
Draft version October 15, 2013
Preprint typeset using LATEX style emulateapj v. 12/16/11

CHARACTERISTICS OF TRANSVERSE WAVES IN CHROMOSPHERIC MOTTLES
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ABSTRACT
Using data obtained by the high temporal and spatial resolution Rapid Oscillations in the Solar Atmosphere
(ROSA) instrument on the Dunn Solar Telescope, we investigate at an unprecedented level of detail transverse
oscillations in chromospheric fine structures near the solar disk center. The oscillations are interpreted in terms
of propagating and standing magnetohydrodynamic kink waves. Wave characteristics including the maximum
transverse velocity amplitude and the phase speed are measured as a function of distance along the structure’s
length. Solar magneto-seismology is applied to these measured parameters to obtain diagnostic information on
key plasma parameters (e.g., magnetic field, density, temperature, flow speed) of these localised waveguides.
The magnetic field strength of the mottle along the ∼2 Mm length is found to decrease by a factor of 12, while
the local plasma density scale height is ∼280±80 km.
Keywords: Waves — magnetohydrodynamics (MHD) — Magnetic fields — Sun: Atmosphere — Sun: chro-

mosphere — Sun: oscillations

1. INTRODUCTION

Chromospheric fine-scale structures such as limb spicules,
on-disk mottles and dynamic fibrils are among the most pop-
ular objects for study in solar physics today. These jet-like
plasma features, formed near the network boundaries, can
protrude into the transition region and low corona (Beckers
1968, 1972; Sterling 2000; De Pontieu & Erdélyi 2006) and
act as conduits for channeling energy and mass from the so-
lar photosphere into the upper solar atmosphere and the solar
wind (De Pontieu et al. 2004; De Pontieu & Erdélyi 2006;
Morton et al. 2012a).

Recent ground-based and space-borne observations have
shown a plethora of waves and oscillations in these struc-
tures (Kukhianidze et al. 2006; Zaqarashvili et al 2007; De
Pontieu et al. 2007; He et al. 2009a,b; Zaqarashvili & Erdélyi
2009; Okamoto & de Pontieu 2011; Kuridze et al. 2012; Mor-
ton et al. 2012b; Mathioudakis et al. 2013). These oscil-
lations are usually observed as periodic transverse displace-
ments (Zaqarashvili & Erdélyi 2009; Okamoto & de Pontieu
2011; Pietarila et al. 2011; Kuridze et al. 2012; Morton et
al. 2012b). The observations support the idea that the chro-
mospheric fine-structures can be modelled as thin, overdense
magnetic flux tubes that are waveguides for the transverse
oscillations with periods which have an observational upper
bound limited by their finite visible lifetime. This is also
supported by 3-D numerical modelling of the chromosphere
(Leenaarts et al. 2012). In this regard, the observed transverse
oscillations have been interpreted as fast kink MHD waves
(Spruit 1982; Erdélyi & Fedun 2007).

Despite a number of recent advances in the field, a detailed
study of the properties and physical nature of the chromo-
spheric fine-structures remains a challenging observational
task. The propagating or standing nature of the oscillations
are crucial in understanding the role of these waves in the
energy balance of the solar atmosphere and their contribu-
tion to the atmospheric heating process. Both propagating

(upward and downward) and standing transverse oscillations
have been reported in limb spicules (Zaqarashvili et al 2007;
Zaqarashvili & Erdélyi 2009; He et al. 2009a,b; Okamoto &
de Pontieu 2011). In addition, a few instances of propagat-
ing oscillations were recorded as well in chromospheric mot-
tles (Kuridze et al. 2012; Morton et al. 2012b), that are be-
lieved to be the disk counterparts of limb spicules (Tsiropoula
& Schmieder 1997; Zachariadis et al. 2001; Hansteen et al.
2006; Scullion et al. 2009; Rouppe van der Voort et al. 2009).

The study of MHD wave properties in spicular struc-
tures opens new dimension to chromospheric plasma diag-
nostics using the tools of solar magnetoseismology (SMS),
a field that has recently emerged (for reviews on SMS see
e.g., Erdélyi 2006; Andries et al. 2009; Ruderman & Erdélyi
2009; Taroyan & Erdélyi 2009). One of the techniques de-
veloped estimates the variation of magnetic field strength and
plasma density along the chromospheric magnetic flux tube
from the properties of kink waves (Verth et al. 2011). This
approach has been successfully applied to Hinode/SOT Ca ii
H limb spicule observations (Verth et al. 2011).

