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Magnetic tornadoes as energy channels into the
solar corona
Sven Wedemeyer-Böhm1,2, Eamon Scullion1, Oskar Steiner3, Luc Rouppe van der Voort1, Jaime de la Cruz Rodriguez4,
Viktor Fedun5 & Robert Erdélyi5

Heating the outer layers of the magnetically quiet solar atmosphere
to more than one million kelvin and accelerating the solar wind
requires an energy flux of approximately 100 to 300 watts per
square metre1–6, but how this energy is transferred and dissipated
there is a puzzle and several alternative solutions have been pro-
posed. Braiding and twisting of magnetic field structures, which is
caused by the convective flows at the solar surface, was suggested as
an efficient mechanism for atmospheric heating7. Convectively
driven vortex flows that harbour magnetic fields are observed8210

to be abundant in the photosphere (the visible surface of the Sun).
Recently, corresponding swirling motions have been discovered11

in the chromosphere, the atmospheric layer sandwiched between

the photosphere and the corona. Here we report the imprints of
these chromospheric swirls in the transition region and low corona,
and identify them as observational signatures of rapidly rotating
magnetic structures. These ubiquitous structures, which resemble
super-tornadoes under solar conditions, reach from the convection
zone into the upper solar atmosphere and provide an alternative
mechanism for channelling energy from the lower into the upper
solar atmosphere.

Chromospheric swirls are seen as narrow rotating rings (or ring
fragments) in the core of the singly ionized calcium (Ca II) 854.2-nm
absorption line that is formed in the chromosphere (Fig. 1b–d). Their
diameters are typically of the order of 1,500 km, which is thousands of
times larger than the diameters of terrestrial tornadoes. Swirls appear
dark in the spectral line core images and have Doppler shifts corres-
ponding to upward (line-of-sight) velocities of typically 4 km s21, with
even larger peak values (Fig. 1d, Dopplergram). We detect a corres-
ponding response in the atmospheric layers above the chromosphere
by using the 30.4-nm (He II), 17.1-nm (Fe IX), 19.3-nm (Fe XII and
Fe XXIV) and 21.1-nm (Fe XIV) channels of the SDO/AIA12 (Figs 1d
and 2c). We found 14 swirls with an average lifetime of 12.7 6 4.0 min
during a 55-min-long observation sequence on 8 May 2011 (Fig. 2a and
Supplementary Table 1). Statistically, there were 3.8 swirls in each
19 3 19 field at all times, resulting in there always being approximately
1.1 3 104 swirls on the solar surface (Fig. 1a). In view of the observational
limitations, this number must be understood as a lower limit.

An exemplary swirl is illustrated in Fig. 1c, d. The chosen wavelength
channels of CRISP and AIA effectively map the atmospheric layers
with increasing height. The fact that we find a signal at the same
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Figure 1 | Observation of a swirl event and its coronal counterpart. Co-
aligned and co-temporal solar observations made on 8 May 2011 using the
Atmospheric Imaging Assembly (AIA) on board NASA’s space-based Solar
Dynamics Observatory (SDO) (cadence, 12 s; image scale, 0.699 per pixel) and
the Crisp Imaging Spectropolarimeter (CRISP) on the ground-based, Swedish
1-m Solar Telescope (cadence, 14 s; 47 line positions across the Ca II 854.2-nm
spectral line of the infrared triplet; image scale, 0.0699 per pixel). a, Part of the
full-disk AIA Fe IX 17.1-nm channel with the field of view (FOV) of CRISP at
the centre of the solar disk (blue box, 5599 3 5599). b, Corresponding CRISP
image in the Ca II 854.2-nm line core. c, Close-up of the region with a
chromospheric swirl. d, Layered atmosphere from the photosphere (bottom
panel: magnetogram, Fe I 630.2-nm continuum), through the chromosphere
(Dopplergram, Ca II 854.2 nm) and the transition region (He II 30.4 nm) to the
low corona (top: Fe IX 17.1 nm). The visible radiation of the lower solar
atmosphere is compared with high-resolution imaging of the extreme-
ultraviolet radiation components. Here it is revealed that tornado-like swirls
(c), previously only observed in the chromosphere, have a signal in the spectral
lines formed in the hot solar corona (e). The line-of-sight component of the
magnetic field (e, bottom) reveals the unipolar nature of the rotating structure.
The concurrent transition region (e, middle) and low normalized coronal
intensity (e, top) reveal radiative emission during the lifetime of the swirl, thus
implying heating. See Supplementary Movie 1.
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location in each subsequent co-aligned layer implies that these layers
are connected by a coherent structure (visualized by the swirl axis
in Fig. 1d). The enhanced normalized intensities in the 30.4-nm and
17.1-nm channels, integrated across the swirl region (Fig. 1d, dashed
boxes), shows that this event channels energy into the transition region
and low corona (Fig. 1e). A signal in the 30.4-nm channel is found for
all 14 swirls. Four of them also show co-aligned emission in the AIA
channels at 19.3 and 21.1 nm, which implies that the vertical extents of
the individual swirls vary (Fig. 2b and Supplementary Table 1).

