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Abstract. A transatlantic scientific balloon flight
(TRANSAT) was conducted between 22 and 26 June 2024.
The TRANSAT balloon, operated by the French Space
Agency (CNES), floated in the stratosphere at approximately
40 km altitude between Esrange (Sweden) and Baffin Island
(Canada) for about 3.8 d. The scientific payload comprised
nine instruments, including an optical imager for noctilucent
cloud (NLC) studies from the Swedish Institute of Space
Physics. The NLC imager consisted of three identical
visible-range optical cameras, one of which operated suc-
cessfully throughout the entire flight, capturing thousands
of NLC images. The TRANSAT balloon campaign was
supported by ground-based lidar measurements and space-
borne observations from the Swedish MATS satellite. Here,
we describe the technical characteristics of the balloon
experiment and present early results. Nearly continuous
observations of NLC were obtained during the entire flight.
A localized warm region in the mesopause was identified as
the cause of temporary NLC disappearance, while complex
NLC structures exhibiting different motions were found to
probably result from horizontal wind rotation with altitude
within the mesopause region.

1 Introduction

Noctilucent clouds (NLC) are the highest clouds in the
Earth’s atmosphere, forming in the summer mesopause re-
gion between 80 and 90 km altitude at middle and polar lat-
itudes in both hemispheres. They consist of water-ice parti-
cles with radii of 30-100 nm that scatter sunlight, making the
clouds visible against the twilight sky. NLCs are typically ob-
served from May to September in the Northern Hemisphere
and from November to February in the Southern Hemisphere
(Gadsden and Schroder, 1989; Liu et al., 2016). When ob-
served from space, these clouds are traditionally called Polar
Mesospheric Clouds (PMC) (Thomas, 1984).

NLC and PMC are systematically studied using ground-
based optical cameras, spectrographs, lidars as well as ded-
icated spaceborne instruments (e.g., Karlsson and Gumbel,
2005; Dalin et al., 2008; Bailey et al., 2009; Fiedler et al.,
2011; DeLand and Thomas, 2015; Tsuda et al., 2022; Wallis
et al., 2025). In addition, irregular campaign-based NLC ob-
servations are carried out using sounding rockets and aircraft
(Zadorozhny et al., 1993; Gumbel and Witt, 2001; Reimuller
et al., 2011; Suzuki et al., 2022; Pertsev et al., 2024). Each
observational technique has specific advantages and limita-
tions. In particular, ground-based imagers offer high hori-
zontal ( ~ 20 m) and temporal (~ 1 s) resolution (Dalin et al.,
2010; Baumgarten and Fritts, 2014), and lidars provide high
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vertical resolution (50—150 m; Baumgarten et al., 2009), but
both are restricted by tropospheric weather and limited ge-
ographic coverage. Conversely, satellite observations deliver
global PMC coverage but suffer from low spatial (~ 1km)
and temporal (minutes to hours) resolution. Moreover, sun-
synchronous satellites introduce large spatial gaps (hundreds
of km) between adjacent orbits at mid- and subpolar latitudes
(45-60°N) due to a spacecraft orbiting the Earth. Conse-
quently, no single existing technique can fully resolve the mi-
crophysical and dynamical processes governing NLC/PMC.

Balloon-borne observations from stratospheric altitudes
(25-40km) have a potential for comprehensive studies of
NLC on a regular basis. Such observations provide several
advantages: independence from tropospheric weather, unin-
terrupted 24 h coverage, and proximity to the NLC layer (80—
85km), yielding the highest achievable spatial resolution.
From this vantage point, both large-scale (up to 2500 km,
limited by Earth’s curvature) and small-scale (down to me-
ters) NLC features can be observed. Furthermore, balloon-
borne observations at 30-40km altitude occur above the
ozone-rich layer (20-25 km), thereby avoiding light absorp-
tion in the Chappuis band (400-650 nm).

To date, four balloon-borne experiments have been dedi-
cated to NLC observations from the stratosphere (Miller et
al., 2015; Dalin et al., 2019, 2020, 2022; Fritts et al., 2019).
These missions have provided unique datasets for studying
both large- and small-scale wave dynamics and turbulence
within NLC layers. The motivation for the NLC experiment
on board the 2024 TRANSAT flight are as follows:

1. Investigation of temporal-spatial variability of NLC
at large- and small-scales in the subpolar and polar
mesopause for several days.

2. Quantification of atmospheric gravity waves at large-
and small-scales and turbulent processes, with modeling
of propagation pathways and search for wave sources in
the underlying atmosphere.

3. Gaining experience in conducting experiments in the
stratosphere for several days.

In this study, we present results from a new long-duration
balloon experiment aimed at investigating NLC in the polar
mesopause. We describe the observation technique and in-
strumentation as well as early scientific findings. The strato-
spheric NLC observations were complemented by ground-
based lidars and, for the first time, by spaceborne measure-
ments from the Swedish MATS satellite. Additionally, tem-
perature and water vapor data from the Aura/MLS satellite
were used to characterize the mesopause environment during
the TRANSAT flight, and JAWARA model data were em-
ployed to simulate the thermodynamic and wind conditions
in support of the NLC observations.
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2 Technique and method
2.1 Technical characteristics of the imager

The Stratospheric Observations of Noctilucent Clouds
(SONC) experiment is a balloon-borne scientific mission de-
signed to investigate NLC dynamics across a broad range of
spatial scales — from large-scale structures (30-2500 km) to
fine-scale features (5 m—30km) — as well as the microphysi-
cal properties of NLC ice particles.

To achieve these objectives, three high-resolution, high-
sensitivity Sony o7 Mark III cameras were used. Each cam-
era has a full-frame 35 mm, 24-megapixel sensor (6000 x
4000 pixels). Two cameras were equipped with wide-angle
lenses (field of view, FoV, = 105.4° x 81.8°), while the third
carried a narrow-angle lens (FoV = 15.0° x 10.1°). This con-
figuration, two wide-angle and one narrow-angle camera,
provides a horizontal coverage of about 180° for studying
mesospheric NLC structures up to 2500 km across, while si-
multaneously enabling spatial resolution as fine as about 5 m
when viewing the NLC layer at 83 km from a 40 km altitude
and 35° elevation angle. Note that such simultaneous access
to both large and small scales is currently unattainable from
either ground-based or satellite platforms. The three cameras
formed the SONC imager, illustrated in Fig. 1. Each cam-
era stored data on two 1 TB SD cards. Given the expected
4-5d duration of the transatlantic flight and the storage lim-
its, an image acquisition cadence of 50s was chosen. This
temporal resolution enables tracking the evolution of small-
scale wave activity within the NLC layer as well as monitor-
ing large-scale cloud dynamics. The optical axes of the two
wide-angle cameras were inclined at 36° to the horizontal
plane in order to minimize light contamination from bright
tropospheric scattering and from above coming from a big
white balloon envelope (~ 70 m in diameter). The narrow-
angle camera was tilted at 35° to the horizontal plane to re-
solve fine-scale structures of NLC.

