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Magnetohydrodynamic Alfvén waves1 have been a focus of 
laboratory plasma physics2 and astrophysics3 for over half a 
century. Their unique nature makes them ideal energy trans-
porters, and while the solar atmosphere provides preferential 
conditions for their existence4, direct detection has proved 
difficult as a result of their evolving and dynamic observa-
tional signatures. The viability of Alfvén waves as a heating 
mechanism relies upon the efficient dissipation and ther-
malization of the wave energy, with direct evidence remain-
ing elusive until now. Here we provide the first observational 
evidence of Alfvén waves heating chromospheric plasma in 
a sunspot umbra through the formation of shock fronts. The 
magnetic field configuration of the shock environment, along-
side the tangential velocity signatures, distinguish them from 
conventional umbral flashes5. Observed local temperature 
enhancements of 5% are consistent with the dissipation of 
mode-converted Alfvén waves driven by upwardly propa-
gating magneto-acoustic oscillations, providing an unprece-
dented insight into the behaviour of Alfvén waves in the solar 
atmosphere and beyond.

The solar surface hosts a web of diverse magnetic fields, from 
sunspots exhibiting sizes that dwarf the Earth, to dynamic bright 
grains only a few hundred kilometres across. The magnetic nature 
of the Sun’s atmosphere supports the plethora of magnetohydrody-
namic (MHD) wave activity observed in recent years6. Such wave 
motion is predominantly generated near the surface of the Sun, with 
the creation of upwardly propagating MHD waves providing a con-
duit for the transportation of heat, from the vast energy reservoir  
of the solar photosphere, to the outermost extremities of the multi-
million-degree corona.

In comparison to other MHD modes, Alfvén waves are the pre-
ferred candidates for energy transport since they do not reflect or 
dissipate energy freely3. Observational studies have been limited by 
the challenging requirements on instrumentation needed to iden-
tify the Doppler line-of-sight (LOS) velocity perturbations and 
non-thermal broadening associated with Alfvén waves, thus there 
is only tentative evidence of their existence within the Sun’s magne-
tized plasma7–9. Given the difficulties associated with resolving the 
intrinsic wave signatures, to date there has been no observational 
evidence brought forward to verify the dissipative processes associ-
ated with Alfvén waves.

Theoretical studies have proposed multiple dissipation methods 
that would allow the embedded mechanical energy of Alfvén waves 
to be converted into localized heat10,11. Unfortunately, most act on 

unobservable scales, providing no clear signatures that can be iden-
tified with even the largest current solar telescopes. However, one 
distinct mechanism revolves around the formation of macroscopic 
shock fronts, which naturally manifest as a result of the propagation 
of waves through the solar atmosphere12. Shock behaviour induced 
by slow magneto-acoustic waves is ubiquitously observed in sun-
spots, manifesting as umbral flashes5 (UFs), giving rise to notable 
periodic intensity and temperature excursions13. Importantly, from 
a theoretical viewpoint, the shock dissipation of propagating wave 
energy also applies to Alfvén waves14. Here, large-amplitude lin-
early polarized Alfvén waves induce their own shock fronts15, or the 
associated ponderomotive force of propagating Alfvén waves leads 
to the excitation of resonantly shocked acoustic perturbations16. 
In this Letter, we present unique high-resolution observations and 
magnetic field extrapolations, combined with thermal inversions 
and MHD wave theory, to provide first-time evidence of Alfvén 
wave dissipation in the form of shock fronts manifesting close to the 
umbral boundary of a sunspot.

Intensity scans of the chromospheric Ca ii 8,542 Å spectral 
line at high spatial (71 km per pixel) and temporal (5.8 s) resolu-
tion were conducted for a 70 ×  70 Mm2 region centred around 
a large sunspot on 24 August 2014 using the Interferometric 
BIdimensional Spectrometer17 (IBIS) at the Dunn Solar Telescope. 
Three-dimensional values for the vector magnetic field are derived 
through nonlinear force-free extrapolations18 applied to simulta-
neous magnetograms obtained by the Helioseismic and Magnetic 
Imager19 (HMI) aboard the Solar Dynamics Observatory (SDO) 
spacecraft. The resulting images (Fig. 1) highlight the connectiv-
ity between the magnetic fields and the structuring of the sunspot 
atmosphere. Intensity thresholding of running-mean-subtracted 
images of the chromospheric umbra allowed for the identification 
of 554,792 individual shock signals across the 135 minute duration 
of the dataset.

