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PLASMA FLOWS GUIDED BY STRONG MAGNETIC FIELDS IN THE SOLAR CORONA
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ABSTRACT

In this study new results are presented regarding the relationships between the coronal magnetic field and the inten-
sities and Doppler shifts of ultraviolet emission lines. This combination of magnetic field and spectroscopic data is
used here to study material flows in association with the coronal field. We introduce the term “coronal circulation” to
describe this flow, and to indicate that the plasma is not static but flows everywhere in the extended solar atmosphere.
The blueshifts and redshifts often seen in transition region and coronal ultraviolet emission lines are interpreted as
corresponding to upflows and downflows of the plasma on open (funnels) and closed (loops) coronal magnetic field
lines, which tightly confine and strongly lead the flows in the low-beta plasma. Evidence for these processes exists in
the ubiquitous redshifts mostly seen at both legs of loops on all scales, and the sporadic blueshifts occurring in strong
funnels. Therefore, there is no static magnetically stratified plasma in the corona, since panta rhei, but rather a contin-
uous global plasma circulation, being the natural perpetuation of photospheric convection which ultimately is the

driver.

Subject headings: solar wind — Sun: corona — Sun: magnetic fields — Sun: transition region —

Sun: UV radiation

1. INTRODUCTION

“Coronal circulation” is a new catchword used here to empha-
size that the plasma in the corona is nowhere static but everywhere
flowing, strongly guided by the dominant magnetic field. The
associated mass is likely supplied to and lost from the corona by
various magnetic channels through the boundary set by the inner
photosphere/chromosphere interface. Through coronal condensa-
tion, mass may be drained into loops (e.g., by diffusive flux-tube
filling via collisions) or fall freely on locally open field lines back
to the chromospheric interface. Coronal circulation presumably
extends to the corona’s outer interface, which is assumed to be
located near the so-called magnetic source surface (at 2.5-3 R,),
where the solar wind/heliospheric field actually begins.

The overall quasi-steady solar wind may effectively start only
at this surface, and will emanate as the merger of all joined up-
flows from funnels (perhaps already supersonic; Marsch & Tu
1997) and other open-field regions expanding between the closed
loops, which are clearly visible in the SOHO images and TRACE
movies. Most coronal plasma is permanently confined and re-
cycled by circulation, but some fraction can escape as tenuous
solar wind, being a mixture of local outflows and “evaporation”
from the hottest outer corona, with much smaller plasma content
than in lower-lying loops.

In this paper, we provide observational evidence in support of
the coronal circulation scenario by a discussion of the relevant
existing literature and a presentation of new results regarding the
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relationships between the coronal magnetic field and the intensi-
ties and Doppler shifts of transition region (TR) lines of O 1v and
Ne vin, and a coronal line of Fe xu. Since open and closed field
lines reach different heights, we trace selected magnetic field
lines as they go up and down in the solar atmosphere in order
to illustrate basic coronal structures, such as magnetically open
(funnels) and closed (loops) lines, and to establish their associa-
tion with the intensities and red/blueshifts of the O 1v, Ne v,
and Fe xu emission lines. This combination of field and plasma
data is then used to study coronal plasma flows associated with
the magnetic fields.

Imaging and spectroscopy in far- and extreme-ultraviolet (EUV)
light are the standard tools for rendering the plasma visible and
analyzing its state by measuring the radiances, widths, and Doppler
shifts of the emission lines originating from many heavy ions.
(For arecent review of this field, see Wilhelm et al. 2004, 2008.)
The space missions SOHO (Solar and Heliospheric Observatory),
TRACE (Transition Region and Coronal Explorer), and currently
Hinode have provided unprecedented views of coronal structures,
such as streamers, prominences, loops, and active regions (ARs),
and unravelled their complex magnetic fields by imaging the
plasma confined therein (for a review of this intricate and dy-
namic corona, see Aschwanden et al. [2001], and for a modern
textbook see Aschwanden [2004]).

