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ABSTRACT

Context. The high spatial resolution, white-light images obtained by the LASCO coronagraphs provide a detailed record of the solar
corona over almost a full solar cycle. Their analysis and interpretation poses a formidable challenge for ultimately retrieving the
3-dimensional distribution of electrons in the corona.
Aims. Our goal is to implement an efficient forward modeling method capable of generating high-resolution synthetic images of
large-scale coronal structures (the streamer belt, isolated streamers, coronal mass ejections) over any time scales (as long as a solar
cycle) to be directly compared, both qualitatively and quantitatively, to coronographic images of the corona.
Methods. Our model assumes a 3-dimensional distribution of electrons described by analytic functions and represented using the
octree compression’s techniques. The radiance of the synthetic images is calculated with a ray-tracing algorithm that incorporates
the Thomson scattering. A multi-octree generalization of the method allows simulation of the temporal evolution of the structures.
We first concentrate on the coronal streamer belt. Starting from photospheric magnetograms, we calculate the position of the neutral
line at the source surface (2.5 Rsun) using the potential field source surface model. The plasma sheet forming the belt is centered on
the current sheet represented as the radial extension of the neutral line. Its electron density is represented by a parametric function
of both the distances to the Sun center and to the current sheet. The parameters are optimized by adjusting the synthetic images to
the observations, using either the coronal images or synoptic maps of the corona. The method is then extended to other large-scale
coronal structures, polar plumes, and coronal mass ejections.
Results. As examples, we present results for the streamer belt observed by LASCO-C2 during two Carrington rotations, CR 1910
and CR 1913, as well as illustrations of future coronographic observations expected from the STEREO and Solar Orbiter missions.
The results suggest that our method is sufficient for qualitatively and quantitatively simulating the structures of the solar corona even
if some discrepancies can be noticed. A systematic analysis of the LASCO data over almost a full solar cycle will be developed in
forthcoming articles.
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1. Introduction

Coronal streamers are the most conspicious, large-scale struc-
tures in the external corona. They have long been perceived as
individual, approximately axially-symmetric structures (hence
the associated terminology of “bulge”, “stalk”, and “helmet”
streamers) and identified with large flows of particles from the
Sun; although in his pioneering model, Parker (1958) described
the solar wind as a flow that essentially avoids the streamers.
Koutchmy (1971) mentioned for the first time that the edges of
ray structures coincide with filaments, i.e., the so-called neutral
line (Br = 0) on the surface of the Sun. It was later realized that a
more appropriate description could be a set of sheets developing
along a filament channel atop a system of archs also illustrated
by the sketch of Bohlin & Garrison (1974). Projection effects
would then create a superposition of helmet streamers as often
recorded on eclipse images. Because it was further realized that
the solar wind extends the heliomagnetic equator into a warped
annular neutral surface (Schulz 1973), the concept of a streamer
belt emerged as a continuous sheet of enhanced density associ-
ated to the magnetic neutral sheet. It then became clear that the

shape of this surface as it gets progressively deformed from a
rather flat plane (minimum of activity) to a highly warped sur-
face (maximum of activity), as well as the location of the ob-
server with respect to this surface, are of paramount importance
in shaping the visual appearance of the corona. As the white-
light corona results from line-of-sight (los) integration of the
Thomson scattering by individual electrons, it includes both the
effects of local density enhancements in coronal structures and
geometric projection effects. Indeed, whether the los is parallel
or perpendicular to a plasma sheet results in very different radi-
ance simply because of the very different numbers of scattering
particles. Shallow extrema in the magnetic neutral surface pro-
duce local regions where the los is approximately parallel to the
plasma sheet, thus resulting in an enhanced radiance.

The assessment of these projection effects was first qual-
itatively performed on eclipse images, and Koutchmy et al.
(1994) showed that folds in the calculated heliospheric current
sheet surface coincided with two principal helmet-like struc-
tures observed during the 11 July 1991 eclipse. The matter was
pursued further by systematically comparing drawings of the
white-light corona (obtained from photographs) with calculated
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configurations of the coronal magnetic field (Saito et al. 1993;
Ambroz & Sykora 1994; Sykora et al. 2002).

A more formal approach has been proposed by Koutchmy
et al. (1996) who represented the heliospheric current sheet as a
set of trapezium-shaped facets, each one filled with points whose
total number is proportional to its area. Once projected onto the
plane of the sky, the density of points is proportional to the radia-
tive flux density and can be compared to white-light images of
the corona. Based on three eclipse observations of minimum and
maximum types, they showed that some of the helmet streamers
(not all) corresponded to “wrinkles” on the Br = 0 surface pro-
jected onto the plane of the sky.

A different approach was introduced by Wang et al. (1992)
based on the comparison between synoptic maps, derived
from Solwind observations and typically corresponding to
3−4 Carrington rotations, and those calculated from a simple
model of a thin, homogeneous plasma centered on the neu-
tral magnetic surface. This approach has the merit of offering
a global view of the configuration of the streamer belt not possi-
ble from snapshot eclipse observations. During the minimum of
activity, such a simple model does explain the global structure
of the corona well, the streamers resulting from the geometry of
the neutral magnetic surface (Wang et al. 1997). The situation
becomes more complex as the solar activity develops and this
simple model no longer works so well (Wang et al. 2000).

The quantitative aspect of the problem, i.e., the derivation of
electron density in streamers from white-light radiance maps has
only been tackled by Koutchmy (1971). Using eclipse images, he
obtained the radiance of a streamer by subtracting the spherically
symmetric background corona. Then the radiance calculated for
a simple model of an isolated streamer with axial (cylindrical)
symmetry was adjusted to the observed radiance. Figure 6 of
Koutchmy & Livshits (1992) displays a range of radial density
profiles that are significantly higher than the mean densities in
equatorial regions (Saito et al. 1972) and typically two orders of
magnitude higher than the density in coronal holes. It should be
noted that this approach strictly applies to the case of an isolated
streamer and not to the streamer belt where los integration effects
are different.

