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Abstract

On August 5, 2003 the Ondřejov radiospectrograph and the Brazilian Solar Spectrograph recorded simultaneously the narrowband
dm-spikes superimposed on broadband pulses in the frequency ranges of 0.8–4.5 and 1.75–2.25 GHz, respectively. Using a new method
of wavelet filtering broadband sub-second pulses with a frequency width of 0.48 GHz and narrowband millisecond spikes with a frequen-
cy width 0.13 GHz were recognized and analysed in detail. Filtered radio spectra showed that the spikes were clustered in stripes at dif-
ferent frequencies. These stripes drifted and their frequency ratios changed during short time intervals. Periods of the narrowband spikes
and their stripes were �0.4 s and 4, 8–10, and 16 s, respectively. The main period of the broadband pulses was �4 s. Values of significant
periods of the narrowband spikes coincided with those of the broadband pulses. We found significant peak-to-peak correlations with
zero time lags among stripes of the narrowband spikes on different frequencies. The characteristics of the narrowband dm-spikes and
broadband pulses indicate that mutually linked emission processes generate both fine structures.
� 2006 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Narrowband millisecond spikes have been observed
for more than two decades over a wide frequency range
0.2–3.0 GHz. The main characteristics of spike are: dura-
tion 3–100 ms, a circular polarization up to 100%, a
brightness temperature in the range of 1010–1015 K, and
a narrow width close to the frequency resolution of radio
spectrographs (Benz, 1986; Benz and Güdel, 1987). They
form clusters (stripes) which are often observed in sepa-
rated frequency bands having fixed frequency ratios, e.g.,
2:3, 3:4, 2:3:4, and 3:4:5 (Güdel, 1990 and references
therein). Using the methods of nonlinear dynamics Isli-
ker (1992) analyzed a group of the narrowband
dm-spikes and he found that their fractal dimension is
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very high (almost 1). Nowadays, the most widely used
methods for their analysis are the correlation and Fourier
methods (Costa et al., 1990; Marsch and Tu, 1993).
However, in the last decade new approaches appeared
and they also have been used for the analysis of dm-
spikes. These new methods are: multifractal methods
(Milovanov and Zelenyi, 1993), singular spectrum analy-
sis (Golyandina et al., 2001), methods based on empirical
and complex orthogonal functions (Huang et al., 1999),
and multiscale wavelet analysis (Meyer and Roques,
1993).

In the present paper, we analyze the August 5, 2003
event with a unique series of broadband pulses and narrow-
band dm-spikes. We have used the new techniques men-
tioned above. We also developed and used new software
to carry out wavelet analysis of spikes in stripes, construct
filtered dynamic radio spectra, and to compute correlation
and cross-correlation of the frequency bands, and Global
Wavelet Spectra (GWS) of each frequency band.
ed.
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Fig. 1. Global overview of the August 5, 2003 burst in decimetric range. (Left) Dynamic spectrum observed by the Ondřejov radio spectrograph in the
1.0–2.0 GHz frequency range. (Right) Brazilian Solar Spectrograph (BSS) dynamic spectrum (1.75–2.25 GHz). Both instruments have the same time
resolution of 100 ms.

Table 1

Time (UT) Significant frequency width
(GHz)

1st group 12:45:25–12:45:50 0.08 0.14 0.40 0.56
2nd group 12:46:25–12:46:44 0.09 0.16 – 0.56
3rd group 12:47:04–12:47:17 – 0.15 – 0.67
4th group 12:47:20–12:47:35 – 0.15 – 0.67
5th group 12:47:57–12:48:08 0.07 0.18 0.43 0.57
6th group 12:48:08–12:48:13 0.07 0.18 0.40 0.57
Whole burst 12:45:25–12:48:13 0.08 0.15 0.43 0.56
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2. Observations

On August 5, 2003 at 12:43–16:00 UT, an X-ray M1.7
(GOES 12, 1-8 A) flare occurred in active region AR 0424
located at S18 E39. This active region was a typical bipolar
group of spots, with Zurich class Eki and Beta-Gamma mag-
netic configuration. GOES 12 recorded an impulsive phase
with fast rise and fall time and a gradual phase during the
time intervals of 12:43–12:55 UT and 12:55–16:00 UT,
respectively. Radio observations were made by the Brazilian
Solar Radio Spectrograph operating in the frequency range
of 1.75–2.25 GHz and the solar radio spectrograph at the
Ondřejov Observatory operating in the frequency range of
0.8–2.0 GHz with time resolution of 100 ms.