In this paper, we present results on transverse oscillations
observed in the Hα on-disk and quiet-solar chromospheric
mottles. Our works provide evidence for upward and down-
ward propagating and standing waves. In the case of propa-
gating sample wave characteristics such as maximum trans-
verse velocity amplitude and phase speed are measured as a
function of distance along the structures length. The wave
properties are used to estimate plasma parameters along the
waveguide by employing the SMS approach.

2. OBSERVATIONS AND DATA REDUCTION

Observations were undertaken between 13:46 - 14:40 UT
on 28 May 2009 at disk centre with the Rapid Oscillations in
the Solar Atmosphere (ROSA; Jess et al. 2010a) imaging sys-
tem, and with the Interferometric Bidimensional Spectrome-
ter (IBIS; Cavalini 2006), mounted at the Dunn Solar Tele-
scope (DST) at the National Solar Observatory, New Mexico,
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Figure 1. Co-spatial and co-temporal ROSA images in Hα core (top left), Ca II K core (top right), G band (bottom left) together with a LOS magnetogram
(bottom right). The rosettes, where the mottles are concentrated, are highlighted with white boxes. Crosses in the Hα image indicate the positions of the mottles
selected for the analysis. The ellipses in the LOS magnetogram denote patches of magnetic flux concentrations, with the color scale indicating the magnetic
field strength in Gauss. The Hα image shows that the footpoints of the chromospheric fine structures correspond to Ca ii K and G band bright points and strong
magnetic flux concentrations that highlight the boundaries of the supergranular cell.

USA. The ROSA dataset includes simultaneous imaging in
the Hα core at 6562.8 Å (bandpass 0.25 Å), Ca II K core
at 3933.7 Å (bandpass 1.0 Å), G band at 4305.5 Å, band-
pass (9.20 Å), and line-of-sight (LOS) magnetograms. High-
order adaptive optics were applied throughout the observa-
tions (Rimmele 2004). The images were reconstructed by im-
plementing the speckle algorithms of Wöger et al. (2008) fol-
lowed by de-stretching. These algorithms have removed the
effects of atmospheric distortion from the data. The effective
cadence after reconstruction is reduced to 4.2243 s for Hα and
Ca ii K. Observations were obtained with a spatial sampling
of 0.069′′/pixel corresponding to a spatial resolution of 0.21′′
over the 62′′ × 62′′ field-of-view (FOV).

LOS magnetograms were constructed using the left- and
right-hand circularly polarised light obtained 125 mÅ into the
blue wing of the magnetically-sensitive Fe i line at 6302.5
Å. A blue-wing offset was required to minimise granula-

tion contrast, while conversion of the filtergram into units of
Gauss was performed using simultaneous SOHO/MDI mag-
netograms (see discussion in Jess et al. 2010b).

IBIS undertook simultaneous Na i D1 core imaging at
5895.94 Å with a spatial sampling of 0.083′′/pixel over the
same FOV. The IBIS data have a post-reconstruction cadence
of 39.7 s. Despite difficulties in interpreting the Na i D1 line
formation height, it is suggested that it is formed in the up-
per photosphere/lower chromosphere (Eibe et al. 2001; Fin-
sterle et al. 2004). Doppler wavelength shifts of the Na i
D1 line profile minimum were used to construct LOS veloc-
ity maps of the same FOV (for more details, see Jess et al.
2010b).

3. RESULTS AND ANALYSIS

Figure 1 shows co-spatial and co-temporal snapshots in the
Hα core and in Ca ii K, and G band, where the FOV covers a
quiet Sun region near disk centre. The Hα image contains a
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Figure 2. Left panel: An expanded view of the mottle from its bottom to top in the image plane located near the red cross in Figure 1. Red horizontal lines,
separated by ∼0.5 Mm, indicate the locations chosen to analyse transverse displacement. Middle panel: Time-distance diagrams generated from the eight
locations indicated by the red lines in the image on the left. Right panel: The displacement time series with associated errors. The black lines are the centroid of
a Gaussian fit to the cross-sectional flux profiles of the mottle at each time frame of the transverse cross-cuts smoothed by a ∼25 km width (red lines).
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Figure 3. Maximum transverse velocity amplitude (left panel) and phase speed (right panel) as a function of distance (s) along the mottle. The results are fitted
with exponential functions (red lines). Errors in the transverse velocity and phase speed measurements are also shown.

