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1.    INTRODUCTION 

The lowest region of the upper atmosphere plasma environment is the ionospheric D-region, 

which exists in the altitude range of 65–95 km. D-region electron densities are maximum during 

the daytime and significantly reduced at night, but the plasma state persists at these altitudes at 

all hours and dominates the propagation and reflection of electromagnetic waves with frequen-

cies below 100 kHz and the absorption of MF (Medium Frequency: 300 kHz – 3 MHz) and HF 

(High Frequency: 3 MHz – 30 MHz) waves. The D-region is affected by magnetosphere-iono-

sphere coupling since energetic electron precipitation from the Earth’s radiation belts and solar 

flare X-ray fluxes increase D-region  ionization levels. Therefore monitoring the D-region elec-

tron is an important part of space weather monitoring. 

Despite its recognized importance, the D-region electron density profile is challenging to 

diagnose as electron densities are too low for direct sounding and the altitude is too low for 

spacecraft observations. Rocket measurements provide the only direct observations and it 

should be noted that global ionospheric models like the International Reference Ionosphere do 

not provide validated electron density information below 100 km. We present a novel way to 

perform D-region remote sensing using observations of lightning induced radiation in the ELF 

(Extremely Low Frequency: 3–300 Hz) band. In contrast to past work using lightning radiation, 

which relied on amplitude and phase changes over a broad spectrum, we use a single simple 

parameter of ELF group velocity to obtain the characteristics of the Earth-ionosphere propaga-

tion channel. Theoretical analysis and numerical modeling shows that the ELF group velocity 

can serve as a diagnostic for day-night conditions as well as changes induced by solar flares. 
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2.    ELF PROPAGATION IN EARTH-IONOSPHERE WAVEGUIDE 

The D-region electron density profile is traditionally modeled using a two-parameter model 

first introduced in the 1960s. In this model the two key parameters are the reference height h’ 

[km] and the steepness parameter β [km-1] as shown below:  
 

 13 3( ) 1.43 10 exp 0.15 [m ]N z z h         
 

There is a general consensus on the reference height diurnal dependence with  h′ < 80 km 

during daytime with a minimum at local noon and  h′ ≥ 80 km during the nighttime. There is 

less consensus on the steepness parameter 𝛽 with daytime ranges of 0.250.9 km−1 and 

nighttime ranges 0.252.8 km−1 reported in the literature. For waves in the Earth-ionosphere 

waveguide with frequencies below 400 Hz, the group velocity can be significantly less than the 

speed of light and is affected by the D-region electron density profile. This unique dispersion, 

which is not present at higher frequencies, is due to the fact that the electric and magnetic fields 

of the ELF waves do not reach the same maximum altitude. The ionosphere strongly affects the 

coupling between the fields and the magnetic field can penetrate up to 100 km altitude while 

the electric field is confined to lower altitudes (Gołkowski et al. 2018).  

3.    ELF OBSERVATIONS AND NUMERICAL MODELING 

Observations are made using ELF receivers in Hugo, Colorado, USA and Hylaty, Poland that 

are part of the World ELF Radiolocation Array (WERA) (Kulak et al. 2014).  Global lightning 
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ning occurrence (timing and location) are obtained from the Global Lightning Dataset 

(GLD360) from Vaisala. The GLD360 network detects only cloud-to-ground (CG) discharges 

which produce a vertical dipole moment (Said et al. 2010). Figure 1 shows an observation sce-

nario from 29 September 2015 where lightning along the North American Atlantic coast is 

observed with ELF receivers in Colorado and Poland. Only CG lightning discharges with peak 

currents above 10 kA were used in the analysis since high peak currents of CG return strokes 

are associated with significant ELF radiation. Panel (b) shows a histogram of the peak current 

from ~20,000 lightning discharges that were identified by the GLD360 network and also ob-

served in the ELF data. The time domain data in panel (c) of Figure 1 shows the ELF wave-

forms, the peaks of which are used to obtain group velocity. 

For numerical modeling we use the Long Wave Propagation Capability (LWPC) nu-

merical model, which provides a modal solution to wave propagation in the Earth-ionosphere 

waveguide. Amplitude and phase at each frequency from LWPC is transformed into the time 

domain using the inverse Fourier transform. 

4.    RESULTS 

Group velocity observations were made on 29 September 2015. Figure 2 shows results of group 

velocity observed at Hugo, Colorado and Hylaty, Poland from lightning along the North Amer-

ican east coast. The data are shown for the entire day and are averaged from approximately 

20,000 lightning discharges occurring within the region of interest. The effect of the day-night 

transition is clearly seen in the propagation velocity, which increases when the propagation path 

is on the nightside and decreases for the dayside.  

 

Fig. 2. Group velocity, vg, as a fraction of the speed of light, c, from observations at Hugo, Colorado and 

Hylaty, Poland from North American lightning shown in Figure 1. The light traces are 20-point median 

filtered raw data, and dark traces are additional smoothed using a 100-point moving average. The group 

velocity increases for nighttime conditions and decreases for daytime conditions. 

Figure 3 shows the ELF wave group velocity predicted by the LWPC simulation for 

different values of  h’ and 𝛽 parameters along the path from the Caribbean (near Puerto Rico) 

to Hugo, Colorado and Hylaty, Poland. The velocity values fall in the range of 0.85c 0.95c,  

 

Fig. 1. (a) Map showing receiver locations in Hugo, Colorado and Hylaty, Poland and CG lightning 

event locations observed on 29 September 2015 (black dots), and propagation paths are used in numer-

ical modeling (pink). (b) Histogram of lightning peak current from GLD360 network. (c) Example of 

ELF waveforms from a single lightning discharge from which group velocity is extracted. Figure 

adapted from Gołkowski et al. (2018). 
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Fig. 3. ELF wave group velocity predicted from LWPC simulation for propagation paths to Hugo (left) 

and to Hylaty (right) illustrated in Fig. 1 for different combinations of h′ and 𝛽.  

 

where c is the speed of light in agreement with observations in Figure 2. The values for the 

Hugo path are at times slightly higher than for the Hylaty path. In both cases the group velocity 

shows a strong 𝛽 dependence and much weaker dependence on h' suggesting that ELF group 

velocity observations can be an effective way to diagnose the steepness of the D-region iono-

spheric profile.  

5.    SUMMARY 

We have shown that the group velocity of lightning radiation in the ELF band can be used as a 

diagnostic of the D-region ionosphere. This new technique provides unique access to the β value 

(steepness) of the two parameter D-region ionospheric model. The β parameter has been diffi-

cult to quantify using other techniques. The group velocity technique can also be used to diag-

nose the D-region during solar flares. Using this technique a small number of ELF receivers 

and lightning detection data can provide a global D-region diagnostic. 
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TELEDETEKCJA  NAJNIŻSZEJ  WARSTWY  JONOSFERY  PRZY  POMOCY 

PRĘDKOŚCI  GRUPOWEJ  PROMIENIOWANIA  ELEKTROMAGNETYCZNEGO  

ELF  OD  WYŁADOWAŃ  ATMOSFERYCZNYCH 

S t r e s z c z e n i e  

Najniżej położona warstwa jonosfery to warstwa D na wysokości 65–95 km. Koncentracja 

elektronów osiąga maksimum w ciągu dnia i znacznie spada w nocy, ale materia w stanie 

plazmy utrzymuje się na tych wysokościach całą dobę. Plazma w tej warstwie ma dominujący 

wpływ na propagację i odbijanie się fal radiowych z częstotliwościami poniżej 100 kHz i 

absorbcje fal w pasmach MF (Medium Frequency – częstotliwości średnie) i HF (High 

Frequency – wysokie częstotliwości). Warstwa D wyraźnie odczuwa efekty sprzężenia 

jonosfera–magnetosfera, skoro wysyp energetycznych elektronów z pasm radiacyjnych i 

rozbłyski słoneczne znacznie zmieniają koncentracje elektronów w tej warstwie. Dlatego 

monitorowanie stanu warstwy D jest ważnym elementem monitorowania pogody kosmicznej. 

Mimo kluczowej roli warstwy D w różnych zjawiskach, bezpośredni pomiar koncentracji 

plazmy w tej warstwie jest możliwy jedynie w trakcie drogich eksperymentów rakietowych, 

gdyż jej wysokość jest zbyt niska, by posłużyć się pomiarami satelitarnymi, a koncentracja 

elektronów jest za mała na pomiar jonosondami. Teledetekcja z falami w pasmie ELF 

(Extremely Low Frequency – krańcowo niskie częstotliwości) i VLF (Very Low Frequency – 

bardzo niskie częstotliwości) pozostaje, jako jedyna metoda pozwalająca na monitorowanie 

warstwy D długotrwale na szerokim obszarze. 

Prezentujemy tu nowy sposób teledetekcji przy pomocy prędkości grupowej fal 

elektromagnetycznych pochodzących z wyładowań atmosferycznych doziemnych w pasmie 

ELF. W odróżnieniu od poprzednich prac o podobnym charakterze, gdzie monitorowanie 

amplitudy i fazy na szerokim pasmie było konieczne, obecne podejście bazuje na pojedynczym 

parametrze, który jest stosunkowo łatwo dostępny. 

