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Abstract The search for signatures of wave and oscillatory processes in the solar corona
in the data obtained with imaging instruments can be automated by using the periodmap
method. The method reduces a three-dimensional data cube to a two-dimensional map of
the analysed field of view. The map reveals the presence and distribution of the most pro-
nounced frequencies in the power spectrum of the time signal recorded at spatial pixels. We
demonstrate the applicability of this method as a pre-analysis tool with the use of TRACE
EUV coronal data, which contain examples of transverse and longitudinal oscillations of
coronal loops. The main advantage of using periodmaps over other possible (more sophisti-
cated) pre-analysis tools, such as wavelet analysis, is their robustness and efficiency (both in
speed and computational power). The method can be implemented in the Hinode/XRT and
SDO/AIA data pre-analysis.

Keywords Coronal oscillations · Coronal waves · MHD waves · EUV

1. Introduction

The recent avalanche of observational discoveries and identifications of various magneto-
hydrodynamic (MHD) modes in solar coronal structures has made the study of waves and
oscillations a mainstream activity of coronal physics (see Nakariakov and Verwichte, 2005
for a review). A significant portion of these discoveries has been made with imaging tele-
scopes (SOHO/EIT, TRACE and the Nobeyama Radioheliograph (NoRH)) operating in the
EUV and microwave bands. So far, the search for events, interesting for a more detailed
analysis (the pre-analysis of the data), has been carried out “by eye” — the researcher had
to scan “manually” full-resolution data cubes, looking for oscillatory patterns. Obviously,
this approach cannot be considered either as efficient or robust, especially if one takes into
account that some coronal oscillatory events, such as propagating and standing longitudinal
modes, are not associated with flaring energy releases. Solar coronal wave studies would
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certainly benefit from the development and implementation of pre-analysis tools for the au-
tomated detection of wave and oscillatory phenomena in imaging data cubes. The expected
outcome of an automated detection method is a reduction of the analysed data cube to a 1D
or 2D signal, showing spatial or temporal location of harmonic patterns. The tools for the
pre-analysis should not be confused with the data analysis tools. The main qualities of a pre-
analysis tool are its robustness (the majority of the phenomena of interest should be findable
with the method), the calculation speed (e.g. the time taken to pre-analyse the data set should
be shorter than the duration of the observation) and its clear and simple outcome. The up-
coming high-cadence large field-of-view data from imaging instruments Hinode/XRT and
SDO/AIA makes this task even more timely.

Coronal variability has been intensively studied in the context of flare statistics, and there
have been several methods designed for the automated detection of microflares. In partic-
ular, there have been several studies of the automated reduction of coronal imaging data
cubes to lower-dimensional signals. For example, Aschwanden et al. (2000) developed a
technique for the automated detection of spatio-temporal variability of TRACE EUV data
cubes, applicable to the quiet regions of the corona. The aim of the technique was the au-
tomated search for coronal energy release events. The time variability was characterised by
measuring the maximum flux change, defined by the difference of the maximum and mini-
mum in a time series coming from a macropixel consisting of 4 × 4 pixels. The macropixels
with the maximum flux change exceeding a certain prescribed threshold were put on a map.
Then, spatially neighbouring macropixels that demonstrated coherent time evolution were
used to discriminate between individual energy-release events.

A technique for the automated detection of EIT waves (also called coronal Moreton
waves) and propagating EUV dimmings was developed by Podladchikova and Berghmans
(2005). Their method is based upon the accepted observational fact that this phenomenon
has a clear polar symmetry. The method outcome is a structure map of the pre-analysed data
cube, which reveals the presence of the phenomenon in the data. This technique is designed
for the study of propagating large-amplitude perturbations of polar symmetry, and thus it
cannot be applied to the pre-analysis of other wave and oscillatory phenomena.

