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ELVES Measurements in the “UV Atmosphere” (Mini-EUSO) 
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Abstract—More than three dozen submillisecond events of ELVES type (“elves”), which are the result of the
interaction of the front of an electromagnetic pulse from a lightning discharge and the lower layer of the ion-
osphere, have been identified in the data of a UV Atmosphere orbital multichannel detector (Mini-EUSO).
Each event has a characteristic annular glow pattern and occupies a significant part of the detector’s field of
view, and the signal in a separate channel has an asymmetric profile with a pronounced peak. The distribution
of peak times contains information about both the localization of the discharge and the altitude of the glow.
In this paper, we propose a Bayesian (probabilistic) model for reconstructing ELVES events, implemented
using probabilistic programming methods in PyMC-5. The capabilities of the model for determining the
position of the discharge are shown using the example of several events. Methods for modifying the model to
restore the discharge orientation and refine the glow height are outlined.

Keywords: UV atmosphere, orbital detector, transient atmospheric phenomena, Bayesian inference, proba-
bilistic programming
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INTRODUCTION

Since autumn 2019, the UV Atmosphere detector
(Mini-EUSO) [1–3] has been operating in near-
Earth orbit. This is an important stage of the scien-
tific program of the international collaboration

JEM-EUSO,1 which is aimed at studying cosmic rays
of extremely high energies. The detector is attached to
the inner side of the UV-transparent window of the

1 Joint Exploratory Missions for an Extreme Universe Space
Observatory.
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Russian module Zvezda of the International Space
Station (ISS) and is oriented (approximately) at nadir.
It is a lens telescope (25-cm entrance pupil diameter,
30-cm focal length), with a photodetector consisting of
36 multianode photomultiplier tubes (MAPMTs)
installed at its focus. The photodetector has 2304 highly
sensitive channels covering an area of 100000 km2 with a
temporal resolution of 2.5 μs. In addition to the main
mode of recording data with a trigger, continuous moni-
toring with a temporal resolution of 41 ms is carried out in
parallel. The spectral sensitivity of the instrument is deter-
mined by the characteristics of the photocathode and the
BG3 filter and is in the near UV range (300–400 nm).
More details about the instrument and its characteristics
can be found in [4, 5], and its trigger is described in [6, 7].

The wide field of view and high temporal resolution
and sensitivity make Mini-EUSO particularly effec-
tive for studying various types of transient luminous
events (TLEs) in the upper atmosphere [8, 9]. One of
the most common types of TLEs is called ELVES,2

which are sub-millisecond flashes in the form of rapidly
expanding rings at an altitude of about 90 km. These are
often simply called “elves”, perhaps because of their
fleeting and elusive nature (but with singular “elve”).

The occurrence of elves is associated with the influ-
ence of a powerful electromagnetic pulse (EMP) from
lightning discharge on the lower layers of the iono-
sphere [10, 11], resulting in a noticeable increase in
electron density, their heating, and ionization of air
molecules at altitudes of 85–95 km. The region of
increased ionization is localized in altitude and propa-
gates according to the expansion of the spherical front
of the EMP. Luminescence in the lines of the first neg-
ative and second positive nitrogen systems leads to the
observed “superluminous” growth of the elve ring [12].

Elves have been observed multiple times both from
the ground (see, e.g., [11, 13]) and from space starting
from random photographs from the Space Shuttle [14]
and ending with systematic measurements using
ISUAL [15] and TUS [16, 17] detectors. The results of
the ISUAL work indicate [18] that elves are the most
common class of TLEs. Registering elves with the
Mini-EUSO detector is the next important step in
studying them, a phenomenon that is interesting not
only in itself (as it relatively new and still poorly under-
stood), but also for the purposes of refining various
processes occurring both inside a thundercloud and in
the lower layer of the ionosphere [19, 20].

