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Abstract CORI1 is an internally occulted Lyot coronagraph, part of the Sun Earth Con-
nection Coronal and Heliospheric Investigation (SECCHI) instrument suite aboard the twin
Solar Terrestrial Relations Observatory (STEREQ) spacecraft. Because the front objective
lens is subjected to a full solar flux, the images are dominated by instrumental scattered
light which has to be removed to uncover the underlying K corona data. We describe a pro-
cedure for removing the instrumental background from COR1 images. F coronal emission
is subtracted at the same time. The resulting images are compared with simultaneous data
from the Mauna Loa Solar Observatory Mk4 coronagraph. We find that the background sub-
traction technique is successful in coronal streamers, while the baseline emission in coronal
holes (i.e. between plumes) is suppressed. This is an expected behavior of the background
subtraction technique. The COR1 radiometric calibration is found to be either 10— 15%
lower, or 5—10% higher than that of the Mk4, depending on what value is used for the Mk4
plate scale, while an earlier study found the COR1 radiometric response to be ~20% higher
than that of the Large Angle Spectroscopic Coronagraph (LASCO) C2 telescope. Thus, the
CORI calibration is solidly within the range of other operating coronagraphs. The back-
ground levels in both COR1 telescopes have been quite steady in time, with the exception
of a single contamination event on 30 January 2009. Barring too many additional events of
this kind, there is every reason to believe that both COR1 telescopes will maintain usable
levels of scattered light for the remainder of the STEREO mission.
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1. Introduction

All solar coronagraphs exhibit some level of instrumental scattered light which must be
removed from the data to derive the true coronal intensity. This is particularly true for inter-
nally occulted coronagraphs, such as the CORI1 telescopes which are part of the Sun Earth
Connection Coronal and Heliospheric Investigation (SECCHI) (Howard et al., 2008) aboard
the Solar Terrestrial Relations Observatory (STEREO). An earlier work described the ra-
diometric and pointing calibration of COR1 (Thompson and Reginald, 2008), hereafter re-
ferred to as Paper I, but did not discuss the process of background subtraction. Instead,
pre-event images were used to isolate coronal mass ejections (CMEs) from both the instru-
mental background, and from the surrounding coronal streamers. This technique works well
for transient events such as CMEs, which is what COR1 was designed to study. However,
there is also considerable interest within the solar physics community in using COR1 data to
study non-transient coronal structures such as streamers and polar plumes. For such studies,
a reliable background subtraction method is needed. This paper outlines the methods used
to derive the time-dependent CORI1 instrumental background, and compares the resulting
coronal images to other measurements of the K corona.

The details of the COR1 design are described elsewhere (Howard et al., 2008; Thompson
et al., 2003). In brief, CORI1 is a classic Lyot internally occulting refractive coronagraph
(Lyot, 1939), adapted for the first time to be used in space. The field of view ranges from
1.4 to 4 solar radii. A bandpass filter restricts the wavelength range to a region 22.5 nm
wide, centered on the Ho line at 656 nm. The detector is a 2048 x 2048 CCD with 3.75
arcseconds per pixel. Because of telemetry considerations, most data are binned to either
1024 x 1024 or 512 x 512, with corresponding plate scales of either 7.5 or 15 arcseconds
per pixel respectively. Spacecraft pointing is maintained to an arcsecond or better through
a guide telescope on the same optical bench as COR1 and the other SECCHI Sun-pointed
telescopes.

Because the front objective lens of CORI is subjected to a full solar flux, the images
are dominated by instrumental scattered light which has to be removed to uncover the un-
derlying K corona data. Figure 1 shows the total brightness (B) and polarized brightness
(pB) derived for a typical CORI1 observation sequence when no background subtraction is
applied. Also, as is the case with all the figures in this paper, instrumental vignetting has not
been applied so as to represent the raw signal reaching the detector. The instrumental scat-
tered light is so dominant that no coronal features are evident in B. The situation is different
for pB; the stray light is only weakly polarized, so that the strongly polarized K corona can
be made out, even without subtracting off the background. However, there is still a sub-
stantial polarized stray component which needs to be removed for the scientific use of the
data.

