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Effect of Blue Jets on Atmospheric Composition:
Feasibility of Measurement From
a Stratospheric Balloon

Laurence Croizé, Sébastien Payan, Jérdme Bureau, Fabrice Duruisseau, Rémi Thiéblemont, and Nathalie Huret

Abstract—The feasibility study of the HALESIS (High-Altitude
Luminous Events Studied by Infrared Spectro-imagery) project is
presented. The purpose of this experiment is to measure the atmo-
spheric perturbation in the minutes following the occurrence of
transient luminous events (TLEs) from a stratospheric balloon in
the altitude range of 20—40 km. The instrumentation will include
a spectro-imager embedded in a pointing gondola. Infrared signa-
tures of a single blue jet were simulated under the assumption of
local thermodynamic equilibrium (LTE), and were then compared
with a panel of commercially available instrument specifications.
The sensitivity of the signatures with a local perturbation of
the main vibrational energy level populations of CO2, CO, NO,
O3, and H2O was measured and the infrared signatures of a
single blue jet taking into account non-LTE hypotheses were com-
pared with the same panel of commercially available instrument
specifications. Lastly, the feasibility of the study is discussed.

Index Terms—Atmospheric chemistry, hyperspectral imagery,
transient luminous events (TLEs).

I. INTRODUCTION

HE OBSERVATION of transient luminous events (TLESs)
in the high atmosphere by Franz et al. two decades ago
[1] and the observation of gamma ray flashes of terrestrial
origin [terrestrial gamma flashes (TGFs)] by Fishman et al.
[2] have evidenced interaction processes between the differ-
ent atmospheric layers (troposphere, stratosphere, and meso-
sphere/ionosphere) that had never been studied before. Indeed,
the frequency of occurrence of these phenomena over thunder-
storm cells is not accurately known [3]-[5] and the impact of
the impulsive energy transfer between the troposphere and the
highest atmospheric layers on the earth’s electrical system has
to be studied and quantified.
This paper focuses on an innovative experiment named
HALESIS (High-Altitude Luminous Events Studied by
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Infrared Spectro-imagery) that aims to measure from a strato-
spheric balloon the effect of TLEs on atmospheric composition
and the associated chemistry induced by vibrational excitation.
The feasibility study of this experimental project is presented
here.

We first present the interest of performing fast and sen-
sitive hyperspectral measurements of the effect of TLEs on
the atmospheric composition. Then the HALESIS project and
future experiment are described. To establish the feasibility
of the project, simulations of the spectral signature of an iso-
lated blue jet were performed in the thermal infrared (TIR)
and in the middle infrared (MIR) range. First the perturbed
area was considered to be at local thermodynamic equilibrium
(LTE). Then the effect of a modification in the main vibrational
energy level populations of CO5, CO, NO, O3, and H5O inside
the perturbed area was assessed. The results of the estimation
of infrared spectral signatures were compared to the technical
capabilities of a panel of infrared spectro-imagers. We conclude
not only on the project feasibility, but also on the challenges that
lie ahead for an imager perfectly suited to achieve the aims of
HALESIS.

II. INTEREST OF STUDYING THE ATMOSPHERIC
COMPOSITION PERTURBATION
INDUCED BY TLES

TLEs occur most of the time over thunderstorm clouds. They
include different phenomena: Sprites, which extend from 40
to 90 km and can last up to a few tenths of a millisecond
[6]; blue jets, which resemble narrow blue columns [6]; elves
[7]; luminous halos; and gigantic jets [8]. They appear in dif-
ferent shapes and their color at high altitude is related to the
prominence of the first positive band system of molecular nitro-
gen (1PG = First Positive Group of Ny). The phenomenol-
ogy, morphology, physical, and chemical mechanisms involved
as well as the energetic and electric effects of TLEs (both on
local and global scales) have been extensively investigated since
TLEs were first discovered [9], [10] (see references within for
a complete description).

