton & Preminger (1999, ApJ, 514, 959). We apply
this algorithm to data for both present-day and archive CaII K full-disk observations, which were acquired using the PSPT mounted
at the Rome Observatory, or obtained by digitization of Mt Wilson photographic-archive spectroheliograms.
Results. We show that the restoring algorithm improves both spatial resolution and photometric contrast of the analyzed solar ob-
servations. We find that the improvement in spatial resolution is similar for analyzed recent and archive data. On the other hand, the
improvement of photometric contrast is quite poor for the archive data, with respect to the one obtained for the present-day images.
We show that the quality of restored archive data depends on the photographic calibration applied to the original observations. In
particular, photometry can be recovered with a restoring algorithm if the photographic-calibration preserves the intensity information
stored in the original data, principally outside the solar-disk observations.
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1. Introduction

Long time series of synoptic full-disk CaII K observations are
applied in many fields of solar research, in particular all investi-
gations concerning solar activity and variability over long-term
timescales (Solanki 2007). Among existing series, some include
archive observations that were recorded over many decades.
These series, in addition to those using present-day observa-
tions, are composed of data affected differently by degradations
due to instrumental optics and turbulent motions in the Earth’s
atmosphere. The removal of these degradations enables higher-
quality analyses and measurements of data stored in the series.

The literature concerning the estimation and correction of
instrumental and atmospheric degradations of full-disk solar im-
ages is extensive (e.g. Brahde 1972; Hansen 1973; Albregtsen
& Maltby 1981; Lawrence et al. 1985; Barducci et al. 1972;
Martínez Pillet 1992). Toner & Jefferies (1993) and Toner et al.
(1997) proposed a technique based on the estimate of the zero
crossing of the Hankel transform for observed images. Starting
from these works, Walton & Preminger (1999) presented a tech-
nique (WP, hereafter) based on the estimate of the Point Spread
Function (PSF, hereafter) using the analysis of the Hankel trans-
form of the images. This technique was demonstrated to work
on both synthetic and real solar observations. The authors recov-
ered image photometry to an accuracy of less than a few tenths
of a percent for CaII K observations taken at the San Fernando
Observatory, and an increase in image homogeneity for the data
set they analyzed. Mathew et al. (2007) reported similar results
when they applied a modified version of the WP technique to
remove instrumental contamination from analyzed time-series

data of space-based SoHO/MDI full-disk continuum observa-
tions.

In this study we analyze whether, and to what extent, a restor-
ing algorithm based on the WP technique can be used to remove
instrumental and atmospheric degradations in archive CaII K ob-
servations. It is known that archive observations are affected by
degradations which are caused by stray-light effects, that are
stronger than those characteristic of present-day data (Ermolli
et al. 2007b). With this aim, we developed a restoring algorithm
that we applied to two different types of data. The first type of
data are present-day observations acquired using the PSPT tele-
scope located at the Rome Observatory. The second type of data
that we analyzed included observations derived using digitiza-
tion of the Mt Wilson solar photographic archive. At present,
these data are the only archive CaII K observations freely avail-
able in digital format after pre-processing, which includes the
photographic-calibration of the original observations. The data
used in this study are presented in Sect. 2. The brief description
of the restoring algorithm that we applied, in addition to an ac-
count of its implementation, are provided in Sect. 3. We present
the results obtained by examining the analyzed images in Sect. 4.
We then discuss our results in Sect. 5 and our conclusions in
Sect. 6.

2. Data

Our results are based on the analysis of the four data sets of CaII
K full-disk observations listed below.

PSPT data set (PSPT, hereafter) – This data set is made up
of current observations acquired using the PSPT telescope at the
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Rome Observatory (Coulter & Kuhn 1994; Ermolli et al. 2003).
These data were obtained by a 2048 × 2048 12 bit pixel CCD
camera, 2× binned, with a final pixel scale of ≈2 arcsec, using an
interference filter centered on the CaII K line (393.3 nm, FWHM
0.25 nm). We analyzed 170 images obtained on different observ-
ing days during the months of July to September from 2000 to
2005. The analyzed data are composed of single-frame images
acquired using short-exposure times (<50 ms) and are available
from the Rome-PSPT archive1.