The pre-launch requirement for COR1 was that the stray light be kept below 10758/ B,.
Figure 2 demonstrates that this requirement was met and even exceeded for both COR1-A on
STEREO-A, and COR1-B on STEREO-B. In addition to this diffuse scattering component
are small bright ring-shaped features at various locations on the image. The brightest of these
on COR1-B reaches 1.4 x 107°B /B, but only over a small area. These artifacts have been
determined to be caused by features on or near the front surface of the field lens, probably
created during the processing of the lens to attach the occulter stem. Since the field lens
is before the Lyot stop, it is primarily illuminated by diffracted light from the edge of the
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COR1-A COR1-B

Total brightness

Polarized brightness

Figure 1 Total and polarized components of the raw CORI1 signal for 3 June 2008. Some coronal features
can also be discerned in the polarization images. The B and pB images are not on the same scale —the pB
images are actually much fainter than the B images.

front aperture. The primary source of error in Figure 2 is the COR1 radiometric uncertainty
of 10%. However, the relative radiometric uncertainty between COR1-A and CORI-B is
only 1%, which is too small to show on the figure.

The polarized stray light pattern is dominated by three fan-shaped components reaching
outward from the center of the occulter, and which are unobstructed by the occulter. These
features most likely arise from the three attachment points at the edge of the field lens.

In addition to the instrumental stray light, and the K coronal light that the instrument is
designed to detect, the COR1 signals also include a component from the Sun’s F corona
(dust corona). For the purposes of COR1 data analysis, the F coronal signal is treated as part
of the overall scattered light pattern, and is subtracted off as part of the background to derive
the K coronal signal. No attempt is made to extract the F corona as a separate signal, and
indeed it may not be possible to do so.
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Figure 2 Average radial scattered light profile for the images in Figure 1 for COR1-A (solid) and COR1-B
(dashed). The top two curves are for total brightness, and the lower two are for polarized brightness. The
vignetting near the edge of the occulter has not been removed from these data. Error bar represents 10%
radiometric uncertainty.

2. Daily and Monthly Backgrounds

The primary method used to isolate the K corona from the scattered light is to form back-
ground images derived from an examination of multiple images spanning a period of time.
This is a modification of a technique used for the Large Angle Spectroscopic Coronagraph
(LASCO), in which the backgrounds are generated from a combination of daily median im-
ages and monthly minimum images (Morrill et al., 2006). The following sections describe
how this technique was adapted for use by CORI.

2.1. Daily Background Images

The first step in the LASCO method is to generate daily median images formed by stacking
all the images together into a data cube, and then taking the median value along the time
dimension at each pixel position. The purpose of this procedure is to derive a representative
image for each day, with most of the noise fluctuations removed, and without transient fea-
tures such as CMEs. An alternative procedure would be to take the minimum along the time
dimension instead of the median, so as to reject more of the K corona which is presumably
evolving during the day. However, that would not be a truly representative image because it
would be biased toward the low end of noise fluctuations, and thus would underestimate the
amount of background to subtract.

A hybrid approach was adopted for COR1 which achieves a compromise between these
two approaches. The observations in a given day are split up into M blocks of N images
each. The segmentation is done so that M and N are approximately equal. For example, if
the COR1 sequences are run with a 10 minute cadence, then the resulting set of 144 images
would be split up into 12 blocks of 12 images each, with each block encompassing 2 hours of
data. Within each block, a representative median image is generated as is done for LASCO.

@ Springer



Background Subtraction for the SECCHI/CORI1 Telescope Aboard STEREO 217

COR1-A COR1-B

Figure 3 Difference images formed by subtracting a daily background image, generated using the technique
described in Section 2.1, from a traditional daily median image, for 3 June 2008.

These M median images are then themselves combined into a data cube, and the minimum
value is taken along the time dimension. The result is a daily “median” background image
which approximates the correct statistical average, but with the evolving component of the
K corona removed. Figure 3 shows the additional K coronal signal which is removed from
the daily background images compared to the traditional LASCO daily median approach.

