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ABSTRACT
This paper presents a new application of statisticallybased methods for automatically identifying the various surface structures on the Sun which may contribute to observed changes in solar total and spectral
irradiance. These structures are divided for our purposes into three types: quiet sun, faculae, and active
regions. The procedures described here ﬁnd labelings
from synchronized full-disk high-resolution magneticﬁeld and light-intensity maps from the Michelson
Doppler Imager experiment on SoHO. Statistical
models characterizing the properties of the region
types are found from expert identiﬁcation of a sample
set of regions. Once these parameters are ﬁxed, the
inference procedure becomes to maximize the probability of an image-labeling given the observed data.
This allows objective and automated classiﬁcation of
a large set of images.
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1. INTRODUCTION
Observations of solar irradiance (both bolometric and
at various wavelengths) have demonstrated that the
solar energy ﬂux changes over a wide range of periodicities: from minutes to the 11-year solar cycle
(Willson and Hudson, 1991; Fröhlich, 1994). It has
been shown that the long-term irradiance changes are
mainly associated with bright magnetic features, including faculae and the magnetic network (Foukal
and Lean, 1988). Former analyses have indicated
that the short-term irradiance variations are directly
related to the evolution of active regions via the combined eﬀect of dark sunspots and bright faculae (Hudson et al., 1982; Chapman, 1987; Fröhlich and Pap,
1989). However, the physical mechanisms underlying irradiance changes are not fully understood, and
the SoHO observations indicate that a physical origin of solar irradiance variability, based solely on solar magnetic activity, cannot explain all the aspects
of the observed irradiance changes (Fröhlich et al.,
1997; Wehrli et al., 1997). It is not clear whether
these discrepancies are related to measurement uncertainties in irradiance and its magnetic surrogates,

or to additional global eﬀects, such as temperature
changes (Kuhn et al., 1988), radius changes (Delache
et al., 1986; Ulrich and Bertello, 1995), large scale
mixing ﬂows, or large scale convective cells (Ribes et
al., 1985; Fox and Soﬁa, 1994).
Nonetheless, as the nearest star, the Sun is the only
star where we can observe and identify the variety
of structures and processes which do lead to irradiance variations. High-resolution observations conducted from the ground and various space missions
have shown that the surface of the Sun and its outer
atmosphere are highly dynamic on almost all spatial scales. To understand the physical causes of the
changes observed in solar total and spectral irradiances, it is necessary to study the spatial and temporal characteristics and evolution of the solar magnetic
ﬁelds and related thermal structures in the various
layers of the solar atmosphere.
The main goal of this work is therefore to identify and characterize the various surface structures
on the Sun which contribute to the changes in solar total and spectral irradiances. While our earlier
work used only magnetic-ﬁeld observations (Pap et
al., 1997), the present study uses both high-resolution
(10242 pixels) magnetograms, taken approximately
every 96 minutes, and quasi-white-light photograms,
which are taken roughly once every 360 minutes. For
our purposes, it is important to distinguish further
between the 1-minute and 5-minute magnetogram integration times used by MDI, as these produce images having diﬀerent noise characteristics. All these
images are taken by MDI with a CCD camera near
the Ni I 676.8 nm absorption line originating in the
mid-photosphere (Scherrer et al., 1995).
Adding photograms necessitates some pre-processing
steps which do not arise with magnetograms alone.
In particular, the photograms must be corrected for
limb-darkening eﬀects and diminishing instrument
sensitivity. Also, both image modalities must be
placed on a common time frame. Finally, the twodimensional observable must be related to the object
classes, and this is the heart of the procedures described here.
To locate the causes of solar irradiance variations,
about 104 solar images must be analyzed. These images show a wide variety of solar structures: active
regions (sunspots and faculae), remnants of active
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Figure 1. Top, near-simultaneous magnetogram and photogram, with some contrast enhancement; bottom,
corresponding scatter plot and rough per-pixel labeling.

regions, and the active network and the relatively
quiet network which are distributed as cell-like structures over the solar disk. For the purposes of this
analysis, we have concentrated on four speciﬁc structures: sunspot umbra, sunspot penumbra, faculae,
and background.

2. IMAGE ANALYSIS TECHNIQUE
Figure 1 illustrates the potential of the MDI data for
extracting these structures from solar images. The
upper panels show, respectively, details from a oneminute magnetogram and a ﬂat-ﬁelded photogram
which happened to be taken 6.0 minutes apart by
MDI at 4:15 UTC on 1 August 1996. (Six minutes implies a relative displacement of less than half a pixel
at disc center.) The corresponding scatter-plot of observed values is shown in the third panel. As this plot
shows, magnetic ﬁelds of about ±200 Gauss (we use
MDI nominal units throughout) may produce either
sunspots or faculae, and so a two-parameter observation aids in separating these features reliably. In fact
the umbra and penumbra can be separated at the
knee of the two-dimensional scatterplot. Adding the
second dimension of intensity permits a lower error
rate in distinguishing these classes. The crude labeling in the last panel corresponds to a simple thresholding of this bivariate data, ignoring all spatial re-

lationships. (For this reason, we do not advocate
per-pixel thresholding as a labeling technique; however, doing so shows the potential of the data.) The
coherence of the resolved structures is apparent.
This conveniently synchronized image-pair demonstrates the potential of such coupled intensity and
ﬂux measurements to allow inference of structural
properties. Doing this requires a uniform, automated
technique whose parameters have been determined
objectively to the greatest extent possible. In what
follows, we describe the setup which we have developed for this purpose.