Single-Day PSPT data set (SD-PSPT, hereafter) – We
analyzed PSPT images acquired at different times during a sin-
gle observing day, namely June 12, 2003. In particular, we an-
alyzed a set of 23 images acquired from 6:01 to 7:08 UT every
three minutes, and two sets of 14 images each, acquired every
15 minutes, from 7:29 to 10:44UT, and from 13:15 to 16:36 UT,
respectively. Because of seeing variability during the observing
day and the small evolution in the analyzed solar features during
the same period, the analysis of these images tested the algo-
rithm’s capability to restore images to a common standard.

Mt Wilson-CAL1 data set (MW, hereafter) – This data set
includes 290 images obtained by the digitization of the archive
CaII K full-disk spectroheliograms, centered on the CaII K line
(393.3 nm with 0.02 nm spectral resolution), taken at the Mt
Wilson Observatory (Ulrich et al. 2004; Lefebvre et al. 2005)
during years 1961, 1967 and 1975. These data are photographi-
cally calibrated FITS files, which are available from the UCLA
archive2. Details about the calibration procedure applied to the
original observations can be found on the UCLA web-page. The
MW images are 800 × 800 pixels, 16-bit gray-scale files, and
the pixel scale is ≈2.7 arcsec/pixel. The file headers of these im-
ages contain information provided by the UCLA project scien-
tists about the original plate and its digitization, in addition to
measurements of the solar-disk position and shape, namely cen-
ter position, horizontal, and vertical radii.

Mt Wilson-CAL2 data set (test-MW, hereafter) – We
analyzed 50 photographically un-calibrated Mt Wilson obser-
vations acquired during the years 1967 and 1975, which cor-
respond to 50 MW images. We calibrated these images by ap-
plying a method presented in the literature (Mickaelian et al.
2007). In brief, we converted the pixel values of the un-calibrated
images into relative intensity values according to the formula:
I = (V − B)/(T − B), where I is the intensity (in arbitrary units),
V is the average of pixel Data Number (DN, hereafter) values
for the un-exposed part of the plate, B is the average of DN val-
ues for the darkest pixels, and T is the DN value for a given
pixel. The criteria applied for the identification of both darkest
and un-exposed pixels are the following. The first ones are all the
image pixels with intensity equal to or lower than the minimum
DN value of solar-disk pixels, while the pixels of the un-exposed
part of the plate are the ones outside the solar-disk with intensity
higher than the maximum DN value of solar-disk pixels. The
data obtained by this formula are 800 × 800 pixels, 16-bit gray-
scale images, and have pixel scale ≈2.7 arcsec/pixel, as for the
MW data set analyzed.

Figure 1 shows the profiles of the median intensity values
computed on constant area annuli that are centered in the solar-
disk center in MW, test-MW, and PSPT images. We note the
difference in the median intensity values for the solar limb and
outside the solar-disk between test-MW and PSPT and MW im-
ages. This is caused not only by the different level of stray-light,

1 http://www.mporzio.astro.it/solare
2 http://www.astro.ucla.edu/~ulrich/MWSPADP/

Fig. 1. Profiles of the median intensity values computed inside constant
area annuli centered on the solar-disk center in MW (solid line), test-
MW (dotted line), and PSPT (dashed line) images. Distance from the
disk center is given in disk radius units. Intensities are normalized to
the value extrapolated at disk center from 0.3 solar radii. These profiles
are computed from images storing observations taken on December 29,
1975 for MW and test-MW data sets, and on August 31, 2005 for the
PSPT sample.

but also by the photographic-calibration procedure applied to the
original Mt Wilson observations.

3. The restoring algorithm

The restoring algorithm that we developed is based on a tech-
nique presented by Walton & Preminger (1999). In brief, the
intensity Center-to-Limb Variation of the quiet Sun (CLVq here-
after) and the PSF are modelled using analytical functions
(namely Legendre polynomials for the CLVq, and a sum of three
Gaussians and a Lorentzian for the PSF), which depend on free
parameters. These parameters were estimated for each image
by fitting the measured CLVq to the convolution between the
analytical model functions. From the retrieved PSF an optimal
Wiener filter (Brault & White 1971) was computed, with which
images were finally restored. A complete description of the tech-
nique is found in the original paper by Walton & Preminger
(1999). Here we discuss some important aspects of its imple-
mentation.