ELVES events are sought for in Mini-EUSO data
obtained against the background of thunderstorm activ-
ity. Despite the complexity of isolating the pattern of
active3 signals in such conditions, more than 30 elves
have been detected to date [21]. A preliminary but

2 Emission of Light and Very low frequency perturbations due to
Electromagnetic pulse Sources.

3 We will call “active” both the channels in which the elve signal is
detected and these signals themselves, i.e., the characteristic
excess of the signal above background.
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detailed analysis of most of these events is presented in
[9, 22]. This paper provides a very promising approach
to the reconstruction of such events (and some results
of its application) based on Bayesian inference and
probabilistic programming is provided.

ELVES IN MINI-EUSO
The optics of the Mini-EUSO detector constructs

a dynamic image of the elve (located hundreds of kilo-
meters away from the ISS), updating it every gate time
unit (GTU) = 2.5 μs. In the detector’s field of view,
only a part of the luminous ring is often captured, and
the duration of the event ranges from 100 to 400 μs,
i.e., from a few tens to one or two hundred GTUs. The
field of view of an individual photodetector channel at
an altitude of 90 km is 4.7 × 4.7 km, and hundreds of
channels are involved in forming the dynamic image of
a typical elve.

Several “instantaneous photographs” of one of the
detected events are shown in Fig. 1. The field of view
of each of the 2304 channels (“pixels”) is projected
onto an altitude of 90 km. A group of 64 pixels corre-
sponds to one MAPMT, and horizontal and vertical
white stripes represent constructive “dead zones”
between adjacent MAPMTs (four MAPMTs in the top
right corner of the figure were operating in a reduced
sensitivity mode at that moment). Each image is
obtained by subtracting the background (using the
median value of the signal in the channel immediately
before the elve development) with a different time
delay in different directions—only in this case does the
image pattern have the shape of a annular ring. The
width of the ring is associated with both the profile of
the current pulse (the elve-generating lightning dis-
charge) and the characteristics of the interaction of
EMP with the lower layer of the ionosphere, as well as
with the size and shape of the point spread function
(PSF) of the detector’s optical system. The luminosity
intensity (presented in photons per GTU on the verti-
cal scale on the right side of Fig. 1) rapidly decreases
as the ring expands, determining the overall duration
of the registered event; for the event depicted in the
figure, it was approximately 380 μs.

Figure 2 shows the signal of an elve in an individual
channel, or more precisely, the signals of two diagonally
adjacent channels with numbers (36.14) and (37.13) (the
column–row numbering starts from the bottom left
corner of the photodetector)—i.e., approximately along
the movement of the elve ring. A characteristic asym-
metric profile with rapid rise and relatively slower
decay is clearly visible in both signals. Such similarity
in signals is observed in almost all active channels,
allowing the use of the same parametric function for
their approximation. In this study, two variants of
asymmetric profiles were used: a bi-Gaussian function
(merging two Gaussians of different widths at the
common maximum) and a Gaussian-exponential
profile. The peak position of the signal in time
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Fig. 1. ELVES event detected on May 12, 2019. Six instantaneous images (projections onto an altitude of 90 km) are provided
with an interval of 10 GTU = 25 μs. The result of the current front reconstruction is depicted by the pink line on frame 210.
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depends on the channel’s position on the photodetec-
tor, i.e., the spatial region of the elve viewed by that
channel. For example, if the peak position of the sig-
nal is determined by the bi-Gaussian profile, the time
delay for the two depicted signals is 20.6 μs, while the
distance between the centers of the field of view of the
channels will be 6.6 km (at an altitude of 90 km).