There are two general methods of retrieving 3D representa-
tions of the electron density in the solar corona from white-light
images: forward modeling and inversion. The first one considers
an a-priori spatial distribution of electrons Ne(x, y, z) and con-
sists in calculating synthetic images to be compared with and
fitted to the observed images. The electron density Ne(x, y, z)
may be empirically described by a limited set of parameters
(Vibert 1997; Thernisien et al. 2006) or may come from an
MHD simulation of the corona (Mikic & Linker 1995). While
highly satisfactory from the point of view of the physics of
the corona, this approach requires extensive numerical calcu-
lations and thus still remains limited in spatial resolution and
temporal coverage. Inversion has so far relied on the technique
of tomography. The corona is assumed stable, in rigid-body
rotation (i.e., no temporal variation), and a set of images are
combined using appropriate algorithms such as the “Algebraic
Reconstruction Techniques” (Gordon et al. 1970) adapted to the
case of Thomson scattering by an optically thin plasma (Wilson
1976; Zidowitz et al. 1995; Vibert 1997). There are several as-
pects making the reconstruction problematic: the fast dynamics
of some coronal structures, the lack of the full angular coverage,
the sharp radial gradients of the radiance, and the tilt of the axis
of the solar rotation. Therefore, the reconstructions are limited
to the large-scale structures and generally have poor resolution.

Routine observations of the corona with the LASCO coro-
nagraphs (Brueckner et al. 1995) aboard the SOHO spacecraft
offer an unprecedented opportunity to investigate the question of
the 3D structure of the streamer belt and to understand the role
of both geometric projection effects and solar activity in shaping
the visual aspect of the corona. The purpose of our investigation
is to systematically examine both the qualitative and quantita-
tive aspects of this question, taking advantage of the multi-year
observations performed by the LASCO-C2 coronagraph and us-
ing a forward modeling method. This article presents the method
and the tools developed for this investigation, along with repre-
sentative applications. Subsequent articles will present in-depth
analysis of the streamer belt in various phases of the cycle of ac-
tivity. The article is organized as follows. Section 2 outlines our
approach. Section 3 describes the processing of the LASCO-C2
images. Section 4 deals with the representation of the neutral
sheet. Section 5 provides the description of the 3D model of the
streamer belt. Section 6 presents the calculation of the radiance
images. Section 7 explains details of the optimization of the pa-
rameters of the electron density. Section 8 displays results of the
streamer belt simulation in the scope of the LASCO-C2 mission.
Section 9 extends the streamer belt simulation method to other
missions. Section 10 presents the application of the method to
simulate other structures of the solar corona.

2. Approach and hypothesis

Our method relies on the concept of a streamer belt as a con-
tinuous thin sheet of plasma associated to the neutral magnetic
surface. This surface is constructed as the radial extension of
the neutral line calculated in the framework of potential field
source surface model (PFSS), assuming a source surface lo-
cated at 2.5 Rsun and using data from standard magnetograms.
We assume that the electron density Ne(x, y, z) is symmetri-
cally distributed in a thin layer around the neutral sheet and
that the streamer belt is in solid-body rotation with the Sun.
Starting from an empirical parametric function, the 3D distri-
bution Ne(x, y, z) is represented in a compressed form using the
octree technique. Images to be compared with the LASCO ob-
servations are calculated using a ray-tracing algorithm through
the octree that includes the Thomson scattering. Nine octrees,
regularly spaced in time over a Carrington rotation, are gener-
ated by interpolating three consecutive neutral lines to account
for the temporal evolution of the solar corona. The optimum
values of the parameters of the Ne function are determined by
least-square minimization of the residuals between the observed
and the calculated radiance maps. All numerical computations
were performed on an Athlon 1800+ biprocessor with 2GB of
SDRam, on a Linux platform.

3. Observations and image processing

All images used in this article were obtained with the LASCO-
C2 coronagraph. Our pipeline process to generate calibrated im-
ages of the radiance of the heterogeneous K-corona from the C2
raw images includes the following main tasks:

– Missing block correction. Telemetry losses result in blocks
of 32 × 32 pixels sometimes missing in the images. They
are replaced by the averaged pixel values of the same blocks
calculated on the neighboring images.

– Bias correction. The bias level of the CCD detector evolves
with time and is continuously monitored, using specific blind
zones, and systematically subtracted from the images.
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– Exposure time equalization. Small random errors in the ex-
posure times are corrected using a method developed by
Llebaria & Thernisien (2001) in which relative and absolute
correction factors are determined by comparing successive
images.

– Cosmic rays correction. The impacts of cosmic rays (and
stars as well) are eliminated from the images using a method
developed by Llebaria et al. (1998), which relies on the local
surface curvature.

– Vignetting correction. This instrumental effect is removed
from the images using a geometric model of the 2D vi-
gnetting function of C2 (Llebaria et al. 2004a).

– Absolute calibration. Conversion of DN/s (digital number
per second) to radiance (expressed in unit of mean solar ra-
diance) follows the prescriptions of Llebaria et al. (2006),
which rely on stars in the C2 field-of-view and on a radio-
metric model of the F corona (Koutchmy & Lamy 1985).

– K-corona separation. F-corona and straylight images are
generated from the daily polarization sequences (Lamy et al.
2006) and subtracted from the calibrated images.

