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Abstract

The Atmospheric Boundary Layer (ABL) is characterized by turbulent
processes spanning a wide range of temporal and spatial scales. Under-
standing the dynamics underlying these processes is crucial for improving
weather prediction models and studying atmospheric transport phenomena.
In this work, Lagrangian dispersion and turbulent convection are investi-
gated using data collected by clusters of radiosondes developed within the
HOUSEFLIES project. Data was acquired during two experimental cam-
paigns. The first one was held in Sterzing, in the context of TEAMx Ob-
servational Campaign, where a cluster of 10 radiosondes was released. The
second took place in Carmagnola, where a cluster of 20 radiosondes, the
largest deployed so far, was released. Experimental data was used to esti-
mate turbulence characteristics through spectral analyses and the compu-
tation of Turbulent Kinetic Energy (TKE) dissipation rates. Atmospheric
stability was assessed through the evaluation of Brunt-Vaisala frequencies.
Distance Neighbour Graphs (DNG) and Richardson-Obukhov theory were
crucial tools for Lagrangian dispersion characterization. More analyses
were performed to validate the radiosondes measurements. A dual launch
experiment was conducted to have a comparison with reference Vaisala
radiosonde, while collected data by the cluster was also compared with
ICON-2I numerical simulations. The results demonstrate the capability

of the sondes to track small-scales atmospheric fluctuations and provide
valuable insights into atmospheric transport and dispersion processes
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Introduction

HOUSEFLIES (Atmosphere and clouds seen by a cluster of wireless sen-
sors), is a project born with the goal to develop a new atmosphere obser-
vation method built on the use of a cluster of mini, ultralight, cheap and
mostly biodegradable radiosondes designed to passively float inside the at-
mosphere boundary layer and warm clouds [5,31].

The main idea behind this project came from the necessity to improve the
understanding of turbulent processes taking place inside the Atmospheric
boundary Layer (ABL) and inside clouds, which are still one of the main
sources of uncertainties inside weather and climatic models [521]. Clouds
and atmospheric turbulence involve extremely complex physical phenom-
ena characterized by a strong spatial and temporal variability and inter-
actions taking place on many different scales, ranging from microscopic
fluctuations of water droplets to convective motions on scales of kilomet-
ric range [21].

Conventional observations, like soundings, meteorological radars, lidars or
satellite measurements, provide insightful information, but present some
limitations when directly studying lagrangian evolution of atmospheric mo-
tions and turbulent fluctuations inside clouds [5]. Traditional soundings
are specifically designed for vertical profiling of the atmosphere and do not
allow prolonged monitoring of air masses along nearly-isopycnic trajecto-
ries [29,31].

To overcome these limitations, an innovative approach was developed with
HOUSEFLIES, based on the simultaneous use of a large number of mini
radiosondes carried by biodegradable balloons filled with a mixture of air
and helium [21]. This system enables simultaneous multi-point measure-
ments of the atmospheric variables such as temperature, humidity, speed,
acceleration and the position of the radiosonde. This allows for direct anal-
ysis of turbulent dispersion and the evolution of atmospheric fluctuations
[5].



Introduction

One of the most innovative aspects of this project is the use of a cluster of
radiosondes. Unlike traditional observations where only a single profile is
investigated, the simultaneous use of multiple radiosondes enables the re-
construction of spatial information on the relative dispersion of trajectories
and turbulence, as well as the three-dimensional structure of atmospheric
turbulence [].

This approach is directly inspired by the lagrangian description introduced
by Lewis Fry Richardson, whereby studying the relative motion of multiple
particles enables us to understand the fundamental mechanisms of turbu-
lent dispersion [24].

The environmental aspects and the sustainability of instrumentation are
also of great importance to the project.

The HOUSEFLIES’ radiosondes were designed to be as light, cheap and
eco-friendly as possible: the balloons are biodegradable and some of the
electronics were developed with the intent to use recyclable paper-based
supports [30,[31]. This approach not only reduces the environmental impact
of atmospheric experiments, but also enables large-scale future observa-
tional campaigns to be planned relatively low cost [29].

The project’s applications are not only exclusively about atmospheric re-
search: clusters can also be used for environmental and air quality moni-
toring near urban areas, industrial sites, and areas prone to environmental
risk, enabling the tracking of aerosols and pollutants dispersion [30431].
Moreover, the collected data can contribute to improving weather and cli-
mate models by providing new experimental information on turbulent pro-
cesses that are still difficult to correctly parameterise in numerical simula-
tions systems [21},31].

Over the past few years, the HOUSEFLIES system has been progressively
validated through laboratory experiments and field campaigns, in collab-
oration with research institutions such as INRiM, ARPA Piemonte and
alpine meteorological observatories [5},29)].

These campaigns verified the quality of the measurement, the reliability of
the sensors and the possibility of using a cluster of radiosondes to study
atmospheric Lagrangian dispersion under real conditions [5].



Chapter 1

Tracking turbulence inside
Atmospheric Boundary Layer

Figure 1.1: Turbulent boundary layer on a wall

The aim of this chapter is to provide a deeper understanding of the phe-
nomena investigated in this work.

This is by no means a simple task, as short and exhaustive definition of
turbulence does not appear in the literature. Nevertheless, it is possible
to describe the main features associated with the concept of "turbulence”
and to formulate a brief summary that attempts to capture its essential
characteristics.

One of the best definitions of turbulence describes it as ”a state of continu-
ous instability” [32].

Whenever a flow state changes due to the presence of some kind of insta-
bility, the ability to predict the behaviour and detailed characteristics of

3



the flow is drastically reduced. If instabilities occur repeatedly within the
system, predictability decreases progressively, to the point where only a
statistical representation of the flow could be adequate. Flows for which
only a statistical representation seems adequate can be regarded as tur-
bulent. This implies that random features are dominant in the flow, but
not that the entire flow is random: all types of flows present some degree
of organized structures. It simply means that random features prevail over
organized ones.

This approach, however, seems to define a broad category of flows which
might or might not be classified as turbulent. One should then be able to
properly designate the point at which turbulent motion begins when transi-
tion to turbulence occurs.

On the other hand, it should be considered that, for certain flows, a de-
tailed description may be useful for one purpose, while a statistical descrip-
tion may be more suitable for another.

The opposite flow state to turbulence is laminar flow [I.2] This kind of flow
is characterized by an organized motion of particles along regular and well
defined trajectories. Adjacent fluid layers move relative to one another
without a significant transversal mixing and speed fluctuations are negli-
gible compared to main flow speed.

Figure 1.2: Laminar, unseparated flow around an airfoil with zero incidence
with respect to the flow [14]

In order to discuss the different flow states and the circumstances under
which each different flow type occurs, the concept of Reynolds number will
now be introduced.

Reynolds number is an adimensional value which shows the rate between
inertial and viscous forces in a fluid in motion:

~pUL
0
where p (kgm™3) is the fluid’s density, U is the fluid’s speed (m/s) with

Re (1.1)
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1.1. Energy Cascade

respect to the considered object, L (m) is the object’s characteristic length
and p (kgm~'s71) is the dynamical viscosity of the fluid.
Equation can be rewritten also by using kinematic viscosity (v = ‘—;) :

UL

Re = (1.2)

v
Lower values of Reynolds number are associated with laminar flows, while
higher values are associated with turbulent ones. However, the critical
Reynolds number associated with the laminar-to-turbulent transition is
not universal, as it depends on the specific flow configuration, boundary
conditions and perturbation levels.

1.1 Energy Cascade

Many theoretical investigations about turbulence are based on the hypoth-
esis of homogeneous, isotropic turbulence, which means that all recorded
statistical properties do not vary as a function of considered position and
do not have a preferential direction. This assumption also disregards the
presence of an energy production term, which is considered to be equal to
zero. This means that the generated turbulence, at an initial instant, will
decay over time as a consequence of viscous dissipation.

Considering the equation for the temporal variation of energy spectra:

OE(k,t)
ot

we can see that the energy spectra E is a function of both time (¢) and the
wavenumber, k.
The second term on the right is the energy dissipation term, which be-
comes more significant as the wavelength number k increases. This means
that dissipation is more relevant for smaller eddies, since turbulent flows
usually occur at higher Reynolds numbers.
The term F'(k,t), instead, is related to the Fourier transform of the triple
correlation and represents the transfer of energy between wavenumbers as
it can be shown that:

= F(k,t) — 2vk*E(k,t) (1.3)

T Fdk =0 (1.4)
/

Interpreting the behaviour of the terms in Equation [1.3]leads to the de-
velopment of a turbulence model relevant to both homogeneous isotropic
turbulence and most turbulent flows.



1.2. Kolmogorov’s hypothesis

In turbulence, the energy fed into the flow primarily goes into larger ed-
dies. Starting from these, smaller eddies are generated, followed by even
smaller ones, in a process known as the Energy Cascade.

For flows with high Reynolds numbers, this is a long process in which the
size of the eddies at the end of the cascade differ significantly from their
size at the beginning. Larger eddies transfer energy, while smaller ones dis-
sipate it.

The rate of dissipation does not depend on the magnitude of the viscos-
ity but on the rate at which energy is supplied to the cascade by the large
eddies.

It can be assumed that the dynamics of the energy cascade and dissipation
are governed by the energy per unit time (per unit mass) supplied by large
eddies (those with a low wavenumber): this is known as dissipation e.

The energy spectrum does not depend on the energy production processes
for all wavenumbers which are large compared to those at which the en-
ergy is produced. E will then depend on the wavenumber, dissipation and
viscosity:

E = E(k,e,v) (1.5)

However, if the process is long enough, there will be an intermediate range
where the effect of viscosity has not yet been felt. This range is known as
the inertial sub-range:

E = BE(k,¢) (1.6)

And dimensional analysis in this range gives:

E = Ag¥3=3/3 (1.7)

A is a constant, and this result is known as Kolmogorov -5/3 law.

1.2 Kolmogorov’s hypothesis

After analyzing the energy cascade phenomenon, some questions about the
behaviour of the flow remain.

In particular, the dimension of the smallest energy dissipating vortices still
needs to be explored.

Another important issue to be investigated is the correlation between the
characteristic lengthscale, kI, of the vortices and its characteristic velocity,
u(l), and timescale, 7(1), in order to determine whether they grow, main-
tain their values, or decrease as the length [ changes.



1.2. Kolmogorov’s hypothesis

The answer to these questions could be found by analyzing the theory de-
veloped by Kolmogorov, which is based on the formulation of three funda-
mental hypotheses. According to this theory, both velocity and timescales
decrease as the length decrease.

The first Kolmogorov’s hypothesis is based on the assumption of isotropy
at small scales of motion, while the larger scales are anisotropic and dis-
play a behaviour that is heavily influenced by boundary conditions. This
dependency tends to be lost during the energy cascade process, as do the
geometrical characteristics of vortices and information linked to anisotropy.
Consequently, the statistical characteristics of small-scale turbulence mo-
tion tend to exhibit universal features shared by all turbulent flows at high
Reynolds numbers.

The next logical step is to determine the main parameters on which this
state of motion depends.

The energy cascade process is characterized by the transfer of energy from
the largest to the smallest scales of motion, as well as by viscous dissipa-
tion. It is therefore possible to assume that fundamental parameters affect-
ing motion are the rate of energy transfer, Tr;, and kinematic viscosity, v.
It should be noted that energy dissipation, e, is strictly dependent on en-
ergy transfer itself, and the two quantities are nearly equal.

The second Kolmogorov’s hypothesis is the first similarity hy-
pothesis, which states that the statistical characteristics of the motion

at small length scale assume a universal form that is solely determined by
kinematic viscosity, v, and rate of energy dissipation e. Taking these pa-
rameters, it is possible to determine the characteristic length, speed and

time scales of the motion:
3 1/4
= (= 1.8
= (%) (19

uy = (ev)'/* (1.9)
Ty = <g)1/2 (1.10)

These scales of motion characterize the smallest dissipative eddies, and this
point is highlighted by other two equations that stem from the aforemen-
tioned above:

e Reynolds number that can be computed starting from Kolmogorov
scales is equal to unity nue, /v = 1. This values is consistent with
the theory stating that energy cascade continues until the Reynolds
number is small enough to make dissipation efficient.
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1.2. Kolmogorov’s hypothesis

e by considering the energy dissipation rate using Kolmogorv variables:

E:V(%)2:% (1.11)

Ui Ty

It is possible to notice how w,/n = 1/7., provides a good characteri-

zation of speed gradients inside dissipative vortices.

The relationships between the values of smaller and larger scales of vortices
can be identified.

1 Re¥/4 (1.12)
0

U Re1/4 (1.13)

Ug

0 Re™1/2 (1.14)
7o

Considering the case of high Reynolds numbers, it is possible to see how
the speed and timescales of small vortices are way much smaller than those
of larger dimensions and these rates tend to decrease as the Reynolds num-
ber increases.

Considering the length scale, n, for high enough Reynolds numbers, there
will be a range of scales [ that are much smaller than the characteristic
length scales of large structures [y but much larger than Kolmogorov’s
characteristic length scale, . The vortices in this range are larger than

the those connected to dissipation, so it is possible to assume that their
Reynolds number is still high and viscosity in their motion is nearly negli-
gible. The third Kolmogorov hypothesis follows from these considerations.



1.2. Kolmogorov’s hypothesis
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Figure 1.3: Representation of eddy sizes [ at various lengthscales and
ranges. Suffixes EI and DI state that [g; is the demarcation between en-
ergy and inertial ranges and [p; is the same, but between dissipation and
inertial subranges [22]

The second Kolmogorov’s similarity hypothesis states that in a flux
with high enough Reynolds number, scales of motion with characteristic
length between [y and 1 have a universal form which is only determined by
e and not v. This range is known as the inertial subrange. As the name
suggests, inertial effects dominate this range of motions, while viscous ef-
fects remain negligible. Only vortices with a length inside the dissipation
range will have a significant dependency on dissipation.

If a characteristic lengthscale is given and the considered vortex has di-
mensions inside the inertial subrange, the characteristic scales of speed and
time can be defined as follows:

u(l) = (e0)'? = u, (g) 1/3 ~ Uy (%)1/3 (1.15)

T(€) = (g) - =T, <§)2/3 ~ T <é)2/3 (1.16)

As [ decreases, it is possible to observe a decrease in both velocity u([), and
timescales 7(1), respectively.

In the description of the energy cascade the rate of energy transfer 7'(1) is
a fundamental variable, which is defined as the energy transferred per unit
time from eddies characterized by sizes greater than (1) to those with sizes
smaller than (1). If energy transfer is mostly characterized by vortices of

a scale comparable to vortices of scale [, this quantity can be estimated as
follows:



1.2. Kolmogorov’s hypothesis

u(f)?
T) ~ 1.1
O~ 20 (117)
And substituting with equations and |1.16}
u(t)?
= 1.18
T({) (1.18)

which shows that energy transfer is independent of the considered scale
within the inertial subrange. Energy is transferred between all intermediate
scales at a constant flux, which is equal to the dissipation rate e.

This is a fundamental aspect of Kolmogorov’s theory: within the iner-

tial subrange, energy is neither produced nor dissipated significantly. The
consequence is that the rate at which energy is transferred through larger
scales, the rate at which energy is transferred in the inertial subrange and
the dissipation rate at small scales are all in balance with each other:

TEI = T(é) = TDI =& (119)

where Ty is the transfer of energy from scales containing energy at the
initial state to the inertial subrange and T'p; is the transfer from inertial
subrange to the dissipation one.