Recently, Grechnev (2003) proposed a technique for the creation of a 2D variance map,
representing the overall dynamics of the analysed event, from microwave correlation data
cubes obtained with NoRH. This approach helps to reveal faint variable microwave emis-
sion sources. However, coronal EUV data cubes are known to contain many highly vari-
able features and structures, and it is not clear whether the variance mapping technique can
be successfully applied to these data, especially for the detection of wave and oscillatory
processes.

Coronal EUV data sets are often not evenly sampled in time, and the exposure and ca-
dence times can vary quite significantly. Also, one of the main problems with the automated
detection of coronal wave and oscillatory processes is that even clearly harmonic wave-like
motions observed in the solar corona last only a few periods. De Moortel and McAteer
(2004) developed a technique based upon the wavelet transform for automating the detec-
tion of longitudinal propagating waves. This approach was found to be successful in picking
up both short-lived and sustained periodicities. The detection method was based upon the
technique developed by Ireland et al. (1999) and McAteer et al. (2003). For each pixel, peri-
odogram (Fourier power spectrum) peaks over a prescribed confidence level were searched
for. Then, the duration of each periodicity was determined. If the duration was found to
be longer than

√
2P , where P is the detected period, this periodicity was considered as an

“oscillation”. Using a wavelet analysis enables the detection of both long-lived oscillatory
events (e.g. propagating longitudinal waves in magnetic fans) and transient phenomena (e.g.
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transverse oscillations of loops). However, this technique has two shortcomings: the calcu-
lation time and the visualisation of the results, as the technique’s output still has the time
coordinate. Pre-analysis of large full-sun EUV imaging data cubes, such as planned with
SDO/AIA (see, e.g. Title et al., 2006), requires a simpler and less time consuming technique
for the oscillation detection.

In this paper, we test the applicability of the variance mapping techniques to coronal EUV
imaging data cubes. Then, we evaluate a method for the detection of wave and oscillatory
processes in coronal EUV imaging data cubes, based upon the transformation of analysed
three-dimensional data cubes to two-dimensional periodmaps. We present a proof of princi-
ple by testing the periodmap method on an artificial signal and on well-known TRACE 171
and 195 Å data cubes, which contained examples of transverse oscillations and propagating
longitudinal waves.

2. Analysed Signals

In this study we test the proposed method by analysing two kinds of data: simulated imaging
data cubes with built-in periodicity and noise and EUV coronal data cubes obtained with
TRACE.

2.1. Simulated Data Cubes

We constructed an artificial data cube as follows: The simulated image has a rectangular
shape of size Lx by Lz. The images are taken with cadence tcad. Each pixel is assigned a
background intensity Isim

0 . In the image, there is a straight vertical (the z-direction) stripe,
simulating a loop, of Gaussian shape with the variable width wvis. The loop brightness is
enhanced near its apex, having a Gaussian shape that is controlled by a parameter Lvis. The
loop oscillation is set up in the form of a global kink mode with amplitude Asim, period P sim

and decay time t sim
dec . Thus, the loop displacement is modelled by the signal

s(z, t) = Asim cos(πz/Lz) sin
(
πt/P sim

)
exp

(−t/t sim
dec

)
. (1)

The combined (signal plus background) brightness is given by the equation

Isim = Isim
0 + exp

(
− (x − s)2

w2
vis

)
exp

(
− z2

L2
vis

)
+ Anfn(x, z, t), (2)

where the last term represents noise given by a function fn with amplitude An. The function
fn can be one of the random noise generators built into the Interactive Data Language (IDL)
package (e.g. the function randomn).

Thus, this model allows us to control the parameters of the loop (the width wvis, the
relative brightness isim and the longitudinal decrease of the brightness Lvis) and of its oscil-
lations (the displacement amplitude Asim, period P sim and decay time t sim

dec ), as well as the
noise-level amplitude An.