Fig. 1 shows six groups of decimetric pulses and the nar-
rowband spikes observed during the period of 12:45:00–
12:48:50 UT. Details of their timings are listed in Table 1
(see also Fig. 5). The first group observed at 12:45:25–
12:45:50 UT, in the frequency range of 1.00–2.25 GHz con-
sists of a series of broadband (0.5 GHz) pulses centered
around 1.6 GHz and having global negative drift. Super-
posed on them, at frequencies �1.1, 1.3, 1.5 and
1.8 GHz, are stripes of spikes with positive and negative
frequency drifts. The most intense dm-spikes with the fre-
quency width of about 0.13 GHz are observed at 1.47
and 1.85 GHz. In the second selected group of pulses,
recorded during the time interval of 12:46:25–12:46:44
UT, broadband pulses and stripes of spikes are observed
at almost the same frequencies. The other four groups
selected show similar behaviour.

3. Method of analysis

3.1. Dynamic wavelet filtration

To obtain information about spectral properties and
distributions of fine structures in the dynamic radio
spectrum we have developed a method allowing us to esti-
mate their frequency width by using dynamic wavelet filtra-
tion. The basis of the method is the selection of frequency
widths of radio features using the Wavelet transform as a
frequency filter and the construction of new radio spectra
showing filtered features only.

The continuous Wavelet transform is performed
through a convolution of the studied function f (t) with a
wavelet function wa,b (Astaf’eva, 1996) having two param-
eters. Furthermore, any wavelet function wa,b of a given
family is obtained from the ‘‘parent’’ function w through
an extension-contraction and shift

wabðtÞ ¼ jaj
�1=2w

t � b
a

� �
; ð1Þ

where the parameter a is the wavelet width, and b is the shift
parameter. Thus, all Wavelet functions of a given family are
self-similar and have a constant number of oscillations.

The integral Wavelet transform (Wwf) (a,b) of the func-
tion f (t) is

ðW wf Þða; bÞ ¼ jaj�1=2

Z þ1

�1
f ðtÞw t � b

a

� �
dt

¼
Z þ1

�1
f ðtÞwabðtÞdt. ð2Þ
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Moreover, the function w must satisfy the condition

CW ¼ 2p
Z 1

�1

jŵðxÞj
jxj

2

dx <1; ð3Þ

where ŵðxÞ is the Fourier transform of the function w (t).
Because the Wavelet transform, henceforward refereed

as WT, is a broadband filter with a known response func-
tion (base wavelet), it is possible to reconstruct the signal
using its inverse transform in the form of an inverse filter
(Donoho and Johnstone, 1994). This is suitable for the
orthogonal WT that has an orthogonal basis. Nevertheless,
for the continuous Wavelet transform this is complicated
because of the redundancy in space and time. In this case,
the series represents the sum of the real part of WT of all
scales. With the basic parameters (a,b) there exists a formu-
la for the inverse WT

f ðtÞ ¼ C�1
w

Z Z
ðW wf Þða; bÞwabðtÞ

dadb
a2

; ð4Þ

where CW represents the coefficients of the Fourier trans-
form obtained from Eq. (3).

In contrast to the Fourier transform, the WT retains the
locality of the representation of the signal, which makes it
possible to reconstruct the signal locally (Torrence and
Compo, 1998). In addition, there is a possibility to recon-
struct a part of the signal or select the contribution of a
certain scale. The local behaviour of the signal and its
wavelet-coefficients are related. Hence, to obtain a partial
reconstruction of the signal, it is necessary to consider
the coefficients referring only to the corresponding sub-re-
gion of the wavelet space. Since (Wwf) (a,b) contains infor-
mation about the analyzing wavelet and the input signal,
the selection of the analyzing wavelet determines which
information should be extracted from the signal. Each
wavelet has characteristic properties in time and frequency
space. Therefore, using different wavelets it is possible to
extract details of the properties of the analyzed signal. In
the present case, we have used a complex basis using the
Morlet’s wavelet (Grossman and Morlet, 1984), which is
well localized in the scale, space and frequency planes.
b
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Fig. 2. Test of the method used: (a) the dynamic radio spectrum of the model
width 0.50 GHz and four narrowband components with the frequency width 0
with the frequency width 0.50 GHz reconstructed from the dynamic spectrum s
the frequency width 0.13 GHz.
In real space, the Morlet‘s wavelet function consists of a
complex exponential modulated by a Gaussian envelope

