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ABSTRACT

Context. The nature of loops is still a matter of debate with several explanations having been put forward. Simultaneous spectral and
imaging data have the capacity to provide a new insight into mass motions, dynamics and energetics of loops.
Aims. We report on spectral data taken with the Solar Ultraviolet Measurements of Emitted Radiation spectrograph (SUMER) and
imaging data from the Transition Region and Coronal Explorer (TRACE) of a transient event which occurred in a cold loop, lasting a
few minutes.
Methods. A sequence of TRACE images in the 1550 Å and 171 Å filters show a disturbance which originated at one foot-point and
propagates along the loop. The SUMER slit was placed at the other foot-point of the loop. In order to interpret the results, numerical
simulations were performed with the results then converted into observable quantities and compared with the data.
Results. During the event a radiance increase and a relative red shift of ≈20 km s−1 was detected in the N v 1238.82 Å line. 1D numer-
ical simulations are performed and observable quantities derived from the results of the simulations. The observed dynamic behaviour
of the N v 1238.82 Å line profiles was recovered.
Conclusions. The results suggest that the observations could be interpreted in terms of a short-lived siphon flow reaching a speed of
120 km s−1 and driven by a nonlinear heating pulse. The energies required to drive the observed red-shifts are estimated to be about
1025 erg. The absence of a significant blue-shift caused by the return flow is explained.
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1. Introduction

Highly dynamic loops have been observed at transition region
and coronal temperatures since Skylab observations. Mariska
& Dowdy (1992), in their search for Doppler shifts in the
Neviii 465 Å emission line, reported on down-flow veloci-
ties of up to 70 km s−1 in active regions while no significant
flows were found in a quiet sun region. The Solar Heliospheric
Observatory (SoHO) measurements with the Coronal Diagnostic
Spectrometer (CDS) in Ov 629 Å by Brekke et al. (1997)
showed the presence of blue-shifts greater than 50 km s−1 in an
active region loop with the shift extending over a large frac-
tion of the loop. Winebarger et al. (2001) presented an analysis
of continuous intermittent outflow in a bundle of active region
coronal loops seen in TRACE data. The measured flow speeds
were between 5 and 20 km s−1. In a follow-up study, Winebarger
et al. (2002) found line-of-sight flows along active region loops
of up to 40 km s−1 by analyzing co-aligned data from TRACE
and SUMER. More recently Teriaca et al. (2004) detected a su-
personic siphon-like flow of 130 km s−1 in a small quiet sun loop
in O vi 1032 Å using SUMER.

The main difficulty in detecting flows in coronal loops with
spectrometers (SUMER, CDS) is related to the fact that the
Doppler shift can only be measured along the line-of-sight and
may cancel out in data with insufficient spatial resolution. On

� Now at: Max-Planck-Institut fúr Sonnensystemforschung, Max-
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the other hand, if high resolution images (e.g. TRACE) are
used, then only inhomogeneous flow structures can be detected,
whereas loops with steady-state flows appear similar to static
loops (Aschwanden 2004). This is why the nature of these loops
is still a matter of debate with several explanations having been
put forward. Flows can be driven by asymmetries (such as heat-
ing or pressure imbalances) between the two legs of the loop
(e.g. Boris & Mariska 1982; Spadaro et al. 1991; Robb & Cally
1992; Orlando et al. 1995) or by radiatively-cooling condensa-
tions (Reale et al. 1996; Müller et al. 2003).

Previous theoretical studies of siphon flows in coronal loops
have mainly dealt with steady-state flows. The subject of the
present paper is the study of a transient event in a cold loop
which lasted for a few minutes. The observations which were
carried out with TRACE and SUMER are presented in the first
part of the paper. In the second part, a theoretical model for the
study of the observed dynamic loop is presented. The evolu-
tion of the hydrodynamic quantities inside the loop is examined.
Theoretical line profiles are synthesized and the results are com-
pared with the observations. The study allows us to interpret the
observations, understand the origin of the transient event and to
estimate the energies involved.

2. Observational data
2.1. SUMER

The SUMER spectrograph (Wilhelm et al. 1995; Lemaire et al.
1997) onboard SoHO was designed to provide line profile
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measurements at a spatial resolution of 1.′′5 with 0.045 Å spec-
tral pixels as well as a wide spectral coverage ranging from less
than 500 to 1610 Å.

