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Abstract. The disturbances of very low and low frequency

signals in the lower mid-latitude ionosphere caused by mag-

netic storms, proton bursts and relativistic electron fluxes

are investigated on the basis of VLF–LF measurements ob-

tained in the Far East and European networks. We have found

that magnetic storm (−150<Dst<−100 nT) influence is

not strong on variations of VLF–LF signals. The anoma-

lies with negative amplitude were registered during the main

and recovery phases for several magnetic storms (mainly for

three northernmost paths). The correlation between VLF–

LF signals and geomagnetic activity is rather weak even

for these paths (≈ 12–18 %). Also, the correlation between

magnetic activity and VLF signal variations recorded on-

board the DEMETER satellite is not found. The significant

influence of outer-zone particles (energetic particle sensor

on board/Geostationary Operational Environmental Satellite

(GOES) measurements) on the VLF–LF signal variations is

found for almost half of the sub-ionospheric paths.

Keywords. Ionosphere (mid-latitude ionosphere)

1 Introduction

The measurements of sub-ionospheric very low and low fre-

quency radio signals in the mid-latitude paths in the range

of 15–50 kHz are broadly used for the identification of earth-

quake electromagnetic precursors (see, e.g., Molchanov and

Hayakawa, 2008; Hayakawa et al., 2010; Hayakawa, 2011;

Biagi et al., 2004, 2007; Rozhnoi et al., 2004, 2009). This

band of electromagnetic waves is trapped between the lower

ionosphere and the surface of the Earth, and reflected from

the boundary between the upper atmosphere and lower iono-

sphere at altitudes of≈ 70 km (daytime) and≈ 90 km (night-

time). As a result, VLF–LF signals contain important infor-

mation about the physical processes in the reflection region

of the ionosphere and its variability. The selection and iden-

tification of the lower ionosphere perturbations, excited by

seismic activity, tsunamis or volcanic eruptions from other

possible external sources (e.g., planetary waves, cyclones

and typhoons), are difficult problems. Additionally, to the

Earth origin disturbances, the ionosphere could be forcing

from above by magnetic storms, solar X-ray flashes, proton

bursts and electron fluxes. The study of the amplitude and

phase of VLF–LF anomalies of non-seismic origin is neces-

sary for the reliable identification of seismic anomalies.

Previously, VLF phase and amplitude variations and

their relationship with geomagnetic activity at mid-latitudes

have been studied in the region 10.2–13.6 kHz of the

global navigation system “Omega” (see, e.g., Belrose and

Thomas, 1968; Potemra and Rosenberg, 1973; Kikuchi,

1981; Sokolov, 2011). In general, the phase disturbances

were registered during magnetic storms and the days follow-

ing the recovery of the geomagnetic field. It was found that
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Figure 1. The map of the wave paths in the Far East network. The

location of receivers in Petropavlovsk-Kamchatsky (PTK), Yuzhno-

Sakhalinsk (YSH) and Yuzhno-Kurilsk (YUK) together with the

position of the transmitters JJI (22.2 kHz), JJY (40 kHz), NWC

(19.8 kHz) and NPM (21.4 kHz) are shown.

VLF anomalies can serve as an indirect indicator of energetic

electron injection into the ionosphere.

System Omega was terminated in 1997 and therefore in

our analysis, we used another navigation, as well as time

service transmitters with different frequencies. The appear-

ance of anomalies in the VLF–LF signal varies for different

wave paths. They strongly depend on path length and its ori-

entation relative to the magnetic field and signal frequency.

For example, the analysis of the LF signal (40 kHz) vari-

ations registered by the Petropavlovsk-Kamchatsky station

has shown (see, e.g., Rozhnoi et al., 2006): (i) that LF sig-

nal anomalies are typical for the main phase of a magnetic

storm in the night sector; (ii) the similarity of phase and am-

plitude anomalies of the LF signal to the structure of the si-

multaneously observed Pi3 geomagnetic pulsations; (iii) the

moderate correlation between Dst index of magnetic activity

and phase and amplitude anomalies of the LF signal; (iv) the

strong correlation between proton bursts, fluxes of relativis-

tic electrons registered on the board of the GOES satellite

and characteristics of sub-ionospheric signal. Rozhnoi et al.