An electrical perturbation caused by a thunderstorm can trig-
ger a discharge above the clouds in the upper layers of the
atmosphere. The associated energized electrons excite, ionize,
or dissociate the major constituents Ny and Os of the earth’s
atmosphere, leading to atomic species (N(2D), N(*S), O(!D),
and O('S)), molecular species (N2(C3IL,), No(B3IL,), etc.),
orionic species (No + (A2II,)). When relaxing to lower energy
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states, visible photons are emitted. This explains the color of
the observed phenomena. For example, above 50 km, the red
color of sprites arises from the transitions from the B3I, to
the A3X*, electronic states of Ny (first positive or 1P bands)
between 650 and 800 nm, whereas below 50 km red emissions
are strongly quenched: blue optical emissions become domi-
nant mainly due to excitation of the second positive band of
N2 (N3P) [11], whereas the blue emission of blue jets must have
an ionized first negative N;‘ component [12], [13]. Depending
on the target study, several modeling studies have been per-
formed in which the number of species considered and energy
deposition assumptions may vary from one paper to another
(e.g., [14]-[17]).

As they involve a huge transfer of charges between differ-
ent atmospheric layers, TLEs influence the global atmospheric
electricity circuit by charging it (blue jets) or discharging it
(gigantic jets) [18]. The formation of oxygen atoms in electron-
ically excited states can also be expected to have an impact on
ozone chemistry. Atomic or molecular species excited in elec-
tronic or vibrational states can induce various chains of chemi-
cal reactions [19] and local enhancements of the concentrations
of O3, NO, (i.e., NO + NO,), and OH.

To better understand the physics of these phenomena, their
frequency, and their role in the earth’s environment, sev-
eral projects are being developed worldwide. These projects
involve several space experiments: the ISUAL (Imager of
Sprites and Upper Atmospheric Lightning) instrument on the
Taiwanese—Japanese satellite FORMOSAT, the future French
microsatellite TARANIS (Tool for the Analysis of Radiation
from Lightning and Sprites [20], and the Japanese ASIM exper-
iment (Atmosphere—Space Interactions Monitor) provided on
the ISS (International Space Station) [21].

A. Previous Observations

The complementary question of how much TLEs influence
the atmospheric chemical composition has been addressed by
several teams in the past. Pasko et al. [10] underlined that atmo-
spheric discharge phenomena (corona discharge, lightning, and
TLEs) are known to be significant sources of NO and NOo
in the troposphere and middle atmosphere. They influence the
concentrations of ozone (O3) and hydroxyl radicals (OH) so
that an appropriate quantification of lightning-produced LtNOy
(including TLE-produced NOy) has become an important issue
in studies of the NO budget. Based on measurements by the
imager ISUAL aboard the FORMOSAT-2 satellite, Chen et al.
reported occurrence rates of 3.23, 0.50, 0.39, and 0.01 events
per minute, respectively, for elves, sprites, halos, and gigan-
tic jets [4]. Estimations of the amount of LtNOy vary by two
orders of magnitude in the range of 1-200 Tg(N) yr—!, where
1Tg(N) = 1012 g of nitrogen [22]-[25]. In addition, climate
change will lead to changes in the frequency and location of
thunderstorm activity [26] (and thus in the frequency of TLEs)
so that their impact on atmospheric chemistry will have to be
reassessed in the future. TLEs have been observed throughout
the world, over all continents and several oceans (see [27] and
references within [27]).
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The local increase in NO and Oz can reach 10% and
0.5%, respectively, at 30 km for blue jets according to Mishin
[14]. Theoretical predictions by Hiraki et al. estimate a local
enhancement of sprite-induced NO, that may be significant
in the range of one to five times the minimum background at
70 km [19].

Peterson er al. [28] analyzed NO, produced by labora-
tory discharges as a function of pressure, voltage, current, and
capacitor energy. They predicted a significant NO, production
when they attempted to reproduce a wide range of stratospheric
and mesospheric pressures, covering the range of heights at
which blue jets and red sprites have been observed to occur.
However, applying their laboratory results to mesosphere con-
ditions, they deduced a small impact on global mesospheric
NOy concentration. Note that these results have large uncer-
tainties (with five orders of magnitude uncertainty) and this
work has been strongly criticized by other teams [29], [30] and
is still under discussion [31], [32].