Sony «7 Mark III camera has a standard Micro USB ter-
minal for power supplying, battery charging and USB com-
munications, into which an external trigger can be connected
to activate the shutter button. For this purpose, we have de-
veloped an external trigger (gray box shown in Fig. 1) that
simultaneously transmits the trigger signal to all three NLC
cameras at a certain cadence time (50 s in this experiment).
Thus, automatic shooting is carried out by the three cameras
throughout the balloon flight. In addition, this external device
distributes power to all three cameras from an external power
supply (a chemical battery on the gondola).

Automatic exposure bracketing was applied, capturing 5
images sequentially with exposure times varying between
1/1600 and 1.6s. This approach accommodated a wide dy-
namic range of NLC brightness under variable atmospheric
background illumination conditions. One wide-angle cam-
era (left in Fig. 1) operated flawlessly throughout the 3.8d
flight, producing a total of about 40000 images. The other
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Figure 1. The SONC imager consists of three Sony o7 Mark III
cameras and the electronic control unit (gray box with red button).
Two cameras are equipped with wide-angle lenses, and one with
a narrow-angle lens positioned between them. The instrument was
used to observe noctilucent clouds during the TRANSAT transat-
lantic balloon flight (22-26 June 2024).

wide-angle and the narrow-angle cameras functioned for the
first 13 and 12h, respectively, before ceasing operation for
unknown reasons. The imager survived the gondola landing
on the ice of Baffin Island without damage. Post-flight tests
of all the cameras and electronics confirmed full function-
ality of the SONC imager and no performance degradation.
It should be noted that all three cameras had already been in
the stratosphere for about 13 h at low temperatures of —30 °C
and were functioning normally (Dalin et al., 2022). Taking
into account the previous positive balloon-borne experiment,
it was decided to use all three cameras for the long-duration
TRANSAT flight in the stratosphere. Also note that SONY
a7 Mark III cameras are commercial cameras that are not
designed for a flight in the stratosphere in 24/7 sunlight, at
low temperatures and low thermal conductivity due to rar-
efied air. The electronics inside the two cameras could freeze
or overheat. This is the most likely reason for the failure of
these two cameras after 12 h of the flight.

2.2 Technical characteristics of the TRANSAT balloon
flight

The TRANSAT mission is a long-duration stratospheric bal-
loon flight organized and operated by the French Space
Agency (CNES) for multidisciplinary atmospheric and cos-
mic research. The gondola, named Carmen, had a total mass
of about 900 kg and carried nine scientific instruments. Two
of these were from Sweden: the SONC imager and an in-
frasound instrument dedicated to studies of infrasound atmo-
spheric waves and their sources. The infrasound experiment
and its scientific results will be described in a separate paper.

https://doi.org/10.5194/angeo0-44-331-2026

The Carmen gondola utilized a three-axis motorized gim-
bal stabilized platform, providing an elevation-angle stability
of 0.15°, an absolute azimuth pointing accuracy of 1° and a
stability of £10 arcmin around it. Because stratospheric bal-
loons rotate continuously, such stabilization was critical to
avoid image smearing and to maintain consistent NLC mon-
itoring at fine and large scales.

As the transatlantic flight took place under solstice con-
ditions with continuous solar illumination, scientific instru-
ments were mounted behind a solar shield to prevent over-
heating and stray-light interference. To ensure continuous
shading, the gondola was slowly rotated to keep the solar
shield facing the Sun throughout the flight. Due to differ-
ent scientific experiments onboard requiring different point-
ing directions, sometimes the anti-sun direction was not ob-
served, but the oscillations around the leading azimuth of the
gondola remained under control (see Fig. 1c). When the Sun
illuminated the camera lens or strong solar reflections were
present, such images were removed from the image analy-
sis as overexposed. The number of the overexposed removed
image accounted for about 2 % of the total number of images
analyzed.

The TRANSAT balloon was launched from Esrange,
northern Sweden (67.89°N, 21.08°E) at 18:57UTC
(20:57LT) on 22 June 2024 and landed on Baffin Island,
northern Canada, at 12:14 UTC (08:14 LT) on 26 June 2024.
The total flight time was about 90h (3.8 d), with an average
horizontal speed of about 11 ms~!. The horizontal trajectory
and altitude profiles of the TRANSAT mission are shown in
Fig. 2.

2.3 Image processing

Prior to launch, all three Sony cameras underwent geomet-
rical calibration on the ground using night-sky images con-
taining reference stars. A second-order polynomial camera
model was fitted by comparing theoretical and measured hor-
izontal coordinates for over 200 identified reference stars. Six
free coefficients describing focal length, image orientation,
and optical distortion were determined. These coefficients
were used to compute relative horizontal coordinates (ele-
vation and azimuth angles relative to the center of the image)
for every pixel of each camera.

Given the known position and orientation of the SONC im-
ager within the gondola reference frame, provided by CNES,
the absolute horizontal coordinates of all pixels were com-
puted. Subsequently, a georeferencing procedure projected
each pixel onto the Earth’s surface, assuming a mean NLC
altitude of 83 km. Details of the calibration, georeferencing,
and error analysis are available in Dalin et al. (2015).

NLC identification was performed using both manual and
automatic approaches. In the manual procedure, about 6200
images, suitable for scientific analysis, from the left cam-
era (Fig. 1) were carefully examined to mark NLC pres-
ence or absence. A separate text file was created that in-
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TRANSAT balloon flight on 22-26 June 2024
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Figure 2. (A) Horizontal trajectory (the red line) of the TRANSAT balloon mission between 22 and 26 June 2024. The blue crosses mark the
balloon’s position every 12 h. The blue circles show the balloon’s positions when no NLC were observed, see Sect. 4.1. (B) Altitude profile
of the TRANSAT flight. (C) Azimuth of the optical axis of the left camera of the SONC imager due to the TRANSAT gondola rotation in
the anti-sun direction for most of the flight.
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dicates the cloud-free times during the TRANSAT flight.
The number of images is 6200 because almost every im-
age in a series of 5 images, taken in bracketing mode, was
analyzed. A video sequence was then assembled to verify
temporal continuity. This video, containing all images with
synchronized flight parameters, timestamps and balloon co-
ordinates, is available at the Harvard Dataverse repository
(https://doi.org/10.7910/DVN/1PHRZU, Dalin, 2025a).