The WP technique is based on the assumption that both at-
mospheric and instrumental distortions are uniform and radially
symmetric over the focal plane. For what concerns the first kind
of aberrations, this assumption is valid for all data sets because
the integration time was longer than the typical atmospheric
correlation time of 10–20 ms. Walton & Preminger (1999) pro-
vide a deeper discussion of these assumptions for when atmo-
spheric degradation is not space-invariant. Concerning instru-
mental degradations, we evaluated that the eccentricity of the
solar-disk on PSPT and SD-PSPT images is sub-pixel. Radial
symmetry is therefore a reasonable approximation for such data.
In both MW and test-MW images, the eccentricity is approxi-
mately three times larger than for PSPT images. The radial sym-
metry is recovered by resizing the images by an amount propor-
tional to the difference between the values of the “horizontal”
and “vertical” radii provided in the image header. Compared to
present-day observations, MW and test-MW images were more
strongly affected by asymmetric artifacts, which were produced
during observations and storage, for example large-scale in-
homogeneity affecting solar-disk observations and small-scale
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emulsion scratches. The effects of such inhomogeneity on the
quality of the restoring achieved for the analyzed data, is dis-
cussed in Sect. 4.

In agreement with results presented by Walton & Preminger
(1999, see their Fig. 1), we found that the convolution of the
chosen model functions reproduced the observed solar profile in
both PSPT and MW images. The typical value of the chi-square
statistic was approximately 10−4 for both data sets. The functions
that describe the CLVq and the PSF were not however orthog-
onal; moreover the best-fit merit function had several minima
and the values of the coefficients were dependent on the ini-
tial guess values (see next section). To investigate these issues
we applied the developed algorithm to synthetic images of the
Sun convolved by various PSFs. We found that the fitting pro-
duces large variations in the coefficient values that describe the
CLVq, in some cases even when the coefficients of the CLVq
were initialized to the values used in the simulation. This was
because the terms of the Hessian which correspond to the co-
efficients of the PSF were smaller than the terms correspond-
ing to the coefficients of the CLVq. We found in addition that
the effect increased as the aberration increased. This may cause
a poor estimation of the aberrations and a poor restoration of
the images. In order to reduce this effect, we carefully estimated
the first guesses of coefficient values. The coefficients that de-
scribe the CLVq for PSPT images were initialized using values
obtained by fitting intensity profiles for good quality images ac-
quired at minimum activity level to the model CLVq function.
This preliminary fit was repeated for each MW image, because
the large spread in intensity profiles did not allow a single set
of coefficients to be assumed for all of the data analyzed. The
set of coefficients that describes the PSF was initialized using
values obtained by performing the fit on profiles evaluated for
images that were randomly selected from all data sets. The ra-
dius of the solar-disk image was also a free parameter of the
fit. To estimate a first guess, we applied a method based on
the application of an edge-enhancement operator to solar im-
ages: the edge-enhancement operator was applied using an in-
tensity threshold, the solar-activity features were removed, and
the mean of the maximum diameters in the horizontal and verti-
cal directions were computed. We note that the use of values de-
rived using such a method, enables a best-fit function to be found
more efficiently, compared to the use of values of radii provided
in MW and test-MW image headers, which usually over-estimate
our radius measurements.

The algorithm we developed differs from the technique de-
scribed by Walton & Preminger (1999) in the following aspects:

– The model function for the CLVq: WP employed a 3th-
order Legendre polynomial expansion. Following Pierce &
Slaughter (1977) we employed a 5th-order polynomial ex-
pansion in µ.

– Estimation of CLVq on images: WP estimated the CLVq
by computing the median intensity value on concentric
constant-area annuli of the solar-disk, using the standard de-
viation as an estimate of the error. In our algorithm, we de-
fined a quiet Sun intensity value to be the 5% of the max-
imum value of the cumulative intensity histogram in each
annulus (Brandt & Steinegger 1998). The error was evalu-
ated by taking into account the intensity values that corre-
sponded to 3% and 7% of the maximum value of the cumu-
lative intensity histogram within each annulus; we defined
the error to be the largest variation between these values
and the one estimated for quiet Sun regions. We found that
this method discarded active regions more efficiently, in

particular for images acquired at maximum activity level.
The CLVq calculated using this method extends to approxi-
mately 1.4 and 1.5 solar radii in PSPT and MW images, re-
spectively.