We found that at exactly the same spatial position as each swirl,
there is at least one or often several bright points in the corresponding
Fe I continuum intensity, which maps the photospheric surface
(Fig. 1d). These bright points are the observational signature of the
footpoints of magnetic flux concentrations as seen in the simulta-
neously recorded magnetogram (Fig. 1d). The time series of the mag-
netograms (Fig. 1e, bottom) shows that the magnetic polarity and total

magnetic flux are conserved during the lifetime of the swirls, which
makes it unlikely that magnetic reconnection occurred. The observa-
tions also strongly suggest that swirls are connected to magnetic field
structures that couple the layers of the solar atmosphere from the
photosphere to the corona. This conclusion is further supported by
the fact that the cross-section of the swirl feature increases with height,
which is a fundamental property of expanding magnetic structures13.

The solar surface is characterized by horizontally divergent flow
fields in the bright granular plasma updrafts, which converge into
the dark network of intergranular lanes. There the cooled plasma sinks
down again into the solar interior. In particular, at the vertices of the
lanes the conservation of angular momentum of an initially weak, net
angular motion of the inflowing plasma results in the formation of
vortex flows. This ‘bathtub effect’14 is observed in a wide variety of
hydrodynamical systems, for example in tornadoes in Earth’s atmo-
sphere15. The predicted vortex flows are commonly observed in the
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Figure 2 | Detected swirl events in the solar observations on 8 May 2011.
a, Field of view of SST/CRISP at the centre of the solar disk (spatial coordinates
x9 and y9 refer to the de-rotated image), with all identified swirls marked with
crosses and circles on top of an exemplary image in the Ca II 854.2-nm spectral
line core. The size of the circles represents the area attributed to the individual
swirls. b, Close-ups (field of view 130 3 130) of the Ca II 854.2-nm line core
maps for each of the 14 swirls (Supplementary Movie 2). c, Comparison of the
Ca II images, and the SDO/AIA channels at 30.4, 17.1, 19.3 and 22.2 nm for four
selected examples labelled on right. Swirl 3 is the hottest event with the
strongest emission in the swirl centre in the 21.1-nm channel. There is also