Automatic image processing involved several steps:
(1) Background subtraction: a second-order polynomial fit
was used to estimate the sky background along each vertical
column of pixels, which was then subtracted to yield a resid-
ual brightness of each pixel. (2) Two-dimensional digital fil-
tering: applied to a residual brightness to extract gravity-
wave-like patterns on image (see Fig. 3b). To do this, we use
zero-phase digital filtering by processing the residual bright-
ness in forward and reverse directions along every vertical
and horizontal line of the analyzed image. After filtering the
data in the forward direction, the procedure reverses the fil-
tered sequence and runs it back through the filter that pro-
vides a zero-phase distortion. A 4th-order Butterworth band-
pass filter with a lower cutoff frequency of 0.0013 Hz and
a higher cutoff frequency of 0.2 Hz is applied in this digital
filtering procedure. (3) Wavelet analysis: a Morse analytic
wavelet transform was applied to selected images to quan-
tify horizontal wavelengths of identified wave patterns. An
analyzed image was first projected onto Earth geographical
coordinates (in km) prior to wavelet analysis. An example
(Fig. 4) shows dominant horizontal wavelengths of about 30
and 40 km, which are frequently observed in NLC (Pautet et
al., 2011; Demissie et al., 2014). In the present case, wave
analysis was applied to the vertical slice (along the y axis)
at the constant X = 2200 pixels of the filtered image shown
in Fig. 3b. This example was chosen at random from 6200
images, but which demonstrates the NLC modulation due to
gravity waves with the naked eye. Therefore, this analysis
technique was applied to this image in order to estimate the
horizontal scales of the wave packet in this case.

The spatial horizontal resolution of the pixels in the up-
per part of the projected image (close to the balloon) is about
21 m, of the pixels in the middle of the image is about 96 m,
and of the pixels at the bottom of the projected image is
about 1.2 km. In accordance with the Nyquist—Shannon sam-
pling theorem, these values allow the study of NLC signals
with horizontal scales greater than 42m, 192 m and 2.4 km,
respectively. Thus, medium- and large-scale gravity waves
with horizontal wavelengths greater 50 km, small-scale grav-
ity waves of 10-50 km, smaller-scale localized waves (bil-
lows or ripples) of 3—10km can be analyzed throughout the
image. Also, turbulent structures like vortex rings of 0.5—
4km in diameter can be studies in the upper and middle part
of the image (Dalin et al., 2010; Pautet et al., 2011; Baum-
garten and Fritts, 2014; Fritts et al., 2017, 2019).

(4) A keogram representation of a sequence of all analyzed
images helps to identify the presence or absence of NLC as

https://doi.org/10.5194/angeo-44-331-2026

a function of time. A keogram is a slice of an image along
a specific axis, and many such slices are put together as a
function of time to produce brightness variations of an ob-
served atmospheric phenomenon over time. A keogram is
commonly used to demonstrate a presence or absence of au-
rora in all-sky images. In the present study, based on the man-
ual careful inspection of 6200 images suitable for scientific
analysis, we have selected horizontal pixel lines in the range
of 3000-3400 pixels (counting along the y axis from the top
of the image) at which NLC preferred to appear. These pix-
els correspond to a distance of about 315-583 km from the
gondola position, when looking along the central line of the
image. The image coordinates are present in Fig. 3b. These
pixels were summed to produce an integrated brightness for
every column between 3000 and 3400 pixels. The mean value
and its standard deviation (SD) were then calculated for the
given slice along the x axis of the image. We have sepa-
rately estimated the mean brightness and its standard devia-
tion for each image, thus the obtained values are independent
of time and camera azimuth. Next, a selection rule was ap-
plied: brightness values greater than 1 SD of the mean were
selected to classify the given slice as NLC present or absent.
Then the keogram was created by putting together slices of
about 6200 images (Fig. 5), demonstrating nearly continu-
ous presence of NLC, that is discussed in detail in Sect. 4.
This automatic keogram procedure fits well with the manual
procedure (described above) in identifying the presence or
absence of NLC as a function of time. The time intervals of
the absence of NLC are indicated by red arrows that coincide
with the manual and automatic procedure.

3 Ground-based and space complementary
measurements

3.1 Lidar measurements

During the initial phase of the TRANSAT balloon flight,
complementary lidar measurements were performed at Es-
range (67.8°N, 21.1°E, Sweden) and Andgya (69.3°N,
16.0° E, Norway), with the aim to provide simultaneous and
common volume (or in proximity) measurements of NLC
layers above northern Scandinavia. At Esrange, we use a
Rayleigh/Mie/Raman (RMR) backscatter lidar developed by
the Bonn University to monitor aerosols in the troposphere,
stratosphere and mesosphere as well as to determine tem-
perature profiles in the aerosol-free part of the atmosphere
(Blum and Fricke, 2005). The vertical and time resolution
of the obtained measurements by the Esrange lidar is 150 m
and 4.4 min, respectively. At Andgya, we use an RMR-lidar
which has been operated as part of the Arctic Lidar Obser-
vatory for Middle Atmosphere Research (ALOMAR). Us-
ing measurements of the ALOMAR lidar one can study
temperatures and winds in the middle atmosphere, aerosol
layers in the stratosphere, polar stratospheric clouds in the

Ann. Geophys., 44, 331-351, 2026
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Figure 3. (A) Example of NLC image acquired at 10:17:21 UTC on 25 June 2024 during the TRANSAT balloon flight. (B) Two-dimensional
Fourier-filtered version of (A), highlighting residual brightness variations associated with NLC bands seen in the middle and the lower part
of the image. (C) Projection of the NLC image shown on panel (A) onto the Earth’s surface. The black dot is the position of the TRANSAT

balloon. The black line shown in panels (A), (B) and (C) shows the vertical slice at X = 2200 pixels where wavelet analysis was applied (see
the text).
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Wavelet transform of TRANSAT NLC image on 2024-06-25 at 10:17:21 UTC
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Figure 4. Example of a wavelet transform for the NLC image obtained at 10:17:21 UTC on 25 June 2024 during the TRANSAT flight.
Gravity waves having prevailing horizontal scales of about 30 and 40 km are clearly seen as the red color code. Two different scales on the
x axis are present: the upper scale is in pixels along the y axis at X = 2200 pixels of the image shown in Fig. 3a, the lower scale is the

distance from the TRANSAT balloon in km.

lower stratosphere in winter and noctilucent clouds in the
mesopause region in summer (Baumgarten, 2010). We use li-
dars backscattered signals from the 532 nm wavelength chan-
nel to measure NLC over Esrange and Andgya during the
TRANSAT flight over northern Scandinavia. The vertical and
time resolution of the obtained measurements by the ALO-
MAR lidar is 40 m and 30, respectively.

