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Measuring location and properties of very
high frequency sources emitted from an
aircraft flying through high clouds

Olaf Scholten 1,2 , Marten Lourens 1,2, Stijn Buitink3, Steve Cummer 4,

Joe Dwyer 5, Brian M. Hare 1,2, Tim Huege6, Ningyu Liu 5, Katie Mulrey7,

Anna Nelles 8,9, Chris Sterpka2, T. N. Gia Trinh10, Paulina Turekova 1,2 &

Sander ter Veen2

While broadband short-duration radio pulses from airplanes are commonly

detected and used for calibration or as background in astrophysical observa-

tions, the precise locations of the emission regions cannot be determined in

these studies. We show that it is possible to locate the few places on the body

of an airplane, while it is flying through high clouds, from which broad-band,

pulsed, radiation is emitted at very high frequency radio frequencies. This

serendipitous discovery was made whilst imaging a lightning flash using the

Low-FrequencyArray (LOFAR). This observation provides insights into theway

the airplane sheds the electrical charge it acquires when flying through clouds.

Furthermore, this observation allowed us to test and improve the precision

and accuracy for our lightning observation techniques. Our results indicate

that with the improved procedure the location precision for strong pulses is

better than 50 cm, with the orientation of linear polarization being accurate to

within 25°. For the present case of a Boeing 777-300ER, very high frequency

radio pulseswere observed exclusively associatedwith the twoengines, aswell

as a specific spot on the tail. Despite the aircraft flying through clouds at an

altitude of 8 km, we did not detect any emissions from electrostatic wicks.

While examining a radio image of a lightning flash recorded by the

LOFAR radio telescope on 2019-04-24 at 19:44:32 UTC, we observed a

series of sources that appeared to trace an object moving slowly, at

approximately 800km/h (or 220m/s), compared to the much higher

propagation speeds typically associated with lightning discharges,

which range from around 105 to over 107m/s. Given that these sources

were located at an altitude of about 8 km, it became clear that they

originated from an airplane, as was confirmed by flight data. The

sources exhibited neither regular timing nor consistent intensity, ruling

out the possibility that they were emitted by a beacon. As the aircraft

was flying through clouds, composed of frozen water at this altitude,

where friction leads to charging of the aircraft1, we expect that the VHF

radio emissions were likely a result of electric discharge, although the

positioning of the strongest sources on the airplane seems to disfavor

this explanation. Electrostatic discharges tend to occur from the shar-

pest points on the airplane2 (e.g., the wings3) which is not what we see.
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Airplanes have been detected during lightning observations, as

reported in ref. 4. Also, large astrophysical radio observatories have

observed broadband, short-duration, radio pulses from airplanes,

where the first reporting is given in ref. 5. The observation of such

relatively small sources are often very valuable for calibrating a large

system of antennas such as used in astrophysical observations6–8. On

the other hand, for some other astrophysical observations, they are a

potential nuisance9,10. Other sources of detectable broadband signals

include reflections of DAB/DTV signals from aircraft and meteorite

trails in the atmosphere11, or from space objects in low Earth orbits12.

Again, this may be regarded as a background, or rather as an oppor-

tunity to use the DAB signal as a passive radar for detecting aircraft13,14.

None of these previous observations was able to determine the loca-

tion of the emission region or regions within the airplane. We report

here, for the first time, observations which can localize the emission to

well within 1m in themoving frame of the aircraft. Using our near-field

beamformer (where we coherently add the signals of about 200 dual-

polarized antennas) we can even detect, and localize, weak broad-

band, impulsive, sources on the plane that, for a single antenna, are

barely visible above the background, which is mostly from galactic

origin. Additionally, we determine the 3D polarization direction of the

sources that emit the radiation.

This serendipitous finding opened up a number of avenues for

further exploration:
• For lightning imaging, the detection of emissions from tightly

confined sources is particularly valuable, as this allows for inves-

tigating the intrinsic accuracy of the imaging process.
• The emission mechanism of the VHF emitting process in natural

lightning is complex because of the inherently chaotic nature of

lightning events. Theoretically, the emission process remains

largely speculative15–22. The observation of an electrostatic dis-

charge from a more confined source may help to resolve these

speculations.
• The phenomenon of static electric charge emissions from air-

planes appears to be relatively unexplored, and observations of

VHF emissions due to electrical discharges may help enhance

understanding.

LOFAR23 is a radio telescope consisting of thousands of antennas

spread acrossmuch of Europe. In the observations we discuss here, we

focus on the antennas located at the Dutch stations, specifically those

operating in the 30–80MHz VHF band. Of particular importance for

the observations presented in this work is the fact that the timing for

each station is determined by an atomic clockwhich results in a timing

stability of better than 10−9 (less than 1 nanosecond walk per second),

that the stations are connected by a dedicated glass fiber network

allowing for the storage of the 0.3 terabyte data volume per few sec-

onds of observation, and that the antenna stations are spread over an

area of a several thousand km2. We use the antenna buffers (transient

buffer boards) to save raw-voltages and perform all processing offline

since, for the short pulses we are interested in, we cannot use the

station beamformers or correlators used in astronomy observations.

The imaging methods we employed are based on the techniques

described in ref. 24, utilizing a time-of-arrival-difference approach (the

impulsive imager), as well as the time-resolved interferometric

3-dimensional (TRI-D) procedure using interferometric beamforming.

Since near-field beamforming of a polarized broad-band signal is not

standard, we have summarized the essentials of our approach in

the Supplementary Information, while a more detailed discussion can

be found in ref. 25. The combination of LOFAR with these imaging

techniques enables us to capture the intricate details of lightning dis-

charges, leading to the discovery of several new structures, such as

needles26,27, intensely radiating negative leaders28, and high altitude

negative leaders29. Simulations suggest that our spatial resolution is

good, on the order of 10 cm30, but it wouldbe beneficial to confirm this

in actual observational data. The observation of charge emissions from

an airplane thus presents a unique opportunity, as the point of emis-

sion is relatively localized, whereas the extent of the region fromwhich

VHF emissions occur in actual lightning events remains largely

unknown on scales below 10m, and sometimes even up to 100m.

