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A B S T R A C T

High-altitude scientific balloons are platforms for space and environmental
research as well as for testing future spacecraft and instruments. However,
operating such balloons is a challenging task. Balloons work on the principle
of buoyancy, and once deployed in the atmosphere, they are subjected to
various dynamical and thermal forces. These forces make the balloon flight
complex, as they are dependent upon various atmospheric parameters,
which are not easy to estimate. Furthermore, a few hours after deployment,
a high-altitude balloon reaches equilibrium in terms of buoyancy and floats
in the direction of the winds, making the balloon flight uncertain as winds
are not known to a great extent at such altitudes.

To alter the trajectory, the balloon has to be taken to different wind layers
with different wind directions or speeds. Presently, to explore the wind
layers the balloon itself is used as a probe. The two manoeuvres that are
used by the balloon pilot for exploring these wind layers are ballasting
and venting. However, the number of ballasting and venting operations per
flight is limited due to a limited amount of lift gas and ballast material, and
continuous search for wind layers is thus not possible. As a result, balloon
trajectory forecasting poses several challenging problems since the subject is
both complex and multidisciplinary.

Consequently, balloon mission preparation requires an accurate and re-
liable prediction methodology for both weather and trajectory, in order to
accomplish the mission successfully. This research work focusses on two
aspects of ballooning: (a) determination of balloon ascent and (b) finding an
optimal sequence of manoeuvres in order to navigate balloons autonomously.
To solve problem (a), a standard analytical model, a fuzzy model, and a
statistical regression model are developed and compared to predict the
zero-pressure balloon ascent. To solve problem (b), different sensors and
data models are studied in order to understand the environment in which
these scientific balloons fly and challenges associated with that. Next, rein-
forcement learning algorithms are applied to optimize the manoeuvres and
to allow for autonomous flights.
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S A M M A N FAT T N I N G

Höghöjdsballonger är plattformar för rymd- och miljöforskning, såväl som
för tester av framtida rymdfarkoster och instrument. Att flyga sådana bal-
longer är en utmanande uppgift. Ballongerna verkar enligt Arkimedes
princip, och när de släppts i atmosfären utsätts de för olika dynamiska- och
termiska krafter. Dessa krafter gör ballongflygningen komplex, då de beror
på olika atmosfärsparametrar vilka är svåra att uppskatta. Några timmar
efter att en höghöjdsballong släppts når den ett jämviktsläge vid en viss
höjd och driver då i vindriktningen, vilket ytterligare ökar ovissheten kring
flygningen då det endast finns begränsad kunskap kring vindarna på dessa
höjder.

För att ändra flygbanan måste ballongen föras till olika vindlager, med
olika vindriktningar eller vindstyrkor. I nuläget används ballongen själv
som sond för att utforska de olika vindlagren, och de två manövrar som
ballongpiloten använder är att släppa ballast och att släppa ut gas. Antalet
manövrar per flygning är dock begränsat på grund av den begränsade
mängden ballast och gas ombord, kontinuerligt sökande efter vindlager
är därför inte möjligt. Banberäkningar för höghöjdsballonger består som
ett resultat av detta av ett flertal utmanande problem, då området är både
komplext och multidisciplinärt. Framgångsrika ballongflygningar kräver
precisa och tillförlitliga metoder för väderprognoser och banberäkningar.

Detta forskningsarbete fokuserar på två aspekter av ballongflygning: (a)
bestämning av ballongens uppstigning och (b) att hitta en optimal sekvens av
manövrar för att autonomt kunna navigera ballongen. För att lösa problem
(a) utvecklas och jämförs en analytisk-, en oskarp logik-, och en statistisk
modell i syfte att kunna förutse ballongens uppstigning. För att lösa problem
(b) studeras olika sensorer och datamodeller för att förstå omgivningen i
vilken höghöjdsballongerna flyger och de utmaningar som detta medför,
varefter förstärkningslärande algoritmer används för att optimera manövrar
och åstadkomma autonoma flygningar.
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1
I N T R O D U C T I O N

The aim of this chapter is to introduce the reader to the motivation behind
this thesis work. This chapter begins with an overview on the history of
ballooning in Section 1.1. Section 1.2 gives an overview of zero pressure
balloons. Section 1.3 presents the aim and methodology of the research
work, and Section 1.4 gives a summary and contributions of this work. The
outline of the thesis is presented in Section 1.5.

1.1 history of ballooning

Ballooning is an age old activity on Earth. As early as in the 3rd century,
balloons were used as a toy in China, but it was only in 1767, that Joseph
Black from Scotland suggested that hydrogen filled bags should rise in air
[34]. In 1783 the Montgolfier brothers flew the first free hot air balloon in
Paris carrying a human (Fig 1.1) [34]. A little less than three months after the
Montgolfier brothers, J. A. Cesar Charles overcame the challenge of hydrogen
storage and flew the first hydrogen balloon by fabricating the envelope using
silk and paper and sealing it with paper (Fig 1.1). The techniques of ensuring
the air tightness of the membrane, exhaust valve, and guaranteeing envelope
strength and controlling its pressure developed by Charles are still in use
today [71]. After these developments, for almost a century, balloons were
primarily used for spectacular events during celebrations, and barely for
science. It was in 1803, that the first scientific observations were done using
balloons [53]. The first regular series of unmanned ascents for studying the
upper atmosphere was launched by Hermite and Besancon in 1892, in order
to sound the atmosphere and after continuing their efforts for six years, in
1898, they discovered the stratosphere [48].

Scientific ballooning slowly progressed over a few decades, and in 1912,
V. F. Hess of Austria demonstrated that space can be observed without
any obstruction of the atmosphere by ascending to high altitudes with the
help of a balloon. He illustrated the capability of balloon platforms for
astrophysics by observing cosmic rays [71]. In 1936, Hess was awarded the
Nobel Prize for this achievement [51]. The next major breakthrough for
ballooning came in 1929, when Robert Bureau invented radiosondes which
could send precise encoded telemetry from weather sensors, eliminating the
need for recovering the probes [71]. In 1931, another milestone in ballooning

1



2 introduction

Figure 1.1: Public experimental flight of the world’s (a) first full-scale hot-air balloon
by the Montgolfier brothers (5 June 1783) (b) first hydrogen balloon in
1783. (courtesy of Saburo Ichiyoshi) [71]

was achieved, when A. Piccard of Switzerland reached 15.8 km using a
balloon [43, 51, 71]. Next, in 1947, Otto Winzen developed a plastic film at
General Mills in the United States, increasing the capability of balloons in
terms of payloads and altitude [48, 51]. Eventually, a variety of balloons
have been developed over the years with different capabilities. Although
the performance and use of these balloons vary, they all follow the same
physical principles.

In the 1940’s, a systematic research into ballooning was started by the US
Navy, and to some extent also the University of Minnesota, and the balloons
were finally put to practical use. During this period, principal technology
related to Zero-pressure (ZP) balloon in the form of venting ducts for
pressure control, load-tape, wireless communication, etc., were developed
which facilitated long distance unmanned flights of large balloons. The
technology developed in this early phase is still being used in the modern
day ballooning [71]. The history of ballooning is vast, and it is difficult
to cover it here in full, more details can be seen in [43, 51, 71]. The next
subsection gives an overview of present day scientific balloons.
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Scientific balloons

Scientific balloons are classified as unmanned free balloons under civil avia-
tion regulations, and can also be referred to as stratospheric balloons. These
balloons are used for scientific observations and technological experiments.
There are essentially three different types of these balloons:

• Zero-pressure (ZP) balloons: The pressure inside the ZP balloon is
equivalent to the outside pressure. These balloons are fitted with the
venting ducts, and once the balloon expands to its maximum volume,
the extra lift gas overflows from these venting ducts, and as a result
the balloon stays at a constant altitude [68]. The volume of these
balloons can range from 3000 - 1.2 million cubic meters depending on
the altitude and payload requirement. They can lift up to 3 tonnes of
payload, and can stay afloat from a few hours to a few weeks. The
material used for ZP balloons is polyethylene, and the operational
altitude ranges from 20 - 40 km. Figure 1.2 shows a ZP balloon.

• Super-pressure (SP) balloons: As the name implies, the pressure inside
SP balloons is larger than the atmospheric pressure. These balloons do
not have a venting ducts and in order to contain the pressure inside the
balloon, they have to be sealed tightly [29]. Further, the envelope used
for this type of balloon is multi layered and is supported with tendons
as the forces acting on the SP balloons are higher than for ZP balloons.
The highest altitude for which these balloons have been tested is 33
km, with a volume of 700,000 cubic meters [6]. The payload capability
of SP balloons is less than 1000 kg, and the flight duration vary from a
few weeks to a few months. Figure 1.2 b shows a SP balloon.

• Infrared Montgolfier (IM) balloons: This type of balloon was developed
by CNES and is a ZP hot air balloon [46]. The balloon film for IM has
been designed in such a way that the buoyancy fluctuation associated
with the presence or absence of solar radiation is minimized. These
balloons fly at a low altitude (troposphere), and the flight duration
vary from weeks to months. Figure 1.2 c shows this balloon type.

Since ZP balloons are capable of lifting heavier payloads and can reach
high altitudes, they are widely used by the scientific community, compared
to the other balloon types for high-altitude measurements [23]. A typical
configuration of a scientific ZP balloon can be seen in Fig 1.3. Balloon
systems usually consists of a balloon envelope, a valve, venting ducts, and
in some cases an envelope gondola (Part A). The balloon envelope is made
of polyethylene and the lifting gas is either helium or hydrogen. The second
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Figure 1.2: The three types of balloons (a) Zero-pressure (b) Super-pressure (c)
Infrared Montgolfiere

Figure 1.3: (a) ZP balloon flight train after launch (b) the detailed description of the
flight train (Courtesy: SSC)
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part of the balloon flight train (Part B) is used for separating the scientific
payload from the balloon after the mission is completed. This consists of a
parachute, a cutting mechanism, and a separator. The last part of the balloon
flight train (Part C) is the gondola. In some cases, there can be two separate
gondolas - one for the housekeeping and the other one for the scientific
payload, but in most cases, these two gondolas are combined into one. The
SP balloon flight train is similar to ZP balloons, minus the ducts and the
valve.

There are many countries that are facilitating scientific balloon launches
and details of these launch bases can be seen in [48]. The launch sites provide
complete engineering support to scientists, from inflation and launching
to tracking and recovery of the payload. The advantages of using balloon
platforms are [10, 71]:

• Balloons provide a low cost platform

• Heavy, and bulky payloads can be mounted on balloons

• It is possible to recover payloads and reuse them

• The life-cycle from idea to the proof of concept for different payloads
is quite short

• High flexibility in launch site selection

• In-situ observations of the upper atmosphere

Further, balloons are also used as aerostatic cranes for testing different re-
entry objects [19]. All these advantages make the balloon system a preferred
platform to studies related to the atmosphere (its chemistry and dynamics),
meteorology and aeronomy, astronomy, etc, among scientists. The main
focus of this thesis work is ZP balloons. The next subsection 1.2 gives an
overview of ZP balloon flight and its challenges.

1.2 high-altitude balloon flight

High-altitude ZP balloons have the capability to provide platforms for
different scientific missions. Balloons work on the principle of buoyancy,
where the buoyancy force is equal to the weight of the displaced fluid. Once
deployed, balloons ascend to a particular float altitude and after then float
in the direction of the winds.

The dynamics of balloons are governed by complex fluid dynamics and
thermodynamics. Once the balloon is released with more buoyant lift than
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weight, it accelerates first and then ascends with a speed of approximately
4 - 5 m/s (usually for typical balloons), as the aerodynamic drag force
settles into equilibrium with the excess buoyancy, known as free lift. As
the balloon ascends atmospheric pressure decreases and the helium gas
expands. This expansion makes the helium gas cool down, but the sun and
Earth are heating the balloon envelope, which in turn heats the helium gas
via internal convection. Eventually, at around 4.5 km, the gas expansion
would make the helium quite cold, which in turn would stop the balloon’s
upward motion, but it is the radiant energy from the sun, and the effect of
atmospheric convection which helps the balloon in retaining some heat and
continuing its upward motion. As the balloon slowly ascends, the ambient
air becomes thin, which increases the heat input from the sun, and this heat
helps the balloon through the coldest portion of the troposphere, and finally
the balloon enters into the stratosphere.