Direct measurements—measurements of the local effect
induced by an identified TLE—have never been conducted
but several teams have attempted to use satellite limb mea-
surements to assess the influence of TLEs on the mean NO,
concentration of the middle atmosphere. Two studies are based
on NO, measurement, which is a good indicator of NOy
production in the stratosphere since NO, gases are in photo-
chemical equilibrium during the daytime but after sunset NO
is quickly converted into NOs in reaction with Oz. Rodger
et al. [33] used NO3 measurements from GOMOS/ENVISAT
(Global Ozone Monitoring by Occultation of Stars onboard
ENVIronment SATellite) at altitudes from 20 to 70 km, and from
selected geographic regions (eight typical regions, including
four continental regions: two in north America, one in Africa,
and one in south Asia; and four oceanic regions: two in the
Pacific, one in the Atlantic, and one in the Indian ocean) during
the period July 2002—-October 2006. Each region was included
in a box 15° wide in longitude and 20° wide in latitude and
was used to examine the significance of NOx production by
TLEs at nighttime. The study was based on monthly star occul-
tation limb measurements from typical regions of the globe.
They showed that there is no significant impact of red sprites,
gigantic jets, or blue jets upon NO, monthly levels in the
stratosphere and mesosphere (from 20 to 70 km of altitude),
within the detection levels of the instrument. Arnone et al.
investigated MIPAS/ENVISAT (Michelson Interferometer for
Passive Atmospheric Sounding/ENVISAT) measurements of
middle atmospheric NOs in regions of high likelihood of sprite
occurrence during the period August to December 2003 [34].
They adopted the strategy that middle atmosphere MIPAS satel-
lite measurements of NOy were correlated with ground-based
WWLLN (World Wide Lightning Location Network) detec-
tions of large tropospheric thunderstorms as a proxy for sprite
activity. The instantaneous field of view (IFOV) of MIPAS is
about 3 km in height at tangent point and 30 km wide (i.e.,
along longitude). In latitude, i.e., along the line of sight cross-
ing the atmosphere below 80 km, the MIPAS IFOV footprint is
about 1200 km at 52 km height, and 500 km at 60 km height
[35]. They found no evidence of any significant impact on a
global scale. However, they highlight an indication of a possible
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sprite-induced local NO2 enhancement of about 10% at 52 km
height in correspondence with active thunderstorms. Their anal-
ysis points toward a sprite effect upon the composition of the
neutral atmosphere at local scale, with more robust evidence
from regions north of the equator (from 5°N to 20°N) [36].
The major difficulty in measuring the impact of TLEs on
local atmospheric composition is to link the cause (a TLE
occurrence) to the effect (disruption of atmospheric compo-
sition). Moreover, the effect of TLEs on vibrational level
populations of molecules such as NO, NO,, O3, CO, and
CO2 has never been monitored even though it could provide
complementary information on the energy deposition.

B. Interest of Hyperspectral Imagery for the HALESIS Project

Depending on their altitude, some TLEs should be accessi-
ble to in situ balloon-borne measurements but this strategy is
not the best approach because 1) it is technically difficult to
fly above a thunderstorm; 2) the probability of flying inside the
TLE is low; and 3) the study would be restricted to blue jets and
gigantic jets due to the maximum altitude of balloons (around
40 km) whereas the study of sprites, halos, and elves is also
interesting and complementary.

Remote sensing embedded on a stratospheric balloon is an
alternative method that only makes sense if perturbed spec-
tral radiance (i.e., radiances that have been acquired in an area
perturbed by a TLE) can be compared with background spec-
tral radiance. Fourier transform in the infrared (FTIR)-based
hyperspectral imagery is an alternative efficient method that
combines infrared imagery and high-resolution spectroscopy.

For the purposes of HALESIS, the advantage is twofold. The
comparison of spectra from central pixels (i.e., perturbed by a
TLE) with spectra pixels on the edge (background radiance)
provides the intensity of the perturbation, while the second spa-
tial dimension provides access to the vertical distribution of the
perturbation.

Some FTIR-based models are commercially available. In
the present study, a panel of such instruments was used to
establish a set of typical specifications. But there are also
some research prototypes that must be mentioned. GLORIA
(Gimbaled Limb Observer for Radiance Imaging of the
Atmosphere) is a new remote sensing instrument that com-
bines an FTIR spectrometer with a two-dimensional (2-D)
detector array in the spectral regions in combination with a
highly flexible Gimbal mount. The spectral range of the first
instrument version extends from 780 to 1400cm~! with a
spectral resolution of up to 0.075 cm~!. The technical speci-
fications of this instrument represent the state-of-the-art of IR
hyperspectral imagery dedicated to limb sounding [37]. The
SYSIPHE (SYsteme Spectro-Imageur de mesure des Propriétés
Hyperspectrales Embarqué/Spectro-Imaging Inboard System
for the Measurement of Hyperspectral Properties) system is the
state-of-the-art airborne hyperspectral imaging system in the
spectral range from 0.4 to 11.5 pm using a nadir line of sight
[38], [39].