– Minimization: WP modelled analytically the Hankel trans-
forms of the PSF and the CLVq, computed numerically the
inverse Hankel transform of their product, and fitted the ex-
perimental CLVq using the resulting vector. In our algorithm,
we computed the model bi-dimensional images representa-
tive of the PSF and the CLVq over the solar-disk, then com-
puted the product of their Fourier Transforms (FTs), anti-
transformed, and finally fit the data using the profile of the
resulting model image. This meant that our algorithm be-
came slower than that of the original WP method, because
it required the computation of 3 FTs of bi-dimensional im-
ages at each iteration of the minimization, in contrast to a
single numerical computation of the inverse Hankel trans-
form of a vector. Nevertheless, we decided to compute FTs,
because previous works showed that the Hankel transform
numerical computation is “inherently less accurate” (Walton
& Preminger 1999) than that of the FT. Moreover, the com-
putation time for application of our algorithm to the entire
sample of data considered in this study appears reasonable
(see details below). We note that in a similar way to the WP
method, no FT of real data is computed for minimization.

– Second fit: to improve the estimation of the PSF, a second fit
was performed only on and outside the limb keeping fixed
the values estimated for the CLVq. In particular, for PSPT
images the second fit was performed for the range 0.95–1.4
solar-disk radii. Because of the calibration procedure, the
lowest intensity values for MW images out of the disk were
set to zero, which allowed the fit to be performed for the
range 0.95–1.07 solar disk radii.

The restoring algorithm we developed was implemented using
the IDL language. The minimization, the bulk of the algorithm,
was performed using the Levenberg-Marquardt fit subroutines
of the MARQWARDT library3. The restoration of each image,
performed by a PC with 1.73 GHz processor and 2G Ram, took
from 5 to 30 min for all the data sets.

4. Results

Images from the SD-PSPT, PSPT, and MW data sets were re-
stored using the implemented algorithm. The coefficients that
describe the CLVq and the PSF were initialized with the same
values for all images in a given data set. An example of original
and restored images is given in the appendix.

We visually inspected the restored images and found that
some were affected by artifacts, that is medium and high spatial
frequency features which were not present in the original im-
ages, were apparent. These images were discarded and in subse-
quent analyses only 100%, 75%, and 55% frames from the SD-
PSPT, PSPT, and MW data sets, respectively, were retained. The
presence of artifacts in restored images was due to the failure of
the minimization algorithm to find a good set of parameters to
describe the PSF, which in turn, as explained above, led to the
poor initialization of the parameter values. Not surprisingly the
largest number of retained frames was from the SD-PSPT, which
is the most homogeneous of the analyzed data sets in terms of
image content and the observing conditions. For the PSPT data

3 These software are available at Markwardt IDL Library
http://cow.physics.wisc.edu/~craigm/idl/idl.html
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Fig. 2. Evolution during the day of image spatial scale, estimated as
described in the text, for original (dashed line, asterisks) and restored
(solid line, diamonds) SD-PSPT images.

set, it is possible to derive restored images without artifacts by
initializing the free parameters of the PSF with different values.
For MW images, this was not always possible because the con-
vergence of the solution without artifacts was hampered by the
presence of defects in the original images, such as straight lines,
scratches, double images and large-scale gradients.

A visual inspection of the original and restored images
showed that the application of the restoring algorithm yielded an
improvement in both spatial resolution and contrast of solar fea-
tures identified in the analyzed images. In particular, restored im-
ages showed fine details in both quiet and active regions. These
details resembled ones observed in PSPT images taken at the
Mauna Loa Solar Observatory in the best seeing conditions. To
evaluate the image-quality improvements and test the capabil-
ity of the technique to recover homogeneity in the analyzed data
sets, we performed several measurements. The results obtained
are presented below. We note that, due to the different instrumen-
tation, spectral range, observations storage and data reduction, a
comparison of absolute values of measurements derived using
images from the present day and archive data sets considered in
this work is impossibile. For this reason we now compare the
relative variations in the quantities measured using original and
restored images for the three data sets.

4.1. Image spatial scale

We first analyzed the smallest spatial scale measured in each im-
age. This was achieved by analyzing the power spectra of small
sub-arrays (64 × 64 pixels) extracted at the disk center of each
image. In particular, we assumed that the characteristic spatial-
scale of each image, was the spatial frequency at which the inte-
gral of the power spectrum, over frequencies, is 98% of its total
value. Figure 2 shows the temporal variation of the measured
spatial scale for original and restored images of the SD-PSPT
sample. Restored images have better resolution, which in some
cases approaches the Nyquist frequency (3.8 arcsec). Moreover,
less scatter between the measured values was found in the re-
stored data set with respect to the original one. In particular, the
increase with time in the characteristic spatial scale of the origi-
nal images, which reflects the deterioration of observing condi-
tions during the observational day, was less evident for restored
images. This shows that the algorithm works well for images of
different quality. Our most superior results, however, were de-
rived for images that had the highest spatial resolution. The mean