Propagacja fal w falowodzie ziemia–jonosfera w częstotliwościach poniżej 400 Hz zachodzi 

w warunkach mocnej dyspersji, która nie istnieje podczas propagacji przy wyższych 

częstotliwościach. Owa dyspersja powoduje, że prędkość grupowa odzwierciedla profil 

koncentracji elektronowej warstwy D, szczególnie tzw. „stromość” profilu która wyraża się 

parametrem β w klasycznym dwuparametrowym modelu tej warstwy. Informacja o 

występowaniu i lokalizacji wyładowań atmosferycznych pochodzi z sieci GLD360, a fale ELF 

są obserwowane za przy pomocy stacji odbiorczych sieci WERA w Kolorado USA i w Polsce. 

Opisane tu obserwacje i symulacje z użyciem programu LWPC dowodzą, że metoda ta nadaje 

się do określenia zmian warstwy D w warunkach dzień–noc oraz w czasie perturbacji w wyniku 

rozbłysku słonecznego. Metoda pozwala na globalne monitorowanie warstwy D używając 

wyłącznie sieci WERA i GLD360. 
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1.    INTRODUCTION 

Recently, due to a start of extensive space exploration, studies on propagation of electromag-

netic waves in other bodies in the Solar System have become an important issue. In Martian 

exploration especially useful can be waves in extremely low frequency (ELF, 3Hz – 3 kHz) 

range. Attenuation of these waves in the Martian environment is very low, and they can propa-

gate around the globe in a cavity, made of two high-conductivity spherical layers: the iono-

sphere and the ground. On Mars, as there is no liquid water at the planetary surface, the high-

conductivity layers of the ground are located in the subsurface. Therefore, ELF waves can prop-

agate to the depth of many kilometers. In the Martian atmosphere, ELF waves can be generated 

by dust events, such as dust storms and dust devils, which are important factors influencing 

global atmospheric circulation. If ELF sources occur on Mars, an ELF station can be used as a 

tool to investigate not only the properties of the ionosphere, but also atmosphere, and the sub-

surface of Mars.  

2.    THE IMPORTANCE OF MARS ELF EXPLORATION 

Even if ELF exploration of Mars can be related to many issues, e.g., daily dynamics of the 

ionosphere or global circuit existence, in this work, I will focus only on two goals of this ex-

ploration: measurements of ELF sources, and detection of underground liquid water. 
 

2.1  ELF sources on Mars 

The first goal of any Mars ELF exploration will be detection of ELF sources. Electrical dis-

charges in the atmosphere of Mars can be related to triboelectric processes, associated with 

aeolian transport of sediments.  

On the basis of ground-based telescopic data, which have been acquiring over more than 

100 years, it has been found that global dust storms on Mars occur every few years (Martin and 

Zurek 1993), regional every few weeks, and local every day (Cantor et al. 2001). Local storms 

last a day, regional several days, global many weeks.  

Martian dust devils can reach more than 10 km in height and a kilometer in diameter, 

whereas on Earth they are not higher than 2.5 km and not wider than 150 m (Fisher et al. 2005, 
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Greeley et al. 2006). Dust devils are present in all latitudes and elevations. They tend to occur 

during local spring and summer, with a peak in midsummer (Cantor et al. 2006). 

Characteristics of discharges related with dust events are still unknown, although many ex-

perimental (Eden and Vonnegut 1973, Qu et al. 2004, Forward et al. 2009, Aplin et al. 2012), 

numerical (Kok and Renno 2009), and field test studies (Freier 1960, Stow 1969, Farrell et al. 

2004) have been dedicated to investigate phenomena of electricity generate by aeolian 

transport.  

On Earth, Stow (1969) observed upward-pointing electric fields up to 200 kV/m at the 

ground level during dust storms in the Sahara desert. The electric and magnetic observation of 

terrestrial dust devils have indicated presence of quasi-static DC electric fields of the order of 

1-100 kV/m (Freier 1960, Farrell et al. 2004), AC currents, and ELF emission (Houser et al. 

2003). 

Observations of electrical discharges in the Martian atmosphere are also non-conclusive. In 

2006, Ruf et al. (2009) conducted some research in the microwave range using a 34 m parabolic 

antenna of the Deep Space Network. They observed unusual pattern of radiation, emitted in 

minutes-long bursts, when a regional dust storm was present on Mars. Anderson et al. (2012) 

performed similar observation using the Allen Telescope Array in 2010. They found similar 

variations. However, this variability spread across a broad spectrum and was driven by narrow-

band radio frequency interferences. Gurnett et al. (2010) stated that during five-year search with 

the MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) instrument, 

working on board Mars Express mission, no radio signals associated with discharges was dis-

covered although during this period two major and several regional storms occurred. 

ELF measurements from the planetary surface can easily resolve this issue, as even weak 

sources should be possible to detect from large distances (Kozakiewicz et al. 2016). It is highly 

probable that discharge intensity on Mars is weaker than on Earth, and also subjected to sea-

sonal variations related to dust activity. Therefore, measurements of ELF source can be used 

also to improve Martian global atmospheric circulations models, which must include influence 

of dust on the atmosphere dynamics. 
 

2.2  Underground water 

The second important goal of ELF studies on Mars is to create an instrument capable of detect-

ing subsurface layers rich in liquid water, a crucial issue in the search for life.  

Certainly, underground water exploration can be conducted using seismic waves or radar 

frequencies, but these techniques have some disadvantages. Mars seismic activity is believed 

to be very low, as Mars is a geologically inactive planet. First marsquake, detected by the Seis-

mic Experiment for Interior Structure (SEIS) instrument on Insight lander in April 2019, was 

very small. In addition, the abovementioned detection was the only one detection during first 

two months of this seismic investigation (more about SEIS, see Lognonné et al. 2019). Up till 

now more successful has been an exploration done by MARSIS (Mars Advanced Radar for 

Subsurface and Ionosphere Sounding) onboard Mars Express mission, which have resulted in 

highly probable detection of liquid water under south polar glacial layers. Orosei et al. (2018) 

indicated that a bright feature visible in the instrument’s results has high relative dielectric per-

mittivity (>15) that can be interpreted as a stable body of liquid water. However, radar sounding 

gives the best results almost solely in polar areas, due to dielectric properties of ices, regolith, 

and rocks, and future Mars exploration is planned almost solely in equatorial regions, where 

insolation and temperature is much higher. Therefore some other methods have been proposed.  

One of these methods is ELF prospecting (Kozakiewicz et al. 2016). Only in cases of a 

high-conductivity planetary surface, like on Earth, the ground has very little influence on ELF 

propagation. For conductivities slightly lower than 10-4 S/m, ELF waves propagate under the 
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planetary subsurface, and can be used as a tool for underground exploration (Kozakiewicz et 

al. 2015). On Mars, as there is no liquid water at the surface, the upper parts of the lithosphere 

must be characterized by low conductivity values, ca. 10-7 S/m (Berthelier et al. 2000). There-

fore, if there is underground water, which greatly increases subsurface conductivity, than its 

presence should be easily indicated in ELF measurements (Kozakiewicz et al. 2015). 

3.    CONCLUSIONS AND FUTURE PLANS  

Many authors have studied Schumann resonance phenomenon on Mars (Sukhorukov 1991, 

Pechony and Price 2004, Molina-Cuberos et al. 2006, Yang et al. 2006, Soriano et al. 2007, 

Kozakiewicz et al. 2015, Toledo-Redondo et al. 2017, Haider et al. 2019), as it is a very in-

formative tool in planetary exploration because of its global nature (Berthelier et al. 2000, Aplin 

et al. 2008, Harrison et al. 2008). But even if Schumann resonance are not generated on Mars, 

or generated only seasonally, the intensity of dust activity on Mars should provide enough ELF 

signals to measure the properties of the Martian cavity; under the assumption that Mars dust 

events generate ELF waves.  

For Martian ELF investigation to become a reality, it is necessary to prove its capabilities 

on Earth. A prototype of ELF Martian station should be tested in terrestrial desert environments 

in order to measure signals in ELF range generated by electrical discharges in dust storms, and 

to study an impact of aeolian transport, including dust deposition and sand saltation, on the 

operating characteristic of the station. 
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BADANIE  MARSA  ZA  POMOCĄ  FAL  ELF 

S t r e s z c z e n i e  

W środowisku marsjańskim fale elektromagnetyczne ekstremalnie niskich częstotliwości 

(ELF, Extremely Low Frequency, 3 Hz – 3kHz) są słabo tłumione i mogą się propagować doo-

koła planety we wnęce ograniczonej z jednej strony przez jonosferę, a z drugiej przez prze-

wodzące warstwy gruntu. Badania prowadzone za pomocą stacji ELF na Marsie mogą mieć 

nieco inne zastosowanie niż na Ziemi, ze względu na to, iż fale ELF wnikają w grunt marsjański 

na znacznie większe głębokości niż ma to miejsce na Ziemi. W związku z tym możliwe jest 

badanie za pomocą fal ELF warstw podpowierzchniowych Marsa. Ponadto prawdopodobnym 

źródłem fal ELF na Marsie są wyładowania elektryczne generowane przez burze i diabełki 

pyłowe, z czego wynika, że pomiary ELF mogą pomóc w badaniach aktywności pyłowej, która 

w znacznej mierze wpływa na globalne właściwości atmosfery Marsa. 
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Usually, scientific, continuous records of electromagnetic variations in the ELF frequency 

range are collected with the aim to investigate phenomena (e.g., signal generation and propa-

gation mechanisms, signal detection, quantification, and monitoring) that occur above the sur-

face of the solid Earth. In this contribution we want to demonstrate that such data also have the 

potential to act as an important auxiliary for investigation of subsurface structures. 

