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ABSTRACT

3

)

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 averagel@t 8y 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 SUMBRO Si v 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 froxnlikigratios. 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 Or1 line in the pl20@d cpolactihiRhtsanglkdeaved0B e dvlanf sight and the plume orientation are

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.Ry).
For the objectives of the mission and more details about the
EUVI telescopes, see Howard et #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 all997) or are formed by
the unipolar magnetic eld reconnected with emerging bipolar
regions (e.g., Wang & Sheelép95.

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
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Table 1
The Positions of the TWSTEREO 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. distd (au) 1.0277777 0.9640101 1.0647322 0.95860281
Sun’s app. rad.Rg (”) 933.69200 995.45200 901.28300 1000.3757
HEEQ longitudeg (°) —0.918945 2.697643 —3.6847666 6.7788499
HEEQ latitudeg (°) —6.404608 —5.999570 —1.4801556 0.2276848
resolution Ax ("pixel=1) 1.5900000 1.5877700 1.5900000 1.5877740
Separationg (°) 3.62 10.6
Exposure timeT (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. 150

2. THE DATA BN b e g

STEREO was launched somewhat after the solar activity
minimum which provides us with good opportunities to observe 5o
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 otherin ©
the north polar cap on 2007- June 1 00:09:00 UTC. Both were 0 100 200 300 400 500
recorded by the two almost identical SECQHUVI telescopes
atAr = 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 Table

On April 7, the separation of the two spacecraft was. 3 , -
The HEEQ (Heliocentric Earth EQuatorial coordinate system; NN e
Thompsor2006 latitudes of the two spacecraft were well below '™ 5 &
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 0
images, a longer exposure time and a smaller compression were  © 100 200 300 400 500
applied. The image pairs chosen in this work have 20 s exposureFigure 1. South polar cap observed on 2007 April 7 22:01:17 UTE at17.1
time, compared to the normal exposure time of 2 s. The imagesnm by EUVI A (upper) and B (bottom). The corresponding epipolar lines are
were compressed by the format ICER (a wavelet-based imageaﬁj‘;r]%’;'rgfsaefdsggﬁtgffgyzé?;?;‘aShed lines. The dotted lines are the ident ed
compression le format) 4 which requires two times the storage P . . N . o

. . . >~ (A color version of this gure is available in the online journal.)
of images obtained after applying the usual ICER 6 compression
used ordinarily for EUVI images at 17.1 nm. In Figukethe
southern polar cap in both EUVI views is presented with ve 3. THE RECONSTRUCTION
plume pairs marked by numbers below them.

In parallel, SUMER performed a raster scan from 2007 April  To reconstruct the 3D geometry of the plume, the rst step
701:01 UTC to 2007 April 8 12:19 UTC in the southern corona. is to identify the points along the plume axis and associate
The scan direction was from solar west to east. The details ofthe corresponding plume pair in the two simultaneous EUVI
the SUMER observations can be found in Curdt et 2008. images. To establish this correlation between the plumes,
To combine with 3D plume geometry, we derived the electron we extracted from each image the radiance proles along
density map from the emission line pairgir at 144.0 nmand  corresponding epipolar lines (Inhes2®06 in both images.

20

150

144.6 nm, the electron temperature map from line painiat Figure 3 gives an example for the April 7 data. The radiance
70.6 nm and 75.0 nm, and the LOS Doppler shift map from the distributions along the corresponding epipolar lines, which are
Ovrat 103.2 nm and 103.8 nm. approximated by the two long-dashed lines in Figlyevere

The second analyzed EUVI data set was recorded on June lsmoothed by taking the running mean of the radiance over three
(Figure2), when the separation angle between the spacecraft wagixels. The plume centers were selected according to the local
10:6. This increased separation angle reduced the reconstructiomadiance maxima and marked by the corresponding numbers.
uncertainty considerably. At the same time, this separation For plumes 0, 1, 2, and 4 the association is clear. However,
angle is still suf ciently small so that the correspondence for plume 3 there is some uncertainty due to the complicated
between individual plumes in both EUVI images can still superposition of probably several plumes along the LOS. The
be unambiguously identi ed. The related spacecraft positions, radiance distribution around plume 3 in EUVI A is dominated
observation, and compression parameters are listed in Table by one prominent peak (marked as 3a in Fig@jewith a
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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 FigueLarger 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
[ o P S to analyze the plume orientation. The relevant results are shown
ESR S P ES— oo in Table2. Concerning the latitudes and longitudes of the plume
‘ ‘ 1 footpoints, all the plumes are located within a latitude cone of
: : : : 20 around the pole. For a better estimate of the out ow speeds
R i S A ; R e along the plumes from far ultraviolet (FUMEUV spectral
: : ‘ observations by SUMER and UVCS on bo&@HQ the angle
between the LOS from the Earth and the plumes’ orientation
were calculated. They range from.@5t0 1286 for plumes 3
and 8, being almost perpendicular to the view direction of the
s Earth. For the angle off the meridian plane, we found for all
Figure 5. Side view of the south polar cap on April 7 (upper panel) and the 10 plumes a maximum departure of.24This indicates that
north polar cap on June 1 (lower panel): a perspective that iso/dBe left, and the magnetic azimuthal componedt was very small on the
20 up relative to the view direction BSTEREQA. The coordinatex andy polar cap during the time of our observations. The deviation of
range romSO5R 10 05R ,zranges fron50.87R t0S117R forthe the plume projection to the solar radial directigris calculated

south polar cap and from& R to 1.17R for the north cap. The long curve . .
is a circular segment crossing the pole. The shorter curves are the solar limbs a nd represented by the angle This angle in general becomes

seen from the two spacecraft (black fr&fEREO Aand red fronSTEREO R arger with increasing distance of the footpoint from the pole, as
The dotted points are the reconstructed 3D plume axes. The solid lines are theshown in the upper panel of FiguBeThis means that the plumes
extrapolations back to = 1 R . The uncertainties are indicated by the black  do not converge to the solar center, which is consistent with the
solid lines which are perpendicular to the plume directions in 3D. 2D results (DeForest et dl997 Fisher & Guhathakurta995.
(A color version of this gure is available in the online journal.) They found that the plumégays appear to diverge radially from
a point between the solar center and the respective pole.