strong emission in the swirl ring fragments in all SDO/AIA channels. Swirl 11 is
the largest in terms of spatial area, and the swirl arc (outlined with white
contours in the Ca II map) contains hot components in all SDO channels. The
hottest (21.1-nm) signal is sourced to the leading edge of the front of the swirl
arc. Swirl 10 reveals a distinct ring formation in the 30.4-nm SDO channel and
weaker signal in the other SDO maps. We detect a propagating signal in the ring
formed in the 30.4-nm SDO channel, which occurs in unison with the swirl arc
in the Ca II map. Likewise, with swirl 7 we observe the swirl structure in the ring
in all four SDO channels. Swirl 1 is shown in more detail in Fig. 1. See
Supplementary Table 1.
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solar photosphere on various spatial scales ranging from over several
thousand kilometres8 down to 1,000 km and smaller9,10. Photospheric
vortex flows have also been found in high-resolution numerical simu-
lations of the solar atmosphere16–20, including those presented here.
Despite the apparent similarities between previously observed photo-
spheric vortex flows8,9 and chromospheric swirls, the formation of
chromospheric swirls is most likely related to the convective motions
on even smaller spatial scales.

We validate this hypothesis with a detailed analysis of simulations
carried out with the three-dimensional, radiative magnetohydro-
dynamics codes CO5BOLD21 (Fig. 3) and BIFROST22 (Supplemen-
tary Fig. 1). The generated granular flows reorganize the magnetic
field, which is essentially advected passively under the conditions of
the low photosphere in quiet Sun regions. The result of this reorgan-
ization is a complex magnetic field topology where footpoints are
concentrated in the intergranular downflow lanes in the form of knots
and sheets (Fig. 3a, e). This process generates high magnetic field
strengths, in excess of 0.1 T, in the lane vertices where the vortex flows
are found. It has been observed directly that such small-scale magnetic
concentrations are continuously dragged by vortex motions23,24.
Consequently, the bathtub effect causes the footpoints of magnetic
field structures to rotate.

The magnetic field itself effectively couples the different layers of the
solar atmosphere and transfers the rotation of the footpoints into the
upper layers (Fig. 1d). Whereas the magnetic footpoints are forced to
follow the photospheric flow field, the situation is reversed in the layers
above. There the magnetic pressure dominates over the gas pressure,
such that the plasma motion is forced to follow the magnetic field. This
process, which is probably also responsible for the ‘solar cyclones’
observed on larger spatial scales25, is characteristic in our numerical
simulations. A close-up of an exemplary region with a chromospheric

swirl is shown in Fig. 3. The magnetic field lines (Fig. 3a, b, red lines)
are concentrated in the photospheric footpoints (Fig. 3e) and expand
in the atmosphere above, where the field stays largely vertically aligned.

Driven by the overshoot of granular flows into the photosphere and
by the omnipresent 5-min oscillations at the solar surface, gas moves
up and down throughout the photosphere and the chromosphere. At
the location of a swirl, the matter following the rotating field lines is
effectively forced into spiral trajectories (Fig. 3a, b, blue–green lines) as
the field expands with height. This small-scale, tornado-like vortex
structure is easily detected as a ring of increased horizontal velocity
at chromospheric heights (Fig. 3c) and also as confined regions of
enhanced vorticity (Fig. 3d). The diameter of the rotating flux structure
increases with height in the atmosphere, owing to the decrease in the
gas pressure that balances the magnetic pressure in the structure. The
structure is thus much narrower in the photosphere than in the less
dense chromosphere and rotates approximately as a rigid body
(Fig. 3f).

The simulations provide a realistic description of the solar atmo-
sphere, which is validated by a detailed comparison of corresponding
synthetic intensity maps with the observations (Supplementary Fig. 2).
The excellent agreement regarding the pattern in the line core maps
and also the Doppler shifts confirms that chromospheric swirls are
indeed the observational tracers of rotating magnetic flux structures.
The analysed CO5BOLD model contains 11 additional smaller examples.
A similar swirl signature is found in numerical simulations with
BIFROST (Supplementary Fig. 1).