The solar corona is known to be structured on all scales by the
Sun’s dominating magnetic field, which controls the transport
of mass, energy, and momentum in the corona. The activity and
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dynamics of the field are also believed to play a key role in the
heating and spatio-temporal evolution of the plasma at all scales.
Our current knowledge of the coronal magnetic field largely stems
from extrapolations of the measured field in the photosphere and
chromosphere, to greater heights. The techniques for comput-
ing the force-free magnetic field in the corona are described by
Wiegelmann & Neukirch (2002, 2003), and comprehensively dis-
cussed in the recent review by Wiegelmann (2008).

2. EXTRAPOLATION OF CORONAL MAGNETIC FIELDS

We obtain the required coronal magnetic field with the help of
a linear force-free-field extrapolation code based on the method
developed by Sechafer (1978). The code uses a line-of-sight mag-
netogram, e.g., as observed with SOHO/MDI (Michelson Doppler
Imager), as input, and has one free parameter. We specify this lin-
ear force-free-field parameter « as follows. The three-dimensional
coronal magnetic field lines for several different values of « are
computed and projected onto two-dimensional coronal ultraviolet
images, obtained here from SOHO/SUMER (Solar Ultraviolet
Measurements of Emitted Radiation) and Hinode/EIS (EUV Im-
aging Spectrometer). The projected magnetic field lines and the
coronal EUV loops are compared, assuming that the emitting
coronal plasma outlines the magnetic field, and consequently
that the emissivity gradient parallel to the field is significantly
smaller than in the perpendicular direction. Our method finds the
optimum value of « and determines the footpoints of the loops.
The details of this method are described in Wiegelmann et al.
(2005a). We found an optimal value of & = 7.4 x 10~° m~! for
the SUMER data and o = 8.1 x 10~ m~! for the EIS data. This
force-free parameter « turned out to be close to that in Marsch
et al. (2004), and we found that there is a good correspondence
between the extrapolated loops and loops seen in the intensity
images of the two ARs investigated subsequently.

For the calculation of their magnetic fields, we used two mag-
netograms which were taken by the MDI close to the observation
times of the events studied by the spectrometers. The correction
of the magnetogram and the co-alignment of the magnetogram
with the SUMER images were carried out by applying the method
described in Tu et al. (2005a, 2005b), and are not discussed further
here. The co-alignment between EIS and MDI was also carried
out by using a cross-correlation technique similar to that in Tu
et al. (2005b). We used the force-free-field extrapolation method
to construct the coronal magnetic field in a rectangular box, de-
fined by a region which is, with several 100 Mm extension (to
avoid boundary effects), much larger in size than the scanning
fields of view of SUMER or EIS, and which reaches up to about
280 Mm above the photosphere.

Those field lines reaching the sides and ceiling of the calcu-
lation box are defined as open; otherwise they are considered
closed. In Figures 1, 2, and 3, we projected the extrapolated mag-
netic field lines onto the x-y plane, where x is the east-west direc-
tion and y is the south-north direction. The size of the extrapolation
box is 1024" x 524" x 270 Mm for Figure 1, and 900" x 700" x
285 Mm for Figures 2 and 3, where the last number in the triple
refers to the box height or location of its ceiling in the z-direction.
These boxes are certainly large enough to study a typical AR.
Since these boxes are much larger than our EIS and SUMER field
of view, we only show parts of them in the figures.

The yellow and green lines in the figures indicate closed and
open field lines, respectively, in the above sense. More precisely,
we may consider a field line to be really open only if it reaches
the source surface at 2.5 R, as discussed in the introduction. We
cannot show this conclusively with the data set available, so here
“open” only means that a field line reaches a height of about or

more than 280 Mm, or spans a wider range of horizontal dis-
tance, typically about half the size of the box, i.e., about 400”.
Such field lines most likely belong to large and extended coronal
loops.

