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We report the history of the first recorded ground-based radio detection of Saturn’s lightning using the 
Ukrainian UTR-2 radiotelescope at frequencies from 20 to 25 MHz. The observations were performe d
between 29 January and 3 February 2006, during which lighting activity (E-storm) on Saturn was detected 
by the radio experimen t onboard Cassini spacecraft. The minimum detectable flux density (1r-level) at 
UTR-2 reached 40 Jy (1 Jy ¼ 10�26 W m�2 Hz�1) for narrowband observations (Df ¼ 10 kHz) and 4 Jy for 
broadba nd observations (Df ¼ 1 MHz), for an effective telescope area of � 100;000 m2 and integration 
time of 20 ms. Selection criteria including comparison of simultaneous ON/OFF-source observations were 
applied to distinguish detection of lightning-associated radio pulses from interference. This allowed us to 
identify about 70 events with signal-to-noise ratio more than 5. Measured flux densities (between 50 and 
700 Jy) and burst durations (between 60 and 220 ms) are in good agreement with extrapolation of pre- 
vious Cassini measurements to a ground-based observer. This first detection demonstrates the possibility 
of Solar System planetary lightning studies using large, present and future ground-based radio instru- 
ments. The developed methods of observations and identification criteria are also implemented on the 
UTR-2 radio telescope for the investigation of the next Saturn’s storms. Together with recently published 
UTR-2 measurements of activity measure d af ter the 2006 storm reported here, the results have significant
implication s for detectable planetary radio emission in our Solar System and beyond. 

� 2012 Elsevier Inc. All rights reserved. 
1. Introduction 

1.1. Radio detection of Saturn’s lightning by space missions 

Impulsive radio emission from so-called Electrostatic Discharges 
in Saturn’s atmosphere (SED) were first discovered between 1 and 
40 MHz by the Voyager 1 Planetary Radio Astronomy experiment 
in 1980 (Warwick et al., 1981; Evans et al., 1981 ). Weak bursts 
similar to SED, which were called UED, were also discovered by 
Voyager 2 at Uranus (Zarka and Pedersen , 1986 ). The Radio and 
Plasma Wave Science (RPWS) instrument onboard Cassini space- 
craft allowed to re-observe SED between 2 and 16 MHz during 
2004–2006 (Fischer et al., 2006a, 2007 ).
ll rights reserved. 

alenko).
The properties of SED radio emission relevant for the ground- 
based study, reported below, are (Zarka and Pedersen , 1983; Zarka 
et al., 2004, 2006; Fischer et al., 2006b ):

� SED are impulsive broadband radio emissions observed in 
the frequency range from 1 MHz to 40 MHz, and possibly 
existing at higher and lower frequencies. 

� SED spectrum is nearly flat up to 10 or 20 MHz and 
decrease s as f�c with c ¼ �0:5 � � � � 1 at higher frequenc ies. 

� The average emitted spectral power of SED is between 50 
and 100 W/Hz in the above mentioned frequency range 
(1–40 MHz).

� The strongest bursts have flux densities of 100–1000 Jy at 
the Earth. Individual bursts may exhibit variations of flux
density up to four orders of magnitude below that value. 

http://dx.doi.org/10.1016/j.icarus.2012.07.024
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� Duration of individual bursts stays between 30 ms and 
400 ms. 

� SED bursts are organized in episodes recurring with a peri- 
odicity about 10.6 h (close to Saturn’s rotation period). Tak- 
ing into account a combination of factors including storm 
visibility, radio emission beaming, Saturn’s ionospheric cut- 
off, and detection threshold (in intensity), the duration of an 
SED episode is estimated to be between 1 and 5 h. 

� The number of bursts in each episode varies from a few to 
hundreds.

� The overall long-term lightning activity at Saturn is sporadic 
and irregular. Activity occurs within intervals of a few 
weeks separated by several months of total inactivity. Since 
2004 up to 2006 Cassini recorded six intervals of activity, 
named storms 0, A, B, C, D, E. 

� Neither polarization nor frequenc y drift for the effective res- 
olution (intrinsic or due to propagat ion) was detected yet 
for SED emission.. 

1.2. Previous attempts to detect SED from the ground 

In spite of the fact, that SED flux densities can reach several 
hundreds of Jy at Earth (Fischer et al., 2006a; Zarka et al., 2006 ),
previous attempts to detect them with ground-based radio tele- 
scopes (as listed below) have provided negative or ambiguous re- 
sults so far. Before 2006, several attempts were made to detect 
SED from the ground. In particular, 

(1) early observations of SED were made by Barrow in 1967 
with the Arecibo dish (personal communication) at 16–
18 MHz, using a narrow bandwidth (effective area 
Ae � 10;000 m2);

(2) SED observati ons were carried out by Abranin and Bazelyan 
in 1972 (personal communicati on) at 10–25 MHz using a fil-
ter bank at the UTR-2 radio telescope (Ae � 100;000 m2,
observation bandwid th Df � 300 kHz, integration time 
Dt � 100 ms);

(3) Carr et al. attempted to observe SED (observatory report, 
1982) at 45 MHz with the Maipu array (Ae �
6000 m2; Df � 3 MHz, Dt � 30 ms, i.e. 1r sensitivit y �
30 Jy), and at 26.3 MHz with the Florida array 
(Ae � 8000 m2; Df � 500 kHz ; Dt � 30 ms, i.e. 1r � 280 Jy);