The consequence is that, in conditions of developed and statistically sta-
tionary turbulence, energy entering the system at larger scales is trans-
ferred through the cascade to smaller scales. where it is dissipated at the
same mean rate. Thus, energy production and dissipation are balanced,
with the inertial subrange acting as a transfer medium between the two
extremities of the energy cascade.

Dissipation & Production P

T
Transfer of energy to
successively smaller scales

1 {p1 145 o L

Dissipation Inertial subrange Energy-containing
range range

Figure 1.4: Representation of the energy transfer between different scales
[22]
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1.3. Turbulent Diffusion

The following relationship holds for isotropic turbulence in (both wavenum-
ber and frequency domains) as described by Batchelor []:

E(k) = C¥3=5/3 (1.20)
and by applying Taylor’s Hypothesis (k = ?)

S(f) = a3 U " —5/3 1.21
(f) o / (1.21)

where k is the wavenumber, E(k) the energy spectrum, F(k) the wavenum-
ber spectrum, ¢ the mean energy dissipation rate, U the mean wind speed,
f the frequency, S(f) is the power spectral density in the frequency domain
and « is the one-dimensional Kolmogorov constant (it can be considered
equal to 0.5 for streamwise speed component u).

Considering measurements of S(f) within the inertial subrange, the mean
TKE dissipation rate £ can be computed as:

£= %ﬂ (%)w (1.22)

1.3 Turbulent Diffusion

Turbulent diffusion of fluid particles plays an important role in the study
of turbulence. It consists of the process by which particles spread from an
area of high density to areas of low concentration within a medium or be-
tween different media due to turbulent motions present at various scales.
Unlike molecular diffusion, which is driven by the random motion of parti-
cles, turbulent diffusion is governed by vortices and turbulent structures of
the flux [24].

It is also crucial for studying the dispersion of pollutants in the atmosphere
or the ocean. It affects mixing mechanisms and the dynamics of ocean cur-
rents, too.

In general, turbulent diffusion can be described as the process by which a
scalar quantity is spread within a fluid medium due to chaotic and irregu-
lar fluctuations in the velocity of the fluid.

In 1926 [24], Lewis Fry Richardson, was one of the first to observe and de-
scribe this phenomenon. His observations revealed that atmospheric dif-
fusivity levels tend to increase drestically with the considered space scale.
This suggests that diffusivity inside the atmosphere cannot be described
by a constant coefficient, as expected by Fick’s law. Richardson suggested

11



1.3. Turbulent Diffusion

that the diffusion coefficient itself was a function of the distance between
the particles. As the distance between particles increases, they begin to
be affected by larger turbulent structures containing higher energy levels,
while particles in close proximity are affected by smaller vortices and struc-
tures.

To describe this phenomenon, Richardson introduced a Lagrangian ap-
proach based on the evolution of the separation between couples of par-
ticles. The basic idea is that the speed at which they will distance them-
selves from each other increases with their separation. This is the most
important result of the theory and the main basis of the modern theory of
turbulent diffusion.

1.3.1 Distance Neighbour Graphs (DNG)

To describe turbulent diffusion, Richardson observed that the spatial distri-
bution of a cluster of particles cannot be adequately represented by mean
concentration alone. During atmospheric diffusion, particles tend to gather
into clusters, which then undergo deformations and transformations under
the action of turbulent vortices. This is why a tool is necessary to descre
both the global extension of the particle cluster and its internal structure.
To this end, Distance-Neighbour-Graph (DNG) function, denoted by Q,
was employed. This function is a statistical representation based on mu-
tual particle positions: the main idea is to take each particle as a reference
point and count the mean number of particles present within a distance [.
By repeating this process for all particles within the system and computing
the mean we obtain the function Q(I,t), which identifies the mean number
of neighbours whithin a specified spatial interval.

1
@it = 57 Pansr + Plnsr + P 4o 4 Pl (1.23)

where @), ,+1 is the average number of sondes which can be found between
n*l and (n+ 1) %[, where [ is the chosen constant distance interval (neigh-
bourhood) and szn 41 1s the number of neighbours for the k-th radiosonde
within the distance bin (n,n + 1).
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Figure 1.5: Example of Distance-Neighbour-Graph obtained after the mea-
surements performed during Chilbolton’s cluster launch on July 5th, 2023
at Chilbolton Observatory. This experiment was held in the context of the
Wessex Convection (WESCON) campaign organized by the British Met
Office.

The DNG function depends on both space and time. Figure [I.5]shows a
typical example of a DNG function behaviour. DNG graphs evolve over
time: an initially compact cluster is characterized by a compact graph,
concentrated on small distances. As diffusion proceeds, DNG curves tend
to progressively become wider over distances, while the height decreases
and the total number of considered particles is mantained, as expressed be-
low:

dQ d [**dQ

—00
This kind of behaviour highlights the progressive growth of the separation
between the considered particles due to the action of turbulence.
One of the main innovations of DNG is that it directly describes particle
separation statistics, the physical quantity that governs turbulent diffusion.
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1.3. Turbulent Diffusion

Thanks to this formulation, Richardson was able to demonstrate that diffu-
sion rates increase with the distance between particles.

1.3.2 Richardson’s law

Richardson provided an equation that described the temporal evolution of
the separation distribution between particle couples.

dql,t) 10 ([, 0q(4,t)
ot 2ol (6 DO ) (1:25)

where ¢(¢,t) is the probability of finding a pair of particles within a dis-
tance of ¢, and D(¥) is the relative diffusion coefficient, which depends on
the considered distance.

Richardson experimentally determined the dependency of D(¢) on distance
¢, arriving at the famous result D(¢) oc ¢*/3, which shows how diffusion
increases with the distance between pairs of particles.
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Figure 1.6: Graph from [24], showing the dependency between diffusivity
D as a function of the distance and the considered distance itself. Starting
from these data, the dependency D(¢) o £*/3 was proposed

one way to compute the mean separation distance between particles is to
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1.4. Capturing stability conditions

use the Richardson-Obukhov (R-O) scaling, which relates the mean square
separation distance, £2, to time via a cubic dependency:

0% = 02 + gpet? (1.26)

where ¢? is the mean square separation distance, ¢ is the initial separation
distance, € is the energy dissipation rate, t is the elapsed time and g, is a
constant related to the scaling behaviour.

1.4 Capturing stability conditions

Brunt-Viisild frequencies N? are a useful tool while investigating the at-
mosphere’s stability.

Positive values of the Brunt-Vaisila frequency (N? > 0), indicate sta-

ble stratification meaning that vertical displacements of air particles are
opposed by buoyancy forces. Conversely, negative values N2> < 0 denote
instability and increased vertical displacement. Finally, values close to zero
correspond to neutral conditions.

Stratification tends to change considerably at different altitudes, alternat-
ing between stable and unstable regions.

Brunt-Vaisald frequencies for dry air N7 can computed using the estab-
lished formula presented in [34]

0k \dz /), (k) dz

where 6 is the moist-conservative potential temperature, dz is the altitude
displacement between points k and k+1, g(k) is the gravitational accelera-
tion at point k.

Gravitational acceleration can be approximated as a constant, or computed
using the following formula, which considers the altitude:

9(z) = Gﬁ (1.28)

where G' = 6.674 x 1071 [Nm?/kg?] is the universal gravitational constant,
M = 5.98 x 10*![kg]| is the esteemed Earth’s mass, Reqren = 6.371 % 10%[m] is
Earth’s radius and z is the altitude tracked by the radiosonde.

It is also important to remember that potential temperature is defined as:

o(k) = T(k) (%) v (1.29)
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where T(k) is the tracked temperature in Kelvin, P(k) the tracked pressure
in Pascal, PO the reference pressure (10°Pa), R = 287.05 J/(kg k) and
cp = 1005 J/(kg k).
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Chapter 2

Radiosonde

5¢cm

2.1 introduction

It is challenging to characterise the dynamics inside the clouds.

It is important to understand that a good knowledge of these dynamics is
fundamentals to improve the reliability of weather forecasts and climate
systems modelling.

One of the main challenges is understanding turbulence behaviour at small
scales. However, this is difficult to determine due to the great challenge of
performing measurements caused by a lack of adequate instrumentation.
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This is why, when writing the proposal for a European Horizon 2020 Marie
Sklodowska Curie project that was approved in 2016 (H2020 MSCA ITN
ETN COMPLETE, GA 675675: Innovative Training Network on Cloud-
MicroPhysics-Turbulence-Telemetry), the concept of mini radioprobes was
introduced. This concept is presented in Paredes et Al. [21].

Clouds are one of the main sources of uncertainty in weather predictions
due to their wide range of temporal and spatial scales, from a few microns
to thousands of kilometers.

On the other hand, the formation and development of rain depends on
both turbulent fluxes within the clouds and the and calm air fluxes above
them.

It is also important to note that non-linear processes such as vortex stretch-
ing and entrainment can increase the nucleation of droplets.

To study these processes, various methods were employed to determine the
principle of microphysics and the interactions between different physical
processes, such as numerical simulations, laboratory experiments and field
observations.

The following method is intended to provide in-situ measurements, particu-
larly of small-scale turbulence in cloud formation. This is achieved using a
mini ultralight radioprobe, having an approximate maximum weight of 20g,
which is connected to a balloon with a maximum diameter of 30 cm.

The radiosonde is battery-powered and, due to its expendability, it is im-
portant to minimise its environmental impact by making the radiosonde

as small as possible and developing a biodegradable purpose-made, a topic
which will be deeply discussed in depth in Chapter
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Figure 2.1: Active soundings recorded on SondeHub

Figure shows all the soundings that were taking place at the time of
the search in the selected geographical zone, to illustrate how important it
is to use an eco-friendly material while performing soundings. While the
majority of the soundings use a natural latex balloon, this still takes be-
tween six months and few years to decompose. Additionally, the major-

ity of radiosondes, such as those produced from Vaisala and used in Sub-
section [4.2.1} not only are carried by a large latex balloon, but also use a
parachute. Furthermore, these radiosondes are considerably larger than the
proposed prototype and are enveloped in a polystyrene structure, which is
certainly not biodegradable.

Therefore, it is understandable why it is important to reduce the size of the
radiosondes and consider an alternative material for the balloon’s construc-
tion.
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Figure 2.2: graphical representation of the difference between eulerian and
lagrangian measurements

Another important point to mention is the shape of the balloon: the aim
is to create a cluster of radiosondes that can be deployed by an aircraft or
unmanned system. These radiosondes rise to a certain altitude and then
start to float, being passively carried by atmospheric flows. They act as
Lagrangian particles, tracking fluctuations in speed, temperature, humid-
ity, pressure and magnetic field. Future prototypes that can also track car-
bon dioxide are under development. Acting as a Lagrangian particle means
that the radiosondes behave like fluid particles moving within the studied
flow. This is an ideal way to describe trajectories and turbulent dispersion,
which is a topic of huge importance when studying the dispersion of pollu-
tants in the atmosphere.

It is also worth mentioning that, at present, soundings are nearly-eulerian:
sounding balloons rise from the release point to higher altitudes, until the
material can no loner stretch anymore, ending the mission with the balloon
bursting data being recorded at different altitudes. Our main goal is to
provide data relating to the atmosphere boundary layer, (which can have

a maximum thickness of 5km and where turbulence is highest), while the
balloons are still rising. Then, we provide data at nearly constant altitudes
while the balloons follow the atmosphere’s fluxes as they act as Lagrangian
particles transported by the flow (Figure .
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2.2 Environment and design requisites

As we have mentioned, our aim is to create a system that acts as a group
of Lagrangian particles. To achieve this, it is important that our system
meets certain requirements.

Firstly, our system must be much smaller than the characteristic size of the
phenomena we want to study.

Secondly, it is important that the balloon is as round as possible to mini-
mize any movements caused by the system’s inertia. This could lead to the
formation of unexpected clusters and alter trajectories providing unreliable
information.

If we want the system to float at a certain altitude and being transported
by the flow in a passive way, it is important it mantains a constant weight
and volume. Using a Mater—Bi© balloon enables us to satisfy this require-
ment due to the material’s low elasticity. Our spherical balloon will have

a maximum diameter of 30 cm. In order to float on an isopycnic surface,

a surface characterized by equal density, its density must correspond to
the target altitude (a maximum of 5 km altitude within the Atmospheric
Boundary Layer).

In terms of the environment, the cloud system under study is character-
ized by small-scale geophysical turbulence, involving motion on a scale of
order ~ 10km or smaller. Given these dimensions, it is easy to see that
the expected diameter of the balloon is much smaller than these values,
meaning that its behaviour while being transported by the flux can be ap-
proximated to that of a fluid particle.

The object of our study is thermal convective clouds. Figure shows a
scheme representing the formation of convective clouds.

Firstly, solar radiation heats the ground. The ground’s temperature then
increases, generating heat fluxes that warm up the air layers directly above
it.

'Registered trademark of Novamont
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2.2. Environment and design requisites

The sun Meh the ground :
Radiation

The warm air rises
- Convection

Figure 2.3: scheme representing convective clouds formation

Barren surfaces, such as sand and rock, tend to heat up more quickly than
others like the surfaces covered by water or vegetation. Some air zones
tend to warm up faster than others, resulting in patchy heating.

Warmer air pockets have lower densities than the adjacent colder ones,
they tend to rise vertically in a process known as ”"thermals”. Heat and
humidity are transported to higher altitudes. The convection process is
stronger when the ground is heated more intensely, which is why this phe-
nomenon tends to occur especially during spring and summer.

Figure 2.4: example of cumulus (a) and cumulonimbus (b) clouds

The air continues to rise, reaching zones of lower pressure and cools un-

til the water vapour inside it condensates to create a cumulonimbus cloud
(Figure [2.4a)). If the air is particularly moist, a cumuloninbus cloud (Fig-
ure [2.4b]) or towering cumulonimbus will form. In the latter case, there is a
threat of severe weather.
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2.2. Environment and design requisites

Turbulence that characterizes these clouds is very fragmentated and tends
to be anisotropic and intermittent in the zones of interface between clouds
and subsaturated ambient air. This is why our radiosonde should have the
appropriate sensors to measure these fluctuations. They are designed to
measure eddies with a size range of between 0.5-1m, a maximum frequency
of 0.5-1 Hz and a kinetic energy per unit mass of 0.001-0.01 (m/s)%. Tt is
also important to mention that the cost of the sondes should be as low as
possible, not only because the sondes are expendable, but also because a
large number of them are is needed for each deployment.

Our system should be able to measure speed, acceleration, pressure, tem-
perature, and relative humidity fluctuations. Some operational require-
ments were set considering the environment of warm clouds: temperature=0-
30°C, external relative humidity (RH)=0-100%, external pressure=400-1100
mbar, trajectories=+/-100 mm accuracy and airflow fluctuations=5-6 m/s
inside the clouds.

Finally, we must consider that the system collects data and sends it to a
data-acquiring system via wireless technology until the radiosonde’s bat-
tery runs out. Clearly, finding a transmission technology that enables us to
reach longer distances without using too much power is crucial.
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2.3 System architecture and design method-
ology
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Figure 2.5: working principle and sonde’s system architecture

Figure shows the working principle of the system. The wireless sen-

sor network (WSN) comprises the following elements: a system made of a
round Mater-Bi balloon and a radiosonde (1), which is equipped with all
the necessary sensors to measure atmospheric fluctuations. This system
can transmit collected and preprocessed data to the base station (2), which
is located on the ground. These ground stations can receive and gather
data, which they send to the processing machine (3). This machine can
perform some post-processing activities such as filtering and visualization.