Background images are generated without any calibration factors applied to them, so that
the background image files do not need to be regenerated if the calibration factors change.
Thus, the backgrounds are not corrected for vignetting or flat fielding, and the values are
not converted into mean solar brightness units. In the SECCHI software, which is distrib-
uted as part of the SolarSoft suite (Freeland and Handy, 1998), this is equivalent to calling
SECCHI_PREP with the keywords /CALIMG_OFF and /CALFAC_OFF. The flat field and
brightness calibration factors are applied to COR1 data after the background image is sub-
tracted. So that the background polarization is treated correctly, separate backgrounds are
generated for each of the polarizer settings, at 0°, 120°, and 240°.

The resulting daily background images still contain a significant contribution from the
K corona. These can be applied to the data, but the primary reason for generating these
daily backgrounds is to serve as input for generating the monthly minimum background
images described in the next section. The hybrid procedure described here improved the
monthly minimum background images compared to the traditional daily median approach.
Subtracting the daily backgrounds can be useful though, if one wants to suppress most of
the background corona to emphasize the transient features. However, while useful for high-
lighting morphology and structure, interpretation of the intensity results should be treated
with caution. For example, subtracting a daily background would not be appropriate for
tomographic reconstruction.

2.2. Monthly Minimum Images

The second step in the LASCO method is to take the daily median images, and process them
into monthly minimum images. For a given date, the daily median images covering two
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weeks on either side of the date are collected together into a data cube, and the minimum
value for each pixel is derived. The resulting data cube covers a period of 29 days, i.e. about
one month, hence the “monthly” appellation. These monthly minimum files are generated
every 10 days for COR1, so each month will have around three sets of background files
associated with it. Since 29 days is long enough to encompass a complete solar rotation,
solar features will rotate in and out of the field of view of any given pixel in the image. By
taking the minimum value over the time dimension, much of the K corona will be removed
from the derived background image. However, the background will still contain any part of
the K corona signal which persists over the 29 day period.

Some modifications were needed to apply this procedure to COR1, because the COR1
background has a slow but significant drift with time. Part of this change was determined to
be a secular effect caused by the changing solar distance over the course of a spacecraft orbit,
but the instrument profile also slowly evolves with time. This is discussed in more detail in
Section 7. When processing a block of 29 days of data to form a monthly minimum, each
of those daily images has to first be rescaled to a common brightness level. This is done by
collecting the median value over all the pixels in each image, and then scaling that to the
average over the 29 median values.

After the images have been rescaled, a check is made for images which appear anom-
alous. This is done by forming the difference between each image and the average of the
neighboring images. The image is then split up into 100 intensity regimes between the min-
imum and maximum intensities of the original image. Within each regime, the root-mean-
square difference is calculated, and any pixels with differences larger than three times that
amount are marked as unusual. If a large number of pixels in an image is thus marked, i.e.
three times more than the median number of marked pixels for all the images being consid-
ered, then the entire image is rejected. The remaining images are stacked together, and the
minimum value at each pixel location is calculated to form a monthly minimum background
image. Figure 4 shows the difference between the monthly and daily backgrounds, demon-
strating that a substantial portion of the K corona has been rejected, in addition to that which

COR1-A COR1-B

Figure 4 Difference images formed by subtracting a monthly minimum background image from a daily
“median” background image, for 3 June 2008.
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COR1-A COR1-B

&

Figure 5 Calibration roll data with the minimum image subtracted as a background. COR1-A data are from
26 June 2008, and COR1-B data are from 25 June 2008.

has already been rejected in Figure 3. It is these monthly minimum backgrounds which are
applied by default to COR1 data in the routine SECCHI_PREP.

3. Calibration Rolls

A completely different approach to deriving an instrumental background is to roll the space-
craft about the spacecraft-Sun axis. This is a standard maneuver which takes COR1 polar-
ization sequence images at 60° intervals between 0° and 360°, plus stops at 90° and 270°.
A roll minimum background is generated by stacking together the nine observations taken
during the calibration roll maneuver and taking the minimum value at each pixel position.
The resulting background image is free from any artifacts caused by persistent streamers.
Instead, it depends on the existence of well-developed polar holes, which end up with base
values (i.e. between plumes) close to zero brightness in this scheme. The use of this back-
ground image is demonstrated in Figure 5.