(4) a tentative detection was done during the Voyager 2 Saturn 
flyby by Lecacheux and Biraud (1984) at a wavelength of 
21 cm using the Nancay decimeter radioteles cope; 

(5) several observations campaign were carried out by Zarka et 
al. (1997) between 18 and 32 MHz at UTR-2, using a swept- 
frequenc y analyzer and an acousto-opti cal spectrograph (1r
sensitivity � 10 Jy);

(6) observations in 2005 were performed at 20–25 MHz with 
UTR-2 by Sidorchuk et al. (2006), using an upgraded filter-
bank (Df � 3:5 MHz, Dt � 50 ms, i.e. again 1r sensitivity
� 10 Jy);

(7) simultaneou sly, an attempt was made by Zarka et al. (2006)
at 21 MHz with the Nancay decameter array, using a digital 
receiver (Df � 10 MHz, Dt � 20 ms, i.e. 1r � 80 Jy).

All these attempts had no success. Possible reasons are (i)
sporadic/irr egular character of SED; (ii) SED episodes with duration 
1–5 h are recurrent every 10.66 h, and thus separated by several 
hours of apparent inactivity; (iii) burst rates within episodes are 
very variable, with some episodes consisting of only a few weak 
bursts. Taking into account the limited time duration s of the above 
mentioned previous observations (several minutes to a few hours 
per day, a few days per month), absence of an a priori knowledge 
of ongoing lightning activity on Saturn, the limited sensitivity (Carr
et al., 1982, 1r � 280 Jy) and very high observing frequenc y
Lecacheux and Biraud (1984) of some of them, there was a low 
probabili ty to detect strong enough SED radio bursts. Besides of 
that, SED radio search has to deal (as pointed out below in this 
paper) with a proper accountin g of ionospheric propagation effects 
and interference (man-made and natural).
1.3. Interest of radio observations of planetary lightning 

The basic interest to the planetary lightning studies is due to the 
informat ion on atmosphere composition, geographical and seaso- 
nal variations, atmosph eric physical processes (electrification, dy- 
namics, production of organic molecule s (Miller, 1953 ) (see e.g. 
Rinnert (1985) and Zarka et al. (2004) and references therein) they 
may give. 

Investigation of low frequenc y radio emission associated with 
SED from the ground may enable the following :

(a) instantaneous broadband observations which are suitable 
for high ‘‘time-res olution’’ analysis of SED time profile and 
radio spectrum, even by using the wave-form registration; 

(b) accurate localization of SED source and its association with 
Saturn by using long baseline interfero metric measurements 
(angular resolution at 30 MHz with 1000 km baseline is 100)
gives us the additional criterion of the identification;

(c) stereoscopic ground-bas ed + spacecra ft observations may 
enable better determination of source position and directiv- 
ity, and possibly view into Saturn’s ionosphe ric propagation 
effects;

(d) furthermore, SED monitoring from Earth enable us to study 
Saturn’s storm activity during the full planetary rotation. 

Finally, the methodology developed for SED observati ons, 
which contains a techniqu e for reliable detection of weak cosmic 
signals in presence of man-made radio frequency interference 
(RFI) and ionospheric effects, is applicable also to studies of active 
stars, pulsars, radio emission associated with X or c bursts, and 
search for exoplanets at low frequenc ies. It is relevant for the exist- 
ing and future (LOFAR, LWA, LSS, GURT, etc.) low-freq uency 
instruments.

This paper describes the first, historical episode of SED success- 
fully recorded from the ground; subsequent UTR-2 detections con- 
firm the phenomena is ubiquitous (Zakharenko et al., 2011 ). These 
earliest observati ons were made with the UTR-2 radiotelescope, 
based on information about Saturn’s lightning activity provided 
by Cassini/R PWS. The observations reported here began when 
the new storm ‘E’, which lasted from January 23 to February 24, 
2006, detected by Cassini spacecra ft. Instrument and method are 
described in Section 2. Results of the observations, which were car- 
ried out from January 29 to February 3 are reported in Section 3.
Section 4 is devoted to the analysis of SED characterist ics and their 
comparis on with Cassini observations . Finally, the perspecti ve for 
planetary lightning observations and new ground-bas ed observa- 
tions up to 2010 are briefly discussed. 
2. Methods and equipment of the observations 

Modern technical facilities, which are presently used in low fre- 
quency radio astronom y, enable detection of the radio emission 
from electrostatic discharges in Saturn’s atmosph ere. The central 
problem in such observati ons is a reliability .

Decameter frequenc y range is known for its high levels of the 
Galactic noise and interference. The knowledge of SED activity 
and the availability of SED pathfinder data from Cassini spacecraft 
are of particular importance .



Fig. 2. The sum antenna pattern of the North–South and West–East arms. 
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2.1. Radio telescope and back-end facilities 

The observations were carried out with the largest existing deca- 
meter radio telescope UTR-2 (Braude et al., 1978; Konovale nko, 
2000). Many programm es have been carried out with this telescope ,
including the study of the quick-variabl e radio emission of Sun, 
Jupiter, pulsars, interplaneta ry scintillations, etc. 

