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STEREOSCOPIC POLAR PLUME RECONSTRUCTIONS FROMSTEREO/SECCHI IMAGES
L. Feng

1,2
, B. Inhester

1
, S. K. Solanki

1
, K. Wilhelm

1
, T. Wiegelmann

1
, B. Podlipnik

1
, R. A. Howard

3
, S. P. Plunkett

3
,

J. P. Wuelser
4
, and W. Q. Gan

2
1 Max-Planck-Institut f̈ur Sonnensystemforschung, Max-Planck-Str.2, 37191 Katlenburg-Lindau, Germany

2 Purple Mountain Observatory, Chinese Academy of Sciences, 210008 Nanjing, China
3 Naval Research Laboratory, Code 7660, 4555 Overlook Ave. SW, Washington DC 20375, USA

4 Solar and Astrophysics Lab., Lockheed Martin ATC, 3251 Hanover St., Palo Alto, CA 94304, USA
Received 2009 February 19; accepted 2009 May 19; published 2009 July 1

ABSTRACT

We present stereoscopic reconstructions of the location and inclination of polar plumes of two data sets based on
the two simultaneously recorded images taken by the EUVI telescopes in the SECCHI instrument package onboard
theSolar TErrestrial RElations Observatory spacecraft. The 10 plumes investigated show a superradial expansion
in the coronal hole in three dimensions (3D) which is consistent with the two-dimensional results. Their deviations
from the local meridian planes are rather small with an average of 6.◦47. By comparing the reconstructed plumes with
a dipole �eld with its axis along the solar rotation axis, it is found that plumes are inclined more horizontally than
the dipole �eld. The lower the latitude is, the larger is the deviation from the dipole �eld. The relationship between
plumes and bright points has been investigated and they are not always associated. For the �rst data set, based on
the 3D height of plumes and the electron density derived from SUMER/SOHO Si viii line pair, we found that
electron densities along the plumes decrease with height above the solar surface. The temperature obtained from the
density scale height is 1.6–1.8 times larger than the temperature obtained from Mgix line ratios. We attribute this
discrepancy to a deviation of the electron and the ion temperatures. Finally, we have found that the out�ow speeds
studied in the Ovi line in the plumes corrected by the angle between the line of sight and the plume orientation are2008), polar jets (Patsourakos et al.2008), solar

prominences (�laments), etc., which can be achieved by ana-
lyzing the image pairs taken by the Extreme Ultraviolet Imager
(EUVI) telescopes that are part of the SECCHI suite of imagers.
EUVI is very similar to EIT/SOHO, but with higher spatial res-
olution (1.

′′6 per pixel) and larger �eld of view (out to 1.7R�).
For the objectives of the mission and more details about the
EUVI telescopes, see Howard et al. (2008) and Wuelser et al.
(2004).

As the solar activity was low in 2007, the appearance of
the solar corona over the poles was dominated by extended
raylike features, the so-called polar plumes. They are believed
to trace out open magnetic �eld lines and have been intensively
Newkirk & Harvey1968; DeForest et al.1997) or are formed by
the unipolar magnetic �eld reconnected with emerging bipolar
regions (e.g., Wang & Sheeley1995).

One handicap of all previous studies was the fact that plumes,
even though well visible in two-dimensional (2D) images
beyond the limb, could not be reliably traced to the solar surface.
We have reconstructed the 3D geometry of the polar plumes
by analyzing the simultaneously observed EUVI images for
two data sets, 2007 April 7 and June 1. Preliminary results of
the 3D plume coordinates obtained on one of the studied days
(April 7) are shown in Curdt et al. (2008). In this paper, we
describe an improved method of stereoscopic reconstruction in
detail since in Curdt et al. (2008) the emphasis was put on
the multi-spacecraft observations fromHinode, STEREO, and
SOHO. Furthermore, based on the 3D coordinates, we have
calculated the inclination of plumes to the line of sight (LOS)
of the Earth and to their local radial direction for both data sets.
We have compared the 3D orientation of plumes with the local
direction of a dipole magnetic �eld. The dipole �eld is the lowest
order approximation of the coronal magnetic �eld at times of
low solar activity when the plume observations were made.
Additionally, we have calculated the footpoint positions of the
reconstructed plumes and projected them onto the EUVI images
to investigate their relationship to EUV bright points. For the
�rst data set,SOHO/SUMER observations were also available.
We have used them to determine physical parameters, including
the temperature, density, and LOS Doppler shift. By projecting
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Table 1
The Positions of the TwoSTEREO Spacecraft Given in the HEEQ Coordinate System, Exposure Time of the Observation, and Compression Mode of the Recorded