From a kinematic point of view, the time delay is
associated with the difference in the distance traveled by
the EMP from the source S (lightning discharge) to the
luminous region in the atmosphere. Assuming that the
peak of luminosity corresponds to emission from the
same level in the atmosphere He (elve’s altitude), delay
∆t12 is determined by the position of source S(x0, y0, z0)
and the fields of view of the channels:

where h0 = He – z0, c ≈ 0.75 km/GTU is the speed of
light. Here, a Cartesian horizontal coordinate system
anchored to the nadir point of the detector was intro-
duced. In this system, the detector is located at point D
(0, 0, Hd), height of the ISS orbit Hd (≈420 km) is
known with good accuracy for each event, and the
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2 22
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c t h x x y y
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centers of the fields of view have coordinates (x1, y1)
and (x2, y2) at altitude z = He, expressed in terms of
polar θ and azimuthal ϕ angles:

Angles θi and ϕi, i = 1, 2, determine the direction to
the center of the field of view of the ith channel and are
easily calculated for each channel considering the ori-
entation of the detector.

BAYESIAN MODEL 
FOR ELVES RECONSTRUCTION

Any reconstruction involves constructing a para-
metric model of the phenomenon (non-parametric
models are not considered in this study) and obtaining
various quantitative estimates of the parameters based
on data. In the case of physical phenomena, the data
usually represent the results of a specially planned and
conducted experiment. The model may include both a
model of the phenomenon itself and a model of the
measurement procedure.

In the Bayesian approach, the model is probabilis-
tic: it is defined in the form of probability distributions
[23, 24]. The goal of reconstruction in this case is to
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Fig. 2. ELVES20190512 signal in a separate channel (horizontal axis represents time in GTU = 2.5 μs, vertical axis represents sig-
nal in photons per GTU). The blue line is channel (37.13), and the green line is channel (36.14). For the first of the signals, an
asymmetric profile obtained by approximating with a bi-Gaussian function is shown in red.
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obtain the so-called “posterior distribution” for
parameters Θ of the model, p(Θ|D), where D is the
experimental data (often preprocessed in some way).
To obtain this distribution, it is necessary, based on
the available initial information, to specify a prior dis-
tribution p(Θ), formulate a probabilistic measurement
model using the likelihood function p(D|Θ) and use
Bayes’ theorem:

Here, the proportionality constant, which is
numerically equal to 1/p(D), does not depend on the
parameters and only determines the overall normal-
ization of the posterior distribution.

The posterior distribution itself provides exhaustive
information about the model parameters. However, it
is often more convenient to express the result as a small
set of numbers. In this case, the center of the distribu-
tion is typically estimated as the mean, and its width is
estimated as the standard deviation (square root of the
variance). For realistic models, parameter Θ rep-
resents a multidimensional quantity, and the results of

Θ ∝ Θ × Θ|( ) ( ) |( ).p D p p D
COSMIC RESEARCH  Vol. 62  No. 4  2024
Bayesian inference can be presented as one-dimen-
sional posterior distributions marginalized over all
parameters except one, as well as in the form of pair-
wise correlation functions.

Sometimes, the set Θ includes parameter(s) η nec-
essary only for formulating the probabilistic model in
terms of relatively simple distributions (for example,
from the exponential family). Using such auxiliary
parameters, marginalization is performed at the end:

(for simplicity, let us assume that the prior factorizes).
It should be noted that, in the Bayesian approach,
averaging is performed over all values of parameter η,
rather than substituting any particular estimate (which
would lead to a reduction in the distribution variance).

In recent years, the Bayesian approach has
attracted increasing attention [25] due to the develop-
ment of very efficient (and easy-to-use) samplers, i.e.,
sampling generators from the posterior distribution,

( ) ( )
( ) ( ) ( )

Θ =  Θ η η
∝  Θ η Θ η η
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based on the use of Markov chain Monte Carlo meth-
ods such as JAGS,4 STAN,5 PyMC,6 etc. Such
approaches have even been named “probabilistic pro-
gramming.” In this work, the probabilistic model (see
below) is implemented using the tools of the Python
library PyMC-5. Various methods for graphically con-
structing marginalized distributions were implemented
using the ArviZ library (https://www.arviz.org).