The distinctive propertie s of the UTR-2 radio telescope, which 
are important for the search for the radio emission from Saturn’s 
lightning, are the following: the large linear size (2 km � 1 km),
the large effective area (AeðmaxÞ ¼ 150;000 m2 in the zenith direc- 
tion), the high directivity (H � 300 at 25 MHz), the low level of 
the side lobes (< �13 dB) and the high radio frequency interfer- 
ence immunity (high dynamic range of the preamplifiers). There 
is also a possibility for electroni c beam steering in a wide cone at 
all range of azimuth, as well as simultaneou s observations with 
5–8 spatially separated beams. The latter is important for setting 
ON–OFF modes. These modes are very effective for antennas like 
UTR-2. The mean level of the side lobes owing to the large number 
of the antenna elements (2040 dipoles) is small enough, i.e. 
ds:l: � 1=2040 � 5� 10�4. The high directivit y also provides the 
small value of the ratio between solid angles of the main beam 
and the hemispher e XA=2p � 10�6. From this it follows that the 
side lobe paramete rs (mainly in these directions radio frequency 
interferences are received) in ON and OFF modes show little differ- 
ence, so radio frequency interference can easily be distinguished 
and even eliminated by subtraction during data processing. The 
radio telescope operates also with an effective control and calibra- 
tion systems. Recently, the UTR-2 radio telescope has been suffi-
ciently modernized and equipped with the most up-to-date 
receiver/anal ysis devices (Abranin et al., 2001 ).

The working scheme is illustrate d in the block-diagram of the 
receiving system (Fig. 1). We used analog–digital filter-bank ana- 
lyzers (Sidorchuk et al., 2006; Mel’nik et al., 2004 ). They operate 
in the radiometric mode and/or in the multiplicative mode using 
the correlation functionality of the UTR-2 radio telescope which 
consists of two orthogonal antennae: the North–South arm 
(dimensions of 1800 m � 60 m, 1440 elements) and the West–East
arm (dimensions of 900 m � 60 m, 600 elements).
Fig. 1. A block diagram of the receiving configuration.
Let us mark the waveform signals at the outputs of the 
North–South and West–East arms of UTR-2 as UN and UW , respec- 
tively. Then the instantaneo us output of the radio telescope may be 
presente d as follows: 

1. ON1 regime: P1 ¼ ðUN3 þ UWÞ2. The central beam of the 
North–South arm (N3) and the beam of the West–East 
arm are directed on the source (i.e. Saturn). The correspond- 
ing power antenna pattern (with the peak towards Saturn)
is qualitativ ely presented in Fig. 2.
The summed signal ðUN3 þ UWÞ is split into six radio receiv- 
ers. The bandwid th of each is 10 kHz. The central frequen- 
cies of receivers 19.85; 20.14; 23.45; 23.75; 25.25; 
25.75 MHz are chosen to minimize the interference level. 
Linear detectors and integrator s are used at the output of 
each receiver. The signals are going through the commuta- 
tor to the 16-bit ADC, and to the computer interface to be 
registered and stored on hard disk after squaring with sam- 
pling frequency of 50 Hz (the time resolution Dt is 20 ms).

2. OFF1 regime: P2 ¼ ðUN3 � UW Þ2. This is a case when the 
antenna pattern has zero level towards Saturn (see Fig. 3).
Receptio n, amplification, transformation , registration and 
storage of the signal P2 are similar to those as for signal 
P1. Six separate receivers have the same frequencies. 
Fig. 3. The difference antenna pattern of the North–South and West–East arms. 



Fig. 4. The multiplied antenna pattern of the North–South and West–East arms. 
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3. ON2 regime: the next value is calculated in a computer dur- 
ing real time registration: 
P3 ¼ ðUN3 þ UWÞ2 � ðUN3 � UWÞ2 / UN3UW ¼ P1 � P2;

corresp onding to a pencil beam of the power antenna pattern 
pointing at Saturn and presen ted in Fig. 4.
4. OFF2 regime: a complimentary OFF regime is also formed to 
increase the reliability . The output signal is produced in a
similar way as for P3 but the beam N5 of the North–South
arm is used. This beam is shifted by 1� relative to the central 
beam N3. Thus, 
P4 ¼ ðUN5 þ UWÞ2 � ðUN5 � UWÞ2 / UN5UW
The signal ðUN5 þ UWÞ is directed to three separate radio 
receiver s with frequencies of 19.85; 23.45 and 25.25 MHz. 
The output signal ðUN5 � UWÞ is connected to three other 
receiver s with the same frequencies as used for ðUN5 þ UWÞ.
The procedu res of registrat ion and processin g are similar to 
those as shown in items 1–3.
5. Regime ON3: the additional increase of reliability and sensitiv- 
ity is provided by using an independent (multiplicative)
three-chann el broad-band radiometer. In this case we have 
another ON regime with the pencil beam shown in Fig. 4
and described by P5 / UN3UW .

The bandwidth of each channel in regime ON3 is about 1 MHz, 
the central frequencies are 20.03; 23.57; 25.42 MHz and the time 
resolution and the sampling frequency are identical as given above. 
The block diagram shown in Fig. 1 also includes a swept analyzer 
and a digital correlomete r for monochromatic interference signals 
monitoring.