4. Combining Monthly Minimum and Calibration Roll Backgrounds

Since the CORI1 background is known to slowly drift with time, the roll minimum back-
grounds can only be used for dates close in time to the calibration roll maneuvers. There-
fore, a method is needed to extrapolate the roll minimum backgrounds to other dates. Also,
it was found that, while the roll minimum backgrounds are more successful in the equatorial
regions, the monthly minimum backgrounds are more successful in the polar coronal hole
regions. Thus, a method was developed to combine the information from the calibration rolls
with the existing monthly minimum backgrounds.

For each monthly minimum background image, a calibration roll background image is
calculated by interpolating between the two closest calibration roll maneuvers. The calibra-
tion roll data are then intensity scaled to the monthly minimum image by calculating the
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COR1-A COR1-B

Figure 6 Difference images formed by subtracting from a COR1 monthly minimum background, the same
background combined with calibration roll data, for 3 June 2008.

average ratio between the two over the unvignetted part of each image, i.e. where the flat
field value is close to one. A new combined background is then calculated by taking the
pixel-by-pixel minimum between the two images. The additional K coronal light that is re-
jected in this combined background is demonstrated in Figure 6. The resulting background,
shown in Figure 7, shows no evidence of any residual K corona in pB (compare Figures 1
and 7). The improvement in the background subtraction can also be seen when applied to
the data, as shown in Figure 8. These combined backgrounds are generated for the same
dates as the regular monthly minimum backgrounds, i.e. every 10 days. In SECCHI_PREP,
the combined backgrounds are invoked with the keyword /CALROLL.

No calibration rolls were performed between early 2007 and early 2008. Because of this
fact, use of the /CALROLL keyword is not recommended for dates in 2007, unless relatively
close to an appropriate calibration roll. The schedule of calibration rolls is discussed in more
detail in the following section.

5. Relationship with Spacecraft Events

The importance of the calibration rolls was not initially recognized. Early in the mission,
the pointings of both spacecraft were adjusted several times to optimize the stray light in
the COR?2 telescopes. Calibration rolls were made soon after the spacecraft pointings were
finalized, but no additional calibration rolls were performed until January 2008, when a
program of performing roll maneuvers on a regular basis was instituted. Calibration rolls
are now performed approximately four times a year, at spacecraft perihelion, aphelion, and
at the midpoints between perihelion and aphelion. Table 1 shows the relationship between
calibration rolls and spacecraft events (such as repointings) which affect the COR1 scattered
light background. It proved possible to derive roll minimum background images from the
combination of a couple of S/'WAVES (Bougeret et al., 2008) roll maneuvers on STEREO-B
in January 2007, so this also appears as an event in Table 1.
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COR1-A COR1-B

Total brightness

Polarized brightness

Figure 7 Total and polarized components of the COR1 background images combined from both monthly
minimum images and calibration rolls, for 3 June 2008. Compare with Figure 1.

The CORI scattered light background depends strongly on the spacecraft pointing.
A clear demarcation needs to be made between the background data from before the re-
point and after the repoint. Because of this, the background subtraction close to a repoint
event will be poorer than normal, as it will not be generated from a full 29 days’ worth of
data.

On 30 January 2009, the COR1-B background increased suddenly, most likely due to the
deposition of a ~ 100 um particle on the objective lens. This is treated by the software as
being equivalent to a repoint. Section 6 describes this event in more detail.

On 19 April 2009, the amount of onboard binning applied to the COR1 data was in-
creased to bring down 512 x 512 images instead of the 1024 x 1024 format that had been
used previously. This was done to handle the declining telemetry rate as the two space-
craft separate from Earth, and to increase the normal cadence from one observation every
10 minutes to one every 5 minutes. This also needed to be partially treated as a repoint by the
software. If one attempts to generate monthly minimum images from a mixture of resolu-
tions, or apply lower resolution backgrounds to higher resolution data, then aliasing occurs.
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COR1-A COR1-B

Monthly background

Combined background

Figure 8 Sample CORI images processed with both the regular monthly minimum background images (top
row) and the combined background images using the calibration roll data (bottom row). The arrow points to
a dark lane which is not seen when the combined background is applied to the data.