W0 ¼ p�1=4s�1=2 exp½ikt=s� exp½�ðt=sÞ2=2�; ð5Þ

where s is the wavelet scale, k is a non-dimensional param-
eter, and t is the position.

The application of the direct and inverse Wavelet trans-
forms to dynamic radio spectra has enabled us to select fre-
quency widths of fine structures in radio spectra (spikes,
background radio emission) and to investigate their time
evolution. This is achieved as follows:

(i) The Global Wavelet Spectrum with 95% confidence
level is constructed from the time profile at each fre-
quency in the radio spectrum and hence a histogram
of frequency widths can be obtained.
(ii) Thus, we know what frequency widths prevail dur-
ing the investigated time interval. With these widths,
the filtration of the radio spectrum is carried out using
the Wavelet transform. At a given time of the radio
spectrum, we calculate the frequency profile in narrow
spectral band by using different frequency widths.
Repeating this process in time, for all groups of pulses,
we obtain a filtered radio spectrum. The proposed
method enables us to select typical fine structures in
the radio spectra of various frequency scales, e.g., from
narrowband spikes up to broadband pulses and to
trace their time evolution, e.g., their drifts rates, cross
correlation, etc.
3.2. Test of the method

To test this method and to obtain information about
possible artifacts and restrictions, we simulated a radio
spectrum of known frequency characteristics. The model
spectrum of the burst with duration of 6 s was constructed
in the frequency range (1.0–2.0) GHz (Fig. 2a), including a
set of four bands of multiple harmonics with the frequency
width 0.13 GHz and period of 0.2 s and a broadband back-
ground with the frequency width 0.50 GHz, period of 3.0 s
c
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burst composed of the broadband drifting component with the frequency
.13 GHz, modulated in time. (b) The dynamic spectrum of the component
hown in (a). (c) The same as (b), but for the narrowband components with
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and frequency drift 0.28 GHz s�1. Then, analyzing this
artificial radio spectrum by the method described above
we obtained filtered dynamic radio spectra (Figs. 2b and c).

This analysis has shown that the proposed method
allows us to distinguish the broadband (0.50 GHz) and
narrowband (0.13 GHz) components with details such as
simulated frequency bands and simulated drifts. The
behaviour of the frequency widths of the spectral details
for different temporal periods shows a squeeze of the nar-
rowband component but the magnitude of this squeeze is
insignificant (0.01%) and it can be neglected. With an
increase of the period of the oscillating component near
the period of the background burst, the value of the
squeeze increases. This effect is connected with a power
increase of the broadband component in the wavelet spec-
trum. Furthermore, we found deviations of the intensity of
the broadband (background) burst (Fig. 2b) comparing
with the simulated burst (Fig. 2a). This is due to boundary
effects in the wavelet spectrum, especially in cases where the
period of the signal is longer than its duration.

3.3. Data analysis

In order to obtain frequency widths of spectral features
in six time intervals (Table 1) of the August 05, 2003
dynamic spectra, at first, we started from the frequency
profiles of the radio spectrum (10 profiles per second or
with time resolution of 100 ms) during the selected groups
of pulses (or selected time interval). One such a profile is
shown in Fig. 3a. Then for each frequency profile the wave-
let spectra (WS) were calculated as shown in Fig. 3b and
from this the global wavelet spectra (Fig. 4a) showing the
Frequency profile at 12:45:32 UT
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Fig. 3. (a) Frequency cut of the 1.0–2.0 GHz dynamical spectrum at 12:45:3
2.0 GHz) and the relative radio intensity, respectively. Filled areas are cuts o
spectrum showing significant frequency widths: 0.43–0.56 GHz (broadband pu
coefficients of the wavelet spectra (mother function is the Morlet function) ar
frequency region used for the spectral filtration (spikes).
maxima at 95% confidence level were obtained. Using this
technique, we computed the distribution of significant fre-
quency widths, in six time interval parts of the radio event
(Table 1); see the histogram in Fig. 4b. Repeating the
above described procedure for all time intervals of the
dynamic radio spectra and considering the spectral features
having 0.13 and 0.45 GHz frequency widths we constructed
the filtered dynamic spectra (Figs. 5b and c).