The frequency range 20–25 MHz was chosen for observations 
of SED. This range does not have an overlap with the Cassini/ 
RPWS frequency range (1–16 MHz), but it offers us at least two 
advantages. First, the maximum effective area of the UTR-2 radio 
telescope is realized below 25 MHz (above this edge Ae decreases
significantly). Second, this range corresponds to not very high 
Galactic background temperature s, besides of that a low interfer- 
ence level and a rather weak ionospheric effect are typical for it. 
As the SED burst spectrum is nearly flat in the range 0.1–40 MHz, 
the chosen range is suitable for the SED radio emission detection 
on Earth. 

The minimum detectab le by a radio telescope flux density 
(r-level) is well known to be determined by the relation: 
DSmin ¼
2kTsys

Ae

ffiffiffiffiffiffiffiffiffiffiffi
DfDt

p ; ð1Þ

where k is the Boltzmann constant, Tsys is the system noise temper- 
ature (for the UTR-2 it is equal to the galactic background temper- 
ature), Ae is the effective area, Df ; Dt are the bandwidt h and the 
time resolutio n, respective ly. 

During our experiments Saturn was close to the point with the 
equatorial coordinates a ¼ 8h40m34s; d ¼ 19�20. For this direction 
the mean brightness temperature set by the background is about 
20,000 K in the frequency range 20–25 MHz, the total effective area 
is about 100 ;000 m2 and the time resolution is equal to 20 ms in all 
cases. So, for the narrow-band (NB) channel, Df ¼ 10 kHz, we have: 

DSminðNBÞ � 40 Jy ; ð2Þ

and for the broadband (BB) one, Df ¼ 1 MHz, it is equal to: 

DSminðBBÞ � 4 Jy ; ð3Þ

These values are reduced by the factor 2.4 and 1.7 by averag ing over 
6 and 3 channels corresp ondingly .

It is seen that the potential sensitivities of the narrowband and 
broad-ba nd channels and the UTR-2 radio telescope parameters 
allow us to detect SEDs with the flux density of P 50 Jy with a rather 
high signal-to-noi se ratio, especially in the broadband channel. 

2.2. Sources and nature of pulsed interfering signals in the decametric 
range

Below we list the major types of interference which one has to 
deal with during the observati ons. 

2.2.1. Man-made radio frequency interference (RFI)
Spontane ous electrical discharges (sparks) with the durations of 

1 ms to 1 s are known to appear sporadica lly in the cable and control 
systems of antenna arrays. Discharges also appear at the instants 
when beam pointing is changed. However , as the occurrence of these 
interfering signals is known, they can be easily distinguished and 
eliminated from experimental data. Other interference may arise 
from general and special equipment when it is switched on and 
off. The duration of the correspondi ng pulses is about 100 ms. 

Another type of the human generate d noise is the external 
interfere nce. Pulsed decametr ic radio emission comes from broad- 
cast services, radar and remote sensing systems, car ignitions etc. 
The appropriate location of the UTR-2 radio telescope in a radio 
quiet zone, far enough from the large town (70 km) and villages, 
minimize s their effect on the radio telescope systems. Monochr o- 
matic radio emission arising from HF broadcas t stations is not so 
difficult to exclude, but the antenna system and back-ends must 
have high dynamic ranges to allow an appropriate detection of 
both weak astronomica l and very strong interfering signals. In 
addition to this, a considerable care must be taken to avoid inter- 
modulation distortion. 

2.2.2. Naturally occurring interference 
Examples of naturally occurring interference include: 

� terrestria l lightning (the duration s of �1 ms, the flux density 
sharply decreases with frequenc y, there is no frequenc y
drift);

� radio emission arising from atmospheric showers of high 
energy cosmic rays (the duration is less than 1 ls);

� terrestria l lightning-like transient phenomena (durations
vary within the wide range) e.g. ‘‘sprites’’ (Franz et al., 
1990; Sentman et al., 1995; Rodger et al., 1998 ), transiono- 
spheric pulse pairs (Holden et al., 1995 ) and subionos pheric 
pulse pairs (Smith and Holden, 1996 );



Fig. 5. The geometry of the experiment. 
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� variable pulsed radio emission coming from cosmic radio 
sources (Sun, Jupiter, pulsars), interplaneta ry scintillation s
of compact radio sources. The signals arising from these 
sources and SED bursts differ in a range of parameters, includ- 
ing: duration, spectrum, frequency drift. Therefore, they can 
be easily separated by existing appropriate methods .

Given that there exist many sources of the radio frequency 
interference in the decametric range, for the detection of SED 
bursts, one have necessary to use appropriate antenna systems, 
back-end devices and methods .

2.3. SED detectability criteria 

The methods of observations proposed above and logical spec- 
ulations enable us to formulate the following criteria for reliable 
detection of SED signals with expected parameters (as described 
in Section 1.1) in the presence of interfere nce: 

1. Presence of the signal in ON1 regime.
2. Absence in OFF1 regime.
3. Presence in ON2 regime.
4. Absence in OFF2 regime.
5. Presence in the independen t receiving device, ON3 regime.
6. Presence in all frequenc y channels of all receivers in the 

range 20–25 MHz of ON1; ON2 and ON3 regimes.
7. Absence of evident frequenc y drift. 
8. Positive polarity of the events (interference signals can be 

negative in ON2 and ON3 regimes).
9. Moderate intensity (< 1000 Jy).