Once the balloon enters the stratosphere, the thin air temperature starts
to increase due to the concentration of ozone which absorbs ultraviolet.
The warmer air rapidly decreases the density of the atmosphere, which in
turn slows down the balloon ascent. The air eventually becomes quite thin,
and as a result the temperature of the balloon skin is dominated by the
radiant energy balance (i.e. the resultant of direct sun, albedo, and infrared
energy absorbed vs infrared energy lost and emitted from the balloon plastic
skin). The heat from the balloon skin warms up the helium via internal
convection, and eventually helium is at the same temperature as the balloon
skin. Finally, the balloon reaches to the float altitude that it is designed
for. Before reaching the float altitude, the balloon envelope has expanded
completely, and the surplus helium gas that was filled in the balloon to
provide it with free lift starts to vent automatically. Finally, the balloon
reaches to the float altitude that it is designed for and starts floating in the
direction of winds.

During the night and day shift the temperature of the atmosphere varies,
and more importantly the temperature of the lifting gas shifts depending on
the sun’s radiation. When the temperature of the gas decreases, the volume
of the balloon also decreases; as a result the balloon descends. At a float
altitude of 40 km this night/day variation can be as much as 4 km [11].

Esrange Space Center (ESC) has been launching ZP balloons for several
decades. In the stratosphere at polar latitudes, there is westerly wind (pre-
vailing winds from the west toward the east) during the winter time, and
easterly wind (prevailing winds from the east toward the west) during
the winter time. The summer and winter wind can be used for circumpo-
lar flights as the wind is primarily in one direction. During autumn and
spring, there is a turnaround period, where the wind direction reverses.
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This turnaround period can be used for changing the direction of the bal-
loon flight, and hence reaching to a particular area of interest or keeping
the balloon over a certain region for extended duration of time. Since the
balloon is floating with the wind, its flight path is altered by taking it to
a different wind layer. Currently, the balloon itself is used as a probe for
exploring the winds. To explore the winds above, ballasting is performed,
making the balloon system lighter; to explore the winds below, gas is vented,
decreasing the buoyancy of the balloon system. To maintain a new float
altitude after venting out the gas, ballast has to be dropped to stop the
descent. This limits the number of maneuvers that can be done for a flight.
There are limited amounts of both gas and ballast, which makes continuous
exploration of the winds impossible. As a result, balloons frequently end
up in sub-optimal wind layers, and thus end up moving in undesirable
directions – for instance, leaving the Esrange impact area, or, for longer
flights, moving further towards the sea.

Various dynamic and thermal forces acting on the balloon make the bal-
loon flight complex, as these forces are dependent upon various atmospheric
parameters, such as pressure, temperature, solar radiation, planetary surface
infrared radiation, atmospheric convection, lifting gas temperature change,
etc., which makes the prediction and planning of the balloon flight uncer-
tain. Over the years, a number of prediction tools have been developed
for predicting and estimating the balloon flight trajectory and the detailed
analysis of these tools can be seen in [15, 16]. From this analysis, it was
concluded that Esrange Space Center needs tools that can help in predicting
and estimating the balloon flight trajectory in order to plan the balloon
flights and reduce the associated risks and cost. Section 1.3 presents the aim
and methodology of this research work.

1.3 research aim and methodology

The balloon is one of the earliest aeronautical devices, and yet understanding
its deceptively simple behaviour can be a challenge. There are different
uncertainties that affect the balloon flight as illustrated in Subsection 1.2
and because of these uncertainties, there is always a risk that a project might
lose the experiment, or miss the experimental phase. Even if the experiment
is not lost, the cost of recovering the equipment can be high. The balloon
systems are very slow and have limited resources onboard that can help in
altering its trajectory. This leads to the top level research question:

How can trajectory prediction for ZP balloons be improved in order to
reduce the risks and cost?
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To answer this question a few sub-questions have to be addressed:

1. How to estimate the balloon ascent in an accurate way?

2. How to measure the winds around the balloon?

3. Given the winds, would it be possible to emulate the pilot behavior so
that the balloon can be flown autonomously?

These questions lead to the following main goals:

1. Development of tools that can estimate the balloon ascent.

2. Feasibility analysis for a sensor that can measure wind in the vicinity
of the balloon.

3. Development of an algorithm that can plan the balloon flight maneu-
vers using the wind data.

In the literature, there is an extensive work done on the theoretical aspect
of the ascent estimation [5, 10, 28, 71] and the basis of this thesis work lies
in the work of these pioneers. To establish the first goal of the thesis, an
analytical tool has been developed that can estimate the balloon ascent,
which is then verified and validated by using real flight data from Esrange
Space Center (ESC). To understand and quantify the effect of different
atmospheric parameters, Monte-Carlo simulations are performed. Further,
the data-based models are also developed by using the previous balloon
flight data for predicting the balloon ascent, and the performance of these
models is compared with the analytical model.

The second and third goal of the thesis are interlinked. To have a sensor on-
board the balloon that can measure in-situ winds will help in understanding
the environment in which the balloon is flying, which will further facilitate
the decisions regarding ballasting and venting maneuvers needed in order
to keep the balloon in a certain area of interest or reaching a particular
target. In order to solve this problem, different sensor concepts that can
measure the winds are studied, and simultaneously different algorithms are
studied and tested that can help in navigating the balloon autonomously in
the presence and absence of real-time wind data. Section 1.4 illustrates the
contributions of this work.

1.4 contribution of this work

The fields where this thesis makes an attempt to contribute are:
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• Using and comparing different machine learning algorithms for esti-
mating and predicting the balloon ascent

• Studying existing sensors, new sensor concepts, and wind data models
that can be used in the stratosphere for measurement and prediction
of winds

• Use of machine learning algorithms for navigating the balloon au-
tonomously

To the author’s knowledge, this is the first time machine learning algo-
rithms have been explored for balloon trajectory prediction. The outcome
of this work shows that the fuzzy and regression models can be used for
predicting the balloon ascent. Next, this thesis presents a comprehensive
study of wind sensors and concludes that there are no sensors available
that can be used onboard the stratospheric balloons for measuring the wind
in the vicinity of the balloon. Further, wind data models are studied and
their usability for balloon trajectory prediction and planning is illustrated.
The last part of the thesis presents the use of a reinforcement learning
(RL) algorithm for exploring the wind at float altitude and RL’s capability
in determining the ballasting and venting maneuvers needed to keep the
balloon afloat for the desired mission given the flight constraints and the
balloon flight environment.

1.5 thesis outline

This work has three main parts: 1) development and testing of the ascent
prediction algorithms, 2) study of wind measurement sensors, and 3) the
performance analysis of the reinforcement learning algorithms that can plan
the ballasting and valving maneuvers given the flight constraints.

Chapter 2 and 3 address the first research question. Chapter 2 presents
the analytical simulation along with the validation of the tool using real
flight data. The effect of various uncertainties is studied by doing the Monte-
Carlo simulations, which are also presented in this chapter. Next, Chapter 3
presents different types of data models that can be used for estimating the
balloon ascent and their performance.

Chapter 4 focuses on answering the second research question and presents
different sensor concepts that can be used for measuring the winds in the
stratosphere. Chapter 5 presents the wind data from radiosonde flights, and
their comparison with different model data, and their use for the balloon
trajectory planning and prediction.

Chapter 6 focus on finding an answer to the third research question. It
presents the use of RL algorithms for making the balloon flight autonomous.
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The conclusions and recommendations of the thesis work can be seen in
Chapter 7.



2
A S C E N T P R E D I C T I O N - A N A LY T I C A L S I M U L AT I O N

The corresponding
articles to this
chapter are [14, 15]

.
This chapter gives a detailed description of the functionality of the ascent

prediction tool and its validation. The theoretical background of the tool
is discussed in detail in papers [15, 17]. Section 2.1 gives an overview on
the balloon forces and input data for the tool, Section 2.2 describes the
validation of the tool using the real flight data, and Section 2.3 presents the
Monte Carlo simulations used to study the effect of different uncertainties of
the balloon ascent. The conclusion of this chapter is presented in Section 2.4
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Figure 2.1: Dynamic Forces acting on the balloon and heat transfer into and out of
the balloon from various atmospheric sources. Based on [10, 71]

2.1 analytical simulation

When the balloon ascends, various thermal and dynamic forces act on it,
the overview of these forces can be seen in Fig 2.1.

11
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When designing an ascent simulation tool using atmospheric physics,
various dynamic and thermal forces acting on the balloon have to be taken
into account as these forces are of fundamental importance for the correct
estimation of the vertical speed of the balloon. The detailed description of
the forces can be seen in [5, 10, 15, 71]. The simulation tool developed for
this research work accounts for these forces. The top level architecture of
the tool can be seen in Figure 2.2 and the detailed description of the tool
can be seen in [15, 17]
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Heat model Motion model
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Start /User inputs Simulated balloon 

parameters

Yes
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Figure 2.2: Top-level architecture of the analytical simulation. Different modules
(environmental, dynamics, mass budget, geometric, and thermal, heat)
which constitute the physical simulation are shown together as they
form the core of the time loop

For designing the simulation tool, standard assumptions [5, 11, 28, 48] are
made. They are:

• The balloon system is considered a three degree-of-freedom point
mass, i.e., only translational forces are taken into consideration

• The acceleration of gravity is considered constant and is not varying
with height
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• The atmospheric air and lifting gas are assumed to be following the
perfect gas law

• The temperature of the lifting gas inside the balloon is assumed to be
uniform

• The temperature of the balloon envelope is considered to be uniform
on the surface

• The density and pressure of the lifting gas are considered to be uniform
inside the balloon, except while the balloon vents-valves.

• The lifting gas is assumed to be transparent, i.e., it neither absorbs nor
emits

The development of the balloon trajectory prediction tool is based on
earlier works [5, 11, 28, 48]. The theoretical basis for the simulation tool
developed in this work can be seen in [15], and implementation is done in
the MATLABTM environment. This tool predicts the 3d position and velocity
of the balloon as well as balloon volume, and the temperature variation of
the lifting gas and envelope. Valving and ballasting manoeuvres can also
be simulated in order to study the effects of different control strategies
on the balloon flight. In this section, the inputs of the simulation tool are
explained in detail. The reference flight uses the data of a ZP balloon which
was launched from Esrange Space Center in May 2019.

2.1.1 Input data

To start analysing the performance of the balloon flight, several inputs are
needed, specifying a particular mission. When certain necessary data are
not available, data from references and literature are used. The required
data can be grouped into the following categories.

2.1.1.1 Balloon characteristics

The balloon characteristics that need to be specified are:

• Mass and volume properties of the balloon: The payload mass in-
cluding the ballast mass has to be specified first in order to decide
which type of balloon has to be used for the flight. Usually, manu-
facturers provide gross load (including the balloon envelope mass)
vs. theoretical float altitude curves, and according to this data-sheet,
the balloon has a maximum design volume of Vdesign = 113 000 m3

and the mass of the balloon envelope is me = 429 kg . Therefore, the
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gross mass to be lifted by the balloon for this illustrative simulation
is: Mgross = payloadmass + ballastmass + envelopemass = 1894 kg . The
added mass coefficient used in the simulation tool is Cadded = 0.37 [11,
48]. The maximum diameter, and the gore length are calculated using
these parameters. It is also possible to calculate all these masses as
explained in [17].

• Aerodynamic drag coefficient (Cd): In this simulation tool, it is possible
to choose either a variable drag coefficient or a constant drag coefficient.
Further, it is also possible to customize the Cd as per users choice, e.g.,
having different Cd values for different altitude ranges. The variable
drag model used in this work is from [2]. The illustrative simulation
uses variable drag.

• Balloon envelope properties: The envelope properties play an im-
portant role in predicting the balloon flight performance. However,
determining these properties is a challenging task as there are many
types of balloon films available, and manufacturers are not willing
to give out their characteristics. The balloon properties used in this
work are that of a polyethylene: cf = 2092 J/kg/K specific heat for
the balloon envelope, the thermal radiative properties are: α = 0.024,
τ = 0.916, αIR = 0.1, and τIR = 0.86

• Geometric specification of the valve: The area of the valve used in
this work is Avalve = 0.092 m2. Venting operation in the simulation is
a boolean expression, and venting times are manually entered. It is
assumed that the balloon automatically ducts the extra gas at the float
altitude. For the illustrative simulation, the valve is opened for 100
seconds after 1860 seconds of flight.