In the previous section, the measurements of the
elve were projected onto the reference plane z = Hr =
90 km, implying that this plane corresponds to the alti-
tude of luminescence (He = Hr). At the same time, a
correction of time was performed: detector time T was
shifted by an amount determined by the time it takes for
the radiation from luminescence area Ai (xi, yi, Hr) to
reach detector D, c∆Ti = (Hd – Hr)/cosθi. If such a
correction is not made, and the peak signal times in
each active channel, Ti, i = 1, …, N (N is the number
of active channels), are considered as experimental
data, then the relationship between the data and the
position of the EMP source will be as follows:

Here, T0 plays the role of an auxiliary parameter
and the last term is the random measurement error of
peak time ξi.

Thus, it is possible to formulate a probabilistic
model defined by the parameters Θ ≡ {x0, y0, z0, T0, He},
setting prior distributions on them and refining them
(by calculating posterior distributions using Bayes’
theorem) with the aid of a set of experimental data D ≡
{Ti, θi, ϕi}. An important step in formulating the model
is the choice of the measurement error distribution ξi.
A reasonable assumption for them would be the con-
dition of independence of their joint distribution (the
likelihood function factorizes in this case). Usually, a
normal (Gaussian) error model is used (largely for
simplicity), but it is not appropriate in our case.

The model construction above implicitly used the
assumption that the signal peak corresponds to the
passage of the EMP front through the center of the
channel’s field of view. This hypothesis is justified if
the optics of the detector forms a symmetrical image of
not very large size. According to the results of calibra-
tion tests, the PSF of the telescope has a size of 1.2 pix-
els and, indeed, does not contain significant asym-
metric deviations. However, in the edge pixels, i.e., in
the channels located at the boundary of MAPMTs,
part of the energy of the instantaneous image falls into
the dead zone, and, therefore, there may be a discrep-
ancy between the center of the field and the position of

4 https://mcmc-jags.sourceforge.io/.
5 https://mc-stan.org/.
6 https://www.pymc.io/welcome.html.
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the measured image centroid. It appears impractical to
exclude all such channels from the data sample, as in
some cases, they constitute a significant part of the
entire dataset. One could separately consider such pix-
els in the sample and assign them an increased mea-
surement error. In this work, the model is made more
robust to such deviations by replacing the normal error
distribution with a wider distribution. Moreover, to
allow the data to determine the characteristic shape of
the distribution themselves, a Student’s distribution
(with zero mean) was used

where parameter σ0 determines the characteristic size
of the error, and the number of degrees of freedom ν
controls the presence of the aforementioned and other
centroid deviations (in the limit ν → ∞, we return to
the Gaussian error; ν = 1 corresponds to the Cauchy
distribution). In essence, σ0 and ν, as well as T0, are
auxiliary parameters.

To complete the construction of the probabilistic
model, it is sufficient to set priors on the entire set of
parameters—both model parameters of the phenome-
non and measurement parameters. When implement-
ing the model in PyMC-5, uninformative uniform pri-
ors were chosen for all parameters except σ0 and ν (for
which, due to their positivity, preference was given to
HalfNormal) and for He.

The choice of the prior for He allows controlling the
systematic error of the reconstruction method (under-
stood as the error in model selection) by comparing
the obtained posterior distributions when He is fixed at
different heights (practically, a normal prior with
means of 90, 87.5, and 92.5 km and a standard devia-
tion of 0.5 km was used) and when using a normal
prior with standard deviations σ0 = 2.5 and 5 km.

Figure 3 shows the sampling results for the event
ELVES20190512 when the prior p(He) = N(He|90, 2.5)
was chosen. On the left, a one-dimensional posterior
distribution p(H0, He) is presented, where H0 = z0 +
ρ2/(2RE) is the altitude of the EMP source with a cor-
rection for the spherical Earth’s atmosphere (RE ≈
3680 km is the mean radius of the Earth). Here, the
highest density interval (HDI) is the posterior mea-
sure of the so-called “Bayesian credible interval,”
meaning that with a probability of 94%, the (horizon-
tal) distance from the center of the field of view to the
EMP source lies within the range of (449, 479) km.
The contours on the right of Fig. 3 are drawn for
HDI = 10% (inner), 20%, …, 70%.