Synoptic maps of the K-corona radiance corresponding to suc-
cessive Carrington rotations (CR) are also created to offer a
global view of the streamer belt and its temporal evolution
throughout a solar cycle (e.g., Wang & Sheely 1992). Our syn-
optic maps, as first introduced by Lamy et al. (2002), are non-
standard as they simultaneously display both limbs. Profiles
along circles centered on the Sun, at distances ranging from 2.5
to 5.5 Rsun, and starting at the south pole are stacked in a rectan-
gular array where the x-axis corresponds to solar longitude (or
time) and the y-axis to solar latitude.

4. Representation of the neutral sheet

Several methods have been devised to calculate the magnetic
field between the photosphere and a spherical surface, called
the source surface, placed at a few solar radii where the field
is forced to be radial (Schatten et al. 1969). As summarized by
Neugebauer et al. (1998), many different options exist regarding
the input data, their spatial resolution, the corrections to be ap-
plied, the matching conditions, the radius of the source surface,
and the inclusion of an heliospheric current sheet or of horizon-
tal currents. Extensive comparisons of the location of the helio-
spheric current sheet (HCS) predicted by several methods dur-
ing CR 1892 revealed discrepancies as large as 21◦ in latitude.
We note, however, that the source surface and the MHD mod-
els were in good agreement and that both correctly predicted
the observed current sheet crossings during that period, contrary
to models that included a current sheet. Based on this conclu-
sion, and also because it is further quite simple to implement,
we chose a source surface model but considered three different
input data. When comparing synoptic maps of the streamer belt,
we should keep in mind that discrepancies could easily result
from errors in the locations of the neutral sheet.

4.1. The static neutral sheet

In a broad stroke, the source surface (assumed at 2.5 Rsun)
separates the region of closed and open magnetic field
lines. By definition, the magnetic field is purely radial for
r ≥ 2.5 Rsun, and its value at the source surface is directly
calculated from photospheric magnetic field data (magne-
tograms) using the potential theory. We consider photospheric
magnetic data recorded at the National Solar Observatory

(NSO, http://www.nso.edu), the Wilcox Solar Observatory
(WSO, http://quake.stanford.edu/∼wso/wso.html),
and by the SOHO-Michelson Doppler Imager (MDI,
http://soi.stanford.edu/).

The NSO magnetograms have a resolution of 360 pixels in
longitude and 180 pixels in sine latitude, sin(L). The magnetic
flux is measured in the Fe I 8688 Å line and is corrected for the
line-of-sight projection effect by dividing by cos(L).

The WSO magnetograms have a resolution of 72 pixels in
longitude and 30 pixels in equal steps of sine latitude ranging
from −14.5/15 to +14.5/15. The magnetic flux is measured in
the Fe I 5250 Å line and is not corrected for the projection ef-
fect. In addition, and in contrast to the Fe I 8688 Å line, the
Fe I 5250 Å line suffers from saturation resulting from the very
strong magnetic field (Svalgaard 1978; Wang & Sheeley 1995).
Following the prescriptions of Wang & Sheeley (1995), we re-
duce the measured flux by a factor 1.8 and introduce a latitude
dependent factor δ−1(L):

δ−1(L) = 4.5 − 2.5 sin2(L). (1)

The MDI magnetograms have a resolution of 3600 pixels in lon-
gitude, 1080 pixels in sine latitude, and a temporal resolution
of 96 min. The magnetic flux is measured in the Ni I 6767.8 Å
line and is not corrected for the projection effect. Although of
superior quality, the MDI magnetograms suffer from numerous
telemetry dropouts that hamper the calculation of the coronal
magnetic field. We therefore principally rely on the WSO and
NSO data.

The computation of the magnetic field B at the source sur-
face relies on Maxwell’s equations. Far from all sources, it sat-
isfies ∆B = 0. The coronal field B is assumed to be current-free
and thus must satisfy

∇ × B = 0. (2)

The field is expressed in terms of spherical harmonics. At the
source surface, the Bθ and Bφ components are equal to zero. The
neutral line is obtained by solving the two equations{

Br(r = Rssϑ, ϕ) = 0
Br(r = Rss, 0, ϕ) = Br(r = Rss, 2π, ϕ) (3)

for the Br component where ϑ and ϕ are respectively the longi-
tude and the latitude on the source surface. The second equation
is a condition of periodicity.

In this work, we have adopted a source surface at 2.5 Rsun
following the work of Wang & Sheeley (1988), who showed that
this value leads to variations in the interplanetary magnetic field
(IMF) consistent with in situ measurement, although the PFSS
procedure underestimates the IMF strength by a factor of ∼2.
Figure 1 displays the calculated magnetic fields at the source
surface for CR 1907 and 1913 using the NSO and WSO data
and shows that the global behaviors of the two neutral lines are
similar. Discrepancies are present, however, and are best seen in
the differences in the latitudes of the two lines. For CR 1907,
the mean value of the difference is about 0◦, but its rms value
amounts to 3◦. In contrast, for CR 1913, there appears a sys-
tematic discrepancy (about 2◦), but the rms value is only 2◦.
However, in both cases, local differences reach 7◦ to 8◦. We
feel that these differences reflect the present limitations of both
the measurements of the photospheric magnetic field and of the
method to construct the neutral line on an idealized source sur-
face. We may therefore anticipate discrepancies at least within
the same order of magnitude when comparing the calculated and
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Fig. 1. Comparison of the magnetic field at the source surface for
CR 1907 (left column) and CR 1913 (right column) calculated from
NSO and WSO magnetograms. The two neutral lines are compared in
the top panel and the differences NS O−WS O are displayed in the bot-
tom panel.

observed angular positions of the streamer belt. An additional
source of discrepancy resides in the fact that the NSO and WSO
magnetic data are obtained along the central meridian, whereas
the streamer belt in the LASCO images is observed in quadra-
ture, on the east and west sides of the Sun. Since the calculated
magnetic field is considered static, like a snapshot taken at the
mid-point of a given Carrington rotation, its temporal variation
during about 7 days (i.e., a rotation of 90◦) are not taken into ac-
count. Section 4.2 below addresses this question and describes a
scheme for alleviating this intrinsic limitation.