In addition, we compared the 3D plume structure which
limbs as seen by both spacecraft. The black solid lines indicateoutlines the coronal magnetic eld with the assumption of a
the reconstruction uncertainties (Inhes?&06 calculated by dipole with its axis along the solar rotation axis. In this case the
assuming a maximal 3 Mm variation of the plume axis position. plume’s inclination anglé and the footpoint latitude should
The resulting uncertainties are directed mainly half way betweenbe related by tah= 2tan (see page 50 of Fowldi990. From
the view directions oSTEREO AandB, and are considerable the related two rows in Tabl2 we nd that this relation is not
for the data set in April since the spacecraft separation angle waswell satis ed for each plume anjdani| < 2|tan | in all cases.
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Figure 6. Top view: projections of the reconstructed 3D plumes onto the solar equatorial plane in April (left) and June (right) together with the assectatetiasc
(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 paaelitieakeen

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 niaeked E at
right edge of the gure is also shown. In the right panel, the solar limb as seerST@&REO As indicated by a black curve and seen frEfiIEREO Bs 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 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 Figure 10. 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 (Wang.998 Raoua et al.20098, 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., Figure
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, Figur&sand6 reveal that of the ve
reconstructed plumes only plume 6 lies in front of the solar
limbs as seen b§TEREO A andB, the footpoints of the other
four are hidden by the limb. By projecting the reconstructed
plumes onto two simultaneous EUVI images (see FidLe
and taking into account Figurésand6, the spatial relationship

Figure 8. Upper: absolute value gf as a function of the absolute valuelofThe between plumes and bright points can be inferred. The plume in
plus signs are for the data in April and star signs for the data in June. Middle: the front of both limbs, that is, plume 6 could be associated with a

plotoftan{) vs.2 tanf). The solid line corresponds to tah& 2 tan(.). Bottom: ; : ; ;
the difference of the magnetic inclinatiérirom the dipole eld inclination:’ very faint bright point. Plume 7 presents a nice example of the

as a function of the absolute latitude.
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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 connecte:
straight line shows the plume background. Within the range between the two
boundary points, the radiance is tted by the Gaussian distribution.
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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 Figursand 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.)
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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 3Bqunstested

from two EUVI images recorded on April 7 and solid lines are the extrapolations downward to the point where the standard deviation of the tengreydlere al

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 therSi  cause the time difference between the EUVI observation and the
line pair and the Mgx line pair, respectively (Wilheln2006 corresponding time at which it was scanned by SUMER s too
Wilhelm et al.2009. Consistent with the previous results, the large. Plume 4 in the EUVI observation lies outside the eld of
plumes are denser and cooler than the interplume regions. Weview of the SUMER scan. In Figuf, the plus signs are the pro-
deduced the Doppler shift measurements from ther Gnes jections of the 3D plumes reconstructed from two EUVI images,
based on the method outlined in Wilhelm et 4998. the solid lines are their extrapolations outward. We somewhat

SUMER scanned the relevant region from April 701:01 UTC arbitrarily choose the upper end of height pro le where the tem-
to April 8 12:19 UTC continuously moving from west to east. To perature by SUMER does not dramatically deviate from 0.9 MK
compare these data with the EUVI observations of a 3D plume, or so. It makes the plumes more or less isothermal, which is
we need to rst rotate the Sun from the EUVI observations to an assumption for the later calculations. Furthermore, above
the time at which SUMER scanned it. An example is shown in 2120 Mm the temperature plot is too noisy for a quantitative
the density map in the upper panel of Figdi2 The inclined analysis. For the density150-170 Mm might be an approxi-
lines are the projected positions of three plumes. The vertical mate limit.
line corresponds to the position of the SUMER slit at April We projected a 3D plume onto LOS Doppler shift map
8 01:00 UTC. Consider plume 1, the plotted location was as well to get a more precise outow velocity along the
obtained by rstrotating the Sun to this time and then projecting plume by dividing the SUMER velocity with the cosine of the
plume 1 onto the density map. From Figdrdwe can see that  plume inclination angle to the LOS. However, we did not nd
the projected plume 1 and the corresponding slit position areany signi cant Doppler shift from SUMER observations; the
consistent. maximum of the Doppler velocities is around 3 kt sIf we

The times at which the SUMER slit scanned through the cen- take this number as a reference to estimate the out ow velocities
ters of the three plumes 0, 1, and 2 are April 8 02:00 UTC, April along the plumes 0, 1, and 2, we found that they are quite small
8 01:00 UTC, and April 7 22:00 UTC. They were less than 4 hr with a maximum of 10 kms'. This speed is much smaller
after the EUVI observations. Due to the inclination of these three than the sound speef ~ 140km s? for a temperature of
plumes, they are scanned by SUMER for about 2.5 hr, 2 hr, and~0.9 MK.
1 hr, respectively. We have checked the EUVI images at April ~ Similar to Gabriel et al. 003, we have made an estimate
8 02:00 UTC, April 8 01:00 UTC and found that plumes 0 and of the plume contribution to the fast solar wind. The proton
1 were still present though the plumes appeared more diffuse atux density for the high-latitude fast solar wind observed
02:00 UTC. For plume 3, we could not make a comparison be- during the solar minimum from Ulysses at = 1 AU is
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