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Abstract. We explore the nature of macrospicule structures, both off-limb and on-disk,
and their possible relation to explosive events in the mid-solar atmosphere. We use high
resolution spectroscopy obtained with the SOHO/SUMER instrument. We present a highly
resolved spectroscopic analysis and line parameter study of time series data for such jets.
We focus on two interesting off-limb events which rapidly propagate between the mid-
transition region N 1v 765 A line formation (140000 K) and the lower corona Ne vir 770 A
line formation (630000 K). In one example, a strong jet-like event is associated with a
cool feature not present in the Ne v 770 A line radiance or Doppler velocity maps. Our
data reveals fast, repetitive plasma outflows with blue-shift velocities of ~ 145 km s~! in
the lower solar atmosphere. The data suggests a strong role for smaller jets (spicules), as
a precursor to macrospicule formation, which may have a common origin with explosive
events.
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1. Introduction

The solar transition region (TR) is a very dy-
namic and thin layer (=500-700 km thick),
approximately 2 000 km above the visible pho-
tospheric surface of the Sun (Mariska 1992).
Jets are highly abundant in the lower to mid
solar atmosphere and may provide the key to
understanding the powering mechanisms of the
TR. Small-scale transient features are contin-
uously seen in chromospheric and transition
region (TR) lines. They are classified accord-
ing to their line profiles, shifts, radiance en-
hancement, duration and, for off-limb events,
height. Jet-like transients are largely respon-
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sible for the role of mass and energy transfer
from the solar surface to the upper corona and
furthermore they are thought to dominate the
fast component of the solar wind. However, a
clear understanding on how limb events appear
when seen on-disk does not exist in the litera-
ture.

Giant spicules, named macro-spicules,
are observed to reach heights larger than
15000 km oft-limb, can have lifetimes greater
than 40 minues and have been observed as
groups of jets with individual lifetimes of
5 min (Bohlinetal. 1975; Xiaetal. 2005).
Shibata et al. (1992) proposed that all spicules,
including mottles, fibrils and macrospicules,
result from the same fundamental process
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at different scales. As a result two models
have been proposed to explain macrospicule
formation (Yamauchietal. 2004), i. e. the
erupting loop model — whereby an emerg-
ing closed bipole erupts through the solar at-
mosphere and reconnections with the ambi-
ent closed magnetic fields, and the spiked
jet model — explosive magnetic reconnec-
tion low in the solar atmosphere accelerates
plasma in an explosive release of magnetic en-
ergy along open field lines towards the up-
per atmosphere. Macrospicules have also been
closely linked, with respect to duration, tem-
perature range comparison and spatial varia-
tion, to TREE’s (Transition Region Explosive
Events), as well as blinkers (Harrison 1997,
Marik & Erdélyi 2002) which are also strongly
associated with TREE’s and even spicule ac-
tivity (O’Shea et al. 2005; Madjarska & Doyle
2002).

As with macrospicules, spectral analysis
has shown that EUV jets exhibit Gaussian
’wing’ formation with typical velocities of
230 km s' in Nevmt (log7. = 5.8)
and 210280 km s™' in Civ (log7. =
5.0) (Wilhelm et al. 2002). Furthermore, three
small X-Ray and EUV jets observed with
TRACE (Transition Region and Coronal
Explorer, Handy et al. 1999) 171/195 A re-
vealed apparent velocities in the range of 90-
310 km s~!, with lifetimes of 100-2000 sec.
reaching 1.1 — 5.0 x 10 km in height. This re-
sult is comparable to earlier observations with
Yohkoh SXT.

