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ABSTRACT: We present a computational framework for the multispectral synthesis of optical emissions in Transient Luminous Events
(TLESs), specifically sprites, based on plasma fluid simulations obtained using the Afivo Streamer tool. Using the simulated electric
field and electron density, we computed quasi-stationary excitation, quenching, and radiative emission rates for four key spectral bands:
first positive 1PNz and second positive 2PN2 band systems of nitrogen, the Lyman-Birge-Hopfield (LBH) band system, and optical
emission images of lonized Atomic Oxygen at 777.4nm (O 1777.4nm). The model incorporates electron-impact excitation coefficients
E(E/N), non-radiative losses due to collisional quenching Q@ = ", a;n;, and atmospheric attenuation (especially relevant for LBH).
It also produces 2D emission maps and vertical brightness profiles, showing the spatial localization of each band as a function of the
reduced electric field, electron density, and non-radiative losses. The results capture the temporal evolution of the discharge, from the
early propagation phase to advanced branching, enabling direct comparisons with spaceborne instrumentation (e.g., Atmosphere-Space
Interactions Monitor-ASIM). The developed scheme provides a reproducible diagnostic tool that links physical plasma variables with the

observed signals across multiple spectral bands.

1. INTRODUCTION

ransient Luminous Events (TLEs) in particular sprites are

mesospheric electrical discharges whose characterization
requires a multispectral approach. Although the 1PNy, (visible)
band has been traditionally used to validate simulations through
photographic and satellite observations [1, 2], other emissions
such as 2PNy (near-UV), Lyman-Birge-Hopfield (LBH) sys-
tem (far-UV), and O1I line at 777.4 nm are sensitive to differ-
ent energy regimes and de-excitation processes, providing ad-
ditional information on the dynamics of the ionization front,
active chemistry, and electronic structure of the plasma [3, 4].

The recent development of multichannel instrumentation,
particularly on satellite platforms, such as the Atmosphere-
Space Interactions Monitor (ASIM) module onboard the In-
ternational Space Station [5], has created the need for numeri-
cal models capable of consistently reproducing multiple optical
bands to enable meaningful comparisons with observations. In
this study, we present a multispectral computational framework
built on plasma fluid simulations performed with the Afivo
Streamer [6], in which excitation, quenching, and radiative
emission rates are derived under a quasi-stationary approxima-
tion.

This approximation is justified by a strong separation of the
time scales between the effective lifetimes of the excited states:
Teit ~ 10791076 5 [7], and the characteristic time over which
the macroscopic structure of the streamer evolves owing to
propagation and expansion, referred to as the hydrodynamic
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time scale Tqyn. In the high-field streamer head region, which
dominates the optical emission, effective lifetimes are typically
at the lower end of this range because of the strong radiative de-
cay and quenching.

The hydrodynamic time can be estimated as Tayn ~ Rhead/
Vhead =, 1076-10*s, typically for sprite streamer head radii
Rpead ~ 200-500 m and propagation velocities Uheaq ~ 10%-
107m s~! [8]. Since Ter < Tayn, temporal derivatives of
excited-state populations can be neglected without loss of ac-
curacy, and the emitted radiation directly traces the instanta-
neous reduced electric field and electron density. This pro-
vides a physically consistent basis for multispectral diagnostics
of streamer discharges. We note that this approximation is not
intended to describe long-lived afterglow emissions dominated
by slow chemical processes, but is well suited for excitation-
dominated optical emissions in active streamer regions.

Initially implemented for 1PNy, the model was extended to
2PNy, LBH, and O1 at 777 nm, incorporating the relevant at-
mospheric attenuation in the FUV [9] and the specific kinetic
dependencies of each transition. This allows the generation of
maps and vertical profiles that are comparable to instrumenta-
tion data, and supports the analysis of the spectral localization
of emissions as a function of reduced field, electron density,
and non-radiative losses.

The central objective was to provide a reproducible optical
synthesis scheme capable of directly linking plasma physical
variables to the observed signals in different bands, thus en-
abling its use as a diagnostic tool. In the following sections, we
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describe the methodology and present multispectral results that
capture both early streamer propagation and its evolution into
branched regimes, laying the groundwork for direct comparison
with satellite observations.

2. FRAMEWORK AND METHODOLOGY

This section presents the computational workflow used to ob-
tain the time series of emissions in 1PNy, 2PNy, LBH, and
O1777.4nm from the plasma simulation results. The electric-
field magnitude |E| and electron density n. were interpolated
onto an (z,y) grid, and the reduced field E/N was evaluated
using an exponential profile for the neutral density N(y) and
molar fractions for Ny, O,, and O. Given E/N, the excitation
coefficients were obtained from the tabulated data and used to
compute the excited-state population nj;. The apparent radi-
ance was obtained by line-of-sight integration, incorporating at-
mospheric transmittance where relevant (particularly for LBH
in the FUV).

The initial implementation focused on emissions from the
1PN system. In this case, collisional quenching was domi-
nated by collisions with Ny, with the contribution of Os being
negligible. This simplifies the modeling of non-radiative losses
and reduces the number of required parameters. In addition, the
excitation coefficients k(E/N) for 1PNy are well documented
in databases such as LXCat [10], which increases the robust-
ness and numerical stability of the interpolation during post-
processing. Based on these results, the model was extended to
the aforementioned emission lines.