Therefore, the backgrounds applied to the data must be derived from data taken at the same
resolution. The one exception is the calibration roll data; it proved possible to downsize the
1024 x 1024 roll minimum data to the lower 512 x 512 resolution to generate the combined
backgrounds discussed in Section 4.

6. Discontinuous Change in COR1-B Scattered Light

On 30 January 2009, the COR1-B scattered light background suddenly changed between
successive images taken at 16:15 and 16:25 UT, as demonstrated in Figure 9. The difference
between the two times, shown on the right side of Figure 9, is consistent with a single scat-
tering source near the edge of the objective lens. The most reasonable explanations are that
either a small piece of dust of about 100 um in size adhered to the front objective, or a mi-
crometeorite caused a small fracture in the objective. Some slight downward evolution was
seen in the brightness of this new scattering feature over the first few hours after it appeared.
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Table 1 Events which affect the COR1 background subtraction, up through April 2009. A horizontal line
marks the start of regularly scheduled calibration roll maneuvers four times a year.

Date STEREO-A events Date STEREO-B events
2006-12-21 Repoint 2007-01-30 S/WAVES rolls (on 29th & 31st)
2007-02-03 Repoint 2007-02-03 Repoint
2007-02-20 Calibration roll 2007-02-06 Calibration roll
2007-02-21 Repoint
2007-04-17 Calibration roll
2008-01-03 Calibration roll 2008-02-19 Calibration roll
2008-04-01 Calibration roll
2008-06-26 Calibration roll 2008-06-25 Calibration roll
2008-09-30 Calibration roll 2008-08-26 Calibration roll
2008-12-02 Calibration roll 2008-12-16 Calibration roll
2009-01-30 Change in background
2009-02-17 Calibration roll
2009-03-10 Calibration roll 2009-04-07 Calibration roll
2009-04-19 Change to 512 x 512 2009-04-19 Change to 512 x 512
16:15 16:25 Difference

Figure 9 Images showing sudden change in COR1-B background between 16:15 and 16:25 UT on 30 Jan-
uary 2009. On the right is the difference between the two times.

This is felt to be more consistent with the dust hypothesis than the fracture hypothesis. Orig-
inally, the COR1-B objective was significantly cleaner than the COR1-A objective; with the
new scattering center they now have comparable scattering levels, as demonstrated in Fig-
ure 10.

Although the change in total brightness shown in Figure 9 is relatively simple, the change
in polarized brightness is quite a bit more complicated. The polarization properties of the
scattered light changes not only in magnitude, but in direction as well. This makes it even
more important that all three components of the polarized background be subtracted off from
an image to derive B and pB for the K corona.

7. Time Dependence

From the monthly minimum background images discussed in Section 2.2, it is possible to
examine the variation of the COR1 background over the course of the mission. Figure 11
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Figure 10 Average radial scattered light profile for COR1-A (solid) and COR1-B (dashed) after 30 January
2009. Compare with Figure 2. The error bar represents 10% radiometric uncertainty.
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Figure 11 Variation of the average background with time for COR1-A (solid) and COR1-B (dashed).

shows the average background level over the unocculted portion of the image. Several fea-
tures are evident from this plot. First of all, the sudden change in the COR1-B background
on 30 January 2009 is clearly evident. The next most visible feature is a sinusoidal variation,
which is caused by the varying solar distance over the course of a spacecraft year. STEREO-
B’s orbit is more eccentric than that of STEREO-A, so the annual variation is more evident
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Figure 12 Variation of the COR1-A background for two regions, relative to the overall background variation
from Figure 11. The inset image is the difference between two background images separated by 20 days in
March 2009. The circle shows the position of the Sun behind the occulter.

for COR1-B. A small jag in the COR1-B plot near February 2007 is due to a change in the
spacecraft pointing around that time.

