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Raw image  Monthly background subtracted  



White-light coronagraph images (LASCO) – getting the data  

LASCO-C2 and LASCO-C3 on-board SoHO 

  - externally occulted coronagraphs 

 

 - get the data (level 0.5, fits files):  

        http://sharpp.nrl.navy.mil/cgi-bin/swdbi/lasco/images/form 

 

 - get monthly background images: 

     http://lasco-www.nrl.navy.mil/content/retrieve/monthly/ 
 
 

  Data available also on our server - IBLIS 
 



LASCO data pre-processing  

-  Subtract bias 
 
-  Divide by exposure time 
 
-  Replace missing blocks  
 
-  Multiply by calibration factor (optional) 
 
-  Multiply by (inverse) vignetting function/array (divide the flat-field) 
 
-  Subtract stray light 
 
-  Distortion correction 
 
-  Rectify image to solar north up, if SOHO in upside-down position 
  

IDL> image = LASCO_READFITS ('filename’, header) 
 
IDL> REDUCE_LEVEL_1, ‘filename’ 

where filename is name of FITS file (level 0.5) to process, including path 



LASCO-C2 data processing: Visualize the CMEs  

Base difference  
Img(i) – Img(0) 
 

- running difference 
Img(i+1) – Img(i) 



Visualize the CMEs  

Unsharp mask  Sharpen ratio 
 



LASCO wavelet enhanced movies 

Stenborg and Cobelli 2003 

Before wavelet After wavelet 

http://lasco-www.nrl.navy.mil/index.php?p=content/wavelet 



COR1 data  

It takes polarised images at three different polarisation angles: 0 (I0), 120 (I120), 
and 240 (I240) degrees from where total brightness (B) and polarised brightness 
(pB) images are derived:  
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and polarized brightness pB can then be derived via these equations

B = 2
3
(I0 + I120 + I240), (1)

pB = 4
3

√
(I0 + I120 + I240)2 − 3(I0I120 + I0I240 + I120I240), (2)

adapted from Billings (1966). Additional equations exist for the angle of polarization.
The following steps are applied to a COR1 image to produce calibrated data. First, a

correction is done for certain numerical operations applied on board the spacecraft to keep
the data within the valid range of the compression algorithm. Next, a CCD bias derived from
the overscan pixels is subtracted, and the data are divided by the exposure time. A flat field
image, which includes vignetting effects, is divided into the image. Most of the COR1 field
of view is unvignetted, with an essentially flat response. Vignetting occurs near the edge
of the occulter, and at the edge of the field stop in the image corners. The flat field image
is derived from observations using an opal window built into the aperture door. Finally, the
data are multiplied by a calibration factor to convert from data numbers per second (DN s−1)
to mean solar brightness (MSB) units. These factors are applied to each of the individual
polarization components I0, I120, and I240 in Equations (1) and (2). Since the polarizer never
leaves the beam, but simply rotates about the optical axis, the same calibration factor is used
regardless of polarization angle. All of these calibration factors are applied through the IDL
routine SECCHI_PREP in the SolarSoft library.

Because COR1 is internally occulted, the images are dominated by light scattered from
the front objective. To derive useful data, additional steps must be taken to remove the back-
ground. The routine SECCHI_PREP can be used to remove a model of the background
radiation based on trends in the data over the month containing the observation. However,
this model background correction will not be considered in the present work. A later paper
will explore the COR1 instrumental background correction in more detail.

2. Pointing Calibration

In order to compare data from the two STEREO spacecraft, the images must first be
coaligned. The attitude of the STEREO spacecraft is controlled by a combination of the
SECCHI Guide Telescope, the star tracker, and the Inertial Measurement Unit (IMU) (Dries-
man, Hynes, and Cancro, 2008). The primary sun pointing information comes from the
Guide Telescope, which is co-mounted with COR1, COR2, and EUVI on the same opti-
cal bench, while the star tracker and IMU mainly control the spacecraft roll. The attitude
information embedded within the SECCHI FITS headers is based on a combination of the
Guide Telescope telemetry together with attitude history data provided by the STEREO Mis-
sion Operations Center (MOC) based on the star tracker and IMU. The MOC also provides
ephemeris data about the position of each STEREO spacecraft.