The results of the lidar measurements during the initial
phase of the TRANSAT flight are shown in Fig. 6. The NLC
layer is seen in both lidar measurements between 81 and
86 km altitude from 20:30 UTC on 22 June until 01:00 UTC
on 23 June. Figure 6b shows raw Esrange lidar counts and
Fig. 6¢ represents the filtered lidar data in the following
way. All Esrange lidar data were averaged over a 600 m
altitude interval and a 9 min time interval. Then the atmo-
spheric background was estimated as the average value, and
its standard deviation, of the lidar raw counts between 80
and 87 km for each time-averaged measurement. Counts ex-
ceeding 1.5 standard deviations from the average value were
then selected. Figure 6¢ highlights the main features of the
NLC layer seen in Fig. 6b. Between 20:00 and 22:00 UTC,
the NLC layer lifted up from 84 to 86 km, then it sank to
about 82 km between 22:00 UTC on 22 June and 01:00 UTC
on 23 June as demonstrated by both lidars. After 01:00 UTC,

https://doi.org/10.5194/angeo-44-331-2026

Esrange lidar measurements become too noisy to distinguish
the NLC signal from noise. Note that the ALOMAR lidar
registered a double-layer NLC structure between 00:00 and
01:00 UTC. Another double-layer NLC structure will be dis-
cussed in Sect. 4. These height variations of the NLC layer
are due to propagating atmospheric gravity waves. Note that
it is a very rare case of conducting simultaneous lidar mea-
surements of NLC layers at Andgya and Esrange (separated
by ~ 250km) on both sides of the Scandinavian range. The
ALOMAR lidar operated until 12:00 UTC on 23 June, con-
tinuously registering the enhanced NLC layer until about
09:30 UTC, with height variations between 81 and 84 km.
The extended NLC field was registered by the SONC im-
ager above northern Scandinavia (not shown in figure) start-
ing from ~ 22:00 UTC on 22 June 2024 and during the lidar
measurements, thus continuously observing the NLC layer
from the ground and stratosphere from evening hours on
22 June until morning hours on 23 June. Note that the com-
parison of the lidars measurements shown in Fig. 6 is quali-
tative because panels (A) and (B) are not shown in the same
physical units.

Figure 7 illustrates the SONC images at 22:04:38 UTC on
22 June and at 09:34:32 UTC on 23 June, i.e., at the be-
ginning and end of the NLC observations by the Esrange

Ann. Geophys., 44, 331-351, 2026
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and ALOMAR lidars. At the beginning of the lidars mea-
surements the NLC observed by the SONC imager were lo-
cated to the east of the lidars, but at the same latitude range
(Fig. 7a). Later, the SONC imager slowly rotated in the an-
tisolar direction, observing the east-south-west sector of the
sky, and, thus, observations of NLC in the mesopause over
the lidars were impossible. At the same time, at the very end
of the ALOMAR lidar observations at about 09:30 UTC on
23 June, the SONC imager looked north-northeast and de-
tected faint NLC at the very edge of the image frame di-
rectly over the ALOMAR lidar (Fig. 7b). At that time, NLC
were between 81.6 and 82.0 km (Fig. 6a). Thus, lidar mea-
surements can complement balloon-borne observations, pro-
viding information on vertical dynamics of the NLC layer
observed from the stratosphere.

3.2 Space measurements

During the TRANSAT flight, measurements of PMC
from space were also conducted with the MATS satel-
lite. MATS (Mesospheric Airglow/Aerosol Tomography and
Spectroscopy) is a Swedish satellite mission, launched in
November 2022, designed to investigate polar mesospheric
clouds, temperature regime and atmospheric gravity waves
in the mesosphere (Gumbel et al., 2020). The MATS satel-

Ann. Geophys., 44, 331-351, 2026

lite utilizes airglow emissions coming from excited molecu-
lar oxygen in the near infrared range of the spectrum (760-
780 nm, the O; (0-0) A-band) as well as scattered light from
PMC in the ultraviolet (270 and 340 nm). The primary sci-
entific instrument on-board the satellite is the limb imager,
a telescope with six wavelength channels that continuously
captures images of the atmospheric limb with a field of
view of about 40 km in the vertical and 250 km across track
at the tangent point. The horizontal and vertical resolution
of MATS limb images is 5.7km and 290 m, respectively.
The horizontal resolution is consistent with AIM/CIPS im-
ages (Randall et al., 2017) and the vertical resolution of
290 m should be considered high for satellite missions. Us-
ing a tomographic analysis of acquired MATS images, one
can reconstruct waves in three dimensions and provide 3-
dimensional fields of airglow, PMC properties and temper-
ature (Megner et al., 2025).

Figure 8 demonstrates an example of MATS images in
the UV channel 1 at 270nm taken at 10:48:08 UTC on
25 June 2024. This measurement was done at the tangent
point in the mesopause close to the west coast of Greenland
as illustrated in Fig. 8d. One can clearly see the presence
of the PMC layer in Fig. 8c as the bright yellow band on
the atmospheric limb between 80 and 85 km tangent altitude.
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Figure 6. Lidar measurements at Andgya, Norway (A) and Esrange, Sweden (B) during the initial phase of the TRANSAT balloon flight on
22-23 June 2024. (C) Filtered Esrange lidar data averaged over a 600 m altitude interval and a 9 min time interval (see the text).