2.1. Preprocessing and Synchronization
It remains to formalize and automate the procedure
illustrated above — in particular, to generalize to
the case of non-synchronous magnetogram and photograms. Figure 2 illustrates the method:
1. Flat-ﬁeld each photogram
2. Interpolate a photogram to the magnetogram observation time
3. Infer a labeling from the magnetogram and photogram
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Figure 2. Data ﬂow used to preprocess photograms and magnetograms in preparation for feature identiﬁcation

Here we cover the ﬁrst two steps, and subsequently
we describe the third step which is the heart of the
decomposition scheme.
Having a magnetogram at a given time t0 , the closest
photograms at times before and after t0 are found.
Center-to-limb variation is removed via an adaptation of the procedure of Steinegger et al. (1996),
yielding a correction factor
0.3728 + 0.9605µ − 0.5135µ2 + 0.1802µ3
which agrees with that of Bogart et al. (1998) to
within 0.004 for µ ≥ 0.2. A further image-wide correction factor is necessary to compensate for ﬁlter
degradation. This factor is linear in time, albeit with
breaks in several points at which the instrument was
recalibrated. See Bogart et al. (1998) for a more
detailed description of these eﬀects. Next, a small
residual ﬂat-ﬁeld (accounting for roughly 0.4% spatial variation) is applied. The result is two spatially
and temporally uniform photograms.
Ensuring temporal homogeneity of these preprocessing steps is paramount due to their expected use in
irradiance study. Both the limb correction and the
residual ﬂat-ﬁeld correction are held constant over
the entire image sequence, except for the recalibration breaks mentioned above. Consequently, the only
continuously-varying temporal adjustment that is applied is the one for ﬁlter degradation, which is wellunderstood. Temporal stability is crucial to eliminating side-eﬀects from the ﬁnal region-maps.
At this point, standard formulas for the latitudedependent angular velocity of active regions (e.g.,
Zappalà and Zuccarello 1991), applicable across time
scales on the order of several hours, are used to synthesize a photogram at t0 from the bracketing photograms. (A 240-minute rotation, a typical outer
limit for these data, corresponds to a movement of
about 18 pixels at disk center. An error in sunspot
angular velocity of 0.5◦ /day over 240 minutes corresponds to a displacement of about half a pixel at disk
center.) Given t0 , this registration step is done automatically using the appropriate MDI FITS header
information. The synthesized photogram and the
original magnetogram, now in a common coordinate
system, are used together to infer a labeling, or assignment of region-type across the image.

Figure 3 shows sample results from the interpolation
process. Shown at top are details from a ﬁve-minute
magnetogram (taken 3:15 UTC on 6 August 1996),
and a photogram synthesized from bracketing photograms at 14:57 UTC on 5 August, and 7:51 UTC
on 6 August. This implies a minimum rotation of
276 minutes, which is a rather large gap for the MDI
cadence (about 14 magnetograms/day). The scatter
plots for two subregions are in the bottom panels.
The bipolar spot shows clearly as having lower intensity. Most encouraging, the brightness enhancement
of the faculae, amounting to only about 2% of the
nominal intensity level of 12150 units, is clearly visible, increasing with magnetic ﬂux strength. Such
results are consistent with a well-calibrated limbcompensation and ﬂat-ﬁeld mechanism.

2.2. Image Decomposition
The ﬁnal step, inferring the labeling, is more complex
because doing so involves scientiﬁc judgment. In the
system we propose, this judgment is isolated in a falsiﬁable statistical model whose parameters are chosen according to a scientist-provided labeling. This
practice isolates the problem-speciﬁc elements of the
decision procedure into a concise and testable model
which naturally accounts for uncertainty and noise in
the observables. These characteristics distinguish the
approach described below from strictly “algorithmbased” procedures in which the only way to describe
the labeling method is via the computer code that
is ultimately used, and for which reckoning with the
uncertainty inherent in noisy data and uncertain labelings takes place away from its natural probabilistic
setting.
Because of the abundance of prior information, we
adopt a Bayesian view which allows us to incorporate
expert knowledge of this data in the consistent framework referred to above. Following well-established
statistical practice (Geman and Geman, 1984; Ripley, 1988; Turmon and Pap, 1997), we describe the
labeling step in this Bayesian framework as inference
of the underlying pixel classes (symbolic variables
represented by small integers) based on the observed
(vector-valued) pixel characteristics.
Speciﬁcally, let pixel sites s = (s1 s2 ) exist on an
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Figure 3. Synchronized magnetogram and photogram, with scatter plots of sites within the two indicated regions.