The data set used here was taken on 1999 June 3 starting
at 09:18 UT and ending at 11:08 UT. Slit 0.3′′ × 120′′ was
used, exposing for 25 s on the bottom part of detector B for
C i 1249.00 Å, Mg x 624.95 Å (in second order) blended with
Si ii 1250.09 Å, O v 629.73 Å (in second order), Si ii 1250.41 Å
+ C i 1250.41 Å + S ii 1250.58 Å blend, Si ii 1251.16 Å +
C i 1251.17 Å blend, N v 1238.82 Å and N v 1242.80 Å. The
temporal sequence consists of spectral windows of 120 spatial ×
50 spectral pixels. The solar rotation compensation mode was
turned on for these observations.

SUMER data reduction involves several steps. We decom-
pressed and reversed the raw data, applying a flat field correction
to correct the non-uniformities in the sensitivity of the detector.
A geometrical distortion correction was also applied so that the
rest position of the line profiles is on the correct spectral pixel
and the slit images are straightened. To further analyze the data
set, we have used a Gaussian-fitting procedure in the SolarSoft
(SSW)1 library to get the amplitude, central position, full width
at half maximum (FWHM) and χ2 of the line profiles. Due to
instrumental broadening, the FWHM needs to be corrected by
applying the con_width_funct_3.pro routine. A small drift cor-
rection to the Doppler shift over the 110 min observations (due
to thermal deformations) was also applied. The derived Doppler
shifts are therefore relative to the mean value summed over the
full observational interval. As shown by Teriaca et al. (1999),
Doyle et al. (2002) and others, the absolute Doppler shift at these
temperatures, could be at least 10 km s−1 higher than the values
given here.

2.2. TRACE

TRACE (Handy et al. 1999) is a NASA Small Explorer mission
devoted to studying the evolution and propagation of fine-scale
magnetic fields and plasma structures throughout the solar atmo-
sphere. The data used here was obtained in the 171 Å and 1550 Å
filters starting at 10:03 UT and finishing at 11:00 UT on 1999
June 3, although data was recorded from 07:59 UT. The integra-
tion time of each image was 4.1 s for the 171 Å filter and 5.8 s
for 1550 Å, each with a cadence of 60 s and a pixel size of 0.′′5.
The instrument was pointed at coordinates Solar_X = 27′′ and
Solar_Y = 242′′. An overview of the region is given in Fig. 1.

2.3. CDS

The CDS (Harrison et al. 1995) also onboard SoHO, was de-
signed to obtain spectroheliograms in a number of lines si-
multaneously in the extreme ultraviolet (EUV) region of the
electromagnetic spectrum. CDS has two spectrometers, namely,
the Grazing Incidence Spectrometer (GIS) and the Normal
Incidence Spectrometer (NIS). Our data set, observed on 1999
June 3 was obtained with NIS.

We use the 244′′ × 240′′ O v 629 Å and Mg ix 368 Å context
rasters (taken before the SUMER dataset) using the 4′′ × 240′′
slit. The standard CDS data reduction routines were applied to
clean the data of cosmic rays, debias, flat-field and to correct the
offset between NIS1 and NIS2.

1 http://www.lmsal.com/solarsoft/

Fig. 1. An overview of the active region as seen in TRACE 171 Å at
10:22 UT on June 3 1999. The small region out-lined by the square box
is the subject of the present study.

2.4. Alignment

The first step to determining the location of the SUMER slit in
the TRACE field of view was to co-register the TRACE 171 Å
image taken at 08:25 UT to the Mg ix 368 Å CDS context raster
via cross-correlation. Since the CDS raster lasts for about an
hour (07:56–08:57 UT), we chose a TRACE image that lies in
between this time interval. Secondly, also via cross-correlation,
we found the match of the SUMER O v 629 Å radiance pro-
file along the slit (in both original and degraded to the CDS
spatial resolution) in one of the South-North cross-sections of
the O v 629 Å CDS context raster. Next, by putting the slit on
CDS Mg ix 368 Å context raster, we deduced its location on the
TRACE image.