2.2. TRACE Data Cubes: Transverse Oscillations

As natural data examples, we use 171 and 195 Å TRACE data cubes recorded from
12:00 UT to 14:00 UT on 14 July 1998 (the Bastille Day event in 1998), which contain
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Figure 1 An image of the AR8270 in 171 Å. EUV movies of this active region recorded with TRACE from
12:00 UT to 14:00 UT on 14 July 1998 are used as examples. White boxes show the parts of the active region
where clear transverse oscillations are seen.

well-pronounced transverse oscillations of coronal loops situated in the active region 8270
(see Aschwanden et al., 1999; and Nakariakov et al., 1999 for the detailed analysis of this
event and the oscillations). The characteristic periods of the oscillations were 4 to 6 min,
the displacement amplitudes were, according to Aschwanden et al. (1999), 4.1 ± 1.3 Mm
and the decay times were 10 – 15 min. The mean cadence time was about 75 s for both 171
and 195 Å images, with standard deviations of about 2.8 and 2.0 s, respectively, with the
exception of one missing frame. The oscillations are observed after an M4.6 flare, which
started at about 12:55 UT.

The data were preprocessed with the use of the trace_prep subroutine of SSW IDL,
which performed despiking, destreaking and derippling and subtracted the dark pedestal and
current and normalised for exposure (/wave2point, /unspike, /destreak, /deripple, /normalize,
/float).

Figure 1 shows the analysed field of view (FOV) as seen in the 171 Å bandpass. The
white boxes show those regions where it is possible to detect visually the quasi-periodic
transverse displacements (transverse oscillations) of the coronal loops.

2.3. TRACE Data Cubes: Propagating Longitudinal Waves

Another wave phenomenon often observed in the corona is the propagation of longitudinal
waves. A typical event of this kind was analysed by King et al. (2003). The longitudinal
waves were observed by TRACE in both 171 and 195 Å on 2 July 1998 in the active region
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Figure 2 An image of the AR 8253 in 195 Å. EUV movies of this active region recorded with TRACE
from 06:00 UT to 07:00 UT on 2 July 1998 show propagating longitudinal waves in the magnetic fan region
(highlighted by the white box).

AR 8253 for about an hour beginning at 6:00 UT. In both bandpasses the cadence time was
31 s and the delay time between images taken in 195 and 171 Å was 11 s. The event was
not associated with any flare. The data cube was pre-processed identically to the data set
discussed in the previous subsection.

3. Variance Maps

The method of variance maps proposed and developed by Grechnev (2003) for NoRH data
cubes can be applied to TRACE EUV data cubes as well. The idea of the method is the
following. For each pixel (i, j), the variance of the time-dependent intensity is calculated,

σ 2
ij = 1

Nt

Nt −1∑

t=0

I2
i,j,n − 1

N2
t

(
Nt −1∑

t=0

I2
i,j,n

)2

, (3)

where the index n is the index of the time frame and Nt is the number of frames in the data
cube analysed. Strictly speaking, this expression is different from the standard definition of
the variance, as the cross-terms are missing. According to Grechnev (2003), the cross-terms
are skipped to avoid scanning the data cube twice and hence to decrease the calculation time.
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Figure 3 The variance map of the data cube recorded by TRACE in 171 Å from 12:00 UT to 14:00 UT on
14 July 1998.

Figure 3 shows the variance map of the data cube described in Section 2.2. Apparently, it
is impossible to distinguish between the oscillating and nonoscillating regions on the map,
as the entire field of view is highly variable. This is a common feature of EUV coronal data
sets. Thus, the variance mapping technique does not seem to be useful for the pre-analysis
of EUV data cubes, in contrast with microwave imaging data, which usually contain just a
few sources of time-varying microwave emission.