Finally, there is a small but discernible downward drift in background intensity for both
spacecraft, of about 3 —4% per year. Monitoring of star brightnesses shows that this drift is
an actual decrease in the scattered light levels, and not a change in the instrument sensitivity.
We believe that the objective lenses are slowly cleaning themselves of contaminants, possi-
bly through a process known as plasma cleaning (Flanagan and Goree, 2006). Indeed, there
was a significant drop of about 15% in the scattered light levels for both COR1 telescopes
within a few days after the instrument doors were first opened in December 2006.

The most recent COR1-A images show significant evolution in the region just to the
southeast of the occulter, as demonstrated in Figure 12. Because this region is changing
brightness significantly with time, it is proving difficult to remove in the standard back-
ground analysis. However, this extra scattered light is completely unpolarized, and does not
show up in pB images.

It is not yet clear what is causing this new feature. Preferential scattering directions from
the objective were seen during instrument development, but these features always exhibited
180° symmetry, and would extend outward to the edge of the field of view. We also consid-
ered the possibility of a change in the pointing of CORI1 relative to the other telescopes, but
this would appear as a brightening on one side of the occulter, and a corresponding dimming
on the other side. The two regions tracked in Figure 12 demonstrate that this is not the case.
One clue to the nature of this artifact is that it appears to be restricted to a circular region
a little larger than two solar radii in size, which is offset from sun center by not quite 4 ar-
cminutes. We are considering the possibility that this is some kind of ghost image appearing
in the optics, although why it would be time dependent is unclear.
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8. Comparison with MLSO

To test the effectiveness of the COR1 background removal, we compared the COR1 polar-
ized brightness images with simultaneous measurements from the Mauna Loa Solar Obser-
vatory (MLSO) Mk4 coronagraph (Elmore et al., 2003). A more comprehensive comparison
of CORI to other coronagraphs is given in Frazin et al. (2010). Data from 2 April 2007 was
chosen as a period when good backgrounds should be available, and when the separation
angles were relatively small, about 3° between STEREO-A and B. The relevant calibration
roll on STEREO-A was 41 days earlier, which is close enough in time to be useful. The
calibration roll on STEREO-B was just 15 days after the selected date. The COR1 data
was processed using the /CALROLL and /INTERPOLATE keywords to use the combined
backgrounds discussed in Section 4, and to interpolate between the 10-day background files.
The Mauna Loa image, shown in Figure 13 is an average of 16 images between 17:47 and
18:57 UT. The COR1 images were both taken at 18:10 UT. The COR1 bandpass is 22.5 nm
wide centered at 659 nm, while the Mk4 bandpass is somewhat redder, with a principal
wavelength of 775 nm. This is not expected to significantly affect the comparison.

The intercomparison of the COR1 and Mk4 data are sensitive to the pointing and plate-
scale calibrations of the two instruments. The pointing and plate-scale properties of COR1
are known to 1-2 arcsecond accuracy over the whole image through star observations.
However, there is some doubt about the accuracy of the Mk4 plate scale. The value in the
file header is 6.00 arcseconds per pixel, but recent analysis of lunar eclipse observations
imply that the true plate scale should be closer to 5.81 4= 0.07 arcseconds per pixel. We will
discuss the implications of both plate scales, although for simplicity only the data using the
value in the file header will be shown in the plots. The pointing accuracy of Mk4 data is on
the order of 420 arcseconds (Elmore et al., 2003), which should not significantly affect the
comparison.