Figure [2.6] shows the system described by its functional blocks:

1) data processing and control unit

This is the computational module of the system. It controls and executes
different subsystems automatically. After receiving data from the sensors,
the data processing and control unit interprets, processes and saves the
data before sending them to ground stations via the transmission module.
2)radiocommunication system

This is a one-way wireless communication system with ground stations,
and the LoRa is the preferred method. This module also contains two RF
antennas: one transmits in-flight collected data to the ground stations, and
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2.3. System architecture and design methodology

the other obtains positioning and timing data from satellites.
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Bl Voltage level translator
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Figure 2.6: radiosonde’s block diagram

3)temperature, pressure, humidity sensor stage

The BME280 sensor was chosen as it consumes a very low amount of cur-
rent (uA), which is ideal for our battery-powered system.

4)positioning and tracking sensor stage

The properties of particles in a Lagrangian reference system are deter-
mined by measuring their properties while flying along a trajectory over
time. Tracking data obtained from a large number of sondes simultane-
ously gives us the opportunity to determine the characteristics of the en-
tire domain during the flight. An orientation filter is used to combine data
obtained from the Inertial Measurement Unit (IMU) and a Kalman filter
uses the orientation filter’s output to fuse it with the data coming from the
Global Navigation Satellite System (GNSS) receiver.

5)power supply unit

The system is currently powered by a single 4.0 V lithium metal oxide
(LMO) non-rechargeable battery with a nominal capacity of 125 mAh and
a pulse current capacity of 3.75A.
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Chapter 3

Mater-Bi1 balloons

3.1 Introduction

The correct choice of size, shape and material of the balloons used to carry
the radiosonde is a crucial issue.

First of all, our balloons should have a shape as close to spherical as pos-
sible, in order to behave as a particle following a Lagrangian trajectory
within the flow: a different shape, such as an oblate or prolate one, would
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3.2. Material choice

introduce additional disturbances in the motion, leading to distorted mea-
surements of atmospheric dynamics.

Another important aspect to consider is the target altitude and environ-
ment of our measurements. We are interested in studying turbulent dy-
namics within the Atmospheric Boundary Layer (ABL). Our balloons should
therefore be able to carry radiosondes to altitudes within the boundary
layer and withstand atmospheric humidity and potential rain. To achieve
these goals, our balloons should have little wettability and maintain a con-
stant volume. The balloon’s volume should be chosen to allow it to float
within a certain altitude range once a condition of neutral buoyancy is
reached.

Last but not the least, environmental impact should be taken into account:
at present, we do not have a systematic way to recover the balloons at the
end of their flight, and it is fairly clear that this could negatively impact on
the environment in terms of pollution.

Taking the aforementioned points into account, and also considering the
importance of using material that is easily available on the market, the
choice fell on Mater-Bi@®), a material developed by Novamont and already
familiar to us due to its use in the production of compostable shopping
bags.

In this chapter, we will discuss all the reasons behind this choice and how
to properly size and thermally seal balloons to give them a shape as spher-
ical as possible. A retention test was also carried out to compare the per-
formances of balloons hand-sealed by the Houseflies team with that of the
balloons sealed industrially, which were produced by Grabo Srl.

3.2 Material choice

At the beginning of the Horizon 2020 Innovative Training Network Cloud-
Microphysics-Turbulence-Telemetry (MSCA-ITN-COMPLETE) project,
Basso et al. [7] had to identify the material that would guarantee the best
performances while meeting the requirements we previously discussed.
The reference materials are latex and Mylar, which are currently used for
sounding balloons. However, these materials tend to change volume when
ascending due to their elasticity.

The perfect material would guarantee that balloons maintain a constant
volume and weight in order to be able to float on isopycnic surfaces. This
can be achieved wby using a material with low wettability and low elastic-
ity that has a very low Helium (He) permeability.

The two materials chosen to replace Mylar and Latex were Mater-Bi and
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3.2. Material choice

Polylactic Acid (PLA). The effect of coatings was also studied. The coat-
ings chosen for this study were selected based on their ability to decompose
through bacteria, i.e. their biodegradability.

Experiments were conducted on 14 cm diameter balloons made of Mater-
Bi©, Mylar and PLA, with a thickness ranging from 30 to 60 pm.

Tensile strenght of different materials was the first investigated property.

Material Young’s modulus (MPa) Tensile stress at yield (MPa) Ultimate stress (MPa) Elongation at break (mm/mm) Energy (J/m?)

Latex 4+1 741 27 +1 18 + 0.3 125 + 6
Mylar 1185 + 33 30 + 1 55 + 3 0.8 + 0.1 35+ 4
Mater Bi 161 + 13 8+1 12+1 3.2+01 34+2
Mater Bi+Cwax+Pine Resin 121 = 10 6+ 02 101 3107 26+ 6
Mater Bi+Cwax+SiO, NPs 108 = 11 411 7+05 1.1+01 8=+1
PLA 1578 + 93 18+2 24+ 4 0.09 + 0.05 4+2
PLA+Cwax-+Pine Resin 925 + 22 15+ 1 17+ 1 0.07 + 0.04 63
PLA+Cwax+8i0, NPs 993 + 112 14+1 17 +1 0.06 + 0.01 2+1

Table 3.1: characteristic average values. These results were obtained after
performing experiments with an INSTRON machine at a deformation rate
of 1 mm~. |]

-oMylar -o-Latex
-+Mater Bi +Mater Bi + CWax + Pine Resin

—Mater Bi + Cwax + Si02 NP5 -=-PLA
PLA + CWax + Pine Resin PLA + Cwax + 5i02 NPs

o
L=

Tensile Stress [MPa]
& 8 B &8 &

=
o

0 0.05 ) 0.1 0.15 0.2
Tensile Strain [mm/mm]

Figure 3.1: Tensile Stress-Strain curves for one test for each material used
during tests. [7]

As can be seen in Table |3.1} PLA, is characterized by a high toughness,
comparable to that of Mylar, independently of its coating. This thoughness
is around 1000MPa. This property enables the balloon to float at a conve-
nient altitude without the entire system expanding. However, PLA has an

28



3.2. Material choice

elongation at break of ~ 1 mm mm™?!, meaning the structure would not be

able to support even slight expansion, resulting in the balloon bursting pre-
maturely. Therefore, we concluded that PLA is not the best material for
our needs.

Conversely, Mater-Bi has a lower Young Module (100-200 MPa), meaning
it is more elastic and can withstand minor expansions, as confirmed by its
elongation at break of ~ 3 mm mm™!.

Mater-Bi would still allow the balloon to float at a constant altitude, and
its ability to expand around 300% of its initial size would not lead to a pre-
mature burst. It is clear why Mater-Bi was the best choice.

Figure 3.2: Images taken with a scanning electron microscope at magnifi-
cation x6000. (A) Latex, (B) Mylar, (C) Mater-Bi© (D) Mater-Bi + car-
nauba Wax + Pine Resin, (E) Mater-Bi + Carnauba Wax + SiOy NPs,
(F) PLA, (G) PLA + carnauba Wax + Pine Resin, (H) PLA + carnauba
Wax + SiO, NPs [7]

Balloons float in and out of clouds, which indicated that this environment
is certainly characterized by high humidity. This can lead to droplets con-
densing on the surface.

If balloons have a high wettability, their weight will certainly increase, in-
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3.3. Balloon Sizing

evitably decreasing the altitude they can reach.

A higher contact angle indicates that the material is more hydrophobic.
Super hydrophobicity is reached with contact angles around 150°.

Latex and Mylar have contact angles of around 95°, pristine Mater-Bi and
PLA’s have contact angles of around 90°, meaning they are mpre wettable.
This hydrophobic property was achieved by spraying the surface with a
polymery-based coating.

A 5 pul droplet was deposited on the surface of the different materials to
measure the contact angle and, consequently, the wettability of the mate-
rial.

= i1

2

Figure 3.3: increase of contact angle (and so hydrophobicity) when a 5 ul
droplet is placed on (A) Mater-Bi, (B) Mater-Bi coated with carnuba wax
and (C) Mater-Bi coated with carnuba wax+SiO, [7]

The size of the droplet was chosen to provide an accurate measurement of
the surface properties, independent of gravity phenomena. The latter is
not negligible in the case of large droplets. In (C) a size of 12 ul was cho-
sen due to the extremely high hydrophobicity, which orevented the droplet
from detaching from the needle. In this case, a contact angle of around
140° was measured, which can be considered a satisfactory result.

As discussed in [7], Mater-Bi also performed satisfactorily in terms of he-
lium permeability.

3.3 Balloon Sizing

We will now discuss the process of correctly sizing the balloons to achieve
the desired altitudes. This process is the same as that presented in [36] and
it is based on Archimede’s principle of buoyancy.

When a balloon is inflated with a gas that is less dense than air, an up-
ward force is generated:
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3.3. Balloon Sizing

Fb - (paiT - PHe)ng (31)

Where pqi-gV4 is Archimede’s buoyancy force while pg.gV; is the weight of
the gas inside the balloon and Vj is the ballon’s volume. Fj, is the effective
buoyancy force.

It is also possible to write [3.1] in terms of masses:

Mt = (pair - pHe)% (32)

where Mt = Mpalloon + Mradiosonde-
By reversing the equation, we can obtain:

M, ,
%_ t . mp +m (33)

" Pair — PHe Dair (1 — %TH)

By considering the equations for sphere’s volume and balloon’s mass:

4
Vi = opiRy (3.4)

My = pmtSy = 4pi Ritp, (3.5)

It is possible to put equations [3.4] and [3.5] into [3.3] in order to obtain a
third order equation in the unknown Rj,.

Considering the molar masses of My, = 4.003g/mol and M,;,. = 28.96g/mol,
a material thickness t = 23um and a material density of Mater-Bi of

pm = 1.29g/cm?, we can describe some parametric curves as it was done
in S. Abdunabiev et Al. [5]. One curve was described for each considered
mass of radiosonde, while the density of air, pu;., was computed at different
altitudes in accordance with ICAO standards.

For example, if we have a balloon with the above-mentioned characteristics
and want it to reach an expected altitude of 5 km, and assuming that it is
inflated optimally way, its radius should be slightly smaller than 30 cm.
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3.3. Balloon Sizing

Mater — Bi thickness t = 23um; density p = 1.29g/cm?
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Figure 3.4: parametric curves showing expected attainable altitude based
on the carried radiosonde’s mass and balloon’s radius

The same process was carried out using balloons made of Mylar and PA-

LPDE. Figure 3.5 shows different curves obtained for the various materials
and payloads. These were then compared with some experimental measure-
ments, demonstrating the a good reliability of the proposed sizing method.

maximum altitude reached
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Figure 3.5: Parametric curves for different materials and payloads com-
pared with experimental data obtained from different launches
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3.4 Balloon production

In this section we will discuss the process required to produce a spherical
balloon.

The production of balloons is one of the most crucial aspects of a success-
ful experiment. The main challenges are creating a 3D shape from a flat
one and the sensitivity of Mater-Bi to heat.

The current state of balloon production has also been achieved thanks to
the work of past thesis students: Andrea Caporali [11], Giovanni Cipri [12],
Pierpaolo Di Felice [15] and Chiara Geron [17]. They were the first to pro-
duce Mater-Bi balloons and the current shape of the petals and the bal-
loons themselves is the result of their work.

Firstly, the approximate volume of the balloon must be calculated consid-
ering the weight of the attached radiosonde and the desired altitude.

The balloon will comprise four petals and a round top cover which will be
thermially soldered together. The shape of the petals and the round cover
is shown in Figure [3.6]
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Figure 3.6: CAD model of balloon’s parts which will be sealed together.
Dimensions were changed in order to obtain a spherical balloon with an
approximate diameter of 40 cm

The shapes were cutted from flat sheets of Mater-Bi and then, until re-
cently they were to be thermally sealed together using a manual sealer like
the one shown in Figure

This method was really impractical as it was really easy to burn the ma-
terial while soldering it due to a lack of pressure and speed regulation. It
should also be noted that producing a single balloon used to take several
hours, which is a considerable amount of time.
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3.4. Balloon production

Figure 3.7: Manual thermical sealer used for balloon’s production. It is
provided with a temperature regulator.

For this reason Riccardo Villa developed a welding machine during his
thesis project. The Houseflies team used this machine to create the latest
balloons for performing retention tests, which drastically reduced the pro-
duction time from a few hours to one hour.

This prototype enables us to control the pressure and speed during sol-
dering. Mater-Bi sheets pass through two wheels: the sealer’s and a teflon
wheel mounted at the bottom of the machine. The sealer’s regulator can
still be used to control temperature. Before welding the material, the Mater-
Bi is covered with two Teflon sheets to allow the heat to diffuse better and
prevent the material from burning.

Once all the petals have been soldered together, it is important to check
any damage or holes in the material. If the quality check is passed, the up-
per cover can be soldered.

The balloons can then be inflated if we want to perform some experiments
or store them for future use.
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Figure 3.9: Inflated balloons used for performing a retention test
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3.5 Retention test: 24/25 September 2025

This experiment took place on the DISAT (Dipartimento di Scienza Appli-
cata e Tecnologia) rooftop between 24 and 25 September 2025.

Mater-Bi balloons made using the welding machine developed by Riccardo
Villa [33] were used during this experiment. The main goal of this exper-
iment was to investigate how long the balloons could remain inflated in
order to assess the quality of the welding. Two radiosondes were also at-
tached to the balloons to measure environmental parameters.

Preparation

Before this experiment was carried out, a first attempt was made, but it
ended up in failure because the welded balloons were too small to lift up
the radiosondes. For this reason, new balloons were cut adding five cen-
timeters of thickness to the entire design for each petal of the balloon.
After the outline of each petal was drawn, the petals were welded to each
other one by one.

Once all the petals had been welded, the tops of the balloons were closed
in two different ways: the first balloon was closed with a rope and a weld-
ing, and the second with some rope and some electrician’s tape.

After ensuring that all the holes in the balloons were properly closed, the
two empty balloons were weighted.

Balloon Weight [g]
1 (top welded) 41.23
2 (not welded on top) 45

Table 3.2: Empty weight of the balloons

After weighting the balloons, they were inflated with helium for a retention
test.

During this test, we wanted to check out if the balloons would have enough
lifting force to carry the radiosondes for an entire day. We also wanted to
understand if they would be able to resist any mechanical stress due to
rainy weather and wind throughout the radiosondes working time, until
the batteries ran out.
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3.5. Retention test: 24/25 September 2025

(b)

Figure 3.10: weighting phase (a) and filled balloons (b) used for retention
test

After filling the balloons, they were weighted to calculate their lifting force.
The balloons were attached to a ~ 200g weight, so the lifting force was
found by subtracting this value from the reading on the balance.

Balloon Lifting Force [g]
1 (top welded) 200-169.8~ 30.2
2 (not welded on top) | 200-167.8~ 32

Table 3.3: Lifting force before the experiment

The lifting force is the total weight that our system can lift.

When considering a system, this includes the helium inside of it, the enve-
lope and the rope attached to it.

The final part of the preparation phase involved attaching the radiosondes
to the balloons, seting up the equipment, and leaving the balloons on the

roof of DISAT.
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(a)
Figure 3.11: attached radiosonde (a) and completed setup (b)

Experiment and data

The entire experiment lasted just over one day.

Start End
Date 24/09/2025 | 25/09/2025

Retention Test | 1.40 p.m. 11.30 a.m

Data collection | 1.40 p.m. 1.50 a.m.

Table 3.4: Timetable

Data collection continued until the radiosonde’s battery ran out. Even af-

ter being exposed to rain and wind, the balloons remained intact after the
end of the experiment.