We speak here about the context of magnetotellurics, a sounding method that is applied to 

make statements about the electric resistivity distribution in the solid Earth due to underlying 

rocks, sediments, melts, fluids, etc. The way ELF records can contribute to this method is to 

use them as so-called remote-reference data during the data processing. 

The background of that approach is that the magnetotelluric transfer functions of a station 

(which are the outcome of the processing and which contain the desired information about sub-

surface resistivity distribution) are often seriously biased because of various noise problems. 

Such a bias can be avoided, or corrected for, if synchronously measured data of a second station 

are included in the processing. Usually this second station is just another magnetotelluric station 

of the same array. The idea described in this contribution is, however, to use ELF monitoring 

data for this purpose. In a technical sense there is no difference between such data and part of 

the magnetotelluric records, and there is a number of arguments from a logistic and data-quality 

point of view supporting such a concept. 

Examples of magnetotelluric results benefitting from ELF monitoring data will be shown, 

where the reference data come from IG PAS station records in Poland and Spitsbergen (cf. 

Neska et al. 2019). Regions under the investigation were Polish Pomerania and Mazovia. Mag-

netotelluric measurements were conducted with German Metronix and Canadian Phoenix in-

struments, respectively. 

Another application, or benefit, from ELF records for our soundings is that the spatial prop-

erties of the well-understood Schumann resonances can help to assess some questions still con-

troversial in the magnetotelluric community, e.g., how large the distance between the 

magnetotelluric and the remote-reference station may be. This will be elaborated in the confer-

ence presentation, too.  
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OBSERWACJE  ELF   

JAKO  DANE  REFERENCYJNE  W  MAGNETOTELLURYCE 

S t r e s z c z e n i e  

Ciągłe zapisy zmian pola elektromagnetycznego w zakresie częstotliwości ELF są wyko-

rzystywane do badania różnych zjawisk (np. do mechanizmów propagacji, detekcji i kwanty-

fikacji sygnału), które występują nad powierzchnią Ziemi. W pracy tej chcemy wykazać, że 

takie dane potencjalnie mogą również służyć jako istotny element pomocniczy przy badaniach 

struktur podpowierzchniowych. 

Mamy tutaj na myśli sondowania magnetotelluryczne. Metodą tą można zbadać rozkład 

oporności elektrycznej podłoża i na tej podstawie rozpoznać struktury geologiczne (skały, 

osady, magma, itp.). Zapisy ELF mogą być wykorzystywane w magnetotelluryce jako tzw. 

dane referencyjne w czasie obróbki danych. 

Magnetotelluryczne funkcje przejścia, które powstają w wyniku obróbki danych i zawierają 

pożądaną informację o podłożu, na skutek różnorodnych zakłóceń bywają zniekształcone. W 

takim przypadku znajdują zastosowanie synchronicznie zmierzone dane referencyjne w celu 

eliminacji zniekształceń. Zazwyczaj dane referencyjne pochodzą z innej stacji magnetotellu-

rycznej  należącej do tej samej siatki pomiarowej. Dane magnetotelluryczne  oraz pomiary ELF 

mają wspólny element jakim są składowe poziome magnetyczne. Koncepcją tej pracy jest zade-

monstrowanie, że równie dobrymi danymi referencyjnymi  mogą być obserwacje ELF (ze 

względów logistycznych oraz samej jakości danych).  

Udane zastosowania danych ELF przy obróbce magnetotellurycznej zostaną poparte 

przykładami, gdzie dane referencyjne pochodzą z zapisów stacji IGF PAN w Polsce i na Spits-

bergenie (Neska i in. 2019). Rejon badań obejmował obszar Pomorza i Mazowsza. Pomiary 

magnetotelluryczne wykonane były aparaturą niemieckiej firmy Metronix oraz kanadyjskiej 

Phoenix. 

Właściwości przestrzenne zjawiska rezonansu Schumanna są stosunkowo dobrze poznane. 

Taka znajomość może pomagać w rozstrzygnięciu ważnego w magnetotelluryce pytania: „Jaka 

może być maksymalna odległość pomiędzy stacją magnetotelluryczną, a jej referencją?”. Taka 

dodatkowa korzyść użycia danych ELF w magnetotelluryce również zostanie przedstawiona w 

prezentacji. 
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1. INTRODUCTION 

The radio waves in ranges from LF (Low Frequency) to HF (High Frequency) which propagate 

in the Earth’s atmosphere are affected by the ionosphere. Observation of phase, amplitude and 

direction of incoming radio signals can provide information about the current state of the ion-

ised medium. In our studies for HF observations we use PL610 LOFAR (Low-Frequency Array 

for Radio astronomy) station, which is located in Astrogeodynamical Observatory in Borowiec. 

For LF and MF (Medium Frequency) band measurements dedicated receiver based on Univer-

sal Software Radio Peripheral (USRP) is used. We observe phase and amplitude signals from 

radio broadcast station. The time measurement is based on GPS. 

2. MEASUREMENTS 

2.1 PL610 station 

The single LOFAR station is divided into two antenna fields, the Low Band Antennas (LBA) 

field and the High Band Antenna (HBA) field, which consist of a set of 96 antennas. Each of 

antennas can be used for independent observation of the radio signals. Due to its construction, 

it is possible for LOFAR station to measure the angle of incidence of the incoming signals and 

its changes in time. The LBA, which operates in the 8–90 MHz frequency range (de Vos et al. 

2009), allows to measure the signals from broadcasting station reflected from the ionosphere. 

This gives us possibility to observe many phenomena, such as multi-path propagation and small 

changes of the incidence angle, and shows that LOFAR instrument is valuable tool for iono-

sphere monitoring. 
 

2.2 LF/MF phase monitor 

The measurements below frequency of 8 MHz are not possible with LOFAR station. For this 

reason, we use a special system consisting of USPR software defined radio (SDR) and Well-

brook loop antenna located in Warsaw. The time measure is provided by GPS (PPS). It works 
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in frequency range 30 kHz – 30 MHz. Current version doesn’t allow to measure incidence di-

rection of the signals. For this reason we use signals from commercial broadcast station. The 

AM transmission in addition to the audio signals contains a carrier. We use 3 transmitters: Pol-

skie Radio Program 1 (1 MW) at 255 kHz from Solec Kujawski (Poland), BBC Radio 4 

(500 kW) at 198 kHz transmitted from Droitwich (England) and DCF77 signal (50 kW) at 

77.5 kHz from Mainflingen (Germany). Selected radio stations have stable carrier frequencies 

controlled by an atomic clock. Precise phase measurements can provide evolution of the phase 

during the day as well as a rapid, small changes. 

3. RESULTS 

We observe three kinds of phenomena. The first one are rapid changes of signals parameters 

caused by multi-path nature of the HF propagation. The second type – slow variations which 

are related to daily changes of the ionosphere and the last one observed as a quick periodic 

changes of measured parameters. 

4. CONCLUSIONS 

The presented analysis of radio signals variations is a valuable tool for monitoring and studying 

changes of the ionosphere, and thus can be used successfully for space weather condition diag-

nosis. 
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SYGNATURY  ELF  W  OBSERWACJACH  SYGNAŁÓW  RADIOWYCH   

NA  FALACH  DŁUGICH  I  KRÓTKICH 

S t r e s z c z e n i e  

Radiokomunikacja na falach krótkich bazuje na odbiciu fal radiowych od jonosfery. Równ-

ież propagacja na niższych częstotliwościach, falach długich i średnich jest w dużej mierze 

zależna jest od jonosfery. Obserwacje komercyjnych rozgłośni radiowych mogą wnieść istotne 

informacje o stanie i zaburzeniach występujących w jonosferze. 

Pomiary wykonane przy użyciu stacji PL610 systemu LOFAR na falach krótkich oraz 

własnej aparatury na falach długich i średnich pozwalają na monitorowanie zarówno dobowych 

jak i krótkookresowych zmian fazy. W pracy przedstawiamy wstępne wyniki wykonanych ob-

serwacji. 
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1. INTRODUCTION 

SuperDARN radars are coherent scatter radars which use the Bragg scattering phenomenon on 

structures characterised by a certain spatial periodicity whose distances are comparable to the 

sounding wavelength. For a certain range of the probe’s wavelength, in the case of objects with 

a periodic structure and constant distances between the elements of the structure, a coherent 

echo superposition occurs, which results in the amplification or weakening of the signal by 

interference. In this way, an echo signal gain towards the radar receiver can be obtained. We 

have such a case to deal with a specific ratio of the probe’s wavelength to the distance between 

the elements of the structure of the observed object: 

 

𝑑 =  
𝜆𝑡

2∙𝑐𝑜𝑠𝜃
      (1) 

 

where:   

d – distance between elements of the structure, 

𝜆t – length of incident wave, 

𝜃 – incident angle (here, the angle between the parallel to the element of the structure 

and the direction of the incident radiation). 

In the case of used frequencies from 8 to 22 MHz, it gives a size from several to over a dozen 

meters. 