2.1. Excitation Coefficients k(E /N)

The electron-impact excitation coefficient curves k(E/N) for
the spectral bands of interest (2PN3, 1PNs, LBH, and OI
777nm) are shown in Fig. 1. These curves, derived from
Boltzmann solvers in the LXCat database [10], represent the
probability of exciting each transition as a function of the re-
duced electric field. The steep rise below ~200Td reflects
the energy threshold of each process, whereas saturation or de-
cay at a higher £/ N indicates reduced efficiency. For exam-
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FIGURE 1. Electron-impact excitation coefficients k(E/N) for the

main radiative channels considered: Second Positive (2PN2), First
Positive (1PN2), LBH (UV), and atomic oxygen at 777 nm.
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ple, the O1 777 nm band (red dashed curve) shows an overall
lower efficiency, consistent with its higher excitation thresh-
old (~10.7 eV). These dependencies directly modulate the cal-
culated emission intensity, and higher E/N values produce
higher excitation rates vy.

In practice, these functions are interpolated to assign a lo-
cal excitation frequency v to each grid point v (E/N) =
k(E/N)N, where N is the local neutral density.

2.2. Post-Processing Framework for Optical Emissions

In the 1PN system, energetic electrons in the plasma excite
nitrogen molecules (N3) into the metastable triplet electronic
state B®I1, [11]. In this excited state, the molecules can follow
two main de-excitation pathways:

i) a transition to a lower vibrational level of the electronic
ground state (X 12;) via photon emission, that is, fluo-
rescence or radiative emission [12], characterized by the
radiative rate A; and

ii) non-radiative de-excitation through collisions (quenching)
with neutral molecules present in the plasma [13], primar-
ily N2 and O2, a process described by a collisional quench-
ing rate [14].

The balance between these processes determines the quan-
tum efficiency or radiative yield, which represents the frac-
tion of excited molecules that contribute to the observed optical
emission in this system [15]. Thus, the procedure for comput-
ing the optical emission intensities involves the following steps:

1. Interpolate |E| and n. from the simulation results, con-
struct N (y), and compute the reduced electric field E/N
using an exponential profile for the neutral density N (y),
defined as

N(y) = Noexp (—y;{yo), (M
where H is the scale height, y the reference altitude, and
Ny the reference density, respectively.

2. The excitation coefficient specific to the transition
ki(E/N) for each band was interpolated and the excita-
tion frequency v, (E/N) was evaluated from the curves
in Fig. 1.

V = N(y) . kk(E/N)

3. Evaluate the density of the excited state:

Vg Te

ne N —————,
A+ Qk

where Ay is the radiative decay rate, and @y, is the colli-
sional quenching rate given by Q = >, a;n;, where o is
the quenching coefficient for species i, and n; is the num-
ber density.

4. The optical emission was integrated along the vertical
direction to obtain column-integrated brightness in
Rayleigh. The volumetric emission (in photons per unit
volume and time) is given by:

Ik :Ak'nk.
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TABLE 1. Kinetic and radiative parameters for excited states relevant to multispectral emissions. Values are approximate and representative of

mesospheric conditions.

Transition/State | X [nm] AG™hH ay (m®/s) az (m3/s) Quenching Species | Source
1PN, 650-900 | 1.7x 10° | 1.0 x 10717 | 3.0 x 10716 No [1,24]
2PN, 337-380 | 2.0 x 107 | 1.0 x 1077 | 3.0 x 10716 N2, Oz [1,24]

LBH (N2) 150280 | 1.8 x 10* | 1.0 x 1077 | 1.0 x 107 ¢ 03,03 [1,24]
O (777 nm) 7774 | 4.0x107 | 5.9x 1076 | 1.1 x 1075 0, 02, Ny [25]

To express it in optical units, such as Rayleigh units, it is
integrated along the line of sight (LOS):

106
Bk = / I;cds,
4 Jios

where ds is the differential element along the optical path.

The optical synthesis procedure was implemented using a
Python script that processes the .vtk files generated by the
plasma simulations. From these outputs, the code interpolates
the electron density n. and electric-field magnitude |E | onto a
regular grid to apply the calculations described in the previous
section. In this study, the simulation was performed using a
fluid model based on a drifi-diffision-reaction framework un-
der Local Field Approximation (LFA), as described in [16] and
Appendix A. This script generates multiple visualization prod-
ucts, including vertical emission profiles, 2D emission maps,
electron density maps, and electric field maps, which are inde-
pendently applied to each pixel in the 2D grid. Adapting the
scheme to different spectral bands only requires updating the
band-specific parameters Ay, v, (E/N), and Qy, for each tran-
sition.