large rosette structure located near the centre (see the top left
panel of Figure 1). Rosettes are clusters of elongated, dark
Hα mottles expanding radially around a common centre over
internetwork regions (Zachariadis et al. 2001; Tziotziou et al.
2003; Rouppe van der Voort et al. 2007). An additional three
smaller rosettes are visible in the lower left of the boxed area
(the top left panel of Figure 1). The roots of the rosettes are
co-spatial with Ca ii K brightenings, G band bright points and
strong magnetic field concentrations which outline the bound-
aries of supergranular cell highlighted with the dashed box in
Figure 1. A LOS magnetogram of the FOV shows that the
supergranular cell boundary consist of opposite polarity mag-
netic field concentrations (bottom right panel of Figure 1).

The application of time-distance analysis to the Hα images
reveals that the mottles display transverse motions perpendic-
ular to their axis, usually interpreted as transverse MHD kink
motions (Spruit 1982; Edwin & Roberts 1983; Erdélyi & Fe-
dun 2007). Periodic transverse displacements of three dif-
ferent mottles, marked with crosses in Figure 1, have been

selected for further analysis.
Figure 2 shows a more detailed view of the mottle located

near the red cross in Figure 1. The projected length of the
structure is ∼ 4 Mm, with a resolved average width of 350 km
and lifetime of ∼3 min. Red lines across the structure indicate
the locations of the cross-cuts used to study the transverse os-
cillations. We use the cross-cuts to generate two-dimensional
time-distance (t-d) diagrams that reveal the transverse mo-
tions at each point along the mottle’s length. These t-d sam-
ples are plotted in the middle panel of Figure 2. The shift
detected in the signal, as a function of time, indicates that the
observed oscillation is due to a propagating wave. Displace-
ments are determined by fitting a Gaussian function to the
cross-sectional flux profile for each time frame of the trans-
verse cross-cuts (right panel of Figure 2). This method can
determine the position of the structure’s centroid to within one
pixel and thus has an error of ±50 km. It should be noted that
in Figure 2 there are only eight cross-cuts (separated by 0.5
Mm), the corresponding time-distance diagrams and time se-
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ries, respectively. We note that we generated and analysed
the t-d diagrams for 15 cross-cuts separated by 0.25 Mm but
we chose to show here only 8 of those for presentation pur-
poses. A linear trend was subtracted from the displacement
time-series to obtain the periodic motions. The time series
was fitted with a harmonic function at each position along the
mottle from which the periods of the wave are derived with a
median value of P ≈ 120 ± 10 s.

We measured the maximum transverse displacements at
each of the 15 positions along the ∼ 3.7 Mm mottle length
(left panel of Figure 2). The maximum transverse velocity
amplitudes are derived using v⊥ = 2πξ⊥/P, where ξ⊥ and P
are the maximum transverse displacement and period of the
oscillation, respectively. Uncertainties in v⊥ are estimated
from the error in ξ⊥ and the standard deviation of P. The
results with the associated error of each data point are plot-
ted in the left panel of Figure 3. This figure clearly shows
that the velocity amplitude is increasing up to around 2 Mm
(Figure 3) and then decreases. Due to the different trends the
first 8 and last 7 data points are fitted separately by an expo-
nential function of the form v⊥(s) = v⊥,0 exp(s/A2), where s
is the distance along the mottle. We note that the exponen-
tial function has the best-fit (with 95 % confidence level) for
the first 8 datapoints. We obtain v⊥,0 = 2.5 ± 1.0 km s−1 and
A2 = 1.12±0.35 Mm for s 6 1.75 Mm and A2 = −5.3±4 Mm
for s > 1.75 Mm. Errors in these fitting parameters are their
1σ uncertainties derived from the fitting algorithm, which use
the measurement error for each data point.