The aim of HALESIS is to measure the effect of TLEs
on the atmospheric composition in the minutes following the
occurrence of a TLE. The chosen strategy is to identify some
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Fig. 1. HALESIS instrument principle.

TLE occurrences from a stratospheric balloon and to infer the
local atmospheric composition in the following minutes with
an acquisition frequency of about a few hyperspectral cubes
every 10 s. This acquisition frequency should make it possi-
ble to monitor NO5, but also NO, NO™, and O3 concentration
time evolution.

The HALESIS instrumentation (Fig. 1) will be integrated
on a pointing gondola that will ensure that the FOV of the
instrumentation remains locked on the direction (thanks to an
inertial station) where a TLE occurs. The gondola—built like
the SALOMON one [40]—will be prepointed on the direction
of the event. Then, a panchromatic low-light camera (typically
WATEK WAT-902 ULTIMATE) will be used to detect the TLEs
with an acquisition rate of 25 f/s (frames/s). Detection will be
done in the visible and near infrared with a wide FOV (typi-
cally with a fish-eye lens). The WATEC camera will be used
for detection purposes only. For scientific purposes, a more
accurate imager can be added for the interpretation of the geo-
metrical dimensions, volume, color, and structure of the TLE.
When a TLE is detected, the gondola will be pointed accurately
in order to have the atmosphere where the identify TLE just
occurs in the center of the imager detector and the acquisition
of hyperspectral cubes of data will start with an acquisition rate
in the range of 5-60 cubes/min. The whole measurement and
calibration strategy will be driven by a PC board. The steps
of this strategy are described in Table I. The first step in the
study was to evaluate the feasibility of hyperspectral detection
of the TLE signatures and to determine the technical setup of
the one or two hyperspectral imagers that should be included in
the gondola. Our decision to focus initially on blue jets is based
on several considerations. Among the different TLEs, only blue
jets and TGF occur in the lower stratosphere, i.e., reachable by
a stratospheric balloon. We are better informed about blue jets,
as they have been more frequently observed and characterized
than TGF. In addition, as described in Section III, both fun-
damental and hot band signatures can be observed for blue jets.
This investigation into blue jets will enable us to assess the abil-
ity of the instrumentation to measure their chemical impact and
establish whether locally such discharges can have an impact
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TABLE 1
MEASUREMENT STRATEGY

Step  Name Description

0 Waiting for Pointing of the gondola in the
the next thunderstorm direction once
thunderstorm  activity is detected.

1 TLE detection  Calibration of the
hyperspectral imager and
panchromatic camera startup
for TLE detection. Pointing of
the hyperspectral imager FOV
on the TLE direction once an
event is detected.

2 Monitoring Record of hyperspectral data-
cubes. After a few minutes,
return to step 1) or go to step 3)
or4).

3 End of Return to step 0).
acquisition

4 End of the End of the flight.
experiment

on the ozone layer in the stratosphere, which is very sensitive
to NOx content. The rate at which blue jets and gigantic jets
occur is currently not well known, more and more measure-
ments from the ground have been done recently [41]-[43]. This
blue jet study is a first step and we will continue the study to
evaluate the capability of the instrumentation to measure the
impact of sprites and halos.

III. EXPECTED INFRA-RED SIGNATURES OF A SINGLE
BLUE JET ATMOSPHERIC PERTURBATION

To assess the feasibility of HALESIS, it was necessary to
perform an estimation of TLEs infrared signatures to be com-
pared with available IR hyperspectral instrumentation technical
specifications. It is important to point out that the aim of this
feasibility study was not to establish an exhaustive description
of the phenomena but to provide an order of magnitude of the
signature intensities in order to verify if they are measurable.
To achieve this, we need first to have an order of magnitude
of the chemical species produced by an electrical discharge in
the stratosphere as a function of altitude. It is then possible to
estimate the infrared radiometric signature assuming a simple
geometrical representation of the blue jet.