The fast rotation of the magnetic flux structures generates a centrifugal
force that moves the contained plasma outwards along the slanted
magnetic field lines (Fig. 3a, b). The rotation axis of the swirl, and with
it the whole structure, is tilted and twisted and changes with height and
time. The axis of the example shown in Fig. 3 is inclined with respect to

e f

a

b

2,000

0

–1,000

–500

100

0.2 0.4 0.6 0.8 1.0 1.2 1.4

200 300 400 0 100 200 300 400 500

0
x (km)

x (km)

y 
(k

m
)

500 –500 0
x (km)

x (km)

500

–1,000

–500–500

0 0

y 
(k

m
)

–100

–200

–300

–400

y 
(k

m
)

14

12

10

8

6

4

2

0

z = 2,000 km 

z = 1,500 km 

z = 1,000 km 

z = 0 km 

z = 500 km 

z (km) c d

1,000

Horizontal velocity (km s–1)

0 –0.10 –0.05 0.00 0.100.052 4 6 8 10

Vorticity (s–1)
M

e
a
n
 h

o
ri
z
o

n
ta

l 
v
e
lo

c
it
y

(k
m

 s
–
1
) 

Magnetic field strength (10–1 T)

Figure 3 | Numerical model of a swirl event produced with CO5BOLD.
a–e, The displayed close-up region (a) is part of the evolved model, which has
an overall horizontal size of 8,000 km 3 8,000 km and extends vertically from
2,400 km below the surface to the top of the chromosphere at an altitude of
2,000 km. The initial magnetic field was vertical and homogeneous, with a field
strength of 5 mT. Periodic lateral boundary conditions and an open lower
boundary condition were used, whereas the top boundary has transmitting
hydrodynamic and radiative boundary conditions. The three-dimensional
geometry of the region around the swirl is visualized with VAPOR30 from the
side (a) and from the top (b). Next to the (photospheric) surface at z 5 0 km
(grey plane with granulation pattern and overlaid magnetic field strength), the
magnetic field lines are plotted as red lines. The plasma flows along and

co-rotates with the magnetic field, resulting in spiral trajectories (blue–green
streamlines following the velocity field). The swirl is clearly seen in the
horizontal velocity (c) and the vorticity (d) in horizontal cross-sections at a
height of z 5 1,000 km (middle chromosphere). The arrows map the horizontal
flow field. The bathtub effect is clearly visible in the close-up (e) of the magnetic
footpoint in the intergranular lane (z 5 0 km). The resulting rotation is
mediated to the chromosphere above by the magnetic field, which effectively
couples the atmospheric layers. It produces a rotating funnel in the
chromosphere. The corresponding radial velocity profiles (f) show that the
structures undergo quasi-rigid-body rotation within a cut-off radius, which
increases with height. See Supplementary Movie 3.
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the vertical by an angle mostly between 10u and 20u. Gas parcels can
thus be effectively accelerated upwards in the inclined flux structure,
against gravity. The observations indeed show the greatest upward
velocity to be in the outer, ring-like regions of swirls, where the
centrifugal forces are strongest (Supplementary Fig. 2d, h).

Furthermore, torsional Alfvén waves26,27 that are generated by the
vortex flow in the photosphere and chromosphere propagate upwards
and direct part of the associated Poynting flux vertically28. The ana-
lysed swirl has a net Poynting flux component parallel to the swirl axis
that amounts to 1.4 3 104 W m22 measured over the effective swirl
area at the top of the model (Supplementary Fig. 3). We estimate a net
positive Poynting flux of 440 W m22 averaged over the computational
box (Supplementary Notes). This energy flux is delivered at the
transition region and, thus, at the boundary to the low corona, where
it could be transformed into a substantial heating contribution and
emission of radiation, accounting for the signals that we observed with
SDO/AIA (Figs 1d and 2c). There the related Alfvén waves generate
current sheets when interacting with pre-existing magnetic fields, or
potentially cascade to the high-frequency waves29 needed to drive the
fast solar wind from coronal holes. The discovery of this process
demonstrates that the energy that reaches the transition region is
generated by vortex driving of the magnetic footpoints on small spatial
scales at the top of the convection zone, and is then channelled into the
outer solar atmosphere by magnetic fields.
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