Transient Luminous Events (TLEs) produce emissions span-
ning from the far-ultraviolet to the near-infrared region [17].
To study these phenomena and their influence on the atmo-
sphere and climate system, the European Space Agency (ESA),
in collaboration with DTU Space (Denmark), deployed the
Atmosphere-Space Interactions Monitor (ASIM) at the Interna-
tional Space Station (ISS) [5]. ASIM comprises two main mod-
ules: (i) the Modular Multispectral Imaging Array (MMIA),
which includes two cameras and three photometers to observe
emissions in the ultraviolet, visible, and near-infrared regions,
and (ii) the Modular X- and Gamma-ray Sensor (MXGS),
which detects X and «y rays in the approximate range of 15 keV
to 20 MeV.

The MMIA optical module operates at wavelengths as-
sociated with relevant mesospheric plasma transitions: one
camera (CHU1) centered at 337.0 nm (2PNy system), another
(CHU2) centered at 777.4nm (O1 line), and three high-speed
photometers (~100kHz) at 337 nm, LBH (180-230nm), and
777.4nm [18]. This instrumental configuration has a direct
correspondence with the 2PNy (near-UV), LBH (far-UV),
and O1 777.4 nm emissions considered in this study, enabling
direct comparison between simulations and satellite data.

The extension implemented here provides complementary
information related to the 2PN band, which dominates the up-
per regions of sprites and is sensitive to the reduced field and
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energy of accelerated electrons [4]. Additionally, the intensity
ratio 2PNy/1PNj can be used to estimate £/ N [19]. The LBH
band, requires explicit treatment of atmospheric absorption by
05 and Og, as it is strongly attenuated in the far-UV region and
is therefore critical for accurately modeling the apparent bright-
ness observed from satellite platforms [9]. In the developed
script, this effect was incorporated through a band-averaged at-
tenuation factor applied along the vertical line of sight.

O1 777.4nm line is associated with high-energy electrons
and the dissociative processes of oxygen. The OI triplet at
777.4 nm represents one of the most important radiative con-
tributions in oxygen — containing plasmas. The upper levels
of the associated transitions are easily populated (excitation en-
ergy of approximately 10.7 eV) and have a significant Einstein
coefficient (of the order 4 x 107 s~1). Therefore, the triplet can
be used for plasma diagnostics, that is, to determine the electron
temperature (7,) and density (n.), in the absence of detectable
hydrogen lines in the spectrum [20].

From an observational standpoint, 2PNy (337-380 nm) and
O1 (777 nm) are good tracers of fine structures owing to their
short radiative lifetimes. The 1PNy band (650-900 nm) offers
a robust signal and is less affected by atmospheric attenuation,
making it suitable for use with instruments in the visible re-
gion. The LBH band (FUV) requires the application of the
atmospheric transmission factor T,., owing to absorption by
05 and, where appropriate, O3 [21]. Because of the large ab-
sorption cross sections of molecular oxygen in the Schumann-
Runge continuum, small variations in atmospheric composi-
tion, temperature, or viewing geometry can lead to significant
uncertainty in Ty, particularly for nadir observations of LBH
emissions [9,22]. The sensitivity of far-UV transmittance to
atmospheric variability and geometry is a well-known feature
of ultraviolet radiative transfer and is discussed in standard ra-
diative transfer studies, which show that uncertainties in atmo-
spheric profiles can result in large variations in the effective
ultraviolet (UV) transmittance [23].

Table 1 summarizes the specific parameters for the four emit-
ters (1PNs, 2PNy, LBH, and O1 777 nm): the spectral range,
Einstein radiative coefficient A, and bimolecular quenching co-
efficient o; for the dominant species.

3. MULTIBAND EMISSION MAPS AND TEMPORAL
PROFILES

At each time step, the numerical routine generates two-
dimensional emission maps (expressed in Rayleigh) for each
spectral band, together with the corresponding electron density
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FIGURE 2. Distribution maps of the simulated streamer front at ¢ = 2.5 ms. (a) Reduced electric field £/ N, showing intensification at the streamer
head with values exceeding 200 Td. (b) Electron density n., revealing the conductive channel established behind the front. (c)—(f) Optical emission
maps in Rayleighs for the bands: 1PN5 (337 nm), 2PN2, LBH (150-200 nm), and O I 777 nm. Emissions are mainly concentrated in the head region,
while 1PN and 2PN, exhibit extension along the ionized channel. The LBH band includes a band-averaged vertical atmospheric attenuation, which

reduces contributions from lower layers.

and electric field. Vertical profiles of column-integrated
brightness were computed on the same grid to compare the
spatial extent and localization of emissions among the spectral
bands. Longitudinal profiles of the electric field and emission
along the symmetry axis (x = 0) were also extracted. These
results can be directly compared to satellite observations or
ground-based measurements. Similar multispectral diagnostics
have been reported in optical and spectrophotometric observa-
tions of sprites and streamer discharges, where the emission
morphology and relative band localization are used as primary
validation criteria [4,5,7,9]. As an example, Fig. 2 shows
the streamer discharge front at { = 2.5 ms, where we display:
(a) the electric field map, (b) the electron density, and (c)—(f)
the optical emission maps for the 1PNy (337 nm), 2PN>, LBH
(UV, 150-200 nm), and O 1777 nm channels.