2.1.1.2 Location, date and time of launch

For simulating the thermal environment and the balloon trajectory, the
launch base location, and date as well as time of launch must be entered.
Day number and local solar time are used for entering time of launch. For
the balloon launched from ESC on 28th May 2019 at 2:56 UTC, the values
are specified as:

Launchlocationandtime =

{
lat : 67.85, daynumber : 147, time : 10 : 56 (2.1)
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2.1.1.3 Atmosphere and environment data

The simulation uses the planet’s atmosphere in order to simulate the balloon
flight. The user can either select to use the standard atmosphere profile
or give the simulation a custom atmosphere profile of their choice from
various weather forecast service models. The atmospheric variables used in
the simulation are: air pressure, air temperature, and east and north wind
components. Other environment parameters that affect the balloon flight
simulation are, cloud and albedo factor which are used for calculating the
thermal loads acting on the balloon. The albedo factor used in this work is
0.17 and cloud coverage is taken as 30%. Both these factors can be changed
by the user as per their choice.

2.1.1.4 Thermodynamic data

These data describe the characteristics of the lifting gas. The gas constants
used in this simulation are: Molar mass of Helium = 4.00 g/mol, specific
heat for an ideal gas at constant volume = 3150 J/kg/K, specific heat for
an ideal gas at constant pressure = 5230 J/kg/K, Sutherland constant for
helium = 79.4, dynamic viscosity = 19e-6 , Universal constant for air = 8314.5
J/kg/K.

2.1.1.5 Ballasting

In the simulation, it is possible to execute ballasting manoeuvres using a
set ballast discharge rate. The user enters the scheduled ballast drops as a
function of altitude. For example, if the user wants to drop 50 kg ballast at
28 km, and 20 kg at 20 km, the ballast discharge list will be:

Ballastdischarge =

⎡
⎢⎢⎣

50 28000

20 20000

.. ..

⎤
⎥⎥⎦ (2.2)

No ballasting is applied in the illustrative simulation.

2.1.1.6 Initial gas mass and free lift

The initial lifting gas mass can either be specified by the user or it can be
calculated in the simulation by entering the nominal free lift. The nominal
free lift value typically ranges between 10% - 20%. If the free lift is too high,
it can result in the balloon ascending too fast and eventually bursting due
to excessive cooling of the balloon film. The value of free lift used in the
illustrative simulation is 12%
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2.1.1.7 Initial data

The simulations needs initial position and velocity data. The initial position
and velocity are specified in standard north-east-down (NED) frame:

[
x0 y0 z0

]
=

[
0 0 300

]
(2.3)

[
Vx Vy Vz

]
=

[
0 0 0

]
(2.4)

The initial temperature and pressure of gas are assumed to be equal to the
atmospheric temperature and pressure. These values are usually provided
by the atmospheric model, unless the user decides to specify them.

2.1.2 Illustrative results
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Figure 2.3: The estimated altitude, velocity, and volume by analytical model for ZP
balloon with payload weight of 800 kg

In this subsection, outputs of the illustrative simulation are presented.
Inputs to the simulation are those specified in the previous subsections.
Figure 2.3 presents altitude, velocity, and volume variation of the balloon.
Once the balloon reaches the float altitude, its volume becomes constant, and
ascent velocity fluctuates around zero. The constant volume of the balloon
is its design volume (113,00 m3) as can be seen in Fig 2.3c.

Figure 2.4a presents the gas mass flow, and Fig 2.4b shows the temperature
profile of the envelope, lifting gas, and the atmosphere. The cold brittle point
for the envelope is 193 K and it is important that the envelope temperature
stays above this value, otherwise the balloon will burst. Fig 2.4c presents
different types of heat flows. This figure illustrates that the solar heat is small
during launch and gradually increases with the increasing altitude. The
absorption and radiation in the IR region also increase with the increasing
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altitude, and once the balloon reaches the float altitude, the energy absorbed
from the sun, the IR absorption from the ground, and the IR radiated to
space reach an equilibrium.
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Figure 2.4: The estimated gas mass, temperature, and heat variation by analytical
model for ZP balloon with payload weight of 800 kg

These simulations help in understanding the balloon performance before,
during, and after the launch. In the next section, the results of the simulation
will be compared to the real flight data in order to quantify the errors of the
developed tool.

2.2 validation of simulation

In this section, the performance of the simulation tool is evaluated by using
the real flight data. The simulation results are compared to recorded GPS
data of different balloon flights. The flight data and balloon details used in
this section are obtained from Esrange Space Center. For one of the flights
used for validation, results from the SINBAD tool used by NASA were
available, and hence those results will also be presented. The metrics that
are used to evaluate the simulation tool are mean absolute error (MAE), root
mean square error (RMSE), and root mean squared relative error (RMSRE).

2.2.1 Case 1 - HADT-1B flight May 2019

HADT is the high-altitude drop test flight that took place at ESC in May 2019.
The inputs of this flight are shown in Section 2.1.1. The simulated results
are compared to the real flight data, which were obtained obtained using
GPS receiver. Although the data provided from ESC is informative, there are
some limitations to it, as it does not give details of ballast history, envelope
properties, etc,. Since it is not possible to get more detailed data, data from
ESC is considered as reasonably complete to be used for validation.
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Figure 2.5: (a) the estimated altitude profile by analytical model in comparison to
real flight data (b) the estimated velocity profile by analytical model in
comparison to the real flight data for HADT-1B flight

Table 2.1: The errors in estimated altitude and velocity using the analytical model
in comparison to the real balloon flights for HADT-1B

Case-1
error (km) value

MAE 1.27

RMSE 0.533

RMSRE 1.49

Figure 2.5 presents altitude variation and ascent speed for the HADT
flight using the simulation tool, and the real flight data. The altitude data
seems to be fairly in agreement with the real flight data, but differences can
be noticed in the middle troposphere. There are different factors which can
contribute to this error, for example: the drag model, ballasting maneuvers,
albedo, and cloud factor etc, it is difficult to say, which factor contributes
to this error the most. Monte Carlo simulations were performed to better
understand these errors as shown in Section 2.3. Table 2.1 lists MAE, RMSE,
and RMSRE values for this flight using the simulated and the real data.

Figure 2.5b presents the simulated velocity for the HADT flight. The
overall curve seems to agree with the real flight data, but it is difficult
to make specific conclusions. Therefore, the average velocity for different
altitude segments is compared in order to understand the errors in detail.
Figure 2.6 presents a bar graph which shows the real velocity, simulated
velocity, and the errors between the two. Similar to the altitude curve, a
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Table 2.2: Flight specification for Case-2 HADT-1A flight

Envelope mass (kg) = 429 Payload mass incl. flight equip (kg)
= 1168

Ballast mass (kg) = 200 Balloon Volume (m3) = 113,000

Free lift = 12% Launch location = 67.85 deg

Launch time = 7:09 Launch day = 228

large error in velocity can be seen in the middle troposphere. This error is
expected to be the result of atmospheric factors which are not fully known.
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Figure 2.6: (a) bar graphs representing the mean ascent velocity for different altitude
segments (b) bar graph representing the difference between real and
simulated ascent speed for HADT-1B flight

2.2.2 Case 2 - HADT-1A flight August 2018

The first high-altitude drop flight took place at ESC in August 2018. The
scope of this flight was to test a re-entry body that weighs around 800 kg for
the Exomars mission. The data available from ESC for this flight contains
weight table, launch time and location, and position and velocity. These data
do not contain details of cloud factor, ballasting and venting maneuvers, and
film optical-radiative properties, and also do not have any error evaluation
on the loaded gas mass. The inputs used for simulating this flight can be
seen in Table 2.2.

Figure 2.7 presents the altitude and velocity variation estimated by the
simulation tool in comparison to the real flight data. The simulation is able
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to estimate balloon altitude as can be seen in Fig 2.7a, but there are some
errors. It is difficult to say which factor contributes to this error (clouds,
albedo, temperature, maneuvers, etc), with the most likely being ballasting,
as the pilot report mentions that 25 kg of ballast were dropped with no
other details and therefore this maneuver is not included in the simulation.
Table 2.3 presents different errors in altitude between the simulated and the
real flight data.
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Figure 2.7: (a) the estimated altitude profile by analytical model in comparison to
real flight data (b) the estimated velocity profile by analytical model in
comparison to the real flight data

Figure 2.8 presents the mean velocities for different altitude segments and
the error in the simulated velocity in comparison to the real flight data. The
simulation tool seems to underestimate the velocity in the altitude segment
9 - 12 km, and the error in this altitude segment is noticeably higher in
comparison to the error in other altitude segments. Although the simulation
tool tends to overestimate and underestimate velocity at certain points, the
overall flight data is similar as can be seen in Fig 2.7b.

Table 2.3: The errors in estimated altitude and velocity using the analytical model
in comparison to the real balloon flights for HADT-1 flight

Case-2
error (km) value

MAE 0.322

RMSE 0.392

RMSRE 0.00014
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Before launching this specific balloon, ESC decided to study the perfor-
mance of the developed tool compared to the NASA balloon simulation
tool (SINBAD), they therefore asked NASA to perform a simulation for this
particular balloon flight, and at the same time the author was also asked
to perform the simulation. The simulation results from both simulations
were then compared to the real flight data. Figure 2.9a illustrates the mean
velocity measured during the flight and the predictions by NASA’s SINBAD
and the developed tool. Both SINBAD and the developed tool seem to
estimate the velocity of balloon quite accurately, but there are errors. Fig 2.9
presents the errors of both the tools in comparison to the real flight data.
The developed tool seems to have a high error in the troposphere. The total
velocity error in SINBAD estimation is slightly higher in comparison to the
developed tool as shown in Fig 2.9b.
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Figure 2.8: (a)Bar graphs representing the mean ascent velocity for different altitude
segments (b) bar graph representing the difference between measured
ascent speed and the simulation by NASA and the developed tool

From these test cases, and from the test cases presented in paper [15], it
was concluded that the developed tool can help ESC in ascent prediction.

2.3 monte carlo simulations

The designed simulation tool is able to predict the balloon trajectory with
reasonable accuracy, but there are still errors in the simulated flight data
which are difficult to explain. These errors are due to the uncertainties
related to the different factors used in the simulation. One way to solve
this problem is to make predictions in a probabilistic manner by taking
into account different uncertain factors that affect the balloon flight. The



22 ascent prediction - analytical simulation

0-2500

2500-9200

9200-12000

12000-19000

19000-30100
Average

Altitude [m]

0

1

2

3

4

5

6
A

sc
en

t s
pe

ed
 [m

/s
]

Measured
NASA
Simulation KG

(a)

0-2500

2500-9200

9200-12000

12000-19000

19000-30100
Average

Altitude [m]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

D
iff

er
en

ce
 to

 m
ea

su
re

d 
sp

ee
d 

[m
/s

]

NASA
KG

(b)

Figure 2.9: (a) bar graphs representing the mean ascent velocity for different altitude
segments (b) bar graph representing the difference between measured
ascent speed and the simulation by NASA and the developed tool

probabilistic technique used in this work is Monte Carlo (MC). It helps in
understanding uncertainty in prediction and forecasting models by calcu-
lating possible outcomes by substituting a range of values -a probability
distribution- for any factor that has an uncertainty. Although, MC simula-
tions can involve thousands or tens of thousands of recalculations depending
on the number of uncertain factors, but in this work, the number of MC
simulations performed for every uncertain factor is 100 [40].

The uncertainties in balloon flight can be divided into four categories:
operation uncertainty, environment uncertainty, prediction model uncer-
tainty, and manufacturing uncertainty [32]. There are different studies which
investigate a few of these uncertainties, and give an overview of their in-
tegrated effect, but none of them study in detail the individual influences
of these uncertainties [7, 42, 66]. Therefore, an author of [32] decided to
investigate the effect of individual uncertainties. The uncertainties studied
were: uncertainty related to the amount of buoyant gas injected in the bal-
loon before deploying the balloon (operational uncertainty), uncertainty in
drag coefficient (prediction uncertainty), uncertainty in wind profile data
(environment uncertainty), and uncertainty in volume of the balloon (man-
ufacturing uncertainty). The authors of [32] concluded that the amount of
helium has the most substantial effect, followed by the drag coefficient, and
suggested the use of a variable drag model instead of a constant drag model.
They also suggest that the manufacturing uncertainty in the volume of the
balloon can be neglected as it has little effect on the trajectory. The wind
profile uncertainty, which represented environmental uncertainty, was also
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shown to have little effect on the balloon ascent trajectory even though it
is the main source of the horizontal motion of the balloon. It is difficult to
analyse all uncertainty factors, therefore, in this work, uncertainties related
to the environment other than the winds, i.e., clouds and albedo, and the
operational uncertainty related to the amount of helium gas are focused
upon. Subsections 2.3.1 and 2.3.2 explain these uncertainties.