(2006) have used another method, which was close to epoch

analysis and gave several examples of case study analysis of

the LF data during electron and proton fluxes. For further

investigation of the VLF–LF variations and their relation to

the space weather, the existing VLF–LF network was signif-

icantly extended in the Far East region and Europe. The new

receivers were installed in Yuzhno-Sakhalinsk and Yuzhno-

Kurilsk (Russia), Graz (Austria) and Sheffield (UK). This

improvement and the following study are essential for (i) a

better identification of electromagnetic precursors of earth-

quakes and (ii) for finding the lower ionosphere response to

tsunamis and volcano eruptions. In this work, the case study

and correlation analysis are applied for the investigation of

Figure 2. The same as in Fig. 1 but for the European network.

The position of the receivers in Moscow (MOS) and Graz (GRZ)

and different transmitters in Europe is shown on the map. Sig-

nals from six transmitters are analysed: NRK (37.5 kHz), ICV

(20.27 kHz), ITS (45.9 kHz), TBB (26.7 kHz), DHO (23.4 kHz) and

GBZ (19.58 kHz).

sub ionospheric VLF–LF signals propagation in various mid-

latitude paths for the Far East region and European networks.

Besides ground-based observations, the correlation method

is used to analyse the VLF variations recorded onboard the

DEMETER satellite.

2 Source data

The analysed data were measured by the VLF–LF receivers

settled in the Far East and European regions. Their loca-

tions are shown in Figs. 1 and 2, correspondingly. Receivers

have been developed in New Zealand (http://ultramsk.com/)

and they are able to provide continuous monitoring of the

amplitude and phase of MSK (minimum shift key) modu-

lated signals in a frequency range of 10–50 kHz from several

VLF–LF transmitters, simultaneously. Each receiver is de-

signed to record signals with time resolutions in a range from

50 ms up to 60 s. For the present study, we used 20 s sam-

pling frequency measurements obtained from three Far East

stations: Petropavlovsk-Kamchatsky (PTK) (53.15◦ N; work

since 2000), Yuzhno-Sakhalinsk (YSH) (46.96◦ N; work

since 2009) and Yuzhno-Kurilsk (YUK) (44.035◦ N; work

since 2011). The PTK station registers signals from four

transmitters: JJI (22.2 kHz, 32.08◦ N, Japan), JJY (40 kHz,

37.37◦ N, Japan), NWC (19.8 kHz, 21.81◦ S, Australia) and

NPM (21.4 kHz, 21.42◦ N, Hawaiian Islands). The YSH and

YUK receivers are able to register signals from eight trans-

mitters simultaneously. The wave paths from the JJI and JJY

transmitters are at mid-latitudes; paths from the NPM trans-

mitter are in mid- and low latitudes, and paths from the NWC

transmitter are in low and mid-latitudes and cross the Equa-

tor. Note, these paths are long and cross the regions in which

typhoons occur frequently.

To study the VLF–LF disturbances in the European re-

gion, we used data from Moscow (MOS) (55.75◦ N; work

Ann. Geophys., 32, 1455–1462, 2014 www.ann-geophys.net/32/1455/2014/
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Figure 3. An example of the anomalies observed at the amplitude and phase of the JJY (40 kHz) signal recorded in the PTK station during

the magnetic storm on 9 March 2012. Three top panels show X-ray, outer-zone protons and electrons (GOES the satellite), and the next panel

shows Dst index magnetic activity. In the two bottom panels, the amplitude and phase of the LF signal is shown. Red and black lines are the

observed and monthly averaged signals, respectively. The circles highlight the anomalies in the amplitude and phase related to the magnetic

storm.

since 2009) and Graz (GRZ) (47.065◦ N; work since 2009)

stations. These stations can register signals from 12 trans-

mitters deployed in Europe, Asia and America. For analy-

sis, we selected the paths passing over seismo-active regions

of southern Europe; i.e. the signals from TBB (26.7 kHz,

37.4◦ N Turkey), ICV (20.27 kHz, 40.92◦ N, Sardinia) and

ITS (45.9 kHz, 37.11◦ N, Sicily) transmitters. As control (i.e.