Fig. 3. Relative differences, in logarithmic scale, of the values of the
coefficients estimated on images 29 and 50 of SD-PSPT sample with
respect the coefficients estimated for image 1 of the same sample. The
set {α} refers to the coefficients which describe the PSF, the set {β}
refers to the coefficients which describe the CLVq. R is the value of the
solar-disk radius.

spatial scale measured for the first set of 23 images, which were
acquired in the early morning, was 4.3 ± 0.3 and 4.0 ± 0.1 arc-
sec for the original and restored data, respectively. On the other
hand, the corresponding mean values for the 14 images of the
last data set, which were acquired during the central hours of the
day, were 4.7±0.3 and 4.2±0.2 arcsec, respectively. Exceptions
did however exist, such as images 29 and 50, for which we mea-
sured the same spatial scale on original images, but different val-
ues for the restored data. We note that the mean resolution for the
entire data set varies from 4.4±0.3 to 4.1±0.2 arcsec, which cor-
responds to an increase of 7% in the resolution, and a decrease
in the data dispersion of approximately 33%.

An inspection of the coefficients estimated by the minimiza-
tion algorithm revealed that, for most images acquired in worse
seeing conditions, the fitting produced large variations in the val-
ues of the coefficients that describe the CLVq. Figure 3 shows
for example the relative variations of the coefficient values esti-
mated for images 29 and 50, with respect to the values estimated
for image 1 of the same data set. This latter image is one of the
highest quality images obtained during that observing day. The
plot shows that for both images 29 and 50 the largest variations
are measured for the coefficients that describe the PSF, as ex-
pected. For image 50, large variations are measured also for the
coefficients that describe the CLVq. This is due to the (already-
mentioned) non-orthogonality of the PSF and CLVq functions
and to the dependence of the fit on the initial conditions, which
produces the remaining scatter of results measured in the re-
stored data. For each image analyzed, we note that variations
in the coefficient values that describe the PSF, are larger than
those measured for coefficients that describe the CLVq; this in-
dicates that the fit provides a reasonable approximation to the
functions. We note also that the variations in the values of each
parameter are not directly related to the goodness of the restora-
tion, which, in turn, depends on the goodness of the estimation
of the “shapes” of the PSF and the CLVq functions.

Figure 4 shows the cumulative histograms of the measured
image resolution for original and restored images of the PSPT
and MW data sets that we analyzed. These plots clearly show
that restoration improves the image resolution and homogene-
ity of both analyzed data sets. In particular, the mean value of
the measured spatial scale decreases from 5.4 ± 0.7 to 4.7 ±
0.6 arcsec and from 7.5 ± 0.9 to 6.5 ± 0.7 arcsec, for original

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20079046&pdf_id=2
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Fig. 4. Cumulative histograms of image spatial scale measured on re-
stored (solid line) and original (dashed line) images.

and restored data of the PSPT and MW data sets, respectively;
we note that this corresponds to an increase in resolution of ap-
proximately 13% on both data sets. The remaining scatter of the
results measured after restoration, must be partially attributed to
the non-orthogonality of the fitting functions, in a similar way
to the SD-PSPT data set. The seasonal variation of the image
scale and the variation of the image contents, in terms of solar-
activity features occurring over the solar-disk, also contribute to
the dispersion of the results.

4.2. Contrast of solar features

To study the improvement in the photometric properties of so-
lar features by restoration, we analyzed the contrast of sunspots
and faculae identified for original and restored data. In the fol-
lowing, the contrast of each pixel is defined by the ratio of its
own intensity and the intensity of quiet Sun region close by, the
obtained quotient was then subtracted by one. The quiet Sun is
established to be the median intensity value computed in annuli
centered on the disk center.

Sunspot regions – Sunspot regions were identified in the an-
alyzed images by applying an intensity-threshold criterion. We
note that the application of this straightforward criterion for fea-
ture identification is functional to our study, which takes into
account only minimum contrast values measured for large-size
identified features; we provide details of our procedure below.
Figure 5 shows the temporal variation of the minimum con-
trast measured for the largest sunspot identified on original and
restored SD-PSPT images. The umbral area measured for the

Fig. 5. Evolution during the day of the minimum contrast of the largest
sunspot (AR10380) measured on original (asterisks) and restored (di-
amonds) SD-PSPT images. The restoration decreases the contrast of
approximately 30% and reduces variations due to seeing variability.