The phase speed of the transverse motions can be evaluated
from the time-delay in the signals obtained at different posi-
tions along the mottle. From the displacement time series we
can measure the time coordinates of the maximum transverse
displacements. A phase speed between two positions along
the structure can be calculated as vph = L/tl, where L is the
distance between two selected heights and tl is the time de-
lay between the location of the maximum displacements. The
time at the location of the maximum transverse displacement
in the time series can be estimated within one temporal res-
olution element of 4.224 s, and the maximum phase speed
which can be resolved for the length L along the structure is
vphmax ∼ L/4.224. We determine a reliable phase speed of
the transverse wave for six consecutive segments along the
mottle length and results (with corresponding measurement
errors) are plotted in the right panel of Figure 3. The phase
speed is ∼ 40 km s−1 near the lower part of the mottle and in-
creases to ∼ 120 km s−1 at 2.5 Mm, then it decreases again
towards the end of the structure (right panel of Figure 3). We
fit the data points using an exponential function of the form
vph(s) = vph,0 exp(−s/A1) with vph,0 = 29.7±6.7 km s−1, A1 =
−1.81 ± 0.24 Mm for s 6 2.5 Mm and A2 = 1.88 ± 0.3 Mm
for s > 2.5 Mm.

Figure 4 shows the Hα mottle (left panel) located near the
green cross of Figure 1 and its transverse displacements at
different positions along its length (middle and right panels
of Figure 4). Time series, obtained using a similar method
to that described for the first mottle in Figure 2, highlight
the upward and downward propagating waves with a period
of P≈ 180 ± 10 s (see the green and blue diagonal lines in
the right panel of Figure 4). The average phase speed and
maximum transverse velocity along the length of the mot-
tle are 101 ± 14 km s−1, 8.8 ± 3.1 km s−1, 79 ± 8 km s−1, and
11.4 ± 3.3 km s−1 for the upward and downward propagating
waves, respectively. Unfortunately, for this example large un-
certainties in the transverse velocity and phase speed mea-

surements do not allow us to study their variation as a function
of distance.

Figure 5 shows the chromospheric structure marked with a
blue cross in Figure 1 and its transverse displacement with a
period of P ≈ 131±15 s. We detect a marginal delay, of about
10 s, in the oscillation signals at the lower and upper posi-
tions (Figure 5). This time delay, combined with a distance of
around 3.5 Mm between these positions (see left panel of Fig-
ure 4), gives a propagating speed of more than 350 km/s, too
high a value for what might be expected for the phase speed of
the kink waves in chromospheric mottles. We believe that this
high speed may be caused by the standing wave pattern gen-
erated by the superposition of two oppositely directed waves.

4. MAGNETOSEISMOLOGICAL DIAGNOSTICS

A novel solar magnetoseimology tool that allows us to de-
termine the variation of magnetic field and plasma density
along a chromospheric structure using the characteristics of
kink oscillations has been developed by Verth et al. (2011).
Based on their approach, if the kink speed vph(s), (which is
the phase speed of the kink wave) and maximum transverse
velocity amplitude v⊥(s) are estimated from observations, the
expansion rate of the magnetic flux tubes can be derived from
the solution of the kink wave governing equation (see Equa-
tion 1 of Verth at al. 2011). The flux tube radius as a function
of s is given by

R(s) = R(0) exp
( s

H

)
, (1)

where H = 2A1A2/(2A1 + A2) and A1, A2 are fitting param-
eters defined from the measured vph(s) and v⊥(s), and R(0)
is the flux tube radius at the lowest position (Verth et al.
2011). On the other hand, from magnetic flux conservation
B(s) ∝ 1/R2(s), where B(s) is the average magnetic field
strength, and the variation of magnetic field along the flux
tube can be estimated. Furthermore, from the kink speed and
magnetic field variations, the plasma density along the struc-
ture can also be determined using

ρ(s) ∝
B2(s)
v2

ph(s)
, (2)

where ρ(s) is the average of the internal and external plasma
densities (see Verth et al. 2011 for further details).

Inspired by this work, we estimate these parameters for
the on-disk mottle presented on Figure 2 using the same
SMS tool. We employ the functions of vph(s) and v⊥(s)
found in the previous section using the exponential fit for
the measured phase travel time and velocity amplitudes.
From these functions, which define A1 and A2, and from
Equation (1) we make piecewise estimate the normalised area
expansion of the flux tube. The magnetic field variation can
also be evaluated from the area expansion and magnetic flux
conservation law (middle panel of Figure 6). Furthermore,
the normalised plasma density along this mottle, estimated
from Equation (2), is shown in the right panel of Figure 6.