aseismic) paths, we have used signals from NRK (37.5 kHz,

63.95◦ N, Iceland), DHO (23.4 kHz, 53.06◦ N, Germany) and

GBZ (19.58 kHz, 54.90◦ N, UK) transmitters. All of these

paths are located at mid-latitudes. In this research, we have

used amplitudes of the VLF–LF signals, which do not require

any additional preprocessing. Due to the complicity of VLF–

LF transmitter signal modulation, the phase identification re-

quires special processing. For example, only in one case (see

Fig. 3) has the phase preprocessing been used to evaluate

phase anomalies. To find a correlation between space weather

processes and VLF–LF signal variations, we have used Dst

indexes, proton bursts and electron flux data from online

available data sources (http://swdcwww.kugi.kyoto-u.ac.jp/

dstdir/index.html and http://spidr.ngdc.noaa.gov/spidr/).

www.ann-geophys.net/32/1455/2014/ Ann. Geophys., 32, 1455–1462, 2014
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3 Results

3.1 Correlation with magnetic activity

The data from the YUK station are available only from

August 2011, and therefore, for all other stations, we

analysed data between August 2011 and September 2013.

During this period, eleven strong magnetic storms oc-

curred (−150<Dst<−100 nT), and corresponding detected

anomalies in VLF–LF signals are summarised in Table 1.

The signal was considered as anomalous (disturbed) if its

deviation from the monthly averaged value exceeded twice

the standard deviation (2σ ). For calculation of the monthly

averaged value, we only used days with quiet signals. It is

known that physical characteristics of the ionosphere are dif-

ferent at day and night. The daytime ionosphere is relatively

stable, and its condition depends on solar activity. For exam-

ple, the influence of X-rays emitted by solar energetic events

on the phase of the signal – known as sudden phase anoma-

lies (SPAs) – is shown in Fig. 3. Due to the high sensitivity of

the ionosphere to the external disturbances caused by mag-

netic storms, particles fluxes, atmosphere circulation, seismic

processes etc., the nighttime measurements are more infor-

mative. Since the time difference between the Far East and

Europe is about 12 h, the effects of magnetic storms for the

European and Far Eastern regions were analysed separately.

Some of them were considered in both regions if a sudden

commencement (SC) and the main phase took place at dif-

ferent times or if the duration of the storm lasted for more

than 1 day.

The magnetic storms with Dst≈−100 nT neither influ-

enced the VLF–LF signals on the European nor the Far

East station networks (see Table 1). From an analysis of 24

wave paths, the anomalies in signals have only been found

in five cases. In particular, the JJY signal (two events dur-

ing the main and recovery phases), the NWC signal (two

events during the main phase and one case during the recov-

ery stage) and the JJI signal (one event during the main phase

and two events during the recovery stage) were received at

the Petropavlovsk-Kamchatsky station. These measurements

confirm previous investigations by Kleimenova et al. (2004)

and Rozhnoi et al. (2006). An example of such anoma-

lies, observed simultaneously in the phase and amplitude of

the JJY (40 kHz) signal recorded at the PTK station during

the magnetic storm on 9 March 2012 (Dst≈−140 nT), is

shown in Fig. 3. The significant decreasing of the amplitude

(≈ 10 db) jointly with the phase variations of up to 40–50◦, in

relation to the averaged signal, were clearly seen during the

night on 9–10 March 2012. An SPA in the LF signal induced

by X-rays was also visible in daytime measurements on

9 March 2012. Another X-ray event (10 March 2012) coin-

cided with the evening terminator and therefore had no con-

siderable effect on measured VLF–LF signals. An example

of amplitude anomalies of the JJI (22.2 kHz) signal during

the magnetic storm on 8–9 October 2012 (Dst≈−120 nT)

Figure 4. An example of the anomalies in the amplitude of the JJI

(22.2 kHz) signal during the magnetic storm on 8–9 October 2012.

Red and black lines are the observed and monthly averaged signals,

respectively.

is shown in Fig. 4. Unfortunately, this is not the MSK-

modulated signal (whose phase cannot be recorded by re-

ceivers used in this study) and we have therefore only shown

variations in amplitude. The negative anomalies at the ampli-

tude of about 4 db (i.e. more than 2σ level for this very stable

signal) are observed at nighttime on 8–10 March 2012.