A. Estimation of Blue Jet Perturbation on Stratospheric
Composition

To determine the order of magnitude of the chemical per-
turbation induced by a blue jet discharge, we evaluated the
production of NOy and Og using the stratospheric chemi-
cal model MIPLASMO [44]. This model was developed to
interpret chemical measurements from several stratospheric
balloon-borne instruments during the last decade. It has been
used in particular to investigate processes associated with polar
stratospheric clouds, nitrogen oxides and chlorine activation
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Fig. 2. (a) Vertical profiles of electron concentration associated with the blue
jet event. (b)—(d) Vertical profiles of NO, NOg, and O3 mixing ratios. The
solid line corresponds to initialization before the blue jet event observed by [43]
on July 22, 2007 at 23°28'N-120°52'E at 12:00 UTC, and the dotted lines
after, respectively, 0.8, 275, and 30 s for NO, NOg, and O3 of MIPLASMO
simulations. These durations correspond to the maximum production for each
species.

[45]-[49]. In its box version, the model can predict the time
evolution of 30 chemical species associated with the full strato-
spheric O3 chemistry (nitrogen, chlorine, and bromine fami-
lies). Recently, new developments have been made to include
in a one-dimensional version (from 15 to 40 km) the specific
chemistry due to electric discharge according to the simplified
chemical scheme from Mishin [14].

This scheme uses the electric field and the electron concen-
tration to calculate reaction rates. These two parameters were
calculated using a discharge propagation code based on the
studies by Raizer et al. [50], [51]. This code considers a blue
jet as a streamer initiated by a bidirectional leader discharge,
emerging from the anvil and sustained by a moderate cloud
charge. The streamer growth depends on the electrical field
induced by the initial cloud charge and the initial altitude. We
consider a charge of 20°C in a sphere with a radius of 3 km (the
part of the clouds which is charged) corresponding to a poten-
tial of 60 000 kV at 15 km. The starting altitude of the leader
is then 15 km and it propagates up to 50 km. Fig. 2(a) presents
the electron concentration produced as a function of altitude
according to Pasko et al. [27].

To describe the chemistry associated with the blue jet dis-
charge, 37 chemical reactions and 8 chemical species (related
to excited species and ions) were included in the MIPLASMO
model (see Mishin [14] for a detailed list). To prevent numer-
ical instabilities, the time step of the model was progressively
reduced from 30 s (ozone chemical time step) to 0.1 ps during
0.1 ms when the blue jet appears (electric chemical time step),
then a time step of 0.1 ms was used during 0.1 s, next the time
step of 0.1 s was used up to 10 s, and finally the ozone chemical
time step was again applied.

Initial mixing ratio vertical profiles of the chemical species
come from the outputs of the REPROBUS CTM model [52]
widely used for stratospheric chemical studies. These profiles
correspond to the chemical background conditions on July 22,
2007 at 23°28'N and 120°52’E at 12:00 UTC when a blue jet
event was observed [43].
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Volume mixing ratios of NO, NOs, and O3 before the blue jet
and after the discharge are presented in Fig. 2(b)—(d). Because
the chemical impact of the discharge is time and species depen-
dent, we choose to present the maximum values obtained for
each species, i.e., after 0.8, 275, and 30 s for NO, NO,, and
Os, respectively. NO production increases as a function of alti-
tude with more than 30 ppbv at 35 km. The production of NOo
is roughly 10 ppbv whatever the altitude considered. O3 pro-
duction is maximum at 20 km with a very strong value, but
this production is directly linked to the number of electrons
at the top of the streamer calculated using Pasko et al. (at
20km 10'7 m 3 electrons) [27].

Mishin reports a lower Og production at 20 km but they
consider only a 10! m~3 electron concentration [14]. In addi-
tion, this production is very local (top of the streamer) without
considering any information about the spatial extent/shape of
the streamer and atmospheric diffusion process. The chemical
species are not at chemical equilibrium with the environment,
and those results correspond to the local enhancement due to
the discharge.