With this co-alignment of CDS-TRACE plus CDS-SUMER,
we get the pointing of SUMER over TRACE, although not 100%
accurate. The uncertainty is at least 4′′ i.e. the width of the
CDS slit. Moving the SUMER slit around on the TRACE im-
age by certain offsets as well as visually inspecting the features
on TRACE, we manage to identify its location on TRACE as
shown in Fig. 2.

3. Results

The present paper is concerned with a transient event which oc-
curred in a particular loop. The foot-point coordinates of the
loop are Solar_X = 20′′, Solar_Y = 280′′ and Solar_X = 36′′,
Solar_Y = 292′′. The transient brightening of the loop which
took place between 10:21 UT and 10:25 UT can be seen in
TRACE 1550 Å and TRACE 171 Å (Fig. 2). Both filters show
that the brightening initially appears at the left foot-point, moves
towards the right foot-point and eventually fades away. At the
same time, the SUMER data show a radiance increase in Nv
1238 Å and a red-shift at the right foot-point where the slit is
located. In Fig. 3 we show N v SUMER images at two times,
10:20:16 UT (i.e. before the event started) and 10:21:12 UT
(i.e. around time of maximum line shift and brightness). These
can be best seen in the second and third columns which
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Fig. 2. A sequence of TRACE images in the 1550 Å and 171 Å filters. The position of the SUMER slit is outlined on the 171 Å image.

correspond to Y = 287′′ and Y = 289′′, although the event is
presence stretching from Y = 285′′ to 291′′. In Fig. 4 we show
the time-line of the radiance increase and the Doppler shift. The
radiance increase at maximum is ≈15−20 times the quiescent
value taken a few minutes before the event at the same loca-
tion. It then subsequently decreases as the loop returns to its
initial quiet state. The data taken at Y = 287′′ shows a rela-
tive red-shift of ≈20 km s−1 which lasts for just over a minute.
In the case of the data at Y = 289′′ a similar red-shift is fol-
lowed by a smaller blue-shift. The subsequent evolution of the
loop as seen by SUMER is characterized with low intensities
and small Doppler shifts. In TRACE, the evolution is better seen
in the 1550 Å filter where the length of the loop is well defined
as shown at times 10:21:37−10:23:41 UT in Fig. 2. The loop
subsequently disappears but the intense brightening at the right
foot-point seen at time 10:25:41 UT persists for 80 s longer. The
plasma is estimated to move along the loop at a velocity of at
least 100 km s−1.

The Mg x/Si ii blend also shows a response to the bright-
ening, perhaps by a factor of three as shown by Fig. 5. The
cold lines like C i do not show the event, with Si x in second
order responding a bit. This therefore suggests that the event

just reached temperatures of ≈1 MK. This is consistent with
the event being observable in the EIT 195 Å image, which at
these temperatures is mostly due to Fe xii, although for temper-
atures less than 1 MK, Fe viii can be dominant. The feature at
1251.70 Å shows a large response to the event, suggesting that
it is a hot line. Possible identifications include Si v 1251.39 Å
and S iv 1251.64 Å, however, both of these are extremely weak
lines (verified using CHIANTI). Therefore we suggest that it is
O iv 625.853 Å in second order. This would therefore imply
the presence of another second order O iv line at 1250.25 Å,
close to the Mg x second order line. Using CHIANTI with
a quiet sun DEM gives a radiance of 1.1 erg cm−2 s−1 sr−1

for O iv 625.853 Å compared to 14.5 erg cm−2 s−1 sr−1 for
Mg x 624.94 Å. Taking the N v enhancement factor of 20, the
factor of 3 enhancement for Mg x suggests that the lines should
be in the ratio of 2:1 in favour of Mg x, which is in agreement
with Fig. 5.

In the next section, a 1D hydrodynamic loop model is in-
troduced. Numerical simulations are performed with the results
then converted into observable quantities and compared with the
data in order to interpret the observations.



1078 J. G. Doyle et al.: Transient siphon flow

Fig. 3. The left two panels shows SUMER spectra in N v 1238 Å at two times 10:20:16 and 10:21:12 UT. The event occurred between Y = 285′′

and Y = 291′′ . The wavelength scale is in pixels where 1 pixel is 0.0436 Å. The panels on the right shows the time sequence of N v spectra from
Y = 285′′ to 291′′ during the rise and early decay phase of the loop (solid line) and a quiet Sun profile (dashed line) taking at the same time but
shifted a few pixels from the brightening.