The time and location of the PMC by MATS agree very well
(time difference of 6s) with the NLC observation obtained
from the TRANSAT balloon, with the MATS tangent point
being in the field of view of the SONC imager as seen in
Fig. 8d. Such simultaneous common-volume observation of
NLC from the stratosphere and space was made for the sec-
ond time; the first one was made by the PMC Turbo strato-
spheric flight and the AIM satellite in July 2018 (Fritts et al.,
2019). But in the present study this was done for the first time
when such a large-scale NLC/PMC field (extending at least
1500 km from north to south) was seen from the stratosphere
and from space based on the limb-viewing observation us-
ing the MATS satellite. Note that MATS also detected NLC
in the next orbit over Greenland and in field of view of the
SONC imager at 12:22:16 UTC on 23 June (not shown in fig-
ure). In the present study, we do not aim to completely com-
pare all possible NLC observations from the stratosphere and
the MATS satellite, but to demonstrate the fundamental pos-
sibility of such observations in one figure only. Thus, MATS
observed an extended PMC layer in a large volume of the
mesopause at least over Greenland, Baffin Bay and Baffin Is-
land. Part of this large-scale NLC field was registered from
the stratosphere by the SONC imager shown in Fig. 8a. Fig-

https://doi.org/10.5194/angeo-44-331-2026

ure 8b demonstrates a 2D-filtered image with a second-order
polynomial removed from the original image (see Sect. 2.3),
which shows NLC modulations due to gravity waves of var-
ious scales throughout the lower part of the image. At the
same time, images taken from the stratosphere have much
higher spatial resolution, showing small- and medium-scale
wave dynamics (including smaller gravity waves and turbu-
lent structures) that MATS cannot resolve using the limb-
viewing geometry. Thus, studies of spatial-temporal variabil-
ity of NLC/PMC can be carried out simultaneously from the
stratosphere and space, complementing each other.

4 Results and Discussion
4.1 Nearly continuous observations of NLC

The first scientific result is the nearly continuous presence
of mesospheric clouds in the observed latitude range of
60-75°N during 3.8d of the TRANSAT balloon flight. In
total, there were four intervals of NLC disappearances as
shown by the blue circles in Fig. 2a and by the red ar-
rows in Fig. 5. These events occurred on 23 June at 09:30-

Ann. Geophys., 44, 331-351, 2026
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Figure 7. Projection of two SONC images on the Earth’s surface at 22:04:38 UTC on 22 June 2024 (A) and at 09:34:32 UTC on
23 June 2024 (B) during the TRANSAT balloon flight. The black dot denotes the balloon position. The red crosses are the position of
the ALOMAR (ALO) and Esrange (ESR) lidars. The red arrows show the locations of NLC.

10:50 UTC on 23 June, at 18:20-21:20 UTC on 24 June, at
17:45-02:40 UTC on 25-26 June, and at 09:00-11:00 UTC
on 26 June. Outside these intervals, NLC were continuously
observed, often with varying brightness and wave modula-
tion.

These NLC disappearances are not related to local solar
time (see four local solar time intervals on the x axis in
Fig. 5). That is, these NLC interruptions were of a rather
spontaneous nature and were not related to solar thermal
tides, which are regular atmospheric variations. Indeed, Fritts
et al. (2019) demonstrated more or less regular NLC dis-
appearances in the evening (18:00-24:00 LST) and morning
hours (06:00-12:00 LST), observed during the PMC Turbo
balloon flight from Sweden to Canada in July 2018. The au-
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thors associated this with solar semidiurnal and diurnal ther-
mal tides in the polar summer mesopause, the amplitudes
of which reach 10-20K, which is comparable to ones by
gravity waves in the mesopause region (Rapp et al., 2002).
It should be noted that this result was obtained on the ba-
sis of lidar measurements on the PMC Turbo balloon, that
is, obtained with a very small field of view of a few meters
in the mesopause. Therefore, for such a small volume of the
mesopause one can expect the dominant influence of large-
scale waves such as solar tides. Note that continuous lidar
observations at 69° N demonstrate strong NLC diurnal vari-
ations due to solar tides, with a maximum occurrence fre-
quency of about 65 % in the morning hours and a minimum
of about 35 % around noon (Fiedler et al., 2011). In the case
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Figure 8. Example of NLC measurements obtained from the stratosphere and space on 25 June 2024 during the TRANSAT balloon flight.
(A) Image, taken by the SONC imager at 10:48:02 UTC, shows the extended NLC field covering almost the whole image area. (B) 2D-filtered
image with a second-order polynomial removed from the original image shown in (A) (see the text). (C) Image, taken by the MATS satellite
at 10:48:08 UTC, illustrate part of the atmospheric limb, with the bright yellow PMC layer seen between 80 and 85 km. Data are shown for
the UV channel 1 at 270 nm. (D) Projection of the NLC image shown on panel (A) onto the Earth’s surface. The black dot is the position of
the TRANSAT balloon, the red asterisk marks the MATS tangent point which is in the field of view of the SONC imager.
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of the TRANSAT balloon flight NLC observations were car-
ried out on large scales of about 1000—1500 km at a time. At
such large scales, not only solar tides manifest themselves
but also propagating gravity waves of various scales from 1
to 1000 km. Indeed, a typical picture seen from the strato-
sphere was that we saw a disappearance of NLC in one area
of the mesopause (for example, in the eastern part), but si-
multaneous appearance of other NLC in another part of the
mesopause (for example, in the western part). In other words,
large-scale NLC fields were generally represented by numer-
ous wavy patterns of sporadic nature. One can assume that
gravity waves, continuously coming from the lower atmo-
sphere, form a new NLC and/or modulate an existing NLC
layer in different parts of the mesopause (as observed in the
present experiment), thereby dominating solar thermal tides
on large scales. At the same time, we should note that this
result was obtained on the basis of a single 3.8 d flight and a
limited range of latitudes (60—75° N) and longitudes (45° E-
95° W). That is why the present case study cannot claim to
be a general statement about the relative importance of solar
tides compared to gravity waves.

4.2 A case study of the NLC disappearance

The second result is connected to the disappearance of NLC
at 18:20-21:20UTC (16:23-19:06 LST) on 24 June 2024
(Fig. 5). This NLC disappearance was observed over the At-
lantic Ocean near the east coast of Greenland and over Ice-
land as demonstrated in Fig. 9.