Data on 2007 April 7 22:01:17 UTC and on 2007 June 1 00:09:00 UTC

Date 2007 April 7 2007 June 1

STEREO spacecraft B A B A

Sun–Earth. dist.,d (au) 1.0277777 0.9640101 1.0647322 0.95860281
Sun’s app. rad.,R� (′′) 933.69200 995.45200 901.28300 1000.3757
HEEQ longitude,ϕ (◦) −0.918945 2.697643 −3.6847666 6.7788499
HEEQ latitude,θ (◦) −6.404608 −5.999570 −1.4801556 0.2276848
resolution,Δx (′′pixel−1) 1.5900000 1.5877700 1.5900000 1.5877740
Separation,α (◦) 3.62 10.6

Exposure time,T (s) 20 16
Compression mode ICER4 ICER4

a 3D plume onto the SUMER density map, its density scale
height could be calculated. The temperature corresponding to
this scale height and the temperature derived spectroscopically
from SUMER have been compared.

2. THE DATA

STEREO was launched somewhat after the solar activity
minimum which provides us with good opportunities to observe
polar plumes. We selected two data sets for this study, one in the
south polar cap on 2007 April 7 22:01:17 UTC and the other in
the north polar cap on 2007- June 1 00:09:00 UTC. Both were
recorded by the two almost identical SECCHI/EUVI telescopes
at λ = 17.1 nm corresponding to a formation temperature of
roughly 1 MK. The position information of both spacecraft, the
exposure time, and the compression mode are given in Table1.

On April 7, the separation of the two spacecraft was 3.◦6.
The HEEQ (Heliocentric Earth EQuatorial coordinate system;
Thompson2006) latitudes of the two spacecraft were well below
the Sun’s equatorial plane. At that time the solar south pole
was tilted toward the spacecraft which was very appropriate
for observing as much as possible of the southern polar area.
In addition, to improve the signal-to-noise ratio of the EUVI
images, a longer exposure time and a smaller compression were
applied. The image pairs chosen in this work have 20 s exposure
time, compared to the normal exposure time of 2 s. The images
were compressed by the format ICER (a wavelet-based image
compression �le format) 4 which requires two times the storage
of images obtained after applying the usual ICER 6 compression
used ordinarily for EUVI images at 17.1 nm. In Figure1, the
southern polar cap in both EUVI views is presented with �ve
plume pairs marked by numbers below them.

In parallel, SUMER performed a raster scan from 2007 April
7 01:01 UTC to 2007 April 8 12:19 UTC in the southern corona.
The scan direction was from solar west to east. The details of
the SUMER observations can be found in Curdt et al. (2008).
To combine with 3D plume geometry, we derived the electron
density map from the emission line pair Siviii at 144.0 nm and
144.6 nm, the electron temperature map from line pair Mgix at
70.6 nm and 75.0 nm, and the LOS Doppler shift map from the
O vi at 103.2 nm and 103.8 nm.

The second analyzed EUVI data set was recorded on June 1
(Figure2), when the separation angle between the spacecraft was
10.◦6. This increased separation angle reduced the reconstruction
uncertainty considerably. At the same time, this separation
angle is still suf�ciently small so that the correspondence
between individual plumes in both EUVI images can still
be unambiguously identi�ed. The related spacecraft positions,
observation, and compression parameters are listed in Table1.