The aircraft we observed, a Boeing 777-306 (ER), turned out to be

the, at that time, newest B77Wplane on the KLM fleet31 and is shown in

Fig. 1. When planes fly through high clouds, electrostatic charge

accumulates1, which can pose serious safety risks, as it may trigger a

lightning discharge from the aircraft2,3. As this involves large, quickly

changing currents on the nano-second scale, one would expect that

copious amounts of VHF radiation are emitted in this process. Sur-

prisingly, the observation presented in this work only shows VHF

emission from sources associated with the engines, and the tail of the

airplane, even while it was traversing through clouds. We had antici-

pated observing discharges from the static dischargers, or p-static

wicks, but none were recorded. It is established that engine exhaust

plays a crucial role in dissipating the aircraft’s charge1,32, which might

explain some of the VHF emissions we observed.

We have searched other LOFAR-lightning recordings for whichwe

havemadehigh-quality images (order twenty) for similar observations,

but found only one other recording in which we detected an airplane

event. A first analysis of this second case is presented in the supple-

mentary information, figures SI-1 and SI-2. Although one expects

planes to be present for every recording in the area that is imaged

accurately, we have only two recordings where we found an airplane.

The reason for this is two-fold. Few planes are emitting strong signals

that can be detected by our impulsive imager. Another reason is that

the signals are weaker than the stronger lightning pulses and have a

larger spread in time, hampering accurate imaging. The plane we

observed in a recording of August, 14, 2020, flying though high clouds

at an altitude of 11.6 km shows very similar features as the one detailed

in this work (i.e., VHF emission form one location in the tail and the

front and back of the two engines), whereas another plane in the same

recording, flying at an altitude of about 12 km, well above the local

cloud coverage, completely escaped our detection.

The observation that VHF emissions from the aircraft occur at

only a few, very localized spots, ledus to enhanceour imagingpipeline.

We further developed our procedure based on the beamforming

technique utilized in the TRI-D imager25. We discovered that a sig-

nificant source of inaccuracies in the localization of these emissions

stemmed from the arbitrary slicing of the time trace. Therefore, a clear

improvement to our methodology is found to be the implementation

of a dynamic windowing technique in the beamforming algorithm that

captures the entire duration of the VHF pulse.

In Section "Methods", we provide a general overview of the

methodology behind LOFAR lightning observations before narrow-

ing our focus to the specific observation pertinent to this study. In

Section "Improved Accuracy TRI-D imager", we outline the method

we employed to enhance the accuracy of our beamforming imager,

TRI-D. The findings from the precise airplane observations are

detailed in Section "The flight path", where we demonstrate that the

absolute location accuracy of our observations is approximately

10m, with a relative accuracy of about 50 cm for the emissions

detected near the plane’s tail. Additionally, the observed sources

exhibit a distinct polarization direction, as discussed in Section

"Polarization analysis". We determine a spread in the linear polar-

ization direction of 25°, which is a convolution of the intrinsic

accuracy of the system and the physical spread in polarization of the

emitting sources. Our observations also provide insight into the

temporal structure of each VHF source, as explored in Section "Time

traces of “tail” sources", revealing that many begin with a strong,

brief impulse followed by several weaker signals. Some speculations

are presented in Section "Discussion" on the interpretation of the

observed sources and their distributions.
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In this work, we report on a serendipitous observation of an air-

plane while observing a lightning discharge with the LOFAR radio

telescope. This allowed us to improve our detection technique even

further. The improved procedure allowed us to observe localized

emission of brief radio pulses from an airplane while it was flying at an

altitude of about 8 km through high clouds. This has applications

going beyond our lightning research. The observation of brief radio

pulses, caused by electric sparks, constrains models of the electric

discharges off airplanes and tests the action of static wicks under

natural operating conditions. To our great surprise we found that we

did notdetect any emission fromthese staticwicks. Toperformamore

comprehensive study of airplane discharging will require further

dedicated observations with LOFAR. We have shown that this is a

realistic endeavor.

Results
For this work, we focus on a single LOFAR recording, 19A-1 (at 2019-04-

24, 19:44:32 UTC), that was also used in refs. 27,33. We have recali-

brated the 195 dual-polarized antennas distributed over 35 of the 38

Dutch LOFAR stations, about six antennas per station, following the

procedure discussed in ref. 24, while including some sources thatwere

associated with the airplane. The nearest station was at a distance of

about 20 km from the plane, the farthest at about 100 km. The com-

plete recording, imaged with our impulsive imager24, is displayed in

Fig. 2, left side, which shows that the major discharge during this

recording period started at t = 0, with very few located sources before

this time. One may notice in this figure a small spot at (N,E,h)=(23.2,

-41.8, 8.1) km, which, when zoomed in, expands to the image shown at

the right of Fig. 2.

From the right side of Fig. 2, it is clear that we have observed

emission from an airplane flying in an east-north-east direction at a

speed of about 800 km/h at an altitude of 8 km, slightly climbing. This

is confirmed from flight data, see Section "The flight path". This air-

plane track is used in subsequent TRI-D imager24 runs to search for

sources in a volume of (180 × 160 × 170)m3, divided into voxels by a

(31 × 41 × 15) Cartesian grid, co-moving with the track. This procedure

is applied along the track from t = −324 till t = −45ms where t = 0 cor-

responds to the start of a major lightning discharge, using multiple

TRI-D imager runs, each covering0.3ms. Keepingonly the sources that

have a strength that is at least twice as large as the strongest back-

ground source, we are left with close to 700 candidate sources. We

selected this particular start time on the track since at earlier times

there was much lightning discharge activity near the location of the

main flash, preventing a detailed imaging of weak sources close to the

airplane location. Times after t = −45mswere not investigatedwith the

TRI-D imager. The grid was chosen such as to cover a sufficiently large

volume around the expected airplane location with a grid that was

sparse enough to keep the computing time within acceptable limits.

Partly because of the rather sparse grid, these sources are not accu-

rately imaged.

The flight path
Using historical flight data from The OpenSky Network34,35, we deter-

mined that the airplanewas a Boeing 777-306ER (B77W)flying as aKLM

flight from Amsterdam Airport Schiphol (EHAM) to Taiwan Taoyuan

International Airport (RCTP). The flight data stored by OpenSky

Network34wasbroadcast by the aircraft throughAutomaticDependent

Surveillance-Broadcast (ADS-B) and includes latitude, longitude, alti-

tude, velocity, and heading in one-second time intervals. The initial

part of the flight path is shown in Fig. 3, where the open circle indicates

the section where we detected the plane with LOFAR. The flight path is

projected over a plot of parallax-corrected cloud-top heights as mea-

sured by theMeteosat SecondGeneration (MSG) satellite36,37. Since the

altitude of the plane was about 8 km, this indicates that the plane was

flying through some high-altitude clouds. Thus, one would expect that

the aircraft becomes electrically charged1,2.