4.2. The temporal evolution of the neutral sheet

The configuration of the neutral sheet at a given date can be de-
termined by two different methods, sliding-window and interpo-
lation (Fig. 2). The first method consists in calculating the mag-
netic field at the source surface directly from a sliding window
of 360◦ × 180◦ on concatenated magnetograms, the given date
determining the position of the window. In the second method,
the magnetic map on the source surface at a given time ti + ∆t is
interpolated from two successive maps calculated at times ti and
ti+1 corresponding to the midpoints of two successive Carrington
rotations CRi and CRi+1. Figure 3 illustrates the results of the
two methods of calculating the neutral line on 25 August 1996,
i.e., 3 days after the beginning of CR1913. The differences are
quite small and certainly much less than those resulting from the
data as discussed in the above section. We have selected the in-
terpolation method because it requires significantly less comput-
ing time (only two magnetic maps are calculated, the interpola-
tion process being immediate) than the sliding window method,
which requires calculating a magnetic map at each given date
(e.g., 27 maps to cover a Carrington rotation with a time reso-
lution of 1 day). Since this operation takes about 5 min on our
computer, the gain offered by the former method is significant.

5. Model of the streamer belt

The streamer belt is modeled as a thin plasma layer that is sym-
metric with respect to the neutral sheet. The electron density is
then defined by the product of two independent distributions:

Ne = Nr(r) × Nt(d), (4)

Fig. 2. Two different methods of computing the neutral sheet to simulate
its time evolution. The sliding window method (top panel) centers a
window on concatened magnetograms with a time shift corresponding
to the selected date (here three days after the begining of CR1913).
The interpolation method consists in interpolating the magnetic field at
the source surface between two successive Carrington maps centered
at their mid-points (bottom panel). In this example, the field map at
time ti + ∆t is interpolated between the maps obtained at times ti and
ti+1, the mid-points of CRi and CRi+1.

Fig. 3. Comparison of the results given by the interpolation and the slid-
ing window methods when generating the neutral line three days after
the beginning of CR1913: direct comparison (right panel) and differ-
ence (left panel).

where Nr is a steeply decreasing function of the radial distance r
(taken as a polynomial of r−1); and Nt is a symmetric function
of d, the distance to the neutral sheet. Preliminary tests showed
that functions of the form

Nt(d) = exp

⎡⎢⎢⎢⎢⎢⎣−
(

d
d0

)k
⎤⎥⎥⎥⎥⎥⎦ (5)

are appropriate. The parameter d0 controls the half-thickness in
solar radii of the streamer belt, whereas k controls its gradi-
ent. They are determined in the process of fitting the calculated
coronal radiance to the observed images. The minimum distance
from a point in 3D space to the neutral sheet must be accurately
calculated since it determines the local value of the electron den-
sity. There is no particular problem when the neutral surface is
rather flat, i.e., when the solar activity is low. Difficulties ap-
pear when it becomes warped as the solar activity increases, but
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Fig. 4. Illustration of the two methods of calculating the distance to the
neutral sheet: analytic (left diagram) for the simple case of a rather flat
neutral line, and using an image representation for complex configura-
tions of the neutral line (right diagram).

are minimized by considering that the thickness of the sheet is
generally small compared to the local radius of curvature of the
sheet. The minimum distance to the neutral sheet is equivalent to
the minimum distance to the neutral line since the extension of
the streamer belt is assumed strictly radial, and it can be calcu-
lated on the sphere having unit radius (1 Rsun). When the neutral
line presents shallow variations, this distance can be represented
by an analytical function of longitude and latitude using, for in-
stance, a spline interpolation. The distances are then directly cal-
culated using the spherical trigonometric formula:

A(L) = arccos(sin(Bm) sin(B) + cos(Bm) cos(B) cos(Lm − L)) (6)

where the angle A(L) and the longitudes and latitudes (Lm,Bm)
and (L, B) are defined in Fig. 4.

When the neutral sheet becomes highly warped or when
multiple neutral sheets are present, this analytical method is no
longer applicable, and the neutral line is defined by a 2D func-
tion. For a given point M(Lm,Bm), we calculate the Euclidean
distances to each pixel defining the neutral line and take its min-
imum value as the distance from M to the neutral sheet (Fig. 4).
This method obviously applies as well to the first case of a rather
flat sheet but requires more computing time.

6. Calculation of the radiance images

Radiance images of the streamer belt are calculated using the
classical method of integrating the Thomson scattering of indi-
vidual electrons along the set of lines-of-sight defined by the
individual pixels. The solar corona being optically thin, the radi-
ance in each pixel is given by:

I = Kc ×
∫ ∞

−∞
Ne(x, y, z) × f (x, y, z, λ)dl (7)

where Kc is a constant, f describes the Thomson scattering us-
ing the Van de Hulst (1950) formalism, and x, y, and z are the
3D coordinates of the element dl of the los. Calculating high-
resolution radiance images from many different perspectives is
by no means a simple task. To generate 1024 × 1024 pixels im-
ages, the 3D electron density must be calculated in a cube of at
least 10243 voxels. Assuming that this cube is regularly sampled
and is a 3D array of real values, such representation requires
more than 4 Go of memory space. Clearly a more efficient rep-
resentation of Ne is needed. Since Ne rapidly decreases with the
distance to the neutral sheet and with the distance to the Sun
center, an adaptative 3D division of the cube based on the local

Fig. 5. Illustration of the construction of the octree representing the
electron density. The division process produces nodes (intermediate
stage) represented by filled circles, and leaves (final stage) represented
by open circles. In this example, cubes 1 and 2 have reached their final
states and are not divided further.

density gradient appears an appropriate approach and is readily
achieved by the octree compression (Vibert 1997), which is the
3D extension of the quadtree compression (Klinger 1971). Once
the 3D electron density is chosen and the octree built, the dif-
ferent configurations corresponding to different images are ob-
tained by simply rotating this octree. The convergence of the
integral in Eq. (7) is achieved in principle by the octree subdivi-
sion itself. Such an approach presents an efficient alternative to
the classical procedure of directly integrating the analytical ex-
pression along the los; however, the cost is a significant increase
in computer memory.