19

Figure 2(a) shows the electric field map. A localized in-
tensification is observed at the streamer head, approximately
between 72.8 and 73.0km altitude, where the reduced field
reaches values above 200 Td. This region has a nearly hemi-
spherical geometry, with strong gradients that decay rapidly
in the radial direction. The maximum-field zone aligns with
the channel axis, forming a well-collimated, well-defined front.
Such a localized enhancement of E/N at the streamer head
is a well-established feature of sprite streamers inferred from
optical observations and supported by streamer theory [4,26].
In this region, the reduced field E/N exceeds the ionization
and excitation thresholds of the neutral gas, activating the pro-
cesses responsible for the production of electrons and excited
species, which in turn generate optical emission in the channel
body (downstream of the propagating front).
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FIGURE 3. Co-located vertical profiles at a given instant (e.g., t = 2.5ms). (a) Local brightness contribution (Rayleighs/cell) in four bands. (b)
Electric field distribution along the symmetry axis as a function of discharge altitude.

Figure 2(b) shows the electron density map. The conduc-
tive channel already established behind the streamer head is
evident, with densities of the order of 10!°m~3. The distri-
bution was axially symmetric with a narrow core, which was
consistent with the early propagation stage. Comparable chan-
nel widths and electron density levels have been inferred from
sprite modeling constrained by ISUAL and ground-based ob-
servations, supporting the realism of the simulated channel
structure [7,27]. The contrast between the head (where the
reduced field intensifies, and avalanche ionization dominates)
and the channel (where the conductivity increases and the field
collapses) reflects the nonlinear nature of the streamer ioniza-
tion dynamics [26,27].

Figures 2(c)—(f) display the multispectral emission maps,
that is, the radiation generated in different bands as a result of
electronic excitation. The 1PNy band was concentrated in the
head region and extended into the immediate channel with re-
duced sensitivity to atmospheric attenuation. This spatial distri-
bution is consistent with observations showing that 1PNs emis-
sions provide a robust tracer of the streamer body in both satel-
lite and ground-based imaging [4, 7].

The 2PN; band exhibited a somewhat more extended longi-
tudinal structure, and, given its short radiative lifetime, it acted
as a fine tracer of the active front region. Such confinement of
2PNs emission to the high-field region is consistent with spec-
trophotometric measurements and has been widely used as a
diagnostic tool for streamer heads in sprites [7, 19].

The LBH band (FUV) appears comparatively more diffuse,
combining production near the head with upstream and down-
stream contributions. This implementation includes a verti-
cal band-averaged atmospheric transmission Ty, = exp(—7),
such that the relative signal from the lower layers is attenuated
by oxygen absorption (mainly Os and, where modeled, O3).
This behavior is consistent with previous modeling and ISUAL
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observations, which reported strong attenuation and reduced
apparent brightness of LBH emissions under nadir viewing ge-
ometry [9, 28].

Finally, the OI 777 nm line is associated with the excita-
tion of atomic oxygen. Its intensity tends to correlate with re-
gions of higher electron energy and is particularly prominent in
leader-type processes in lightning spectra [29], whereas it can
be weaker or intermittent in sprites. Satellite measurements in-
dicate that when present, O I 777 nm emission is typically local-
ized near the streamer head and exhibits peak irradiances com-
parable to those reproduced by the present simulations [5].

Overall, the results showed spatial consistency among the
electric field, electron density, and optical emission. The ion-
ized channel behind the head sustains conduction, while each
spectral band emphasizes different aspects of the phenomenon:
the high-field head concentrates the emission at 2PN, and
01777 nm, 1PNy traces the persistence of the channel, and the
LBH band reflects both radiative production and FUV absorp-
tion. The agreement of these spatial patterns with published
emission maps and spectrophotometric diagnostics supports the
applicability of the model for remote sensing interpretations of
streamer-type discharges.

3.1. Emission Profiles

Figure 3(a) shows the radiation profiles for the four bands
(1PNg, 2PN5, LBH, and O 1777 nm) as a function of altitude
att = 2.5ms. Fig. 3(b) shows the electric field profile along
the same vertical cut (x = 0), as a reference to locate the main
brightness centers.

The local contribution to the brightness (in Rayleighs per
cell) for a given transition k is written in the code as

Iloc(y) = 1076 Ank(y)Aya
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FIGURE 4. Vertical profiles of local brightness Ijo. in Rayleighs per cell (R/cell) for 1PN», 2PN2, LBH, and O1777 nm, at ¢ = 12.5 ms.

where A is the Einstein coefficient for spontaneous emission
[s~']; my is the density of the excited state responsible for
emission [m~3]; and Ay is the cell thickness along the line of
sight (LOS). Factors 10~% convert photon flux into Rayleigh
units [30]. Under quasi-stationary conditions, the local signal
can be expressed as:

Iloc(y) = 1076 Ank(y)Ay

A E
(0.8 rQ(y) k (N(y)) ntargCt(y)ne(y) (2)

where nirger 18 the density of the target species to be excited
(e.g., N2, O, Og) [m~3]. The factor A/(A + Q) represents the
radiative fraction: if Q > A, quenching dominates and emis-
sion is suppressed; if Q < A, nearly the entire population in
state k decays radiatively [31]. The factor k(E/N) controls
the excitation efficiency and increases sharply when E/N ex-
ceeds the transition threshold, which explains why the maxima
of o coincide with the E/N peaks at the streamer head. The
product 7, Narger Sets the volumetric rate of effective collisions,
where n. is larger (head and immediate channel), and there
is more production of ng. In this way, it becomes clear that
N bands (1PN, and 2PN5) dominate the channel brightness,
whereas LBH reproduces the morphology but is attenuated by
atmospheric transmission Ty, (). The O 1777 nm emission is
several orders of magnitude smaller because of its dependence
on atomic oxygen and strong quenching in dense layers. Over-
all, the figure illustrates how the product k(E/ N) n. at the head
controls the brightness, whereas A/(A+ Q) and Ty, modulate
the differences between bands.