10. Moderate duration (> 20 ms ; < 1 s).
11. Rather strong surpass of the noise fluctuation level (> 5r).
12. Absence at far distances from Saturn’s position in the sky 

(with the same antenna beam position relatively to the 
Earth).

13. Absence in the calibration regime when a noise generator is 
connected to the input of the receiving system instead of the 
antenna.

14. Presence of more than one event during rather long observa- 
tions (>10 h).

15. Simultan eous presence at distant antennas , for example, 
URAN or Nancay array (this criterion does not apply in our 
investiga tion).

16. Coincide nce with Cassini observati ons, taking into account 
the radio propagation delay and Saturn–Cassini–Earth posi- 
tion (in particular, SED bursts are organized in episodes with 
the duration <5 h and the periodicity of about 10.66 h).

We considered each of criteria 1–16 as a necessar y but not suffi-
cient condition. Criteria 1–14 and 16 were checked simultaneously 
for making a conclusion about the detection. All criteria had to be 
satisfied for SED detection to be confirmed. Criterion 15 did not 
use. Such approach provides practically 100% reliability of the SED 
detection fact. I.e., the probabili ty of any artifact detection is close 
to zero. It should be noted, that there is some probability of loss of 
observation due to the effect of the ionosphere and the interplane- 
tary plasma on signal propagat ion. The ionospheric refraction can 
shift Saturn away from the antenna beam axis, and criteria 1, 3, 5, 
12 will be broken. Also, the SED bursts registered onboard Cassini 
may appear to be sufficiently reduced in intensity at Earth due to 
the interplanetary scintillations with high index. These effects make 
it difficult to compare the events, detected onboard Cassini, and 
those observed at Earth (criterion 6). However, the authors’ broad 
experience in low-frequency radio astronom y suggests that the 
mentioned above effects can distort not more than 20% of the useful 
information at the frequencies from 20 to 30 MHz. 
The criteria introduced above (i.e., a multi-com paring ON–OFF
approach ) were successfully tested with the UTR-2 radio telescope 
during the search and investigation of weak astrophysical signals 
(e.g., recombin ation lines, flare stars, pulsar radio emission, etc.).
3. Observation s and results 

3.1. Descriptio n of the experimen t

The reported search of the SED radio emission was started at the 
end of January 2006 immediatel y after the informat ion from Cas- 
sini/RPWS instrument about the beginning of the ordinary storm 
(E-storm) at Saturn was received (Konovale nko et al., 2006 ). Due 
to winter ionosphe ric conditions, low level of interfere nce, absence 
of local lightning activity, this time was rather favorable for obser- 
vations at decameter wavelengths , for the SED search particularly. 
The time of Saturn’s culmination was near the local midnight which 
additional ly minimized the negative effects. Also, Earth was at the 
minimum distance to Saturn (d � 9 AU). Furthermore, during this 
epoch Saturn’s position in the sky (a ¼ 8h40m34s; d ¼ 19�20) be- 
longed to the region with the lowest temperature of the galactic 
background Tbgð20—25 MHz Þ � 20;000 K which improved the 
experime ntal sensitivit y. Altogether, the brightness temperature 
of the galactic background is known to change several times while 
Saturn moves around Sun. These changes of the brightness temper- 
ature have similar effect as the reduction of the effective antenna 
area. The geometry of the experime nt is presented in Fig. 5.

The observati ons were carried out with the UTR-2, using the 
methods , described above. They consisted of five sessions in the 
period from January 29 to February 3, 2006. The duration of each 
session was about �3 h from culminat ion time. During these ses- 
sions the planet was steered electronically by the UTR-2 beam with 
a step of 2 min. This correspond s to � 100 in the sky. Diurnal data 
are registered continuo usly in a computer . An ethalon noise gener- 
ator with the variable output of the signal level was connected 
onto the equipme nt before each session to estimate the flux den- 
sity and to realize criterion 13. Occasion ally, the radio source 
3C144 with close declination and rather far right ascension was ob- 
served to obtain the intensity independen tly and to realize crite- 
rion 12. Total duration of all sessions was about 40 h. 
3.2. Examples of SED detection 

The obtained data were analyzed with different computer algo- 
rithms and also visually, according to the proposed criteria. Firstly, 
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the events with an intensity of more than 5r were extracted from 
the broadband channel data (ON3 regime). Secondly, the extracted 
events were compared with the narrowband channel data in the re- 
gimes ON1; ON2 and OFF1; OFF2 taking into account the lower sen- 
sitivity of these channels. Finally we analyzed whether the events 
are consisten t with all other criteria. Eventually 69 events from 
all data were selected as SED bursts in accordance with all criteria 
and about 30 bursts were attributed to interfere nce pulse signals. 

The example of a signal record with SED features is presented in 
Fig. 6 (axis of ordinates are shown in arbitrary units) for all regimes 
ON1; OFF1; ON2; OFF2; ON3 and for all frequenc y channels. Bot- 
tom line on all panels is a result of averaging all the top ones. It 
Fig. 6. The example of a signal record (3
is seen, that the records contain two pulses which correspond to 
the SED signals with rather high signal-to-noi se ratio (they are 
near 22:01:48 and 22:01:56 UT 30 January 2006). All criteria are 
fulfilled including the main ones (criteria number 1–14). The 
examples of other three individual SED signals in the narrowband 
(ON and OFF regimes, same date) and broadband channels are pre- 
sented in Fig. 7a–c.