2.3.1 Operational uncertainty

The easiest way to measure the gas injected into the balloon is to subtract the
amount of gas remaining in the high-pressure tank from the initial amount
of the gas in the tank, but unfortunately this method is quite inaccurate [71].
This is because, as the gas is released rapidly from the gas vessel into the
balloon envelope, the temperature of the gas within the vessel drops below
the external air temperature due to adiabatic expansion, and measuring the
amount of gas thus needs both temperature and pressure measurement.
This makes the analytical formulations for estimating the gas mass complex
and introduces error, as gas mass equations do not take into consideration
the temperature and pressure effect. The equations used for calculating the
gas mass are:

Lf = Free/100×mgross

mgas = 0.1602× (mgross + Lf)

(a) (b)

Figure 2.10: Comparison of real flight data with 100 Monte Carlo simulations for
the error in gas mass for flight-1
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To do an MC analysis of the error in the amount of gas, the value of
free lift (Free) is introduced with normally distributed error. The standard
deviation is 2% and the mean value used is the exact value which is used
for the particular flight. Figure 2.10 and 2.11 illustrate the MC simulations
along with the real field data for two flights. The specifications of these
flights can be seen in Table 2.4.

Table 2.4: Flight specifications for Monte Carlo simulations

parameter flight-1 flight-2

Maximum volume
(m3)

12000 113000

Float altitude (m) 27000 40,000

Payload mass (kg) 159.2 1157

Envelope mass (kg) 105 440

Ballast mass (kg) 10 200

Free lift percentage 12 12

Day number 289 228

Local time at launch 8h 53min 7h 09min

Cloud cover 0.1 0.5

Launch latitude 67.85 67.85

The gas mass error has an effect on both the tropospheric and stratospheric
phases of the balloon flight as presented in Fig 2.10 and 2.11. The difference
between the slowest and fastest mean vertical velocity is 0.2610 m/s in the
troposphere, and 0.2676 m/s in the stratosphere for flight-1. In the case of
flight-2, the difference between the slowest and fastest mean vertical velocity
is 0.4300 m/s in the troposphere and 0.6150 m/s in the stratosphere. For both
these flights, the float altitude indicated by the simulation is lower than the
real float altitude. One possible reason for this error could be the ballasting
maneuver which is not applied in the simulation as the complete details of
it are not mentioned in the SSC pilot report. Data from these two flights are
not enough to correlate balloon size and gas mass injection error; and more
studies are required to determine the correlation. Nevertheless, the MC
simulation gives probable trajectories that might help in the pre-planning of
balloon flights.
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(a) (b)

Figure 2.11: Comparison of real flight data with 100 Monte Carlo simulations for
the error in gas mass for flight-2

2.3.2 Environment uncertainty

The environment in which the balloons fly is specified with:

• Atmosphere model; temperature and pressure as a function of altitude

• Winds; wind speed and direction as a function of altitude

• Launch location and month/day/time of launch

• Ground temperature and emissivity as a function of time

• Ground albedo as a function of time

• Cloud albedo as a function of time

• Cloud sky fraction as a function of time

• Sun elevation angle as a function of time and latitude/longitude

Both clouds and albedo values are always entered by the user and are
set as constant. These values can have different effects on the thermal
environment in which the balloon moves. The specifications of the flights on
which the effect of albedo and clouds are studied can be seen in Table 2.4.

2.3.2.1 Cloud modification to radiant environment

Clouds have a significant effect on the thermal fluxes acting on the balloon. If
the clouds are below the balloon, solar input to the balloon increases as they
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reflect the sunlight, and the infrared radiation on the balloon decreases as the
clouds temperature is less than the ground temperature. When the clouds
are above the balloon, it is mostly concealed against the direct sunlight.
However, depending on the type of cloud, and its transparency, certain
amount of sunlight still reaches the balloon. In particular, the fluxes affected
by the clouds are:

• Solar beam radiation modified for clouds: if the altitude is below the
clouds then

qsun = Isunz(1− CFvis), W/m2

if the altitude is above the clouds then

qsun = Isunz , W/m2

(a) (b)

Figure 2.12: Comparison of real flight data with 100 Monte Carlo simulations for
flight-1 for uncertainty in cloud cover

• Albedo modified for clouds: if the altitude is below the clouds then

Albedo = Albedoground(1− CFvis), W/m2

if the altitude is above the clouds then

Albedo = Albedoground(1− CFvis)
2 + AlbedocloudCFvis, W/m2

• Earth diffuse upwelling IR radiation modified for clouds: if the altitude
is below the clouds then

qIRup = qIRground−Z + CFIRqIRcloud−Z, W/m2
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if the altitude is above the clouds then

qIRground−Z = qIRground−Z(1− CFIR) + CFIRqIRcloud−Z, W/m2

CF is the cloud fraction, that is, the fraction of the sky that is totally
obscured by the clouds. CFvis is the cloud fraction times the visible opacity
of the cloud. CFIR is the CF times the IR opacity of the cloud. The effects
that the cloud factor have on the balloon’s ascent ware determined using a
normal distribution. The mean value is given by a user for each flight and
the standard deviation is set to 5%.

(a) (b)

Figure 2.13: Comparison of real flight data with 100 Monte Carlo simulations for
flight-2 for uncertainty in cloud cover

Figure 2.12 and 2.13 illustrate the MC simulations for the error in cloud
cover prediction along with the real flight data for both the flights. The
cloud cover seems to have a stronger effect on the stratospheric part of the
flight than the troposphere part. The difference between the slowest and
fastest mean vertical velocity is 0.0012 m/s in the troposphere, and 0.6660
m/s in the stratosphere for flight-1. In the case of flight-2, the difference
between the slowest and fastest mean vertical velocity is 0.0067 m/s in the
troposphere and 0.0354 m/s in the stratosphere. While the effect of clouds
is difficult to see in the troposphere, they do have a larger effect in the
stratosphere and MC simulations helps in analysing this effect

2.3.2.2 Albedo reflection environment

The reflected sunlight from the Earth or any planetary body is called albedo.
The relationship between albedo and albedo flux can be written as:
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qalbedo = AlbedoIsun sin(ELV)

Table 2.5: From EOS Terra 2001 data, albedo environment can be generalized at the
top of the atmosphere [10]

surface type albedo surface type albedo

Black soil or evergreen
trees

0.10 Antarctic regions, sum-
mer

0.60 -0.72

Grass or deciduous
trees

0.15 Southern ocean, Aus-
tralia, summer

0.12-0.36

Dry soil or crops 0.20 North Atlantic, summer 0.36-0.60

Southern ocean, sum-
mer

0.23 Greenland, summer 0.60-0.72

Desert 0.25-0.30 Canada, summer 0.24-0.48

High clouds, cirrus 0.20-0.25 Alaska, summer 0.36-0.48

Mid clouds 0.35-0.5 Arctic regions, summer 0.48-0.60

Low clouds 0.6 Nimbostratus 0.6-0.75

Stratocumulus 0.45-0.6 Cumulonimbus 0.7-0.8

Fresh snow 0.67-0.85 Snow and ice 0.95

(a) (b)

Figure 2.14: Comparison of real flight data with 100 Monte Carlo simulations for
flight-1 for uncertainty in albedo
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The Albedo coefficient varies depending on the type of surface below
the balloon. Isun (incoming solar flux value at the top of the atmosphere)
= 1358 ± 45 W/m2, and ELV is the sun elevation angle. Details of these
formulations can be seen in [11, 15]. Table 2.5 a generalization of the albedo
coefficients on the basis of satellite data. It can be seen that different surfaces
have different values for albedo coefficient. According to the NASA manual
[10], the average value of albedo over Kiruna is around 0.45. In this work
a mean albedo value of 0.367 with standard deviation of 0.12 is used for
Monte Carlo simulation. Table 2.4 gives the summary of flights that are used
to study the affects of albedo.

Figure 2.14 and 2.15 illustrate the MC simulations for the error in albedo
definition along with the real flight data for both flight-1 and flight-2. The
error in the ground albedo input does not seem to affect the balloon flight to
a great extent in neither the troposphere nor the stratosphere. The difference
between the slowest and fastest mean vertical velocity is 0.0293 m/s in the
troposphere, and 0.0873 m/s in the stratosphere for flight-1. In the case of
flight-2, the difference between the slowest and fastest mean vertical velocity
is 0.0100 m/s in the troposphere and 0.0020 m/s in the stratosphere. From
these simulations it is concluded that albedo does not have a very significant
effect on balloon flight, and an average value of albedo is good enough for
balloon flight planning.

(a) (b)

Figure 2.15: Comparison of real flight data with 100 Monte Carlo simulations for
flight-2 for uncertainty in albedo

2.4 conclusion and future work

In this chapter along with paper [15], the theoretical basis, the development
process and the validation of the ascent prediction tool for ZP balloons
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are presented. This was further extended to simulate ascent on other atmo-
spheric bodies in paper [17]. The performance evaluation of the developed
tool along with Monte Carlo analysis illustrated that it is possible to de-
termine balloon ascent altitude and velocity. The simulation results have
provided evidence that the overall performance of the ascent prediction
and forecast tool is largely satisfying. The analysis has also shown some
limitations of the software, which could be worked upon in the future in
order to increase the accuracy and performance of the tool. The following
improvements can be considered to be part of the future investigation and
work:

• Further study of variable drag models for balloons for the large bal-
loons

• The present simulation accounts for the cloud cover but it does not
account for different types of clouds. Modeling and implementation
of the thermal environment in the presence of different type of clouds
could help in improving the performance of the tool.

• Enhancing the venting and valving system as per different types of
balloons.

• Investigation of possible modeling of balloon buoyancy oscillation at
float altitude.
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A S C E N T P R E D I C T I O N - D ATA M O D E L S

The corresponding
articles to this
chapter are [15, 16]

In the previous chapter, the analytical simulation for determining the balloon
ascent was described. This chapter proposes a short excursion into data-
based techniques that can be used for predicting the balloon ascent. A
summary and performance of neuro-fuzzy and Gaussian process regression
can be can be seen in [15, 16]. This chapter presents different regression
models that can be used for ascent prediction. The description of the data
used for building the regression models can be seen in paper [15].
The outline of this chapter is as follows: Section 3.1 presents the results
of linear regression, Section 3.4 presents the results of tree regression, Sec-
tion 3.3, and 3.4 present the balloon ascent estimation by support vector
machines and ensemble trees, and conclusions of this chapter are presented
in Section 3.5 .