A piecewise analysis of the profiles revealed three clear re-
gions along the vertical axis:

i) Between 72.8 and 73 km, all bands exhibited a simulta-
neous, abrupt increase over several orders of magnitude,
which coincided with the intersection of the streamer head
with the vertical cut, where the electric field reached its
maximum (|E| ~ 350-370 V/m). At this point, the head
concentrates most of the instantaneous brightness, and
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E/N and n, reach their maxima. Owing to the steep slope
of k(E/N) in the 100-300 Td range (Fig. 1), the emission
grows explosively.

Between 73 and 74.5km, there is a plateau with a gen-
tle decay, characteristic of the conductive channel left
by the streamer front. In this region, the electron den-
sity decreases slowly, and £/ N remains at moderate val-
ues, which explains the gradual decay of [,,.. The fac-
tor Aﬁﬁv which regulates the radiative fraction against
quenching, plays a key role in shaping the slope of each
band. Small inflections (e.g., near 74.4 km) reveal local
re-intensifications of the field; and

iii) above 74.5 km all bands show a pronounced drop as the
discharge enters a low-E /N, low-density region, where
quenching dominates.

We observe that the 2PNy band (red segmented line) is the
most intense in the channel, followed by 1PNs (black solid
line), and LBH (green dotted line). This is consistent with the
following: (a) favorable thresholds and cross-sections for 2PN
at the head, (b) a somewhat lower radiative efficiency ﬁ for
1PN, at these altitudes, and (c) FUV attenuation experienced by
LBH along the line of sight, such that even with a source simi-
lar to 1PNy, its signal appears more suppressed. The O 1777 nm
line (violet dashed-dotted line) is several orders of magnitude
below. At this time, the fraction of atomic oxygen was small,
and the main production mechanism was the dissociative chan-
nel e~ + 0y — O(5P) + O, which contributed appreciably only
at the head. In addition, quenching by N5/Os is highly efficient,
which explains the rapid decay after the peak.

3.2. Advanced Discharge State, ¢t = 12.5ms

At a later time, t 12.5ms, the front advanced, and the
streamer entered a branched regime. The local emission is still
governed by Iyand X [A/(A+Q)|k(E /N )niargetne, but the field
and current are now distributed among several tips. In Fig. 4,
a pronounced jump is observed in the vertical profiles of the
local brightness I}, near an altitude of ~63 km, which marks
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align with the bright structures in the field map.

the streamer head where k(E/N) is maximal. Above that al-
titude, a slowly decaying plateau appears, which is associated
with the already formed conductive channel. Repeated peaks
and notches emerge between ~64 and 66.5km, correspond-
ing to sub-heads and branches that share the field and gener-
ate narrower local maxima. At heights near ~73—74 km, a sec-
ondary enhancement was observed, followed by a global decay
as F/N and n, decreased.

The relative intensity order remains the same: No bands
dominate because of their larger excitation coefficients and
more favorable radiative fractions ﬁ [32]. In contrast, LBH
appeared weaker because of the accumulated FUV absorption
along the line of sight. O 1777 nm emission is several orders of
magnitude smaller and exhibits a smoother morphology. Its in-
tensity depends on the local availability of atomic oxygen and
excitation/dissociation at the streamer head, which explains the
sharp increase at the head altitude, followed by a broad plateau
with less pronounced variations than those in the Ny lines. This
band responds with a higher sensitivity to the abundance of O
and the radiative fraction, which improves slightly at higher al-
titudes. Consequently, the decay along the channel was less
abrupt. However, it shows a pronounced drop once the dis-
charge leaves the region where the electric field is sufficient to
dissociate the atmospheric oxygen molecules [4].

Overall, the profile is consistent with a branched regime, that
is, multiple narrow peaks (sub-heads) superimposed on an ex-
tended background (channel), each leaving a tail immediately
above. Between the peaks, the signal remained at intermedi-
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ate levels owing to the integrated contribution of the already
formed conductive channel. The amplitude of the main peak
is smaller than at ¢ = 2.5 ms because the available potential is
distributed among several tips and the maximum field at each
is reduced by screening.

The superposition of the electric field map and radiation pro-
file is shown in Fig. 5. There is a one-to-one correlation be-
tween the maxima in the radiation profile and the branching
structures in the field map. Each bifurcation generates a local
emission maximum at the same altitude, whereas the absolute
maximum of the profile is located at the main-streamer head
(around ~63 km).