Fig. 6. Center-to-limb variation of the minimum contrast of sunspots
measured on original (asterisks) and restored (diamonds) images from
PSPT (top) and MW (bottom) data sets.

sunspot considered here, which belongs to AR10380 (shown in
the online material), is approximately 70 micro-hemispheres.
The plot shows a large dispersion in measured minimum con-
trast values for the original images. The maximum dispersion
was measured for images acquired during the hottest hours of
the day (9:29 a.m.–12:44 a.m. in local time units). The minimum
contrast measured for restored images, however, has decreased
by approximately 30%, and shows both less scatter and almost
no trend during the whole observing day.

We analyzed the minimum contrast of sunspot regions iden-
tified in sub-samples of 76 PSPT and 61 MW images. To re-
duce the potential dispersion in results associated with the

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20079046&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:20079046&pdf_id=5
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596 S. Criscuoli and I. Ermolli: Restoration of full-disk CaII K time series

dependence of measured contrast values on sunspot size
(Mathew et al. 2007; Walton & Preminger 1999), we restricted
our analysis to identified features whose umbral area was larger
than 30 micro-hemispheres. We selected 233 and 57 on PSPT
and MW images, respectively. We note that, due to the variation
in the image contrast, the number of selected features is larger
after restoration (41% and 29% on PSPT and MW images, re-
spectively), but for these analyses we retained only the features
selected in both restored and original images.

In Fig. 6 we plot the minimum contrast measured in the iden-
tified features against their position in the disk (in cosine of the
heliocentric angle units). We show the value of the peak and the
full-width-half-maximum (error bars) of the distribution of con-
trast values inside 0.1 wide position bins. We note that in the
PSPT restored images the measured contrast of sunspots has de-
creased by approximately 60% and the dependence on the po-
sition in the solar disk has reduced significantly with respect to
the contrast measured in the original data. Moreover, the uncer-
tainties described by these error bars are smaller with respect
to those derived for the original data, which provides additional
confirmation that restoration improves the uniformity of the data
sets. In contrast, restoration does not reduce the dispersion of
the measurements and the dependence on position within the
solar-disk of the contrast measured in MW images. However,
a small decrease in contrast values (6%) is measured. We note
that the high (absolute) values of contrast measured in the re-
stored PSPT images (≈100%) are due primarly to the fact that
the sunspots analyzed here were observed in the CaII K spectral
range. However, to estimate whether the obtained values stem
from over-restoration of images, we applied the algorithm to
a data set that was acquired simultaneously with the SD-PSPT
data images for the red continuum spectral range (607.2 nm,
FWHM = 0.5 nm). We measured sunspot-contrast values for
restored images to agree with those presented by Mathew et
al. (2007). By analyzing simulated images of the Sun, which
we describe in more detail below, we estimated that contrast of
sunspots of the size discussed is likely to be overestimated for
low levels of stray-light. These findings agree with results pre-
sented by Walton & Preminger (1999).

Finally, we investigated the contrast of sunspot features iden-
tified in PSPT images with umbral area values smaller than
30 micro-hemispheres. We found that the average value of the
measured minimum contrast decreases with restoring from –0.4
to –0.8. Moreover, the error bars associated with measurements
performed on restored data were approximately twice as large
as those derived for the original data, and a small trend with
position on the solar-disk was not removed by restoration. We
comment on these results in Sect. 5.

Facular regions – Facular regions were identified in SD-
PSPT images and in PSPT and MW images used to study the
contrast in sunspots. The identification method applied was Ktr,
which was described by Ermolli et al. (2007a). We found that
the number of features identified in restored images was remark-
ably larger than those found in the original data, the increase
being approximately 500%, 300%, and 35% for the SD-PSPT,
PSPT, and MW data sets, respectively. The maximum contrast
measured inside facular regions also increased for the three data
sets of 33%, 18%, and 7%, respectively. We note that the max-
imum contrast measured inside facular regions depends on the
spectral characteristics of the analyzed images. In particular, the
wider is the spectral range of the analyzed observations the lower
is the contrast.