4. Numerical modelling and interpretation
of the observed loop dynamics

4.1. Initial setup

The length of the loop as inferred from the TRACE images
is about 20 Mm. The exact temperature profile of the loop is
not known. However, the fact that during the transient flow
the loop is initially clearly visible in TRACE 1550 Å means
that it has a temperature of around 100 000 K. We consider a
20 Mm long gravitationally stratified 1D loop with foot-points
anchored in the deep chromosphere. The loop is a semi-circle
with a vertical loop plane, i.e., the inclination angle is zero.
For simplicity, a uniform heating with a heating rate of H =
1.5 × 10−5 erg cm−3 s−1 is applied along the loop to balance
the losses due to thermal conduction and optically thin radi-
ation. The loop is initially in hydrostatic equilibrium and has
a maximum temperature of T = 250 000 K at the apex. The

conventional way of calculating optically-thin radiative energy
loss is to use power-law fits to a radiative loss curve over a
range of temperatures. It would be unphysical to extend this loss
curve below 20 000 K because at these temperatures the chromo-
sphere is optically-thick to many wavelengths. Therefore, for the
boundary conditions we choose a footpoint temperature of
20 000 K. This represents a physically reasonable lower bound-
ary condition in the absence of a detailed knowledge and thor-
ough treatment of the deep chromosphere and photosphere. The
equilibrium is derived by integrating the 1D hydrostatic equa-
tions of pressure and energy. The only coordinate is the distance
along the loop s. The left foot-point is placed at the origin s = 0,
i.e, 0 < s < L, where L = 20 Mm.

4.2. Hydrodynamic evolution of the loop

The disturbance seen in the series of TRACE images (Fig. 2)
originates at the left foot-point of the loop and travels towards
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Fig. 4. The total radiance and Doppler shift at pixel 287′′ .

Fig. 5. The section of SUMER spectrum showing the enhancements in
second order Mg x 624.9426 Å, and the first order lines of C i, S ii and
Si ii. Note the unknown feature at 1251.76 Å which we believe is due
to second order O iv 625.853 Å (see text).

the right foot-point. This disturbance is modelled as a heating
pulse which has the following form:

h =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
h0 sin

(
πt
P

)
exp

(
− s − s0

sh

)
, 0 ≤ t ≤ P

0, t > P,
(1)

where h0 = 0.03 erg cm−3 s−1 is the maximum heat input, s0 and
sh are the location of maximum heating and the heating scale

Fig. 6. The evolution of temperature, velocity, pressure and conductive
flux inside the loop from t = 0 s to t = 400 s. Dark colours indicate
high temperature, negative velocities, low pressure and negative flux,
whereas bright colours indicate low temperature, positive velocities,
high pressure and positive flux.

length. The maximum heat input is fixed in the lower transition
region near the left foot-point at s0 = 3 × 108 cm (3 Mm). The
heating scale length is sh = 108 cm (1 Mm). The duration of the
heat input is P = 40 s. The heating pulse in Eq. (1) is added to the
background uniform heatingH . The heating terms are included
in the 1D hydrodynamic equation of energy. The heating pulse
may lead to high flow speeds and the ion populations may signif-
icantly depart from equilibrium. Therefore, the effects of a non-
equilibrium ionisation balance are taken into account by cou-
pling the hydrodynamic equations governing the conservation
of mass, momentum and energy with the time-dependent ioni-
sation balance equations. We use the numerical code HYDRAD
(Bradshaw & Mason 2003; Bradshaw et al. 2004) to solve this
system of differential equations which are coupled via the feed-
back of the time-dependent ion populations into the radiative
loss term in the energy equation. HYDRAD has an adaptive
computational grid which allows us to accurately trace the po-
sition of the transition region as the loop evolves.

