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Propositions

1. Hot-air balloon-derived wind observations are a valuable asset for
our understanding of atmospheric boundary layer wind regimes.
(this thesis)

2. Hot-air balloon observations have a positive impact on data as-
similation for local weather prediction.
(this thesis)

3. Higher investments in taxonomy are urgently needed for better
describing and understanding biodiversity.

4. The increase in lift that a sailing boat experiences in a wind gust
is explained more effectively by the law of momentum conserva-
tion than the law of Bernoulli.

5. Open offices are a nuisance and frustrate the production and well-
being of employees.

6. Churches do not prioritize environmental issues as much as they
should.

7. The difference in status between Schubert’s 8th symphony and
this PhD dissertation boils down to "un”.
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Preface (Voorwoord)

Er zijn twee gebeurtenissen die mij ertoe gebracht hebben om dit onderzoek te gaan
doen namelijk een ballonvaart die ik cadeau kreeg voor mijn vijftigste verjaardag
en een project van de Volkskrant genaamd Ware Wetenschap, waarin wetenschap-
pers gevolgd werden tijdens hun onderzoek. De ballonvaart was een avontuur, die
ik samen met mijn familie heb beleefd. Tijdens de vaart zag ik hele interessante
windverschijnselen, die horen bij een stabiele grenslaag. Het idee om heteluchtbal-
lon vaarten te gebruiken als wind informatie ontstond in de wandelgangen van het
KNMI. Ik sprak met Siebren de Haan over mijn ervaringen en hij stimuleerde mij
om een voorstel te schrijven voor het project Ware Wetenschap van de Volkskrant.
Het was de bedoeling dat een journalist in de keuken van het onderzoek zou mee
lopen om te zien hoe er gewerkt wordt en waar het fout kan gaan en wat mogelijke
valkuilen kunnen zijn. Een wetenschapper behoort integer te zijn, maar door de
toegenomen publicatie druk, komt de integriteit in de verdrukking en soms worden
de data mooier gemaakt dan ze zijn. Mijn voorstel kwam op de shortlist, maar werd
uiteindelijk afgeblazen. Het onderzoek heeft echter wel doorgang kunnen vinden
en de weerslag is dit proefschrift geworden.

Tijdens een ballonvlucht met mijn familie ervoer ik dat, hoewel de ballon bewoog, ik
helemaal geen wind voelde. Natuurlijk, ook als zeiler wist ik al dat je voor de wind
weinig van de wind merkt. Een ballon wordt met de wind meegevoerd en drijft in
een stromend medium. Later op het KNMI realiseerde ik mij dat een luchtballon
indien uitgerust met GPS in feite een windmeting doet. Immers de gemiddelde
snelheid kan worden bepaald door de afstand tussen twee opeenvolgende posities
te delen door het tijdsverloop.

In dit proefschrift laat ik zien dat de verplaatsing van een heteluchtballon een
bruikbare windsnelheid oplevert die toepasbaar is als waarneming op zich en die
bovendien toegepast kan worden in een weermodel. Standard smartphones (met
de juiste app) kunnen gebruikt worden om de data in te zamelen. De wind data
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zijn afkomstig uit de onderste kilometer van de atmosfeer en zijn meteorologisch
gezien interessant omdat ze vaak de stabiliteits overgangen (stabiel < — > onsta-
biel) bevatten. Weermodellen hebben hier moeite mee. De waarnemingen geven
meer inzicht in de processen en deze kennis kan gebruikt worden om het model te
verbeteren.



Summary

High resolution upper air wind observations are sparse and additional observations
are a welcome source of meteorological information. In this thesis, it is shown that
Hot-air Balloon (HAB) tracks can be processed into useful wind data.

In Chapter one, upper air wind measurements and HABs are introduced and
viewed from a historic perspective. Some meteorological features which affect Hot-
air Ballooning are discussed and at the end of this chapter, research questions are
posed.

In Chapter two, we explore the potential of utilizing balloon flights for upper
air wind measurements and investigate the meteorological content of this informa-
tion. The displacement of a HAB is a measure for the wind speed and direction
and thus, is a potential source for wind observations in the lower part of the tro-
posphere. The balloon’s response time to changing wind is fast in the beginning
and levels off for smaller relative wind speeds. Four case studies are presented and
we compare the balloon-derived winds with other wind observations and with the
HARMONIE-AROME model. It turns out that hot-air balloon tracks can indeed
produce useful wind observations just above and in the Atmospheric Boundary
Layer (ABL).