According to the flight data, when LOFAR detected the aircraft, it

wasflyingwith a velocity of 220m/swith a heading of roughly 73° from

Fig. 1 | The imaged Boeing 777-306 (ER). The Boeing 777-306 (ER) named Grand Canyon National Park we have observed with LOFAR (copyright from Suparat

Chairatprasert).
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magnetic North, still climbing after having taken off from Schiphol.

These quantities match the velocity and heading we can derive by

analyzing the distribution of VHF pulse sources in space and time, as

shown at the right of Fig. 2, where the flight path data from OpenSky

Network, together with the impulsive imager data, are plotted in

LOFAR coordinates for the duration of the lightning flash. LOFAR

coordinates are given in a Cartesian system where the vertical direc-

tion is the direction of a plumb line at the LOFAR-core, the Superterp.

Since the plane is observed at a distance of about 50 km from the core,

the curvature of the Earth introduces a vertical offset of roughly 220m

between the LOFAR coordinates and the GPS coordinates reported by

the airplane, which has been corrected for. The right of Fig. 2 shows

that the locations of the VHF sources imaged using the impulsive

imager, line up with the GPS location of the aircraft, within 20m ver-

tically and about the same in the horizontal plane. This accuracy is

getting to the same level as the size of the plane, and it thus becomes

Fig. 2 | The plane and the lightning flash. Side (a) provides an overview of LOFAR recorded lightning from flash 19A-1. On side (b), the open circles give a zoom-in of the

sources in the square box shown at the left. The stars show the positions of the airplane in 1 s intervals as discussed in Section "The flight path".

Fig. 3 | The flight data of the plane. a The flight path of the plane where the circle

indicates the section of the flight path observed by LOFAR (see Fig. 2). The back-

ground in thisfigure shows theparallax-corrected cloud-topheights.bThebanking

angle of the aircraft as a function of time in seconds where t =0 corresponds to the

start of the flash.
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important where precisely the GPS-tracker is located on the plane. We

have re-adjusted the relative timing between the ADS-B and the LOFAR

data by about 300ms, well within the accuracy of ADS-B timing.

The flight data does not provide the bank angle directly. To obtain

the results shown in the right panel of Fig. 3, we assumed that the

airplane was not climbing and used its velocity and the time derivative

of its heading direction, ψ,

Rt � v
dψ

dt

� ��1

, ð1Þ

to recover the turning radius as a function of time. The banking angle

was computed using equation 6 from ref. 38 setting γ =0. From this

figure, it is seen that theplanewas reaching amaximalbanking angle of

about -12° just at the time of the LOFAR observation, where a negative

angle implies that the left wing is lower than the right.

Evaluation of the ATRI-D imager accuracy
The results on locating the sources linked with the airplane, using

ATRI-D, as detailed in Section "Improved Accuracy TRI-D imager", are

shown in Fig. 4 in a reference system that is co-moving with the air-

plane (as determined from the ADS-B data), accounting for a -14° bank

angle. While the flying direction is taken from the flight data, the bank

angle of -14° (slightly larger than the angle estimated from Fig. 3) is

obtained by aligning the source positions in the transverse direction

(transverse to theflight direction)with the imageof theplane, a Boeing

777-300ER is taken from ref. 39, where increasing the bank angle will

lower the side with negative transverse distance (right) with respect to

the positive (left) side. From the right side of Fig. 3, it appears that the

plane is just entering the turningmotion where initially the bank angle

shows an overshoot reaching close to -12° at the time of the LOFAR

observation before entering in the stable bank angle of -9° while

continuing the course-correctionmaneuver. Itmight be that the actual

bank angle is somewhat different from our relatively simple estimates

because, for example, the effects of wind have been ignored.

FromFig. 4, it is clear thatwe observe sources associatedwith five

different locations on the plane. We have labeled them as tail (T)

sources and as left and right engine (lE, rE respectively), where for each

engine we observe sources more related to the front (a) and the back

side (b), thus lEa, lEb, rEa, rEb. The positioning of the picture of the

plane (a Boeing 777-300ER) in Fig. 4 with respect to the detected

sources is adjusted to put the Ea sources at the front- and the Eb

sources at the back-ends of the two engines since the relative spacing

of these sourcesmatches the engine size. Thisputs the tail pulses some

4m in front of the tail-end of the airplane. However, alternatively, one

could position the tail sources at the tail-end of the plane, putting the

Ea sources at the middle of the two engines and the Eb sources

somewhere in the middle of the wing behind the engines.

The size of the wagon wheels in Fig. 4 is an indicator of the

intensity of each detected source. Clearly, the ones near the tail are the

most powerful ones. The panel at the upper left shows the time

dependence of the events associated with the different positions on

the plane. Each horizontal row in this panel corresponds to a different

source location. The central row shows the events associated with the

tail. The average time between two tail events is about 25ms but varies

between 20 and 30ms. The quasi-regularity of these events could be

explained by a constant charging of the plane due to friction with ice

crystals in the cloud1. It could also be caused by some quick loading or

unloading of a capacitor, possibly associated with the auxiliary power

unit (APU) positioned in the tail of the plane. Signals ofmalfunctioning

electronics on a plane have been recorded before by LOFAR5. There

have since been several other sightings of airplane tracks by radio

observatories6,7. See Section "Discussion" for a more extensive

discussion.