The balloons could no longer sustain the weight of the radiosonde, but the
second balloon (which had the greatest lifting force) was still able to float.
Considering the retention test a success, we proceeded to evaluate the re-

maining lifting force of the balloons, in order to make estimations for fur-

ther tests.
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Figure 3.12: weighting of second balloon after retention test

At the end of the retention test, the resulting lifting force was ~ 3gr..

Radius evaluation

After considering the retention test a success, we have to check if the sys-
tem would respect the mission requirements.

One of the main requirements is that, in order to stay inside the Planetary
Boundary layer, the balloons shouldn’t fly above 5 km altitude.
Considering that the maximum reachable elevation is strictly connected to
the balloon’s radius, we will now evaluate an esteem of the balloon radius
in two different ways: from the balloon’s weight and from the buoyancy’s
law.

Considering the second balloon, we now evaluate the radius from its empty
weight:

m = popdTrit, (3.6)

where:

density pnp | 1,24 — 1.29g/cm?
thickness t,,, 30um

Table 3.5: Mater-Bi features

m
=/ 3.7
g 47Tpmbtmb ( )

39

We will have:



3.5. Retention test: 24/25 September 2025

We also noticed that this evaluation may overestimate the actual radius of
the balloon due to the fact that we are assuming that all the weight will
contribute to the balloon’s volume, while the top and bottom parts, as well
as the welded stripes, will just add extra weight to the system.

For this reason, we cut all the parts that will not contribute to the volume,
weighted them and then weighted the remaining part of the balloon.

(a) (b)

Figure 3.13: weighting of the cuttings discarded from second balloon (a)
and final weight of the second balloon (b)

balloon initial weight [g] | cuttings [g] | final weight [g]
1 (top welded) 41.23 5.72 32.99
2 (not welded on top) 45 5.60 38

Table 3.6: cuttings and final weight

Considering the two balloons and the different estimations of the total
mass concurring to the volume, and the minimum and maximum Mater-
Bi possible densities, we will have:
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balloon pmblkg/m3] | radius (total mass) [cm] | radius (no cuttings) [cm]
1 (top welded) 1.24 29.70 26.57
1 (top welded) 1.29 29.11 26.05
2 (not welded on top) 1.24 31.03 28.51
2 (not welded on top) 1.29 30.42 27.95

Table 3.7: Radius experimental estimate

We can now proceed with a parametric esteem, which we will use to un-
derstand if the system satisfies the mission requirements. Considering the
buoyancy equation the sphere volume equation [3.4] and balloon’s mass
equation [3.5| and combining them we obtain the following:

my + 47TRZ)tmbIOmb

éwa =
3 Pair — PHe
which is a third-order parametric equation having R; as unknown and m,.
and p, as parameters.
We will consider the two different cases, one by one.
Supposing a Mater-Bi density p,;, = 1.24kg/m?, and solving equation (3.8))
for different radiosonde’s masses, it is possible to obtain the following para-
metric curves:

(3.8)
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8000 : : : s Sl

A
T

7000 [

6000 [

5000 [

4000 mr=5.59 |
mr=8.5g
mr=11.5g| |
mr=14.5g
-mr=17.5g
mr=19g
mr=20.5g
mr=23.5g
I /1 mr=26.5g | |
/ / ,'j mr=28g
/ I, |

3000 |

Attainable altitude [m]

2000 |

1000

15 20 25 30 35 40 45
Radius [cm]

Figure 3.14: parametric curves for different radiosonde’s masses

Considering a radiosonde’s mass of 19 grams, it is possible to compare this
results with the ones from Table
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For the first balloon (top welded):

Attainable altitude [m]
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Figure 3.15: top welded balloon. First case
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Figure 3.16: top welded balloon. Second case

And for the second balloon (not welded on top):
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Where, for all the shown cases, all the possible radius will be inside the two

dotted lines.
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3.5. Retention test: 24/25 September 2025

Data analysis

We will now spend few lines describing the obtained results by analizing
our plots. We'd like to see if the sondes reported similar data during the
experiment and then see, by a comparison with other data from different
institutions, how reliable our dataset is.
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Figure 3.19: NED acceleration components of tx-45 sonde
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Figure 3.20: NED acceleration components of tx-47 sonde
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3.5. Retention test: 24/25 September 2025

We can notice the presence of an offset of the acceleration component along

the North direction.

This offset has a value of 1 g, which is consistent with the value of gravita-
tional acceleration constant towards Earth’s center. The other acceleration
components are oscillating around zero, which is also consistent.
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Figure 3.21: NED acceleration magnitudes

The dotted green line indicates the starting time of the experiment, that is
when the sondes were placed in position.

We can notice some huge acceleration spikes, indicating the tension’s ac-
tion directed along the rope keeping the balloons in position.

The same was done with the magnetic field components and magnitudes,
as shown below.
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Retention test: 24/25 September 2025
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1 magnetic field magnitude variations
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Figure 3.24: magnetic field module oscillations

We can now finish by analizing pressure, temperature and humidity profiles
tracked during the experiment.
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Figure 3.25: pressure variations
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3.5. Retention test: 24/25 September 2025

temperature variations
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Figure 3.27: humidity variations

By observing the above plots we can notice that the profiles tracked by
the two radiosondes are consistent with each other. Those profiles could
eventually be used to compare the acquired results with the ones tracked
by other organizations in order to validate them.

We now do this comparison by using data available at [3].
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temperature variations
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Figure 3.28: temperature variations comparison with Open Meteo data
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Figure 3.29: pressure variations comparison with Open Meteo data
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humidity variations
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Figure 3.30: humidity variations comparison with Open Meteo data

By observing resulting graphs, we can notice how important it is to let the
sondes stay exposed to outside environments for an amount of time close
to one hour in order to obtain reliable data: as the time passes by, data
becomes more consistent when analizing temperature and pressure data.
Unfourtunately, we cannot say the same for humidity variations, as shown
in Figure 28: recorded humidity appears to be too low. At the beginning,
we supposed that recorded humidity was too low due to the fact that be-
tween 13:00 and 14:00 there was light rain. The comparison with data ob-
tained for Open Meteo [3] confirmed our supposition.

In general, reported behaviour is consistent with what was found in Chap-
ter 4] when comparison between Houseflies and Vaisala radiosonde was
done.

Conclusions

In this section we will spend few lines to discuss the obtained results.
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Figure 3.31: Merged results. First case
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2 (not welded on top) 1.24

4600-5600

Attainable altitude [m]

8000

Table 3.8: altitude range: first case

Mater — Bi thickness t = 31

0um: density p = 1.20kg/m?. Merged results

7000

6000

5000

4000

3000

2000

1000

*  expected value
— — —-experimental data, top welded
experimental data not welded on top

35 40 45

30
Radins [em]

Figure 3.32: Merged results. Second case
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3.5. Retention test: 24/25 September 2025

Balloon pmlkg/m3] | attainable altitude range [m]
I (top welded) 1.29 ~3300-4700
2 (not welded on top) 1.29 ~4200-5200

Table 3.9: altitude range: second case

by merging all the data, we can have an idea of the biggest attainable alti-
tude range, in which we consider minimum and maximum Mater-Bi densi-
ties:

Balloon maximum altitude range [m] | radius range [cm] | weight range [g]
1 (top welded) ~3300-5100 26.05-29.70 ~32.99-41.23
2 (not welded on top) ~4200-5600 27.95-31.03 ~38-45

Table 3.10: Results summary

The not-welded-on-top balloon perfectly satisfies the mission requirements,
while the top-welded one can be considered acceptable, but with the aware-
ness that there is a big probability it would only reach lower altitudes.

The perfect choice will depend on the purpose of the experiment: if is de-
sirable to gather data from all over the boundary layer, having both of
them would give more chances to collect data from a larger altitude range.
On the other hand, if the main goal is to let the balloon float around 5 km
altitude, it would be necessary to provide a design as similar as possible as
the second balloon.
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Chapter 4

Lagrangian Radiosonde Cluster
Observations in a Narrow
Alpine Valley during the
TEAMx Observational
Campaign: The
Vipiteno/Sterzing Experiment

Figure 4.1: Released cluster during Vipiteno’s experimental campaign
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4.1. Introduction

4.1 Introduction

From the 14*® of June to the 11" of July 2025 I had the privilege to parte-
cipate in TEAMXx field campaign which took place in Vipiteno/Sterzing,
Italy.

My work during the Extensive Observation Period (EOP) was deploying
Radiosondes and collecting data. During this time I had the opportunity to
understand better how atmospheric dynamics work with a focus on moun-
tain areas, while working with atmospheric instrumentation and an inter-
national team of PhDs and researchers.

4.2 TEAMx

TEAMx (Multi-scale transport and exchange processes in the atmosphere
over mountains) is an international research programme which was set up
n order to improve the understanding of atmospheric exchange processes
over mountains and advancing the parameterizations of the aforementioned
processes inside numerical models [25].

Mountainous areas are extremely complex environments under a meteoro-
logical point of view. Mountain’s orography considerably modifies atmo-
spheric motions typical of multiple spatial scales, iducing the formation of
gravity waves, convective motions, local circulations in valleys and hillsides,
turubulent processes and vertical transport of warm, humidity, aerosols and
pollutants.

Mountainous areas also constitute 30% of all emerged lands and play an
important role in global cycles of water, energy and carbon.

Big progress was done so far by numerical simulations, but performing
weather forecasts in the presence of complex terrain areas is still a big
source of uncertainty due to the fact that atmospheric models still present
some issues in the correct representation af exchange between surface, at-
mospheric boundary layer and free atmosphere, especially when there’s the
presence of big termic gradients, turbulence, convection and complex tridi-
mentional fluxes. All those limitations directly impact on the quality of
weather forecasts in alpine areas.

The aforementioned are the reasons why TEAMx was designed as a big in-
ternational programme, focused on both simulations activities and intense
experimental campaigns. The main goal was to obtain atmospheric obser-
vations with high spatial and temporal resolution which could be useful to
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4.2. TEAMx

better understan physical processes taking place in Mountain Boundary
Layer (MoBL), the portion of atmosphere directly affected by mountain
orography.

Alpine areas where chosen as the main study area for the project as the
represent an ideal environment for observing complex atmospheric pro-

cesses in strong topographic variability conditions, high humidity and sgtrong
interactions between phenomena from different scales.

Complete datasets useful for numerical models validations can be collected
due to the presence of a dense observation system made of radar, lidars,
ceilometers and sounding systems.

Vipiteno’s experimental campaign was located inside this environment in
order to study vertical transport processes, atmospheric ventilation and
convective exchanges in alpine valleys. Experiments were specifically set up
to analyze how the structure of the mountain boundary layer evolve during
the whole day and how exchange processes between the valley and the free
atmosphere influence temperature, humidity, wind and turbulence. This
kind of phenomena are particularly important to understand orographic
convection is triggered and how to improve the representation of sub-grid
processes inside weather models at high resolution.

The whole campaign used different observation systems like soundings, re-
mote sensing systems and in-situ measurements, with the goal to obtain

a tridimentional description of alpine atmosphere and to build adequate
datasets for physical analysis of phenomena and validation of numerical
simulations. Sounding have a really important role in this contex, as they
allow to collect vertical profiles of temperature, humidity, pressure and
wind which are fundamental to describe atmospheric stability and vertical
transport processes inside MoBL.

In order to achieve these results, extensive observation period (EOP) were
set up both in winter and summer 2024/2025, and I had the opportunity to
partecipate in the summer one.

During EOPs, soundings were usually performed twice a day, at 11:00 and
23:00 UTC time (13:00 and 1:00 local time) but they were performed ev-
ery three hours in case there was some alert (like for gravity waves or big
storms).

Vipiteno’s operational base was a campervan parked in a field in which all
of our instrumentation was stored. Outside of it there was also an atmo-
spheric station with ceilometers, lidars, radars and other useful instruments
for tracking atmospheric data.
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4.2. TEAMx

4.2.1 Sounding process

Here will be described the step-by-step process used to deploy a Vaisala
radiosonde used for our experiments.

Figure 4.2

Fisrt thing to do is to take one still packed Vaisala’s radiosonde as shown
in Figure It is important to see the serial number and write it down
in the excel file where all the main information about sounding are written
down.

On the computer it is possible to see window in Figure which tells us
to put the radiosonde on the Vaisala Ground check device RI41, a device
used fro ground check and calibration before performing the launch in or-
der to guarantee a good accuracy of the data that will be gathered during
the sounding.
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4.2. TEAMx
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Figure 4.3

After unpacking our radiosonde, we put it on RI41 (Figure . At this
point ground check will be performed. During this step avery kind of mal-
funtioning will be pointed out by the system: it was pretty rare, but +it
happend that some radiosonde had a malfunction, for example, in the hu-
midity sensor.

We then change the sounding frequency from default to the one that will
be used during the sounding. We tick the selection to ”countinue descend-

ing sounding”: in this way our sonde will continue to collect data even af-
ter the burst of the balloon.
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Figure 4.5

And, finally, we manually insert and apply the reference pressure, which
has to be the same measured by the radiosonde at the moment of ground
check: as an example, if the scrfeen is the one shown in Figure we will
have to put in the reference tab the value of 898.51 hPa. We can now let
the system do an updating of the radiosonde.
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While RI41 updates the radiosonde, we go outside to inflate the balloon.
As shown in Figure we will need to pick up our balloon, a parachute,
an unwinder, pliers and an electrician’s band.
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TR T .

Figure 4.8
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4.2. TEAMx

We can now go outside to the helium tanks. This step is a bit more arti-
sanal, but very funny to perform: in order ti inflate the balloon, we put
the opening of the balloon around the nozzle shown in Figure Sound-
ings require two persons to be present: one holds the balloon and the other
gently opens the valve to let the helium flow through the balloon. As it is
visible in Figure [4.7b} it is important that the person which is holding the
balloon wears gloves: the latter is made of Latex and is full of powder. It
is important not to touch it with bare hands in order to not contaminate it
with hand’s oils: this could eventually let the burst to happen faster than
required. A bottle of water is attached to the balloon: when the latter has
enough buoyancy force, it will start to pull slightly pull the bottle. When
this happens, it is time to stop inflating the balloon. Right before closing
the valve, we have to remember what is the remaining pressure inside the
tank, sown in the quadrant in Figure this value has to be written in
the excel file and will allow us to understand when it is time to replace the
tanks.

After closing the valve, we attach the parachute to the balloon by plac-

ing its rope around the balloon’s neck. We the fold the latter and properly
cloce it with the electrician’s band. It is the important to carefully cut the
band’s excesses with pliers.

Figure 4.9: Tensile Stress-Strain curves for one test for each material used
during tests. [7]
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4.2. TEAMx

By the time the balloon is ready, also the updating of the radiosonde will
be finisched. At this point, while one person waits outside holding the bal-
loon, the other goes inside to pick the radiosonde up.
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Figure 4.10

after attacching the radiosonde to the unwinder, the latter is connected to
che parachute.
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Figure 4.11

Figure 4.12

Everything is now ready to be deployed: we wait until release time and
then... let it go!
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Figure 4.13

After having a look at the flying balloon, we have to go inside to be sure
the system is receiving data from the radiosonde. If so, recorded pressure,
humidity, temperature and wind profile will start to appear on screen as
shown in Figure It is now important to wait until the sonde reaches 5
km altitude: at that point the experiment is considered a success and it is
possible to leave the station.

It will be then duty of the next group to check and write down in the ex-
cel file the reason of descend (usually burst of balloon) and the maximum
reached altitude (usually around 30 km). All recorded data is then up-
loaded in a repository, ready to be user for simulation and data analysis
after being converted from .bfr format to a readable one.