Figure 1. South polar cap observed on 2007 April 7 22:01:17 UTC atλ = 17.1
nm by EUVI A (upper) and B (bottom). The corresponding epipolar lines are
approximated by the two long-dashed lines. The dotted lines are the identi�ed
plumes (see Section3 for details).
(A color version of this �gure is available in the online journal.)

3. THE RECONSTRUCTION

To reconstruct the 3D geometry of the plume, the �rst step
is to identify the points along the plume axis and associate
the corresponding plume pair in the two simultaneous EUVI
images. To establish this correlation between the plumes,
we extracted from each image the radiance pro�les along
corresponding epipolar lines (Inhester2006) in both images.
Figure3 gives an example for the April 7 data. The radiance
distributions along the corresponding epipolar lines, which are
approximated by the two long-dashed lines in Figure1, were
smoothed by taking the running mean of the radiance over three
pixels. The plume centers were selected according to the local
radiance maxima and marked by the corresponding numbers.

For plumes 0, 1, 2, and 4 the association is clear. However,
for plume 3 there is some uncertainty due to the complicated
superposition of probably several plumes along the LOS. The
radiance distribution around plume 3 in EUVI A is dominated
by one prominent peak (marked as 3a in Figure3) with a
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Figure 5. Side view of the south polar cap on April 7 (upper panel) and the
north polar cap on June 1 (lower panel): a perspective that is 90� to the left, and
20� up relative to the view direction ofSTEREOA. The coordinatesx andy
range fromŠ0.5 R� to 0.5 R� , z ranges fromŠ0.87 R� to Š1.17 R� for the
south polar cap and from 0.87 R� to 1.17 R� for the north cap. The long curve
is a circular segment crossing the pole. The shorter curves are the solar limbs as
seen from the two spacecraft (black fromSTEREO Aand red fromSTEREO B).
The dotted points are the reconstructed 3D plume axes. The solid lines are the
extrapolations back tor = 1 R� . The uncertainties are indicated by the black
solid lines which are perpendicular to the plume directions in 3D.
(A color version of this �gure is available in the online journal.)

limbs as seen by both spacecraft. The black solid lines indicate
the reconstruction uncertainties (Inhester2006) calculated by
assuming a maximal 3 Mm variation of the plume axis position.
The resulting uncertainties are directed mainly half way between
the view directions ofSTEREO AandB, and are considerable
for the data set in April since the spacecraft separation angle was

small at that time. With the increased separation angle in June,
the uncertainties are greatly reduced for the same assumption of
3 Mm uncertainty in 2D.

The polar view of the 10 plumes projected onto the solar
equatorial plane is shown in Figure6. Larger symbols indicates
the plume positions at greater heights above the solar surface.
All 10 plumes oriented close to their local meridian planes and
inclined away from the rotation axis.

4.1.2. Plume’s Orientation Analysis

In Figure7 a sketch of the 3D plume geometry is presented
to analyze the plume orientation. The relevant results are shown
in Table2. Concerning the latitudes and longitudes of the plume
footpoints, all the plumes are located within a latitude cone of
20� around the pole. For a better estimate of the out�ow speeds
along the plumes from far ultraviolet (FUV)/ EUV spectral
observations by SUMER and UVCS on boardSOHO, the angle
� between the LOS from the Earth and the plumes’ orientation
were calculated. They range from 65.� 7 to 128.� 6 for plumes 3
and 8, being almost perpendicular to the view direction of the
Earth. For the angle� off the meridian plane, we found for all
10 plumes a maximum departure of 14.� 2. This indicates that
the magnetic azimuthal componentB� was very small on the
polar cap during the time of our observations. The deviation of
the plume projection to the solar radial direction�er is calculated
and represented by the angle� . This angle in general becomes
larger with increasing distance of the footpoint from the pole, as
shown in the upper panel of Figure8. This means that the plumes
do not converge to the solar center, which is consistent with the
2D results (DeForest et al.1997; Fisher & Guhathakurta1995).
They found that the plumes/ rays appear to diverge radially from
a point between the solar center and the respective pole.