3. SPECTROSCOPIC DATA SETS AND THEIR ANALYSES

Now we present the data analysis of the emission lines Fe xir
(19.51 nm), O v (78.77 nm), and Ne vi (77.04 nm) as observed
in the two ARs. The data were obtained by EIS (Culhane et al.
2007) on Hinode and SUMER (Wilhelm et al. 1995; Lemaire
etal. 1997) onboard SOHO. We here concentrate on the Doppler
shifts of these lines. There were no cold chromospheric lines in
the spectral windows used by SUMER and EIS, which we could
have used for an absolute wavelength calibration. Instead, we
assumed a vanishing Doppler shift for each line when averaged
over the whole field of view. In this way we calibrated the wave-
length and obtained the Doppler velocity maps, which are pre-
sented in Figures 1, 2, and 3, together with line intensity maps.
Negative values in Doppler shift correspond to blueshifts (toward
the observer), and positive ones to redshift (away from the observer).

The EIS data analyzed here pertain to a solar active region
(AR) and were obtained from 02:54 to 07:23 on 2006 December
2. More detailed information on this AR and its plasma parame-
ters has previously been given in Doschek et al. (2007). During
this period, EIS used a slit (1" x 256"") with 512 rastering steps to
scan the AR NOAA 10926 near the disk center. The EIS pixel
sizeis 17, the spectral resolution is 0.00223 nm pixel !, and the
exposure time is 30 s in that data set. The standard EIS proce-
dures for correcting and calibrating the data were applied, includ-
ing dark-current subtraction, removing of the effects of cosmic
rays and hot pixels, and wavelength and absolute calibration.

After these calibrations, each observed line was fitted by a sin-
gle Gaussian curve, complemented by a constant and a linear
term describing the background spectrum. The total counts and
line center can be obtained for each spectral profile from this sin-
gle Gaussian fit. The fitted line center was further corrected by
taking into account the slit-tilt effects and the variation of the line
position, which is caused by thermal effects on the instrument
during the spacecraft orbital motion. Finally, the line-of-sight
velocity of an ion can be inferred by using the Doppler-shift for-
mula vjos = (A — 49)/ Ao, where 4 is the rest wavelength, A is
the actually observed wavelength of any line (the central position
of the fitted profile), and c is the speed of light in vacuum. Fol-
lowing these standard procedures, we obtained the intensity and
velocity map of Fe x1u (19.51 nm) which are shown in Figure 1.

On 2004 May 21, SUMER observed the AR NOAA 0615
from 19:10 to 22:15. The slit 2 (1" x 300") was used to scan an
area of about 155" x 300" in this observation. The O 1v (78.77 nm)
and Ne v (77.04 nm) lines were included in the spectral win-
dows. The SUMER procedures for correcting and calibrating the
data were applied. They include decompression, flat-field cor-
rection, and detector corrections for geometrical distortion, local
gain, and dead time. The intensity maps and Dopplergrams of these
lines were obtained by applying a single Gaussian fit to each
spectrum, and are presented in Figures 2 and 3.

We also estimated the spectral line shift caused by thermal
deformations of the optical system of SUMER, as discussed in
Dammasch et al. (1999), by averaging the residual line centroid
positions across the north-south extension of the slit. In addition,
the Doppler shift induced by solar rotation has been taken into
account by calculating the line-of-sight velocities for all pixels as
a function of their nominal mapping onto the solar disk (Dammasch
et al. 1999). We removed these effects before determining the
Doppler shifts of spectral lines.
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Fic. 1.—Top: EIS Fe xu radiance (in arbitrary units) mapped with various magnetic field lines (shown in projection) of the extrapolated coronal magnetic field. The
green and yellow lines indicate open and closed field lines, respectively. The intensity is given in the gray scale set by the bar on the right. The spatial solar coordinates
are in arcseconds. The red and blue contours indicate the field strength at the 30 G level for opposite polarities. Botfom: In similar format, EIS Dopplergram of the cor-
responding Fe xu line shift. The velocity scale (ranging between —20 and +20 km s~} is defined by the red/blue bar at the right side. Note that the magnetic field lines
start and end in patches of predominantly either red- or blueshift, i.e., footpoints are associated with either up- or downflows.