A characteristic feature of ionospheric irregularities is their orientation along the lines of the 

magnetic field. For this reason, the incoming wave emitted by the radar should be orthogonal 

to the geomagnetic field in order for the scattered signal be able to return to the antenna. This 

poses certain requirements for the regions of the ionosphere that can be observed by coherent 

scatter radars. For example, at high latitudes, where the field lines are almost vertical, it is im-

possible to meet the orthogonality condition above layer E (90–130 km). At VHF frequencies 

and higher, the signal propagates towards space. Using the frequencies from the HF band, ion-

ospheric refraction allows to achieve the orthogonality criterion for layers E and F. In the case 

of ionosphere irregularities in this region, the radar signal will be scattered in the direction of 
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transmission. The construction and operation of SuperDARN radars has been thoroughly pre-

sented in the works of Greenwald (2012) and Lester (2013). 

2. A BRIEF HISTORY OF DARN RADARS 

The first cases of using coherent scatter radar to observe ionospheric convection took place at 

the end of the 1970s using the STARE (Scandinavian Twin Auroral Radar Experiment) instal-

lation in northern Scandinavia (Greenwald et al. 1995). It consists of two bistatic pulse radars 

with phase control, located in Malvik (Norway) and Hankasalmi (Finland). Their common field 

of vision covers an area of around 400 × 400 km. The radar measures the intensity and speed 

of the Doppler ionospheric irregularities in layer E. The device offers a spatial resolution of 

20 × 20 km and a time resolution of 20 seconds. At the time of its creation it was the only radar 

allowing two-dimensional observation of convection paths of the ionospheric plasma.  

The effects of the research conducted using the STARE radars were an impulse to build 

further analogous installations operating in the VHF band. They were SABER, located in Wick 

(Scotland) and Uppsala (Sweden) and BARS located in Red Lake and Nipawin (Canada). These 

radars were part of the planned Dual Auroral Radar Network (DARN) which was the answer 

to NASA’s project Origins of Plasmas in the Earth’s Neighborhood (OPEN). The field of view 

of each radar covered the sector 4° magnetic width and 1 hour MLT. 

The first radar using coherent scattering is the Goose Bay installation constructed by Johns 

Hopkins University Applied Physics Laboratory. The radar uses a phase-controlled antenna and 

operates on a frequency of 8÷20 MHz (HF band). Its field of view is 52° around the axis running 

along 5°E and the range from a few hundred to over 3000 km. Reflections in F layer are usually 

recorded in the range of 10–60% of this range. Radar operates continuously and provides meas-

urement data since its launch in 1983.  

The next HF radars were the French-Canadian SHERPA (located in Quebec) and the Amer-

ican-British radar in Antarctica, built as part of the Polar Anglo-American Conjugate Experi-

ment (PACE) project. The experience gained during the tests using the above installations 

showed the benefits of observations made simultaneously on two radars. This configuration has 

been particularly helpful when tracking convective plasma motions. PACE radars were able to 

provide information about plasma flows in adjacent hemispheres and changes in the routes of 

these flows within minutes. SHERPA radar, observing in parallel with the radar from Goose 

Bay (to which it is similar in design), also showed the usefulness of observations from two 

directions. It was possible to monitor time changes with a 90 second time resolution. 

In 1990 in Lindau (Germany) at the DARN Investigation Team meeting, a decision was 

made to expand the global network of HF radars to widen the coverage and measurement ca-

pabilities of the DARN system. The new network gained the name SuperDARN which was 

supposed to indicate a significant development of the DARN concept. Another important step 

in the development of the SuperDARN network was 2005, when the first mid-latitude radar 

was launched in Wallops (Oksavik et al. 2006). This radar has a field of view facing north 

between the two auroral radar fields of Goose Bay and Kapuskasing (both in Canada). The 

location of radars on mid-latitudes is particularly important in the case of observing magnetic 

storms (Lester 2013). During these phenomena there occur periods when the radar echo disap-

pears due to absorption of the HF signal or insufficient ionization of the medium for wave 

propagation. Mid-latitude radars do not have that inconvenience, hence they are often referred 

to as StormDARN. 

The next installation was Japanese radar on Hokkaido (2007) and American radar in Black-

stone (2008). A big step in the development of a mid-latitude network of radars took place in 

2010 with the start of the construction of a set of 8 radars as part of the MSI (Mid Size Infra-

structure) initiative. The first pair of radars was installed in Fort Hays (Kansas USA). The next 
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ones were located in Christmas Valley (Oregon USA), Aleutes and Azores. In 2012, the first of 

four Siberian radars in Yekaterinburg was launched. This is an important supplement to the 

SuperDARN network in a geographic area long ignored in research. 

3. SCIENTIFIC GOALS 

The example areas of research on which coherent scatter radars are applicable are presented 

below: 

Analysis of ionospheric convection 

The main goal that guided the SuperDARN radar concept were large-scale (almost global) 

measurements of ionospheric convection caused by the interaction of the solar wind with the 

magnetosphere. In particular, it is a magnetic reconnection between the field of the magnetic 

sheath and the geomagnetic field on the dayside and between the open field lines belonging to 

two lobes of the Earth’s magnetic tail. SuperDARN radars have contributed to learning about 

the mechanisms governing the phenomenon of Poleward Moving Radar Auroral Form 

(PMRAF) (Milan et al. 2000, Neudegg et al. 1999, Wild et al. 2001, Wild et al. 2003) – in-

creasing the intensity of ionospheric plasma flows induced by the particle stream from the mag-

netosphere. Radar observations have allowed also to create global maps of ionospheric 

convection and to study the reaction of the ionosphere to changes in the interplanetary magnetic 

field (IMF) (Taylor et al. 1998, Cousins and Shepherd 2010). SuperDARN radars, as the only 

tool, allow for continuous measurements to estimate the field of electric reconnection as a func-

tion of time for many timezones with a resolution of several minutes (Chisham et al. 2008). 

Another of the discoveries made using radar are large-scale plasma motions on the nightside in 

relatively calm geomagnetic conditions, probably caused by the twisting of magnetic field lines 

in the Earth’s magnetic tail by the action of IMF (Grocott et al. 2005, Walker et al. 2002). 

SuperDARN observations also concern convection in the ionosphere caused by processes  

associated with magnetospheric substorms (Bristow and Jensen 2007, Grocott et al. 2006,  

Yeoman et al. 2000). In particular, among the observed on mid-latitudes SuperDARN radar 

forms of ionospheric irregularities, we can distinguish plasma motions called SAPS (Sub- 

Auroral Polarization Streams), caused by strong electric fields occurring during magnetic 

storms (Clausen et al. 2012, Oksavik et al. 2006).   

Monitoring of the magnetosphere and ionosphere structure 

The ionospheric convection tests mentioned in the previous chapter are based on measurements 

of Doppler velocities performed with radar. In addition, it is also possible to measure the power 

of the received echo and the width of its spectrum. This is useful in determining the position of 

polar cusp based on observations of widening the spectrum of the scattered signal (Baker et al. 

1995) and determining the boundary between the region where the magnetic field lines are 

closed (narrow spectrum) and those in which they are open (widened spectrum). The border 

region is called in the literature (Lester 2013) Spectral Width Boundary (SWB). Its knowledge 

is important in determining the speed of reconnection, which is required in the measurements 

described in the previous point. 

The measurement of the signal power reaching the receiver, in many cases, can be an 

indicator of the distribution of electron density in the ionosphere (Oksavik et al. 2010). This 

applies, while measuring convection, to forecasting ionospheric plasma movements (polar 

patches) in the polar region (Milan et al. 2002, Oksavik et al. 2010). 
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ULF waves 

SuperDARN radars are also a useful tool in studies on magnetohydrodynamic (MHD) ultra-

low frequency waves, with periods on the order of 45÷600 s. They constitute a significant means 

of energy transfer within the magnetosphere. They are caused by external phenomena, such as, 

for example, solar wind flows through a magnetopause that evokes Kelvin-Helmholtz waves. 

These waves have a relatively large size. Waves of smaller sizes in the azimuth are generated 

by internal mechanisms, like drift of large sets of high-energy particles in the magnetosphere. 

The tests were carried out, during which high-power transmitters had generated regions of in-

creased ionization from which the radar signal was then scattered. During the experiments, 

small-sized waves were observed (Yeoman et al. 1997). These studies have contributed to a 

better understanding of the mechanisms of the wave-particle interaction responsible for the in-

duction of these vibrations (Yeoman et al. 2012). In this group of tests, a certain modification 

is the Stereo technique (Lester et al. 2004) allowing simultaneous operation of radars in two 

different modes, one of which can offer high time resolution. Observations of SuperDARN 

radars usually involve modulated electric fields in the ionosphere that are related to waves (Ru-

ohoniemi et al. 1991). However, sometimes the impact of waves is manifested in change at the 

point of dispersion, which can be seen in echoes from the ground (Ponomarenko et al. 2003). 

4. SIMULATION RESULTS 

One of the key issues when choosing a location for a new SuperDARN station is to determine 

its potential for observation. It depends on the local configuration of the geomagnetic field, the 

current ionosphere structure and the operating frequency of the transmitter. One can use the ray 

tracing software by Jones and Stephenson (1975) to track the propagation path of the pulse 

emitted by the radar and determining points in which the wave vector is perpendicular to the 

local magnetic field of the Earth. Such a condition will allow for the scattering of the radar 

signal emitted by the antenna back in the direction of transmission. Simulations do not include 

such parameters of the probe signal as the shape of the pulse and its time parameters. 