3.1 linear regression models

Linear regression is a commonly used predictive analysis, which uses linear
relation to predict one metric variable (y) from another metric variable/vari-
ables (x1, ....xn), using the relation:

y = β0 + β1 + ε (3.1)

where β0 is the y intercept, β1 is the regression coefficient, and ε is the
error term. One of the most widely used forms of linear regression is a least
square fit, as it can fit both lines and polynomials, among other linear models.
In the MATLAB R© regression learner (RL) application, there are multiple
types of linear regression, i.e., linear, linear interaction, step-wise and robust.
The step-wise linear regression model starts with an initial model, and
systematically adds and removes terms based on their statistical significance
in explaining the response variable. In the robust linear regression model,
the objective function is less sensitive to outliers, and automatically assigns
less weight to the outliers. In the case of linear, linear interaction, and robust
models, the term to use in the model can be linear, quadratic, pure quadratic,
or interaction.
While training a model, a part of the data can be held out for validation. This
allows the model to examine the predictive accuracy of the fitted models,
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Table 3.1: The errors in estimated altitude variation (in km) using a linear regression
model for three balloon volumes in comparison to the real balloon flights

volume (m3) payload (kg) max .mae (km) rmsre (km)

12,000 159.2 4.83 0.863

50,000 289.0 5.14 0.381

400,000 1189.6 4.9 0.300

and avoid over-fitting. For training different linear regression models for
balloon ascent prediction, 30% of the data was held out for validation. After,
testing different types of regression models with linear, quadratic and pure
quadratic terms, it was found that the root mean square errors (RMSE) of
linear regression with quadratic terms and step-wise linear regression are
similar. Both these models also have the least error in comparison to other
linear regression models. Results of linear regression with quadratic terms
are shown in Fig 3.1. Table 3.1 presents the error in estimation for different
test data flights.
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Figure 3.1: The estimated ascent profile by linear quadratic regression model in
comparison to the real flight data for ZP balloon with a payload weight
of (a) 159.2 kg (b) 289 kg (c) 1189.6 kg

The linear regression model is able to estimate the balloon ascent for different
balloon volumes with a large error. This model might improve if more flights
are added to the database, but in its present form, the linear regression
model is not suitable for balloon ascent estimation and prediction.
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3.2 regression trees

Regression tress are recursive partition algorithms that are based on human
reasoning, i.e., if-else conditions. Similar to clustering, these trees are hierar-
chical in nature, and are represented by a sequence of knowledge rules [33].
The trees are constructed by iteratively identifying the most informative
predictor, and accompanying threshold value(s). The dataset breaks down
into smaller and smaller subsets according to this threshold and the next
iteration does not start until a specific stopping criterion is satisfied [4]. The
final result is a tree with decision nodes and leaf nodes. Leaf nodes contain
a value of response and decision nodes represent the attribute, which is
tested. The topmost decision node in a tree is called the root node, and it
corresponds to the best predictor. To predict a response using a regression
tree, follow the tree from the root (beginning) node down to a leaf node.
There are three type of decision trees, i.e., fine tree, medium tree and coarse
tree. The fine tree has a highly flexible response function, while the medium
tree has a less flexible response function, and the coarse tree has the least
flexible function. The RMSE for the training dataset increases from fine to
coarse regression tree. Therefore, the results of the best regression tree, i.e.,
the fine regression tree are presented here. Figure 3.2 illustrates the ascent
estimation by using the fine tree regression model on the test data set, and
Table 3.2 illustrates different errors in estimation for different test flights.
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Figure 3.2: The estimated ascent profile by fine tree regression model in comparison
to the real flight data for ZP balloon with a payload weight of (a) 159.2
kg (b) 289 kg (c) 1189.6 kg

3.3 support vector machines

Support Vector Machine (SVMs) are a non parametric technique built on
kernel functions (function used to map a lower dimensional data into a
higher dimensional data). In SVMs, a set of a hyperplanes are constructed
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Table 3.2: The errors in estimated altitude variation (in km) using the fine tree
regression model for three balloon volumes in comparison to the real
balloon flights

volume (m3) payload(kg) max .mae (km) rmsre (km)

12,000 159.2 1.18 0.0257

50,000 289.0 0.917 0.017

400,000 1189.6 2.5 0.013

in a high -or- infinite dimensional space, which can be used for regression
[3, 65]. In simple regression models, errors are minimized, but in SVMs,
error is fitted within a certain threshold, i.e., SVR attempts to minimize the
generalized error bound, in order to achieve a generalized performance.

ε 

-ε 

0

-ε ε 

Ʈ 

Figure 3.3: The soft margin loss setting for a linear SVM

Figure 3.3 depicts the solution graphically, where only the points outside
the blue lines contribute to the cost, and the deviations are penalised in a
linear fashion. The red line in Fig 3.3 is the hyperplane line, and blue lines
are drawn at ±ε distance from the hyperplane. The goal here is to find a
function f (x), that has a most ε deviation from the actually obtained targets
yi for all the training data, and at the same time is as flat as possible [3, 65].
The detailed formulation of this algorithm can be studied in [3, 65].
There are four types of SVMs, i.e., linear, quadratic, cubic, and Gaussian
SVM. In the case of Gaussian, there is fine, medium and coarse Gaussian
SVM. All these SVMs were applied on the training dataset, while holding
out 30% data for cross validation. The RMSE value was lowest in the case
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Figure 3.4: The estimated ascent profile by support vector machine regression
model in comparison to the real flight data for ZP balloon with a
payload weight of (a) 159.2 kg (b) 289 kg (c) 1189.6 kg

of medium Gaussian SVM, and hence this SVM is used on our test dataset.
Figure 3.4 illustrates the ascent estimation by the medium Gaussian SVM
along with the real flight data. Table 3.3 illustrates the errors in estimation
for test data flights.

3.4 ensembles of trees
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Figure 3.5: The estimated ascent profile by bagged ensemble regression model in
comparison to the real flight data for ZP balloon with a payload weight
of (a) 159.2 kg (b) 289 kg (c) 1189.6 kg

Ensemble learning is a process that uses different weak learners to solve
the same problem, and the results of different weak models are combined
such that it gives better results. A weak learning algorithm here refers to
an algorithm that performs slightly better than the random prediction [39,
57]. The reason that weak learning algorithms do not perform so well is that
they either have high bias (low degree of freedom models), or because they
have too much variance to be robust (high degree of freedom models). The
idea of ensemble methods is to try reducing bias and/or variance of such
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Table 3.3: The errors in estimated altitude variation (in km) using the support vector
machine regression model for three balloon volumes in comparison to
the real balloon flights

volume (m3) payload (kg) max . mae (km) rmsre (km)

12,000 159.2 1.39 0.145

50,000 289.0 1.29 .0936

400,000 1189.6 2.6 0.0673

weak learners by combining several of them together in order to create a
strong learner that achieves better performance [39, 57].

There are two types of ensembles, bagged trees and boosted trees. In a
bagged tree algorithm, weak trees learn independently from each other in
parallel, and results are combined in an averaging process in order to reduce
the variance of the decision tree. In the case of a boosted tree algorithm,
weak tree algorithms learn sequentially, with early learners fitting simple
models to the data and then analysing the data for errors. In other words,
consecutive trees (random sample) are fitted, and at every step the goal is to
solve for net error from the prior tree and to reduce the bias. In case of our
training data set, the bagged tree algorithm had low RMSE in comparison to
the boosted tree algorithm, and hence results from the bagged tree algorithm
are shown here. Figure 3.5 shows the comparison between real flight data
and the estimated ascent by the ensemble model. Table 3.4 illustrates the
error between the two.

Table 3.4: The errors in estimated altitude variation (in km) using the bagged
ensemble regression model for three balloon volumes in comparison to
the real balloon flights

volume (m3) payload (kg) max .mae (km) rmsre (km)

12,000 159.2 1.15 0.139

50,000 289.0 0.775 0.011

400,000 1189.6 2.06 .0094

3.5 summary and conclusion

In this chapter, the capability of data-models to predict ascent for three
types of balloons has been shown and compared. A bar graph illustrating
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Figure 3.6: Error in estimation of balloon ascent using different regression models
for test data set for three ZP balloon volumes

the errors from different models can be seen in Figure 3.6. The errors from
the GPR model are also shown in Fig 3.6, in order to justify the choice of
regression model in [15]. It can be seen that data models can predict the
balloon ascent correctly, while also having a number of shortcomings which
are discussed in detail in paper [15, 16]. Using these models provide a more
flexible way to estimate the balloon ascent, without a need for knowing
specific environment parameters that are difficult to obtain.
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W I N D S E N S O R S

This chapter marks the beginning of the second part of the thesis, i.e., path
planning of the ZP balloons. The word path-planning refers to the ’deter-
mination of the desired path of travel (the "trajectory") from the vehicle’s
current location to a designated target, as well as desired changes in velocity,
rotation and acceleration for following that path’ [25].

To reduce the cost of operation and risks associated with the balloon
flight, it is necessary to know the environment in which the balloons are
flying. Once deployed, they achieve a stable float, after which they float in
the direction of the winds. To alter the direction of the flight, the balloon
has to be taken to a wind layer with a different wind direction. Currently,
the balloon itself is used as a probe for exploring the winds. To explore the
winds above, ballasting is performed, making the balloon system lighter;
to explore the winds below, gas is vented, decreasing the buoyancy of the
balloon system. There is a limited amount of both gas and ballast, which
makes continuous exploration of the winds impossible. As a result, balloons
frequently end up in sub-optimal wind layers, and thus end up moving in
undesirable directions - for instance, leaving the Esrange impact area, or for
longer flights, moving further towards the sea. In order to find the solution,
different types of on-board sensors are studied to determine their potential
for measuring the winds around the balloon.

Section 4.1 presents the requirements for the wind sensor, Section 4.2
presents the existing sensors which might have potential to be used on-
board the balloon for measuring the winds. Section 4.3 discuss the new
sensor concepts, and Section 4.4 presents the summary and conclusion of
this chapter.

4.1 requirements for the wind sensor

Before starting the study of the sensors, requirements for the wind sensor
were determined:

• Sensor shall be able to measure the in-situ winds at an altitude of 15 -
35 km during day and night.

39
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• Sensor shall be able to measure the winds above and below the balloon
in the range of 1 km with a resolution of 100 m and an accuracy of 2-3
m/s

• Sensor shall weigh no more than 50 kg

• Sensor shall not harm the environment

There are a number of sensors that have been used for in-situ measurement
of winds in the stratosphere and mesosphere using sounding rockets . An
overview of rocket measuring techniques from which winds can be derived
is given in [60]. These techniques include falling spheres, falling chaff,
chemical release, acoustic grenade, and super-loki datasondes [26, 27, 31, 35,
62, 67]. While all these techniques have been used on the sounding rockets
for decades, most of these techniques have not been used on balloons for in-
situ wind measurement. Section 4.2 provides a detailed feasibility analysis
of these sensors to study if they have the potential to be used on-board
the balloon to measure winds in its vicinity. Section 4.3 provides a detailed
analysis of the other sensors that can be used in the stratosphere for wind
measurement.

4.2 existing sensors

4.2.1 Falling sphere

The falling sphere technique has been used extensively to study the atmo-
sphere at high altitudes [52, 61] There are two concepts of spheres that have
been used for measuring the winds: an inflatable sphere, and a rigid sphere.
Figure 4.1 presents both these spheres.

The inflatable spheres measure the wind and density profiles by calculat-
ing the velocity and acceleration of the falling sphere. A portion of these
spheres is metalized which allows for radar tracking after ejection. The
spheres usually have a diameter of 1 m and weigh around 155 gram and
have an altitude range of operation limited to 30-90 km [44]. Once deployed,
the spheres inflate to a super-pressure of approximately 10-12 hPa by the
vaporization of isopentane. Since they need a tracking radar, it is not pos-
sible to use them for in-situ continuous measurements of winds, as it is
not possible to have the radar mounted on the balloon due to its size and
weight. Furthermore, it is also not possible to have multiple tracking radars
stationed everywhere. Hence, this technique is discarded for our application.

The rigid sphere was developed in the early 1970s by modifying the
inflatable falling sphere. The rigid solid sphere is fitted with a sensitive three-
axis piezoelectric accelerometer to measure the atmospheric-induced drag
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accelerations in the mesosphere while the sphere is descending [52]. Unlike
inflatable spheres, rigid solid spheres do not need a tracking radar. These
spheres are almost 25 cm in diameter and have a sensitivity of approximately
2-5 m/s with a 100 m resolution [62]. These spheres have to be adapted for
use in the stratosphere.

The drawback of both these sensors is that they can only be used for
measuring the winds below the balloon, and need a lot of storage space in
the balloon gondola. Further, the number of measurements that can be done
using these spheres is limited to the number of spheres carried, and hence
these sensors are not pursued further for the balloon path planning.

Figure 4.1: (a) inflatable 1-m sphere with tri-axis accelerometers [21] (b) rigid sphere
set up [38]

4.2.2 Super-Loki datasondes

Another sensor that was used to measure winds in the stratosphere is a
Super-Loki datasonde. Wind measurements using Super-Loki are made by
deploying a payload which contains a datasonde and a starute (STAble
Retardation parachUTE). The starute behaves as a parachute for the sonde
and thus helps in reducing its velocity. A part of the surface area of a starute
is metalized so that it can be tracked by radar [60]. Similar to the inflatable
sphere, the wind profile is obtained through radar position data and is
limited to 20-70 km. The error noted in these measurements is in the range
of 20 m/s [35]. The total weight of the system is around 0.655 kg (starute:
0.155 kg and sonde: 0.5 kg), with the cross-section area of 4.26 m2. Figure 4.2
presents such a system. The drawback of using Super-Loki datasondes is
that they can only be used sporadically as they need a tracking radar, further
the error noted in using these sondes is very high and therefore these sondes
were discarded for balloon navigation.
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Figure 4.2: Drawing of an inflated starute which stabilizes the flight of the Super-
Loki datasonde [35]

4.2.3 Foil chaff

The foil-chaff method is an in-situ technique to measure winds in the
mesosphere and lower thermosphere (MLT) regions. This method works by
releasing thin metalized aluminium or plastic films in the atmosphere which
can be tracked by a radar. Once released, these strips form a very large
cloud that moves with the ambient wind [26, 27, 70]. The trajectory of the
chaff cloud is tracked by a radar. The velocity of a chaff cloud is calculated
by using the distance traveled by it in a given length of time, and wind
velocity is calculated by using the horizontal component of the chaff motion.
In order to measure these components of the wind, chaff used should have
a low moment of inertia, and a reasonably low speed of descent as chaff
cloud should be able to follow changes of wind immediately over a small
interval of height. It has been recorded that the winds obtained by a foil
chaff technique have a vertical resolution of around a few hundred meters
and the error in horizontal wind velocity is estimated to be around 1.6 m/s
[54]. Figure 4.3 presents the foil-chaff concept.