We have tried to find out the reason for this NLC
disappearance. For this data of the Aura/MLS tempera-
ture and water vapor measurements have been used to
obtain a comprehensive picture of the mesopause envi-
ronment in the region of interest. Aura/MLS tempera-
ture and water vapor measurements of ver.5.0 and level 2
data quality were obtained from the NASA public web-
site: https://acdisc.gesdisc.eosdis.nasa.gov/data/Aura_ MLS_
Level2/ (last access: 27 April 2026). According to the Au-
ra/MLS data quality and description document (version 5.0x
level 2 and 3), for Aura/MLS temperature measurements,
the vertical resolution in the mesopause region is 11km at
0.01 hPa (~ 80km) and 12km at 0.001 hPa (~90km). The
horizontal resolution (along track) is ~250km at 0.01 hPa
and ~280km at 0.001 hPa. The pressure range recom-
mended for scientific use is from 261hPa (~ 10km) to
0.00046 hPa (~ 93 km). Typical precisions for individual
Aura/MLS temperature profiles at this altitude range are
+3.4-3.6 K. For Aura/MLS water vapor measurements, the
vertical resolution is 8.8km at 0.01hPa and 10.3km at
0.002 hPa. The horizontal resolution is ~ 725 km at 0.01 hPa
and ~350km at 0.002hPa. The pressure range recom-
mended for scientific use is from 316 to 0.001 hPa. Typical
precisions for individual Aura/MLS water vapor profiles are
55 % at 0.01 hPa and 450 % at 0.001 hPa. The description on
the MLS temperature product and its validation can be found
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in Froidevaux et al. (2006) and Schwartz et al. (2008). The
validation of water vapor data is described in detail by Read
et al. (2007) and Lambert et al. (2007). The frost point tem-
perature in the mesopause was calculated using Aura/MLS
water vapor data based on thermodynamics of the vapor pres-
sure of ice (Murphy and Koop, 2005).

The results are shown in Fig. 10 demonstrating the follow-
ing peculiar feature. A prominent localized warm area in the
mesopause region at the pressure levels of 0.0022 hPa (about
86 km geometrical height) and 0.0046 hPa (about 83 km) was
present between Greenland and Scandinavia, with tempera-
tures 20-30K higher than those in the adjacent mesopause
regions at 0.0022 hPa. The location of this warm spot coin-
cides well with the position of the mesopause visible from
the TRANSAT balloon when no NLC were seen (Fig. 9).
The right column in Fig. 10 shows the differences between
the actual temperature measurements and the frost point tem-
perature as calculated using Aura/MLS water vapor measure-
ments, with positive temperature differences being as much
as 10-15K in the center of this warm spot. We double-
checked all the Aura/MLS data (temperature and water va-
por) which show good quality data suitable for scientific
analysis and we could not find any error in these data.

In Fig. 10 (especially in plots for the 0.0046 hPa level), one
can note that the warm local region at high latitudes was an
extension of a warm vast area located at mid-latitudes. That
is, one can assume that this local warm region was caused
by a jet of warm air mass from middle latitudes to high lat-
itudes. To test this hypothesis, we apply the Japanese At-
mospheric General circulation model for Upper Atmosphere
Research Data Assimilation System (JAGUAR-DAS), which
is a data assimilation system for the whole neutral atmo-
sphere (Koshin et al., 2020, 2022). Specifically, JAGUAR-
DAS Whole neutral Atmosphere Reanalysis (JAWARA) has
been considered in the present study. JAWARA is a long-
period reanalysis, starting from September 2004, which cov-
ers the altitude range from the surface to the lower ther-
mosphere (~ 110km). The vertical resolution of JAWARA
data in the mesopause region between 80 and 90 km is about
0.7 km. JAWARA outputs, distributed on a horizontal grid
spacing of 2.81°, include the following hourly data: temper-
ature, zonal, meridional and vertical wind velocities, geopo-
tential height, temperature tendency due to diabatic heating,
zonal and meridional forcing from the GW parameteriza-
tion (Koshin et al., 2025). Note that JAWARA assimilates
MLS temperature, meaning that the temperature fields in
MLS and JAWARA are not fully independent and the mutual
agreement might be expected because of the data assimila-
tion.

JAWARA temperature and neutral wind data in the
mesopause region are shown on 24 June 2024 in Fig. 11,
demonstrating the following features. The warm localized
spot was present between Greenland and Scandinavia, and it
was most pronounced at 0.0042 hPa, ~ 83 km, (lower plots),
which agrees well with the position of the warm spot repre-
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Figure 9. Projection of the field of view of the SONC camera on the Earth’s surface at 18:20 UTC (16:23 LST) and 21:20 UTC (19:06 LST)
on 24 June 2024, when no NLC were observed from the stratosphere. The black dots mark the position of the TRANSAT balloon.

sented by Aura/MLS. At the same time, wind velocity vec-
tors show that the local wind jet was formed, which moved
from middle to high latitudes in the region with this warm
spot. Thus, this warm spot in the mesopause was caused by
the intrusion of a warm air mass from the middle to high
latitudes between Greenland and Scandinavia. This warm
spot induced sublimation of ice particles in the mesopause,
which caused NLC to disappear during the TRANSAT bal-
loon flight over the North Atlantic and the east coast of
Greenland in the evening of 24 June 2024. The mechanism
of this air intrusion from middle to high latitudes is beyond
the scope of the present paper.

In general, the relationship between NLC occurrence and
ambient mesopause temperature is known. Berger and von
Zahn (2002), using model studies with a 3-D general cir-
culation model of the middle atmosphere (COMMA/IAP),
demonstrated that the saturation ratio S = 1 closely coincides
with a temperature of 147K at 83 km altitude at any lati-
tude poleward of 65° N. If the air is supersaturated (S > 1),
this condition allows ice particles to exist in the summer
mesopause region between 83 and 93 km, depending on lat-
itude. A similar experimental result on the mesopause tem-
perature was found by Dalin et al. (2011), who analyzed Au-
ra/MLS temperatures and NLC occurrences observed from
the ground around the globe. The authors found that MLS
temperatures around the mesopause control the NLC clima-
tology, i.e., a drop in temperature below the frost point tem-
perature in June corresponds to the beginning of the NLC
season, and an increase in temperature above the frost point
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temperature in August determines the end of the NLC sea-
son. The mesopause frost point temperature was estimated
to be in the range of 145 to 147K, with water vapor con-
tents varying between 3.5 and 6.0 ppmv. Hervig et al. (2015),
analyzing NLC observations from space using AIM/SOFIE,
found that NLC variations are dominated by the mesopause
temperature, but a combination of temperature and water va-
por content provides the best description of ice water content
in the Northern Hemisphere mesopause. At high latitudes,
Fiedler et al. (2011) found a strong anticorrelation (—0.96)
between LIMA model temperatures and diurnal NLC occur-
rences above ALOMAR (69° N). At middle latitudes, Gerd-
ing et al. (2013) found anticorrelations in the range of —0.76
to —0.85 (depending on altitude) between the NLC occur-
rence rate and mesopause temperature using lidar measure-
ments at Kithlungsborn (54°N). We should note that the
present case study demonstrates not only the well-known link
between increased temperature and NLC absence, but more
importantly, the intrusion of a warm air mass from the mid-
dle to high latitudes in the mesopause region. The latter phe-
nomenon is poorly studied and rarely found in the literature.