Figure 1 shows examples of calculation results for the conditions of echo formation for a 

signal sent from hypothetical radar located in the area of Wierzbowa (51°23’N 15°45’E). The 

location was initially considered in the plans of Polish scientists for the SuperDARN infrastruc-

ture in Poland (e.g. Popielawska et al. 2011, Góral et al. 2013). The horizontal axis represents 

the distance from the transmitter and the vertical axis the distance from the surface of the Earth. 

The results shown correspond to the beam at an angle of 66° to the geographic north and ele-

vation angles in the range from 5° to 60° with a step of 5°. The transmitter’s operating frequency 

was set to 9 MHz. The observation point was 16/03/2015, 22:00 UT. Marked points are regions 

where the wave vector is orthogonal to the local geomagnetic field vector, which would allow 

observation of ionospheric irregularities in these places. Figure 2 shows the effect of increasing 

the operating frequency up to 16 MHz. As you can see, this results in a given tendency to 

penetrate the ionosphere by the emitted wave and “escape” without meeting the criterion of 

orthogonality. Figure 3 illustrates the horizontal distribution of potential sources of strong ion-

ospheric echo (marked with crosses places in which the wave vector is orthogonal to the local 

geomagnetic field vector) for the orientation of the radar axis in the direction of 30°. The sound-

ing beam’s azimuth angle changed from -3° to 66° with a step of 3°. The rest of parameters 

remained as in the case of Figure 1. Figure 4 shows the horizontal echo distribution for the 

orientation of the radar axis in the -40° direction and changing the operating frequency to 

9 MHz. In this case sounding beam’s azimuth angle changed from -73° to -4° with a step of 3°. 

In the calculations the IRI (Bilitza 2014) ionosphere model in the 2012 version and the IGRF 

(Thebault et al. 2015) geomagnetic field model were used. 
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Fig. 1. Ray paths for the HF radar simulation described in the article. Operating frequency 9 MHz, radar 

axis 30° (own calculations). 

Fig. 2. Ray paths for the HF radar simulation described in the article. Operating frequency 16 MHz, 

radar axis 30° (own calculations). 

Fig. 3. Horizontal distribution of potential places of formation of a strong radar echo from ionospheric 

irregularities. Operating frequency 9 MHz, radar axis 30°. Red points are regions where the wave vector 

is orthogonal to the local geomagnetic field vector, which would allow observation of ionospheric ir-

regularities in these places. (own calculations). 
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Fig. 4. Horizontal distribution of potential places of formation of a strong radar echo from ionospheric 

irregularities. Operating frequency 9 MHz, radar axis -40°. Red points are regions where the wave vector 

is orthogonal to the local geomagnetic field vector, which would allow observation of ionospheric ir-

regularities in these places. (own calculations). 

5. CONCLUSION 

A condition for the existence of ionospheric echoes is, next to the fulfillment of the orthogonal-

ity criterion, the occurrence of ionospheric irregularities in the F layer. Otherwise, the radar 

signal will not be scattered. Observations of these phenomena on mid-latitudes have been con-

firmed in a number of works (Clausen et al. 2012, Hosokawa and Nishitani 2010, de Larquier 

et al. 2011, Ribeiro et al. 2012). The simulations show that by choosing the appropriate fre-

quency it is possible to obtain favorable conditions for observing irregularities occurring in the 

ionospheric F layer (in geomagnetically quiet conditions) at a distance of 500 to 3500 km from 

the transmitter. 
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RADARY  SUPERDARN  –  WPROWADZENIE 

S t r e s z c z e n i e  

Radary SuperDARN powstały jako narzędzie do badań górnych warstw atmosfery i ich 

związków z magnetosferą i wiatrem słonecznym (np. Greenwald i in. 1995, Chisham i in. 2008, 

Lester 2008, 2013). Pracują w zakresie częstotliwości HF (High Frequency), pomiędzy 8 a 

20 MHz. Ich zasada działania opiera się na wykorzystaniu rozpraszania Bragga na periody-

cznych strukturach przestrzennych o skalach odległości porównywalnych z długością fali son-

dującej. Radary te umożliwiają obserwacje formacji jonosferycznych zorientowanych wzdłuż 

linii pola geomagnetycznego.  

W pracy przedstawiono powstanie i rozwój sieci SuperDARN z uwzględnieniem 

działających obecnie na świecie radarów na średnich szerokościach, które są szczególnie intere-

sujące w kontekście potencjalnej lokalizacji w Polsce. 

Jedną z kluczowych kwestii przy wyborze lokalizacji dla nowopowstającej stacji Super-

DARN jest określenie jej potencjalnych możliwości obserwacyjnych. Można wykorzystać do 

tego oprogramowanie dokonujące śledzenia dróg propagacji impulsu emitowanego przez radar 

i określania punktów w których wektor fali jest prostopadły do lokalnego pola magnetycznego 

Ziemi. Warunek taki pozwoli na uzyskanie rozproszenia wyemitowanej przez antenę radaru 

fali z powrotem, w kierunku nadawania. 

W artykule przedstawiono wyniki symulacji dla hipotetycznej stacji SuperDARN, zloka-

lizowanej w południowo-zachodniej Polsce. W obliczeniach użyto programu do ray tracingu, 

bazującego na algorytmie Jones i Stephenson (1975), modelu jonosfery IRI-2012 (Bilitza 2014) 

oraz modelu pola geomagnetycznego IGRF (Thebault et al. 2015). 
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Strong convective events in Europe are relatively regular, especially in the summer season, 

when there is an advection of warm tropical airmass from the southern regions. High water 

vapour content in the warm air, convection, atmosphere instability and strong vertical thermal 

gradients, are favouring development of strong storm complexes, such as MCS (Mesoscale 

Convective System) (Bonner 1968, Banta et al. 2002, Houze 2014). They are created by 

strongly developed Cumulonimbus and Nimbostratus clouds and they can cover an area up to 

100 000 km2. They are characterized by significant hail and naval precipitation (Chomicz 1951), 

strong winds, which can reach the level of 150 km/h, many atmospheric discharges and rela-

tively long time of the occurrence, from 6 up to 12 hours (Chappell 1986). Our research on 

MCS will be divided into three different parts. 

First part of the analysis is conducted using METEOSAT9 satellite, which allows us to 

identify thunderstorms using IR camera installed on board (Maddox 1980). With this setup, we 

will analyse the height of cloud tops, which can reach level of 15 km. This means the penetra-

tion of the tropopause and the lower parts of the stratosphere by clouds. This is possible due to 

strong updrafts in the thunderstorm structure. In addition, synoptic data will be used for an 

analysis of thermodynamic conditions, such as CAPE, CIN, K-index, which occurred in the 

thunderstorm activity period. In this paper we will cover two case studies MCS on 23th of July 

2009 and MCS on 24th of May 2010. The second part of the research is focused on the analysis 

of the thunderstorms, using the Hylaty ELF station (Kulak et al. 2014), which has been placed 
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in Polish mountains in the Bieszczady region. The station is equipped with two orthogonal an-

tennas, which allow us to detect electromagnetic signals in the ELF band (Extremely Low Fre-

quencies). It belongs to the global system WERA (World ELF Radiolocation Array) enabling 

us to study signals from strong thunderstorms around the world (Mlynarczyk et al. 2017). Based 

on these measurements we are able to use inverse solutions, which we developed, and compute 

electric dipole moments of positive and negative cloud-to-ground discharges (+CG and –CG) 

(Kulak and Mlynarczyk 2013, Kulak et al. 2013, Mlynarczyk et al. 2015). The last part of our 

studies covers the search for correlations between data from the DEMETER satellite, to the data 

from Hylaty station. The satellite has the ability to measure VLF (Very Low Frequencies) and 

ELF signals, which give us a possibility of looking for the relationship between the measure-

ments on the orbit (Parrot et al. 2008, 2013; Błęcki et al. 2016), and ground-based measure-

ments, and thus differences and changes in the ionosphere and magnetosphere due to 

thunderstorm activity (Berthelier et al. 2006). The highest activity of MCS is during evenings, 

which coincides with the DEMETER flybys over Europe. 

This is a complex study of the interactions between atmospheric discharges and the iono-

sphere-magnetosphere system. Simultaneous satellite and ground measurements enable deeper 

analysis of these processes. We expect significant progress in understanding them and their role 

in the physics of the higher atmosphere. During a single discharge, the enormous energies are 

released and they have a huge impact on the ionosphere, causing mesoscale disturbances. It 

influences telecommunication and the accuracy of GPS systems (e.g. Lee and Mousa 1996), so 

understanding these phenomenon has a practical value. 
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POWIĄZANIA  POMIĘDZY  SYGNAŁAMI  ELEKTROMAGNETYCZNYMI  

WYGENEROWANYMI  PRZEZ  MEZOSKALOWE  UKŁADY  KONWEKCYJNE,  

OBSERWOWANE  PRZEZ  NAZIEMNĄ  STACJĘ  ELF   

ORAZ  SATELITĘ  DEMETER 

S t r e s z c z e n i e  

Silne zjawiska konwekcyjne w Europie są względnie regularne, zwłaszcza w sezonie let-

nim, kiedy pojawia się adwekcja ciepłego powietrza zwrotnikowego znad morza 

Śródziemnego. Wysoka zawartość pary wodnej w ciepłym powietrzu, konwekcja, niestabilność 

atmosfery oraz silny pionowy gradient termiczny, wspierają rozwój silnych klastrów burzo-

wych, takich jak MCS (Mesoscale Convective Systems – Mezoskalowe Układy Konwekcyjne) 

(Bonner 1968, Banta i in. 2002, Houze 2014). Tworzą się one z silnie rozwiniętych chmur 

Cumulonimbus i mogą pokryć obszar nawet do 100 000 km2. Charakteryzują się znacznymi 

opadami gradu i nawalnym typem opadu atmosferycznego (Chomicz 1951), co więcej generują 

silne porywy wiatru, które mogą osiągnąć prędkości przekraczające 150 km/h. Liczne wyłado-

wania atmosferyczne i długi czas aktywności (od 6 do nawet 12 godzin) (Chappell 1986) 

charakteryzują te struktury burzowe. Analiza danych będzie podzielona na trzy etapy. 