Since this technique has only been used in the mesosphere, it has to be
adapted for use in the stratosphere. While it is possible to deploy chaff from
the balloon gondola, the tracking is challenging as it needs a radar. Since it
is not possible to have a tracking radar always in the vicinity of the balloon,
this technique is therefore not preferred for balloon navigation. Also, chaff
can only be used to measure the winds below the balloon.

4.2.4 Chemical release

The chemical release technique has been used for decades for obtaining wind
measurements in the upper mesosphere and thermosphere [18, 31]. This
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Figure 4.3: Artistic concept for chaff deployment from the balloon

method works by releasing a luminous chemical in the atmosphere, which
forms a trail. Simultaneous pictures of these trails from several different
spatially-separated cameras from the ground are then used to determine the
location of the trail as a function of altitude [18]. These trails are observed
for several minutes, and the wind profiles are obtained by change in the
position coordinates with time. Different chemicals have been used for
this technique, e.g., sodium, barium, lithium, but the most widely used
chemical is tri-methyl aluminium because it produces chemiluminescence,
and therefore it can be used for wind measurements in the night. It is also a
liquid, which makes it possible to control both the timing and duration of
the release more accurately [31]. Figure 4.4 presents one such trail.

Figure 4.4: Photograph of a TMA trail released in twilight conditions at dusk from
a rocket launched from Poker flat research range in Alaska on Feb. 28.
1978 [31]

The chemical trail technique has only been used in the mesosphere and
needs to be adapted for the stratosphere. One challenge of using such a
technique in the stratosphere is that a chemical trail might be quite similar
to noctilucent clouds (i.e they rely on darkness on the ground to see the faint



44 wind sensors

clouds/trails) and it might be difficult to differentiate between these two.
The other drawback of using a chemical release technique is that it needs
three cameras on the ground in order to use a triangulation technique for
measurement of the winds, which makes the use of this technique restricted
in nature as it can only be used for local wind measurements. Further, this
technique can only be used for measuring the winds below the balloon.
Due to these drawbacks, this technique is not pursued further for balloon
navigation.

4.2.5 Acoustic grenade

This technique works on the principle of sound propagation. Once the
grenades are deployed, the wind measurements are derived by observing the
travel time of sound waves from grenades to microphones which are placed
at particular positions on the ground [64]. The burst position of the grenade
is determined by using optical and acoustical instrumentation [67]. To get a
resolution of 3 km, around 20 grenades have to deployed at a distance of 2 - 4
km [67]. To increase the resolution, number of grenades have to be increased.
The number of grenades and the ground instrumentation required for the
technique makes this technique difficult to be used onboard the balloon for
in-situ wind measurement. Further, this technique can measure wind only
below the balloon.

4.2.6 SODAR

SODAR (SOund Detection And Ranging, or ’acoustic radar’) is a remote
sensing technique that uses the Doppler effect to measure winds. A short
acoustic sinusoidal pulse is transmitted (via speakers) into the atmosphere
and microphones are used to listen to the return signals. The return signals
are affected by the thermodynamic structure of the atmosphere. Both the
intensity, and the Doppler shift of the return signal are used to determine
the wind speed and direction [30]. The acoustic wave needs a medium
to propagate, and since the air in the stratosphere is less dense than at
the ground (where SODARs are used), therefore, it is not possible to use
SODAR’s in stratosphere [24].

4.2.7 LIDAR

Light detection and Ranging (LIDAR) systems are capable of measuring
winds. A wind LIDAR relies on the Doppler effect. The Doppler frequency
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shift gives direct information of the wind speed component along the line-of-
sight of the beam. For the measurement of the atmospheric wind velocity in
the stratosphere where the aerosol concentration is very low, molecular back
scattering has to be used [9]. There are a number of molecular backscattering
LIDARs that have been used on the Earth, and on satellites for measurement
of winds in the stratosphere, details of these LIDARs can be seen in Refs [9,
20, 50, 56, 63].

After studying the literature, it was concluded that a direct detection
LIDAR at the ultraviolet frequency of 355 nm (transceiver) has to be used
onboard the balloon for wind measurement. For the 355 nm system, a
Doppler shift of 2 fm wavelength corresponds to a LOS wind speed of 1
m/s [56]. For the telescope a common option is to use Cassegrain telescope.
For the receiver system, the Fabry–Pérot interferometer is recommended
which is most widely used for Rayleigh scattering.

There are a multiple ground based Rayleigh’s LIDARs for wind measure-
ment [9, 12], but only one Rayleigh LIDAR has been used satellite-borne,
i.e., AEOLUS LIDAR from DLR [59]. This LIDAR measures different wind
layers from 400 km to the ground, and uses both Mie and Rayleigh’s scat-
tering. This LIDAR is custom made and it took DLR 20 years to verify this
instrument to fly on the satellite. So while a LIDAR could be an option
for measuring different wind layers in stratosphere, as of now there is no
off-the-shelf instrument available. For the LIDAR system to be used onboard
the balloon system, it has to be built and tested, which is a challenge. Due
to the time limit of the thesis, and no expertise in the field, it was decided
not to pursue in this direction further.

4.3 other sensor concepts

None of the above mentioned sensors are feasible for onboard wind mea-
surement as they can not measure the in-situ winds at different locations, or
can only measure the wind below the balloon, or are very complex in terms
of development. Therefore other sensor concepts were brainstormed. These
concepts are mostly based on using tethered wire.

Figure 4.5 presents three concepts. These three concepts works by mount-
ing GPS and accelerometers on the secondary and primary balloon. The
secondary balloon then transmits its position to the primary balloon, and
the relative difference in position helps in calculating the winds above and
below the balloon.

The concept presented in Fig 4.5a is mostly used by NASA & CNES for
assisting the SP and ZP balloon launches. Here, the secondary balloon (small
one) is used as a crane for lifting the big balloon. The small balloon is cut off



46 wind sensors

Figure 4.5: Artistic illustration of different sensor concepts

after the big balloon starts to ascend. In order to keep both these balloons in
flight for extended duration of time, these balloons have to be very rigid.
After talking to the experts at Esrange Space center (Mikael Danielsson
and Klas Nehrman), this concept was discarded. According to them, these
balloons will be torn apart as the forces acting on both the balloons will
differ. Next, the sensor concept presented in Fig 4.5b was simulated and a
snapshot of this simulation can be seen in Fig 4.6. The primary balloon is
torn apart, when the wind forces act on the secondary balloon. Due to the
risk of tearing the primary balloon, this concept was discarded.

Fig 4.5c presents the third sensor concept, where an operator can choose
when they want to measure the wind by cutting the small balloon which is
attached to the bar like structure of the primary balloon gondola. The small
balloon is fitted with the GPS receiver, and transmits its position while it
descends, Using the GPS coordinates, wind vector can be derived. There
is a possibility that the attached bar might get dis-balanced while cutting
the small balloons, further, this technique can only measure winds, below
the balloon, and is limited in nature as measurements will depend on the
number of auxiliary balloons attached. Because of these limitations and
risks, this concept was discarded.

4.4 summary and conclusion

This chapter gave a brief overview of the sensors that were explored for
in-situ and remote measurement of the winds. It is concluded that none of
the sensor concepts in the present form can be used. Further it is concluded,
that there are limited options in terms of the modified concepts and their
performance cannot be guaranteed. Since, it is out of scope of this thesis work
to develop a sensor, it was decided to focus on a path-planning algorithm
using wind data from models. The next chapter will give a brief overview
of the wind models that can be used for path-planning.
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Figure 4.6: The illustration for sensor concept for the balloon attached to the gon-
dola (a) balloon is attached (b) as the wind blows, the small balloon
moves and eventually tears the primary balloon
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In Chapter 4, sensors that can measure wind in the stratosphere were
discussed and it was concluded that there are no sensors that are available
today that can be mounted on the balloon gondola to measure in-situ winds
in the stratosphere. This chapter focuses on radiosonde wind data, and wind
forecast model data that might have the potential to be used for balloon
trajectory prediction and mission planning.

Section 5.1 gives a summary of radiosonde wind data that have been
collected over Esrange in past 20 years . Details of different wind forecasts
models and their comparison with the sonde data flights is presented in
Section 5.2. The analysis of ECMWF data from different months for balloon
path planning is presented in Section 5.3.

5.1 radiosonde data

Radiosondes are battery powered telemetry instruments that are usually
carried through the atmosphere by weather balloons. They measure vari-
ous atmospheric parameters and transmit them by radio to a ground based
receiving, and processing station [47]. Esrange Space Center has been launch-
ing radiosondes for decades for measuring atmospheric parameters like
pressure, temperature, relative humidity, wind speed and direction. Fig-
ures 5.1 and 5.2 give an overview of how wind speed and wind direction
vary over the Esrange area during different months.

From January to March (Fig 5.1a, 5.1b, 5.1c), the wind speed is high
and the wind is primarily blowing from west towards east. Only a very
small subset of the wind is coming from the east during these months. This
indicates that it might be difficult to alter balloon flight direction. During
April (Fig 5.1d), the wind speed decreases, and the primary direction of the
wind is from west to east. There also seems to be significant wind coming
from the east during April, which makes this month a possible option for
changing the direction of balloon flight. From May to July (Figs5.1e, 5.1f,
5.2a), the principal direction of the wind is from east to west, and there is
almost no wind in the reverse direction, indicating that it might be difficult
to change balloon flight direction during this time of the year. In the case
of August and September (Figs 5.2b, 5.2c), the wind is primarily coming
from the east, but there is also a significant amount of wind coming from

49



50 wind data

the other directions which indicates that it might be possible to change the
balloon flight direction during these months. From October until December
(Fig 5.2d, 5.2e, 5.2f) the wind speed starts to increase, and most of the wind
during this period comes from the west, indicating that change in balloon
flight direction could be difficult.

The data shown in Figs 5.1, 5.2 indicate that April, August, and September
might give better opportunities for altering the balloon flight direction than
other months. More data are needed to make such a conclusion. Data from
all the months will be tested using a path planning algorithm, in order to
explore what months allow for changing the balloon flight direction.

Sondes are currently the best in-situ sensors available for measuring
the winds in the stratosphere, but the sensors are limited as they give
measurements only above a certain location and time. Hence it is difficult
to navigate stratospheric balloons using only radiosondes. Nevertheless,
the launch of a radiosonde does give an understanding of the most recent
wind profile in the local area. The wind from radiosonde can be utilized for
comparing the wind model forecast data and for short flights in the Esrange
impact area. For long duration flights, and for balloon flight planning in
advance, it might be possible to use wind forecast data. Section 5.2 and
5.3 give an overview of the wind models, and how they can be utilized for
balloon navigation.