B. Fundamental Band Infrared Signatures

Theoretical predictions were then used to provide an estima-
tion of a blue jet infrared radiometric signature using the line
by line radiative transfer model (LBLRTM) [53], [54]. This line
by line model was chosen due to the possibility of taking into
account the non-LTE (NLTE) hypothesis (see Section III-C).
Simulations were done considering a limb line of sight from a
stratospheric balloon for several tangent heights and an eleva-
tion of the line of sight of 0°. The atmosphere was discretized
into concentric layers each 1 km thick. When considering the
blue jet perturbation, some additional layers were added so that
a disturbed area located at about 50 km from the observer is
crossed by the line of sight. The length of the pathway in the
disturbed area is, respectively, 4.0, 5.3, 6.6, and 7.9 km for an
observer flying at a tangent height h; (i = 1 to 4), respectively,
of 20, 25, 30, and 35. In a first step, background atmosphere
radiances were generated with a spectral resolution of 2 cm ™!
using the U.S. standard description of atmosphere [55] for each
layer. In a second step, perturbed spectral radiances were cal-
culated (with the same spectral resolution): the concentrations
of NO, NOs, O3, and NO™ were initialized with theoretical
predictions inside the perturbed layers (where the concentra-
tion of those species was considered homogeneous). Thus, our
simulation is equivalent to a standard atmosphere in which we
inserted a conical perturbed region with a full angle of 15° and
a base width of 4 km at an altitude of 20.2 km. Values of the
perturbed concentrations were selected at the time when they
reached their highest value and are presented in Fig. 2.

Calculations were done successively for the four values of h;.
Two spectral ranges (TIR and MIR) were covered depending
on the molecule studied. The results are presented in Fig. 3(a)
(MIR range) and 3(b) (TIR range). Background atmospheric
radiances are plotted on the top row of Fig. 3(a) and (b). The
difference between the perturbed and background spectral radi-
ances is presented on the bottom row of Fig. 3(a) and (b). The
positions of the spectral signatures of O3, NO, and NO are
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indicated in the figure. Then, the calculation was repeated for
increasing values of spectral resolution from 0.1 to 20 cm ™! in
order to evaluate the dependence of the intensity of the signa-
ture versus the spectral resolution. To determine the required
instrumental sensitivity, we have plotted the maximum differ-
ence between a background spectrum and a perturbed spectrum
versus the wavelength for O3, NO, NO,, and NO™T (Fig. 4).
This difference represents the typical instrumental sensitivity
level that should be reached to detect such signatures with a
signal-to-noise ratio (S/N) of one. It is important to note that
the predicted signatures were obtained assuming a simplified
geometric scheme, and that they have at least one order of mag-
nitude of uncertainty. When the spectral resolution is degraded
(i.e., when the width of the apparatus function increases) the
intensity of the disturbance spectrum decreases while the acqui-
sition rate can be increased. That explains why the detection
limit of the instrument is higher for lower spectral resolutions
at a given integration time (e.g., possibility to perform spectra
co-addition and decrease instrumental noise). While the pre-
dicted enhancement of O3 concentration is clearly detectable
by hyperspectral imagery in both the TIR and MIR spectral
range, the sensitivity levels required to monitor NOy, and fur-
ther to monitor NO in the MIR range, are very low. For the O3
local disturbance, signatures are intense enough to be very eas-
ily detectable up to 30 km in the TIR range [Fig. 3(b); 20, 30,
and 35 km]. In the MIR range, the O3 signature also decreases
from 20 to 35 km, whereas the signatures of NOg and NO are
expected to remain constant based on the altitude. But the NO
signature—which is very low and could be hardly detected—is
hidden by the O3 signature up to 25 km [Fig. 3(a); 20, 30, and
35 km]. To compare the signature intensities with the detection
limit of a typical spectro-imager, the dashed line and dotted line
plotted in Fig. 4, respectively, indicate the best detection limit
of a panel of commercial FTIR-based hyperspectral imagers,
and multipixel imagers. Hyperspectral imagers correspond to a
reduced 32 x 32 pixel window whereas the maximum size of
multipixel sensor windows is 8 x 8 pixels. A 10-s equivalent
integration time was used. We can see in Fig. 4 that a typical
commercially available hyperspectral imager, like a scientific
research prototype, could be used to easily detect the O3 dis-
turbance signature at low altitude in the TIR range. However,
as multipixel imagers can reach lower detection limits, they are
more promising for the purposes of HALESIS. But the price
to pay is then the poor spatial resolution. A typical spectral
resolution should be fixed in the range from 5 to 15cm™!.
Indeed, selecting a lower spectral resolution would imply too
low an acquisition frequency, while a higher acquisition fre-
quency would result in a decrease of the selectivity of the
measurements. Even if the MIR spectral range contains the
fundamental bands of interesting species (like NO, NO,, and
NO™), the detection of such signatures will require using a low
spectral resolution and an integration time as high as possible
(typically 10 s). Data processing (e.g., co-averaging, spatial,
and spectral binning) should improve instrumental sensitivity,
making it possible to detect NO5 and NO. In the spectral range
from 2200 to 2400 cm~" the spectrum is saturated due to CO»
absorption, so that it is impossible to detect NO ™ in this spectral
range and the results for this species are not presented here.
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Fig. 3. (a) Background radiance (top) and blue jet signatures, i.e., difference between perturbed and background radiances (bottom) for four different altitudes,
and six different spectral resolutions in the MIR spectral range. (b) Background radiance (top) and blue jet signatures, i.e., difference between perturbed and
background radiances (bottom) for four different altitudes and six different spectral resolutions in the TIR spectral range.