In the European region (see Table 1), the anomalies dur-

ing magnetic storms are found only for the NRK signal reg-

istered by Graz (six events) and the Moscow (three events)

stations. Such a difference can be explained by difficulties

of signal registration in the Moscow region due to the noisy

electromagnetic environment of the megalopolis. Anomalies

were also observed in the recovery phase; i.e. the “post-

storm” effect.

We studied the sensitivity of VLF–LF signals to the geo-

magnetic activity by applying the correlation method. Two

parameters have been used: (i) the residual signal of ampli-

tude, calculated as the difference between nighttime real sig-

nal and monthly averaged signal (see, e.g., Rozhnoi et al.,

2004), and (ii) the data series of Dst indexes during the year

2012. The daily variations between the maximum and mini-

mum of Dst indexes, and the averaged residual amplitude of

the VLF–LF signals in every wave path were used in com-

putation. The cross-covariance function has been calculated

at a time interval of ±10 days. We have found that the cor-

relation of VLF–LF signals with Dst indexes is rather weak;

i.e. 12–18 % in three wave paths: JJY–PTK, NRK–GRZ and

NRK–MOS. For example, the results for the PTK station

are shown in Fig. 5. For the majority of wave paths, the

correlations were not revealed. Therefore, the results of the

ground-based data analysis show us the weak connection be-

tween VLF–LF measured signals and geomagnetic activity,

and so, for further investigations, we included the 2004–2010

DEMETER satellite data (see, e.g., Parrot, 2002). This satel-

lite had a near-polar circular orbit (inclination angle 86◦;

Ann. Geophys., 32, 1455–1462, 2014 www.ann-geophys.net/32/1455/2014/
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Table 1. Presence of anomalies in the VLF–LF signals during magnetic storms.

Paths with the anomalies in the signal

Date, UT Dst, nT Main phase Recovery phase Night during the main phase

27 Sep 2011 −103 None None SC–the Far East–Europe

25 Oct 2011 −135 None None Europe

9 Mar 2012 −140 JJY–PTK, NWC–PTK JJY–PTK, NWC–PTK The Far East

24 Apr 2012 −102 NRK–MOS, NRK–GRZ NRK–MOS, NRK–GRZ, JJY–PTK, JJI–PTK Europe

16 Jul 2012 −95 None None The Far East

1 Oct 2012 −144 NRK–GRZ None Europe

8 Oct 2012 −119 JJY–PTK, NWC–PTK, JJI–PTK, NRK–GRZ JJI–PTK, JJY–PTK, NRK–GRZ 2 days

13 Oct 2012 −100 NRK–MOS, NRK–GRZ NRK–MOS, NRK–GRZ Europe

14 Nov 2012 −108 NRK–MOS, NRK–GRZ NRK–GRZ Europe

18 Mar 2013 −105 NRK–GRZ NRK–GRZ SC–the Far East, Europe

1 Jun 2013 −120 None None Europe

Figure 5. Cross-covariance functions for the average residual am-

plitude at nighttime of the signals received in Petropavlovsk-

Kamchatsky and MaxDst indexes calculated in the interval

±10 days. Y axis is the correlation coefficient.

height ≈ 700 km) and was located either shortly before the

local noon (10:30 LT) or local midnight (22:30 LT) above the

same point. DEMETER performed 14 orbits per day and was

measured continuously between −65 and +65◦ of invariant

latitude every 2 s in survey mode. For the analysis, we used

data from the electric field experiment from the ICE instru-

ment (Berthelier et al., 2006) in the lower frequency range

(20 Hz–20 kHz), recorded during the local night. Frequency

resolution of the spectra in this range was about 19.5 Hz.

Since the DEMETER scientific mission had ended by De-

cember 2010, we chose a 1-year period of 2006 for analysis,

which is comparable in magnetic activity with 2012.

Cross-covariance functions were calculated in two fre-

quency ranges: (i) for low-frequency noise 150–1500 Hz

and (ii) for the range of the NWC transmitter signal (19.6–

20 kHz), which is most powerful in the VLF range. The

spectrum broadening of the signal recorded by the satellite

is about ±200 Hz relative to the transmitter base frequency.