5.2 wind forecast models

Wind model data is available from the National Center for Environmental
Prediction (NCEP), and European Center for Meteorological Weather Pre-
diction (ECMWF). NCEP produces Global Forecast System (GFS), Northern
American Model (NAM), and Weather Research and Forecasting model
(WRF). The main goal of NCEP and ECMWF is to accurately forecast the
atmospheric conditions in the troposphere, and therefore the resolution is
quite high in the troposphere while quite coarse in the stratosphere. Subsec-
tion 5.2.2, 5.2.3, and 5.2.1, discuss these models in detail and compare the
model data with the radiosonde data. To qualitatively analyse the difference
between sonde data and wind model data, different types of errors are
analyzed:

Relativeerror = Δ(WindModel − Sondeaverage)/(Sondeaverage) (5.1)

Averageerror = Average(Δ(WindModelinterp − Sonde)) (5.2)

Absoluteerror = Sondeaverage−dir −WindModeldirection (5.3)
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(a) (b)

(c) (d)

(e) (f)

Figure 5.1: Rose plots using sonde data launched from Esrange in last 20 years for
months (a) January (b) February (c) March (d) April (e) May (f) June
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(a) (b)

(c) (d)

(e) (f)

Figure 5.2: Rose plots using sonde data launched from Esrange in last 20 years for
months (a) July (b) August (c) September (d) October (e) November (f)
December
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Figure 5.3: The comparison of wind speed and direction measured by sonde
with wind models for 24th August 2016 over Esrange Space Center
(a) HIRLAM wind speed (b) HIRLAM wind direction (c) GFS wind
speed (d) GFS wind direction (e) ECMWF wind speed (f) ECMWF wind
direction (g) Relative error of wind models in wind speed (h) Absolute
error in wind models for wind direction
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5.2.1 HIRLAM

High Resolution Limited Area Model (HIRLAM) is a Numerical Weather
Prediction (NWP) forecast system. This model is no longer under active
development, but is still being used operationally in many HIRLAM services.
The HIRLAM forecasts are released up to 3 days in advance, and have a
grid resolution of 3 to 16 km horizontally and up to 65 layers vertically [37].
The primary goal of HIRLAM is to ’provide its members with a state-of-
the-art operational short and very short range numerical weather prediction
system, and the expertise associated with it’ [1]. The HIRLAM data used
here for analysis are obtained by ESC from Swedish Meteorological and
Hydrological Institute (SMHI). Figures 5.3a, 5.3b, 5.4a, and 5.4b present the
HIRLAM data in comparison to the two radiosonde flights and Table 5.1
presents the average error for these data. The vertical resolution of HIRLAM
data is lower than GFS and ECMWF, and the errors in wind speed and
direction are higher in comparison to the other wind models as can be seen
in Table 5.1 and Figs 5.3 and 5.4.

5.2.2 GFS

Global Forecasting System (GFS) is a coupled model that uses four modules,
i.e. an atmosphere model, an ocean model, a land/soil model, and a sea
ice model to forecast the weather. The model is run in two parts: the first
part has a higher resolution and goes to 192 hours, i.e. 8 days in the future,
and a second part which runs from 192 to 384 hours, i.e. 16 days at a lower
resolution [36]. The resolution varies in each part of the model: horizontally,
it divides the surface of the earth into 35 or 70 km grid squares; vertically, it
divides the atmosphere into 64 layers. This is the only global model whose
results are fully and freely available to everyone. In the user community, it
is widely accepted that the GFS forecasts are not accurate beyond 7 days.

Figures 5.3c, 5.3d, 5.4c and 5.4d present the GFS data in comparison
to the radiosonde data and Table 5.1 presents the error for these data.
The resolution of GFS data is higher than HIRLAM data, but it is low
in comparison to ECMWF data. In terms of errors, GFS wind speed and
direction data is in agreement with the radiosonde data with an error lower
than that of HIRLAM data but higher than for ECMWF data as can be seen
in Figs 5.3g, 5.3h, 5.4g, and 5.4h.
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Figure 5.4: The comparison of wind speed and direction measured by sonde
with wind models for 28th August 2016 over Esrange Space Center
(a) HIRLAM wind speed (b) HIRLAM wind direction (c) GFS wind
speed (d) GFS wind direction (e) ECMWF wind speed (f) ECMWF wind
direction (g) Relative error of wind models in wind speed (h) Absolute
error in wind models for wind direction
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Table 5.1: Average Error (AE) in wind speed and direction of different wind models
with reference to sonde data over Esrange Space Center

Model AE wind speed (m/s) AE wind direction (deg)

24 Aug 2016
HIRLAM -0.72 32.21

ECMWF -0.49 8.41

GFS -0.61 22.81

28 Aug 2016
HIRLAM -0.69 28.09

ECMWF -0.56 -7.9

GFS -0.64 15.41

5.2.3 ECMWF

European Centre for Medium-Range Weather Forecasts (ECMWF) develops
and operates global atmospheric models and data assimilation systems for
studying the dynamics, thermodynamics, and composition of the Earth’s
atmosphere, and for interacting parts of the Earth-system [41]. It uses
numerical weather prediction methods to prepare forecasts and contributes
to monitoring the relevant parts of the Earth system. The mission of ECMWF
is to provide twice-daily global numerical weather forecasts, air quality
analysis, atmospheric composition monitoring, climate monitoring, ocean
circulation analysis and hydrological prediction [41]. The forecasts given by
ECMWF are typically medium-range, i.e., predicting the weather up to 15
days ahead; monthly forecasts, i.e., predicting the weather on a weekly basis
up to 30 days ahead; and seasonal forecasts, i.e., predicting the weather up
to 12 months ahead. The ECMWF has the highest resolution in comparison
to all the weather forecasting models. Horizontally, it divides the surface of
Earth into 9 km grid squares; vertically, it divides the atmosphere into 137
levels.

Figures 5.3e, 5.3f, 5.4e and 5.4f present the ECMWF data in comparison to
the radiosonde data. Table 5.1 presents the error for these data, and it can
be seen that average error is the lowest for ECMWF. Further, the resolution
of ECMWF data is higher in comparison to GFS and HIRLAM, especially in
the stratosphere as can be seen in Figs 5.3 and 5.4.

It is difficult to say on the basis of these limited flights if one of these
models is better than any other, but what we can conclude from these data is
that the data models are comparable to the radiosonde flight data in terms
of accurateness.
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5.3 wind analysis for balloon path planning

In Section 5.1, radiosonde data were explored for different months in order
to study the wind patterns, and it was concluded that balloon path planning
cannot be completely based on the sonde data. Therefore, in Section 5.2,
data from different winds models are studied and compared to analyse
the difference between the forecast data and the real flight data. In our
comparison, it was concluded that wind model data has the potential to be
used for balloon path planning. ECMWF data model has the highest vertical
resolution in comparison to other models, and therefore it is used for our
purpose. The data used in this section is the reanalysis data from ERA-5.
Details about this data can be seen in [8]

In this section, our study of Section 5.1 is extended and ECMWF data is
studied for different months to understand wind patterns during different
times of the year. Figures 5.5 and 5.6 illustrate the wind speed and direction
for different months in the year 2018. In these figures, the background color
represents the wind speed, and wind direction is shown with the red arrows.
The altitudes at which ESC wants to navigate is above 20 km and hence, the
winds are studied more closely at high altitudes.

Figure 5.5a presents the winds for January. The wind is mostly blowing
from west to east. This wind pattern is not suitable for changing the direction
of the balloon flight. Fig 5.5b presents the winds for February, where the
winds are blowing from west to east during the first half and then change
direction. It might be possible to use this change in wind direction to alter
the balloon flight path. Fig 5.5c shows the wind profile for March, and it
can be seen that the wind is mostly blowing from west to east. The wind
profile for April can be seen in Fig 5.5d, till April 15, wind is mostly blowing
from west to east, and slowly reverses in the second half of April where
wind blows from east to west. This is called as the turnaround period
and can be used for balloon navigation. The winds in May (Fig 5.5e) are
somewhat similar to the winds in the second half of April. From June until
July (Figs 5.5f & 5.6a) the winds are mostly in one direction, i.e., east to
west and during these months it is not possible to alter the balloon flight
direction.

Similar to April, wind layers can be observed for the second half of August
and first half of September, which can be seen in Figs 5.6b & 5.6c. This makes
August and September interesting for balloon navigation. From October
until December (Figs 5.6d & 5.6f), the wind speed increases, and the wind
direction changes, with wind moslty blowing from west to east. It is difficult
to alter the balloon trajectory during these months. The conclusion about
the wind patterns in this section is similar to the sonde data study. From this
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(a) (b)

(c) (d)

(e) (f)

Figure 5.5: Wind speed (m/s) and direction (deg) for different months. The wind
speed is represented by the background colour and wind direction is
illustrated by red arrows (a) January (b) February (c) March (d) April
(e) May (f) June
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(a) (b)

(c) (d)

(e) (f)

Figure 5.6: Wind speed (m/s) and direction (deg) for different months. The wind
speed is represented by the background colour and wind direction is
illustrated by red arrows (a) July (b) August (c) September (d) October
(e) November (f) December
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study, it can be concluded that there is a possibility of changing the balloon
flight direction during certain times of the year. More data from different
years must be analysed from the climatology perspective to make a more
detailed conclusions about the wind patterns. It is beyond this thesis work
to go into such depth for the wind studies as that is not the aim of this work.
Instead, we aim to let the balloon path planning algorithm decide if for
certain wind conditions it is possible to change the balloon flight direction.

5.4 summary and conclusion

The wind data from the sondes and wind models were analysed in this
chapter. The wind rose plots using sonde data indicated that changing the
balloon flight direction is only possible for a few months. Further, the data
from sonde flights were compared with different data models, and this
comparison indicated that the error between wind model data and sonde
data is acceptable. Finally, the ECMWF wind data were analyzed for the
year 2018 for different months, and it was concluded that the wind patterns
vary depending on the season and time of day. Hence, the conditions for the
path planning problem for the balloon system will vary depending upon
the time of launch. Navigation algorithm should therefore be able to decide
on its own if it is possible to navigate the balloon in a particular set of wind
conditions.
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In Chapters 2 and 3, a tool is described that can simulate the balloon ascent.
After reaching the float altitude, the balloon has to be navigated through
different wind layers. In Chapter 4, sensors that can measure the wind above
and below the balloon were studied and it was concluded that none of
the sensors in their present form can be used for determining the wind
speed and wind direction in the vicinity of the balloon. Next, in Chapter 5,
wind data forecast models were studied, and it was concluded that ECMWF
data can be used for navigation as it gives the most detailed structure of
the stratospheric winds. This chapter focuses on answering the following
questions:

Given the wind model data of the stratosphere, is it possible to find the
required maneuvers to take the balloon from point A to B?

Given the wind model data of the stratosphere, is it possible to find the
required maneuvers to keep the balloon afloat in a particular region for an

extended duration of time?

A positive answer to these two questions is critical in enabling au-
tonomous horizontal flight for zero-pressure balloons, and this problem is
challenging for several reasons. Depending on the location and time, the
magnitude and direction of the winds can vary significantly as shown in
Chapter 5, and this variation is highly non-linear. Further, the horizontal
motion of the balloon is dependent on the local wind velocity, and winds
therefore can not be considered just a disturbance [20]. A familiar way to
deal with nonlinearities is to linearise the reference trajectory; but in the
case of balloons it is difficult to find the reference trajectory itself as wind
vectors vary frequently. In literature, this type of problem is known as a
path planning problem. In practical applications, however, wind vectors are
not precisely known and may deviate significantly from the data given by
the models, and therefore our path planning algorithm has to be designed
such that it is able to incorporate wind uncertainty.

To find an answer to the questions above, this chapter will first discuss
a path planning algorithm in Section 6.1 with the capability to use the
wind data, and emulate pilot behavior for ballasting and venting maneuver.
Section 6.2 shows the results, and Section 6.3 presents the conclusion and
summary of this chapter.
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6.1 path planning algorithms

Path planning is a well defined problem in robotics and plays a key role
in the navigation of mobile robotic systems. It enables robots to follow or
track a path without any collision [58]. An ideal path planner should be
able to handle all uncertainties and find an optimal path. Two components
that are crucial to path planning are: the robot representation of the world
in a configuration space, and the algorithm implementation. Both these
components are interrelated and influence each other in the process of
finding an optimal path for a robot. The configuration space (C-space)
is usually expressed as a vector of positions and orientations and can
be of different types, for example, visibility graphs, Voronoi diagrams,
generalized cones, exact and approximate grid and cell deposition, quad
tree, etc, [58]. Selection of an algorithm helps in choosing the configuration
space. According to [45], a generalized path planning algorithm has to meet
with several requirements:

• ’The resulting paths should have the lowest possible cost to prevent
any indirection’ [45]

• ’It should be fast to not thwart the simulation process, it should be
correct, i.e. no collisions occur, and it should be robust, i.e. the same
request generates the same path’ [45]

• ’the algorithm should be generic with respect to different maps, i.e. it
should not be fully optimized for a specific map type’ [45]

To analyse which algorithm and configuration space can be used for solv-
ing the problem of balloon path planning, the requirements are understood
and can be seen here:

• The algorithm should be able to explore the uncertain wind environ-
ment

• The algorithm should be able to emulate the pilot behavior

• The algorithm should be able to use different wind maps to keep the
balloon in a certain region

• The algorithm should be able to use different wind maps and take the
balloon from point A to B

There are different algorithms that can be used for path-planning depend-
ing on the application. The problem of interest in this work is to have an



6.1 path planning algorithms 63

algorithm that can search for the wind layers and decide about venting and
ballasting maneuvers in order to keep the balloon afloat over a particular
region or take it from one point of interest to another. The algorithm that is
considered for solving the above two problems is the reinforcement learning
(RL) algorithm, as it allows the agent to dynamically determine the ideal
behavior within a specific context. Subsection 6.3 presents the RL algorithm
in detail and its use for solving the above mentioned problems.