Toquantify the source locationaccuracy,wepresent inTable 1 the

results of a principal component analysis (PCA) for the sources in each
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Fig. 4 | The Emission points of short radio pulses on the plane. The imaged

source positions of short radio pulses transformed into a frame that is co-moving

with the plane. The Along-axis is pointing in the flight direction of the plane. A bank

angle of −14° has been accounted for. The size of the wagon wheels indicates

intensity of each source. The color coding of the events is following the position on

the airplane where rEa, rEb, T, lEb, lEa label right engine front, right engine back,

tail, left engine back, and left engine front, respectively. The drawing of the air-

plane, a Boeing 777-300ER is taken from ref. 39. a shows the time dependence of

the events associatedwith the different positions on the plane. Each horizontal row

in this panel corresponds to a different source location. The central row shows the

events associated with the tail. b–d show the location of the sources for different

projections of the plane.
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of the five categories in airplane-fixed coordinates. Of the total 278

sources that have passed the quality selection criterionQ < 1.1, 17 have

been excluded fromthis analysis since theywere too far from theplane

(more than 15m). Table 1 shows that the similarities between the dis-

tributionof the different groupsof engine events is quite striking. They

have a similar spread along the main error-axis as well as in the minor

directions, where the orientation of the main axis is also very similar.

The distribution of the tail events is, however, rather different; the

spread along the main axis is only about 60 cm, mostly vertically dis-

tributed, a very different orientation from that of the other sources.

Even for the two categories with over a hundred sources, the source

distribution is far from spherical, with a long axis of the order of 4m

and a short axis of order 0.3m and very similar to that of the Eb events

with a much lower count and a much larger strength (see Fig. 4 and

Table 2). This result suggests that the intrinsic resolution might be as

good as 30 cm, almost independent of source strength, even for

sources that can barely be distinguished from the background for the

core antennas. This compares well with the 10 cm determined from

simulations in ref. 30. Analyzing the direction of the long axis shows

that in Earth-centric coordinates it is oriented about 45° down and in

the direction of the LOFAR core. A possible interpretation of the

observed spread in source locations is discussed in Section "Discus-

sion". The fact that this spread is roughly oriented along the line-of-

sight to the LOFAR core suggests that it is instrumental.

Polarization analysis
The TRI-D imager does not only provide an accurate location of each

source, but, since each source is modeled as a (time-dependent) point

source, also its 3D polarization density, integrating the polarization

direction over the time-window used in the beamforming algorithm.

The polarization density is analyzed using a PCA as discussed in detail

in the Supplementary Information, where the results for the main lin-

ear polarization component are shown in Fig. 5. Each source is pre-

sented by a bar of unit length and awidth that is related to the strength

of the main linear polarization component. The projection of this bar

on the different airplane-centered planes is what is shown in Fig. 5. In

the top left panel of this figure, the fraction of linear polarization is

shown. The insets on the right side of each panel show the same

quantity as the panel itself, only averaged over all sources of a parti-

cular category: rEa, rEb, tail, lEb, and lEa. Also shown, for comparison,

is the quantity for a 0.3 ms section of time where no airplane or other

sources are distinguished, and is labeled as background (the data on

separate background sources is not shown). The width of these sum-

mary bars is just constant. To obtain the averaged quantities, we sum

the polarization densities of all sources for a specific category and

subsequently apply the same PCA as for a single source.

Figure 5 shows that, surprisingly, the weaker sources, those

associated with the engines of the airplane, show as much scatter in

polarization direction as the stronger ones. In the following section,we

will have a closer look at the structure of some of these sources. One

also notices that all engine-associated events for both sides of the

plane are very similar; the polarization directions are basically iden-

tical, and the fraction of linear polarization is about 0.4 (see also

Table 2). The tail events also have a substantial linear polarization

component but with amore vertical orientation. In a TRI-D analysis the

background is known to carry a net polarization which is most prob-

ably due to imaging artifacts related to the very in-homogenous dis-

tribution of the antennas around the location of interest40. The

polarization direction and degree of linear polarization of airplane

sources is clearly different from background sources as can be seen

from Table 2 where θ is polar angle, with θ =0 upward, and ϕ is the

counter-clockwise azimuth angle, where ϕ = 0 is along the aircraft.

Note that for a polarization directions, (θ, ϕ) is indistinguishable from

(180 − θ, ϕ − 180).

As can be read from Table 2 the percentage of circular polariza-

tion is small. A likely source for circular polarization is two sub-sources

that have different linear-polarization directions, where one occurs

very shortly after the other, such that they overlap in time41. Since the

order in which these occur is probably random, one expects that the

average circular polarization for many sources will be vanishingly

small, as is indeed the case.

For all categories, the percentage of linear polarization for the

average is about ten percentage points smaller than the mean linear

polarization for each source (not shown in Table 2). Since this is due to

the scatter in the main polarization direction for each category, we

conclude that the spread in linear polarization angle is about 25°. The

precision of our analysis will probably be better than this, since part of

this will be due to genuine scatter in the polarization direction of the

sources.

The column labeled as �W in Table 2 gives the emittedpower of the

pulse, i.e., its energy divided by the duration, per MHz using the pro-

cedure discussed in ref. 42. We have opted for units of [mW/MHz] at

60MHz sincebackground can onlybediscussed in termsof power and

because the the power is measured in a limited frequency range

around 60MHz,where the antennashave a peak sensitivity. The power

of the tail sources are of a comparable magnitude as a medium-power

pulse seen in lightning, however the latter cover several orders of

magnitude43.

Time traces of “tail" sources
The sources that are localized near the tail section of the aircraft are

detailed in Fig. 6, where each sub-figure consists of two panes, the top

showing, per time-sample of 5 ns, the intensity of the coherent time

trace (in arbitrary units) and the bottom showing the linear polariza-

tion angle (in degrees). The thin dotted lines indicate the time window

used for analyzing the properties of the source. It can be seen that the

window start and stop times, named te and tl in Section "Improved

Accuracy TRI-D imager", have been chosen suitably. The abscissa in

each panel marks time samples. The circular polarization per time

sample is not shown, partly because this tends to average to almost

Table 1 | The analysis of the location of the airplane sources

# PCA standard dev. [m] airplane fixed

Category σ1 σ2 σ3 along trans up

right Ea 115 4.75 0.61 0.28 0.48 −0.27 −0.84

right Eb 16 5.21 0.66 0.20 0.47 −0.27 −0.84

tail 11 0.57 0.29 0.19 0.09 0.39 −0.92

left Eb 14 3.50 0.45 0.15 0.43 −0.60 −0.68

left Ea 105 4.15 1.11 0.37 0.46 −0.28 −0.84

The second column shows the number of sources that have been associated with each location

on the plane (first column). The following three columns show the standard deviation (σ, in units

ofm) for the three axes determined in the PCA and the last three columns give the orientation of

the main axis in airplane-fixed coordinates.