Several changes were made during the early commissioning phase to the offset of the
Guide Telescope error signal passed to the spacecraft. These changes were made to optimize
the performance of the SECCHI telescopes. The history of these pointing changes is shown
in Table 1. There is a small effect on the pointing from the angular size of the Sun; the values
shown in Table 1 are all normalized to a solar distance of 1 A.U.

From 24 – 26 February 2007, the Moon passed in front of the Sun and solar corona (Fig-
ure 2). This provided a unique opportunity to establish the absolute pointing of the COR1-B

COR1 observes in 
a white-light 
waveband 22.5 
nm wide centred 
at the Hα line at 
656 nm. 

(Thompson & Reginald 2008)  



COR2 data  

The SECCHI-COR2 is an externally occulted Lyot coronagraph which 
observes the coronal emission in visible light, having a field of view from 
2.5 to 15 R⊙.  
 
The COR2 coronagraphs take polarised images at three different 
polarisation angles at 0, 120, and 240 degrees.  



White-light coronagraph images (COR) – get the data  

COR1 and COR2 on-board STEREO. 

 

 - get the data (level 0.5, fits files, polarized):  

          http://secchi.nrl.navy.mil/cgi-bin/swdbi/secchi_flight/images/form 

 

 - get monthly background images: 

     http://www.darts.isas.ac.jp/pub/solar/sswdb/stereo/secchi/

backgrounds/ 
 

  Data available also on our server - IBLIS 
 

 

 

 

 
 
 
 
 



http://cor1.gsfc.nasa.gov/guide/ 
  

Reading and preparing COR1 data: 
 
 
The primary routine for reading and preparing SECCHI data for 
analysis is secchi_prep.pro 
http://secchi.nrl.navy.mil/wiki/pmwiki.php?n=Main.SecchiPrep 
 
secchi_prep reads in the filename of a secchi pre-flight level 0.5 
             data and process data to level 1.0. 
 
Information about the calibration status of COR1 can be found at: 
http://secchi-ical.wikidot.com 
 
See also Thompson and Reginald 2008. 
 
Background subtraction: Thompson et al. 2010. 
 



Reading and preparing COR1 data: 
 
 
Create pB (polarised brightness) images with monthly background 
subtracted: 
IDL> secchi_prep, filename, hdr, img, /polariz_on, /pb 
 
Create totB (total brightness) images with monthly background 
subtracted: 
IDL> secchi_prep, filename, hdr, img, /polariz_on 
 
Create pB images without subtracting the background: 
IDL> secchi_prep, filename, hdr, img, /polariz_on, /pb, /bkgimg_off 
 
 
filename = array of COR1 filenames (level 0.5, polarized images) 
including path 
 



Reading and preparing COR2 data: 
 
 
Get B (total brightness), not calibrated images created on-board 
IDL> secchi_prep, filename, hdr, img, /calfac_off, /calimg_off, $ 

   /rotate_on 
 
Create pB (polarised brightness) images: 
IDL> secchi_prep, filename, hdr, img, /polariz_on, /pb 
 
 
Create B (total brightness) images: 
IDL> secchi_prep, filename, hdr, img, /polariz_on 
 

filename = array of COR2 filenames (level 0.5 images) including path 



Reconstruction Methods 
1) tie-pointing or triangulation (two view directions) (Inhester 2006) 
 
Program in Solar Soft (William Thompson): 
IDL> scc_measure, imga, imgb, hdra, hdrb, outfile=fileout, /append 
 
3) forward modeling (one or more view directions) (Thernisien et al. 2006, 
2009) 
 
Program in Solar Soft (Arnaud Thernisien): 
IDL> rtsccguicloud, imga, imgb, hdra, hdrb, ssim = ssimout, sgui = sguiout 
 
2) polarization ratio method (one view direction, pB and B images) 
(Moran and Davila 2004, 2010) 
 
IDL program on my IBLIS folder (/home/marilena/idl_prog/secchi/3d/) 
IDL> get3d_cme_polariz 
 



Tie-point reconstruction (triangulation) 

Inhester, 2006 

observer 1
observer 2

observer 1
observer 2

projection
surfaces

observer 1
observer 2

Figure 1: Backprojection to reconstruct point-like, curve-like and surface-like objects to demonstrate the
different conditions of solvability.
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Figure 2: Orientation of epipolar planes in space and the respective epipolar lines in the images for
two observers (e.g., space craft) looking at the Sun. The observers telescope screens are derived from a
projective geometry camera model.