6.1. Three-dimensional representation of the electron density

The 3D spatial distribution of electron density is built as an oc-
tree that performs a non-uniform adaptative sampling of space
using a tree structure. The process of building the octree starts
from the root cube that encompasses the coronal region of in-
terest. It is centered on the Sun and has been preliminary set to
24 Rsun, twice the LASCO-C2 field of view. The optimization
of this size is discussed in Sect. 6.3. The root cube is recursively
subdivided into 8 equal sub-cubes (Fig. 5), each subdivision gen-
erating a leaf or a node according to the octree terminology. A
leaf is a final division while a node is an intermediate subdivi-
sion; its subsequent subdivision generates son nodes or leaves or
both. The electron density in a given cube is defined as the mean
value of the 8 values calculated at its 8 corners. This requires cal-
culating the distance of each corner to the center of the Sun (r)
and to the neutral sheet (d). The main difficulty is determining
when to terminate the subdivision, i.e., to define the stop crite-
rion. We proceed until the difference between the extreme values
at the 8 corners reaches a predefined threshold τe set to 10%; in
other words, this insures that the electron density is adequately
sampled according to its spatial variation. In order to cope with
specific circumstances, additional stop criteria are introduced as
prescribed by Vibert (1997):

– The resolution condition: the depth of the decomposition is
limited by a threshold τd strongly linked to the computation
time and to the size of the memory required to store the oc-
tree. In our application, it is set to 9, and this generates a
50 MBytes file for a cube of 5123 pixels.



270 F. Saez et al.: Three-dimensional reconstruction of the streamer belt and other large-scale structures of the solar corona. I.

Fig. 6. 3D representation of the electron density using octree compres-
sion and corresponding to the neutral sheet of CR 1913 (an iso-density
surface is displayed).

– The boundary condition: it limits the region of interest such
that cubes outside the outer sphere inscribed in the root cube
and cubes inside the inner sphere defined by the coronagraph
occulter are not subdivided.

– The intercepted neutral sheet conditions: the cubes intersect-
ing the neutral sheet are automatically subdivided unless the
resolution condition is satisfied.

In our application where we consider a thin layer of plasma cen-
tered on the neutral sheet, the bulk of the volume of the root cube
is empty, and the octree contains large cubes where Ne = 0. As
a consequence, the generation of the octree is quite fast and re-
quires approximatively 15 min of computer time. An example of
the 3D distribution of electrons calculated using octree compres-
sion is given in Fig. 6.

6.2. Generation of two-dimensional radiance images
from the octree

The next step consists in generating “white-light” images pro-
duced by Thomson scattering from the octree representation of
the 3D distribution of electrons corresponding to a specific neu-
tral sheet configuration. Specifying a date of observation im-
poses an orientation of the octree, and each pixel defines a los.
The problem is then to follow the path of each los through the
octree, and to integrate the individual scattered light contribu-
tions of the intersected leaves. This is performed with the HERO
ray-tracing algorithm developed by Agate et al. (1991), which
determines all intercepted subdivisions (or leaves) of the octree.
Initially limited to the case of isotropic scattering, the HERO al-
gorithm was generalized by Vibert (1997) to the Thomson scat-
tering. In a first step, the algorithm determines the intercepted
points of the los with the root cube. In a second step, it deter-
mines all sub nodes for all intercepted nodes and proceeds re-
cursively until the leaves are reached. In this case, it computes
the entry and exit points of the traversed leaves, together with the
corresponding Thomson scattering coefficient. The computation
takes about 35 mn for a 1024 × 1024 pixels image and about
12 mn for a 512 × 512 pixels image. An example is shown in
Fig. 7.

Fig. 7. An example of a synthetic image of coronal radiance of 512 ×
512 pixels generated with the adapted HERO algorithm. The log10 of
the radiance is displayed in units of 10−10 Bsun, and the dotted circle
represents the solar disk.

6.3. Validation of octree compression and image generation

To validate our procedure, we considered the model of elec-
tron density described by the analytic expression given by Saito
(1993) for an axi-symmetric, homogeneous K-corona of the
minimum type and calculated two radiance images, one using
the classical procedure of los integration as specified by Eq. (7),
the other using our method and with the size of the root cube
ranging from 24 to 30 Rsun (Fig. 8). The ratio between the equa-
torial radiance profiles from the octrees and the analytic models
are displayed in Fig. 9.

They are in good quantitative agreement, but systematic dis-
crepancies are perceptible and can be explained easily by the in-
trinsic limitations of the octree representation, the local concav-
ity of the gradient of the electron density, and the discretization
of the Thomson scattering coefficients. The latter effect is due
to the sampling of the Thomson scattering coefficients along the
los from the octree compression, but this effect is minimized by
using τe ≤ 10% and τd ≥ 7 as prescribed by Vibert (1997).
The convergence of the ratio (Fig. 9) shows that a root cube
with a size of 30 Rsun is sufficient for eliminating the size lim-
itation effect even if it produces an overestimation of the radi-
ance by about 15%. This overestimation, more pronounced in
the 2−3 Rsun region, is a consequence of taking the mean of the
values at the eight corners of a concave function as sketched in
Fig. 10. This effect is related to the local concavity, more pro-
nounced in the inner corona because of the stronger gradient, and
leveling off as the radial distance increases. Decreasing τe below
10%, and increasing τd above 9 both have minor effects on the
overestimation leading Vibert (1997) to recommand τe = 10%
and τd = 9 as optimum values. He emphasizes that the dominant
criteria is the resolution condition, implying that the dominant
part of the decomposition of the electron density is obtained with
an octree of depth 7. A deeper decomposition tends to a uniform
sampling of the electron density. Thus, a value of τe ≤ 10% has
a minor impact on the error on the estimation of the electron
density.