Table 2 | The average power and polarization of the sources

Category --
W Pun Plin Pcirc θlin ϕlin

right Ea 1.4 63 36 0.9 73 38

right Eb 14. 55 43 2.0 65 30

tail 76. 61 38 1.1 48 −13

left Eb 6.3 63 34 3.1 66 22

left Ea 0.9 62 37 0.6 64 25

background 0.11 91 9 0.1 52 118

Given are, per category of the sources, the average power, �W in units of [mW/MHz] at 60MHz,

and the average polarization probabilities (in %). Also the average linear polarization angles (in

degrees) are given, where (θ, ϕ) denote the polar and azimuth angles.
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zero over the full time trace and partly because it is related to the

change of the linear polarization angle and thus contains little addi-

tional information. The figure shows that, at first glance, all tail pulses

are very similar, but differ in detail. This is substantiated by the more

quantitative comparison presented in Table 3.

The common features, see Fig. 6, are an exponential rise with an

e-folding rate of about 15 ns and a more gradual fall-off with an

e-folding rate of about 60 ns,whereoften somesub-structure is visible.

The initial rise is as onewould expect from the impulse responseof the

system, see panel l labeled “impulse response", while the fall off is

much more gradual. This implies that the sources are formed by a

strong initial VHF pulse of very short duration, considerably smaller

than 15 ns, followedby some exponentiallyweaker ones. This picture is

substantiated by the linear polarization angles of the pulses. For most

sources, one can clearly distinguish 2 follow-up pulses after the main

one, where all three have a very similar linear polarization orientation.

For the pulses at t = −265.8, −182.1, −160.9, −102.7, and −78.4ms one

still can distinguish different sub pulses, however they change in

orientation roughly in the middle of the source window. Although the

sources at t = −311.2, −286.9, and −209.1ms have a very similar inten-

sity structure as the others, the polarization observables are difficult to

interpret. It might be that this structure is caused by sub-sources that

are somewhat (order 1 m) displaced in space and interfere.

Table 3 shows that, integrated over the complete pulse, the cir-

cular polarization is vanishingly small for most events except for the

relatively weak pulse labeled (e). For pulses (h) and (k) the ATRI-D

imaging procedure could run stably on the sub-structures of these

pulses, showing, see Table 3, that the parts have a very similar polar-

ization direction as the total. It is interesting to observe that the

stronger, initial, sub pulses have a large linear polarization component

and theweaker ones have an unpolarized fraction of close to 60%. This

is supportive of the picture where each composite source starts off

with a single very strong, impulsive, spark followed by a few weaker

ones in somewhat different directions. The sub pulses of (h) are

located about 0.5m from each other while those for (k) are about 1m

apart (not shown in the table). The complete source is located in

between that of the two sub-sources for the two cases.

Discussion
The sources located near the engines exhibited a distinctive distribu-

tion, with the largest spread, with a standard deviation of approxi-

mately 4m, in a downward direction at an angle of about 45° toward

the LOFAR core. In contrast, the spread in perpendicular directions is

significantly smaller, nearing 20 cm. To investigate a possible expla-

nation for this, we conducted simulation calculations involving Nd

impulsive point sources, all having the same strength, distributed

randomly within a cloud that followed a Gaussian density profile

characterized by a 1/e distance of σs. The point sources were also

temporally spread with σtime = 50ns. This is akin to the simulation

methodology employed in ref. 30. Although we have not exhaustively

examined the various parameters in this simplifiedmodel, we obtained

an interesting result. In one such simulation, we have made 20 reali-

zations of such a cloud of point sources, where each cloud consists of

Nd = 10 point sources distributed with σs = 2m. Since these sources

emit in a very small timespan, their emissions will interfere where the

interference varies with the line of sight. These line of sight variations

depend on the particular Mont-Carlo realization of the source cluster

and almost vanishes for for a large number of sources. In the next step

we used ATRI-D to determine the location for each of these clouds.

Analyzing these positions using a PCA, very similar to whatwas used in

obtaining Table 1, we found a distribution density with a long axis of

3.5m and a short axis of 25 cm. This distribution closely resembles that

given in Table 1 for the sources associatedwith the engines, including a

similar orientation for the long axis. Increasing Nd appears to reduce
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Fig. 5 | The polarization analysis of the airplane sources. The color coding of the

events is following the position on the airplane where rEa, rEb, T, lEb, lEa label right

engine front, right engine back, tail, left engine back, and left engine front

respectively. The widths of the bars is proportional to the square root of the

strength of the principal linear polarization component for all panels. In (a), the

length of the bars indicate the fraction of linear polarization. The inset on the right

of this panel shows the same for the average of the events (width of the bar is

constant), the same information as is given in Table 2. The inset shows also (green

color, labeled as Bg) the equivalent value for background sources (see text). b–d

show the projection of the (normalized) 3-D polarizationorientation of each source

on different planes that are alignedwith the airplane. The drawing of the airplane, a

Boeing 777-300ER is taken from ref. 39.
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the spread, likely due to the central limit theorem. Therefore, the lack

of a similar sourcedistribution for the tail eventsmay be seen as strong

evidence that each detected source corresponds to a single point-like

source, as opposed to the engine events, where each may correspond

to a diffuse cloud of sources with an intrinsic spread of a few meters.

The engine events for the left and the right sides of the plane show

very similar distributions, in density of pulses per time interval, in

spread in location, in intensity and well as in polarization. It is thus

intriguing to find that the distribution for the front and the back side of

the engine are different in intensity aswell as the number of pulses per

time interval, while still showing very similar polarization direction and

similar spread in location. Since it is known that aircraft discharging

may also occur through the engines1,32 we speculate that the VHF

emission is due to the discharging of the plane although this could also

be just from the running engines themselves. To sort this out requires a

more comprehensive search for VHF emission from planes. The simi-

larity in the distributions in space and polarization could indicate that

the basic physics causing these sparks are very similar, where, since the

propagation velocity of sparks (ranging from 105 to 107m/s) is somuch

larger than the velocity of the plane (order 200m/s), they escape as

easily from the front of the engine as from the back. At the back, the

engine the hot air is more conducting, which might cause larger but

fewer sparks. It is interesting to note that at the back of the engines

there are about ten times fewer pulses seen than at the front, which are

about ten times stronger. The fact that the plane is still climbing, with

the engines thus working full throttle, may even enhance this effect.