The time-distance plots in Fig. 6 display the hydrodynamic
evolution of the loop. The heating pulse results in a temperature
increase near the left foot-point. By t = 28 s the temperature
reaches a maximum value of about 1 MK. Some part of the heat-
ing pulse is converted into kinetic energy. The resulting plasma
flow reaches a maximum speed of about 120 km s−1 by t = 50 s.
The injected energy is carried towards the right foot-point both
in the form of kinetic energy and in the form of heating by ther-
mal conduction. Figure 6 shows that the conduction peak moves
ahead of the velocity peak. This is due to the large temperature
gradient caused by the initial localized heating pulse. The ve-
locity profile gradually steepens as its peak moves faster than
the trough due to the higher temperature. As a result, the kinetic
energy carried by the plasma flow is very efficiently converted
into heating by thermal conduction, the rest being reflected back
from the dense chromospheric foot-point of the loop. In this way
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a propagating wave is set up inside the loop. The wave quickly
decays due to the action of thermal conduction and radiation and
the loop returns to the initial equilibrium. It is possible to select
a different set of heating parameters. For example, when the du-
ration of the pulse is increased the loop reaches temperatures in
excess of 1 MK. On the other hand, if the duration of the heating
pulse is increased and the maximum heat input h0 is decreased
the flow speeds near the right foot-point become small.

4.3. Comparison of synthesized line profiles
with the observations

The next step in our study is the comparison of the simulation
results with the observations: theoretical line profiles are synthe-
sized and compared with the SUMER line profiles. We follow a
well-known procedure for the derivation of the line profiles (see,
e.g., Spadaro et al. 1990; Sarro et al. 1999). The fractional ion
populations (Nion/Nelem) as a function of time are calculated by
HYDRAD using the ionisation and recombination rates given by
Mazzotta et al. (1998). We adopt the set of coronal element abun-
dances given by Feldman (1992) and use the CHIANTI atomic
database (Young et al. 2003) to obtain the emissivities for each
line of interest. The emissivity of a resonant line per unit interval
of wavelength is given by the expression

Eλ ∝ hc
λ

Ω

ω

N1

Nion

Nion

Nelem

Nelem

NH
NHNe

exp −W
kBT√
T
Φ(λ), (2)

where h is the Planck constant, c is the speed of light, Ω is the
collisional strength, ω is the statistical weight of the lower level,
N1/Nion is the ratio of ions responsible for the emission in the
ground state relative to the total number of ions per unit vol-
ume, Nion/Nelem is the relative abundance of the ionic species,
Nelem/NH is the abundance of the element relative to hydrogen,
NH is the proton density, Ne is the electron density, W is the
energy difference between the upper and lower levels, kB is the
Boltzman constant, and

Φ(λ) =
1

∆λ0
√
π

exp−
[
λ − λ0 − λs

∆λ0

]2

(3)

is the line broadening function. In the above definition λ0 is
the rest wavelength of the resonance line, λs = (λ0/c)vp is the
Doppler shift corresponding to the bulk velocity of the plasma
projected on the line of sight vp, ∆λ0 is the Doppler width of the
line:

∆λ0 =
λ0

c

√
2kBT

mi
+ ξ2, (4)

ξ is the characteristic non-thermal velocity (assumed to be
25 km s−1) and mi the mass of the ion producing the spectral
line. In order to calculate the line of sight velocity we have to
take into account the heliographic position of the loop as well
as the azimuthal angle of the loop foot-point baseline with the
north-south direction. These parameters are evaluated using the
TRACE images in Fig. 2. Therefore, the following results are
only valid for the observed loop. The total radiance of a spectral
line integrated along a single pixel is

I(λ, t) =

sr∫
sl

E(λ, t, s)ds, (5)

where sl and sr need to be specified. Figure 2 shows that the
SUMER slit is placed near the right foot-point of the loop. We

Fig. 7. Synthesized emission in the TRACE 171 Å filter in 1D during
the first 400 s of evolution. Dark regions represent strong emission and
white regions correspond to no emission.

set sr = 18.6 Mm. Then sl is determined by the requirement that
the projection of the loop segment [sl, sr] on the plane normal
to the line of sight has a pixel size of 1′′ which corresponds to
sl = 16.7 Mm.