2 Epipolar geometry and Rectification

The first step is to find a suitable coordinate system so that the reconstruction can be reduced
from a three-dimensional to a set of two-dimensional planar problems. A similar strategy is known
from tomography where the reconstruction can be obtained first for a dense set of planes normal to the
rotation axis of the object (or the camera). The final three-dimensional model is then interpolated in
between these planes. A necessary condition for the validity of this procedure is that the rotation axis
lies normal to the plane of view directions and that affine geometry for the camera projection rays can
be assumed.

For stereoscopy the geometrical conditions for this segmentation of space are much more relaxed
because only two view points and two view directions are involved. The line connecting the view points
is called the stereo base line, which subtends the stereo base angle between the two main view
directions (more precisely, the optical axes of the respective telescope. Note that the two optical axes
do not need to intersect). The two observer positions and any object point to be reconstructed exactly
define a plane. For many object points there are many planes but all have in common that they contain
the two observer positions. Any of this set of planes which contains the two observer positions is called
an epipolar plane and these planes form a natural geometrical basis for our reconstruction coordinate
system (see Fig. 2).

By the above definition, epipolar planes project on both observer’s images as lines: since any observer
himself is on any epipolar plane, he sees them “head on”. These lines are called accordingly the epipolar

lines and they generate a natural coordinate system on the image planes.
Depending on his field of view, one observer, say observer 1, may see observer 2. Since observer 2

is defined to lie on all epipolar planes, all epipolar lines in image 1 must converge in the projection of
observer 2, called the epipole of the respective projection.

The epipolar lines in each image can easily be determined from the observers positions and the
direction of their optical axes. Note that the epipolar lines in one image always depend on the position
of both observers, hence any change in position of observer 2 requires a redetermination of epipolar lines
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Epipolar geometry 

Inhester, 2006 



Rad = 2.26 Rs 
Lon = 37o  
Lat = -18o 

A, B 

Images courtesy 
Vaibhav Pant 



A, 
LASCO 

Rad = 3.39 Rs 
Lon = 45o  
Lat = -12o 

Images courtesy 
Vaibhav Pant 



B, 
LASCO 

Rad =  3.32 Rs 
Lon = 46o  
Lat = -12o 

Images courtesy 
Vaibhav Pant 
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Figure 1 Representations of the Graduated Cylindrical Shell (GCS) model (a) face-on and (b) edge-on. The
dash-dotted line is the axis through the center of the shell. The solid line represents a planar cut through the
cylindrical shell and the origin. O corresponds to the center of the Sun. (c) Positioning parameters. The loop
represents the axis through the center of the shell, φ and θ are the longitude and latitude, respectively, and γ
is the tilt angle around the axis of symmetry of the model.

Ne(d) = Ne exp
[
−

(
d − a

σs

)2]
,

with σs =
{

σtrailing if d < a,
σleading if d ≥ a. (3)

Finally, the model can be positioned in space using spherical coordinates, as shown in
Figure 1(c): φ and θ are the longitude and the latitude, respectively, and γ is the tilt angle
around the axis of symmetry of the model.

Here, we focus only on the geometric aspect of the modeling, leaving the photometric
aspect (i.e., the electron density) to be addressed in future studies. Accordingly, we do not
compare the observed total brightness images directly to the corresponding total brightness
rendered model images, but rather we compare the overall observed shape to what we define
to be the wireframe of the hollow croissant. The wireframe representation is simply the set of
points located on the surface of the croissant, where the profile of electron density is peaked.
The advantage of using a wireframe is that it allows real-time rendering, whereas it requires
few seconds to few minutes for a full Thomson scattering rendering. Figure 2 shows two
synthetic coronagraph images and two wireframe images of the model, viewed in the same
orientation as in Figures 1(a) and (b), face-on and edge-on, respectively. The two top images
are generated using a ray-tracing renderer that takes full account of the Thomson scattering
equations; the two bottom images show only the projection of the wireframe on the virtual
CCD. This demonstrates clearly that the wireframe representation reproduces accurately the
geometry of the Thomson scattering view.