In Chapter three, a field experiment with a HAB was conducted in the vicinity
of the meteorological observatory of Cabauw in the Netherlands. An application
(app) for smartphones has been developed to collect location data. We report
about a feasibility study of a HAB experiment where we investigated the accuracy
of the smartphone’s Global Navigation Satellite System (GNSS)-receiver using an
accurate geodetic GNSS-receiver as a reference. Further, we study the dynamic
response of the HAB to variations in the wind by measuring the relative wind with
a sonic anemometer which is mounted below the gondola. The GNSS comparison
reveals that smartphones equipped with a GNSS-chip, have an absolute position
error standard deviation of 5 m in the horizontal plane, but their relative position
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error standard deviation is smaller. Therefore, the horizontal speeds, which are
based on relative positions and a time step of 1 s, have standard deviations of
oy = 0.8ms™ ! g, = 0.6ms—!. The standard deviation in altitude is 12 m. We have
validated the hot-air balloon-derived wind data with observations from the Cabauw
tower and the results are encouraging. We have studied the dynamics of a hot-air
balloon. An empirical value of the response length has been found which accounts
for the balloon’s inertia after a wind change, and which compared favorably with
the theoretically derived value. We have found a small, but systematic movement
of the HAB relative to the surrounding air. The model for the balloon dynamics
has been refined to account for this so-called inertial drift.

In Chapter four, we compare the HAB winds with wind measurements from a
meteorological tower and a radio acoustic wind profiler, both situated at the topo-
graphically flat Cabauw observatory in the Netherlands. To explore the potential of
this type of wind observation in other topographies, we present an intriguing HAB
flight in Austria with a spectacular mountain-valley circulation. Subsequently, we
compare the HAB data with the HIRLAM model during 2011-2013 and the stan-
dard deviation of the wind speed is 2.3 ms~!. Finally, we show results from a
data-assimilation feasibility experiment that reveals that HAB wind information

can have a positive impact on a hindcasted NWP trajectory.

In Chapter five, a quality assessment is carried out by comparing HAB winds
against wind observations at the meteorological tower of Cabauw in the Nether-
lands over a long time period (May-September 2018). We have found error stan-
dard deviations of o, = 0.65 ms~! and o, = 0.69 ms~! for the measured zonal and
meridional wind components respectively. Subsequent comparison against short-
term model forecasts of the HARMONIE-AROME model reveals a standard devi-
ation of 2.5 ms™! for the wind vector difference. From the HAB observation set, a
case is selected with a rapidly changing wind field belonging to a small intensifying
depression. The HAB wind observation is applied in data assimilation using a sin-
gle observation experiment and it is shown that in a complex baroclinic situation,
the model state can be improved.

In Chapter six, we collect findings, draw conclusions and answer the research
questions and we envision how this research can be continued in the future.
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Chapter 1

Introduction



2 Introduction

1.1 Introduction

This thesis is about wind measurements based on the displacement of Hot-air
Balloons (HAB). Hot-air ballooning is a leisure activity which takes place in the
atmospheric boundary layer below altitudes of 2000 m. We explain in this thesis
that HAB flights can be processed to valuable wind observations. Upper air wind
observations in the Atmospheric Boundary Layer (ABL) are sparse and additional
in-situ observations are a welcome source of meteorological information. These
observations are useful for application in Numerical Weather Prediction (NWP)
models, because with decreasing model grid distances more detailed observations
in space and time are necessary.

Most HAB launches are made during the cooler hours of the day in the early
morning and late afternoon. At these times of day, the winds are typically light
and stationery, making it easier for launch and landing of the balloon. Flying at
these times also avoids thermals, which are vertical air currents caused by ground
heating, cold air advection or falling raindrops that make it more difficult to control
the balloon. In extreme conditions, the up- and downdrafts associated with these
processes can exceed the ability of a balloon to climb and can thus force a balloon
onto the ground (FAA, 2008). Weather predictions are important for ballooning
and we will show that these predictions can be improved, benefiting pilots, if they
provide their flight data to meteorological weather centres. In this thesis, we will
elaborate on how the data can be collected.