K. MARTYNSKI  et al. 

 

88 

Pierwsza część zostanie przeprowadzona przy użyciu satelity METEOSAT9, która pozwoli 

na identyfikację burz przy użyciu kamery podczerwonej zainstalowanej na jej pokładzie (Mad-

dox 1980). Wykorzystanie tego narzędzia umożliwi pomiar wysokości wierzchołków chmur, 

które w przypadku MCS-ów mogą osiągnąć wysokość nawet do 15 km. Oznacza to penetrację 

tropopauzy, aż do niższych warstw stratosfery. Jest to możliwe ze względu na silne prądy 

wznoszące w strukturze burzowej. Co więcej dane synoptyczne zostaną wykorzystane do ana-

lizy warunków termodynamicznych jakie miały miejsce podczas przejścia burzy, takie jak 

CAPE, CIN, czy K-index. W tej pracy dokonano analizy dwóch przypadków MCS: pierwszy z 

dnia 23.07.2009 oraz drugi z dnia 24.05.2010. 

Druga część analizy jest skierowana na pomiary z naziemnej stacji ELF – Hylaty (Kulak i 

in. 2014), która znajduje się w polskich górach, w Bieszczadach. Stacja jest wyposażona w 

dwie ortogonalne anteny, które pozwalają na detekcję sygnałów w zakresie ELF (Extremely 

Low Frequencies). Stacja należy do globalnej sieci – WERA (World ELF Radiolocation Array), 

umożliwiającą badania nad burzami na całym świecie (Mlynarczyk i in. 2017). Opierając się 

na tych pomiarach wykorzystano rozwinięte w naszym zespole rozwiązania odwrotne, które 

pozwalają na policzenie momentów dipolowych wyładowań –CG oraz +CG (Cloud-to-Ground) 

(Kulak i Mlynarczyk 2013, Kulak i in. 2013, Mlynarczyk i in. 2015). 

Ostatnim etapem badań jest szukanie korelacji pomiędzy danymi z satelity DEMETER, a 

pomiarami ze stacji Hylaty. Satelita umożliwia pomiar sygnałów w zakresie VLF (Very Low 

Frequencies) oraz ELF, które pozwalają na szukanie tych relacji (Parrot i in. 2008, Parrot i in. 

2013, Błęcki i in. 2016). Co za tym idzie różnic i zmian w jonosferze i magnetosferze, 

wywołanych przez aktywność burzową (Berthelier i in. 2006). Największa aktywność MCS-

ów występuje wieczorem, gdzie w podobnym okresie nad Europą przelatuje satelita 

DEMETER. 

Badania te są studium nad interakcjami pomiędzy wyładowaniami atmosferycznymi, a sys-

temem jonosfera-magnetosfera. Równocześnie pomiary satelitarne i naziemne pozwolą na 

głębsze analizy tych procesów. Spodziewamy się dokonać znacznego postępu w zrozumieniu 

tych procesów oraz ich znaczenia w fizyce górnych warstw atmosfery. Podczas pojedynczego 

wyładowania, uwalniane są potężne ilości energii, które mają ogromny wpływ na jonosferę, 

powodując mezoskalowe zaburzenia. Ma to wpływ na telekomunikację, dokładność systemów 

GPS (np. Lee i Mousa 1996), w związku z tym zrozumienie tych procesów ma znaczenie prak-

tyczne. 
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1. INTRODUCTION 

The occurrence of multiple Cloud-to-Ground (CG) flash incident is a manifestation of the com-

plex electric charge space configuration existing in the bottom layer of a thundercloud. Thus, if 

we are able to evaluate the 3D location and the amount of the electric charge Q, involved in the 

particular component of this lightning discharge, i.e., the return stroke or the continuing current 

stage, from our multi-station E-field recordings on the ground (at least in four distant locations), 

then it is possible to have an insight into how such electric structure of the particular thunder-

cloud region favorable for lightning initiation is built. Sometimes these multiple CG flashes are 

grouped in repeated episodes in short time intervals, e. g., from a few to several minutes, what 

can inform us about the time changes of the electric charge space redistribution in this thunder-

cloud region. More detail and general information on multiple CG flashes is given for example 

in Table 1.1 in Rakov and Uman (2003, Ch. 1, p. 7). 

2. MEASUREMENT SET-UP AND RESULTS 

The four Local Lightning Detection Network (LLDN) stations were located at different and 

distant places in the Warsaw region and were used to record the E-field signatures of lightning 

discharges during the field thunderstorm measurement campaign in 2018. This network config-

uration is shown in Fig. 1, and the exemplary general view of one LLDN station is given in 

Fig. 2. Using only four of the LLDN stations we were able to find the four searched parameters, 

i.e., three space coordinates x, y, z and the electric charge Q involved in the particular lightning 

stroke. However, we cannot assess the errors of such particular solution. In order to do error 

evaluation we should use more than four LLDN stations for our E-field recordings and this was 

impossible for us in the 2018 season campaign. The full error analysis of the best search solution 

in the case when we have to disposal six LLDN stations located at different places in the War-

saw region is given by Baranski et al. (2011). This paper also contains more detailed description 

of our LLDN recording system performance and its calibration. 
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Fig. 1. The locations of four LLDN stations in the Warsaw region during field thunderstorm measure-

ment campaign in 2018. The distances between particular LLDN stations are: LLDN-C(Milanówek) –

LLDN-F(IGF) 23 km, LLDN-F(IGF) – LLDN-E(CBK) 9.4 km, LLDN-E(CBK) – LLDN-B(Świder) 

16 km, LLDN-C(Milanówek) – LLDN-B(Świder) 39.1 km. Satellite map from Google Earth. 

 

Fig. 2. The general view of LLDN-F(IGF) station located at the roof of IG PAS building. The GPS 

Garmin receiver and E-field antenna sensor mounted on the top of the grey box with the A/D recorder 

and the power supply buffer inside. 
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The selected three exemplary incidents of multiple CG flashes retrieved from the thunder-

storm episode in the Warsaw region on 25 May 2018 are given in Figs. 3a–3c. 

 

 

Fig. 3a. The E-field signatures of a multiple negative CG flash simultaneously recorded by four LLDN 

stations. This CG flash was recorded at 11:00:30 UT and consisted of three return strokes ending with 

continuing current stage, and lasted 0.21 s. 

 

Fig. 3b. The same as in Fig. 3a, except the time occurrence at 11:03:08 UT. This multiple CG flash 

lasted 0.25 s. 
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Fig. 3c. The same as in Fig. 3a, except the time occurrence at 11:04:04 UT and the flash multiplicity. 

This multiple CG flash consisted of five return strokes also ending with continuing current stage, also 

lasted 0.25 s. 

The thunderstorm episode in the Warsaw region on 25 May 2018 was characterized by sig-

nificant and frequent initiations of multiple CG flashes. During the time interval from 11:00:30 

to 11:14:15 UT the LLDN stations detected 11 such CG flash incidents (see Table 1). 

The 3D location and electric charge amount of lightning stroke sources for the three consid-

ered multiple CG flashes during the thunderstorm episode in the Warsaw region 25 May 2018 

are presented in Figs. 4a–4c. 

 

Fig. 4a. The (x, y, z, Q) parameters for three return strokes involved in the multiple CG flash recorded 

at 11:00:30 UT; the first stroke indicated by red color, the second by magenta color, and the third one 

by blue color. These strokes discharged the total electric charge of -51.5 C in the thundercloud. The 

small triangle with big letter B, C, E, and F indicates the plane location of the particular LLDN station. 
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Fig. 4b. The same as in Fig. 4a, except the time occurrence of the multiple CG flash at 11:03:08 UT. 

Here, the three strokes discharged the total electric charge in the thundercloud equal to -24.7 C. 

 

Fig. 4c. The same as in Fig. 4a, except the time occurrence at 11:04:04 UT and multiplicity of this CG 

flash. It consists from 5 return strokes. The first stroke is indicated by red color, the second by magenta 

color, the third by blue color, the fourth by cyan color, and the fifth one by green color. Here, these five 

strokes discharged the total electric charge in the thundercloud equal to -79.2 C. 

 

Having the (x, y, z) parameters for each charge source that was involved in the particular 

return stroke of the considered multiple CG flashes we can overlap them on the relevant in time 

PCAPPI/plane return stroke positions and VCUT/vertical return stroke positions radar maps. In 

this way we can distinguish such thundercloud regions where there were favorable conditions 

for the development/initiation of the considered multiple CG flashes. These superpositions are 

shown below in Figs.5a–5c and Figs.6a–6c, respectively. 