Since the AR1038 extended region observed in the SD-PSPT
sample developed several flares during the observing day, we

Fig. 7. Facular maximum contrast measured on simulated images versus
the level of stray-light (see text). Continuous line: original simulated
image. Asterisks: aberrated images. Diamonds: restored images.

could not study the temporal variations of facular regions iden-
tified in restored and original images of that data set, as we did
for sunspots. However, we studied the effects of the restoring
algorithm on the contrast of bright solar features by analyz-
ing simulated images of the Sun. We extracted a sub-array of
200 × 140 pixels centered on the active region AR1038 from
an image of the SD-PSPT acquired before the start of flaring
activity. This sub-array was superimposed on a simulated im-
age of the Sun computed using a polynomial expansion of µ.
The values of the coefficients were similar to those assumed to
initialize the fit in PSPT images (see Sect. 3). The derived im-
age was convolved by twelve different PSFs corresponding to
increasing levels of stray-light, which was defined to be the ra-
tio of the intensity value measured at 1.2 solar-disk radii and the
intensity value measured at the disk center. Figure 7 shows the
maximum contrast value measured inside the analyzed facular
region for both restored and original images against the level of
stray-light on images. The plot illustrates that image restoration
enables the facular contrast, at the level of a few percent, to be
recovered, and the measurement scatter introduced by aberra-
tions to be reduced by approximately one tenth. As for sunspots,
a slight over-restoration (less than 1%) is observed for the lowest
levels of stray-light degradation investigated in this study.

Figure 8 shows the dependence on position inside the solar-
disk of the maximum contrast measured for faculae identified in
the PSPT and MW data sets. Results are presented in a similar
way to Fig. 6. Besides the already-mentioned increase of con-
trast, we note that the small trend with position inside the solar-
disk is not removed by image restoration in the analyzed data
sets, but appears to be slightly enhanced. Moreover, the standard
deviations inside each bin are increased by image restoration, on
average, by a factor of 2, which indicates a wider spread in the
results. This appears to be in contrast to the results obtained for
large-size sunspots identified in the PSPT data set, for which the
spread results was reduced remarkably by restoration, and agrees
with our results for small sunspots. We comment on these results
in the next section.

5. Discussion

Our results presented above indicate that restoring improves both
spatial resolution and photometric contrast of the images from
the PSPT, SD-PSPT, and MW data sets.

The increase of the spatial scale on MW data set is compara-
ble to that derived for PSPT images (approximately 13% in both
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Fig. 8. Center-to-limb variation of maximum contrast of facular regions
measured on original (asterisks) and restored (diamonds) images from
PSPT (top) and MW (bottom) data sets.

cases). The analyses of photometric properties of solar features
revealed that the increase of the photometry for MW images is
quite poor with respect to that derived for PSPT data. The (ab-
solute) increase of contrast of sunspots and facular regions mea-
sured in PSPT images is in fact 60% and 18% respectively, while
the same quantities measured in MW images are only 6% and
7%. This difference is due to the inefficacy/ineffectiveness of the
restoration; this is caused by the lack of information on the in-
tensity pattern outside the solar disk image, which is produced
by the photographic calibration applied to the MW images. As a
consequence, measurement of the PSF is affected and the stray-
light degradation cannot be compensated for in an accurate way.
To investigate this issue, we applied the restoring algorithm to
test-MW images and selected 17 and 19 sunspots on original and
restored data, respectively. The variation with position on the
solar-disk of the minimum contrast of these features is shown in
Fig. 9. The number of selected sunspots is much smaller than for
the PSPT and MW images. Sunspots were not selected accord-
ing to their size; the spread of results was larger, and no clear
trend with disk position was observed. Nevertheless, a compar-
ison with results presented in Fig. 6 shows that the compensa-
tion for stray-light degradation is larger for test-MW than MW
images. In particular, we measured a decrease in contrast of ap-
proximately 33% for all sunspots, and approximately 40% for
sunspots with an umbral area larger than 30 micro-hemispheres.
Although smaller, these values are comparable to those mea-
sured for the PSPT data set. This difference can be partially
ascribed to the fact that for high level of stray-light, which is
true for both test-MW and PSPT images, the minimization do-
main (which, in analyzed images, usually extends up to approx-
imately 1.5 solar radii) is not large enough. We performed some

Fig. 9. Minimum contrast of sunspots identified on original (asterisks)
and restored (diamonds) test-MW images.

simulations and found that the reduction of the minimization do-
main produces underestimation of the stray-light and that the ef-
fect is larger the larger is the stray-light contamination.