4. The Data

Although this technique can be applied to images from all the instruments of the SECCHI
package, we focus our study mostly on the COR2 data since its field of view (FOV) is well
adapted to observe fully developed flux-rope-like CMEs. Indeed, the flux rope might not be

A Geometric Flux Rope Model:  
The Hollow Croissant Model 

Thernisien et al.,  
2006, 2009, 2011 

Include LASCO image also: 
IDL> rtsccguicloud, ima, imb, hdra, hdrb, $   
ssim = ssimout, sgui = sguiout, swire = swire, ocout = oc, $  
imeuvia = ima_euvi, hdreuvia = hdra_euvi, imeuvib = imb_euvi, $ 
hdreuvib = hdrb_euvi, imlasco = imlasco, hdrlasco = hdrlasco 



COR1-B 

COR1-A 

Images courtesy Vaibhav Pant 



Images courtesy Vaibhav Pant 



FM parameters A, B 
 
Longitude= 30.18 
 
Latitude=-14.5 
 
tilt angle=-19.6 
 
height=3.2 
 
ratio=0.27 
 
halfangle=14 
 
time=2010-12-24T06:25 

FM parameters A, B, C2 
 
Longitude=41 
 
latitude=-12 
 
tilt=-10.6 
 
height=3.5 
 
ratio=0.2 
 
halfangle=13 
 
time=2010-12-24T06:25 



Polarization ratio method - Theory  
 Technique based on Thomson scattering properties. (Moran and Davila 2004 , 
Dere et al. 2005) 

 Theory (Billings 1966): 

It – Ir <=> pB 
It + Ir <=> B 



Observations (STEREO/COR): 
 
The ratio of polarized-to-total electron-scattered emissivity 
(K-corona) is measured by recording coronal images through 
three polarizers. 
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and polarized brightness pB can then be derived via these equations

B = 2
3
(I0 + I120 + I240), (1)

pB = 4
3

√
(I0 + I120 + I240)2 − 3(I0I120 + I0I240 + I120I240), (2)

adapted from Billings (1966). Additional equations exist for the angle of polarization.
The following steps are applied to a COR1 image to produce calibrated data. First, a

correction is done for certain numerical operations applied on board the spacecraft to keep
the data within the valid range of the compression algorithm. Next, a CCD bias derived from
the overscan pixels is subtracted, and the data are divided by the exposure time. A flat field
image, which includes vignetting effects, is divided into the image. Most of the COR1 field
of view is unvignetted, with an essentially flat response. Vignetting occurs near the edge
of the occulter, and at the edge of the field stop in the image corners. The flat field image
is derived from observations using an opal window built into the aperture door. Finally, the
data are multiplied by a calibration factor to convert from data numbers per second (DN s−1)
to mean solar brightness (MSB) units. These factors are applied to each of the individual
polarization components I0, I120, and I240 in Equations (1) and (2). Since the polarizer never
leaves the beam, but simply rotates about the optical axis, the same calibration factor is used
regardless of polarization angle. All of these calibration factors are applied through the IDL
routine SECCHI_PREP in the SolarSoft library.

Because COR1 is internally occulted, the images are dominated by light scattered from
the front objective. To derive useful data, additional steps must be taken to remove the back-
ground. The routine SECCHI_PREP can be used to remove a model of the background
radiation based on trends in the data over the month containing the observation. However,
this model background correction will not be considered in the present work. A later paper
will explore the COR1 instrumental background correction in more detail.