3.3. Main SED parameters 

The intensity distribution of SED signals detected during our 
observati ons is presented in Fig. 8. The cut-off of the dependence 
0 January 2006) with SED features. 



Fig. 7. The examples (30 January 2006) of individual SED signals in the narrow- 
band (ON and OFF regimes) and broadband channels. 
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Fig. 8. The intensity distribution of the detected SED bursts. 
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Fig. 9. The duration distribution of the detected SED bursts. 
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(S < 50 Jy) is determined by the evident detection threshold. The 
intensity of some detected bursts on the Earth’s surface reached 
about 700 Jy. 

The distribution of burst durations (full width at half maxi- 
mum) was determined with time step of 20 ms is shown in 
Fig. 9. It can be described by an exponenti al law with e-folding 
time 45 � 5 ms. As one can see burst durations vary from 60 ms 
to 220 ms. 

Therefore, we were able, using ground-b ased observations , to 
reliably detect a rather big set of the SED signals. The consideration 
of one of the most important criteria (coincidence with Cassini 
data, criterion 16), as well as investigation of some other properties 
of the SED burst detected with the ground-b ased instrument are 
provided in the next section. 
4. Discussion 

4.1. Comparis on with Cassini data 

The analysis of the experiment’s geometry (see Fig. 5), taking 
into account position of Cassini and Saturn’s rotation period 
(TSat), enable performing the following estimations. The observa- 
tions of the same SED events (during a full episode) at UTR-2 and 
Cassini are possible only if the spacecraft is situated at line of sight 
Saturn–Earth. In common case (as it was in these experiments ) a
differenc e between an episode arising at Cassini and Earth is equal 
to the time of Saturn rotation (Trot) by an angle Cassini–
Saturn–Earth (aC�S�E � 117�) derived from Cassini position (Fischer
et al., 2007 ) using the expression Trot ¼ ðaC�S�E=360�ÞTSat � 3:46 h. 
(In the following we neglect Cassini’s movement along its orbit 
during 5 days.) Simultaneous observations onboard Cassini and 
on the Earth’s surface are possible during Tsim ¼ TSat=2� Trot

� 1:87 h. In the records of the UTR-2 the start of an episode is addi- 
tionally shifted by the signal propagat ion time TCas�Earth � 1:12 h



Fig. 10. The episodes of storm E registered by means of Cassini/RPWS and the 
sessions of observations at UTR-2; (a) (1) interpolated times of episodes E14–E25
registered onboard Cassini taking into account time delay TCas�Earth , (2) the sessions 
of observations carried out at UTR-2, (3) two time intervals of simultaneous 
observations; (b) number of SEDs per hour for each episode registered onboard 
Cassini. 
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Fig. 11. Flux density vs duration for the detected SED bursts. 
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and at the end of January 2006 the total delay is Trot þ TCas�Earth

� 4:6 h. 
Fig. 10 a shows: (1) interpolated Earth receiving times for epi- 

sodes E14-E25 registered onboard Cassini taking into account the 
total time delay; (2) the time intervals of the UTR-2 observations 
and (3) the time intervals (two) where the SED bursts have been 
registered with the UTR-2 radio telescope. There is a good agree- 
ment between the space and Earth-based detections for episodes 
E17 and E22. The absence of the Earth-based SED detections in 
other favorable time intervals (episodes E15 and E24) can be ex- 
plained probably by lower SED activity (see Fig. 10 b). The absence 
of the Earth-based SED detections during episodes E19 and E20 can 
be easily explained by the stop of the UTR-2 operation. 

The comparison of an individual SED burst detected on the 
Earth’s surface and onboard Cassini is a more difficult task, which re- 
quires a precise time synchroniza tion and precise trajectory param- 
eters. This, however, was out of scope of the planned experiments. 
Nevertheles s, at least two SED bursts, detected on the ground at 
23 h 34 m 26.880 s UT and 23 h 42 m 15.420 s UT 30 January 2006, 
coincide with the SED bursts detected onboard Cassini for the short 
time period of episode E22 (about 1.5 h) when the observations of 
the same SED signals in parallel with Cassini/RPWS as well as with 
the UTR-2 were in principle possible. 

Thus, this comparative analysis of ground-bas ed and space- 
borne data finally confirms the fact that SED detection is possible 
by using Earth-based facilities. 

4.2. Intensity and duration of SEDs 

As pointed out in Fig. 8, the intensities of the SED bursts detected 
on the Earth’s surface vary over the range from 50 to 700 Jy. This 
range agrees well with the previous estimations 0.4–1000 Jy (Zarka
et al., 2004, 2006 ). The burst intensity was determined by using 
standard methods for data calibration for the UTR-2 radio tele- 
scope, which are based on the use of a precise noise generato r
and/or the observations of the radio source 3C144 with the known 
flux density S3C144ð25 MHz Þ ¼ 3000 Jy. The accuracy of the flux den- 
sity estimation is about 20%. 

As the whole time interval of SED bursts observation is about 
60 min (see Fig. 10 ), the number of events with S > 50 Jy per 
minute is NðS > 50 Jy Þ � 69=60 � 1:2 min �1, where 69 is the total 
number of the observed bursts. 