It is worth noting that all electric charge source locations of the considered return strokes 

involved in multiple CG flashes overlapped on the PCAPPI and VCUT radar maps (see 

Figs. 5a–5c and Figs. 6a–6c) are collocated with the intense core of precipitation shaft at the 

base of the thundercloud. It could mean that the large amount of negative electric charge in this 

thundercloud layer is deposited on big highly charged cloud particles that later on are giving 

gush rain at the ground. The most frequent occurrence of multiple CG flashes was recorded  
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Fig. 5a. The plain locations of three return strokes from the multiple CG flash recorded at 11:00:30 UT 

and overlapped on the PCAPPI radar map from 11:00 UT. Here, radar data are taken from the meteoro-

logical radar (METEOR 1500C) at Legionowo station and operated by the IMWM-NRI. 

 

 

Fig. 5b. The same as in Fig. 5a, except the time occurrence of multiple CG flash at 11:03:08 UT. 
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Fig. 5c. The same as in Fig. 5a, except the time occurrence at 11:04:04 UT and multiplicity of this CG 

flash. 

 

Fig. 6a. The height of the particular return stroke electric charge source of multiple CG flash recorded 

at 11:00:30 UT and overlapped on the VCUT radar map from 11:00 UT. Here, this height is equal to 

1.5, 1.1 and 1.2 km, respectively. The radar data are taken from the meteorological radar (METEOR 

1500C) at Legionowo station and operated by the IMWM-NRI. 

 

during the thundercloud dissipation stage and lasted from 11:00 to 11:15 UT. In this time period 

we were able to distinguish eleven such lightning discharge incidents using our LLDN data in 

the post-time analysis. These CG flashes are listed together in Tab. 1. It is worth noting that  
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Fig. 6b. The same as in Fig. 6a, except the time occurrence of multiple CG flash at 11:03:08 UT and 

with the height of stroke sources at 1.0, 1.0 and 2.1 km, respectively. 

 

Fig. 6c. The same as in Fig. 6a, except the time occurrence at 11:04:04 UT and multiplicity of this CG 

flash. Here, the height of stroke sources is equal 1.5, 1.1, 2.6, 1.2 and 1.2 km, respectively. 

 

although we had not possibility of using the fifth redundant LLDN station allowing us for cal-

culation of errors of the searched quantities (x, y, z and Q), we can in the end, make a coarse 

assumption that for each return stroke we find its plane location as an independent observation 

that should indicate similar plane coordinates, i.e., x and y for successive impacts in a multiple 

CG discharge. Such a coarse assumption can of course not be extended to its z and Q compo-

nent. But, analysing the values of Δd given in Tab. 1, we can note that for the majority of cases 

obtained the results are satisfactory and Δd is less than a few km. 
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Table 1 

The general characteristic of eleven multiple CG flash incidents distinguished from the LLDN data 

during thunderstorm in the Warsaw region on 25 May 2018 

No. multiple CG flash  

(order and type of its strokes); 

time of occurrence of .dat file [UT] 

Time interval between 

subsequent strokes 

[ms] 

Δd 

[km] 
Δz 

[km] 
Q

total 

[C] Range of χ
2
 

#1(1RS-,2RS-, 3RS&CC-); 

11:00:30 
45.2;15 2.6 1.1 -51.5 5.4÷8.3 

#2(1RS-,2RS-, 3RS&CC-); 

11:03:08 
22;24 1.5 1.1 -24.7 2.9÷7.2 

#3(1RS-,2RS-,3RS-

,4RS,5RS&CC); 

11:04:04 

14.4;22.4;24;26 1.9 1.5 -79.2 0.35÷3 .5 

#4(1RS-,2RS&CC-); 

11:08:19 
19.2 0.6 0.6 -30.7 5.8÷9.3 

#5(1RS-,2RS-); 

11:12:05 
28 2.7 0.8 -27.3 0.003÷0.04 

#6(1RS-,2RS&CC-); 

11:12:05 
18 14.3 0.1 -24.1 0.07÷16.3 

#7(1RS-,2RS-); 

11:12:57 
40 8.2 0.8 -40.5 0.004÷0.11 

#8(1RS-,2RS-,3RS-,4RS-); 

11:12:57 
28;44;48 15.3 3.1 -36.4 0.007÷0.44 

#9(1RS-,2RS-); 

11:12:57 
56.5 4.1 5.0 -20.3 0.002÷0.1 

#10(1RS-,2RS-,3RS-); 

11:14:15 
16;22 10.2 0.9 -30.8 0.04÷4.4 

#11(1RS-,2RS-,3RS,4RS,5RS); 

11:14:15 
42;44;88;72 16.9 3.0 -80.6 0.03÷0 .11 

The maximal and minimal value of the particular parameter is marked by blue and green color, respec-

tively. The abbreviation RS stands for return stroke, the CC stands for continuing current, Δd denoted 

horizontal extent of multiple CG flash and Δz denotes its vertical extent. The range of χ2 value deter-

mines the best fit for the found particular location of return stroke electric charge source from four 

different optimization procedures, i.e., the accurate grid search procedure, the downhill simplex proce-

dure and two kind of the annealing procedures, using in the post-time analysis of our LLDN data. The 

relevant literature references of used optimization procedures are given in Baranski et al. (2011). 

3. CONCLUSIONS AND FINAL REMARKS 

The lightning data delivered by the LLDN can be used in the post-time processing to reliable 

evaluation of the electric structure of multiple CG flashes by giving their important stroke pa-

rameters, i.e., the exact time occurrence up to 1 µs, 3D location and the amount of electric 

charge discharged by the particular stroke. On the other hand, the E-field signatures of such 

flashes that are recorded in the radio VLF range and are archived in the recorder memory buffer 

and are covering all time development of the considered CG lightning discharges, i.e., from the 

early preliminary breakdown, the stepped leader stage and the return stroke sequence with end-

ing continuing current phase. Such comprehensive presentation and documentation of these CG 

lightning events cannot be obtained from any lightning location systems routinely operated in 

large scale in Poland, e.g., the Polish PERUN or the German LINET system. 
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It is worth noting that the LLDN lightning data superimposed in the same time on the 

PCAPPI and VCUT radar maps can indicate these thundercloud regions that are favorable for 

initiation of multiple CG flashes. 

Any kind of supplementary lightning data connected with initiation of multiple CG flashes 

are very desired to ensure relevant lightning protection of the urban high rise buildings, espe-

cially in the Warsaw region. 
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STRUKTURA  ELEKTRYCZNA   

DOZIEMNYCH  WYŁADOWAŃ  WIELOKROTNYCH   

NA  PODSTAWIE  ICH  DETEKCJI  W  SIECI  POMIAROWEJ  LSDWA   

W  REJONIE  WARSZAWY  PODCZAS  BURZY  25-05-2018 R. 

S t r e s z c z e n i e  

W pracy przedstawiono wyniki lokalizacji przestrzennej (we współrzędnych lokalnego i 

prostokątnego układu kartezjańskiego: x, y, z) oraz polarność i ładunek elektryczny wszystkich 

źródeł w chmurze burzowej, rozładowywanych przez poszczególne udary piorunowe w czasie 

wybranych wielokrotnych wyładowań doziemnych podczas burzy w rejonie Warszawy 25-05-

2018 . Zmiany pola elektrycznego tych wyładowań zostały zarejestrowane jednocześnie przez 

cztery stacje pomiarowe systemu LSDWA (Lokalny System Detekcji Wyładowań At-

mosferycznych) rozmieszczone w rejonie Warszawy, w sezonie wiosenno-letnim 2018 r. Ana-

liza „post-time” zgromadzonych cyfrowych rekordów pomiarowych została przeprowadzona 

w oparciu o własne algorytmy obliczeniowe, opisane szczegółowo w artykule (Baranski i in. 

2011). Jedenaście rozpatrywanych doziemnych wyładowań wielokrotnych wystąpiło w czasie 

dyssypacji komórki burzowej, a lokalizacje przestrzenne źródeł ich ładunku elektrycznego zos-

tały naniesione na skorelowane czasowo mapy radarowe (PCAPPI oraz VCUT), uzyskane z 

radaru IMGW-PIB w Legionowie. To nałożenie wskazało, że sprzyjającym obszarem chmury 

burzowej, w którym dochodziło do inicjacji tych wielokrotnych wyładowań doziemnych, był 

rejon silnej odbiciowości radarowej (powyżej 40 dBz) rdzenia opadowego, nisko położonego 

w postawie chmury. Zbiorcza charakterystyka 11-stu rozpatrywanych doziemnych wyładowań 

wielokrotnych z burzy 25-05-2018 r. została przedstawiona w Tabeli 1. 
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1. INTRODUCTION 

The ionospheric Alfvén resonance (IAR) results from the resonant interference of the shear 

mode of the magnetohydrodynamic Alfvén waves in a cavity created by the bottom conductive 

ionosphere in the E-layer and by the gradient of the mass density in the Earth’s ionospheric 

upper F-layer (Polyakov and Rapoport 1981), where the waves are partly reflected. The eigen-

frequencies of the resonance depend on the parameters of the Alfvén speed profile in the F 

layer, proportionally dependent to the ambient geomagnetic field, and inversely proportional to 

the square root of mass density. The parameter defining the resonance frequencies is a param-

eter called the IAR frequency scale, f, which is also in approximation equal to the interval 

between first modes:  

                                                                  f = vAF/2h = B0/[2h (0 ρF)1/2]                                                              (1) 

 

where vAF is the minimum Alfvén speed, i.e. approximately at the mass maximum, in F-layer, 

h – geometric dimension defined by thickness of the maximum and the spatial scale of the 

decrease of the density above, B0 is the geomagnetic field, ρF – maximum F-layer plasma (ion) 

mass density, 0 – magnetic permeability of free space. 