In summary, we adopt a size of 30 Rsun for the octree, keep
τe and τd respectively set to 10% and 9, and apply a correc-
tion factor of 0.85 on the model images when comparing with
the LASCO-C2 images. Note that the slight gradient of 10% be-
tween 2.5 and 6 Rsun can be neglected for our present purpose.
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Fig. 8. Synthetic images of the coronal radiance based on the Saito model of a homogeneous K corona. The left image is calculated with the
analytic integration and the right image with the method of octree compression. The log10 of the radiance is displayed in unit of 10−10 Bsun, and
the dotted circle represents the solar disk.

Fig. 9. The ratios between the equatorial radiance profiles from the oc-
tree models with different outer boundaries (from 24 to 30 Rsun) and the
analytic model.

6.4. Temporal evolution of the images

The analysis of coronal images over long periods of time re-
quires that the temporal evolution of the solar corona be ac-
counted for. This is achieved by generating 9 octrees correspond-
ing to 9 configurations of the neutral sheet at 9 different dates
regularly sampling a Carrington rotation with a time interval of
3 days. The neutral sheets are calculated using the interpolation
method described in Sect. 4.2. Within each interval of 3 days,
the large-scale magnetic configuration of the corona is assumed
stable, and the temporal evolution is limited to the rigid body ro-
tation of the octree around the polar axis. Figure 11 summarizes
the whole procedure.

7. Optimization of the parameters of the electron
density

This section deals with the detailed specification of the analytical
functions Nr(r) and Nt(d) that define the global electron density
in Eq. (4) and with the optimization of the determination of the
associated parameters.

Fig. 10. Illustration of the origin of the radiance’s overestimation in the
simple case of 1D sampling. The concavity of the analytic function
clearly shows that the averaged sampling process tends to overestimate
the electron density.

7.1. The parameters of the radial function Nr(r)

For the radial variation in the electron density Nr(r), we adopt
the simple graphical model of Koutchmy & Livshits (1992, their
Fig. 6). This corresponds to an isolated streamer with axial sym-
metry and circular cross-section (Koutchmy 1971). Koutchmy &
Livshits (1992) display a range of density (typically a factor 2),
and we use the mean profile, which can be represented by the
function:

log[Nr(r)] =
A
r2
+

B
r
+C (8)

with the parameters A = −1.88, B = 5.94, C = 4.85 determined
by Vibert (1997). In this expression, A and B control the gradient
of Nr(r), while C is simply a scaling factor.

A preliminary comparison with a LASCO-C2 image ob-
tained on 31 March 1996 (CR 1907) was performed to test the
above values. During that period, the neutral line was rather flat
and the image displayed two conspicuous streamers extending
on both the east and west sides. Figure 12 displays the radial pro-
files of the radiance calculated from the electron density given
by Eq. (8) for the axial streamer (Koutchmy 1971), our sheet
streamer, and the observed profile of the west limb streamer. The
results show that the gradients of the observation and the sheet
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Fig. 11. Illustration of the simulation of the temporal evolution of the
neutral sheet. The top panel a) displays the individual magnetograms
and the corresponding calculated neutral lines at times ti−1, ti, and ti+1.
The middle panel b) illustrates the interpolation process of the neutral
line at 9 equally-spaced time intervals. The octree representation of the
electron density (similar to Fig. 8) is therefore updated every 3 days,
and two examples corresponding to the 1st and 9th interpolations are
displayed. The bottom panel c) summarizes the global process: a given
octree is rotated during 3 days and then updated.

profiles are in good agreement, meaning that the above values
for the A and B parameters are good starting values. In contrast,
the scaling factor C overestimates the electron density by a fac-
tor �10. This scaling discrepancy can be explained by the fact
that Koutchmy (1971) assumed an axially symmetric streamer,
whereas we are assuming a sheet streamer.

The C scaling factor is determined by comparing the ob-
servation on 31 March 1996 with the simulations. Its value

Fig. 12. Comparison of the radial profiles of the radiance: the sheet
streamer model (solid line), the axial streamer model (dotted line), and
the observation of 31 March 1996 (dash-dot line).

C = 3.96 comes from the average of the mean values of the
radiance ratio between the east and west streamers.

7.2. The parameters of the tangential function Nt(d)

The tangential function

Nt(d) = exp

⎡⎢⎢⎢⎢⎢⎣−
(

d
d0

)k
⎤⎥⎥⎥⎥⎥⎦ (9)

where k is the shape factor and d0 controls the half-thickness,
describes the shape of the streamer. Figure 13 illustrates the re-
spective influence of these two parameters on the visual appear-
ance of the streamer belt on synoptic maps.