4. Periodmaps

We propose an alternative method for pre-analysis of EUV imaging coronal data cubes,
based upon the reduction of the original data cube to a 2D map of the analysed FOV. On the
map, the pixel colour corresponds to the period of the highest peak in the power spectrum of
the time signal coming from this pixel, provided the peak amplitude exceeds some certain
prescribed threshold. Otherwise, the pixel is shown in black. This technique has already
been applied in solar physics as a data analysis tool. In particular, Terradas et al. (2002)
used this technique for processing 2D Dopplergrams in the study of prominence oscillations.
However, to the best of our knowledge, this approach has not been either proposed or tested
as a pre-analytical tool for the automated detection of oscillatory patterns in the solar corona.

Figure 4 shows a typical spectrum of a pixel that belongs to an area covered by a trans-
verse oscillation of a coronal loop. One of the possible criteria of periodicity detection is to
accept the maximum value of the spectral function as the signal if the value is Nthres times
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Figure 4 A power spectrum of an EUV signal from a TRACE image pixel. The dotted line corresponds to
the mean value of the function, and the dashed line to the mean value multiplied by a factor of 4, which is a
prescribed periodicity detection criterion.

greater than the mean value of the spectral function. In practice, for TRACE signals, the
value of Nthres may be about 3 or 4.

A more rigorous approach requires the calculation of the detection probability levels
for the analysed spectra (e.g. Monte Carlo simulations implementing the method of Fisher
randomisations). Detailed discussion of this operation is given in O’Shea et al. (2001). In
practice, the application of this method requires the calculation of power spectra of at least
150 permutations of original signals, which increases the calculation time by 150 times.
Thus, unfortunately, the application of the randomisation technique leads to an enormous
increase in the calculation time and cannot be implemented in a pre-analysis tool.

We propose an alternative method for the assessment of the false alarm probability in
imaging data. As modern EUV imagers allow us to resolve oscillating coronal structures spa-
tially, the image of the oscillating structure consists of several pixels. The proposed method
is based upon the assumption that if there is no harmonic signal in the analysed data, the
probability that the same spectral peak, i.e. at the same frequency, appears at several neigh-
bouring pixels would be low. If the structure, e.g. a loop, oscillates at a certain MHD mode,
the oscillatory signal would be present in the majority of the pixels resolving the structure,
even when the noise level is high. The “false alarm” probability, defined as the probability
that M neighbouring pixels accidentally have a spectral maximum at the same frequency,
is (2/Nt)

M−1, where Nt is the number of time frames in the data cube. We determine the
amplitude of the maximum of the spectrum by measuring it in the units of mean values of
the spectrum. If the spectral amplitude is below some prescribed threshold, we consider this
as an absence of periodicity. In the case when several neighbouring pixels have acceptable
spectral maxima at the same (or, possibly, similar) frequency, there is a chance that the pe-
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Figure 5 Periodmap of a simulated data cube with an oscillating loop. The loop width is 2 Mm, the oscilla-
tion period is 300 s, the displacement amplitude is 5 Mm, the decay time is 1 800 s, and the noise amplitude
is three times higher than the loop brightness. The data cube has 100 frames with the cadence time of 31 s.

riodicity still happens accidentally, because of the time correlation of the signals at those
pixels. However, even if a certain group of pixels is present on the periodmap because of a
false alarm, the high correlation of the signals at those pixels is worthy of closer attention.

Thus, for each pixel of the analysed data cube, we calculate the spectrum of its time
signal (made from the original signal by subtracting a best-fitting parabolic function to get
rid of the slow varying trend), determine its maximum and the mean value and, if the max-
imum value is greater than the mean value by some prescribed factor (e.g., good results are
obtained when it is 3 or 4), we assign this pixel a colour corresponding to the frequency of
the maximum, according to a chosen colour table. Otherwise, the pixel is assigned a zero
frequency, or, in other words, is blank. As an alternative, we can calculate the spectrum
of the running difference of the signal. The running difference corresponds to taking the
time derivative of the signal, which detrends any linear background trend. Also, we perform
some filtering of the analysed signal. If the analysed signal has the highest spectral peak
outside the range of the frequencies fmin < f < fmax the pixel is assigned a zero frequency.
Typically, we subtract the three highest and three lowest harmonics in the spectrum.