The recent launch of Hinode (Kosugi et al.
2007) with three on-board instruments,
namely, EIS (Extreme Ultraviolet Imaging
Spectrometer, Culhane et al. 2007), SOT
(Solar Optical Telescope, Tsuneta et al. 2008),
and XRT (X-Ray Telescope, Golub et al.
2007) has provided ubiquitous observations
of many jets in polar coronal holes (pCHs)
as well as evidence of localized regions with
very strong kG magnetic fields. Hinode/XRT
records jets at an order of magnitude higher
rate than previously thought (Cirtain et al.
2007). Consequently, jets may have a more
significant impact on the solar atmosphere
than previously accounted for (Savcheva et al.
2007; Chifor et al. 2008; Moreno-Insertis et al.
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2008). Spectral line fitting of EIS data can
give us information on the hot coronal
plasma but what is the effect lower in the
atmosphere, e. g. the transition region and
lower corona? Furthermore, a clear under-
standing on how limb events appear when
seen on-disk still does not exist in the lit-
erature. Mclntosh & De Pontieu (2009) and
Zaqarashvili & Erdélyi (2009) noted several
questions concerning the relationship between
chromospheric spicules and the emitting
transition region structures observed above
the limb. In an attempt to address some
of these issues, we analyze spectroscopic
data taken with the SoHO/SUMER (Solar
Heliospheric Observatory/Solar Ultraviolet
Measurements of Emitted Radiation) spectro-
graph (Wilhelm et al. 1995) in pCH regions.

2. Data

The data analyzed here were acquired with
the SUMER spectrograph using slit B (1”7 X
300” field of view; 1” at L1 corresponds
to 715 km on the Sun’s surface). The slit
width (1”) is the spatial resolution in the x-
direction which is the same as the spatial
resolution along the y-direction (north-south).
The spectral resolution of the instrument is
40 mA pixel™! and we use two windows of
50 pixels each enabling accurate resolution
of the two selected emission lines. We study
the variation of the emission line profiles for
two lines: N1v 765.15 A and Ne vim 770.42 A
originating around 140000 K (transition re-
gion) and 630000 K (low corona), respec-
tively. Instrumental broadening of the spec-
tral line profiles must be considered in order
to correctly interpret the FWHM (Full-Width-
Half-Maximum) line parameter. We applied
a procedure first outlined by Dammasch et al.
(1999), shown by Xia et al. (2005), and applied
in Popescu et al. (2005, 2007).

3. Results

As shown in Popescu et al. (2007), searching
for jet-like or explosive events is greatly en-
abled through the use of FWHM mapping.
Localized events with non-Gaussian spectral
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Fig. 1. Time-series radiance, Doppler velocity and width (FWHM) maps in N1v 765 A (left) and
Nevir 770 A (right) for a macrospicule / cool loop event occurring on-disk in the NpCH (Northern po-
lar Coronal Hole). The contours on the radiance and Doppler velocity maps, for the N 1v 765 A line, are the
contours of the FWHM data with values of 1.6 spectral pixels (light) and 1.8 spectral pixels (dark). The con-
tour on the radiance and Doppler velocity maps, for the Ne vit 770 A line, are the contours of the FWHM
data with a value of 2.1 spectral pixels. A contour line of the radiance map is plotted onto the FWHM and

Doppler velocity maps.

line profiles appear as bright regions in the
FWHM maps. In this section we will focus on
a number of these interesting events. We first
analyze an on-disk event.

The event shown in Fig. 1 displays a strong
FWHM variation at Solar Y = —149”, for~ 5—
10”, over a time interval of ~ 5 min (between
195 min and 200 min). The temporal varia-
tion of the line profiles for this event, as indi-
cated with marker D, show increasing intensity
from 196 min until 199 min with some non-
Gaussian features growing significantly from
t = 197 to 199 min. There is a high signal-to-
noise ratio given the 30 s exposure time for this
observation. The initial jet surge is followed
by increased line broadening in the jet. A sec-
ond event occurs at Solar ¥ = —151” and at
¢t = 218 min with similar activity in the FWHM
map, although, with no substantial radiance en-
hancement. When we inspect the Ne v 770 A

line parameter map for this region (as marked
by D profiles), we see a strong Doppler shift in
the blue and substantial line broadening along
the length of a more extended jet-like structure.
From markers A, B and C, we observe that
the line profiles exhibit substantial blue wing
formation which corresponds to outflow in the
range of 80-100 km s~!. However, when we
investigate the line profiles at the source of the
jet outflow, we observe even stronger blue shift
with a dominant wing formation at # = 195 min
and ¢ = 196 min.