The appearance of multiple peaks in 1PNy at { = 12.5ms
is consistent with the simulations, which indicate that the front
begins to branch around ~9.5ms. Once branching starts, the
brightness of the main head ceases to increase, and secondary
peaks emerge, co-located with the new branches. The distance
traveled by each tip between successive instants decreases, re-
flecting the charge motion that accumulates at the tips of the
more conductive branches [33].

3.3. Spatial Profiles of 1PN, Emission

Figure 6 shows the vertical profiles of 1PNy emissions several
times during the discharge. At all times, a sharp peak appears
at the lowest altitudes, associated with the streamer head where
the reduced field E/ N and electron density 7, reach their max-
ima. At higher altitudes, the signal decreases and forms a tail
that reflects the conductive channel left by the front and the ra-
diative and collisional relaxation of the excited states.

Each curve exhibits a pronounced step that moves towards
lower altitudes as time progresses (from ~74—75km at ¢t =
2.5ms to ~61-62km at t = 17.1ms), marking the streamer
head. Behind this step, a decaying plateau appeared, which
was associated with the already formed conductive channel. At
heights between ~64 and 66.5 km, narrow peaks and notches
(more evident at ¢ = 10-15ms) are observed, indicative of
front branching and the emergence of sub-heads that redis-
tribute the field. Later, as the head descends into denser lay-
ers, quenching (Q) increases, reducing the radiative fraction
and causing the background level of the profile to decay more
rapidly.

In the interval ¢ ~ 2.5-5ms, the head peak increases and
shifts to higher altitudes: the product k(E/N)n. at the tip
grows and, as the head rises, the neutral density decreases, re-
ducing @ and improving the radiative efficiency A/(A + Q).
The evolution is consistent with a well-focused head sustained
by a sufficiently high background field. Att ~ 7.5 ms, the peak
drops sharply. This minimum can be explained by: (i) field
screening due to accumulated space charge and head broaden-
ing (which reduces E/N), (ii) a transient decrease in n. ahead
of the tip due to reduced photoionization, and (iii) possible de-
parture from the region of maximum background field. Be-
cause k(F/N) has a steep slope, a moderate reduction in £/ N
is sufficient to significantly reduce the excitation, even if @) de-
creases.

Between ¢ = 10 and 17 ms, the peak partially recovered be-
cause of the reorganization of the reduced field E/ N associated
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FIGURE 6. Temporal evolution of local photon flux for the IPN3 band as a function of altitude (horizontal axis in meters). The vertical axis shows
photon flux in Rayleighs per cell (R/cell). Profiles at different times (¢ = 2.5—17.1 ms) are superimposed. Abrupt jumps mark the position of the
streamer head at each time, while fine oscillations between ~64—66.5 km correspond to sub-heads and branching.
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FIGURE 7. Vertical profiles of local photon flux for (a) 2PN2, (b) LBH (N32), and (¢) O I 777 nm at different times (¢ = 2.5-17.1 ms; colors indicated

in the legend). The horizontal axis shows altitude in meters.

with the branch dynamics and front adjustment. However, the
distance traveled by the bright region between successive times
shortens, indicating front deceleration. To interpret this behav-
ior, we introduced an effective luminous length for the head as
follows:

1
Teff = A"‘Q,

L ~ Unead Tett,
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where the effective lifetime 7.¢ [34] decreases as the head de-
scends into denser layers (where () increases), while the head
velocity vpe,q decreases as it propagates in a weaker electric
field owing to channel screening and less favorable background
gradients [35]. The combined reduction of 7g and vheaq reduces
L, so that the bright head region advances a shorter distance be-
tween successive times, as observed in the profiles.
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vs MMIA (black). (¢) LBH (FUV): model (green) vs MMIA (black).

3.4. Comparative Analysis of 2PN,, LBH, and 0 1 777 nm Spatial
Profiles

The evolution of the emission in the remaining bands is shown
in Fig. 7. In all three cases, a bright front descending over time
is observed. The abrupt jump marks the streamer head. Above
the front, a decaying plateau associated with the already formed
channel appears, the level of which decreases mainly because
of the reduction in £/ N and n. behind the head. Between ~64
and 66.5 km, peaks and notches signal front branching, where
the field is shared by multiple tips.

The differences between the bands are consistent with their
specific physics. The 2PNy band exhibited the highest levels
and sharpest fronts, making it a good tracer of propagation.
LBH reproduces the same overall morphology, but with slightly
lower amplitudes, which is consistent with its greater sensitivity
to losses and FUV absorption when atmospheric transmission
is included. O1777 nm emission, which is weaker and more
localized, responds to the availability of atomic oxygen and the
kinetics of O(°P), so its peaks can appear somewhat shifted to
higher altitudes, where quenching is less efficient.
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A common feature in all three panels is the reduction in peak
displacement between successive times, indicating front decel-
eration once the formed channel screens part of the available
field. This behavior can again be interpreted in terms of the ef-
fective luminous length L ~ vpeaqTetr, Which decreases as both
the available field and head speed decrease.