The determination and optimization of k and d0 is not
straightforward and could require many tests and trials. To cir-
cumvent this difficulty, we assume that the observed radiance of
a streamer can be represented by an exponential function similar
to Eq. (9):

exp

⎡⎢⎢⎢⎢⎢⎣−
(

d
dphot

)kphot
⎤⎥⎥⎥⎥⎥⎦ (10)

and attempt to relate k and d0 of the electron density tangen-
tial function to kphot and dphot the photometric parameters of
the radiance profile. Streamer belts have been simulated using
a flat, disk-like neutral sheet, assuming a range of 0.5 to 4 for
k, and d0 = 0.35 Rsun. The left diagram of Fig. 14 shows that
kphot � 1.14 k to a sufficient accuracy, while the right diagram
indicates that dphot has a mean value of 0.36 Rsun with a standard
deviation of 0.03 Rsun, implying that i) d0 and dphot are almost
identical, and ii) that dphot is independent of k. As a conclusion,
the parameters of the tangential function can be first estimated
directly from the observed radiance profiles.
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Fig. 13. Examples of the tangential function Nt(d) for two values of d0 (0.2 and 0.5 Rsun) and four values of k (0.5, 1, 2, 4) in the upper panels, and
corresponding visual appearances of the streamer belt on synoptic maps in the lower panels.

Fig. 14. Results of numerical simulation illustrating the relationships
between the parameters of the tangential function for the electron den-
sity (k, d0) and for the coronal radiance (kphot, dphot). The dashed lines
correspond, respectively, to kphot = k (left diagram) and dphot = 0.35 Rsun

(right diagram).

8. Application to the streamer belt observed
by LASCO-C2

We consider two Carrington rotations, CR 1910 and CR 1913,
respectively corresponding to the periods of 01/06−28/06/1997
and 22/8−18/9/1996, when the solar activity was minimum: the
streamer belt lies in the equatorial region while the polar regions
are dominated by the coronal holes. The results are presented in
the following two subsections: first synoptic maps allow us to ad-
dress qualitative aspects, then quantitative results are discussed
using radiance profiles.

8.1. Synoptic maps

Figure 15 compares observed and simulated synoptic maps at
2.5 Rsun. For CR 1910 and CR 1913, the global positions and
time evolutions of the streamer belt are in good agreement.
However, two main discrepancies may be noticed.

– The real streamer belt is less homogeneous than the simu-
lated one. This is not surprising as our functional representa-
tion of the electron density is highly idealized.

– The real streamer belt appears split in several compo-
nents not always present in the simulations, particularly for
CR 1913. The simulation of such features may require addi-
tional structures in the neutral sheet, like current sheets. We
have already proposed two types of large-scale structures to
explain these extra features: an additional fold in the neutral
line and a ramification of the main plasma sheet (Saez et al.
2005).

8.2. Radiance profiles

The results presented in Fig. 15 were obtained with the follow-
ing parameters A = −1.88, B = 5.94, C = 3.96 for the radial
function and k = 2.7, d0 = 0.35 Rsun for the tangential func-
tion. Figure 16 compares the radial profile of this model of the
electron density with those of other workers:

– the classical equatorial models of Van de Hulst (1950) for a
minimum and a maximum corona;

– the equatorial profile of the axi-symmetric model of Saito
(1970) for a minimum corona;

– the axi-symmetric streamer model of Koutchmy & Livshits
(1992).

Because the parameters A and B were derived from the
Koutchmy and Livshits model, the profiles have similar gradi-
ents but differ by a constant factor of ∼8. This point has already
been discussed in Sect. 7.1. On the contrary, our present model
is quantitatively comparable to the other models of Van de Hulst
and Saito but with a conspiciously different gradient.

Figure 17 displays extracted vertical profiles (constant lon-
gitude) from observed and simulated synoptic maps. It shows
that these radiance profiles are generally in good agreement, es-
pecially the shape of the streamer, belt which means that the
parameters of the tangential function k and d0 are well-adapted.
However, several discrepancies can be noticed.

– CR 1910: the radiance adjustement could be refined by tun-
ing the parameter C, which is presently held constant. This
will be performed when a systematic interpretation of the
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Fig. 15. Synoptic maps at 2.5 Rsun, calculated from LASCO-C2 images (top panels) and from simulations (bottom panels). The left panels corre-
spond to CR 1910 and the right ones to CR 1913.

Fig. 16. Comparison of our model of radial function of the electron den-
sity to some published models: Van de Hulst (1950), Saito (1970), and
Koutchmy & Livshits (1992).

LASCO images is undertaken. Note the good agreement of
the location of the streamer belt.

– CR 1913: the radiance levels are well-matched with the
present value of the parameter C. Note a slight shift in the
location of the east main streamer and the presence of an
additional structure as already discussed in Sect. 8.1. This
shift may come from errors in the measurements of the pho-
tospheric magnetic field or from the simplification inherent
to the PFSS model, or both.

9. Other applications

9.1. The STEREO mission

The STEREO mission consists of two identical spacecrafts
that are drifting symmetrically away from Earth at a rate of
22◦ per year. The Sun Earth Connection Coronal Heliospheric
Investigation (SECCHI) experiment is a suite of imaging

instruments that include white-light coronagraphs (Cor-2 A and
B), which will explore the corona from 2 to 15 Rsun (Howard
et al. 2002).

Figure 18 displays three examples of simulated images as
could be seen by the SECCHI/Cor-2 and SOHO/LASCO-C2
coronagraphs. The images are calculated assuming angular sep-
arations of 1.8◦, 30◦, and 43.7◦ between the two STEREO
spacecrafts and the SOHO spacecraft. The configuration of the
streamer belt has been calculated assuming that cycle 24 repli-
cates cycle 23. Roughly following the timeline of the STEREO
mission, the first example corresponds to January 2007 and uses
the magnetic configuration of CR 1906. The second example
corresponds to March 2008 and uses CR 1923. The third ex-
ample corresponds to October 2009 and uses CR 1931. For the
best view, a radial compensation was applied. A movie was con-
structed from 242 square images of 512 pixels for each of the
coronagraphs (Saez et al. 2006).