Figure 2 presents the double Gaussian fit-
ting of the locations marked by D in the
Ne v 770 A emission. The blue-shifted wing
of the emission line is well fitted with a sec-
ond Gaussian line profile (dashed) for the wing
component as well as a Gaussian for the line
itself (dotted). The wing component reaches
a maximum of 145 km s~ at ¢+ = 195 min
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Fig. 2. The Ne vin 770 A spectral line profiles for region D have significantly strong wing formation which
evolve with time from top left to bottom right. Such spectral line profiles are well fitted with double Gaussian
line profiles as demonstrated here. The solid lines are the measured spectral line profiles, the dotted lines are
the fitted Gaussian line profiles for the line centre and the dashed lines are the fitted Gaussian line profiles

for the wings.

and is shown to evolve over the 5 min interval
with decreasing intensity and velocity. Clearly,
FWHM mapping is crucial in the identification
process of this event in the hotter line. After
5 min, the extent of the line shift declines to
60 km s~!. The stronger signal in Ne vt 770 A
may indicate that the trigger for this event oc-
curs higher in the solar atmosphere. The ac-
tivity may then continue downwards to the
lower atmosphere creating increased activity in
N1v 765 A within the period from ¢ = 198 —
200 min.

Next, we turn our attention to an off-
limb event. Figure 3 presents an off-limb
macrospicule event for the SpCH (Southern
polar Coronal Hole) dataset. This event has
a distinct three stage morphology which de-
scribes a small blue-shifted jet (between ¢ =

762 min and ¢ = 768 min) preceding a dom-
inant red to blue shift in the more extended
second jet lasting = 19 min after the rise of
the first jet (between ¢+ = 769 min and ¢ =
788 min). Also, the maximum height above the
limb of the second stage is 40" which is char-
acteristic of macrospicules.

The fast rise of the initially smaller jet from
a height of 25" at t = 764 min to a maximum
height of 40" in the second stage within 9 min
implies a rise velocity of ~ 20 km s~!. This in-
creased duration in the acceleration stage of the
event, including the red-shift region, implies
a more energetic jet event. In the line profile
variation of marker D, we observe a dominant
red-shift of the N1v 765 A line with a strong
wing at t = 770 min which can be fitted with
a double Gaussian. Its wing component has a
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Fig.3. Time-series radiance, Doppler velocity and width (FWHM) maps in N1v 765 A (left) and
Nevir 770 A (right) for a macrospicule event occuring off-limb in the SPCH. Surrounding each of the
line parameter maps are the fitted spectral line profiles representing the locations marked on the maps by A,
B, C which describe the spatial evolution of the line at one time. Marker D describes the temporal evolution
of the line at one location along the slit. The black line profile represents the mean line profile found through
summing all fitted spectral pixel windows on-disk for the full duration of the observation. The contours on
the FWHM and Doppler velocity maps, for both lines, are the contours of the radiance data highlighting

strong intensity regions in the duration of the event.

velocity of 50-100 km s~!. The extent of this
red wing formation declines at t = 771 min and
is no longer present at t = 772 min. Hence, an
explosive event occurs between 769—770 min
at ~ —13” accelerating the plasma present in
the earlier smaller jet from ~25” to 40" off-
limb with continued red-shift (1015 km s~!)
until finally evolving into a lesser blue-shifted
component.

4. Discussion

The key to understanding the implications
of these processes may be found in the
observed line width broadening activity in
Ne vi 770 A. We observed a distinct increase
in the Ne v 770 A line width broadening ex-
tending from the limb to 40" over an inter-
val (~ 11 min) between ¢t = 765 min and