3.5. Model-Observation Comparison

This section presents the light curves (Fig. 8) generated by
applying the emission workflow to all simulation files (50 ps
time steps, covering 0—17 ms). Excited-state populations were
computed under QSS closure, local emissivity was derived,
and nadir projection incorporated atmospheric transmittance
(Rayleigh scattering in the visible/NIR region and significant
Og3 absorption for LBH). The reported intensity is the brightness
integrated over a region of interest, consistent with the ASIM-
type metrics. These simulated light curves were compared
with MMIA/ASIM observations for event ASIM ID 51267 on
6 June, 2021 at 02:00:30 UTC near Barrancabermeja (Colom-
bia), which was used as a test case. For each spectral band
(O1 777 nm, 2PNy at 337 nm, and FUV LBH), the simulated
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and measured signals were displayed side-by-side at the same
cadence. The objective was to assess consistency in: (i) peak
time and pulse width, (ii) tail morphology (quenching and/or
continuing current), and (iii) relative amplitude across chan-
nels.

All channels showed a consistent temporal alignment of the
main peak at ~2-2.5ms, indicating that the streamer/channel
kinematics and viewing geometry were well captured by
the model. The best absolute agreement is obtained for
O1777.4nm (Fig. 8(a)), where both the peak time and decay
closely match the observations. The 2PN5 emission reproduces
the rise and maximum but exhibits a longer tail than observed
(Fig. 8(b)), whereas the LBH band captures the initial peak but
deviates at late times (Fig. 8(c)), where the satellite signal is
dominated by noise and background.

The O1 777.4 nm agreement suggests that the modeled en-
ergy deposition and QSS treatment of the O(°P) level are ade-
quate over the relevant F'/N range. The over-sustained 2PNy
tail points to uncertainties in effective quenching and cas-
cade processes, whereas LBH discrepancies are consistent with
background subtraction limits and simplified radiative transfer
(pure absorption without scattering).

After this initial comparison, improved agreement across
all channels was obtained by modest adjustments of selected
model parameters (notably effective quenching rates and atten-
uation factors), without altering the underlying physical frame-
work. This demonstrates that the emission workflow is robust
and suitable for quantitative, event-by-event comparisons with
ASIM photometer data.

4. DISCUSSION

The multispectral results obtained with the Afivo Streamer
reproduced the characteristic features of mesospheric stream-
ers. A brightness peak was co-located with the head (coinci-
dent maxima of E/N and n.), followed by a tail associated
with the conductive channel. The spatial coincidence of the
jumps in the four bands confirms that the common driver of
emission is product k(E/N) n. at the streamer head. Differ-
ences in the level and slope among bands are explained by the
radiative efficiency A/(A+ @), by the target chemistry (Ng vs.
0/05), and, in the case of LBH, by atmospheric transmission
Tam- These mechanisms are directly reflected in ASIM/MMIA
photometer observations, where all channels exhibit a tempo-
rally aligned main peak, indicating that the dominant contribu-
tion arises from the high-field head region rather than from the
screened channel. In particular,

i) 2PN is the most sensitive tracer of the active zone owing
to its higher A and steep slope of k(E/N),

ii) 1PNs provides a robust and extended signal that is useful
for visible-band instrumentation;

iii) LBH reproduces the Ny-based morphology but exhibits
lower levels due to accumulated FUV absorption;

iv) OI 777.4nm is concentrated at the head, with ampli-
tude limited by the availability of atomic O and efficient
quenching in dense layers.
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The transition from a young, collimated front to a branched
regime is evidenced by the appearance of multiple peaks and
notches co-located between 2PNy and LBH, consistent with
field redistribution among sub-heads and channel screening.
This pattern explains the reduction in the main peak after ~10—
15 ms and the shorter displacement between instants (deceler-
ation). Small decreases in E£//N have a nonlinear impact on
k(E/N) and, therefore, on emissions. To quantify this evo-
lution, we introduce a spatial scale associated with the optical
extent of the head, the effective luminous length, defined as

L ~ Unead Tefr,  Tet = ﬁ,

This provides a unified interpretation for the progressive com-
pression of the bright region. As the discharge descends into
denser layers, 7. decreases owing to increasing ¢, and at the
same time, the front decelerates because of screening and less
favorable background field gradients. The combined reduction
in 7o and vpeaq reduces L and explains why successive peaks
appear closer together.

4.1. Implications for Observations

The co-localization of 2PNo/LBH peaks with £/N maxima
suggests that intensity ratios (e.g., 2PNo/1PNs) can be used
to diagnose F//N and effective quenching, while O1 777.4 nm
provides sensitivity to more energetic electron populations and
atomic oxygen abundance. This interpretation is supported by
ASIM comparisons, where the 2PN, channel reproduces the
timing of the observed peak but shows enhanced sensitivity to
post-peak dynamics, whereas O 1 777.4 nm exhibits the closest
agreement in both peak timing and decay.

For comparison with ASIM, the FUV attenuation must be
treated using realistic atmospheric profiles and the spectral re-
sponse of the instrument. In particular, LBH observations are
strongly affected by O2/O3 absorption and background sub-
traction uncertainties, which can dominate the late-time signal
and must be accounted for before attributing discrepancies to
plasma-chemical processes alone.