It is important to note that the loop system shown here in Fig-
ures 2 and 3 is identical to the one presented in Dammasch et al.
(2008), and although observed 2 days later it still looks very
much the same. Similarly, the EIS observed AR NOAA 10926,
shown in Figure 1, for nearly 3 days. During this period the data
showed no essential change, but indicated that blueshifts on the
edge of the AR last for a long time.

4. PLASMA FLOWS IN DIFFERENT CORONAL REGIONS

The data presented in the figures reveal new evidence for both
types of flow in the corona, i.e., up- and downflows in different
coronal structures, and more importantly, have shown that both
red- and blueshifts can last for hours, thus indicating that contin-
uous large-scale plasma flows occur in all types of magnetic struc-
tures. We interpret this as strong evidence for quasi-stationary
mass circulation in the corona, implying continuous plasma sup-

ply to and loss from the corona. We assume that its origin and
driver lies in the magnetoconvection below the photosphere in
the solar convection zone. Before we discuss our results further,
we recapitulate here some relevant previous observations in the
more recent literature.

In the last 15 years, a great number of comprehensive ultra-
violet imaging and spectroscopic observations have been made
with SOHO and TRACE, and most recently also with Hinode
(Kosugi et al. 2007). These modern measurements in particular
provided ample direct evidence for sizable plasma flows at all
heights in the solar corona, with complex multiple-temperature
structures, of which the most conspicuous and brightest are the
active region (AR) loops (for reviews of this broad subject see,
e.g., Kjeldseth-Moe 2003; Brekke 1998; Wilhelm et al. 2008),
and the dimmest the coronal funnels (Tu et al. 2005a) in the dark
coronal holes (CHs). Hundreds of emission lines in the SUMER
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FiG. 2.— Top: The SUMER Ne vin radiance (in arbitrary units) mapped with various magnetic field lines (shown in projection) of the extrapolated coronal magnetic
field. The green and yellow lines indicate open and closed field lines, respectively. The intensity is given in the gray scale set by the bar on the right. The spatial solar
coordinates are in arcseconds. The red and blue contours indicate the field strength at the 30 G level for opposite polarities. Bottom: In similar format, SUMER
Dopplergram of the corresponding Ne vir line shift. The velocity scale (ranging between —20 and +20 km s ') is defined by the red/blue bar at the right side. Note that
the magnetic field lines start and end in patches of predominantly either red- or blueshift, i.e., footpoints are associated with either up- or downflows. In particular, in the
area defined by the intervals x = [—140, —90] and y = [250, 310] there are locations with adjacent alternating red/blueshifts and varying magnetic connections to mostly
the same Doppler shift at both loop footpoints.
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Fig. 3.— Top: SUMER O 1v radiance (in arbitrary units) mapped with various magnetic field lines (shown in projection) of the extrapolated coronal magnetic field.
The green and yellow lines indicate open and closed field lines, respectively. The intensity is given in the gray scale set by the bar on the right. The spatial solar coordi-
nates are in arcseconds. The red and blue contours indicate the field strength at the 30 G level for opposite polarities. Bottom: In similar format, SUMER Dopplergram of
the corresponding O 1v line shift. The velocity scale (ranging between —20 and +20 km s ') is defined by the red/blue bar at the right side. Note that the magnetic field
lines start and end in connected patches of predominantly redshift, i.e., both footpoints are associated with downflows. In contrast to Fig. 2, in the area defined by the
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spectral window have been identified and classified in the spec-
tral atlas composed by Curdt et al. (2001, 2004). Many of the bright
lines have been used to study coronal structure and TR morphol-
ogy by means of radiance maps.