The reception zone of this signal covers most of the Eastern

Hemisphere (Rozhnoi et al., 2007) and therefore signal anal-

ysis in the large area is possible. The whole reception sig-

nal area was divided into 12 zones with longitudinal width

of every zone of 25◦ that provided one orbit for every day.

At latitude, the whole area was divided into three ranges:

−50◦ <8<−15◦, −15◦ <8< 15◦ and 15◦ <8< 50◦ of

magnetic latitudes. For further analysis, the satellite data

were averaged in every zone identified above. Figures 6 and

7 show the cross-covariance functions between VLF data and

Dst indexes calculated for 12 zones in frequency range 150–

1500 Hz and 19.6–20 kHz, respectively. The clear correlation

of low-frequency noise (150–1500 Hz) with magnetic storm

activity can be seen for all zones, but there was no significant

correlation for the VLF transmitter signal.

3.2 Correlation with proton bursts and relativistic

electron fluxes

To examine the sensitivity of VLF–LF signals in the mid-

latitude paths to the relativistic electron fluxes (> 2 MeV)

and proton bursts (0.6–2.4 MeV), the same correlation

method was applied to the period of 2012. Data series of

daily maximum characteristics recorded by energetic particle

sensor on board/Geostationary Operational Environmental

Satellite (GOES) were used for a cross-covariance functions

calculation. A correlation with outer-zone particle fluxes was

found for almost half of the paths in both the European and

the Far East regions. The results for the MOS and GRZ sta-

tions are shown in Fig. 8. A correlation with particle fluxes

is about 40 % in the vicinity of the events. At the same time,

the correlation analysis for 100 random data for every path

(see Fig. 8 for path indication) does not reveal any apparent

minimum (or maximum) in the vicinity of day “zero”. Con-

tradictory to the real data correlation, the random correlation

does not vary for all intervals of analysis (i.e. ±10 days) and

does not exceed −10 to −12 %. Additionally, we examine

how robust the correlations are. Pearson, bend and Spearman

coefficients were found in range between −19 and −25 %

www.ann-geophys.net/32/1455/2014/ Ann. Geophys., 32, 1455–1462, 2014
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Figure 6. Cross-covariance function for the signal recorded onboard the DEMETER satellite in the frequency range 150–500 Hz averaged

in the zones of analysis and Dst indexes. Y axis is the correlation coefficient.

Figure 7. The same as in Fig. 6, but in the frequency range 19.6–20.0 kHz.

(depending on the path). For example, in NRK–MOS, paths

were−22,−21 and−25 %, correspondingly. It confirms that

the correlation really exists.

Similar correlation (i.e. ≈ 40 %) was found between the

low-frequency noise and geomagnetic activity in the DEME-

TER satellite data. We did not find any correlation depen-

dence on the VLF–LF signals frequency or the relative po-

sition of transmitters and receivers. Our results indicate that

the influence of particle fluxes on VLF–LF signals at mid-

latitudes is stronger than magnetic activity (Dst>−150 nT)

influence.

4 Discussion and conclusions

In this study, we investigated the response of the lower mid-

latitude ionosphere on magnetic activity and outer-zone par-

ticle fluxes (recorded by GOES satellite). The VLF–LF trans-

mitter signals in a frequency range of 16–46 kHz were anal-

ysed along 12 wave paths in the Far East and 12 paths in

the European stations network. We have found that magnetic

storms with−150<Dst<−100 nT do not influence consid-

erably on variations of the VLF–LF signals. The negative

amplitude anomalies during the main and recovery phases

have been revealed: (i) for three signals transmitted by JJY,

JJI and NWC, and received by the PTK station; (ii) for one

Ann. Geophys., 32, 1455–1462, 2014 www.ann-geophys.net/32/1455/2014/
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Figure 8. Cross-covariance functions for the average residual amplitude at nighttime of several signals receiving in the MOS and GRZ

stations and the electron (left) and proton (right) fluxes (GOES). Y axis is the correlation coefficient.

NRK signal received by MOS and GRZ stations in Europe.