t = 776 min (see Fig. 3). The line profiles
for marker D (furthest off-limb) show signifi-
cant broadening at 14 — 15" off-limb with
increased radiance compared with the mean
spectral line profile (black). At 772 min, the ra-
diance of the line emission is ~ 6 times greater
than the mean line profile. Line broadening is
evident in the profiles marked by A, B and C
between 6” and 13" off-limb. This activity in
Ne vir 770 A is not so obvious in the radiance
map (unlike in the radiance map of N1v 765 A)
but this event is strongly observed in the line
width map. This observation leads us to be-
lieve that some heating may occur in the lower
corona. Doyle et al. (2005) suggested that the
increase in line broadening off-limb may not be
due to small scale random motions but rather
a superposition of line shifts due to spicules
and/or macrospicule activity.
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The three stage morphology of the jet seen
off-limb in Fig. 3 may imply a substructure
associated with the macrospicule formation.
Anomalous resistivity could become important
in driving magnetic reconnection as a result of
the initial jet propagation (Chen & Priest 2006;
Roussev et al. 2001). In other words, an ini-
tially smaller wave-driven jet may trigger re-
connection between the open and closed mag-
netic fields and so the smaller jet evolves into a
larger jet with a component of the plasma trav-
elling through the cool loop. This description
could be applicable to all jets discussed here.
The detected on-disk activity in N1v 765 10\,
with coinciding activity in Nevmr 770 A, is
somewhat similar to transition region explo-
sive events (TREEs). These were recently ob-
served to occur in bursts with a period of 3 to
5 min as a result of either kink mode oscil-
lations in closed loops undergoing reconnec-
tion (Doyle et al. 2006), or by propagating p-
mode oscillations into the upper chromosphere
(De Pontieu et al. 2004; De Pontieu & Erdélyi
2006; Chen & Priest 2006). Recent data ana-
lyzed by (Doyle et al. 2006) suggest two types
of TREEs — one formed in the low chromo-
sphere and the other in the mid-to-high TR.

Recently, Mclntosh & De Pontieu (2009)
explored a joint observation of the south-
east limb with Hinode/SOT Cau H, TRACE
1600 A (Transition Region Coronal Explorer)
and SUMER (lines Ne vir 770 A, N1v 764 A
and Ovi 786 A). A macrospicule was ob-
served and crossed the line-of-sight of the
SUMER detector B slit. Space-time analysis
with SOT and TRACE revealed jet-ejected ma-
terial which followed a parabolic trajectory
(characteristic of Type I spicules) with veloc-
ity of ~ 40 km s™! measured after 7 min. This
jet was described as being similar to a Type I
spicule event though with larger spatial cover-
age. As discussed, we draw similar conclusions
for Fig. 3, although we reveal new heating im-
plications with regards to macrospicules with
a longer lasting red-shift phase. Baker et al.
(2008) analyzed EIS and XRT observations of
on-disk hot jets in coronal holes in multiple
wavelengths. They observed a jet with a post-
jet increase in its EUV lightcurve. They sug-
gested that this feature arises because the hot
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plasma, having failed to reach escape speeds,
cools and falls back. They concluded that the
fall-back of plasma provided some evidence
of impact heating. We need to address more
specifically how the ejected material from a
macrospicule can become a constituent of the
corona and under what circumstances will it
become completly ejected and/or fall back.
Further statistical analysis of both on-disk
and off-limb examples of macrospicule jets in
pCH, via a spectroscopic approach, is required.

5. Conclusions

In this paper, we report on finding high veloc-
ity features observed simultaneously in spec-
tral lines formed in the mid-transition re-
gion (N1v 765 A) and in the low corona
(Ne v 770 A) for both on-disk and off-limb
transient and explosive events. The most inter-
esting outcome of this study is the presence
of non-Gaussian line profiles showing line of
sight up-flows of ~ 80 km s~! not only in
the cold N1v 765 A line on disk in Fig. 1,
but, also, in the hot Ne vit 770 A line where
the reported flow speeds become even higher
(=~ 145 km s7!) (as in Fig. 2).

We have shown that spicules can be-
come identifiable on-disk, spectroscopically,
as localized plasma outflows in not just the
lower solar atmosphere but, also, in the mid-
transition region. The events which we have
outlined reveal that spicule activity could act
as a precursor to macrospicule formation.

Finally, this study highlights the fact that
we can advance our understanding of the
small-scale structures in the solar atmosphere
in the context of how they contribute to two of
the big unanswered questions in solar physics:
coronal heating and the solar wind’s origin and
acceleration. To do so we need a high resolu-
tion EUV spectrograph (ideally combining a
narrow-band EUV imaging telescope plus op-
tical data including magnetograms) that should
have improved temporal and spectral resolu-
tion in the lower corona and transition re-
gion emission lines. More details regarding
these results and further analysis of the data-
sets discussed in this article are outlined in
Scullion et al. (2009).
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