Early measurements of TR Doppler shifts were made by the
normal-incidence spectrograph flown on Skylab (Doschek et al.
1976). Since then, a myriad of studies has accumulated, which
are summarized in the recent review of Wilhelm et al. (2008).
Here only the Ne vim (770.428 + 0.003 A) resonance line deserves
special mention, because a very accurate value for its rest wave-
length was derived by Dammasch et al. (1999). Thus, its shift can
well be determined, and this line has often been used as a tracer
for plasma bulk flow. It is well known, but not yet understood,
that on average the TR the ultraviolet emission lines are red-
shifted by a few km s~! (Brekke 1993; Chae et al. 1998). This
trend also is visible, although not mentioned in that paper, in
the data presented in the SUMER spectral atlas (Curdt et al.
2001).

Steady flows in coronal EUV loops were reported by Winebarger
et al. (2002) for ARs observed with TRACE, and intermittent flows
in a bundle of loops above an AR by Winebarger et al. (2001).
Previously, Qiu et al. (1999) had already reported counterstreaming
mass flows in AR loops, which were visible as apparent motions
in the blue/red wings of Ha, and suggested that they were flows
associated with filamentary magnetic field strands at the loop
footpoints. Possible siphon flows along loops of the AR NOAA
7978B were detected by Spadaro et al. (2000) analyzing SUMER
data. Teriaca et al. (1999) also found evidence for motion and up-
flow in an AR. Patsourakos et al. (2004) investigated whether
including a stationary mass flow could explain the discrepancies
found between observations and static loop models.

Most recent observations from Hinode (Del Zanna 2008; Harra
et al. 2008) have clearly shown continuous large-scale patterns
of Doppler shifts in TR and coronal lines across ARs. The persis-
tence of the line shifts is unlikely to be accidental; we believe it
may signify a global circulation pattern in the corona. From all
the above cited papers it seems clear that, for the majority of the
loops, redshifts occur in both legs (however, for exceptions see
the observations by Tian et al. 2008). As is well known, redshifts
are generally larger in cooler lines and tend to occur near the legs
of loops. However, according to Del Zanna (2008), it is also ob-
vious that blueshifts are located at AR boundaries and are dis-
tinctly higher in the hotter coronal lines. The strongest blueshifts
appear in low-density regions, which makes it difficult to observe
them and to judge how frequent they really are.

With respect to coronal holes, sizable patches of large blueshift
in the Ne v line were found in the polar CHs (Wilhelm et al.
2000). Previously, Hassler et al. (1999) had studied in detail the
relationship between the Ne vin Doppler shift and the chromo-
spheric network, using the Si 1 radiance pattern as a proxy for the
network structure, and found that the larger blueshifts in a polar
CH were closely associated with the underlying magnetic net-
work and concentrated in its lanes. The links between magnetic
field and plasma flow were further studied by Popescu et al. (2004)
and Xia et al. (2003) in an equatorial CH, and investigated by
Wiegelmann et al. (2005b), who used a simple potential-field ex-
trapolation to represent the magnetic field. These studies were
then corroborated by Tu et al. (2005a, 2005b, 2005c¢), applying
the method of force-free-field extrapolation. They found the
patches of large Ne v blueshift to be connected with open co-
ronal funnels, and in this way identified the magnetic sources of
the nascent fast solar wind streams originating in CHs.

In the quiet Sun, large Ne vin blueshifts were also found in the
network lanes, which were also suggested as possible sources of

solar wind (Hassler et al. 1999). However, He et al. (2007) re-
constructed the coronal magnetic field in the quiet Sun by the
method of force-free-field extrapolation and concluded that most
of the sites with Ne v blueshift were not located in regions of
open field, and consequently may not be sources of solar wind.
More recently, Tian et al. (2008), using the same method, found
strong plasma upflows, again by means of the Ne v blueshift
as amarker, in coronal loops, and suggested that these flows are
not necessarily associated with the solar wind, but may more
likely be a signature of mass supply to the loops.