5. DISCUSSION AND CONCLUSIONS

Several observational and theoretical studies suggest that
the transverse MHD kink waves observed in chromospheric
structures can be excited by granular buffeting, global oscil-
lations, mode conversion or torsional motions in the photo-
spheric bright points where chromospheric fine structures are



Characteristics of transverse waves in chromospheric mottles 5

0 100 200 300 400 500
Time (s)

0.0

1.5

M
m

0.0

1.5

M
m

0.0

1.5
M

m
0.0

1.5

M
m

0.0

1.5

M
m

0.0

1.5

M
m

0.0

1.5

M
m

2 4 6
Mm

0

2

4

6

M
m

0

1

2

3

M
m

0 100 200 300 400 500
Time (s)

Figure 4. Left panel: A detailed view of the mottle from its bottom to top in the image plane located near the green cross in Figure 1. Red short lines separated
by ∼0.5 Mm indicate the locations on the mottles where time-distance plots depicted on the middle panel (from bottom to top) are generated. Right panel: The
displacement time series with error bars. Diagonal lines highlight the downward (blue) and upward (green) propagating motions.
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Figure 5. The mottle from its bottom to top in the image plane located near
the blue cross in Figure 1. Cross-cuts, separated by ∼0.5 Mm, indicate the lo-
cations on the mottle where the displacement is further analysed (left panel).
The pink dotted lines are the centroids of a Gaussian fit to the cross-sectional
flux profiles of the mottle at each time step (right panel).

anchored (Roberts 1979; Spruit 1981; Hollweg 1981; Hasan
& Kalkofen 1999; De Pontieu et al. 2004; Jess et al. 2012;
Morton et al. 2013). By tracking the oscillation signals at
different positions, we detected both propagating and stand-
ing wave modes along chromospheric mottles which appear
to be rooted in regions with strong magnetic field concentra-
tions (Figure 1). Upward propagating waves with periods of
∼ 120 s are detected in one of the mottles (Figure 2). The
analysis shows that the phase speed and transverse velocity
amplitude rise exponentially with distance along the mottle
length up to about 2.5 Mm before they begin to decrease (Fig-
ure 3). MHD wave theory suggests that the variation of these
wave characteristics are controlled by changes in plasma pa-

rameters such as density and magnetic field strength along
the waveguide. A decrease in the plasma-β will result in the
mottle plasma parameters gradually becoming dominated by
the magnetic field, causing the observed growth of the phase
speed (Figure 3). At a height of around 2 − 2.5 Mm, the mag-
netic canopy is formed (Solanki & Steiner 1990; Wedemeyer-
Böhm et al. 2009; Tsiropoula et al. 2012). This is the layer
where the gas and magnetic pressures are equal (β ≈ 1) and
where the mode conversion through e.g. non-linear interac-
tions can occur (Rosenthal et al. 2002; Bogdan et al. 2003;
Hasan et al. 2003; Schunker & Cally 2006; Kuridze et al.
2008). The amplitude of the transverse motions increases and
at about 2 Mm reaches 250 km (Figure 2), a value similar to
the waveguide width of 350 km. Hence, the observed fast
kink wave mode may become nonlinear near the canopy area,
which may lead to mode conversion, and thus energy transfer
between nonlinear kink modes and longitudinal waves. This
can result in the observed decrease of phase speed and trans-
verse velocity at a higher length along the structure (Figure 3).

Waves that propagate from the lower chromosphere into
the transition region may undergo reflection at the top of
the canopy due to the sharp density gradient (Hollweg et al.
1982; Rosenthal et al. 2002; Kuridze et al. 2008; Fujimura &
Tsuneta 2009). The conditions for the reflection of the kink
waves are defined by the local cut-off period, the highest pe-
riod that is allowed to propagate. Following the Kneser oscil-
lation theorem (Kneser 1893), if the phase speed is increasing
with height, the governing kink wave equation processes a
cut-off which can be calculated as Pc ≈ 4π∆s/∆vph, where
∆vph is the change of the phase speed as a function of dis-
tance s, and ∆s is the distance between two selected points.
For the waveguide presented in Figure 2 this corresponds to a
cut-off period of ∼ 314 s. This value is much higher than the
observed kink wave period (∼ 120 s) suggesting that the ob-
served wave, and waves with periods less then the estimated
cut-off, should propagate into the upper chromospheric layers
without reflection. The high cut-off period indicates that the
chromospheric mottles could allow the propagation of long
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Figure 6. Normalised area expansion (left), magnetic field strength (middle) and plasma density (right), estimated using the techniques of magnetoseismology,
plotted as a function of length along the waveguide shown in Figure 2. The dotted lines indicate the region of uncertainty due to the 1σ error of A1 and A2.

period (P > 3 min) transversal (kink and Alfvén) waves as
well. Those waves are observed in the corona and are thought
to be an important contributor to the coronal heating, at least
in the case of the quiet Sun (e.g., McIntosh et al. 2012).