Due to the fact that one-dimensional distributions
have a Gaussian-like shape (largely due to the volume
of information conveyed in the data—almost 700 Ti
estimates), the reconstruction results can also be for-
mulated as posterior means plus/minus standard
deviations: x0 = 381.5 ± 6.5, y0 = −263.8 ± 4.5, H0 =
−10.0 ± 8.5, and He = 88.9 ± 1.9 (all in km).

( )ξ ∼ σ ν0Student , ,i T
COSMIC RESEARCH  Vol. 62  No. 4  2024
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Fig. 3. Posterior distribution for the ELVES20190512 event. Left: one-dimensional distribution of distance to the center of the
ring ρ0, right: two-dimensional distribution of EMP source altitude H0 and luminescence altitude He.
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It is evident (see Fig. 3 on the right) that the H0 and
He estimates are strongly correlated; this is one of the
reasons why it is quite difficult to estimate the altitude
of the EMP source in this method without additional
information about altitude He. In particular, despite the
large volume of data in this event, the uncertainty of the
H0 is high (negative values of the posterior mean should
not be alarming, as physically reasonable values for
cloud-to-ground lightning, 1–5 km, fall within 2σ).

The posterior estimate of parameter ν is 3.3 ± 0.5,
indicating that the distribution of measurement errors
significantly differs from normal.

RESULTS AND DISCUSSION

It is important to emphasize that the chosen type of
data, signal peak time T, provides information both
about the localization of the EMP source and about
the altitude at which the luminescence is generated
under its inf luence. As a result, Bayesian inference
allows making predictions for both parameters, H0
and He. However, the concept of the altitude of the
luminescence layer is somewhat conditional because
modeling within the framework of FDTD models of
the joint system of Maxwell’s and Langevin’s equa-
tions (see, for example, [26, 27]) indicates that the
luminescence region from a typical cloud-to-ground
lightning discharge has a significant height (several
kilometers). Thus, the simple model proposed in this
study allows estimating only a certain effective lumi-
nescence height. For a more detailed analysis of the
situation, a more complex model that takes into
account this “nonplanarity” of the elves is needed.

For events similar to ELVES20190512, where only
a small part of the entire luminescent ring falls within
the detector’s field of view, the curvature of the ring
relative to the detector is small (late stages of elve
COSMIC RESEARCH  Vol. 62  No. 4  2024
development). Based on kinematic data, it is difficult
to localize the EMP source with high accuracy; it can
be shown that, for such events, H0 and ρ0 are strongly
correlated posteriorly.

On the other hand, Bayesian reconstruction of
such events leads to strong constraints on the possible
range of values for He (note how the standard deviation
of He for ELVES20190512 decreased when transi-
tioning from the prior to the posterior distribution,
see also Fig. 3 on the right), if we make reasonable
assumptions about parameter H0 [28] (for example, in
the form of a prior on it, by rewriting the model
through H0 instead of z0). In particular, for two of the
elves detected by Mini-EUSO, Monte Carlo sampling
converges only when localizing parameter He, which is
significantly different from the reference altitude of
90 km. For one event, the posterior distribution posi-
tions the luminescence at an effective altitude of
around 80 km, for the other, closer to 95 km. The latter
of these events, ELVES20200821 (see Fig. 4 on the
left), along with ELVES20190512, belongs to one of
the largest-scale events: at the time of detection, the
diameter of the luminescent ring exceeded 800 km. In
fact, this event has a complex nature and represents a
sequence of rings—the second ring can be clearly seen
in the figure, lagging in time from the first by approx-
imately 100–150 μs (the uncertainty of the estimate is
associated with the wide profile of the signal of the
second ring). The first detection of multiple elves from
space was made by the TUS detector [16, 29]. Double
elves may be associated with the reflection of electro-
magnetic emissions from a conducting surface. In this
case, the signal delay can become a reliable method for
estimating H0, weakly correlated with He [30].