4. Results

Using the wavelet filtering method for the August 5,
2003 event, the following spectral and temporal details of
the radio spectrum were observed. As presented in Figs.
5b and c they can be divided into two components: the
broadband pulses (with frequency width 0.43–0.56 GHz,
average width 0.48 GHz) and the narrowband spikes (fre-
quency width 0.08–0.18 GHz, average 0.13 GHz). During
the burst intervals, the significant frequency widths remain
more or less constant, though variations of individual puls-
es are observed.

The time evolution of the broadband pulses shows
a slow negative frequency drift during the time
intervals 12:45:20–12:45:50 UT and 12:47:00–12:47:15 UT
(Fig. 5b) and almost linear drift during time intervals
of 12:46:22–12:46:35 UT, 12:47:18–12:47:40 UT and
12:47:50–12:48:14 UT. In addition, one can see a negative
drift at low frequencies during the time interval of
12:46:10–12:46:21 UT.

The filtered (0.13 GHz) radio spectra (Fig. 5c) show the
presence of significant stripes of spikes in the range of 1.0–
2.0 GHz. These stripes exist during all intervals of the
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Fig. 5. (From top to bottom) The time evolution of the radio emission observed by the Ondřejov radio spectrograph with the time resolution 100 ms. The
first panels (a) show the original dynamic spectrum in the 1.0–2.0 GHz range divided into four time intervals with six groups of pulses and the narrowband
spikes (Table 1). The further panels – (b) and (c) show the filtered dynamic spectra for different filter frequency widths: 0.48 and 0.13 GHz. The solid line in
(b) shows a time variation of the maximum intensity of the 0.48 GHz component. The broken lines in (c) show a temporal evolution of significant stripes of
spikes with positive, negative drift and parallel frequency displacements.
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burst, it is interesting to note a change of intensity accord-
ing to the intensity of the broadband pulses. The frequen-
cies of the stripes are �1.15, 1.30, 1.50, and 1.75 and
1.95 GHz and the ratios of their frequencies are
1:1.1:1.3:1.5:1.7. Around 12:45:30 UT at 1.15 GHz, we rec-
ognized a splitting of one stripe into two stripes (Fig. 5c).
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For the first time, it is shown (Fig. 5c, broken lines) that
there are changes of frequency drift of different stripes,
independently from each other, e.g., in the 12:45:20–
12:46:00 UT stripe of spikes (1.15 GHz) there is no drift.
However, at 1.3 and 1.5 GHz other stripes have both posi-
tive and negative drifts. In addition to this, parallel dis-
placements of 0.2 GHz in a positive and negative sense
are observed for three stripes at 12:46:24 UT and
12:46:38 UT, respectively (Fig. 5c).

To investigate the time evolution of spectral features in
filtered dynamic spectra, the time profiles of these features
were constructed (Figs. 6b and f) and their wavelet and
global wavelet spectra were computed (Figs. 6c, d, g, and
h). The broken line (Figs. 6a and e) shows the investigated
part of the dynamic spectrum. It can be seen (Fig. 6g) that
the narrowband spikes change period from 3 to 7 s, and
from 9 to 19 s. On the other hand, for broadband pulses
(Fig. 6c) we see a decrease of the significant period from
4.2 to 1.8 s.