The above described procedure for calculating the line pro-
files is applied to the resonant Nv 1238 Å and Ovi 1032 Å
lines, plus the TRACE 171 Å filter. In Fig. 7 we plot the synthe-
sized emission in the TRACE 171 Å filter in 1D during the first
400 s of evolution. The dark regions represent strong emission
and the bright regions correspond to weak emission. Figure 7
shows that the brightening of the loop (darker regions) lasts for
about three minutes which is consistent with the actual images
in the TRACE 171 Å filter shown in Fig. 2.

The synthesized line profiles and the corresponding line
shifts for Nv 1238 Å and Ovi 1032 Å are displayed in Fig. 8.
The radiance is normalized with respect to the radiance of the
same line at t = 0 s. The Doppler shift is measured in veloc-
ity units (km s−1). The results of the numerical simulations for
Nv 1238 Å can be compared with the SUMER observations for
the same line. The radiance shows no variations and there is no
Doppler shift during the first 50 s after the pulse. As the pulse
reaches the slit the radiance increases by about 10 times when
t = 68 s, which is slightly less than the SUMER observations.
Figure 8 also shows an increase in the line width due to increas-
ing temperature. The radiance increase in the Ovi 1032 Å line is
more pronounced and the peak occurs at t = 160 s. Thus the peak
for Nv 1238 Å is followed by the peak for Ovi 1032 Å which
can be explained by the heating of the plasma. The red-shift cor-
responding to Nv 1238 Å reaches a maximum of 38 km s−1,
consistent with the SUMER observations. The peak occurs at
t = 105 s. Note the presence of smaller local peaks at about
t = 60 s (bottom panels of Fig. 8). This is consistent with the re-
sults of the hydrodynamic simulations: it has already been shown
that the conduction peak moves ahead of the velocity peak. The
cadence of the present dataset is not sufficient to resolve the dou-
ble flow structure. The first peak corresponds to the arrival of
the conduction front, whereas the second higher peak signals
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Fig. 8. The line profiles (top) and the corresponding line shifts (bottom) for Nv 1238 Å and Ovi 1032 Å measured in velocity units (km s−1) during
the first 400 s after the heating pulse. The radiance I is normalized with respect to the radiance at t = 0 s. Positive velocities represent red-shifts
and negative velocities represent blue-shifts.

the arrival of the peak of the plasma flow. The large red-shifts
(>30 km s−1) last just over a minute. These positive red-shifts
are then followed by small blue-shifts as the flow is reflected
from the dense chromospheric foot-point of the loop. The small-
ness of the blue-shift could be explained by the fact that the ki-
netic energy is very efficiently converted into heating due to the
steepening of the velocity and the corresponding large conduc-
tive flux. The initial line profile is gradually restored.

The similarity of the numerical results with the SUMER (and
TRACE) data allows us to interpret the observations as a tran-
sient siphon flow in a cold loop driven by a heating pulse at
one foot-point of the loop. Based on the results of the numerical
study and assuming a loop thickness of 2 Mm, we estimate that
the amount of energy required to drive the flow is about 1025 erg.

5. Conclusions

We have presented joint TRACE and SUMER observations of
a transient event in a cold loop. The data set was taken on
1999 June 3 starting at 09:18 UT and ending at 11:08 UT. The
SUMER slit was placed near the foot-point of the loop. A se-
quence of TRACE images in the 1550 Å and 171 Å filters show
that the event started at the opposite foot-point of the loop. It
lasted for a few minutes during which a temporary increase in
the radiance of Nv 1238 Å and the corresponding red-shifts
reaching ≈30 km s−1 (i.e. after adding a correction value to the

derived relative velocity) were registered. A complementary nu-
merical analysis is carried out in order to interpret the observed
dynamic behaviour of the loop and to estimate the energies in-
volved in the transient event. The results show that the obser-
vations could be interpreted in terms of a transient siphon flow
which may arise due to a heating pulse at the loop foot-point.
The numerical analysis also shows that the absence of a signif-
icant blue-shift in the SUMER data could be explained by the
steepening of the pulse as it travels along the loop from one foot-
point to the other. Furthermore, since the maximum temperature
reaches ≈1 MK, this is consistent with the loop being observable
in TRACE 171 Å and SUMER Mg x data. The energy required
to drive the flow is estimated to be 1025 erg.
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