5. CONCLUSIONS

The multiband (1PN2, 2PN,, LBH, and OI 777 nm) opti-
cal synthesis coupled with plasma modeling enabled consis-
tent characterization of the spatial and temporal dynamics of
the streamer. The emission maxima were concentrated at the
head, where E/N and n. maximized k(E/N), producing a
sharp peak that moved over time and a tail associated with
the screened channel. The intensity order 2PNy > 1PN, >
LBH > OI is consistent with the excitation thresholds,
quenching, and FUV absorption, and provides a framework for
interpreting spectral contrasts. This hierarchy is consistent with
the relative amplitudes measured by ASIM/MMIA for the an-
alyzed event, reinforcing the validity of the modeled emission
efficiencies and attenuation treatment.

The analysis reveals an initial intensification phase followed
by a transition to a branched regime around ~9.5 ms, evidenced
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by multiple co-located peaks among Ns-based bands. Branch-
ing redistributes the electric field and electron density, deceler-
ates the front, and generates multi-peak structures that are well
captured by 2PN, whereas LBH reproduces the morphology
with a lower amplitude owing to FUV losses. The correlation
between 1PNy/2PNy peaks, |E| structures, and n. variations
confirmed the onset of branching and formation of sub-heads.

Intensity ratios (e.g., 2PNy/1PNy) have emerged as sensi-
tive diagnostics of E/N and effective quenching, while O1
777.4nm acts as a differential tracer for high-energy processes
and atomic oxygen chemistry. Taken together, these results es-
tablish a quantitative basis for inferring the physical and chem-
ical parameters of the discharge.

We developed a reproducible multiband optical synthesis
framework that links plasma variables to the observed signals
through k(E/N), A, @, and Tyy,. The scheme is suitable for
comparison with spaceborne instrumentation such as ASIM,
provided that realistic atmospheric profiles are included to treat
the FUV absorption and instrumental spectral response. The
model-observation comparison presented here demonstrates
that, after modest parameter adjustments within physically rea-
sonable bounds, the same framework can reproduce the timing,
pulse width, and relative channel behavior observed by ASIM.

This study consolidates a unified set of tools and metrics
for studying streamer-type discharges and their transition to
branched regimes, providing a robust basis for experimental
validation and future extensions for full radiative transfer mod-
eling.
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APPENDIX A. PLASMA FLUID SIMULATION

The electromagnetic simulation model implemented in Afivo
Streamer uses a drift-diffusion-reaction fluid approach under
the local field approximation, solving the continuity equations
for electrons and ions coupled with Poisson’s equation [6]. The
simulation framework allows the dynamic allocation of compu-
tational resources through adaptive mesh refinement (AMR),
which concentrates the resolution in regions with strong gra-
dients of field and charge. A 2D axisymmetric domain and
chemical scheme incorporating vibrational and electronic ex-
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citations, recombination, radiative decay, and quenching have
been used [36].

A.1. Computational Domain

The computational domain is shown in Fig. Al. It consists of a
2D axisymmetric cylindrical geometry that is used to simulate
streamer growth. This type of domain is computationally ef-
ficient and well-suited for parametric studies and multispectral
emission modeling. However, they are intrinsically less faithful
than full 3D models in terms of streamer branching and mutual
interactions.

As shown by Teunissen and Ebert [37], streamer branch-
ing arises from azimuthal instabilities that can only be cap-
tured in three-dimensional simulations. Comparative studies by
Wang et al. [38, 39] further demonstrated that while 2D axisym-
metric models can reproduce key macroscopic quantities, such
as streamer velocity and head radius in non-branching regimes,
they fail to qualitatively describe branching morphology, which
is inherently three-dimensional.

In the present work, a 2D axisymmetric geometry is adopted
to study the evolution of a dominant streamer channel and its
associated multispectral optical emissions. The extension of
the framework to fully 3D simulations, which are required to
capture branching dynamics, is left for future work.

Figure Al illustrates the spatial configuration of the compu-
tational domain in the (r, h) plane, where r is the radial coordi-
nate, and A is the altitude. The shaded gray area represents the
physical domain bounded below by the ground and above by the
ionosphere. A Gaussian plasma seed is initialized at an altitude
of approximately 65 km, centered radially, with a vertical ex-
tent H and radial width R, which serve as the input parameters
to trigger the discharge. The simulation included a photoioniza-
tion term. Although the model is 2D, the physical interpretation
corresponds to a cylindrical system, in which all quantities are
assumed to be invariant with respect to the azimuthal angle.
The axisymmetric domain spans a radius of 5 km and a height
of 30 km, covering the region from 50 to 80 km above sea level.

Simulation Domine
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100

80| T
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a0t | \\
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FIGURE A1. Geometric configuration of the domain for a 2D axisym-
metric simulation of mesospheric discharges.
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The simulation framework enables the dynamic allocation of
computational resources via adaptive mesh refinement (AMR).
As the streamer propagates, the grid recursively refines the
cells, where the error indicators exceed the predefined thresh-
olds. This produces a column of highly refined cells that fol-
lows the streamer head, consistently resolving the ionization
channel width throughout its evolution. When space-charge
branching occurs, the AMR algorithm adds additional refine-
ment levels at each emerging tip while coarsening the upstream
regions where the gradients decrease.
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