5. DISCUSSION

Some of the papers cited above, and the new results illustrated
by our three figures, clearly indicate that continuously occurring
motions on all scales seem essential for filling loops and funnels
with plasma and emptying them, or maintaining plasma at co-
ronal heights. We recall that such different phenomena as local
up and down flows in loop legs, spicules, siphon flows along loops,
reconnection jets associated with nanoflares, explosive events,
and funnel outflow all are known to cause Doppler shifts of
TR and coronal lines. However, as we have found in Figures 1,
2, and 3, the red- and blueshifts seen in large loops and bundles
of open fields stay unchanged for many hours, a notion that does
not support impulsive events as their origin, but hints more at a
steady and lasting systematic process, which we called coronal
circulation. However, it may well be the overall integrated net
result of many intermittent small-scale events and processes.

By “circulation” we mean here an ongoing and quasi-steady
average flow, in either magnetically closed or open structures,
and in far-reaching and high-lying coronal loops, as opposed to
individual transient flows confined in small and mostly closed
magnetic structures. Coronal circulation is not to be confused
with these short-lived and small-scale (a few Mm in size) dynamic
solar phenomena. We also do not want to compare it with clas-
sical convection cells of fluid dynamics, although we do think
the inferred permanent flow of coronal material does in some
respects resemble mass circulation in a fluid, which is why we
think ““circulation” describes the observations adequately.

The three figures presented here clearly reveal that the blue-
shifts are more likely associated with open field lines (e.g., green
lines in all the three figures) and with large loops (reaching higher
than 100 Mm, e.g., the thin yellow lines in Fig. 1), although there
still are some patches of blueshift which correspond to legs of
not very high loops (e.g., in the lower left parts of Figs. 2 and 3).
It can also be concluded that the redshifts in general are asso-
ciated with closed field lines. Some elongated features of redshift
apparently correspond to the legs of magnetic loops.

Marsch et al. (2004) pointed to the ubiquitous plasma flows in
ARs associated with sunspots and to the apparent sharp gradients
in the blue/redshift pattern as indicating strong shear flows at
the boundaries between open and closed field lines. Recently,
Dammasch et al. (2008) also noted that loops with redshifted loop
footpoints are very common in the solar atmosphere. The two ARs
investigated here confirm that redshifts often are associated with
loops, especially their legs. Furthermore, these ARs were scanned
by the spectrometers several times, and by a comparison of the
different frames (not shown here), we were able to conclude that
similar redshifts are associated with the same loops and exist at
different times, which implies that they are long-lived and related
to steady phenomena.

The prevalence of redshifts observed (Brekke 1993) in ultra-
violet lines appears to be a conspicuous property of the solar
transition region, apparently indicating ubiquitous downflows.
However, the corresponding mass flux would empty large parts



1268 MARSCH ET AL.

of the corona on timescales of minutes to hours. Overall mass
conservation rules out this possibility of mere net downflows.
There must be a sufficient steady supply of plasma to the corona
to maintain it against solar wind (outer) and chromospheric (inner)
losses, i.e., upflows balancing the mass budget are needed. The
apparent downflows may likely result from an observational bias
due to spatial and/or temporal averaging of the observed plasma
motion. Barometric density stratification also causes material to
become more easily visible while descending than ascending.

In our Figs. 2 and 3, showing the comparatively cool O 1v (for-
mation temperature of 0.16 MK) and hot Ne vmm (0.63 MK) TR
lines, in the left frames there are many blueshift patches at the
origin of closed (yellow) magnetic field lines of loops, in striking
contrast to the Dopplergram of the hot Fe xm1 (1.3 MK) coronal
line in Fig. 3, where blueshift seem to be exclusively connected
with open (green) field lines. The blueshifts seen in oxygen and
neon emissions may trace bulk plasma flows supplying mass to
closed coronal loops, similar to what was found by Tian et al.
(2008). On the other hand, in the middle of the Dopplergrams
there are also blue patches without any obvious correlation to the
morphology of the field lines calculated and drawn here. Since
the emission height of these lines seen in projection against the
disk is not obvious, it is difficult to establish the links between
these blueshift regions and the magnetic field. Since the plasma
from which O 1v originates is relatively cooler than where Ne vt
mainly is emitted, its location is perhaps lower and thus closer to
the denser loop footpoints, and therefore more strongly localized
emission and downflows (redshifts) appear in majority.