4.3 A double-layer structure in NLC

The third early result addresses a double-layer event in
NLC observed over Greenland on 25 June 2024. The
reader is recommended to look at the video of NLC
image sequence at 05:08-06:49 UTC (02:35-04:08 LST)
on 25 June (https://doi.org/10.7910/DVN/AKIJIK4P, Dalin,
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Figure 10. (A) Aura/MLS temperature measurements at the pressure level of 0.0022 hPa (~ 86km) and (B) at 0.0046 hPa (~ 83 km) on
24 June 2024. Difterences between the temperature and the frost point temperature as estimated based on Aura/MLS water vapor measure-

ments at 0.0022 hPa (C) and 0.0046 hPa (D), see the text.

2025b). One can see at least two NLC layers moving in op-
posite directions: one cloud layer visually moved approx-
imately from the top to the bottom of the image frame,
whereas another cloud layer moved in the opposite direction
from the bottom to the top. Double-layer and multiple-layer
structures in NLC/PMC have been previously observed and
modeled in a number of studies (Baumgarten et al., 2012;
Dubinskii and Popel, 2012; Kaifler et al., 2013; Gao et al.,
2017; Li et al., 2016).

We have carefully estimated speeds and directions of
seven individual NLC points in each of these two different
layers. NLC point trace analysis was applied to the orig-
inal (unfiltered and unprojected) images. After completing
the trace analysis, the estimation of NLC velocities (speeds
and directions) was performed on projected images. The re-
sults of this analysis are as follows. For the NLC layer vi-
sually moving from the bottom to the top, the average NLC
speed was about 28 m s~!, with the average azimuth of about
18° (counting clockwise from the north). For the NLC layer
moving from the top to the bottom, the average NLC speed
was about 60 ms—!, with the average azimuth of about 193°.
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These statistical results are summarized in Table 1 as well
as shown in Fig. 12, demonstrating NLC velocity vectors
(green and yellow arrows) estimated for the two different
layers. Note that we have taken into account the velocity vec-
tor of the TRANSAT flight (zonal and meridional speed was
—10.5 and —7.1 ms~!, respectively) when calculating these
NLC wind velocities vectors. To calculate NLC speeds, the
average height of the entire cloud layer was chosen as 83 km.
Uncertainty in the height of the NLC layers between 82 and
86 km gives an error of 3 %—4 % of the average NLC speed.
It can be assumed that different movements of the two
NLC layers were caused by different wind systems located
at different heights in the mesopause region. We cannot mea-
sure the heights of the different NLC layers but we can con-
sider a model simulation to check this assumption. We utilize
JAWARA zonal and meridional wind data in the mesopause
region taken at 06:00 UTC on 25 June 2024, i.e., when and
where different motions of the NLC were observed.
JAWARA wind data are shown in Fig. 12 by the vector
field as well as by the absolute wind speed (color code).
Panel (A) represents JAWARA wind data at the pressure

https://doi.org/10.5194/angeo-44-331-2026
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Figure 11. JAWARA model temperature (color code) and neutral wind velocity vectors (arrows) on 24 June 2024. The data are shown at the
pressure level of 0.0023 hPa (A, C) and at 0.0042 hPa (B, D), and at 17:00 UTC (A, B) and at 18:00 UTC (C, D).

Table 1. Statistical parameters of the movement of two different layers observed in NLC during the TRANSAT balloon flight on 25 June 2024.
For comparison, wind data from the JAWARA model are shown. Uncertainties represent one standard deviation.

Two NLC layers oppositely ~ NLC speed NLC azimuth JAWARA wind speed JAWARA wind azimuth
moved in image frame (m s_l) (degree from north) (m s_l) (degree from north)
From bottom to top 27.8£10.0 18.24+8.2 21.0+£3.7at0.0042hPa  13.0+£ 12.0 at 0.0042 hPa
From top to bottom 60.5+11.3 1925+2.2 56.14+2.5at0.0017hPa  188.0+4.3 at 0.0017 hPa

level of 0.0042 hPa (~ 82.9 km) above Greenland and seven
NLC velocity vectors (green arrows) observed in the NLC
layer which was moving in the NNE direction (visually from
the bottom to the top). The average wind speed was about
21 ms~! in the direction of 13° (counting clockwise from the
north) in the vicinity of the observed NLC. Panel (B) illus-
trates JAWARA wind data at the pressure level of 0.0017 hPa
(~ 86.8km). One can see about the opposite direction (to
SSW) of the model wind field to that shown on panel (A).
The average JAWARA wind speed was about 56 ms~!, with
the average azimuth of 188°, in the vicinity of the observed
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NLC. Seven NLC velocity vector are shown by the yellow
arrows which have about the same speed and the direction
of motion. All these statistical data are summarized in Ta-
ble 1, which demonstrate good agreement between the mea-
sured NLC and JAWARA wind velocities both in the abso-
lute value and in the propagation direction, taking into ac-
count their uncertainties. Note that the JAWARA model has
a low horizontal spatial resolution (2.81° or ~ 310km in lat-
itude and ~ 113 km in longitude in the analyzed space do-
main over Greenland) and cannot reproduce wave dynamics
due to small-scale gravity waves. However, in this particular
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Figure 12. JAWARA wind data (thin black arrows) at the pressure level of 0.0042 hPa, ~ 82.9 km (A) and at the pressure level of 0.0017 hPa,
~ 86.8km (B) at 06:00 UTC on 25 June 2024. The color code is the absolute horizontal wind speed. The green and yellow arrows show
velocities of NLC moving in opposite directions (see the text). (C) JAWARA wind velocity vector selected for a specific location (68.4° N,
39.4°W) as a function of altitude between 80 and 94 km. (D) Hodograph of disturbances of the horizontal wind velocity vector between 80
and 94 km. The thin arrows show the direction (clockwise rotation) of wind velocity disturbances with altitude.
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case, the JAWARA model does correspond well to the ob-
served motions of the two different NLC layers.