Figure 14 shows pB at three selected solar radii as measured by all three coronagraphs.
The Mk4 data have been shifted by 2.5° to correct for an apparent offset in roll. The source
for this roll offset has since been identified by the MLSO team, and they are in the process
of correcting the Mk4 data to remove this error. It is clear that the three coronagraphs match
each other very well in shape, but the Mk4 values are higher than those of either COR1
telescope almost everywhere when the standard Mk4 plate scale of 6.00 arcsec pixel ™! is
used. If the plate scale of 5.81 arcsec pixel ™! were used instead, then the Mk4 and COR1
values would match better in the streamers, but the Mk4 values would still be higher than

COR1-B Mi4 COR1—-A

Figure 13 Simultaneous images from the MLSO Mk4 and the two COR1 coronagraphs. The images are not
to scale, and have been processed to bring out the fainter features.
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Azimuthal scan at 1.65 solar radii
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Figure 14 Comparison of polarized brightness measurements made by the MLSO Mk4 (black) with those
from COR1-A (red) and COR1-B (blue), as a function of position angle at various radial distances. Each scan
is an average over 0.2 solar radii. The dashed lines represent fits to the COR1 data to best match the Mk4
values over most of the range. The fits have been smoothed for ease of reading. Sample error bars represent
the radiometric uncertainty for each telescope.

CORL in the polar regions. The two COR1 measurements track each other very well. One
question that arises is what part of the difference is due to the COR1 background subtraction
procedure, and what part is due to a difference in the radiometric calibration between the
coronagraphs. In Paper I, it was reported that the Mk4 values were higher than those of
CORI, but that it was difficult to be precise because of the faintness of the CME being used,
and interference from residual sky polarization.

To explore the relative importance of the radiometric calibration and background sub-
traction, we searched for linear fits of the form a x COR1+5 which matched the Mk4 data
in Figure 14 over most of the range. By first treating each trace separately, we found slopes
a between 1.066 and 1.151, with a mean of 1.124 + 0.031 when using the standard plate
scale. If we assume the plate scale is instead 5.81 arcsec pixel™!, then we derive a slope
of 0.921 4+ 0.042. We then held a = 1.124 (or 0.921) constant (i.e. assumed that the radio-
metric calibration of the Mk4 is 12.4% higher (or 7.9% lower) than COR1). From this we
determined the average offsets b, listed in Table 2, which are interpreted as background sub-
traction errors. The resulting fits are shown as the dashed lines in Figure 14. However, even
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Table 2 Average intensity differences between the Mk4 AND CORI after applying a radiometric adjustment
of 12.4% or —9.2% respectively, in units of B/Bg for two different values of the Mk4 plate scale.

Solar radii 6.00 arcsec pixel*l 5.81 arcsec pixel !

CORI-A CORI-B CORI-A CORI-B
1.65 4.066 x 1072 4.154 x 1072 2.440 x 1072 2.615 x 1079
1.8 1.304 x 1072 1.522 x 1072 1.069 x 1072 9.38 x 10710
2.0 5.33 x 10710 4.03 x 10710 3.61 x 10710 2.75 x 10710

with the adjustments, there are areas of disagreement, particularly at 245° where the Mk4
values are always higher. The same is true when the alternate Mk4 plate scale of 5.81 arc-
sec pixel ~! is used — the qualitative relationship between the Mk4 curves and the dashed line
fits is insensitive to which plate-scale value is used.

Within the polar coronal holes, the COR1 values go to essentially zero. This is to be
expected from the way that the backgrounds are derived. (Features above the base value,
such as polar plumes, are still detectable.) The data have also been processed to remove
apparent polarization induced by noise at low signal levels by using the SolarSoft routine
COR1_FITPOL. This routine fixes the direction of polarization to be tangential to the so-
lar limb, and treats the determination of pB as a least-squares problem. When the signal
strength is high, there is no significant difference between the calculation performed by
COR1_FITPOL and the standard pB calculation (Billings, 1966). However, when the sig-
nal is noise dominated, COR1_FITPOL will tend to suppress any spurious pB signals. This
is particularly true when pixels are averaged together. This is because COR1_FITPOL can
return both positive and negative pB values, where the sign represents tangential and radial
polarization respectively. When pixels are averaged together in noise-dominated regions, the
positive and negative values will tend to cancel out, thus beating down the noise.

The behavior with radius is demonstrated in Figure 15, where the data are averaged over
azimuthal ranges of 15° centered on the bright coronal streamers. At 90° and 245°, the
CORI1 and Mk4 data show essentially the same behavior with radius, but with the Mk4
values being higher. At 280°, the Mk4 values fall more swiftly than the COR1 values, and
also more swiftly than the other two streamers. The Mk4 and COR1 match better if the
alternate Mk4 plate scale of 5.81 arcsec pixel~! is used, but the overall behavior is the same.