Therefore, we may miss the outflows required for mass balance
in the average coronal observations. As in Marsch et al. (2004),
we found in Figure 1 that large patches of the Fe xi blueshift occur
near the ARs and are associated with bundles of open magnetic
field lines (green color). The abrupt transitions from blueshift to
redshift precisely mark the boundaries of open and closed field
lines. This blueshift may be a signature of the nascent slow solar
wind (Harra et al. 2008) originating from opening loops, or small
regions of transiently open fields intermingled with loops. Yet it
remains to be shown that these coronal field lines actually con-
tinue to large distances, and really become field lines of the inner
heliospheric magnetic field.

Dammasch et al. (2008) recently presented SUMER observa-
tions revealing steady downflows at transition-region and lower-
corona temperatures, as inferred for both footpoints of coronal
AR loops associated with sunspots, consistent with our results,
particularly in Figure 3. Their findings suggest that the down-
flows (redshifts) prevailing on all scales in loop footpoints may
be a common phenomenon and occur in the entire corona. Signifi-
cant and lasting adjacent up- and downflows have been detected
previously in the sunspot-associated ARs studied by Marsch et al.
(2004), who first made use of magnetic field extrapolation for a
comparison with and interpretation of the related plasma proper-
ties. Recent Hinode observations by Sakao et al. (2007) showed
that at the edge of an AR, located adjacent to a coronal hole, a
pattern of continuous outflow of plasma can be identified, em-
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anating along apparently open magnetic field lines into the higher
corona.

These outflows may be indicative of one possible source of
the slow solar wind. This is also the conclusion made by Harra
et al. (2008), who have provided further observation and evi-
dence of persistent outflows in the iron emission at the edges of
an AR as measured by the EIS. The inferred Doppler velocity
ranged between 20 and 50 km s~ !, consistent with a steady flow
seen in the X-ray telescope. Based on an analysis of the AR mag-
netic field, it was concluded that, when adjusted for line-of-sight
effects, the speed could reach over 100 km s~!. This outflow was
interpreted as revealing the expansion of loops lying over the
AR, which may either reconnect with neighboring large-scale
loops or (more likely) open to the upper corona and provide
material to the slow solar wind.

6. SUMMARY AND CONCLUSION

By combining coronal observations made by ultraviolet im-
agers and spectrometers with the coronal magnetic field, we have
studied the plasma flows and field structures in different solar
regions. We analyzed the connections between ultraviolet radi-
ance and Doppler shift and the topology of the background mag-
netic field obtained from force-free extrapolation.

We may summarize our results as follows. The plasma flow
pattern in the corona is highly structured, and sharp spatial gra-
dients (down to arcsecond scales) were observed, indicating the
existence of sizable shear flows. The flow pattern varies with
height, but appears to be long-lasting on large scales, thus indicat-
ing quasi-steady flows in the entire corona. This steadiness of the
global flow pattern may therefore signify systematic, large-scale
plasma circulation in the corona. Usually, the interpretation of
spectroscopic observations is hampered by the lack of knowl-
edge of the magnetic field and suffers from projection effects of
the emission when seen without altitude reference against the
solar disk. Our present study partly overcomes this difficulty and
emphasizes the need for, and stresses the virtue of, simultaneous
measurement and analysis of the magnetic field and plasma. Only
through such a combined effort can future studies expect to make
further progress in understanding the dynamics and energetics of
the active and quiet solar corona.
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