It is easy to calculate the source maximum spectral power on 
Saturn by using the maximum flux density (700 Jy) observed on 
the ground: 

Pmax ¼ 4pd2
EarthSmax � 500 W=Hz; ð4Þ

where dEarth stays for Earth–Saturn distance. 
This result is in agreement with that, obtained for storms 0-D by 

Fischer et al. (2006a) and Zarka et al. (2006) (the average SED 
source spectral power is about 50–100 W/Hz and the strongest 
bursts may exceed five times this value).

As it was mentioned above, our results show that the durations 
of the detected bursts lie from 60 ms to 220 ms. This agrees with 
the time range of Cassini data for storm E (35–490 ms) (Fischer
et al., 2007 ). The distribution of burst durations exhibits an expo- 
nential decrease with an e-folding time of 45 � 5 ms, when Cassini 
result is 49 � 3 ms (Fischer et al., 2007 ).

Fig. 11 shows the intensity versus the duration for all detected 
bursts. The dependence is also analogous to that obtained for the 
space-bo rne data. 

It should be emphasized that during January 29–February 3
(DOY29–DOY34, episodes E15–E24) about 1000 SED bursts were 
detected by Cassini/RPWS. This is much more than the number 
of the SED bursts detected on the ground. The reasons are evident. 
The maximum flux density at Cassini’s position is: 

Smax ¼
Pmax

4pd2
Cas

� 108 Jy; ð5Þ

The last value is five orders of magnit ude higher than at Earth due 
to much smaller distance (dCas � 0:02 AU; dEarth � 9 AU). In spite of 
the huge effective area of the UTR-2 (AeUTR�2=AeCas � 103), the anten- 
na temperature from the bursts (TA ¼ SAe=2k) at the output of the 
UTR-2 is one hundred times lower than at the output of Cassini’s 
antenna. So, if a burst level exceeds the background level on Cassini 
by 10–20 dB, for UTR-2 it will be lower than the background level 
by 10–0 dB. Furtherm ore, the Cassini spacecraft observed SED epi- 
sodes every 10.66 h while the UTR-2 radio telescope managed to 
do this only when Saturn is over the Earth’s horizon. Thus, during 
the analysis of the SED bursts properti es we actually compared 
the Earth-ba sed and space-b orne data only for intense events ob- 
served onboard Cassini. 



Fig. 12. Relative intensity S=N and dynamic spectra at frequencies 15–33 MHz. 
Dispersion time delay of the short pulses between 15 and 30 MHz at the level of few 
tens of microseconds. It corresponds to the dispersion measure of 
� 2:6� 10�5 pc cm �3. These data are from the UTR-2 SED detection as reported in 
Zakharenko et al. (2012).
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4.3. Absorption, dispersion and broadening of the SED radio emission 

In the previous discussion we took into account mainly such 
differences in the ground-b ased and space-borne experiments as 
different distances and the geometry of the observations. At the 
same time, additional well-known effects arise when radio waves 
propagate through a plasma. These effects increase at low frequen- 
cies, especiall y at decameter wavelengths and include in particular 
absorption, dispersio n and broadening of pulse signals. Here we 
would like to establish whether or not the medium (the interplan- 
etary plasma and the terrestrial ionosphere) between Saturn and 
the ground-bas ed radio telescope essentially influences SED sig- 
nals parameters. 

If the brightness temperat ure of the source radio emission 
before entry the plasma layer is Ts , after passing the plasma layer 
we have: 

Tobs ¼ Tse�s

where s is the optical depth of the plasma layer. It is equiva lent to: 

s ¼
Z L

0
3:14� 10�2 N2

e L

T3=2
e f 2

½1:5 ln Te � lnð20:18f Þ	dl; ð6Þ

where L is the depth of the plasma layer in pc, f is the frequency of 
observat ions in GHz, l is the coordinate along the line of sight, Ne

and Te are the electron density and the electron temperat ure, re- 
spective ly. In common case Ne and Te are functions of the coordi- 
nate l. For the typical parameter s of the interplane tary medium 
and the ionosphere and for the distance betwee n Saturn and the 
Earth of about 9 AU we have s < 10�3 . So it is negligible and does 
not have any effect on signal amplitud e. 

The time delay which depends on frequency can be written for 
two frequencies as (Zarka et al., 1997 )

tðf1Þ � tðf2Þ ¼ 4:15� 106 DM f�2
1 � f�2

2

� �
ð7Þ

with t in ms, f in MHz and DM being the dispersion measure in 
pc cm �3. In our case even for particle density 
1 cm �3 DM � 9 AU cm �3 � 5� 10�5 pc cm �3, thus, the resulting dis- 
persion is negligib le (�1.5 ms) even betwee n f1 � 10 MHz (Cassini)
and f2 � 20 MHz (UTR-2). It is sufficiently less than the observed 
pulses width (50–250 ms) and temporal resolution (20 ms). The 
corresp onding temporal broadening is also very weak, less than a
ms at f < 30 MHz. 

The coincidence of SED pulses at frequencies 20 MHz and 
25 MHz, as was observed by the UTR-2, shows the absence of clear 
frequency drift during the SED signal generation. It is not so evi- 
dent from space data, because they are obtained with a swept 
spectrum analyzer in contrary to the parallel analyzers at the 
UTR-2.