We also analyzed the global wavelet spectrum of the
time series for two stripes of the narrowband spikes at
1.15 and 1.95 GHz and for broadband pulses at 1.7 GHz.
For spikes (see Fig. 6h) we found the periods 0.3–0.4 s with
modulation periods of about 4.3, 9 and 16 s. Furthermore,
the periods for both stripes of spikes and broadband pulses
are the same. In addition, the cross-correlation analysis of
the two adjacent harmonic bands reveals a peak of the cor-
relation coefficient (r = 0.58) for zero time lag between pro-
files. Finally, using the same methods for the filtered
broadband pulses and the narrowband spikes we found
the time lag �0.2 s and correlation coefficient 0.72 for
spikes at 1.15 GHz and the time lag 0 s and correlation
coefficient 0.62 for spikes at 1.95 GHz. This result shows
a peak-to-peak correlation between individual spikes in
12:46:10-12:46:55 UT Width=0.48 GHz Normalized frequency profile
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5. Conclusions

We have developed a new method of wavelet analysis of
dynamic radio spectra. This method is based on the distri-
bution of the harmonics of global wavelet spectra for each
frequency profile. From global wavelet spectra of the radio
event (considering the 95% confidence level), the following
significant features were recognized: (a) broadband deci-
metric sub-second pulses (frequency width 0.43 and
0.56 GHz, average width 0.48 GHz) and narrowband
spikes (frequency width of 0.08 and 0.18 GHz, with aver-
age of 0.13 GHz). The frequency widths of these features
for each group of pulses (Table 1) were almost constant
in time. The narrowband spikes formed long-lived clusters
(stripes). The mean frequencies of these stripes were 1.15,
1.3, 1.5, 1.75 and 1.95 GHz. On the other hand, the fre-
quency ratios among them were �1:1.1:1.3:1.5:1.7. At the
beginning of the radio event, these ratios were varying.
Furthermore, we found a frequency splitting of stripes
and their slow positive frequency drift over the period of
20 s during the interval 12:45–12:46:10 UT. In the follow-
ing time interval, 12:46:10–12:46:55 UT, simultaneous fast
positive and negative displacements of stripes lasting about
3 s were observed. The significant period of the spikes at
frequencies 1.15 and 1.75 GHz was found to be 0.38 s with
modulation periods of about 4.3, 9, and 16 s. For compar-
ison, the broadband pulses at 1.75 GHz had significant
periods of 4.3, 8.2, and 16.4 s. Thus, values of some signif-
icant periods of the narrowband spikes coincide with the
periods of the broadband pulses. The emission of the
broadband pulses looks to be the background of the
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narrowband spikes. There are zero time lags between time
the profiles of the broadband pulses and spikes with a sig-
nificant correlation coefficient of about 0.6–0.7. These
characteristics of spikes and pulses speak in favour of
mutually connected sources for both these components
and in favour of similar emission mechanisms. Such radio
fine structures occurring over short a duration can be inter-
preted as a radio emission from an inhomogeneous flaring
loop consisting of many thin tubes, as proposed by Koide
and Sakai (1994).
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Güdel, M. Solar radio spikes – Radiation at harmonics S = 2–6.
Astronomy and Astrophysics 239 (1-2), L1–L4, 1990.

Huang, N.E., Shen, Z., Long, R.S. A New View of Nonlinear Water
Waves – The Hilbert Spectrum. Annual Reveiw of Fluid Mechanics
31, 417–457, 1999.

Isliker, H. Structural properties of the dynamics in flare fragmentation.
Solar Physics 141 (2), 325–334, 1992.

Koide, S., Sakai, J. Formation of fast magnetosonic shock waves during a
two-current-loop collision in solar flares. Solar Physics 151 (1),
137–145, 1994.

Marsch, E., Tu, C.Y. Correlations between the fluctuations of pressure,
density, temperature and magnetic field in the solar wind. Annales
Geophysicae 11 (8), 659–677, 1993.

Meyer, Y., Roques, S., Progress in Wavelet Analysis and Applications, in:
Meyer, Y., Roques, S. (Eds.), Editions Frontieres, Gif-sur-Yvette,
1993.

Milovanov, A.V., Zelenyi, L.M. Applications of fractal geometry to
dynamical evolution of sunspots. Physics of Fluids B: Plasma Physics 5
(7), 2609–2615, 1993.

Torrence, C., Compo, G.P. A Practical Guide to Wavelet Analysis.
Bulletin of the American Meteorological Society 79 (1), 1998.


	Spectral and temporal properties of narrowband dm-spikes  and broadband pulses in the August 5, 2003 flare
	Introduction
	Observations
	Method of analysis
	Dynamic wavelet filtration
	Test of the method
	Data analysis

	Results
	Conclusions
	Acknowledgements
	References