The sunspot displays a classical structure, providing two pref-
erential locations for plasma shock formation in the umbra: first, 
in the vicinity of strong, vertical magnetic fields near the umbral 
centre of mass, and second, in the presence of weaker, inclined fields 
towards the outer boundary of the umbra (Fig. 2). The first popu-
lation is attributed to UFs, whereby the near-vertical propagation 
of magneto-acoustic waves across multiple density scale heights 
promotes their efficient steepening into shocks20. The second popu-
lation, whose intensity excursions are formed along inclined mag-
netic fields that channel waves almost horizontally (inclinations 
of approximately 70–80 degrees), provides the first indication of 
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Alfvén wave shock formation. Alfvén shocks are predicted to form 
in regions with high negative Alfvén speed gradients21, which is ful-
filled by the volume expansion of the magnetic field lines and the 
highly inclined environment in which they exist, hence minimizing 
the effects of density stratification and promoting a negative gradi-
ent in the associated Alfvén speed.

The extrapolated vector magnetic fields are employed with the 
complementary CAlcium Inversion using a Spectral ARchive22 
(CAISAR) code, producing maps of magnetic and thermal pressure 
that are used to establish the physical locations where the ratio of 

these parameters, the plasma-β, equals unity (Fig. 1). Here, the 
plasma-β =  1 region is analogous to the locations where the char-
acteristic velocities of slow and fast waves are equal. Thus, ubiqui-
tous magneto-acoustic waves throughout the umbra are capable of 
converting into Alfvén modes through the process of mode conver-
sion11,23. This provides a bulk generation of Alfvén waves that can 
form both Alfvén and resonantly driven shocks under the correct 
atmospheric conditions. The magnetic topologies representative of 
the outermost boundary of the sunspot umbra provide such an envi-
ronment where a steep negative Alfvén speed gradient is encoun-
tered by the propagating waves. UF shock formation in this regime 
is drastically suppressed due to the heavily inclined magnetic field 
lines providing substantially reduced density stratification along the 
paths of wave propagation.

Examination of the Doppler LOS velocities of the shocked plasma 
further distinguishes between UFs near the sunspot core and the 
Alfvén shocks at the periphery of the umbra. The LOS plasma veloc-
ities associated with the UF population are blue-shifted and display 
characteristic ‘sawtooth’ spectral profiles throughout their tempo-
ral evolution, consistent with the established morphology of UFs24.  
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Fig. 1 | The building blocks of the magnetized solar atmosphere observed on 
24 August 2014. Co-spatial images revealing the structure of the sunspot at 
13:00 UT on 24 August 2014. The lower image shows the magnitude of the 
photospheric magnetic field from HMI, revealing high umbral field strengths 
(colour bar relates to the field strengths in gauss). The image above is 
taken from the blue wing of the Ca ii 8,542 Å spectral line, displaying the 
photospheric representation of the sunspot. Above this is the photospheric 
plasma temperature of the region derived from CAISAR at log(τ500nm) ~ − 2  
(or ~ 250 km above the photosphere), showing the clear temperature 
distinction between the umbra, penumbra and surrounding quiet Sun  
(colour bar in units of kelvin). The upper image shows the chromospheric 
core of the Ca ii 8,542 Å spectral line, highlighting the strong intensity 
gradient between the umbra and penumbra at these heights. In each of 
these images, the red contours represent the inner and outer boundaries of 
the plasma-β =  1 region at the height where shocks first begin to manifest 
(~ 250 km), where magneto-acoustic and Alfvén waves can readily convert.
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Fig. 2 | A statistical insight into the magnetic, velocity and occurrence 
relationships between shock phenomena in a sunspot umbra. a,b, The 
inclination of the magnetic field as a function of the total magnetic field 
strength for shock pixels at their point of formation, where an inclination of 
0° represents an upwardly orientated vertical field. The colour scheme of 
the data points denotes their distance from the centre of the umbral core 
in Mm (a) and the LOS velocities of the resultant shock emission profiles, 
where positive values represent red-shifted plasma motion away from the 
observer, while negative values indicate blue-shifted plasma towards the 
observer (b). The diameters of the data points in b represent a visualization 
of the relative temperature increases of shocked plasma above their local 
quiescent background temperatures, where the largest circles represent 
significant temperature enhancements (up to a maximum of ~ 20%) that 
are synonymous with higher magnetic field strengths when compared to 
the smaller temperature enhancements associated with lower magnetic 
field strengths. The data points are over-plotted with the probability 
density function of shock occurrence as a function of the total magnetic 
field strength.
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The second population, which dominates the outer umbral perim-
eter where the plasma-β equals unity, displays an intermingling of 
red- and blue-shifted plasma moving perpendicularly to the wave-
vector (Fig. 2) during the onset of plasma shock events. This is in 
stark contrast to conventional UFs, and provides further direct evi-
dence of Alfvén shocks, since large velocity excursions perpendicu-
lar to the vector magnetic field are representative of Alfvén waves 
undergoing nonlinear processes during the creation of shocks21 
(Fig. 3). Furthermore, the observed red-shifts indicate that approxi-
mately 70% of the observed shocks are due to the direct steepening 
of Alfvén waves, which is depicted in the right-hand side of Fig. 3.