No correlation was found for any signals received in YSH or

YUK stations. We have found that the correlation between

VLF–LF signals and Dst indexes measured in 2012 is only

about 12–18 % for three wave paths (JJY–PTK, NRK–GRZ

and NRK–MOS). For the majority of the wave paths, the cor-

relation was not found. These results can be explained by tak-

ing into account the relative location of transmitters and re-

ceivers. As one can see from Fig. 1, the PTK is the northern-

most station among all the Far East stations and, at the same

time, the JJY transmitter is the northernmost transmitter in

this region. Therefore, the JJY–PTK path is close to high lat-

itude, where the influence of magnetic storm is strong. The

European NRK transmitter is located near the polar circle

that, undoubtedly, determines signal behaviour during mag-

netic variations.

The results of the ground-based measurements have been

confirmed by an analysis of satellite DEMETER data. The

analysis of electromagnetic signals in two frequency ranges

has shown that geomagnetic activity is the main factor in

the appearance of disturbances in low-frequency noise, but

it does not influence the VLF transmitter signal.

The analysis of the influence of very strong magnetic

storms (Dst≈−400 nT) on VLF–LF signal propagation was

out of scope of this study due to the storms’ non-occurrence

during the observation period. The clear connection between

the phase and amplitude variations of VLF–LF signals and

strong magnetic perturbations has been investigated previ-

ously by, e.g., Schmitter (2010), Peter et al. (2006) and Rozh-

noi et al. (2006). For example, very strong and long (about a

week) anomalies in the amplitude and phase of the LF signal

have been registered in the JJY–PTK and NRK–Bari (Italy)

paths during a super strong magnetic storm (28–31 Octo-

ber 2003, Dst<−400 nT) named “Halloween”. The authors

have identified the considerable increase of the night signal

and simultaneous decrease of the day signal, resulting in

the reduction of daily variations by half. In the southward

Japanese wave paths, the anomalies were much weaker.

The influence of magnetic storms at mid-latitude paths

was not revealed, but this factor cannot be ignored in us-

ing the VLF–LF signal method for the searching of elec-

tromagnetic precursors of earthquakes, as well as for the

study of the lower ionosphere response to tsunamis and vol-

cano eruptions. It should be noted that anomalies in VLF–

LF signals, detected during the recovery stage of magnetic

storms and caused by seismic activity, were usually observed

over several days. In particular, in the recovery phase, Dst

index reaches its normal level, and therefore anomalies in

VLF–LF signals in these periods can be mistakenly attributed

to the seismic anomalies. For example, anomalies in two

paths (i.e. JJY–PTK and JJI–PTK) were observed over 3–

4 days (magnetic storm on 8 November 2012) and its recov-

ery phase. Some earthquakes with a magnitude of M = 5.2–

5.7 occurred in the sensitivity zones of these paths 3–5 days

later. Without taking into account these natural factors, such

measurements can be mistakenly interpreted as the influence

of earthquakes.

Based on the analysis of phase measurements of the

Omega VLF signal, the detailed investigation of the post-

storm effect in mid-latitude paths has been reported by

Sokolov (2011). The author has shown that anomalies in

phase were observed in four paths up to 11–12 days during

and after magnetic storms. Three different types of magnetic

storms have been considered depending on theBz component

of the interplanetary magnetic field (IMF) and solar wind ve-

locity in the recovery phase. It was found that prolonged VLF

phase anomalies at mid-latitudes are typical for an efficient

type of magnetic storm (Bz component of the IMF at recov-

ery phase is negative or close to zero, and solar wind velocity

is more than or equal to 500 km s−1).

www.ann-geophys.net/32/1455/2014/ Ann. Geophys., 32, 1455–1462, 2014
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The connection of VLF–LF signal disturbances with pro-

ton bursts and relativistic electron fluxes revealed that their

influence on the signal propagation is stronger than the in-

fluence of geomagnetic activity. A correlation of about 40 %

was found for almost half of the considered paths. Therefore,

we can conclude that the influence of outer-zone particles on

the ionosphere D layer, and hence on VLF–LF signal propa-

gation, is very important for the identification of earthquake

precursors.
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