2. Pointing Calibration

In order to compare data from the two STEREO spacecraft, the images must first be
coaligned. The attitude of the STEREO spacecraft is controlled by a combination of the
SECCHI Guide Telescope, the star tracker, and the Inertial Measurement Unit (IMU) (Dries-
man, Hynes, and Cancro, 2008). The primary sun pointing information comes from the
Guide Telescope, which is co-mounted with COR1, COR2, and EUVI on the same opti-
cal bench, while the star tracker and IMU mainly control the spacecraft roll. The attitude
information embedded within the SECCHI FITS headers is based on a combination of the
Guide Telescope telemetry together with attitude history data provided by the STEREO Mis-
sion Operations Center (MOC) based on the star tracker and IMU. The MOC also provides
ephemeris data about the position of each STEREO spacecraft.

Several changes were made during the early commissioning phase to the offset of the
Guide Telescope error signal passed to the spacecraft. These changes were made to optimize
the performance of the SECCHI telescopes. The history of these pointing changes is shown
in Table 1. There is a small effect on the pointing from the angular size of the Sun; the values
shown in Table 1 are all normalized to a solar distance of 1 A.U.

From 24 – 26 February 2007, the Moon passed in front of the Sun and solar corona (Fig-
ure 2). This provided a unique opportunity to establish the absolute pointing of the COR1-B

 Technique based on Thomson scattering properties (Moran and 

Davila 2004 , Dere et al. 2005). 

 

Polarization ratio method - Observations  
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Figure 1 SECCHI-COR images taken on 15 May 2007 (top row), 31 August 2007 (middle row), and 25
March 2008 (bottom row), from both COR1 (the left two columns) and COR2 (the right two columns) coro-
nagraphs. Both A (second and fourth columns) and B (first and third columns) spacecraft images are shown.
COR1 images show the white light total brightness corona from 1.4 to 4 R! . COR2 images show the white
light total brightness corona from 2.5 to 15 R! . In all panels the visible solar disc is represented by the white
circle, while the larger dark disc shows the coronagraph occulter. The images were co-aligned in the STEREO
mission plane.

CME seen by COR1 on 31 August 2007, 21:31 UT.  



Mierla et al. 2009 

Polarization ratio – application to August 31, 2007 CME  
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Figure 8 CM-TP reconstruction
of the CME seen by COR1 on 31
August 2007, 21:31 UT. Left
panel is the CME seen head on
and right panel is the CME seen
edge on. The numbers on the
sphere are the values of HEEQ
longitudes. Note that the right
panel represents the CME as seen
from the Earth. The image on the
left panel was inverted such that
solar north is pointing
downwards.

Figure 9 PR reconstruction of
the CME seen by COR1 on 31
August 2007, 21:31 UT. The left
panels represent the view from
the front and the right panels
show the view from the side. The
upper panels represent the
reconstruction applied on COR1
A data and lower panels
represent the reconstruction
applied on COR1 B data. The
numbers on the sphere are the
values of HEEQ longitudes. Note
that the right panels represent the
CME as seen from the Earth. The
images on the left panels were
inverted such that solar north is
pointing downwards.

the latitude, longitude, and height. These values for the center of the reconstructed CME
should conform with the direction of propagation of the CME. The errors for the longitude
in the case of LCT-TP and CM-TP methods are estimated using a pointing error along the
epipolar lines of 1 pixel. The depth errors (deptherr) were converted to longitude errors by
arctan(deptherr/RCME), where RCME is the distance of the object from the Sun center. The
parameters on which the error calculation is based are shown in Table 6. We show also the
variation of pB/uB depending on the position of an object with respect to the POS as seen
from the two spacecraft. From Table 6 we see that at big separation angles an object which
is seen in A is not seen in B as it is hidden by the occulter.

In general, the three methods (LCT-TP, CM-TP and PR) applied to the same event give
approximately the same direction of propagation. The angles agree within ∼5° in latitude
and ∼10° in longitude, except for a few outliers produced with the PR method. Compared
with the FM method (Table 3) the longitudes of the reconstructed points differ from the
longitudes derived from the model in up to 20° and the latitudes up to 10°. Note however
that the propagation direction in this method, while adjusted with the help of the CME

front view 

COR1-B 

COR1-A 

side view 



Summary  

To do 3D reconstruction of CMEs: 
 
-  Get the data 
 
-  Process the data 
 
-  Remove the background in order to be left only with 

the CME signal 

-  Apply different reconstruction techniques on the 
CME signal 