As it follows from the above analysis, the medium propagation 
effects at 10–30 MHz can influence ground-based observations of 
SED only as refractive and scintillation phenomena . The time delay 
and broadening (with the time resolution reached in 2006), as well 
as absorption effects are negligible. That enables the high accuracy 
of ground-b ased observations and their comparis on with space- 
born experiments. 

5. Conclusions and perspectives 

This paper describes the first successful recording of the radio 
signals from Saturn’s lightning by using ground-b ased observa- 
tions. Subsequent UTR-2 SED detections confirm the phenomena 
is ubiquitous (Zakharenk o et al., 2011 ) and thereby open a new 
field of planetary radio emission accessible from the Earth. The his- 
torical first positive result was obtained, first of all, due to the in- 
formation from the Cassini spacecraft about the beginning of a
giant SED activity (E-storm) at the end of January 2006. When this 
informat ion was received, the ground-bas ed search at frequencies 
between 20 and 25 MHz was immediatel y started on the largest 
decameter wavelength radio telescope UTR-2. The storm lasted 
from 25 January to 2 February 2006. The implemented means 
and methods including careful selection criteria,bas ed on the com- 
parison of simultaneous ON/OFF observations allow to detect reli- 
ably 69 radio bursts (for two episodes at least). Their parameters, 
e.g., maximal flux densities are (up toseveral hundred Jy), burst 
duration s (between 60 and 220 ms) are in good agreement with 
Cassini data, as well as with the previous estimations and predic- 
tions for the ground-bas ed observati ons. 

It is important to emphasize that the methods and identifica-
tion criteria, what were developed, impleme nted and described 
in this paper for E-storm, are used in the UTR-2 observati ons of 
the following SED storms. After 2006 up to 2011 Cassini detected 
the storms named F–J (Fischer et al., 2011a,b ). New observations 
on the UTR-2 were carried out during this period with more effec- 
tive 8192-channel digital spectral processors at the back-end, 
which enable realizing a waveform regime, when a time resolution 
is practically not limited (nanosecond level) (Ryabov et al., 2010; 
Konovale nko et al., 2011 ). The capabilities of this facility are much 
better than those of the previous ones (e.g., filter-bank, imple- 
mented during E-storm). In particular, it enable a broader instant 
continuo us frequenc y band (0–33 MHz), better time and frequenc y
resolution (1 ms and 4 kHz, respectively ), more dynamic range and 
interfere nce immunity. Also we significantly improve methods 
used for observati ons and data processing. As a result, now the 
achieved sensitivity is less then 1 Jy. That is much closer to Cassini 
capability (from the SED detectab ility point of view). Many new re- 
sults were obtained during these investiga tions. Careful comparing 
of more than 1000 SEDs detected on Cassini and UTR-2 was con- 
ducted. Characterist ics of SED radio emission such as spectra in 
the frequency band 12–33 MHz, fine time structure (at microsec- 
ond level), and dispersion delay were studied (Zakharenko et al., 
2011, 2012; Grießmeier et al., 2011a,b ).

Fig. 12 , from the observations discussed by Zakharenko et al. 
(2012) illustrates the dynamic spectra at frequencies from 15 to 
33 MHz (after the Fourier transform of the waveform record) for 
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the time interval of 1.2 s (top) and its zoom for 10 ms (bottom)
near 3:56:40 UT 23 December 2010 during J-storm. For the first
time we can see very reach fine time structure of the SED due to 
very high resolution. Furthermore we detected evident time delay 
of the short pulses between 15 and 30 MHz at the level of few tens 
of microsecon ds. Accordingly to (7), it corresponds to the disper- 
sion measure of � 2:6� 10�5 pc cm �3. These new experiments give 
us an additional criterium for the identification of the SED signals 
on the ground (e.g., Earth lightning signals do not show disper- 
sion), and open new possibilit ies for the SED studies with high 
performanc e facilities and methods. Many corresponding experi- 
mental data are still in at the stage of the processin g and analysis. 

Future planetary space missions, including planetary lightning 
investigatio ns, will offer exploratory studies, while ground-based 
radio observations may complemen t them, by performing on in- 
stantaneous broad-band measureme nts with high temporal-fre- 
quency resolution for time profile and radio spectrum of the 
lightning signal. This possibilit y is proved now for Saturn (SED),
and expected, that Uranus lightning (UED) can be observed from 
the ground too. It is important also to re-asses/confirm lightning 
activity at Venus and Titan, as well as to check the existence of 
Martian and Jupiter discharges , and possible transient activity at 
Neptune (Zarka et al., 2008; Grießmeier et al., 2011a ). In case of 
successful detection, the physical properties of planetary radio dis- 
charges can be studied in detail. 

Ground-bas ed observations of planetary lightning radio signal 
are also of methodologi cal interest for the search of weak sporadic 
(transient) astrophysic al phenomena at low frequenc ies (deca-
meter–meter wavelengths) in the presence of intense man-made 
and natural interferences and ionosphe re effects. This methodol- 
ogy is applicable and should be of interest for existing and future 
low-frequency instruments like UTR-2, URAN (Ukraine), Low Fre- 
quency Array – LOFAR (the Netherlands), E-LOFAR (Europe), LOFAR 
Super Station – LSS (France), Giant Ukrainian Radio Telescope –
GURT (Ukraine), and Long Wavelength Array – LWA (USA).
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