Temporal analysis of the CAISAR inversions unveils how the 
strong dissipative thermal effects of the Alfvén shocks first appear 
just above the temperature minimum at log(τ500nm) ~ − 2 (~ 250 km 
above the solar surface), where τ500nm represents the optical depth 
of the plasma at a wavelength of 500 nm. The greatest thermal per-
turbations occur between optical depths of − 5.3 <  log(τ500nm) <  − 4.6  
(~ 750–1,100 km), corresponding to the low chromosphere25. 
Through comparison with the average background temperature, 
the Alfvén shocks are found to heat the localized plasma by ~ 5%  
(Fig. 4). By comparison, the ubiquitous slow magneto-acoustic 
shocks (UFs) identified at the cooler core of the sunspot umbra 
exhibit temperature increases on the order of 20% (lower panel of 
Fig. 2), consistent with previous estimations13.

The wealth of high-resolution data allows for the calculation of 
the Alfvén wave energy flux that subsequently steepens into shocks. 
The energy flux, EA, of an Alfvén wave can be expressed as

ρ=E v cA
2

A

where ρ =  3.57 ±  1.30 ×  10−7 kg m−3 is the density found from 
non-local thermodynamic equilibrium inversions26, and 
cA =  6.2 ±  0.5 km s−1 is the local Alfvén speed computed from the 
vector magnetic field extrapolations, with both values computed 
at the atmospheric height and outer umbral location synony-
mous with the Alfvén shock detections (log(τ500nm) ~ − 5 within 
the plasma-β =  1 isocontours in Fig. 1). The calculated Alfvén 
speed is also consistent with modern statistical seismological 
findings27. A velocity amplitude, v =  2.2 ±  0.6 km s−1, is computed 
from the average absolute velocity values related to the Alfvén 
wave population displayed in Fig. 2. These measurements, derived 
directly from the observations, output an Alfvén energy flux of 
EA =  10.7 ±  5.7 kW m−2. This energy is substantially less than the 
20 kW m−2 observed for upwardly propagating magneto-acoustic 
waves generated in photospheric sunspot umbrae28. Such a dif-
ferential is not unexpected, as only a portion of the photospheric 
flux will mode-convert into Alfvén waves within the β =  1 layer29. 
Furthermore, partially ionized atoms that make up the cool umbral 
chromosphere will naturally absorb a significant portion of the 
available energy through ionization and ion-neutral processes 
above the temperature minimum30. Hence, only a fraction of the 
initial energy will directly contribute to the observed temperature 
increase of ~ 5%, thus remaining consistent with the scenario of 
magneto-acoustic mode conversion leading to the steepening of 
Alfvén waves into shock fronts.