Panel (C) of Fig. 12 shows the JAWARA wind velocity
vector as a function of altitude for a specific point in the
vicinity of the observed NLC. The cyclic rotation of the wind
velocity vector is clearly seen between 80 and 94 km altitude,
i.e., there was a circular rotation of the wind vector along
the azimuth of 360°. Panel (D) illustrates the correspond-
ing hodograph of the tip of the horizontal wind vector with
the subtracted mean velocity values (—33 and —18 ms~! for
the zonal and meridional wind component, respectively) be-
tween 80 and 94 km, that is, perturbations of the horizontal
wind velocity. It is well known that a gravity wave induces
horizontal wind variations rotating, in general, elliptically
with height, and hodograph analysis is commonly used to
derive gravity wave parameters (Gossard and Hooke, 1975;
Eckermann, 1996 and references therein). In the present case,
the hodograph has an almost circular form, implying near
circular polarization (P = 0). Perturbations of the horizontal
wind are of 45-50ms~!, and the perturbation vector has a
clockwise rotation with increasing height which means that
the group velocity of this particular gravity wave was prop-
agating upward (phase velocity was downward). Such an
inertia-gravity wave could indeed generate winds in different
directions in the given volume of the mesopause, forming a
multiple-layer structure from a single NLC layer. The inertia-
gravity wave interpretation is a plausible scenario which is
consistent with JAWARA winds and NLC motions. At the
same time, it should be noted that the background wind in the
mesopause region abruptly changes its speed and direction
with altitude in summer (Portnyagin and Solovjova, 2000;
Conte et al., 2025). Therefore, other mechanisms such as
the vertical displacement of the NLC layer by gravity waves,
may provide the observed different NLC motions.

It is important to note the following. The clockwise wind
rotation with altitude by JAWARA was the opposite of that
found by Conte et al. (2025), who have analyzed long-term
meteor radar measurements in the mesopause region at high
latitudes over northern Norway. The authors have obtained
the counter-clockwise rotation of the mean wind speed with
altitude in the summer time. The same effect of the wind ro-
tation with altitude is predicted by the global empirical wind
model for the upper mesosphere/lower thermosphere (Port-
nyagin and Solovjova, 2000). In this present case, the clock-
wise rotation of the wind speed indicates the dominance of
the inertia-gravity wave over the mean wind rotation speed in
the space-time domain under consideration. Also, we should
note that even without inertia-gravity waves, winds in the
mesopause region can rotate with altitude (Ekman spiral) un-
der the action of the Ekman-type mechanism involving Cori-
olis force and turbulent viscosity (Chkhetiani and Shalimov,
2010, 2022).
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5 Conclusions

Observations of noctilucent clouds were performed from
the stratosphere during the TRANSAT transatlantic long-
duration balloon flight between Sweden and Canada on 22—
26 June 2024. NLC were observed with the SONC imager
composed of three high-resolution SONY «7 Mark III cam-
eras, stabilized on the TRANSAT gondola. NLC cannot be
detected by an imager from the ground during the midnight
Sun season due to strong background scattering in the lower
atmosphere. However, an observation from the stratosphere
can detect NLC during 24 h. Stratospheric measurements of-
fer a view of mesospheric cloud dynamics on small- and
large-scales, bridging the observational gap between ground-
based and satellite platforms. The main results of this study
can be summarized as follows:

1. One wide-angle camera was completely operational
during the whole flight for 3.8 d, taking a total of 40 000
images, of which about 6200 images are suitable for sci-
entific analysis.

2. NLC were detected nearly continuously during the
whole flight, showing a strong variability in space and
time. The dominant role of solar thermal tides in the
summer mesopause decreases when NLC are observed
on large scales of about 1500 km. At such scales, grav-
ity waves of various scales from 1 to several hundred
km play the largest role, evolving and modulating NLC
layers in different regions of the polar mesopause. Note
that this result was obtained on the basis of a single 3.8 d
flight and a limited range of latitudes (60-75°N) and
longitudes (45° E-95° W). Thus, the present case study
cannot claim to be a general statement about the relative
importance of solar tides compared to gravity waves.

3. Ground-based support of the TRANSAT balloon cam-
paign was represented by two lidars located at Esrange
and Andoya. Both lidars registered NLC at the time
of the initial phase of the balloon flight over northern
Scandinavia. The NLC layered was continuous from
20:00 UTC on 22 June until 09:00 UTC on 23 June,
modulated in height between 81 and 86 km, and show-
ing a double-layer structure.

4. The same mesospheric cloud layer was recorded
from the stratosphere and space around noon on
25 June 2024. Such a simultaneous common-volume
NLC detection was carried out, for the first time, using
a limb-geometry by the MATS satellite. The extended
cloud layer was observed over at least Greenland, Baffin
Bay and Baffin Island, with part of this layer registered
from the stratosphere over the west coast of Greenland
and Baffin Bay. Images from the stratosphere showed
complex wave dynamics, with interference of small-
scale waves and turbulent regions below what MATS
can partly resolve.
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5. Gravity waves had characteristic horizontal wave-
lengths of 30—40km for the case study considered in
the mesopause over Greenland on 25 June 2024.

6. One peculiar case of the NLC disappearance in the po-
lar mesopause in the afternoon of 24 June 2024 has been
analyzed. This cloud disappearance was caused by the
localized warm spot in the mesopause region between
Greenland and Scandinavia, as shown by Aura/MLS
satellite and JAWARA model data. This warm spot in
the mesopause region was caused by the intrusion of a
warm air mass from middle to high latitudes.

7. Different movements of NLC were observed in the
morning of 25 June 2024 over Greenland. One part of
the clouds moved to NNE, another one moved to SSW.
A detailed analysis of wind data based on the JAWARA
model showed that there were different wind systems
between 80 and 94 km altitude over Greenland, with
a clockwise wind rotation with altitude. Most likely, a
large inertia-gravity wave propagated upwards, causing
significant disturbances (45-50 ms~!) of the horizontal
wind. The wind disturbances caused NLC to move dif-
ferently at different altitudes. Other mechanisms such
as the vertical displacement of the NLC layer by gravity
waves may explain the observed different NLC motions.

These results demonstrate the scientific value of long-
duration stratospheric balloon missions for mesospheric re-
search. Future campaigns of this type will benefit from ex-
panded multi-spectral imaging, real-time data transmission,
and coordinated ground-satellite observations to further im-
prove understanding of mesospheric cloud dynamics. A sta-
tistical analysis of the wave dynamics observed in NLC dur-
ing the 2024 TRANSAT balloon flight, and investigation of
microphysical properties of NLC ice particles will be ad-
dressed in future studies.

Data availability. Two video files of the SONC
iment are available on the Harvard Dataverse reposi-
tory  (https://doi.org/10.7910/DVN/AKJK4P, Dalin, 2025b;
https://doi.org/10.7910/DVN/1IPHRZU, Dalin, 2025a). In-
dividual NLC images taken from the stratosphere by
the SONC experiment that support the findings of this
study are available at the HEMERA Data Centre (https:
//data.hemera-h2020.eu/atmospheric-balloon-experiments/#/,
last access: 27 April 2026) as well as will be made available on
request.
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