It appears that the upward and downward directed waves
(green and blue diagonal lines in the right panel of Figure 4)
have an approximately constant phase speed (∆vph ≈ 0) along
the ∼ 3 Mm mottle length. Almost constant phase speeds for
torsional waves were also detected along limb spicules (see
e.g., De Pontieu et al. 2012; Sekse et al. 2013). A constant
phase speed suggests that there is no cut-off period, i.e. waves
of any period can propagate along those fine-scale structures
in the chromosphere. However, the downward propagating
wave detected along the mottle presented in Figure 4 may
be formed as a result of reflection of the upward propagat-
ing wave at the transition region boundary or in the corona.
Furthermore, for this mottle we measured vup ≈ 101 km s−1

and vdown ≈ 79 km s−1, where vup and vdown are the phase
speeds of upward and downward propagating waves, respec-
tively. This difference could be a result of plasma flow along
the mottle. In the presence of flow the upward and downward
kink speeds are modified by the flow as follows,

vup = vph + U, (3)

Figure 7. Snapshot of the LOS velocity map of the full FOV. Red and blue
colors represent positive doppler velocities (downflows) and negative doppler
velocities (upflows), respectively. The arrow indicates the position of the
mottle analysed in Figure 4.

vdown = vph − U, (4)

where, vph is the kink speed for the mottle with no flow, and
U is the flow speed. This suggests a plasma flow along this
mottle of U ≈ 11 km s−1 in the upward direction. A snap-
shot of the LOS velocity map of the studied region, obtained
from Doppler wavelength shifts of the Na I D1 profile, shows
that the lower chromosphere is dominated by the flow pat-
terns (Figure 7). Values of the flow speed vary from around
−4.2 km s−1 (upward) to 7 km s−1 (downward) with an error
of ±0.5 km s−1 (Jess et al. 2010b). The average upflow LOS
velocity near the footpoint of this mottle is around −4 km s−1

(Figure 7). This value is consistent with the seismologically
estimated phase speed, ∼ 10 km s−1, which is the horizontal
component and thus may be higher depending on the struc-
ture’s inclination. Recently, Vissers & Rouppe van der Voort
(2012) measured upflow/downflow velocities within the range
of −5.7 to + 13.5 km s−1 in chromospheric fibrils, consistent
with our observations and SMS estimations.

A superposition of the opposite directed kink waves may
result into a wave with a very high phase speed which can be
considered as a (partially) standing wave (Fujimura & Tsuneta
2009). The phase speed of the transverse wave shown in Fig-
ure 5 is ∼ 350 km s−1. This value is considerably higher than
the local Alfvén/sound/kink speeds, indicating that it may be
the consequence of the superposition of up and down propa-
gating waves.

In Figure 6 we show the normalised estimated area expan-
sion, magnetic field and plasma density variations as func-
tion of length along the waveguide shown in Figure 2. The
area expansion factor along the ∼ 2 Mm flux tube length is
found to be ∼ 12 (left panel of Figure 6), with a decrease in
the magnetic field strength of the same factor (middle panel
of Figure 6). Unfortunately, even modern high-resolution ob-
servations can not yet provide direct, precise measurements
of the flux tube expansion rate and magnetic field variation
from the photosphere to chromosphere. Thus, it is very dif-
ficult to compare the results obtained from magnetoseismo-
logical techniques with direct measurements. We empha-
size that spectropolarimetric measurement of chromospheric
spicular magnetic field strengths of B0∼ 10 − 50 G (Trujillo
Bueno et al. 2005; Centeno et al. 2010), and the observed
footpoint photospheric magnetic field strength of ∼ kG (lower
right panel of Figure 1) give comparable factors for the de-
crease in the field strength.

It must be noted that the Hα image of the mottle (left panel
of Figure 6) does not show visual expansion by a factor of 12
(that would correspond to a radius change by a factor of 3.5).
Gaussian fit to the cross-sectional flux profile of the mottle
suggests that the width of this structure at around 2 Mm at its
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length (left panel of Figure 6) is ∼350 km. Hence, accord-
ing to our SMS estimation the width at its base is expected
to be ∼100 km. This is the typical diameter of the G-band
bright points which are considered as the footpoints of the
mottles (Crockett et al. 2010). However, 100 km is below
the spatial resolution of the ROSA Hα filter. DeForest (2007)
has suggested that the solar threadlike structures’ expansion
may not be seen visually (through imaging observations) if
the threads have sub-resolution width. The chromospheric
fine structures analysed in this paper are near the resolution
limit which could be the reason of the relatively constant ap-
parent width along their length.