6.1.1 Reinforcement learning algorithms

Reinforcement learning (RL) is a machine learning algorithm, in which
an agent learns to achieve a goal. An outside world is represented to an
agent in the form of state observations, and the agent takes actions, after
which it receives updated state observations from the environment and
rewards for its actions [69]. The reward informs the agent of how good or
bad the action was, and the observation tells the agent about its next state
in the environment. This makes RL an active learning process as the agent
influences the environment through its actions, which in turn affect the
subsequent data (rewards or punishment) it receives from the environment
[22]. The problem in RL where agent has to decide the best action based on
state, can be formulated as a Markov decision process (MDP) [49].

6.1.1.1 Markov decision process

MDP is a type of reward based algorithm, where an agent tries to find
sequence of states that gives it maximum reward. The algorithm assumes
that the agent can choose between different actions in each state, while the
result of each action is partly random and partly under the control of the
agent. This help the agent to find a path to the goal without any collisions.
The advantage of using MDP is that the algorithm guarantees optimality[55,
69].

MDP provides a framework for modeling decision making situations in
discrete stochastic environments where some outcomes can be controlled
and others are random. The components of an MDP include: [55, 69]:

• S - the set of world states, s ∈ S, where all states follows a Markov
property. The Markov property of an MDP can be defined as:

’Markov property requires that the future is independent of the past
given the present’

• A - the set of world actions, a ∈ A ;
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• Pa - is the probability that action a in state s at time t will lead to s’ in
time t +1

• Ra - the reinforcement (reward) function, R : S × A × S → R. R (s, a ,
s’) represents the reward received when applying the action a in the
state s which leads to the state s’.

The core problem to solve for an MDP is to find a ’policy’, i.e., a function
π that specifies the action π(s) that the decision maker will choose when in
the state s. This policy π is a distribution over actions given the states,

π(a|s) = P[At = a|St=s] (6.1)

Combining the policy with the MDP results in a Markov chain and the
goal is to choose the policy such that it can maximize some cumulative
function of the received rewards. The probability and reward function for a
certain policy can be described as:

Pπ
s,s′ = ∑

a∈A
π(a|s)P a

ss′ (6.2)

Rπ
s = ∑

a∈A
π(a|s)Ra

s (6.3)

These functions average all probabilities and rewards associated with
different possible actions. The current state completely characterizes the
process, and captures all relevant information from the history, i.e. once the
present state is known, the history can be thrown away and this state is
considered as sufficient knowledge of the future. The most recent state St is
considered Markov if and only if:

P[St+1|St] = P[St+1|S1, ..., St] (6.4)

This means that state St captures all relevant information from past states
and these past states can now be discarded. For a Markov state s and future
state s′, the state transition probability can be defined as:

Pss′ = P
[
St+1 = s′|St = s

]
(6.5)
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Equation 6.5 is a probability distribution over the next possible successor
states, given the current state. This transition function can be put in the form
of matrix, where each row of the matrix sums to 1

P =

⎡
⎢⎢⎢⎢⎣
P11 .... P1n

.

.

Pn1 .... Pnn

⎤
⎥⎥⎥⎥⎦ (6.6)

The implementation of MDP for our problem can be seen in the [13]
attached to this thesis work [13]. Section 6.2 presents some results that were
not added to our paper [13].

6.2 results of mdp implementation

The two problems that this chapter aimed to solve are : balloon path planning
from point A to B (target reachability), and keeping the balloon in a certain
area for an extended duration of time (loitering). In [13], results of the path
planning algorithm for four different types of wind patterns were presented,
with wind data from four different months, i.e., May, June, August, and
January. It was shown that balloon can find its path to loiter or to reach
the target, if the wind field allows for it. This part of the thesis will present
some more test cases for the designed algorithm. Section 6.2.1 and 6.2.2
present the results of the path planning algorithm for time invariant and
time varying wind fields.

6.2.1 Time-invariant case

The time invariant wind field for which target reachability and loitering
problem is tested can be seen in Figs 6.1 & 6.2

6.2.1.1 Target-reachability

In the month of February, winds are blowing in the direction of the target,
which makes it easy for the balloon to find its path towards Tromsø. Since
the wind speed is high, the balloon reaches its target in less than 2 hrs.
Figure 6.3 illustrates the trajectory and altitude of the balloon. It takes less
than 20 episodes for the balloon to find its path towards the target.

For the wind field shown for March and April in Fig 6.1, it does not seem
possible for the balloon to reach any of the predefined targets as the winds
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(a) (b)

(c) (d)

Figure 6.1: Wind for different days (a) Feb 17 (b) March 24 (c) April 10 (d) July 25
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(a) (b)

(c) (d)

Figure 6.2: Wind for different days (a) September 15 (b) October 15 (c) November
11 (d) December 23

(a)

(b)

Figure 6.3: The balloon Trajectory towards the target Tromsø when launched on
February 17 (a) balloon trajectory (b) altitude variation
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are primarily coming from the north and blowing towards the south. For
these specific winds, the target has to be to the south as it is not possible
to change the balloon flight direction towards north. For the wind field in
July, the balloon is able to find its path towards Tromsø after around 3500
episodes as can as can be seen in Fig 6.4. The wind speed is slow and it takes
almost one complete day for the balloon to reach Tromsø unlike February,
where it took only a couple of hours.

(a)

(b)

Figure 6.4: The balloon Trajectory towards the target Tromsø when launched on
July 24 (a) balloon trajectory (b) altitude variation

(a)
(b)

Figure 6.5: Balloons Trajectory towards the target Tromsø when launched on
September 15 (a) balloon trajectory (b) altitude variation

The trajectory for the balloon launched on September 15 can be seen in
Fig 6.5. The balloon is able to reach the target Karasjok in a day and it
took 5000 episodes for the simulation to find a path. From October until
December, the wind speed increases and winds are mostly blowing in one
direction. During this period, it is not possible for the balloon to change its
flight path direction.
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Next, the possibility for the balloon to loiter over the Esrange impact area
for an extended duration of time was studied. The ZP balloon deployed in
February for the winds in Fig 6.1a is not able to loiter above Esrange. Wind
speed is high and wind direction is mainly towards north-west, and as a
result the balloon drifts quickly towards north-west and is not able to return
to the Esrange area. In the cases of March and April, for the wind in Fig 6.5b,
and 6.1c, it is not possible for the balloon to loiter as the winds blow mostly
towards south-east and there is no possibility for the balloon to change its
flight path direction. For the winds in July, September, October, November,
and December (Fig 6.2), it is not possible for the balloon to change its flight
direction as the winds blow primarily in one direction. For the balloon to
loiter over a certain area, the winds cannot blow in one direction completely.
Further results can be seen in [13].

(a) (b)

Figure 6.6: Winds for different days in a month (a) May 6th to 9th May, the wind
is primarily coming from the east and is going towards the west with
some wind is in the opposite direction (b) August 18th to 23rd, the wind
is primary coming from the west and going towards the east, with some
wind in the opposite direction

6.2.2 Time-variant case

In the real flight scenario of ZP balloons, the wind field does not stay
constant with time, instead it keeps changing continuously. While, it is
not feasible to measure the changing wind field in real time, there is a
possibility to use the wind forecast data that is updated every 6 hours in
order to plan the balloon flight trajectory in advance. In [13], results for
the target reachability and loitering problem in a time varying wind field
are presented. This section shows additional results. Figure 6.6 presents the
time varying wind field for which the path planning algorithm is tested.
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(a)
(b)

Figure 6.7: Balloon launched on May 6th can loiter around the Esrange area (a)
balloon trajectory (b) altitude variation of the balloon in order to keep
the balloon afloat

(a)

(b)

Figure 6.8: Balloon launched on August 25 can loiter around the Esrange area (a)
balloon trajectory (b) altitude variation of the balloon in order to keep
the balloon afloat
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Figures 6.7 and 6.8 present the loitering of balloon for May and August
wind fields. The balloon is able to revisit the Esrange impact area multiple
times before drifting away. The altitude maneuvers needed for the balloon
to stay afloat for both the cases can be seen in Fig 6.7b and 6.8b. The target
reachability of the balloon in a time varying wind field can be seen in [13].

6.3 summary and conclusion

This chapter presented the use of a reinforcement learning for balloon path
planning. The designed algorithm was tested for both time varying and
time invariant wind field. The results showed that the balloon can reach
the predefined target or loiter above a certain area of interest if the wind
conditions permit. The valving and ballasting maneuvers needed for the
balloon in order to reach the target or loiter are also suggested.



7
C O N C L U S I O N S & R E C O M M E N D AT I O N S

7.1 conclusions

This thesis was set out to answer the following research question:

How can trajectory prediction for ZP balloons be improved in order to
reduce the risks and cost?

To find an answer to the above question, first an analytical ascent predic-
tion tool was designed to determine the balloon ascent, where Monte-Carlo
simulations were done to study the effect of various atmospheric factors. It
was concluded that analytical simulation can determine the balloon ascent
to a great extent, given the environment parameters which represent the
real environment conditions. Since, it is difficult to determine all the factors
(cloud factor, albedo, blackbody radiation, lift gas mass, drag, etc.,) that af-
fect the balloon flight, data models were therefore investigated. The Esrange
Balloon Service System previous balloon flight data and pilot reports of
Esrange Space Center were used to build the dataset of explanatory and
target variables for the data models. The data models that we studied for
ascent prediction are fuzzy models and regression models.

The results showed that data models can be more accurate than the ana-
lytical model. This was expected as data models learn directly from the field
data, and do not need environment parameters in detail for estimating the
ascent. The inputs needed by data models are: air pressure, air temperature,
free lift, and total mass of the balloon system, which in most cases are
readily available. This makes data models a viable option for balloon ascent
estimation. However, there are also multiple drawbacks of these models;
while the analytical simulation is general, the data models built in this
work are not. Limited data from the Esrange Space Center are used, which
makes the data models presented in this work useful only for a few types of
balloons, which are launched from Esrange Space Center. In order to make
these data models more generic, more balloon flights for different types of
balloons from multiple launch sites are needed. Nevertheless, this thesis
work has highlighted the potentials of heuristic and statistical methods to
estimate the balloon ascent.

The next task was to plan the balloon path at the float altitude in the
presence of winds, while optimizing ballasting and venting maneuvers. To

73
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solve this problem, the environment in which the balloon is flying needed to
be understood. First, the sensors that can be mounted onboard the balloon
for real time wind measurements were studied, and it was concluded that
it is not possible to acquire such wind measurements in the vicinity of the
balloon. Next, different wind models were studied and compared with the
sonde data wind profiles, and it was concluded that data from ECMWF
can be used for balloon path planning as it has a high resolution in the
stratosphere in comparison to other data models.

Next, a reinforcement learning algorithm was implemented and tested
for solving the balloon path planning problem. Using the Markov decision
process with Q-learning, the balloon was able to utilize the uncertain, time
varying and time invariant wind field. Simulated results demonstrated that
the balloon can reach the designated target or stay in a particular area for an
extended duration of time by exploiting the winds, by suggesting optimized
ballasting and venting maneuvers. The designed algorithm is also capable
of making indications about the suitability of winds for different missions.
The capabilities of the developed reinforcement learning algorithm facilitate
the balloon flight planning and eliminate the need of pilot’s intuition for
flying zero-pressure balloons.

7.2 future work

This thesis work attempted to solve two main problems related to ballooning,
i.e., ascent prediction and balloon guidance at float altitude using analytical
and machine learning techniques. The approach used in this work can be
further extended to:

• Collecting the data from different balloon operators and building data
based models for ascent prediction that will be able to predict ascent
for other balloon types from different launch sites.

• Modeling of drag coefficients for larger balloons.

• Testing deep learning algorithms for balloon flight path planning.

• Using a bigger grid to test the turnaround winds during winter.
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