Here, we show the dissipation of chromospheric Alfvén waves 
into thermal energy for the first time. We reveal how high-resolution 
observations provide the direct detection of these signatures, in the 
form of identifying the necessary plasma-β =  1 equipartition region 
and revealing the co-spatial negative Alfvén speed gradients and 
associated tangential Doppler velocities synonymous with Alfvén 
shock dissipation, to provide first light on an enigmatic problem 
within astrophysics that has remained elusive for over half a cen-
tury. With the viability of Alfvén waves to heat localized plasma 
confirmed, future studies can build upon our novel findings and 
examine the consequences of Alfvén shocks in greater detail using 
spectro-polarimetric data and advanced inversion techniques. 
Looking further ahead, the capabilities of the upcoming 4 m Daniel 
K. Inouye Solar Telescope, set for first light in 2019, will unveil the 
fine structure of these shocks on an unprecedented scale, allowing 
the role Alfvén shocks play in global solar atmospheric heating to 
be fully assessed.
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Fig. 3 | A cartoon representation of a sunspot umbral atmosphere 
demonstrating a variety of shock phenomena. A side-on perspective 
of a typical sunspot atmosphere, showing magnetic field lines (orange 
cylinders) anchored into the photospheric umbra (bottom of image) and 
expanding laterally as a function of atmospheric height, into the upper 
atmospheric regions of the transition region (TR) and corona. The light blue 
annuli highlight the lower and upper extents of the mode-conversion region 
for the atmospheric heights of interest. The mode-conversion region on 
the left-hand side shows a schematic of nonlinear Alfvén waves resonantly 
amplifying magneto-acoustic waves, increasing the shock formation 
efficiency in this location. The mode-conversion region on the right-hand 
side demonstrates the coupling of upwardly propagating magneto-acoustic 
oscillations (the sinusoidal motions) into Alfvén waves (the elliptical 
structures), which subsequently develop tangential blue- and red-shifted 
plasma during the creation of Alfvén shocks. The central portion represents 
the traditional creation of UFs that result from the steepening of magneto-
acoustic waves as they traverse multiple density scale heights in the lower 
solar atmosphere. Image not to scale.
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Fig. 4 | The distribution of temperature enhancements resulting from 
Alfvén shocks close to the umbral boundary. The probability density of 
percentage temperature perturbations derived from Alfvén shocks with 
respect to their average background temperature. The blue dotted line is 
a smoothed fit to the histogram, showing a clear peak at approximately 
5%, which equates to the conversion of mechanical Alfvén wave flux into 
thermalized shock energy.
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Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0058-3.
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Methods
Sunspot observations. The focus of the study was the sunspot at the centre of the 
active region NOAA 12146 on 24 August 2014. The spectral data was acquired 
with the Interferometric BIdimensional Spectrometer17 (IBIS), at the Dunn 
Solar Telescope, New Mexico, USA. IBIS sampled the Ca ii absorption profile at 
8,542.12 Å at 27 non-equidistant wavelength steps. After processing, the data had 
an effective spatial sampling of 0.098″  (71 km) per pixel and a temporal cadence of 
5.8 s per full scan, for a total of 1,336 spectral imaging cubes.

Complementary vector magnetograms of the same active region were collected 
from the Helioseismic and Magnetic Imager19 (HMI), aboard the Solar Dynamics 
Observatory31 (SDO) spacecraft, with a time cadence of 720 s and a two-pixel 
spatial resolution of 1.0″  (725 km). Further information on these data products can 
be found in Section 1 of the Supplementary Material.

Magnetic field extrapolations. Magnetic field extrapolations were conducted on the 
outputs of the Very Fast Inversion of the Stokes Vector32 (VFISV) algorithm applied 
to the HMI observations. A nonlinear force-free field extrapolation code18 was 
applied to the derived heliographic components33,34, providing information related 
to the vector magnetic field as a function of atmospheric height. The final outputs of 
the extrapolations were converted into key parameters for the present study, namely 
the transverse (Btrans) and total (Btot) magnetic field strengths, in addition to the 
inclination and azimuth angles, all as a function of atmospheric height.

The chromospheric outputs of the extrapolations were validated and verified 
through their comparison to a vertical current approximation magnetic field 
extrapolation code35, which employed tracked and isolated features captured 
by complementary Hα observations of the region of interest obtained with the 
Hydrogen-Alpha Rapid Dynamics camera36 (HARDcam). Further discussion of the 
techniques and considerations necessary for the application of the extrapolations 
can be found in Section 2 of the Supplementary Material.