4.3 Comparison between radiosondes

4.3.1 Dual launch

On the 1% of July 2025, the same day a cluster launch was performed in
Vipiteno, a dual launch was perfermed as well in order to evaluate the reli-
ability of collected data.

One of Houseflies’ radiosonde was attached to a Vaisala’s one while it was
launched in the context of the IOP measurements that were held by TEAMx.
Both radiosondes were deployed at 17:00 UTC time, attached to a sound-

ing balloon. The Houseflies’ one was covere with a layer of tape in order to
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4.3. Comparison between radiosondes

protect if from rain.
Vaisala’s data was collected in BUFR format, which was then converted
in order to plot pressure, temperature and humidity graphs for compari-
son. To be sure the conversion from BUFR to CSV format was performed
correctly, I compared my results with the ones that were given by [1], con-
firming the conversion was done correctly.
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Figure 4.14: Atmospheric profiles obtained from [1]
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After collecting all the data it was necessary to apply an offset to them in
order to correct any kind of systematic errors that could take place during
the measurements. This procedure was applied to both the datasets taken
form the Houseflies’ sonde and the Vaisala’s one.
Data taken from Vipiteno’s weather station [2] was taken as a reference.
All the values reported in Table .1}, are referred to the ground.
After plotting data, it was visible that it was necessary to use microcon-
troller’s internal reference time to plot data in order to consider also mil-
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4.3. Comparison between radiosondes

Temperature | Pressure | Humidity
22.35 °C 1015.57 hPa | 70.13 %

Table 4.1: Reference Values from Vipiteno’s station taken from 2] relative
to 19:00 UTC time

liseconds: with the reconstructed datetime multiple packets of data arrived
at the same time. Microcontroller’s time tracks the number of milliseconds
elapsed from its accension. The main problem was to understand the ex-
act reference time. To do so, pressure profiles had a crucial role: the time
relative to the point at which pressure profile changed its slope was con-
sidererd as the one at which the radiosondes were deployed. The timeshift
was then applied to every point, as shown in Figures [.15|[4.16] and [4.17]
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Figure 4.15: Comparison between pressure profiles
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temperature profiles: dual sounding, Vipiteno
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Figure 4.16: Comparison between temperature profiles

humidity profiles: dual sounding, Vipiteno
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Figure 4.17: Comparison between humidity profiles
Figure shows pressure profiles of the two radiosondes are consistent
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with each other, while Figures and show a discrepancy between
the temperature and humidity profiles.

As reported in [10], humidity profiles are dependent upon temperature and
pressure ones. We can deduce that the discrepancy is caused by a wrong
tracking of the temperature profile, which propagates the error to the com-
putation of the humidity profile as well: before 17:02 UTC time, Houseflies’
radiosonde tracked a lower temperature than the Vaisala’s one, and after
17:04 UTC the opposite happend with a significant discrepancy. In corre-
spondence of these time intervals we can notice how between 17:00-17:02
UTC time tx-45 humidity is higher than the Vaisala’s while from 17:04 on
it is lower. Around 17:02-17:04 tracked humidity is similar but still lower
than the actual value.

A similar behaviour was reported in Paredes’ [23] PhD thesis. In [23], The
radiosonde was directly attached to the Vaisala’s one with some tape. This
wasn’t done during Vipiteno’s dual launch because this colud lead to some
oversiheating caused by the proximity of the two sondes. It was also no-
ticed that the tape partially occlused the EBM280 sensor, leading to an
incorrect ventilation. This is what could have happend in the Vipiteno’s
measurement: even if we tried to carefully leave a hole for the sensor, the
layer of tape could still have partially inhibited a correct ventilation and
isolated the radiosonde creating a slightly hotter environment than the
puter atmosphere.

Putting aside the aforementioned mismatchngs, we can notice how both
the datasets show the same trends, which is still a satisfactory result.

For further developments, finding a way to put the humidity sensor outside
of the radiosonde could be crucial in order to obtain data of higher quality,
increasing their reliability.

One final point has to be mentioned while considering relative humidity
measurements collected by instrumentations.

Relative humidity measurements usually need to be post-processed with
some algorithms in order to balance dry bias in humidity measurements
and the presence of a time lag in the instrument’s response. This applies to
Vaisala’s RS41 sondes as well, as mentioned in [18].

Due to the fact that some sensors are heated up to prevent condensation,
relative humidity measurements tend to have a dry bias: this means that
the sensor tends to record lower relative humidity values, with peaks of
the bias reaching 3.1% of the total value. This behaviour tends is more
relevant for lower temperatures.

The second problem that has to be mentioned is time lag: sensor response
time varies a lot with temperature, reaching a longer response time for
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lower temperatures. This is a problem because atmosphere’s humidity
varies very quickly, so this means that measured humidity doesn’t corre-
spond to the real one at that exact time. Measurements for higher alti-
tudes tend to be less reliable due to the fact that response time increases
with decreasing temperatures.

Finally, ventilation has to be considered: sensors are heated up to prevent
condensation but this will lead to an alteration of measurements. How-
ever, if ventilation is realistic, like for values ~ 5m/s, convective cooling
is enough to compensate heating. On the other side, if ventilation is not
ideal, temperature measured by the sensor can be altered and introduce
some errors.

It is then understandable why performing a correct calibration is crucial
also at low temperatures: calibration instrumentations at ambient condi-
tions is not enough if the main challenges are found at lower temperatures.
Performing correct calibrations allows on one side to obtain more reliable
and accurate data and on the other to reduce any kind of negative influ-
ence on assimilation systems and numerical simulations.

In case this is not possible to obtain, some algorithms can be used to post-
process data and compensate the humidity measurements time lag.

The use of this kind of algorithms can be applied also to data recorded by
radiosondes, activity which is currently being carried out at the moment.

The evaluation of response time and measurements accuracy of radiosondes
was evaluated by Paredes et Al. at INRiM, as explained in [21].
Concerning temperature, humidity and pressure measurements two differ-
ent tests where performed.

In the first one, three radiosondes where put together in a climatic cham-
ber to measure different conditions while also some reference sensors where
put in the same place. Each measurement took 30 minutes to be performed.
Under this conditions good measurement accuracy was found. Measured
relative errors were slightly higher for smaller temperatures.

A second experiment was then performed by attaching a radiosonde to a
Vaisala’s one in order to perform a dual sounding as was done in Vipiteno.
A similar behaviour to the one just mentioned before was found, with con-
sistent pressure measurements and some discrepancies in temperature and
humidity measurement highlinting the presence of a time lag in measure-
ments.

Radiosonde’s temperature, pressure and humity sensor is Bosch BME280.
This sensor is not actively heated up to prevent condensation as it is done
for Vaisala’s, but is can heat up while performing measurements. This is
why a good trade-off in the acquisition rate is needed.
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4.4 Cluster launch

On the 1°¢ of July 2025 a cluster was launched in Vipiteno as a part of the
Houseflies project. All data was then shared with TEAMx.

Figure 4.18: Cluster ready to be released

The experiment took place in the same field where the campervan that was
used as a base for TEAMXx’s experiments was placed. For this experiment
a total amount of 10 radiosonde was used and the availability of a public
communication network (The Things Network, TTN), allowed the manage-
ment of all this devices in parallel.

4.4.1 Experiment setup

The experiment was set up using the following instrumentation:

e 10 Radioprobes: current consolidated version of the radioprobee.

e 10 Mylar Globe 19” balloons: manufactured by Grabo S.r.l. and
filled with 99% helium. Each balloon had a capacity of 63L and di-
mensions of 48x48x48 cm

Laptop: used for collecting data and preparing the experiment

LoRaWAN portable gateway: WisGate RAK7244 model

4 single-channel LoRa Gateways: Dragino LG01v2 model
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Radiosonde’s consolidated design is the one previousely described in Chap-
ter [2l Radiosondes are provided with a radiotransmission unit, GNSS re-
ceiver, IMU sensor (made of an accelerometer, gyroscope and magnetome-
ter) and PHT sensor for pressure, humidity and temperature measure-
ments.

In order to communicate with the radiosondes, two different protocols were
used: the first one is the LoRaWAN protocol, which relies on the network
of the public TTN gateways and the private RAK7244 station. The second
one is the peer-to-peer protocol (P2P), which is implemented through the
four Dragino LG01v2 receivers. P2P protocol was used to follow radioson-
des in the first part of the experiment (45 minutes- 1 hour) and in order to
use it a car was equipped with two Dragino LG01v2 receivers and a laptop.
thanks to this instrumentation, it was possible to follow the trajectories of
some of the radiosondes by following their coordinates.

Concerning the balloons, Mylar ones developed by Grabo S.r.l. were chosen
to be used due to the fact that Mater-Bi ones are still under development.

4.4.2 Preparation

After arriving at the launch site, multiple step were necessary before start-
ing the experiment. This procedure took few hours.

Initially, balloons were inflated with a gas mixture composed by 99% of
helium and the rest 1% of air. In the meantime, receivers for peer-to-peer
and LoRaWAN communication systems were configured.

Radiosondes are then powered up and some test are carried out in order
to check if they can correctly connect to LoRaWAN gateways and Dragino
receivers.

After all the sondes are checked out, the system can be assembled: the ra-
diosonde is connected to a LiPO battery and the whole system is secured
to the inflated balloon through a thread.

A final check to make sure that all the radiosondes are correctly working is
done before being ready for the experiment.

4.4.3 Raw Data Analysis

We will now analyze raw data recorded during the experiment.

As it is shown in Figure [4.20a] all the radiosonde displayed a similar be-
haviour, travelling to the south, after they initially turned west as shown in
Figure [4.20b] 3D trajectories were also reconstructed after converting ge-
ographical coordinates into NED reference frame, as shown in Figure [4.19]
The cluster travelled across an area in which there wasn’t a dense coverage
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of LORAWAN Gateway receiving stations: most of the data was collected
during the first 20 minutes of flight, when all the sondes where still near
the local RAK7244 receiving station and before we lost any kind of connec-
tion while following the cluster by car. Only six out of ten sondes contin-
ued to transfer data after the first half hour after the cluster release. This
is why different plots will be shown for the whole launch and for the first
20 minutes, in order to understand better the tracked dynamics.

altitude

3D trajectories

6000 -
f’““*““““ TR
5000 | :\ | 01
I tx
\\ ;
4000 \ &X | sor
1 2 X tx03
3000 T ISENNY \ o3
2l \\}Q\ o
) N %08
2000 - I| e
tx08
1000 sos
tx10
0
11.55
” 46.8
11.45 B
466
longitud 114 454 169 ’
oo latitude

Figure 4.19: 3D Trajectories of Cluster launched in Vipiteno
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Figure 4.21: Altitudes reached by radiosondes

Radiosondes tx-02, tx-06, tx-07 and tx-09 didn’t transmit any data in a
timespan longer than 20 minutes after launch time. We can see that they
were still ascending with the exeption of tx-09, which lost height and landed
shortly after its deployment. Tx-04 has covered the longest path and reached
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the highest altitude ( 6000 m altitude), reaching Bolzano’s latitude.
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Figure 4.22: Pressure profiles

Observing Figure we can see how, as we expect, pressuretends to
decreases with altitude. Local fluctuations of pressure that can be seen in
Figure are for sure related to relative local decrease or increase with
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Figure 4.24: Temperature profiles during ascending phase and comparison
with dry and moist adiabat

Temperature profiles present a behavior similar to the pressure ones. We
can notice how temperature continuously decreases while altitude increases
(Figure [4.23b).

In Figure only data recorded during ascending phase are shown and it
is possible to see a comparison with two lines, following the dry adiabatic
lapse rate ("dalr”, 9.8 K/km) and the moist adiabatic lapse rate (malr),
which in this case was set to 6 k/km.

In the lower layers (until ~ 1500m above sea level), data follows the slope
of dry adiabatic lapse rate line, and it then tends to align to the slope of
the moist adiabatic lapse rate ("malr”).

Recorded behaviour is aligned with what expected: near the ground par-
ticles are heated by covective exchanges from the ground and tend to cool
down while rising. Cooling takes place adiabatically, while the particle in-
creases its dimensions. After reaching saturation point, water vapour starts
to condensate, balancing the cooling mechanism and making the ascent
slower.
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Figure 4.25: Humidity profiles

Unlike temperature, humidity profiles show considerable oscillations with
altitude: this is likely associated with turbulent mixing and small-scale
variability within the convective boundary layer. This oscillation could in-
dicate that a mixing between dry and humid air masses. However, what is
concerning about these data is the really low tracked values.
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In order to understand if those values are caused by some kind of bias er-
ror, reference values tracked by Vipiteno’s weather station |2] are consid-
ered to make some comparisons to the ground level.

Temperature

Pressure

Humidity

27.73 °C

1013.45 hPa

57.53 %

Table 4.2: Reference Values from Vipiteno’s station taken from 2] relative

to 14:00 UTC time

The weather station tracked a higher humidity and a lower temperature.
We have a difference of around 4-5 °C. This difference could be a reason
why we have such low values of humidity. Unlike for dual launch, no tape
was used to cover the sondes, so the ventilation hypoteses should be dis-

carded. Fue to the high irradiation, it is more likely

that the sensor went

under an overheating during the preparation procedure which lead to a
overestimation of the actual value of the temperature.
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Figure 4.26: Magnetic field magnitude profiles. Solid lines represent mean

values for each radiosonde
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Figure 4.27: Acceleration magnitude profiles

For magnetic field and acceleration magnitudes we will now consider only
the first 20 minutes of flight in order to easily interpret the behaviour.

In Figure we can notice that the magnetic field sensor wasn’t prop-
erly calibrated: only tx-07 has a mean value inside the range 0.45-0.5 G,
which is the expected value for the geographical location where the experi-
ment took place.

On the other side, acceleration magnituted oscillate around 1g for most of
the flight, with amin exception around 12:02 UTC time, where some spikes
are present for some radiosondes: this behaviour could be justified by the
fact that the cluster was in the first part of its ascending phase, which is
likely associated with transient dynamics, including pendulum-like oscilla-
tions and stabilization of the balloon—payload system.

4.4.4 Spectral Analysis

In this section, we will analyze some results obtained after performing
some post-processing on collected data from the radiosondes, in order to
study atmospheric turbulent structures.

Results will be compared with well-known theories which are applied to
isotropic turbulence case studies.

Packets of data where not collected at constant time intervals, this is why
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a resampling was necessary to obtain a uniform time grid and perform our
analysis. Linear interpolation was applied to data as well at regular 30s
intervals, which set the Nyquist frequency to:

1
oAt 2x30s

fy = ~ 0.0167 Hz (4.1)

Which limits the high-frequencies end of the spectra.

Data tracked from tx-01, tx-04 and tx-08 were chosen for analysis: the
main reason is that these were the sondes which reported the longest flight
path. A Fast Fourier Trasformation (FFT) was applied to the aforemen-
tioned data and the Power Spectral Density (PSD) was subsequently eval-
uated and compared to the general behaviour of Kolmogorov’s power law
S(f) o< f~°/3. The Power Spectral Density (PSD) was estimated using
Welch’s method, which provides a smoother and more reliable spectral esti-
mate by averaging multiple windowed segments of the signal.