Figure 5 shows the periodmap of the simulated signal discussed in Section 2.1. The
colour of the pixels with spectral maxima greater than a prescribed threshold (equal to 4)
is assigned according to the IDL colour table “PRISM” (number 6). The red colour cor-
responds to longer periodicities and the violet colour corresponds to shorter periodicities,
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Figure 6 Periodmap of the data cube recorded by TRACE in the 171 Å bandpass for the event on 14 July
1998.

which are close to the Nyquist frequency. The prescribed period of the loop oscillations,
300 s, corresponds to the green colour. The oscillating loop is clearly resolved by eye on the
periodogram map even in the case when the noise level is three times higher than the loop
brightness.

Figures 6 and 7 show periodmaps of the data cubes of the oscillatory event on 14 July
1998, discussed in Section 2.2, in 171 and 195 Å bandpasses, respectively. The analysed
signals are the running differences of the original data cube smoothed by two points in both
spatial dimensions. As the periods of the detected oscillations are rather high, in the blue part
of the spectrum, we process the maps with the use of the hist_equal function of IDL. This
function returns a histogram-equalised byte array, which is then visualised with the use of
tvscl. The transverse oscillations are clearly seen on both periodmaps as the extended regions
of the same or similar colour in the parts of the map, which correspond to the boxes in the
active region image shown in Figure 1. The oscillations are also well seen on the periodmaps
constructed for the running differences of the original signal, without smoothing in spatial
dimensions. Also, periodmaps of the original signal itself do show the oscillating regions,
but they are less pronounced in this case.

Periodmaps of the data cubes of the oscillatory event on 2 July 1998, discussed in Sec-
tion 2.3, in 171 and 195 Å bandpasses, are shown in Figures 8 and 9, respectively. Both
periodmaps show clear evidence of the periodic motions in the regions highlighted in boxes
in Figure 2. Also, in the central parts of the periodmaps, there are interesting diffuse regions
with evident periodicity. Perhaps this periodicity, of about 3 min, is associated with the moss
oscillations discussed in De Pontieu, Erdélyi, and de Wijn (2003).
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Figure 7 Periodmap of the data cube recorded by TRACE in the 195 Å bandpass for the event on 14 July
1998.

The applied colour table is not quantitatively associated with the values of the detected
frequencies, as it depends upon the signal cadence time. However, for data pre-analysis
purposes, the specific values of the detected frequencies are not so important, and we believe
that the constructed periodmaps do not have to have a well-defined relation between colour
and detected frequency.

All constructed periodmaps contain very significant noise. The noise may be reduced
by either limiting the analysed frequency band (e.g. not considering spectral peaks, which
correspond to the frequencies too close to the FFT frequency range boundaries) or increas-
ing the prescribed detection threshold. However, these limitations may affect the detection
efficiency, and we are reluctant to impose them. In any case, further studies of the optimal
detection regimes for specific instruments are required.

Processing of a typical TRACE data cube consisting of 60 frames of 5122 pixels each
with a periodmap code written in the IDL takes about 40 s of computational time on an
average PC (Intel Pentium M, 1.2 GHz, 504 MB of RAM). SDO/AIA full-resolution data
cubes will be 4096 × 4096 pixels, 64 times larger than the tested data cube. Efficient ap-
plication of the periodmap technique will require acceleration of the computation speed by
a factor of 10. This target is achievable with the use of faster computers, conversion of
the code from the interpreted language IDL to a compiled one and the implementation of
multithreaded programming. The required calculation speed certainly rules out alternative
pre-analysis techniques, such as the use of wavelets.
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Figure 8 Periodmap of the data cube recorded by TRACE in the 171 Å bandpass for the event on 2 July
1998.