The Alfvén ionospheric resonant modes transmit through the bottom ionosphere down to 

the ground creating the so called IAR spectral resonance structures, or IAR SRS (Belyaev et al. 

1987), which are characterised by similar resonance frequency pattern. The resonances can be 

observed in the natural ULF/ELF (ultra low and extremely low frequency) electromagnetic 

noise in the range from one half to several Hz, at both middle, low and high latitudes on the 

globe (e.g. Yahnin et al. 2003, Molchanov et al. 2004, Bösinger et al. 2002, Semenova et al. 

2005, Odzimek et al. 2006). Multiple sources have been considered for the excitation of the 

resonances which include atmospheric and magnetospheric sources: lightning and thunderstorm 

activity, neutral winds, magnetospheric phenomena (Belyaev et al. 1989, Lysak 1991, Fedorov 

et al. 2006). 



A. ODZIMEK  and  M. NESKA 

 

100 

2. MAGNETIC OBSERVATIONS IN ULF/ELF FREQUENCY RANGE  

IN SUWAŁKI REGION 

Measurements of the magnetic horizontal components of electromagnetic natural background 

in the ULF/ELF frequency range have been carried out at Suwałki region (54.012 N, 23.183 E, 

L = 2.47) since mid-June 2016. The “Suwałki” site is located in the National Park of Wigry 

(Wigierski Park Narodowy) and thus is relatively far from anthropogenic infrastructure and 

relatively clean in terms of artificial electromagnetic noise. 

The measurement set-up consists of two induction coils for each horizontal component, 

placed in N-S and E-W directions, and an ASR 01/2004 console manufactured in early 2000’ 

in Belsk Observatory of the Geophysical Institute PAS, along with a 24-bit NDL data logger. 

The sampling frequency is 100 Hz. The filter characteristics pass frequencies from 0.1 to 35 Hz 

(Neska et al. 2019). The measurements have been carried previously at Belsk for the purpose 

of research investigation of the Schumann Resonance (Neska and Sátori 2006). 

3. IAR SRS DETECTION IN THE ULF/ELF MAGNETIC FIELD AT SUWAŁKI 

In search of the signatures of the ionospheric Alfven resonance in the magnetic ULF/ELF data 

from Suwałki we have initially analysed the first month of observations made over June–July 

2016. 

The spectral analysis of the magnetic signal have been carried out in accordance with the 

method used for example in Odzimek et al. (2006), i.e. using Fourier transforms of 5-min time 

series divided into smaller sections of 2048 samples (equivalent to ~20.5 s). The shorter series 

are Fast-Fourier-transformed and windowed using a Hamming window. A power spectrum is 

next calculated as an incoherent average of the transforms (Lyons 2000) and with 50% overlap 

of the data input to FFT. Then, each average power spectrum of 5-min intervals – starting from 

15 UT of the day, is denoted by amplitude-coloured pixels (one pixel per one FFT point) and 

assembled into 24-hour spectrograms in frequency range up to 5 Hz. 

An example of such spectrogram which features visually recognised spectral resonance 

structures of the IAR is shown in Fig. 1. In this case, on 16/17 July 2016, the SRS IAR can be  
 

 

Fig. 1. Example of SRS IAR in the magnetic ULF/ELF signal observed at “Suwałki” site on 16/17 July 

2016. The spectral resonance structures are seen in the power spectra of the magnetic components reg-

istered by both antennas (N-S upper panel, E-W bottom panel). The increase of the spectral amplitude 

at mid-day is likely due to local thunderstorm activity. An arbitrary logarithmic scale is used. 
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Table 1 

Summary of SRS IAR detection from June 18th to July 16th, 2016, at “Suwałki” site, Poland 

Date – period of 

24 h from 15 UTC  

SRS IAR in N-S 

antenna* 

SRS IAR in E-W 

antenna* 

Onset time 

UT 

Ending time 

UT 

2016/06/18     

2016/06/19 + + 19:30 23:00 

2016/06/20     

2016/06/21  + 18:00 04:00 

2016/06/22  + 19:00 01:00 

2016/06/23  + 19:00 01:00 

2016/06/24     

2016/06/25     

2016/06/26     

2016/06/27     

2016/06/28  + 19:00 23:00 

2016/06/29  + 18:00 00:00 

2016/06/30     

2016/07/01     

2016/07/02     

2016/07/03  + 20:00 23:00 

2016/07/04  + 18:00 22:00 

2016/07/05     

2016/07/06     

2016/07/07     

2016/07/08     

2016/07/09  + 18:00 00:00 

2016/07/10     

2016/07/11     

2016/07/12  + 19:00 00:00 

2016/07/13     

2016/07/14     

2016/07/15 + + 20:00 01:00 

2016/07/16   19:00 01:00 

2016/07/17     

2016/07/18  + 18:00 00:00 

     *presence denoted by “+”, not clear “”, empty space – absence or not detected with current ana- 

      lysis settings 

 

visible as brighter peaks in approximately same frequency interval f at a time, starting at 

~19:00 UT (E-W antenna), 16 July 2016, to ~01:00 UT (both antennas), on 17 July 2016. The 

structures appear in the local evening and persist at night-time as observed previously at other 

locations. The SRS IAR frequency interval, f, evolves in time as the ionosphere evolves and 

its parameters change in general as expected (e.g. Odzimek et al. 2006). The presence of SRS 

IAR in the analysed material, its onset and ending determined by visual inspection of calculated 
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spectrograms, are notified in Table 1. The approximate value of the f in this period is from a 

fraction of Hz to a maximum of about 1 Hz.  

4. SUMMARY AND FUTURE WORK 

The spectral resonance structures of the ionospheric Alfven resonances have been detected for 

the first time in the magnetic signal of the ULF/ELF field measured near Suwałki in Poland. 

We conclude that: 

 The preliminary analysis of ULF/ELF magnetic signal at Suwałki reveals presence of 

the SRS IAR features in agreement with similar events observed at other mid-latitude 

sites. 

 In the summer period from mid-June to mid-July on about thirteen days the SRS IAR 

events have been observed during local night-time (in majority of cases in the signal 

from E-W antenna), and their frequency scale varied from a fraction to one Hz. 

 The magnetic ULF/ELF observations at Suwałki are suitable for the investigation of the 

IAR. 

More detailed analysis of longer data series from the Suwałki site with regard to SRS IAR 

is planned for future work. The neighbourhood of simultaneous observations of ULF/ELF mag-

netic field at e.g. Hylaty, Poland (49.317 N, 22.933 E, L  2.0) (Kulak et al. 1999, 2014), gives 

a unique possibility of investigating the aspects of IAR such as generation, propagation, and 

diagnosis of the ionosphere on a regional scale.  

Preliminary analysis of data measured over the same period at high-latitude location in 

Hornsund, Svalbard (Neska et al. 2019), have not yet revealed pronounced SRS IAR events but 

we aim to monitor the spectral features of the data from both observation sites.  
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PIERWSZE  OBSERWACJE  WIDMOWYCH  STRUKTUR  REZONANSOWYCH  

JONOSFERYCZNEGO  REZONANSU  ALFVÉNA  W  POLU  MAGNETYCZNYM  

ULF/ELF  REJESTROWANYM  W  REJONIE  SUWAŁK  W POLSCE 

S t r e s z c z e n i e  

Analiza widmowa zmiennego pola magnetycznego w zakresie ultraniskich częstości 

ULF/ELF rejestrowanego na przełomie czerwca i lipca 2016 r. w Wigierskim Parku 

Narodowym – rejon Suwałk (54.012 N, 23.183 E, L = 2.47), wykazała istnienie rezonansowych 

struktur świadczących o działaniu jonosferycznego rezonansu Alfvéna (IAR), czyli detekcji 

tzw. rezonansowej struktury widmowej SRS IAR. Jonosferyczny rezonator Alfvéna (IAR) 

powstaje w obszarze F nocnej jonosfery w specyficznych warunkach zależnych od profilu 

masowej gęstości jonowej. Analiza 24-godzinnych spektrogramów w przedziale częstotliwości 
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do 5 Hz, opartych o uśrednione widmach mocy 5-minutowych serii czasowych, wykazała 

istnienie SRS IAR w trzynastu na trzydzieści rozważanych pomiarów dobowych. Cechy SRS 

IAR są zgodne z podobnymi przypadkami obserwowanymi w innych miejscach pomiarowych 

na średnich szerokościach geomagnetycznych. Parametr f SRS IAR w analizowanych 

przypadkach waha się w granicach od ułamka Hz do około 1 Hz. Obserwacje IAR w Suwałkach 

stwarzają dodatkowe możliwości badawcze studiów nad zjawiskiem IAR i jonosferą, w szcze-

gólności generacją rezonansu, propagacją fal oraz diagnozą parametrów jonosferycznych, od 

których zależą cechy rezonansu. Opisane przypadki SRS IAR są pierwszymi obserwacjami tego 

zjawiska zarejestrowanymi w punkcie pomiarowym IGF PAN koło Suwałk w Polsce. 
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