The normalised plasma density from our magnetoseismo-
logical study (plotted in the right panel of Figure 6) shows
that the density along the mottle decreases by 103 in a 2 Mm
length. Despite such significant drop in density, the mottle
is still visible in the Hα images. For a resolved dense flux
tube in the chromosphere, the intensity is proportional to den-
sity, opacity, geometric depth and the source function. The
source function gives the contribution that the plasma makes
to the intensity due to absorption/emission and cannot be de-
termined directly from observation. With respect to unre-
solved (or near resolution) flux tubes there are added compli-
cations. DeForest (2007) investigated the effect of geometric
expansion on intensity for such structures. He found that the
effect of sub-resolution flux tube expansion results in an ap-
parent constant flux tube width and enhanced brightness with
height (see Fig. 4 of DeForest 2007) .This simple geomet-
ric effect could be true for the dark, absorption Hα mottles as
well, and hence it may be the explanation to why the upper
part of the mottle is visible in Hα. In addition, we would like
to emphasise that the density of Hα dark mottles estimated
by previous work (see e.g. Tsiropoula & Schmieder 1997) is
about 1010 cm−3. For this value, our SMS density diagnostic
method suggests that near the base the density would be ap-
proximately 1013 cm−3, which is a realistic value according to
different atmospheric models (see e. g., Vernazza et al. 1981;
Fontenla et al. 2007).

Density diagnostics provide an estimate for the local plasma
density scale height of Hρ= (280 ± 80) km along the 2 Mm
length, lower than some previous seismological estimates of
the scale height (∼ 700 km) in limb spicules (Verth et al.
2011; Makita 2003). The density scale height could be
used to estimate the mottle temperature in the isothermal ap-
proximation using Hρ ≈ [T/(1 MK)] 47 Mm (see, e.g., As-
chwanden 2004). This yields T = (5957 ± 1702) K for
the mottles presented in Figure 4. The earlier work of Gio-
vanelli (1967) estimates the temperatures of the dark mottles
to be T < 10000 K. Based on some parameters given by
the cloud model Tsiropoula et al. (1993) derived values in
the range 7100-13000 K. Later on, Tsiropoula & Schmieder
(1997) claimed that dark mottles for the microturbulent veloc-
ity around 10 km s−1 have T = 14000 K with standard devia-
tion ≈ 9200 K (see Table 1 of Tsiropoula & Schmieder 1997).
The SMS temperature diagnostic suggests that the particular
dark mottle analysed here is at the lower end of previous tem-
perature range estimates. Providing new insight, SMS sug-
gests the dark mottle is reasonably isothermal along its struc-
ture, at least up to 2 Mm from its footpoint. However, more
SMS dark mottle case studies will be required to actually un-
derstand how representative the present example is.

The application of SMS diagnostics to the mottle for
lengths greater than ∼2 Mm, show a decrease in the plasma
density and magnetic field gradients. Although these features

were also found for an off-limb spicule (Verth et al. 2011), we
point out that our estimates above 2 Mm carry large uncer-
tainties. The observed changes could be caused by the effects
of the magnetic canopy. The merging flux tubes higher in the
atmosphere could alter the rate at which the magnetic field
decreases. At the canopy level the flux tubes become more
horizontal which can change the density stratification along
the structure. We note that the SMS estimates presented here
are more applicable to the local plasma parameters of a par-
ticular small-scale flux tube, and they may not necessarily be
considered as typical of all chromospheric structures. How-
ever, it has been demonstrated that by studying the variation of
phase speed and transverse velocity of kink waves along mot-
tles and fibrils we can understand more completely the dom-
inant plasma properties of chromospheric waveguides. Fur-
thermore, a wealth of statistics for phase speed variations can
provide typical values for the cut-off period. Transverse os-
cillations which are ubiquitous in the chromosphere (Kuridze
et al. 2012; Morton et al. 2012b) are likely to be separated in
propagating and non-propagating waves by the cut-off period.
Hence, it could be crucial to estimate how much kink wave
energy is transported into the corona and what is trapped in
the chromosphere.
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