This might also explain why the simulation, with point sources ran-

domly distributed in a cloud with a diameter of 2m (maybe not coin-

cidentally the same as the diameter of the engines) gives rise to an

localizationdistribution that is very similar towhatweobservewith the

ATRI-D imager. The small, but unmistakeable, offset of the engine

events from the centers of the engines could bedue to the fact that the

tail events, being the brightest, were placed on the central axis of the

plane. If these, in reality, were emitted at -1m in the transverse direc-

tion, the picture of the plane would have to shift, placing the engine

events at the centers of the two engines.

Fig. 6 | The pulses from the tail section. a–k show the details the coherent time

trace (I) and the direction (θ, ϕ, in degrees, see Table 2) of linear polarization for

each of the sources localized near the tail of the aircraft, using the same labeling as

in Table 3, as function of time sample (of 5 ns). l shows the impulse response of the

system. The thin vertical dashed lines at 1/4 and 3/4 of the abscissa indicate the

window, i.e., te and tl, as used in the analysis.
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One possible scenario for the tail events is that the plane, flying

through high clouds, through frictional charging with ice particles in

the cloud1, is constantly acquiring static electricity. At a certain time

the charge on the plane exceeds a threshold where the electric field at

certain points on the plane exceeds the breakdown value and a

spontaneous discharge occurs. Since this involves strong changes in

local current densities at short time scales, broad-band electro-

magnetic waves will be emitted, including in the VHF range of interest

for this work. Since the charging will occur at a relatively steady rate,

due to the constant friction with the ice particles in the cloud through

which the plane isflying, the dischargingwill occurwith a quasi-regular

pulse as seen for the tail sources. However, one expects this discharge

to occur at protrusions from the plane, such as the wing-tips, the tail

end of the plane, andmostly fromone of the p-static wicks installed on

the wings and tail of the plane for the purpose of releasing static

electricity. Our observations show absolutely no evidence this is

occurring. Additionally, one should expect a modulation in the engine

events with the frequency of those at the tail if both were caused by

electric charging of the plane.

Alternatively, from a physics point much less interesting, is that

the VHF pulses, located at the tail section of the plane, are emitted due

to electronics inside the plane. At precisely the place of the tail from

where we detect strong VHF emission, some four meter before the tail

end, the APU is placed. At take-off of a plane, and often some time

thereafter, this power unit is used to power an electrical generator as

well as an air conditioning unit. It seems likely that any of these is

responsible for the emission. The polarization component of the

emitted radiation that is parallel to the local conducting surface of the

plane will be absorbed and only the perpendicular polarization com-

ponent will penetrate. This is in agreement with our observation of the

polarization of the tail events.

We have also been able to observe the VHF source positions on

another plane, an Airbus, flying at 11.7 km altitude in the close vicinity

of the LOFAR core on August, 14, 2020 (recording 20A-8), where the

results of a first analysis are presented in the supplementary infor-

mation. Also, this plane flew through high clouds, and we could detect

emission near the tail as well as associated with the engines. Much like

the case discussed extensively in thiswork, the tail events showed very

little spread in contrast to the engine events and the intensity of the

engine eventswas of the sameorder ofmagnitude. The tail eventswere

also quasi-regular, however much weaker, of the same order as the

engine events, and occurred with a much higher frequency of about 1

pulse per 2.4ms. In the same LOFAR recording, ADS-B data showed

also a plane at about the same location as discussed in themain part of

this work, flying at an altitude of 11.9 km, above the local cloud cov-

erage. With LOFAR, wewere not able to detect any VHF emission from

this plane. Althoughwe have not analyzed this case in asmuchdetail as

the one discussed in this work, it gave us supporting evidence for the

claim that the engine events are a signature of electric discharging of

theplane,whileorigin for the tail eventsprobably lies in the electronics

of the plane.

The emission from the airplane appears rather well localized to a

few specific locations on the airplane. This gave us a unique chance to

determine the accuracy of our observation technique under field

conditions. Because of these well localized sources we had the

opportunity to improve our imaging method. Most important in this

respectwas the observation thatmost of the imaging artifacts couldbe

avoided by adjusting the timewindow, used in the TRI-D beamforming

analysis, to cover the complete extent of the source duration. This

allowed us to determine the location of the events near the tail of the

planewith anaccuracyof about 50 cm.The sources associatedwith the

two engines show a very asymmetric spread. Evidence is presented

that this spread could be due to the fact that the observed pulse is due

to the emission from several point sources spreadover a cloud of a few

meters diameter. It is thus, unfortunately, difficult to make very defi-

nitive statements on the intrinsic resolution on the LOFAR lightning

imaging other than that it is definitely better than 50 cm, and probably

even better than the 30 cm we observe for the length of the minimal

axis in the PCA analysis of more than 100, relatively weak, sources

associated with the front ends of each engines.

Improving the imaging technique has the direct spin-off that we

can greatly improve the sharpness of the images made from lightning

discharges. In particular, the proven ability to extract the polarization

direction of the pulses will greatly help to improve our insight in the

processes that generate lighting-pulses.

Analyzing the polarization of the different events we observe that

those associated with the tail have a distinctly different direction from

those associated with the engines. The tail sources have a dominant

orientation pointing almost perpendicular to the plane. This is seen as

evidence that the polarization direction of strong sources can be

reconstructed correctly.

Assuming that the VHF emissions observed by LOFAR are due to

electrical discharges caused by charging of the aircraft, which, at

present, is only speculation, the source locations and polarization

directions seen in Fig. 4 and Fig. 5 are difficult to explain, showing that

more work is needed to understand how electrical discharges are

produced by aircraft and how these discharges generate VHF emis-

sions. Since lightning strikes to commercial aircraft often initiate as

electrical discharges from the aircraft2, such work could potentially

benefit lightning protection as well.

Methods
In this work, the primary observationmethod is the same as presented

in ref. 26. A source at a location rs emits a short impulsive signal at time

ts that is detected by a large number of antennas at locations ra.