In this first phase, we will discuss speed spectra behaviour. After convert-
ing geographical data into NEU reference frame, also speed was projected
into its NEU components before performing spectral analysis.
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Figure 4.28: North speed component in the NEU reference frame as func-
tion of time and altitude
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becomes more noisy as the frequencies get higher. A comparison with Kol-
mogorov’s theory is shown in the figures with a black dotted line. It is im-
portant to remember that Kolmogorov’s theories only apply to the iner-
tial subrange. Spectra tends to oscillate around this behaviour, but the
inertial subrange is not pretty easy to be correctly identified as it is very
small: sondes tracked real atmospheric data, so it is normal that dynam-
ics tend to deviate from theories valid for isotropic turbolence. However,
we could say that the inertial subrange can be identified for frequencies
around f = 2 — 6 % 1073Hz for Vy, f = 4 — 8 x 1073Hz for Vi and

f =4 —8x%103Hz for V. For frequencies lower than this values, PSD
tends to drop to lower values much faster as larger structures break down
into smaller ones and energy dissipates.

Another interesting aspect that can be seen is that Vy spectra tends to

be way more noisy that the other two. This behaviour could be justified
by observing Figure [£.20a} it is evident how radiosondes where mainly
travelling southwards, so it is likely that mean wind speed is aligned to-
wards North-South direction. This is confirmed also by the fact that Vi
spectra has higher levels of energy for lower frequncies: when energy levels
for lower frequencies become higher, noise at lower frequencies increases as
well.

At this point it is possible to investigate mean wind speed behaviour and
spectra. Mean wind speed was computed starting from NEU speed compo-

nents as:
WSmean = 4/ V]\2[ + VE'2 (42)

Horizontal wind speed was chosen for analysis as a semplification due to
the fact that radiosondes mostly travel along an horizontal path.
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Figure 4.35: Spectral analysis for mean wind speed profiles
By observing Figure we can see how also this spectra tends to have
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very high energies at low frequencies and then becomes very noisy for lower

ones.
Spectral analysis was performed also for pressure, temperature and humid-

ity profiles.
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Figure 4.36: Spectral analysis for pressure profiles
In Figure 4.36], we can observe how energy is mostly stored into large struc-
tures. The intertial subrange can be identified between f =2 — 6% 107 3H 2

and exhibits a plateau for lower frequencies. It is then less sensitive to
smaller turbulence fluctuations.
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temperature PSD
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Figure 4.37: Spectral analysis for temperature profiles
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Figure 4.38: Spectral analysis for humidity profiles
In Figure it is visible how Temperature spectra mostly follows Kol-
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mogorov’s laws: this means that Temprature behaves as a passive scalar,
being advected and mixed by the turbulent flow without consistently af-
fecting the flow itself.

Humidity spectra (Figure appear more irregular than temperature
ones, indicating a higher variability associated with moisture mixing pro-
cesses.

To have an esteem of how fast turbulence loses its energy, Turbulent Ki-
netic Energy (TKE) dissipation rate was estimated, which is the rate at
which turbulent kinetic energy is converted into internal energy through
viscous effects (Stull, 1988 [27]).

For isotropic tubrulence (for both wavenumber and frequency domain),
the following relashionship holds, as descibed by Batchelor [§] and already
discussed in Chapter [I}

E(k) = C¥3=5/3 (4.3)
and by applying Taylor’s Hypothesis (k = %)

2/3
S =ass (5] (4.4)

where k is the wavenumber, F (k) the wavenumber spectrum, ¢ the mean
energy dissipation rate, U the mean wind speed, f the frequency and S(f) is
the power spectral density in the frequency domain.

Considering measurements of S(f) within the inertial subrange, the mean
TKE dissipation rate & can be computed as:

o (PES(HNY
-5 (£)

- (4.5)
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energy dissipation rate
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Figure 4.39: TKE dissipation rates. Mean values are highlighted with solid
lines

Reported values which can be found in Figure result to be consistent
with values found in by Abdunabiev during his PhD thesis work [4] and
O’Connor et Al [20]. Even if semplification assumption were made, ob-
tained results still provide some valuable insights about atmospheric turbu-
lence characteristics. For future detailed studies it will be crucial to incor-
porate anysotropy considerations and the broader wavenumber resolvable
by radiosondes.

4.4.5 Stability parameters

In order to evaluate if considered atmosphere layers are stable or not, Brunt-
Viisila frequencies N? were evaluated using the procedure already ex-
plained in Chapter [T, Section [1.4]

It is recalled that positive values of the Brunt—Viisald frequency (N? > 0),
indicate stable stratification: this means vertical displacements of air par-
ticles are opposed by buoyancy forces; while on the other side negative val-
ues N2 < 0 denote instability and the enhancement of vertical displace-

91



4.4. Cluster launch

ment. Finally, values close to zero correspond to neutral conditions.
It is not uncommon that stratification tends to change considerably while
changing altitudes, alternating stable and unstable regions.

Brunt-Vaisala oscillations vs altitude. Vipiteno/Sterzing

6000 : . ._ ;
i #* tx-01
5500 | o
x-08
5000 * -
oy
4500 ]
— 4000 |- §
= *
3 3500 | * |
2
T 3000 | -
2500 | % -
2000 | % -
1500 | % .
1000 £ 4 R i N Lo ' ==
-0.02 -0.01 0 0.01 0.02 0.03
N2

Figure 4.40: Brunt-Vaisala frequencies

Considering that Vipiteno is located at an altitude of 941m above sea
level, we can notice how atmosphere’s layers near the ground were more
stratified with really unstable layers alternating with more stable ones.
Considering the high temperatures recorded during the day, this is a typ-
ical behaviour of a convective boundary layer characterized by strong tur-
bulent mixing and intermittent thermal plumes. With increasing altitudes,
instead, atmosphere showed a more stable behaviour indicating a reduced
turbulent activity: this is the perfect evironment for the propagation of
gravity waves, for which an intense observation campaign was set that day.

4.4.6 Dispersion Analysis

It is now possible to ivestigate relative motion of the cluster of radiosondes.
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Transmission was not continuous for all the radiosondes: 20 minutes after
launch the first radiosondes started to stop transmitting data. The fact
that the number of radiosondes changes in time must be considered also
while performing analysis following Richardson [24] dispersion theories.
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Figure 4.41: first 15 minutes cluster evolution in the planes: North-East
(a), North-Up (b) and East-Up (c). Points were colored differently based
on considered time, while black markers show the mean cluster position

Before proceeding with analysis following Richardson’s theories [24], evo-
lution of cluster in 2D planes at different time intervals was plotted, as
shown in Figure [4.41} Plots show the cluster evolution for an amouth of
time sligthly longer than 15 minutes, during which no transmission was
lost from any radionde of the cluster. It is possible to notice how the clus-
ter was initially compact during the first minutes of the ascending phase.
It travelled towards south, as shown also in Figure and started to
spread in both horizontal and vertical directions.
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4.4. Cluster launch

It is now possible to continue with the classical Richardson (1926) frame-
work for turbulent dispersion, where relative motion of radiosondes can be
analyzed by using the distribution of their separation distances. For this
purpose, Distance-Neighbour-Graph (DNG) function, denoted by Q, was
used as already explained in Section [1.3.1} For the sake of completeness,
we remind that this function identifies the mean number of neighbours
which can be found inside a specified space interval.

1

N (Pqi,n+1 + Pg,nJrl + Pr?,nJrl +ot Pé\,[nﬂ) (4.6)

Qn,n+1 =

It is straightforward to understand that Richardson’s theories only consid-
ered the case of a cluster made of a constant number of points. This has to
be taken into account while performing analysis.

Another important point to consider is that in [24] the theory was devel-
oped considering a one-dimentional space. It is obvious that the radioson-
des travel in a three-dimensional space: Richardson’s formulation [24] has
been adapted to this configuration.

As the first stage, only the time interval where all the sondes were trans-
mitting at the same time was considered, as shown in Figure [4.42] Due to
the fact that at the beginning of the flight sondes were still pretty close to
each other, a small distance interval h = 30m was considered.
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DNG Q (h=30m). N=10 fixed
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Figure 4.42: Distance-Neighbour-Graph for a fixed number of radiosondes.
By observing Figure [4.42] it is possible to notice how the number of sondes
in the neghbourhood tends to decrease as time passes by.

The same analysis was then performed for a broader time interval. In this
case a bigger distance interval h = 200m was chosen.
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DNG Q (h=200m). N=N(t) variable

25 T T
15min
30min
45min
2 r 60min | 7
16 b
=
£
c
&)
1 - =
0.5 b
0 1 1 1 !
0 500 1000 1500 2000 2500 3000 3500

L [m]

Figure 4.43: Distance-Neighbour-Graph considering a variable number of

radiosondes.

It is important to remember that, in this case, the number of transmitting
radiosondes was con mantained constant in time. This change was consid-
ered during computation and is reported in Table

time after launch

transmitting sondes N = N(t)

15 min
30 min
45 min
60 min

10
7
7
5

Table 4.3: Number of transmitting sondes as a function of time after

launch

The same analysis was then performed again for different fixed space inter-
vals but this time considering the maximum values @),,q, over time. The
aforementioned two different case studies were considered also this time.
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Exponential fit of Qmu. N=10 fixed
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Figure 4.44: )4, values over time for a fixed number of radiosondes

A o equation
h=30m | 6.2793 |-0.0023 | 6.2793 + ¢~ V00231
h=60m | 9.7512 |-0.0023 | 9.7512 + ¢~0-0023¢
h =90m | 14.9097 | -0.0025 | 14.9097 + ¢~0-0025¢

Table 4.4: Fitted parameters and corresponding exponential models at dif-
ferent heights

Considering a constant number of radiosondes, as shown in Figure [4.44] a
higher number of sondes is found in the neightbourhood when considering
a bigger value of h. Values tend to decrease in time with an exponential
behaviour of the type Q(t) = A + e~ as reported in Table .

The same was then made once again considering the variability of the num-
ber of radiosondes over time, as shown in Figure In this case consid-
ering the exponential decay of ()4, for the entire time of the experiment
could be misleading due to the fact that N = N(t). To check if the decay
behaves in the same way as seen in Table [£.4] it would be better to just
consider time intervals where N=costant.
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Course of Qmu and number of active sondes N(t)
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Figure 4.45: (.4, values over time considering a variable number of ra-
diosondes. The number of active radiosondes at that time is tracked with a
purple solid line.

4.4.7 Mean square separation distance analysis

A mean square separation distance analysis can be useful under the as-
sumption of omogeneous isotropic turbulence, as it is described by . As
already discussed in Section the Richardson-Obukhov (R-O) formula-
tion is described as:

P=103+get (4.7)

This analysis provides a measure of the dispersion of the radiosonde clus-
ter, indicating how rapidly the probes diverge over time.
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Figure 4.46: mean separation distance for Vipiteno’s cluster

In Figure 4.46| a plot of mean separation distance is presented. Solid lines
approximate the slope of data. By comparing our data with the expected
behaviour by R-O theories, we notice that our data have a smaller expo-
nential dependency than what expected (a=1.5): this means that disper-
sion is not pretty much boosted in this area. This is actually coherent with

what shown in Figure 4.20a)
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Trajectories of radiosonde cluster. Vipiteno/Sterzing
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Figure 4.47: mean separation distance for Vipiteno’s cluster

By also considering local orography, (Figure , we can notice how sonde’s
motion was affected by the presence of a mountainous environment, which
canalized the whole flow. Only one radiosonde managed to continue to
transmit data after passing the mountain range.
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Chapter 5

Long-Range Lagrangian
Radiosonde Cluster
Observations from the Po Plain
to Croatia: The Carmagnola
Experiment

Figure 5.1: Balloons ready to be deployed during Carmagnola’s experiment
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5.1 Introduction

On the 227 of July 2025, a second experiment was carried out.

This time a cluster made of 20 radiosondes was released from Centro di
Agrozootecnica tetto Frati in Carmagnola (TO).

This was the launch with the highest number of released radiosondes, dou-
bling the last maximum number of radiosondes.

The facility chosen for this experiment is a research facility of the Univer-
sity of Turin where agricultural and zootechnical studies are carried out.
This facility was chosen due to the presence of a meteorological and piezo-
metric station operated by ARPA Piemonte.

Instrumentation used for the experiment and preparation process was the
same for Vipiteno’s launch, the only difference was in the number of used
radiosondes and Mylar balloons.

Figure 5.2: View of Centro di Agrozootecnica Tetto Frati, Carmagnola
(TO) where meteorological and piezometric instrumentation operated by
ARPA Piemonte are shown

The whole cluster was launched around 10:20 UTC. After the release, son-
des were chased by car following coordinates sent by some of the radioson-
des as it was done in Vipiteno. This chasing allowed to collect as much
data as possible in the first part of the experiment.
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5.2 Raw Data analysis
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Figure 5.3: Trajectories of Cluster launched in Carmagnola

Radiosondes trajectories over complex terrain (Carmagnola)
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Figure 5.4: Trajectories of Cluster launched in Carmagnola considering lo-
cal orography

As it is shown in Figures [5.3] and radiosondes in the cluster divided
into three different groups during the flight.

Radiosondes tx-07, tx-14, tx-16 and tx-19 probably encountered a vor-
tex and turned back to Piemonte, heading for Turin. The group made
of radiosondes tx-05, tx-06,tx-09 ,tx-10, tx-12 and tx-18 turned back to
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Piemonte like the first one, but instead of Turin headed towards Novara, so
they were directed more to the North. Finally, the rest of the radiosonde
had a linear path to the southeast: the majority of the radisondes inside
this sub-cluster landed in Tuscany, while tx-03 followed the group until it
probably encountered another vortex which made it turn back to Genoa
and land in the Ligurian Sea. Tx-20 managed to reach Split, to the coast-
line of Croatia, tracing in this way the longest path traveled by a House-
flies’ radiosonde so far.
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Figure 5.5: Altitudes reached by radiosondes
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ressure variations with altitude (ascending phase only). Carmagnola
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Figure 5.7: Pressure profiles during ascending phase

Observing pressure profiles shown in Figures [5.6b] and [5.7, we can notice
how they are perfectly coherent with expected results as pressure decreases
with altitude. It is also possible to notice how pressure behaviour is per-
fectly coherent with the one recorded during Vipiteno’s experiment, which
is shown in Figure [£.20al Only some recordings in Figure [5.6b] are consid-
erably out of the expected range (it is refferred to two values recorded by
sondes tx-09), but observing only the ascending phase (Figure it is
obvious that these points were recorded during descending phase, and find-
ing the correspondent points in Figure |5.5] it is obvious that those were
from the last packet of data recorded by the sondes before losing any kind
of transmission. Considering also the fact that they were both near some
LORAWAN Gateway station and last transmission was not after 3-4 hours
after launch, it is unlikely that they run out of battery. Radiosonde tx-09
touched the ground around 14:00 UTC and then trasmitted few more data
around 18-19 UTC, always while being not far from the ground. On the
other hand, tx-11 data was the last transmitted one.

In Figure some pressure fluctuations are related to corresponding al-
titudes fluctuations. It is also possible to notice how tx-06, after falling to
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the ground, continued to record the same pressure level for multiple hours.
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Figure 5.8: Temperature profiles
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temperature variations with altitude (ascending phase only). Carmagnola
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Figure 5.9: Temperature profiles during ascending phase and comparison
with dry and moist adiabat

Profiles shown in Figure show a behaviour similar to pressure ones:
temperature oscillations can be related to corresponding altitudes ones. It
is interesting to notice how, due to the fact that data was recorded dur-
ing a long time interval, temperature tends to decrase not only due to the
ascending phase but also for the cooling process of atmosphere boundary
layer which takes place when evening comes. This process is evident ob-
serving tx-06 recordings: it was already mentioned that this sonde contin-
ued to record after touching the ground, and in Figure it is possible to
notice that, for a constant position, temperature tends to decrease as the
sun starts to set down.