5. Discussion and Conclusions

We propose periodogram mapping of coronal EUV data cubes as a method for the pre-
analysis of solar coronal EUV observations, which allows us to assess whether a certain time
interval or a certain region of the corona is of interest from the point of view of searching
for wave and oscillatory processes, discovered with SOHO/EIT and TRACE instruments.
The method reduces a three-dimensional data cube to a two-dimensional periodmap of the
cube. Each pixel on the periodmap corresponds to a spatial pixel of the analysed data cube.
The colour of the pixel is assigned to be black, or another “blank” colour predetermined by
the applied colour scheme, if the maximum of the power spectrum of the pixel’s time sig-
nal is below a predetermined periodicity detection threshold. Otherwise, the pixel’s colour
corresponds to the frequency of the power spectrum maximum. Thus, information about the
amplitude of the spectral maximum, if it exceeds the periodicity detection threshold, is miss-
ing. If there is a sufficiently large group of neighbouring pixels of the same or of a similar
colour on the periodmap, it indicates that this particular region of the corona is of interest
and requires closer inspection. In the method, the probability of a false-alarm detection is
not rigorously estimated. However, it is sufficiently small because only groups of neighbour-
ing pixels of the same or similar colour (i.e. groups of neighbouring pixels that have spectral
maxima at the same or similar frequency) are considered to indicate the presence of a signal.

Also, we tested an alternative technique, the variance mapping technique proposed by
Grechnev (2003) for the pre-analysis of microwave imaging data, in application to the search
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Figure 9 Periodmap of the data cube recorded by TRACE in the 195 Å bandpass for the event on 2 July
1998.

for wave and oscillatory processes in TRACE data sets. We conclude that this technique, at
least in the tested form, does not give us satisfactory results for EUV data cubes because of
their high variance.

We applied the periodmap technique to data cubes of two events observed by TRACE,
one with clear transverse oscillations and the other with longitudinal propagating waves.
Both phenomena are widespread, are considered as promising tools for coronal seismology,
and are usually clearly harmonic. In both cases, the periodmaps give clear indication of the
regions with the phenomena of interest.

We believe that the proposed method is sufficiently robust in its application to the prede-
tection of EUV coronal waves and oscillations. As periodic variations of the EUV intensity
connected with MHD waves and oscillations are usually quite localised in time, we do not
think that an episodic missing frame or phase shifts in sampling time can noticeably affect
periodicity detection. However, the robustness of the method requires further investigation.

In reality, coronal oscillation signals are modulated in both amplitude, e.g. damping, and
in frequency, because of slow variation of physical conditions in the oscillating structures.
These effects complicate the detection of an oscillation with periodmaps. It is clear that pe-
riodicity detection efficiency is affected, in particular, by the ratio of the oscillation duration
to the duration of the analysed data. This suggests that long data sets should be divided into
several subsets. The subset duration should be several times longer than the expected period
of the oscillation. As the typical periods of coronal oscillations detected with TRACE are
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several minutes, it does not seem to be practical to make the subsets shorter than 30 min. For
example, for the analysis of longer data sets, lasting several hours (e.g. sets obtained with
TRACE and expected with Hinode/XRT), or for the routine scanning of continuous full-sun
data sets (e.g. those planned with SDO/AIA), we would suggest splitting the analysed data
sets into hourly data sets that have 20 min of overlap with each other. This approach would
give us a sequence of hourly periodmaps, highlighting the regions and time intervals of in-
terest for further analysis. In general, it has been already pointed out that it is not necessary
for coronal MHD waves to be clearly harmonic (see e.g. the discussion in Nakariakov et
al., 2004). However, it is not clear how the departure from harmonicity can be built into an
efficient and robust automated detection technique.

The proposed technique can be considered as a more time-economical version of the
wavelet spectral technique developed by De Moortel and McAteer (2004). Hence, the
periodmap technique is, as is demonstrated here, suitable for the implementation in the
SDO/AIA data pre-analysis and, in particular, for integration into e-SDO technology.
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