Ignoring, for ease of notation, the index of refraction, the arrival times

of the signal in each antenna is ta = ts + ∣ra − rs∣/c where c is the light

velocity. Fromameasurement of the pulse arrival time in antennas that

are spreadover a sufficiently large area thus the source location canbe

deduced. Important for an accurate determination of the source

location is thus that the antennas are spread over a large area (six dual

polarized antennas fromeach of the 36 Dutch LOFAR stations, totaling

to about 4000 km2 for the present observations). Arrival time differ-

ence can be determined to an accuracy of about 1 nanosecond for

antennas that are at a distanceof 100 km.Essential to achieve this is the

Table 3 | The sources located at the tail section

label t [ms] I Width Pun Plin Pcirc θ ϕ

a −311.15 2.4 112 60.7 38.1 1.1 66 75

b −286.90 2.1 141 78.5 17.3 4.2 37 102

c −265.77 3.1 105 33.1 66.8 0.1 39 71

d −239.66 15.3 161 46.4 47.3 6.3 40 91

e −209.06 1.4 131 52.1 14.6 33.2 72 −44

f −182.08 4.9 124 61.9 34.0 4.1 37 11

g −160.85 2.9 97 36.4 62.7 0.8 37 64

h −132.873 5.3 107 36.0 61.0 2.9 40 70

h1 −132.8732 3.5 32 10.0 87.3 2.71 41 70

h2 −132.8729 1.8 75 60.3 35.0 4.71 34 64

i −102.72 9.3 157 41.3 57.3 1.44 59 59

j −78.40 3.6 194 49.6 49.7 0.71 61 75

k −52.971 4.4 125 35.4 62.5 2.18 41 72

k1 −52.9711 1.0 43 9.5 88.5 1.95 41 70

k2 −52.9709 3.2 43 62.1 32.1 5.82 35 67

The list of tail sources. The label corresponds to the sub-figure label in Fig. 6. The quantities

shownare equivalent to thosegiven in Table 2with the exception that thecolumn Igives the total

(pulse integrated) power in units of [nJ/MHz] at 60MHz. For pulses h and k also the results for the

earlier and later parts are given. The pulse width is given in units of samples (5ns).
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time stability of the LOFAR antennas combined with an accurate time

calibration, see24 aswell as true broad-band observations wherewe use

the full 30–80MHz band offered by LOFAR where the full resolution

time traces are stored on the transient memory coupled to each

antenna, for later off-line processing.

Lightning emits an enormously large number of short pulses (an

almost flat frequency response in our bandwidth) while propagating in

the atmosphere. On one hand this allows for the accurate imaging of

lightning development but it also poses a challenge to the imaging

procedure. To address this issue we have developed two different

imaging procedures. One we name the Impulsive Imager, discussed in

detail in ref. 26, which relies on observing arrival time differences of

individual pulses where the pulse-confusion problem is minimized by

using a Kalman-filter inspired approach24. The other, named TRI-D,

voxelates the part of the atmosphere where sources are searched and

employs a beamforming technique. A more detailed description of

TRI-D is given in the Supplementary Information, see also ref. 30.While

the impulsive imager comprehensively maps the whole area where

LOFAR can observe lightning discharges (an area of about

140 × 140 km2) the TRI-D imager can locate more detailed structures

but operates in tesseracts of typically 150× 150× 150m×0.3ms and is

far more computer-time intensive.

The windowing issue of TRI-D imager
As mentioned before, the TRI-D procedure operates by gridding a

tesseract in space and time and performing a beamforming procedure

for every voxel in the tesseract, see the Supplementary Information.

This procedure is very useful for the detailed imaging of a small section

of a lightning structure with a minimum of assumptions on the struc-

tures of the time traces as measured in each antenna, it also poses

some imaging artifacts as discussed in this section.

A commonartifact of TRI-D is that a single point-source that emits

for longer than TRI-D’s fixed integration time (typically 100 ns) will be

reconstructed as multiple source locations with a scatter of 20 m, see

for example ref. 30.While this is already a verycompetitive result in the

field of lightning science, where the resolution is often measured in

hundreds of meters, this is not good enough for locating the VHF-

sources on an airplane. This spread occurs because in the TRI-D ima-

ging technique the time trace of the beam for each voxel, in a 3-D

voxelated space, is sliced into regular segments, typically 100 ns, over

which the intensity is integrated and for each slice, the voxel with the

highest intensity is identified. We find that this slicing process is the

main source of these imaging artifacts.

Understanding this imaging artifact requires going into details of

beamforming for broad-band pulses. Since our pulses are very short

we assume that they are emitted by a point source. In finding the

location of a such a point source through beamforming one searches

for a location such that the signal amplitudes of all antennas, when

correcting for the travel time of the signal, have the same phase.

Adding these is a coherent process where the power of the summed

signal reaches a maximum at the correct position of the source. For

any different location, the travel-time correction will be such that not

the signal amplitudes of all antennas will add coherently, resulting in a

lower power for the summed signal. However, a different situationmay

arise when the intensity is calculated not for the complete pulse, but

only for a part that falls within a pre-defined time-window, as is sche-

matically shown in Fig. 7where the twopanels display a schematicmap

of the antenna layout to show the importanceofproperly adjusting the

beamforming window. The windowing times are always fixed for the

reference antenna, usually one in the LOFAR core, while the position of

the window for the other antennas will depend on the relative travel

times of a signal from the assumed source position. In the TRI-D pro-

cedure the window is set arbitrarily and might thus cover only part of

the pulse as is schematically shown in the top panel, while in the

improved ATRI-D procedure (discussed in Section "Improved

Accuracy TRI-D imager") it is set to cover the complete pulse (bottom

panel). When performing beamforming at the correct source position

(green in both panels) the timewindowwill select the same part of the

pulse as for the reference antenna. For the indicated mislocated

position (red in both panels) the window will move to (relatively)

earlier times for the other antennas. The beam-formed intensity, i.e.,

adding the pulses of all antennas within the window, will for the TRI-D

imager (top panel) be larger for the red windows than for the green

while for the ATRI-D procedure the green window gives the largest

intensity. For the example shown, mislocating the source closer to the

core antenna, thus reducing the calculated travel time, moves the

window to earlier times for the remote antennas for which the signal

travel time remains the same. Thus, selecting a false source location

where the time shifts due to path-length differences will increase the

coherent-signal power in the pre-defined window. Searching for the

maximum intensity in the beam-formed signal will thus lead to wrong

location determination for those cases in which the window is not

properly centered. Note that the pulse shown in Fig. 7 is a simplifica-

tion where the oscillatory nature of the signal is ignored, for simpli-

city sake.