The right side of Fig. 4 depicts another type of
event—due to the large curvature of the ring, it is pos-
sible to localize the electromagnetic emission source
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Fig. 4. Left: the ELVES20200821 event representing a sequence of rings of giant diameter. Right: the ELVES20200526 event, for
which it is possible to localize the EMP source (the asterisk on the left indicates the direction to the source).
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both in the horizontal plane and in altitude. For
ELVES20200526 H0 = 3.4 ± 5.7 km, and the error is
directly related to the uncertainty of He. It is worth
noting that despite switching to reduced sensitivity
mode for 24 MAPMTs located in the left part of the
photoreceiver, the discharge area is visible, and it
almost coincides with the direction to the recon-
structed source.

The reconstruction of at least two elves detected by
Mini-EUSO localizes the EMP source relatively high:
preliminary estimates yield H0 near 11 and 29 km (in the
second case, with significant uncertainty, σH0 > 10 km).
Such a high location of the discharge may be surpris-
ing, as the values lie at or above the tropopause; how-
ever, EMPs from discharges at such altitudes are
recorded [31, 32]. This may indicate a so-called “com-
pact intracloud discharge” (CID), which is increas-
ingly recognized as playing an important role in light-
ning initiation mechanisms [30, 33]. For such events,
the dataset can be expanded to include the time of
each peak in the active signal. In this case, it is expedi-
ent to formulate the probabilistic reconstruction
model in two blocks. In the first block, estimate H0
(and other parameters) is based on the time delay
between peaks in those channels where such multiple
peaks are reliably identified; in the second block, the
model proposed in this study is used, choosing distri-
butions obtained in the first stage as priors.

In this study, the probabilistic model includes only
the localization of the EMP source but not its orienta-
tion. For this reason, selecting only the peak time of
the active channel as data was sufficient. In reality, as
can be easily verified, the signal amplitude varies along
the ring, which is apparently related to the nonvertical
orientation of the effective discharge dipole. If data D
are supplemented with information not only about the
peak position(s) in time T but also its (their) magni-
tude A (amplitude or total signal), an extended model
can be formulated, in which the unknown parameters
will additionally include the angles of the dipole orien-
tation. Currently, work is underway to perform a
detailed analysis of the active signals of all elves
recorded by Mini-EUSO, with preliminary results
available in [22]. This work on identifying “signal
morphology” will help clarify which of the multipeak
events are due to ground reflection and which are
manifestations of the complex structure of the dis-
charge current pulse [27, 30].

CONCLUSIONS

Orbital “photography” of elves is a way to penetrate
inside a storm cloud. This dynamic imprint of an elec-
trical discharge contains information about a complex
of phenomena associated with storm activity—both
during the lightning discharge itself and during the
period immediately preceding it, i.e., during lightning
initiation.

The UV Atmosphere detector (Mini-EUSO),
observing the atmosphere from the ISS, has obtained
detailed data on more than three dozen elve-like events,
partially or fully captured in its field of view. The scale
of the recorded events is impressive: taking it into
account that, at the moment, only a fraction of the
detector’s data has been processed and its operation
continues, it is quite expected to discover elves with
COSMIC RESEARCH  Vol. 62  No. 4  2024
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diameters of up to 1000 km in the future. The possibility
of detecting elves of such large sizes has arisen due to the
Mini-EUSO’s relatively high sensitivity.

In this study, a probabilistic reconstruction model
of elves has been developed, implemented using prob-
abilistic programming methods in PyMC. Using sev-
eral examples of events recorded by Mini-EUSO, the
application of Bayesian reconstruction of the position
of the electrical discharge generating the elve and the
height of the glow has been demonstrated. Paths for
further improving the model have been outlined,
allowing for the estimation of the discharge orientation
and current pulse structure, as well as taking into
account additional information when the signal reflects
off the Earth’s surface.
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