C. Hot Band Infrared Signatures

Energy deposition following a TLE event produces
molecules in vibrationally excited levels. The LTE is perturbed,
which means an NLTE situation, and it is then necessary to
consider the population of each vibrational energy level indi-
vidually in order to simulate the accurate radiative transfer of
hot bands. Taking the NLTE hypothesis into account does not
significantly change the fundamental band signature, but some

spectral signatures in the hot vibrational bands can appear with
significantly larger amplitudes than for the fundamental ones.
The interest of this second part of the study is twofold. First, the
infrared signatures of hot bands are more intense, the required
sensitivity level to detect them is higher and the technical feasi-
bility can be more easily reached. Secondly, if such signatures
are detectable, it will be possible to monitor the vibrational
chemistry induced by TLEs (i.e., the chemistry that considers
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observer at 35 km and a limb line of sight.

each vibrational state of a molecule as an individual species)
so that our experiment will provide important complementary
information concerning the energy deposition.

The aim of this part of the study is to give an estimation
of the hot band infrared signatures due to the perturbation
of the molecular vibrational temperature by a single blue jet.
It is important to recall here that this work is a sensitivity
study. To take into account the NLTE hypothesis—to con-
sider the population of each energy level individually—the
same theoretical predictions and the same geometry assump-
tions as for the fundamental band study were used (see
Section III-B). The study was performed for all the vibra-
tional levels available in LBLRTM under NLTE mode (version
12.1—see http://rtweb.aer.com/lblrtm.html for more informa-
tion). When a molecular species was predicted to have an
unaffected concentration (e.g., COs), its concentration was left
at its background value, and only the corresponding vibrational
level populations were affected. When all the vibrational tem-
peratures 77! (1) for all the available vibrational levels [ of
all the studied molecules mol are equal to the kinetic temper-
ature Tj;,, the case is equivalent to the LTE case. Then the
vibrational levels were successively populated. Simulations for
H5O are shown in Fig. 5. For this molecule, no disturbance in
concentration was predicted and calculations for the first six
vibrational levels are accessible with LBLRTM [Fig. 5(a)]. A
temperature increment AT,,;;, was added successively for each
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Fig. 6. Identification of the main NLTE signatures for a 400-K increase of indi-
vidual vibrational temperatures in the perturbed region for an observer at 35 km
and a limb line of sight. All the vibrational signatures corresponding to the same
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CO have been scaled, respectively, with a factor of 0.1, 100, and 200.

vibrational level to quantify the impact of the corresponding
population level perturbation on the radiance spectra

T7EN1) = Thin + AT i (1)