9. Conclusions

We have demonstrated a procedure for removing the instrumental and F coronal background
from COR1 observations. The standard background calibration is based on the analysis of
the data over a complete solar rotation, as has been done before for the LASCO/C2 and C3
coronagraphs. Significant improvements can be made by folding in information from peri-
odic calibration roll maneuvers. Additional improvements are made by using the SolarSoft
routine COR1_FITPOL which suppresses noise-generated pB signals.

Comparison with the MLSO Mk4 coronagraph shows that the same coronal features are
observed by all three telescopes. The best agreement between the two COR1 telescopes and
the Mk4 was found by assuming that the radiometric calibration of the Mk4 was 10— 15%
higher than CORI1 (or 5—10% lower if the alternate Mk4 plate scale of 5.81 was used), and
that an additional K coronal signal needed to be added as a function of radial distance. It
should be noted that Paper I, which used a completely different technique to compare the
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Figure 15 Comparison of polarized brightness measurements as a function of radius at several position
angles representing coronal streamers. Colors are the same as in Figure 14. Sample error bars represent the
radiometric uncertainty for each telescope. At the larger radial distances, the Mk4 uncertainties increase due
to sky scattering effects.

radiometric response, also found that the Mk4 response was higher than that of COR1, while
the response of the LASCO/C?2 telescope (Brueckner et al., 1995) was about 20% lower. The
quoted uncertainties in the calibrations are 11% for the Mk4 (Elmore ef al., 2003), and 10%
for COR1 (Thompson and Reginald, 2008); therefore the COR1 and Mk4 measurements
are consistent within these uncertainties, regardless of which Mk4 plate scale is used. Frazin
et al. (2002) remarks that the LASCO/C2 vignetting correction appeared to be ~30% too
low at the heights at which the Paper I comparisons were made, which is consistent with the
Paper I results. The subsequent changes in the LASCO/C2 vignetting correction have been
examined, and are insufficient to explain the Frazin et al. (2002) findings.

The need to include an additional K coronal signal as a function of radial distance is
to be expected from the way the COR1 backgrounds are derived. The incorporation of the
calibration roll maneuvers into the background calculations means essentially that the polar
coronal holes are used as a reference to which the rest of the corona is compared. Therefore,
one would expect that the measured signal would be lower than the actual K corona at all
azimuths by an amount equal to the base signal in the polar coronal holes. Comparison with
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the Mk4 showed this to be qualitatively true, with localized regions being either somewhat
higher or lower in the Mk4 compared to either COR1 telescope. Localized errors in the
CORL1 background subtraction affect this result, as does the uncertainty in the Mk4/COR1
intercalibration.

Although the COR1 background subtraction method causes the base brightness in polar
coronal holes to be close to zero, individual features can still be detected within the polar
regions. Polar plumes are quite visible in COR1 images, and can be easily tracked with the
solar rotation. Polar jets are easily detected, and are often seen in COR1 movies.

The scattered light behavior of both CORI1 telescopes has proven to be quite steady in
time, with the notable exception of a single contamination event for COR1-B on 30 January
2009. Also, a localized region in the COR1-A data shows a slow but steady increase in time;
the reason for this is still under investigation. Otherwise, the general levels of scattered light
are actually decreasing slightly with time, rather than increasing. Barring too many addi-
tional events of the sort that occurred on 30 January 2009, there is every reason to believe
that both CORI telescopes will maintain usable levels of scattered light for the remainder of
the STEREO mission.

COR1 background files are distributed as part of the SolarSoft Database package avail-
able at www.Imsal.com/solarsoft/sswdb_description.html. The background files are organized
into four components for each spacecraft: daily_med for the daily “median” backgrounds,
monthly_min for the monthly minimum backgrounds, rol1l_min for the calibration roll
backgrounds, and monthly_rol1l for the combined backgrounds. For most users, only the
monthly min and monthly_ roll directories are needed.
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