As it was previously done in Subsection .4.3] a comparison between tem-
perature recorded data during ascending phase and moist and dry adia-
batic lapse rate was made, as shown in Figure [5.9, Temperature data fol-
lowed dry adiabat lapse rate’s slope until ~ 1500 — 1600m above sea level
and fully aligned with moist adiabat lapse rate’s slope for altitudes from
2000m on.
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humidity variations with altitude (ascending phase only). Carmagnola
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Figure 5.11: Humidity profiles considering only ascending phase

Recorded humidity shows more flutuations than temperature and pressure
profiles. This behaviour is consistent with what found in Vipiteno’s data
and id coherent with what is expected. Always observing tx-06 recordings,
it is possible to notice how humidity tends to increase as the atmosphere
starts to cool down.

What is interesting to notice is that, as shown in Figure [5.11] mean humid-
ity tends to decrease with increasing altitude, reaching also values near to
zero. This behaviour was highlighted also in Riccardo Villa’s thesis .
This behaviour has to be investigated more in detail in order to understand
if recordings where affected by some bias errors or if atmosphere had such
a peculiar behaviour that day.

We already know, as discussed in Subsection where comparison be-
tween Vaisala and Houseflies” radiosonde behaviour was made, sondes are
really sensitive to outer environment influence, and it is not unlikely that
they have undergone overheating during preparation phase considering that
is was a really hot July morning. Further analysis, also using some mod-
els like ICON will be conducted in the future in order to give more insights
about this behaviour.
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magnetic field magnitude variations. Carmagnola
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m?%netic field magnitude variations (ascending phase only). Carmagnola
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Figure 5.12: Magnetic field magnitude profiles considering the whole flight
(a) and only the ascending phase (b). The solid lines represent mean values
for each radiosonde in the cluster.

As for Vipiteno’s experiment, by observing Figure the same obser-
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vations made for Vipiteno in Figure 4.26| can be done: only some of the
mean magnetic field magnitude values are in the expected range between
0.45-0.5G, meaning that a consistent way to properly calibrate the instru-

mentations still has to be found.

acceleration magnitude variations. Carmagnola
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Figure 5.13: Acceleration magnitude profiles

As shown in Figure [5.13] with exception made for some points, acceleration

magnitude stands in the expected values.

5.3 Spectral Analysis

In this section, results obtained from some post-processing analysis of col-
lected data from radiosondes will be analyzed and compared with well-
known theories from literature as it was done in Subsection [4.4.4]
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Trajectories. Carmagnola
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Figure 5.14: Trajectories of radiosondes tx-07, tx-08, tx-18

As it was previousely done, packets of data where resampled in order to
obtain a uniform time grid and perform our analysis. Linear interpolation
was applied to data as well at regular 30s intervals, which set the Nyquist
frequency to:

1 1
= = ~ 0.0167H 1
IN =587 = 3% 305 ~ 00167 Hz (5-1)

For this investigation three sondes where chosen: tx-07, tx-08 and tx-18.
This decision was made in order to analyze different data from what anal-
ized by Riccardo Villa [33], all while comparing results coming from sondes
belonging to different subcluster which branched from the main one as dis-
cussed before

As it was done in Subsection this investigration will start by analyz-
ing NEU speed components spectra behaviour.

After collecting the coordinates for each recorded position, speed magni-
tude was projected into NEU coordinate frame.
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Figure 5.15: North speed component in the NEU reference frame as func-
tion of time and altitude
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Figure 5.16: East speed component in the NEU reference frame as function
of time and altitude
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Figure 5.17: Up speed component in the NEU reference frame as function

of time and altitude

b vy PSD
tx-07 v), spectra
tx-08 v, spectra
e oo tx-18 v, spectra
Tl — < ' — — — -Kolmogorov E
i \\ R
— B s i ——
2 & i =
w [ e S
o RR = RS \\_/‘ﬁ"ﬂ-\.
E 10°F e \"‘“‘\\ 2\ ]
= ol % N ol
g P
L= g e \j\ W
¥ ‘I"J\_‘l-i A A A
102 ¢ TR W
Wi Wy
L i
Wl
\L i\ i
‘%fm
109 s | , RJ
10" 1072 1072

Figure 5.18

frequency [Hz]

116

: Spectral analysis for Vy



5.3. Spectral Analysis

Ve PSD
108 : . :
bx-07 Ve specira
\\ x-08 Ve spectra
\\ \\\ tx-18 v spectra
108 b \\\ el — = = -Kolmogorov 1
T b Lt 5 \
£ S e -%."'“'-. \\
N"‘-U-J- = - e B \‘:{\‘.\;\
e 104 b "“;";\K‘ “\‘:\ s ]
= : e A i
o \’m"\/" \ \\,‘/\
72 T
o "*-"W\m ""‘\r o
[ Tt 18
= TR T i S
2 -"lﬁ: W~
102 E V -1'.““'5‘;.“'31' A
fh A
Ir-'l'i}'r"f“'
10° 1 | |
10 107 107
frequency [Hz]
Figure 5.19: Spectral analysis for Vg
vy PSD
108 . . .
o tx-07 v, spectra
105 | By - tx-08 v, spectra | |
~ G, T tx-18 v, specira
B has~ x\-\__ B i — — — - Kolmogorov
— W e ae s\ 1
[N N -~ - o~
£ \“\ ‘*.__\\ i 7/‘\Vh\l:/¢
o~ 3 \ Ty I i, Y .":\"\ I~ o |
N‘H,‘ 10 o~ ‘:}"I\ :\\._ v"‘l I|I ‘\\,x/ ) l.;{‘ =
b= e : i = T AP
= . ~Ly Vg™ ~
g 10% | UJ': ‘."r::'v-w i I’ﬂﬁln 1]
D.: IV! V lII |\ﬁ:|" .ﬁ " [ l‘j"l M"
> LM i | J
10" F b R
1T
D Ml Nj{i,hv
107 ¢ 3
104 | | |
10 10° 10

frequency [Hz]

Figure 5.20: Spectral analysis for V;

As it is shown in Figures [5.18} [5.19] and [5.20], energy levels of tx-07 energy
levels are higher that tx-08 and tx-18 ones. This is consistent with tx-07
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trajectory, which exhibits a recirculation pattern suggestive of a localized
vortex or strong shear region: it is then likely that this path is character-
ized by higher kinetic energy levels. Tx-08 exhibits a slightly more ener-
getic behaviour than tx-18, which is characterized by a mostly linera tra-
jectory, probably due to the fact that it does a little turn at a certain point
of its trajectory.

As a comparison, black dotted lines are shown in figures to represent the
energy cascade behaviour expected by Kolmogorv’s theory, where S(f) o
/3. Tt is possible to identify, by doing a comparison,the ingtertial sub-
range for certain frequencies.

Tx-07 inertial subrange is identified for frequencies around f = 1073 — 5 %
103Hz for Vy, f =15%102 —7x103Hz for Vg and f =1.5% 1073 — 7 %
1073 Hz for Vi;. Tx-08 and tx-18 have a similar behaviour and their inertial
subrange is identified for frequencies around f = 1.5% 1073 — 6 103 Hz for
Vn, f=1073 = 7% 103Hz for Vg and f =2 1073 — 107"2Hz for Vs

It is also possible to notice how energy levels of Vy and Vg are higher than
Vo it is true that there are multiple fluctuations upwards, but from NEU
reference frame point of view, trajectories where mainly in North-East di-
rection.

Lastly, in Figure [5.20| an interesting behaviour of the energy spectra is
shown: after an initial decrase of energy typical of the expected energy cas-
cade, instead of proceeding with this trend there is an increase in the en-
ergy density before the enrgy cascade starts again. This behaviour is more
evident for tx-07, but also the others show a similar trend, even if less evi-
dent. The sudden increase of energy is located at relative low frequencies:
this probabily indicates the presence of an atmospheric structure which po-
vided energy to the whole system.

It is now possible to analyze mean horizontal wind speed behaviour.
Horizontal mean wind speed was then computed as it was done in Subsec-
tion 4.4.4] which we write here again for the sake of completeness:

WSmean = 4/ V]\Q[ + VE2 (52)

By observing Figure [5.22] it is possible to see how the energy level of tx-07
is still hugher that the ones from tx-08 and tx-18, but way much less than
what happens for only Vy: it is probably due to the effect of Vg, where the
energy level of tx-07 is just slightly higher that the others.
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Figure 5.22: Spectral analysis for mean wind speed profiles

Spectral analysis were then performed for pressure, temperature and hu-
midity profiles.
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Figure 5.25: Spectral analysis for humidity profiles

Pressure spectra (Figure , exhibit a behaviour similar to the one found
in Subsection [4.4.4; most of the energy is store at lower frequencies, then
spectra follows Kolmogorov’s law for inertial subrange for frequencies be-
tween f = 2% 1073 — 1072 and finally has a plateau for higher frequencies.
Discussions made in Subsection [£.4.4] seem to apply also to temperature
and humidity profiles (Figures and : spectra mostly follow Kol-
mogorov’s trend and tend to exhibit a plateau for higher frequencies, indi-
cating the end of the energy cascade. This means they behave as passive
scalars advected by the turbulent flow without affecting it.

To esteem how fast turbulent kinetc energy was dissipated, turbulent kinet-
ing enery (TKE) dissipation rate was computed as it was previousely done
un Subsection [4.4.4] following the relashionhipt descibed by Batchelor [20]
and then applying Taylor’s hypothesys:

=2 (%)m (5.3)
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energy dissipation rate
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Figure 5.26: TKE dissipation rates. Mean values are highlighted with solid
lines

The value of the mean energy dissipation rate, £, gives us an esteem of how
fast energy is transferred into smaller scales.

As shown in Figure tx-08 and tx-18 have similar mean values, which
are also consistent with the ones found in Subsection 4.4.4] while the mean
value relative to tx-07 measurements is one order of magnitude higher than
the others. Having a bigger value of £ means that the sonde was in aerea
characterized by a more intense turbulence cascade: this enhanced level

of turbulent activity is consistent with the trajectory of tx-07, which ex-
hibits a recirculation pattern suggestive of a localized vortex or strong
shear region, while tx-08, tx-18 and Vipiteno’s sondes trajectories reported
a mostly linear behaviour.

5.4

As it was previousely done in Subsection Brunt-Véisilé frequencies
were computed in order to evaluate the stability of the atmospheric layer

stability parameters
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passed by the sonde. We remember that positive values of the Brunt—Vaisala
frequency (N? j 0), indicate stable stratification, meaning that vertical dis-
placements of air particles are opposed by buoyancy forces; while negative
values N2 | 0 denote instability and the enhancement of vertical displace-
ment and values close to zero correspond to neutral conditions.

Brunt Vaisala oscillations vs altitude. Carmagnola
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Figure 5.27: Brunt Vaiséla frequencies

Figure shows how N? values tend to oscillate around near-zero val-
ues. This means that a condition of weakly stable or near-neutral stability
is found. As the altitude starts to increase, also the amplitude of oscilla-
tions does the same, especially around 3000 m altitude: this highlights the
presence of an alternation between stable and unstable atmosphere layers.
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5.5. Dispersion Analysis

5.5 Dispersion Analysis

Before proceeding with a deeper dispersion analysis, position of the ra-
diosondes in the cluster at different time intervals were plotted.

In the following graphs positions of the radiosondes during ascending phase,
while all the radiosondes were recording all together, are shown.
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Figure 5.28: cluster evolution in the planes: East-North (a), North-Up
(b) and East-Up (c). Points were coloured differently based on considered
time, while black markers show the mean cluster position

In the first 20 minutes of the experiment the sondes were closer to each
other. What is interesting is that, while ascending, they started to spread
along a linear direction. Just in the last time interval displayed, after one
hour from the launch, they started to spread also horizontally.
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Figure 5.29: (.4, values over time for a fixed number of radiosondes

A «Q equation

h =30m | 44.8290 | -0.0013 | 44.8290 + ¢~ 0:0013¢
h=60m | 66.3766 | -0.0013 | 66.3766 4 ¢~ V-0013¢
h=90m | 79.3250 | -0.0012 | 79.3250 + ¢~0.0012¢

Table 5.1: Fitted parameters and corresponding exponential models at dif-
ferent heights

As it was done in Subsection starting from Richardson’s theory [24],
Qmaz values over time were found for different fixed space intervals. The
time interval in which a constant number of radiosondes was transmit-
ting was considered, as shown in Figure Values tend to decrease with
an exponential behaviour, following the relashionship Q(t) = A + e,
where the values of the constants A and « is reported in Table 5.1} It is
possible to notice how, in this case, the values of a are nearly the half of
those found for Vipiteno’s cluster [£.4.6] It has to be highlighted that in
this case a longer time interval was considered, so the dynamics tend to
reach a plateau.
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It would be interesting to analyze the behaviour for bigger space intervals.
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Figure 5.30: (4. values over time for a variable number of radiosondes.
The number of active radiosondes at that time is tracked with a purple
solid line.

As it was done in Subsection also in this case maximum values of
Qmaz Where plotted considering the whole elapsed time in which the ex-
periment took place. The number of active radiosondes for the considered
time interval was tracked as well as shown in Figure [5.30
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Chapter 6

Radiosonde and ICON-2I:

comparisons and assimilation
dataset

6.1 Introduction

The study of the PBL is of fundamental importance not only from an ob-
servational point of view, as analysed so far, but also with regard to its
representation within numerical weather prediction (NWP) models. The
accurate representation of processes within the PBL in forecast models is
of fundamental importance not only for forecasting high-impact events,
but also, for example, for solar and wind power generation (Teixeira et al,
2025 [28]).

Its importance is not limited to large-scale models and medium-range fore-
casts (Beljaars A., 1992 [9]); it is also fundamental for regional models and
short-range forecasts.

In the context of this thesis, in order to address the use of radiosondes

in numerical modelling, it was possible to establish a collaboration with
Agenzia ItaliaMeteo. Agenzia ItaliaMeteo, in collaboration with Arpae
Emilia-Romagna, is responsible for the operational set-up and development
of limited area model forecasts for Italy.

The topics addressed during this collaboration were the validation of ob-
servations and the use of observed datasets in data assimilation. Regarding
the validation, a comparison has been made between data collected by the
radiosondes along their trajectory with data provided by ICON-2I"s analy-
sis.

Of the various launches carried out, for the purposes of this thesis, we
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chose to analyse the data collected from the cluster released during the ex-
periment which took place in Vipiteno.

Understanding the differences between observations and model simulations
is also relevant to the second, subsequent study, which, in the future, will
involve the direct assimilation of Houseflies radiosondes’ data into ICON-2I
assimilation system.

6.2 ICON-21I

At present, ItaliaMeteo and Arpae are responsible for the joint manage-
ment of the maintenance and development of national Numerical Weather
Predictions (NWP) system. It is based on the ICOsahedral Nonhydro-
static (ICON) model which is developed by several institutions such as
Max Planck Institute for Meteorology (MPI), Deutscher Wetterdienst (DWD),
Karlsruhe Institute of Technology (KIT), German Climate Computing
Center (DKRZ), Swiss National Supercomputing Centre (CSCS), Consor-
tium for Small-scale Modeling (COSMO) and the Climate Limited-area
Modelling (CLM) community. ICON is a non-hydrostatic model character-
ized by an approach for global and regional scales, based on an icosahedral
unstructured grid, which eliminates the pole problem and ensures uniform
resolution; it is also optimized for high-performance computing (HPC) and
released as open-source software.