image domain N . Deﬁne a matrix of discrete class
labels x = {xs }s∈N . The observed characteristics ys
are similarly combined into a three-dimensional array
y. The posterior probability of labels given data is
P (x | y) = P (y | x)P (x)/P (y) ∝ P (y | x)P (x) . (1)
For the estimation of labels, the maximum a posteriori (MAP) decision rule maximizes this probability,
or, equivalently, its logarithm:
x̂ = arg max log P (y | x) + log P (x) .
x

(2)

The ﬁrst term is the familiar likelihood function, forcing ﬁdelity to the data. The second is the prior
probability of a given labeling, which penalizes physically unrealistic labelings. For illustration, consider
the simplest framework, in which data are generated
from labels according to a Gaussian distribution with
per-class mean vectors µk resulting in the objective
function
λ
−
ys − µxs 2 + log P (x)
(3)
2
s∈N

where  ·  is Euclidean norm, so v2 = v12 + v22 .
This can be interpreted as a Lagrangian form which
dictates that we maximize ﬁdelity to the data subject
to a constraint on the physical reasonableness of the
labeling which is captured by the prior P (x).

Prior models P (x) may be speciﬁed in many ways.
We have used the Markov ﬁeld smoothness priors



P (x) = Z −1 exp −β
1(xs = xs )

(4)

s ∼s

where 1(·) is one if the indicated proposition is true,
and β ≥ 0. The constant Z is chosen to normalize the
probability mass function, and the sum extends over
‘neighboring’ sites in N . On our rectangular grid,
sites are neighbors if they adjoin vertically, horizontally, or diagonally. As β drops, rougher labelings
are penalized less, and the uniform distribution is
obtained at β = 0.
To make this formalism more concrete, examination of quiet-sun areas in the MDI images reveals
an excellent ﬁt of ys to a bivariate normal distribution. (These quiet-sun areas are seen in the core
of the lower-left plot of Figure 3.) The mean value
of the magnetic-ﬁeld component ys,1 is zero Gauss,
while that of the photograms is about 12 150 units.
The spatial RMS of the 5-minute magnetograms is
roughly 15 Gauss, while that of the photograms is
about 100 units. The distribution of ys under quietsun conditions is therefore


  2
0
(5)
P (ys | xs = 1) = N 12 0150 , 20
2
0 100
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where N is the bivariate normal distribution having
the indicated mean and covariance matrix.
The distributions for the other region types are determined similarly, as indicated in Figure 3. That
is, areas in the image which represent (say) sunspots
are outlined, and a distribution is ﬁtted to the resulting scatter plot. To statistically describe the characteristics of these more complex features, a more
ﬂexible distribution than a simple Gaussian can be
chosen from the wider class of ﬁnite mixture distributions (Titterington et al., 1985) and ﬁt by maximumlikelihood (McLachlan and Krishnan, 1997). Once
the distributions P (ys | xs ) for xs = 2, 3 (i.e., faculae
and sunspot) have been found and veriﬁed, P (y | x)
is fully speciﬁed and the labeling is implicitly deﬁned
via (2). In practice, numerical methods adapted from
statistical physics (Metropolis et al., 1953) are employed to ﬁnd the maximizer. We emphasize that
the prior model (4) with β > 0 couples the labels
at neighboring pixels, and so the Bayesian inference
procedure does not correspond to a per-pixel threshold rule.
While we have not done so here, in a full “patterntheoretic” approach (Grenander and Miller, 1994),
this label information may be linked into larger, more
abstract structures describing individual active regions and facular groups. Such structural models
have been used, for example, to infer galactic shapes
from digitized images (Ripley and Sutherland, 1990)
and to describe chromospheric plages (Turmon and
Mukhtar, 1997). The plage models in particular may
be readily adapted to describe photospheric faculae
via an automatically-determined bounding polygon.

3. DISCUSSION
Determining structural information about solar phenomena is one way to understand and reﬁne the
mechanisms of solar irradiance variability. We have
demonstrated that the MDI photograms and magnetograms, used together, have the potential to identify these solar structures accurately. The ﬁrst
step in using these image sources together is a
well-calibrated, temporally stationary, preprocessing
scheme for putting ﬂattened photograms and magnetograms in the same reference frame. Once this
is done, a formalism for automated image segmentation, based on contemporary image segmentation
techniques, is applied to the normalized data. The
parameters in this model are ﬁtted from scientistprovided image labelings, and their accuracy may be
checked by standard statistical methods. Currently,
the preprocessing stage is completed and we are determining models for the sunspot and facular regiontypes.
One item not stressed here is the model ﬂexibility
allowed in deﬁning P (ys | xs ). This distribution, relating the region-types to the observables, may be let
depend on the spatial location of a site. This may
be an advantage for specifying the characteristics of
faculae, which have a spatially-varying contrast. We
have already made attempts to establish an empirical relation between the intensity and magnetic ﬂux
of diﬀerent features as a function of their position
on the solar disk. Whether or not all such second-

order adjustments are incorporated in the statistical
model, identiﬁcation of the various regions will facilitate ﬁnding the so-called empirical calibration curves
between the MDI magnetic ﬁeld values and the continuum intensity images as a function of the evolution
of the active region involved. It is anticipated that
having labelings readily at hand will allow other such
“per-region” quantities to be computed.
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