The analysis of the spread in the measurements allowed the
increase of data set homogeneity by restoration to be studied. In
the case of the spatial resolution, we measured a decrease in the
spread of 33%, 14%, and 20%, for the SD-PSPT, PSPT, and MW
images, respectively. We note that the highest decrease in spread
is measured for the data sets with the most homogeneous image
content (SD-PSPT), which suggests that the remaining spread
measured for the other two data sets is due mainly to variation
in the image content discussed in Sect. 4. In the case of the pho-
tometry, measured using the contrast of solar features, the results
are more controversial. We measured a decrease in the spread of
large-size sunspot contrast for SD-PSPT and PSPT data sets. On
the other hand, the spread increased in the contrast between the
smallest sunspots and between faculae identified in the PSPT
and MW data sets. The increase of spread of facular contrast is
due most likely to the enhancement, by restoration, of the depen-
dence of their photometric properties to physical characteristics
as size, filling factor, presence of bright points and time evo-
lution. This is confirmed by the results obtained by analyzing
simulated images of the Sun. Regarding sunspots, Mathew et al.
(2007) showed that the contrast depends on the size only at the
smallest areas. As for faculae, the restoring therefore appears to
enhance the contrast size-dependence of small sunspots, but re-
duce the seeing-induced contrast fluctuations of large-size spots.
We are unable to discard the possibility, however, that these en-
hancements in the contrast spread are generated directly by the
restoration method. In fact, Walton & Preminger (1999) showed,
by the analysis of simulated solar images, that the measurement
of sunspots contrast is dependent on both their size and position
on the solar-disk. They showed that the highest quality results
are obtained for the largest sunspots (area larger than 100 micro-
hemispheres), which occur at the solar-disk center. Similarly,
Martínez Pillet (1992) noticed that potential errors in the assign-
ment of several parameters used to describe the PSF function
play different roles at small and large spatial scales. In particu-
lar, the degree of stray-light removal on small-scale features is
probably affected by inaccuracies in the parameters of both the
Gaussians and the Lorentzian functions of the PSF, while only
those concerning the Lorentzian part play a role in the quality
of the results obtained on large-size features. The removal of
stray-light effects on contrast measurements of small-size fea-
tures depends on more parameters than those acting on contrast
measurements of large-size features and is therefore more un-
certain. An interesting contribution to this topic was provided
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by Toner et al. (1997). We note that the uncertainty in the stray-
light removal of small-scale features can explain some of the
dispersion in the contrast-area relation reported by Mathew et
al. (2007) for the smallest sunspots that they analyzed.

6. Conclusions

We applied an algorithm based on the technique presented by
Walton & Preminger (1999) to restore full-disk CaII K solar
images for the atmospheric and instrumental degradations com-
monly referred to as stray-light. The algorithm was applied to
both current and archive observations, with the aim of testing its
capability to improve the quality of single images and to recover
homogeneous contents of the analyzed data sets. In particular,
we analyzed images acquired at the Rome Observatory, and
two samples of archive Mt Wilson spectroheliograms calibrated
by different techniques. We found that the application of the
restoring algorithm improves both spatial resolution of solar
observations, as well as photometric contrast of sunspots and
facular regions in all data that we analyzed. Results presented in
Sect. 4.1 show that the improvement of spatial resolution is com-
parable for both the present-day and archive data sets that we
analyzed. On the other hand, the improvement of photometry for
archive data is dependent on the method employed to calibrate
the original photographic observations. We found that the

estimation of the stray-light level is quite poor in images that,
due to the photographic-calibration, contain too little informa-
tion about the intensity pattern outside the solar-disk image. The
increase of photometric quality in these images by restoration
is therefore much smaller than that obtained for both present-
day and differently-calibrated archive observations, as is evident
when we compare the plots shown in Figs. 6 and 9.

Our study indicates that the reduction techniques applied to
archive observations have to preserve the largest intensity in-
formation stored in the original data, even outside the solar-
disk image. This allows further improvement of the photomet-
ric quality and homogeneity of these observations, by obtaining
quantitative results that are comparable to those produced using
current observations. Finally, this study confirms, in agreement
with Walton & Preminger (1999), that numerical simulations de-
veloped to analyze the recovery of contrast by restoration as a
function of feature size and for different PSFs, are required to
provide reliable interpretation of photometric measurements de-
rived from restored full-disk images.
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Appendix A: Original and restored images

Fig. A.1. Example of original (left) and restored (right) images for the PSPT (top) and the MW (bottom) data sets analyzed in this study. The
images concern the solar observations taken on July 6, 2000 and on May 29, 1967 at the two sites, respectively.
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Fig. A.2. Details of the analyzed sunspot region AR1038 on an original (top) and restored (bottom) SD-PSPT image. Notice the finer solar features
observed in the restored image. Details are given in Sect. 4.
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