Improved accuracy TRI-D imager
The windowing issue is addressed in our adaptive TRI-D (ATRI-D for

short) imagingprocedureby selecting the slicingwindow in suchaway

that it captures the entirepeakof the pulse, or, alternatively, by placing

the sides of the window at points where the intensity of the beam-

formed time trace reaches a minimum, as is shown on the bottom

panel of Fig. 7. This adaptive windowing ensures that the optimal

intensity for each source is minimally affected by parts of the pulse

shifting in and out of the window (used for calculating the intensity) as

the search for the maximum intensity voxel is conducted. To perform

this adaptive windowing procedure, especially for weaker sources

where the pulse is barely visible in the time traces from antennas at the

core, we construct the TRI-D beam-formed time trace at the initially

suggested source location, where the beamformed time trace is used

in the following step in the imaging procedure to define the adapted

window.

The implemented procedure for constructing the window works

as follows and starts from initial suggestions for the source location

and timewindow.Within the initially suggestedwindowwe identify the

time sample, tmax, with the highest intensity in the beam-formed time

trace for the originally set location. Then, we search for earlier (te) and

later (tl) times where intensity minima are found, either below a

background level or, if this is not found, as the absolute minimum

within twice the original window. The new window is then defined to

run from te to tl. This method ensures minimal intensity at the borders

of the slicing window, which is crucial for accurately determining the

source position as explained by Fig. 7. The procedure may result in a

narrower window if the time trace has minima below the background

within the originally set window, or enlarge the window. For stronger

pulses, the resulting adapted window typically spans around 100 time

samples, or 500ns, while for weaker pulses usually around 200ns

or less.

The thus selected window is used in the subsequent stage, using

the beamforming procedure implemented in the TRI-D imager. As the

originally set location for the source is not necessarily accurate, the

volumeused for the TRI-D runmust be sufficiently large to encompass

the true source. To minimize the number of voxels, and thus com-

puting time, we employ a relatively coarse grid with a grid fineness of

F = 2.3 (see the Supplementary Information), which is still fine enough

to identify the correct maximum. For the present case this implies a

volume of 140 × 140 × 140m3, with a voxel size of 3.4 × 2.4 × 6.4m3.

These dimensions depend on the specific LOFAR antenna layout sur-

rounding the area of interest. In a following step, to improve locali-

zation accuracy, a second TRI-D run is performed, centered on the
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newly identified source location, using a finer grid with F =0.75 and a

cubic volume of 30 m on each side. For the final source location, we

apply the standard grid-interpolation procedure implemented in the

TRI-D imager. Such a two step approach to reach improved accuracy in

an interferometry-based approach was first described by44 and named

2-step focused interferometry in ref. 45.

At this new location,wecompute thefit quality,Q, which indicates

howwell the time traces from individual antennas fit a time-dependent

point source emitting dipole radiation positioned at the found source

position. The polarization density for the source, see Section "Polar-

ization analysis" is derived by averaging the properties of this point

source over the time window.

The fit quality indicator for a source, Q, behaves similarly to a χ2

value, see the Supplementary Information, and is defined as such in Eq.

(3) in ref. 30, for fitting point sources to the antenna traces, but with an

approximate normalization procedure due to the fact that the

background (error bar) is difficult to estimate. The reason is that not all

time samples in the antenna traces are independent, owing to the

effects of filtering with the antenna function, and that estimating the

error bars or the amplitude accuracy is complicated by the presenceof

pulses fromother sources during the flash. Despite these limitations,Q

remains a usefulmeasure of the relative quality of a source as reflected

in location accuracy.

In summary, the implemented procedure for the ATRI-D imager

starts with a reasonably accurate guess for the source location and

consists of the following steps
• Windowing: use the beam-formed time trace at the initial position

to construct the correct imaging window, i.e., te & tl.
• Coarse TRI-D: run the TRI-D imager, centered at the guessed

position, over a volume that is large enough to contain the true

source position with a grid that is sufficiently fine to capture the

intensity maximum.

Fig. 7 | Schematic comparisonof the TRI-D and the ATRI-D procedures.The two

panels display a schematic map of the antenna layout. Next to the antenna loca-

tions, indicated by ⨂ symbols, the insets show a schematic time trace where, in

green and red the time-windows are denoted for the TRI-D (a) and ATRI-D (b)

procedures. In green (red) the window for the correct (mislocated) source posi-

tions are given, respectively.
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• Fine TRI-D: run the TRI-D imager, centered at the newly-found

position, using a sufficiently fine grid to be able to find an accurate

source position.
• Quality & polarization: compare the time traces in all antennas

with that of a modeled time-dependent source source at the

source position and determine the source quality, Q.

This procedure may be iterated a few times to achieve a stable result.

Sources that have a quality Q worse than a certain level should be

removed.

In the ATRI-D imaging procedure, we locate the sources by max-

imizing the beamforming intensity by using the beamforming proce-

dure implemented in theTRI-D imager. Alternatively, onemay envision

a procedure focused instead on optimizing the quality indicator Q.

Such a procedure turns out to have some drawbacks; a) It is compu-

tationally more intensive than a beamforming intensity calculation. b)

A steepest descent method for optimizing Q has the difficulty that the

χ2 surface has a complicated structure, reminiscent of that of the

intensity surface. c) The location that gives the optimum value for Q

coincides with that for intensity for almost all cases we have investi-

gated, and it is not clear which is better. We thus have selected the

computationally simplest method with only at the very end a calcula-

tion of Q to provide an independent selection criterium.

The time window used in beamforming is determined only at the

start of the refinement procedure. Even though in some cases the

location may have shifted by as much as 100m, the structure of the

beam-formed time trace changes little and there is little gain is opti-

mizing the slicing window more frequently. By repeating the proce-

dure once or twice, a consistent result can be obtained.

Data availability
The sources data generated in this study have been deposited in Fig-

share under accession code46, as well as from CodeOcean (see47)

Cloud-top heights data are from the SEVIRI instrument aboard MSG

satellite37.

Code availability
The software used for data analysis is available at48.
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