Detecting umbral shocks. Shocks were isolated within the IBIS observations by 
creating running-mean-subtracted images of the chromospheric line core data, 
allowing the intensity contrasts of the shock events to be improved24,37. The sunspot 
umbra was also isolated from the penumbra by means of intensity thresholding. 
The resultant umbral time series, taken at the rest wavelength of 8,542.12 Å, had 
the calculated mean for each time step over ± 25 images subtracted, corresponding 
to an approximate 5 minute window. The only exceptions were the first and last 25 
images, where this was impossible. For these images, the mean of the first and last 
50 images, respectively, were subtracted37.

Shock pixels were visually assessed to be any umbral pixel in the mean 
subtracted maps exhibiting an intensity excursion exceeding 2.7σ above zero, where 
σ is the standard deviation of the mean subtracted map. Using this threshold, 
554,792 UF pixels were detected within the 135 minute image sequence. This 
methodology is considered further in Section 3 of the Supplementary Material.

Doppler velocity of shocks. The chromospheric emission, resulting from the 
presence of shocked plasma, perturbs the shapes of the quiescent Ca ii 8,542 Å 
spectral profiles, making the calculations of the line-of-sight (LOS) Doppler 
velocities more complex. In this study, the LOS velocities are derived from resultant 
emission profiles, created by subtracting the time-averaged spectral profile at 
each location from the spectra evident during the detected shock. The resultant 
spectra take the form of emission profiles representing the spectral characteristics 
of the shocked plasma at that particular instant. Subsequently, the LOS velocities 
are calculated using cumulative distribution functions of intensity against 
wavelength38, where the line core is defined as the wavelength where 50% of the 
emission has occurred. The implications of this method are considered in Section 5 
of the Supplementary Material.

Deriving the shocked plasma temperature. The thermal structuring of the entire 
active region is derived using the CAlcium Inversion using a Spectral ARchive39 
(CAISAR) code developed specifically for the Ca ii intensity profiles obtained 
from IBIS observations. This method employs a local thermodynamic equilibrium 
(LTE) atmosphere and derives the thermal properties through the comparison 
of the observed profiles to a synthesized archive encompassing a large variety of 
temperature perturbations40–42. A first-order correction to a non-LTE environment 
has been established and verified22, allowing for accurate chromospheric 

temperature differentials to be derived from a corrected LTE framework in a 
timely manner. The accuracy of these inversions is discussed in Section 6 of the 
Supplementary Material.

Ascertaining the plasma density. In order to establish the plasma-β =  1 regions 
within the atmospheric column of the sunspot, and also to deduce the properties 
of the identified Alfvén waves subsequently forming shock fronts, it is necessary 
to infer the plasma densities of the umbra at various atmospheric heights. For the 
plasma-β calculations, a semi-empirical model is used25 that allows the intrinsic 
stratification of the densities to be accounted for, providing robust approximations 
for the plasma densities throughout the lower atmosphere of the sunspot. The 
implications of applying a semi-empirical model are discussed in Section 9 of the 
Supplementary Material.

In order to infer the densities at the specific spatial locations of the Alfvén 
shocks, it was prudent to employ the most accurate method currently available, 
which ensures the resulting energy calculations are accurate. To that end, the 
Non-LTE Inversion Code using the Lorien Engine26 (NICOLE) was applied to a 
selection of 200 profiles associated with Alfvén shocks. The non-LTE inversions 
with NICOLE require several seconds per profile, and thus could not be run over 
all 109 sampled Ca ii 8,542 Å spectra in a reasonable time. The reduced sample 
size allowed for NICOLE to be run with a large number of nodes in order to best 
reproduce the rich structuring of the chromospheric Ca ii 8,542 Å line profiles 
observed in the data.

Data availability. The data used in this paper are from the observing campaign 
entitled ‘Nanoflare Activity in the Lower Solar Atmosphere’ (NSO-SP proposal 
T1020; Principal Investigator: D. B. Jess), which employed the ground-based  
Dunn Solar Telescope, USA, during August 2014. Additional supporting 
observations were obtained from the publicly available NASA Solar Dynamics 
Observatory (https://sdo.gsfc.nasa.gov) data archive, which can be accessed via 
http://jsoc.stanford.edu/ajax/lookdata.html. The ground-based data obtained 
during 24 August 2014 is several TB in size, and cannot be hosted on a public 
server. However, all data supporting the findings of this study are available directly 
from the authors on request.
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