The signature due to the perturbation of the first six levels
of HsO is presented in Fig. 5(b). Note that there is substan-
tial overlap between the signatures due to a perturbation of the
different vibrational levels. While the first scientific flight will
be dedicated to identifying the main detectable signatures using
a low level of resolution, a second flight will be required to
explore some selected small spectral windows with a higher res-
olution level. This would be useful to distinguish between the
different signatures and monitor the vibrational chemistry asso-
ciated with TLE occurrences. The study was repeated for other
chemical species. It allowed identification of the most intense
individual spectral signatures corresponding to an increase in
each vibrational level population, considering a spectral res-
olution of 3cm™' (Fig. 6). The same conclusion as for the
fundamental band can be deduced concerning the TIR range:
ozone signatures should be easily observed from this spec-
tral range with a spectral resolution that should be set in the
range from 5 to 10cm™!. This would provide both a good
selectivity between the different vibrational signatures and a
sufficient sensitivity. In the MIR spectral range, the hot band
signature should appear with a higher intensity than that of the
fundamental bands. In particular, the 1800 — 2500 cm " spec-
tral range is the most suitable to detect the TLE effect on the
COq vibrational temperature: signatures are quite as intense
as in the 500 — 800 cm ! spectral range. Finally the sensitiv-
ity versus the increment of vibrational temperature AT,;, was
evaluated for all the vibrational levels considered for a given
species (Fig. 7). For each molecular species, the temperature
increment effect for values successively of 10, 100, 200, and
400 K was considered. For a given molecule, all the energy lev-
els were disrupted simultaneously. In this case, the most intense
hot band signatures define the pattern. The instrument sensitiv-
ity level to detect the signatures with an S/N equal to 1 is plotted
versus the perturbation amplitude AT,;;, and compared with the
best hyperspectral detection levels.
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IV. SUMMARY

The effect of TLEs on the atmospheric composition is an
open and important question. Although several theoretical and
experimental studies have attempted to answer it, the lack of
suitable experimental data is a shortcoming that hampers our
understanding of the physics and chemistry induced by these
effects. We are preparing an experiment to measure the atmo-
spheric perturbation in the minutes following a TLE from a
stratospheric balloon flying at an altitude from 20 to 35 km.
To assess the feasibility of the experiment, we have simulated
the spectral perturbation induced by an isolated blue jet, taking
into account theoretical predictions. Under the selected assump-
tions, this study has established the feasibility and the interest of
detecting the local enhancement of Og, maybe NOo, and with
greater difficulty, NO that could be produced by a single blue jet
at low altitude (typically 20-35 km). At higher altitudes (typ-
ically above 35 km), spectral signatures in the hot vibrational
bands appear with larger amplitudes than for the fundamen-
tal ones. The NLTE signature induced by a blue jet will be
probably detectable both in the TIR (Ogs) range and in the
MIR range (CO-, H,O, CO, NO, etc.). Moreover, NLTE detec-
tion will provide complementary information about the energy
deposition and the vibrational chemistry caused by TLEs.

Our study clearly demonstrates the interest of continuing
to study the chemistry induced by vibrational excitation from
TLEs. The signature of hot bands is much more intense than
that of fundamental bands, and it may be possible to detect
the perturbation induced in NO and CO spectral signatures at
35 km if the NLTE effect is sufficient. The selected resolution
of 3 cm ™! will unambiguously distinguish the signatures of dif-
ferent species but a second mission will probably be required
if hot band signatures are detected during the first balloon
flights. In this case, an improved spectral resolution (1 cm™!
or better) in selected spectral windows would be necessary
in order to distinguish the different vibrational level distur-
bance signatures. Lastly, if signatures due to the perturbation
of some vibrational levels cannot be distinguished individually,
it may be necessary to perform a second set of measurement
campaigns with instrumentation with higher spectral resolution
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in spectral regions identified from the data recorded during the
first measurement campaigns.

In summary, we conclude that, to detect the radiance pertur-
bation induced by a TLE, it is necessary to use an instrument
with high capacities in terms of sensitivity and acquisition fre-
quency. Commercially available instruments already exist to
perform such measurements but their capacities are often close
to the required performances. The main limitations of FTIR
spectro-imagers are the strong correlation between the window
size, the spectral resolution, the acquisition frequency, and the
sensitivity level. While the technique is perfectly suited for the
aim of HALESIS in the TIR spectral range, things become more
difficult in the MIR range where, except for the detection of
CO3 hot bands, the experiment requires both a fast and sen-
sitive detection. However, innovative instrumental approaches
exist and open up new avenues for the experiment [37]-[39],
[56]-[58].
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