It is well known that the atmosphere has an intrinsically stochastic nature.
In order to take this characteristic into account, an ensemble prediction
system is used.

This approach made it possible, on one hand, to estimate the probability
distribution of random analysis errors and uncertainties, and, on the other,
to predict the probability distribution of forecast states.

Specifically, the forecasts ensamble is initialized from different initial condi-
tions, and its evolution is computed using some schemes designed to repre-
sent model uncertainties.

This system serves three main purposes:

1) Improving the forecast: the ensemble average tends to naturally filter
out the uncertain components while retaining those that show agreement
among ensamble members.

2) Indicating the reliability of the forecast: when forecasts differ signifi-
cantly among members, it is clear that the forecast uncertainty is high,
conversely, strong agreement among members increase confidence in the
results.
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3)Provide a quantitative basis for probabilistic forecasting.

Time

Observations Observations Observations

Medium-term forecast

Forecast Forecast

Forecast

 J

Figure 6.1: ICON-2I data assimilation system

Building on this concept, ICON-2Is data assimilation system is designed
to continuously improve the representation of the atmospheric state by
merging observations with model simulations. As already mentioned, at-
mospheric models are highly sensitive to the initial state, for this reason
the model is not left free to evolve for an undefined amount of time, but is
periodically initialized from the analysis field coming from the assimilation
process.

The data assimilation system can be described as an iterative sequence:
starting from previous forecasts, an estimate of the atmospheric state is
obtained, referred to as the ”background state”. Observations from radars,
satellites, radiosondes, planes, meteorological stations and other observing
systems are collected and then combined with the model forecast in order
to obtain the best possible estimate of the true state of the atmosphere at
that moment. This analysis is used as a new starting condition for the next
forecast cycle.

Into the ICON framework, the assimilation process is performed hourly,
and is based on an ensemble of 40 simulations, each starting from slightly
different initial conditions in order to represent the uncertainty of the sys-
tem.

The assimilation method used is a Local Ensamble Transform Kalman Fil-
ter (LETKF). This filter exploits the ensemble spread to estimate the un-
certainty of the forecast model.

The term "local” refers to the fact that observations are assimilated over
limited spatial regions, which reduces the computational cost and allows
for a better representation of local atmospheric phenomena.

The goal of this data assimilation system aims to find the best possible
trade-off between model’s forecasts and experimental observations. This
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approach becomes particularly relevant when analyzing atmospheric bound-
ary layers and mountainous regions, where turbulence, convection, strong
vertical gradients and irregular orography combine to make atmospheric
forecasting more challenging.

Data assimilation does not completely eliminate model errors, but it al-
lows for periodic correction of simulations, limiting error propagation and
improving forecast quality over short and medium ranges.

The system operationally assimilates data collected from radiosondes, planes,
radars and ground stations providing information such as temperature, hu-
midity, pressure and wind profiles. As explained in Gastaldo et Al. [16],
most forecast uncertainty originates from inaccuracies in the initial condi-
tions. Among the observations listed, radar data has a strong impact on
the representation of convective systems and precipitation structures dur-
ing the first forecast hours, which is particularly important under highly
unstable atmospheric conditions.

Finally, it should be noted that, even with all those measures, uncertainties
still remain due to observational errors and limitations of the numerical
model. These limitations can be attributed to imperfect representations of
microphysical and convective processes. The operational chain developed

and maintained by ItaliaMeteo and Arape Emilia-Romagna includes an
ensemble-based data assimilation system, deterministic forecasts, and an
ensemble forecast. The data assimilation system, which produces the anal-
yses used to initialize all forecast runs, is a continuous system that assimi-
lates observations on an hourly basis (Figure 6.4). Deterministic forecasts
are issued twice a day, at 00 and 12 UTC, with a forecast horizon of 72
hours; their main application is forecasting, including the issuance of civil
protection warnings. Also deterministic is the RUC (Rapid Update Cy-
cle), which is issued every 3 hours and, with a forecast horizon of 24 hours,
allows for frequent monitoring during high-impact events. Finally, the en-
semble forecast is issued once a day at 00 UTC for the following two days,
providing an estimate of forecast confidence through the determination of
the uncertainty associated with the predicted scenarios.

ICON-2I"s model configuration covers the geographical domain shown in
Figure 6.2. It has a grid with an horizontal resolution of 2.2 km and the
atmosphere is discretized into 65 vertical layers, as shown in Figure 6.3.
Vertical levels follow the orography of the region and the distance between
levels tend to increase with altitude.

Concerning the horizontal resolution of the model, it is located in the ” grey-
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zone scale”: at this grid scales dimensions, atmospheric phenomena are just
partially resolved and need a parametrization.

In particular, covective processes are neighter totally resolved nor parametrized:
deep convection (which is connected to large precipitating cloud systems) is
explicitly resolved, while shallow convection (which involves small, non-
precipitating cumulus clouds) is just parametrized.

Figure 6.2: ICON-2I geographical domain

half level 1

full level 1

half level 4

half levels

Figure 6.3: Illustration of ICON-2I's vertical levels

131



6.3. Comparisons between ICON-2I"s and radiosonde’s data

6.3 Comparisons between ICON-2I’s and
radiosonde’s data

The mean trajectory and altitudes of the radiosonde cluster during the en-
tire flight were computed, as shown in Figures [6.4] and [6.5]

Trajectories of radiosonde cluster and mean trajectory
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Figure 6.4: Sondes trajectories and the computed mean trajectory of the
cluster (in red)
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altitude variations. Vipiteno
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Figure 6.5: From the ICON-2I analyses, temperature, pressure and relative
humidity values were extracted for the grid point with the latitude, longi-
tude and altitude closest to those of the observations, in order to compare
them with the data recorded by the radiosondes.
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Pressure variations: Vipiteno. Comparison with ICON data
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Figure 6.6: Comparison of the pressure values forecasted by ICON-2I (solid
blue dot) and cluster’s observations (empty symbols) as a function of the
altitude (y-axis).
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Temperature variations: Vipiteno. Comparison with ICON data
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Humidity variations: Vipiteno. Comparison with ICON data
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Figure 6.8: Comparison of the humidity values forecasted by ICON-2I
(solid blue dot) and cluster’s observations (empty symbols) as a function
of the altitude (y-axis).

Observing the figures above, we can notice a behaviour similar to the one
recorded during the dual sounding.

Figure shows that pressure measurements are consistent with one an-
other, as was also the case for the dual sounding. Temperature and hu-
midity measurements (Figures and , on the other hand, show clear
differences.

As already noted, temperature measurements from the cluster tend to
present an offset, which must be removed in order to obtain the correct
profile behaviour. To estimate this offset, data recorded at 12:00 UTC from
Vipiteno’s ground station were used as reference [6.1] following the same
approach adopted for dual the sounding test. The offset was computed as
the difference between these reference values and the values recorded by
the radiosondes during the first few seconds of the experiment; in particu-
lar, the first valid data from tx-04 were used.

Temperature | Humidity
27.73 °C 57.53 %

Table 6.1: Reference values, at 12:00 UTC, from Vipiteno’s station, taken
from [2]
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G'ggénperature variations: Vipiteno. Comparison with ICON data. Applied offset
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Figure 6.9: As Figure but after the offset removal.

Humidity variations: Vipiteno. Comparison with ICON data. Applied offset
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Figure 6.10: As Figure but after the offset removal.

After offset removal, temperature values appear coherent with ICON-2I
data, as shown in Figure confirming the need for offset removal. Re-
garding relative humidity values, the data shown in Figure [6.10] seem to
follow a more coherent pattern; however, in some cases, ICON-2I data still
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appear to underestimate humidity values (this is particularly relevant con-
sidering that Houseflies” radiosondes already tend to underestimate real
humidity profiles as well). Continuous profiles would be needed to achieve
complete certainty, but further measurements are required to determine
whether this is an isolated case or a recurrent behaviour; in the latter case,
further investigations will be needed.
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6.4 Future developments: assimilation of ra-
diosondes data into ICON-21I

The ultimate aim of this project is to assimilate radiosonde data into ICON-
21. Before this can be done, however, a series of technical steps are required
to prepare the data. To carry out this task, from 9 to 13 February 2026,
we had the opportunity to collaborate with Dr. Virginia Poli at Agenzia
ItaliaMeteo in Bologna, taking advantage of her knowledge of how the data
assimilation system in ICON works.

The ICON-2I assimilation system acquires data NetCDF format, which is
derived from the conversion of data in BUFR format.

In particular; the BUFR format is used to encode all observations at scat-
tered points, i.e. those not defined on a regular grid. BUFR is a standard
format defined by WMO (World Meteorological Organization) for exchang-
ing atmospheric data and stands for ”Binary Universal Form for the Repre-
sentation of meteorological data”.

The file must contain spatial information - latitude, longitude and altitude
and the variables must be appropriately coded in accordance with the ta-
bles provided by the WMO.

data collected from the radiosondes is initially stored into JSON format
and subsequently converted into CSV format using a python script, making
it more accessible and user-friendly for post-processing and analysis.

The two different conversion methods were followed in parallel: one con-
verts CSV files into BUFR format using a custom Python script, while the
other uses the WMO csv2bufr function, which was the one that I followed.
The main challenge was writing a JSON file that the system could use to
perform conversion, containing required header information, data, meta-
data and other relevant details.

During our visit to Agenzia ItaliaMeteo, we successfully converted files
from CSV format into BUFR. The converted data was tested acquiring it
into the archive used operationally for the assimilation, confirming that it
had been correctly written into a valid format recognizable by the system.
Considering this a satisfactory result, the next step will be to run some
simulations using the radiosondes data in the assimilation system, in order
to analyze the simulation results. This step will not be part of this disser-
tation and is still under development at the time of writing.
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All the activities conducted during this thesis work were carried out in sup-
port of the Houseflies project, which started before the conclusion of this
thesis and will continue for a long time.

Considering the wide range of activities covered in this work, it seems ap-
propriate to organize this discussion according to the specific activity ad-
dressed.

Mater-Bi balloons

Even though this may seem the most trivial point of the work, producing

a spherical and biodegradable balloon that also offers good resistance and
performances is not an easy task and is crucial to the success of the work,
since the aim is to study turbulence dynamics from a Lagrangian point of
view. Only a perfectly spherical balloon can follow the flow as a particle,
minimizing as much as possible the interference with the flow itself.

During this work, my role was to support the production of Mater-Bi bal-
loons. Some support was given to Riccardo Villa [33] during his thesis
work, and after the conclusion of his work I contributed to the welding ac-
tivities using the welding machine he developed [33].

Welded Mater-Bi balloons were used to carry out retention tests, and the
results showed that the weldings performed satisfactorily.

The new welding process considerably reduced the time necessary to pro-
duce a Mater-Bi welded balloon and also improved the overall quality of
the product. However, the process is still too time-consuming for mass pro-
duction. For this reason, industrial production of the balloons is among the
future goals of the Houseflies project and it is already under development.
In-field experiments

In order to obtain data for analysis, in-field experiments involving the re-
lease of the radiosondes are necessary. During this work, two experimental
campaigns were followed: one in Vipiteno and one in Carmagnola. Data
were collected, cleaned and analyzed to study the general behaviour of tur-
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bulence within the Atmospheric Boundary Layer.

These experiments featured a new communication technology for data col-
lection that had not been used in previous campaigns: the LORAWAN
wireless network. Implementing both peer-to-peer (p2p) and LORAWAN
communication systems allowed us to collect data even when radiosondes
travelled beyond the range covered by p2p. The longest distance recorded
so far was during the Carmagnola campaign, where one of the radiosondes
reached the Croatian coast.

A significant improvement has been achieved, but much work still remains:
collected data does not arrive at constant time intervals, partly because
some data packets arrive corrupted, and partly because large areas are not
yet fully covered by the LORAWAN network.

This was particularly evident in Vipiteno experiment, where the LORAWAN
coverage in the area was not really dense. As LORAWAN network density
increases and a method to minimize packet loss is developed, data collec-
tion is expected to improve significantly.

Radiosonde

Radiosondes are the instruments through which atmospheric parameters
can be measured. For this reason, a validation of collected data is crucial
to assess their reliability.

During this work, comparisons were carried out between data collected by
our radiosondes and data collected by a reference Vaisala’s radiosonde.
Pressure profiles were aligned and consistent with one other. Temperature
profiles showed the same overall trend but only became aligned after ap-
plying an offset to our radiosonde’s data: considering the particularly high
temperatures recorded on the days of the experiments, radiosondes prob-
ably overheated leading to higher temperature measurements. Regarding
humidity profiles, the Houseflies radisondes followed the general trend of
the Vaisala profile, but with dampened measurements: this behaviour is
connected to the fact that humidity measurements depend on temperature
readings, overheating of the system and poor ventilation due to the small
dimensions of the sensor and its low response time. This result can still
be considered satisfactory given the low cost and small size of the sensor,
although further improvements are required to obtain higher quality data.
A future development involves equipping the radiosonde with an external
relative humidity sensor, which would significantly decrease the dependence
on microcontroller’s heating, thereby improving quality data.

The new prototype version is already under development: it will be lighter
and smaller and will also implement a CO/CO; sensor. Tests of this new
prototype version are already scheduled.

Finally, it is worth to mention that Houseflies radiosonde is equipped with
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a magnetometer. So far, magnetic field measurements were collected, but
an adequate calibration of the sensor is still required to accurately track
magnetic field fluctuations.

To address this issue, on 29 June I took part in dedicated calibration mea-
surements performed at Istituto Nazionale di Ricerca Metrologica (INRiM)
in collaboration with Dr. Gabriella Crotti. The collected datasets are cur-
rently being analyzed, with the aim of developing a proper calibration pro-
cedure for the onboard magnetic field sensor.

Comparison with ICON data During this thesis work, comparisons be-
tween data collected during Vipiteno experiment and analyses coming from
ICON-2I numerical model were done, while comparisons with the Carmag-
nola dataset data were performed by Maria Palomba as part of her thesis
work, which was still under development at the time of writing.

The results of these comparisons were consistent with those obtained when
comparing our radiosonde with the Vaisala reference for pressure and tem-
perature profiles: pressure profiles were consistent, while temperature pro-
files became consistent once an offset was applied to data collected by our
radiosonde. Regarding humidity profiles, [CON-2I simulations tend to un-
derestimate humidity values. Considering that only discrete data points
along the trajectory of the radiosonde were compared, a continuous hu-
midity profile would be needed to confirm this behaviour with greater con-
fidence, further launches will therefore be essential to determine whether
this underestimation is due from a systematic error or is merely coinciden-
tal. Should it prove to be a systematic error, introducing high quality data
coming from radiosonde’s Lagrangian trajectories into ICON-2I assimila-
tion system could significantly benefit weather forecast accuracy.

Future developments of this project include the assimilation of House-

flies radiosondes cluster data into ICON-2I model. Our collaboration with
Italia Meteo, discussed in the final part of this work and supervised by Dr.
Virginia Poli, was focused on the realization of a workflow, as a data pre-
processing, for converting data from CSV to BUFR format. This task was
completed successfully and the converted data was recognised as valid by
the archive used operationally by ICON-2I. The next step will be to run
some simulations after introducing our data into the assimilation system.

All the aforementioned points merely summarize the current state of the
project at the time of writing. Much has to be done, and a long list of fu-
ture developments remains to be pursued.

On a personal note, being part of this project has been an extraordinary
experience. It has given me contless opportunities to grow, both profession-
ally and personally. The skills, knowledge, and experiences I have gained
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throughout this journey are things I will carry with me forever, and I am

deeply grateful to everyone who contributed to making this experience pos-
sible.
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