9.2. The Solar Orbiter mission

Solar Orbiter will explore the Sun from close-up and from high
latitudes for the first time. Its perihelion will reach 0.21 AU,
and its heliographic latitude will progressively increase to reach
22◦ at the seventh orbit. Different coronagraphs have been
considered and studied (e.g., Antonucci et al. 2000; Fineschi
et al. 2001; Vivès et al. 2004). One of them, the SIde-Looking
Coronagraph (SILC), is designed to image the inner part of the
solar corona, with a field of view ranging from 1.5 to 6.5 Rsun at
0.6 AU and from 1.5 to 3.3 Rsun at 0.21 AU, and Fig. 19 displays
a set of simulated images. The configuration of the streamer belt
was computed from two past Carrington rotations, CR 1880 and
CR 1956, typical of minimum and maximum phases of solar ac-
tivity. The images are calculated for heliographic latitudes of 0◦,
22◦, and 35◦, with the last two values corresponding to the max-
imum latitudes to be reached during the nominal (22◦) and ex-
tended (35◦) missions respectively. Two additional latitudes are
included as a matter of curiosity. Interestingly enough, a corona
of the minimum type observed at low latitudes looks very simi-
lar to a corona of the maximum type observed at high latitudes
and vice-versa.
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Fig. 17. Comparison of radiance profiles extracted at a constant longitude from observed (dashed line) and simulated (solid line) synoptic maps
corresponding to CR1910 (top panels) and CR1913 (bottom panels). The origin of the latitude is at the south pole and the radiance is given in unit
of 10−10 of the mean solar brightness.

10. Further applications of the method

Our method is easily amenable to handle other large-scale coro-
nal structures: isolated streamers, polar plumes, and coronal
mass ejections (CMEs), as it is only required to build an appro-
priate octree from a given analytic distribution of the electron
density.

10.1. Isolated streamers and polar plumes

Figure 20 shows an example of a simulated image where polar
plumes are combined with a streamer belt. Five polar plumes
are randomly distributed in the two polar regions, and the con-
figuration of the streamer belt is computed for CR 1907 during
the minimium of solar activity. Because polar plumes are faint
structures, the calculated radiances have been deliberately in-
creased, and a radial compensation applied. Here again, movies
were constructed (Llebaria et al. 2004b) and spectacularly show
how plumes blink as they move in and out of the plane of the sky
simply because of projection effects.

10.2. Coronal mass ejections

Geometrically simple models of coronal mass ejections CMEs
can be simulated using this method. For instance, a flux rope
model can be defined by three main parameters (Thernisien et al.
2006): the cone angle α, the radial distance r, and the thick-
ness dr (Fig. 21). The temporal evolution of such a CME with
α = 60◦, r = 3 Rsun dr = 0.1 Rsun as seen by the two COR-2
and LASCO-C2 coronagraphs (assuming an angular separation

of 10◦ with respect to SOHO) has been presented in a movie
composed of 100 images (Saez et al. 2006); three of them are
displayed in Fig. 22.

On one hand, many images can be calculated from a sin-
gle octree, simply by rotating the plane of the sky, and different
fields of view can be introduced. On the other, like the streamer
belt, many octrees must be calculated to account for the temporal
evolution.

11. Conclusions

Analysis and interpretation of a huge amount of high spatial res-
olution images of the solar corona over almost a solar cycle as
provided by the LASCO coronagraphs poses a formidable chal-
lenge. While MHD simulations certainly represent the ultimate
approach, they are so computer demanding that they presently
remain limited to interpretating snapshot observations. As a
practical alternative, we have presented an efficient method for
simulating large-scale coronal structures and their temporal evo-
lution on long time scales (e.g., a solar cycle), while incorporat-
ing some basic physical constraints, namely the topology of the
magnetic field and its temporal evolution. This forward model-
ing method, which assumes a-priori 3D distributions of electron
described by analytic functions, has the merit of disentangling
geometrical effects from local intrinsic variations in the elec-
tron density and of providing both qualitative and quantitative
results at high spatial resolution. It relies on the technique of oc-
tree compression to efficiently handle large cubes of 3D data,
and a multi-octree generalization allows the temporal evolution
of the coronal structures to be simulated. The radiance of the
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Fig. 18. Examples of simulated Cor-2 A and B and LASCO-C2 images. The white circle represents the solar disk. The configurations of the
STEREO and SOHO spacecrafts in space are shown in the right panels).

Fig. 19. Simulated images of the streamer belt based on the configurations of the solar corona for CR 1956 (top panel) and CR 1885 (bottom panel)
for five heliographic latitudes of the observer.

simulated images to be compared to coronagraphic images of
the corona are calculated with a ray-tracing algorithm that incor-
porates the Thomson scattering.

As an example, we have presented results for the streamer
belt observed by the LASCO-C2 coronagraph during two
Carrington rotations, CR 1910 and CR 1913 and described the
local electron density. The results show good agreement be-
tween our simulations and the observations. Saez et al. (2005)

demonstrate that this method is helpful for investigating the 3D
structure of the streamer belt. One of our objectives is to under-
stand the qualitative and quantitative evolution of the streamer
belt over a solar cycle, and this will be developed in forthcom-
ing articles.

The method has finally been extended to other large-scale
coronal structures, polar plumes and coronal mass ejections and
to forthcoming solar space missions that will offer new visions
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Fig. 20. Example of simulated polar plumes (over exposed for better
visibility) combined with a streamer belt. The white circle represents
the solar disk.

Fig. 21. Simple model of a flux rope CME: geometric parameters (left
diagram) and octree representation (right diagram).

Fig. 22. Temporal evolution of a simulated flux rope CME as seen by
the LASCO-C2 and the Cor-2 A and B coronagraphs at angular sep-
aration of ±10◦ with respect to SOHO. The origin of this CME has a
heliospheric longitude of 45◦ and a latitude of 45◦.

of the solar corona, either stereoscopic (the STEREO mission)
or from outside the ecliptic plane (the Solar Orbiter mission).
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