In addition, we compared the 3D plume structure which
outlines the coronal magnetic �eld with the assumption of a
dipole with its axis along the solar rotation axis. In this case the
plume’s inclination anglei and the footpoint latitude� should
be related by tani = 2 tan� (see page 50 of Fowler1990). From
the related two rows in Table2 we �nd that this relation is not
well satis�ed for each plume and| tani | < 2| tan� | in all cases.

Figure 6.Top view: projections of the reconstructed 3D plumes onto the solar equatorial plane in April (left) and June (right) together with the associated uncertainties
(black solid lines). For each plume, the size of the circle is proportional to the distance of the 3D point to the solar surface. In the left panel, the solar limb as seen
from the Earth is indicated by the curve near the pole which is marked by a star symbol. The view direction from the Earth indicated by the arrow marked E atthe
right edge of the �gure is also shown. In the right panel, the solar limb as seen fromSTEREO Ais indicated by a black curve and seen fromSTEREO Bis indicated in
red. The view directions of the two spacecraft and the Earth are marked on the right side.
(A color version of this �gure is available in the online journal.)
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Figure 8. Upper: absolute value ofψ as a function of the absolute value ofλ. The
plus signs are for the data in April and star signs for the data in June. Middle: the
plot of tan(i) vs.2 tan(λ). The solid line corresponds to tan(i) = 2 tan(λ). Bottom:
the difference of the magnetic inclinationi from the dipole �eld inclinationi′
as a function of the absolute latitude.

Figure 9. Radiance pro�le around plume 4 along two epipolar lines in EUVI B.
On each line the two plus signs indicated the plume boundary and the connected
straight line shows the plume background. Within the range between the two
boundary points, the radiance is �tted by the Gaussian distribution.

Figure 10. Projection of the 3D plumes onto the image of EUVI A observed on
April 7.
(A color version of this �gure is available in the online journal.)

4.1.4. Plume and EUV Bright Points

To investigate the relationship between plumes and EUV
bright points, we projected the reconstructed 3D plumes onto
two EUVI images. For the data in April, given the small
separation angle, only the projection onto EUVI A is plotted
in Figure10. Only plume 1 is associated with a bright point.
Plumes 0 and 3 were rooted in the brighter part of the coronal
hole, but not on a bright point. Considering the evolution of
polar plumes (Wang1998; Raoua� et al.2008), plumes 0 and
3 were observed perhaps in the decaying phase in which the
bright points have already disappeared but the two plumes were
still visible. For the big bright point close to the limb between
plumes 3 and 4, we tried to �nd a plume pair but none of the
possible peaks in the two plume radiance pro�les (e.g., Figure3)
produced a reasonable result with a footpoint close to this bright
point and an orientation roughly along the diverging direction
of the magnetic �eld around the pole.

For the data in June, Figures5 and6 reveal that of the �ve
reconstructed plumes only plume 6 lies in front of the solar
limbs as seen bySTEREO A andB, the footpoints of the other
four are hidden by the limb. By projecting the reconstructed
plumes onto two simultaneous EUVI images (see Figure11)
and taking into account Figures5 and6, the spatial relationship
between plumes and bright points can be inferred. The plume in
front of both limbs, that is, plume 6 could be associated with a
very faint bright point. Plume 7 presents a nice example of the
importance of having 3D information when associating plumes
with bright points. If we consider only EUVI B, then plume 7
seems to be related to a bright point right in front of the limb.
However, when we check both Figures5 and 6 we �nd this
plume is rooted just behind the limbs seen by EUVI A and B.
Therefore, the association to the bright point near the limb is
probably spurious. For plumes 8 and 9, it is dif�cult to reach a
�rm conclusion. We see two bright points in both images close
to the plume roots. The association is possible if the bright point
relevant to plume 8 is big enough and the height of the bright
point relevant to plume 9 is large enough that it could be seen
from EUVI A and B, even though it is behind the limb.

4.2. Results Combining Stereoscopy and SUMER Observations

For the data set in April, SUMER observations are available.
To obtain the electron density and electron temperature along
a plume, we assume that the geometry of a plume does not
change during its evolution, and then project it onto the density
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Figure 11. Projections of the 3D plumes on EUVI A and B recorded on June 1.
(A color version of this �gure is available in the online journal.)

Figure 12. Projections of the 3D plumes 0, 1, and 2 onto the SUMER electron density (upper) and temperature (lower) map with the marked plume numbers. The
vertical solid line in the density map corresponds to the position of SUMER slit at April 8 01:00 UTC. The plus signs are the projections of the 3D plumes reconstructed
from two EUVI images recorded on April 7 and solid lines are the extrapolations downward to the point where the standard deviation of the temperature along the
plume is around 0.1 MK.
(A color version of this �gure is available in the online journal.)

and temperature maps deduced from the line ratio of the Siviii

line pair and the Mgix line pair, respectively (Wilhelm2006;
Wilhelm et al.2009). Consistent with the previous results, the
plumes are denser and cooler than the interplume regions. We
deduced the Doppler shift measurements from the Ovi lines
based on the method outlined in Wilhelm et al. (1998).

SUMER scanned the relevant region from April 7 01:01 UTC
to April 8 12:19 UTC continuously moving from west to east. To
compare these data with the EUVI observations of a 3D plume,
we need to �rst rotate the Sun from the EUVI observations to
the time at which SUMER scanned it. An example is shown in
the density map in the upper panel of Figure12. The inclined
lines are the projected positions of three plumes. The vertical
line corresponds to the position of the SUMER slit at April
8 01:00 UTC. Consider plume 1, the plotted location was
obtained by �rst rotating the Sun to this time and then projecting
plume 1 onto the density map. From Figure12 we can see that
the projected plume 1 and the corresponding slit position are
consistent.

The times at which the SUMER slit scanned through the cen-
ters of the three plumes 0, 1, and 2 are April 8 02:00 UTC, April
8 01:00 UTC, and April 7 22:00 UTC. They were less than 4 hr
after the EUVI observations. Due to the inclination of these three
plumes, they are scanned by SUMER for about 2.5 hr, 2 hr, and
1 hr, respectively. We have checked the EUVI images at April
8 02:00 UTC, April 8 01:00 UTC and found that plumes 0 and
1 were still present though the plumes appeared more diffuse at
02:00 UTC. For plume 3, we could not make a comparison be-

cause the time difference between the EUVI observation and the
corresponding time at which it was scanned by SUMER is too
large. Plume 4 in the EUVI observation lies outside the �eld of
view of the SUMER scan. In Figure12, the plus signs are the pro-
jections of the 3D plumes reconstructed from two EUVI images,
the solid lines are their extrapolations outward. We somewhat
arbitrarily choose the upper end of height pro�le where the tem-
perature by SUMER does not dramatically deviate from 0.9 MK
or so. It makes the plumes more or less isothermal, which is
an assumption for the later calculations. Furthermore, above
≈120 Mm the temperature plot is too noisy for a quantitative
analysis. For the density,≈150–170 Mm might be an approxi-
mate limit.

We projected a 3D plume onto LOS Doppler shift map
as well to get a more precise out�ow velocity along the
plume by dividing the SUMER velocity with the cosine of the
plume inclination angle to the LOS. However, we did not �nd
any signi�cant Doppler shift from SUMER observations; the
maximum of the Doppler velocities is around 3 km s−1. If we
take this number as a reference to estimate the out�ow velocities
along the plumes 0, 1, and 2, we found that they are quite small
with a maximum of 10 km s−1. This speed is much smaller
than the sound speedcs ≈ 140 km s−1 for a temperature of
≈0.9 MK.

Similar to Gabriel et al. (2003), we have made an estimate
of the plume contribution to the fast solar wind. The proton
�ux density for the high-latitude fast solar wind observed
during the solar minimum from Ulysses atrE = 1 AU is
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