1.2 Historic background on the wind and its sens-
ing

In the ancient past, the Greeks were quite interested in wind. In Athens the Tower
of Winds, also named Aerides, was built near a marketplace and it showed the
wind direction by a wind vane in the shape of Triton. On the frieze, just below
the roof, wind gods were depicted which corresponded to the wind directions. The
vane pointed to Boreas in case of northerly winds, to Eurus in case of easterly
winds, Notus to southerly winds and Zephyrus to westerly winds. By knowing
the wind direction a basic weather forecast could be made, depending from which
quadrant the wind came from. Northerly wind would give chilly weather, easterly
and southerly winds would bring heat, and westerly wind would give unstable
weather, with a higher probability of rain. In the tower there was also a timepiece,
but the wind force was not measured.
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Figure 1.1: The tower of the winds at the Roman Agora (market) in Athens, source:
Wikipedia

Centuries after the Greeks, a British admiral, Francis Beaufort, invented a practical
scale for wind speed measurements. The scale consisted of thirteen classes (zero
to twelve) that did not reference wind speed numbers but related qualitative wind
conditions to effects on the sails of a frigate, at that time the main ship of the British
Royal Navy, from ”just sufficient to give steerage” to ”that which no canvas sails
could withstand”. The Beaufort scale was easy to use and could be applied by any
navigation officer. Beaufort was a contemporary of Charles Darwin and during the
expedition with the HMS Beagle to the Galapagos Islands wind speed observations
were recorded applying the Beaufort scale. The scale was made a standard for
ship’s log entries on Royal Navy vessels in the late 1830s and was adapted to non-
naval use from the 1850s, with scale numbers corresponding to cup anemometer
rotations. In 1853, the Beaufort scale was accepted as generally applicable at the
First International Meteorological Conference in Brussels. It should be noted that
the Beaufort scale did not address the wind direction.

The wind is a vector and is regarded differently by forecasters and by scientists
in fluid dynamics. In meteorology, the wind direction corresponds with bearing
over a compass. In fluid dynamics the wind is represented by two components in a
Cartesian coordinate system.

Wind barbs are a convenient way to represent both wind direction and speed on
maps and diagrams. Wind barbs have three parts: a dot, a staff, and a feather.
The staff part of a wind barb shows the wind direction. The dot end of the staff is
where the wind is blowing to, while the top of the staff shows the direction from
which the wind is coming. The wind direction is reported as a compass degree.
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There are 360 degrees on a compass, with north being 0 or 360 degrees and south
180 degrees. The wind speed is indicated by feathers added to the top of the
staff. A short feather represents a low wind speed, a long feather equals a higher
wind speed. Usually, wind speeds are given in knots or in ms~!, depending on the
application. Very low wind speeds are represented by open circles.

The World Meteorological Organization (WMO) has established a network of mete-
orological measurement instruments all over the world. Weather parameters can be
easily interchanged and the measurements should comply with standards. Nowa-
days many instruments are available for wind sensing and can be ground based,
airborne or space based.

A typical surface observation comes from wind masts and ground based wind pro-
filers. They sense the ABL at one location, but the measurements are continuous
in time. Wind lidars provide also wind information and they are easy to deploy,
while wind mast observations require more effort.

Weather balloons are airborne observations and measure the troposphere and lower
stratosphere. The wind measurement principle is based on Global Navigation Satel-
lite System (GNSS) locations. Two locations and the elapsed time deliver the
wind components. For the vertical coordinate also the pressure is used to calcu-
late the altitude. Weather balloons measure not only vertical profiles of the wind
components, but also of temperature and humidity. Nowadays effort is put into
collecting and applying the descent phase of the radiosonde in NWP models and
the results are promising (Ingleby & Edwards, 2018). In the troposphere and lower
stratosphere, air traffic (AMDAR) provides a huge amount of wind data (Petersen,
2016). The data have a good time resolution, but they are concentrated in flight
corridors; only profiles in the vicinity of airports can be obtained. At the top of the
atmosphere, satellites (a typical space-born device) obtain important observations,
e.g. Atmospheric Motion Vectors to measure the wind (Lean et al., 2015). Clouds
are detected by measuring their radiative properties. They can be identified and
tracked and a wind vector can be subsequently derived. A drawback of this method
is that clouds are not always present and their occurrence varies with height, but
in general a cloudless sky will seldom occur.

Additional wind measurements are provided from the Aeolus satellite (Rennie et al.,
2021). This satellite is in a polar orbit and provides transects of wind information
along a swath. The measurement principle is based on measuring the Doppler
shifted laser frequency from Rayleigh and Mie scattering by atmospheric particu-
lates and molecules which move with the ambient wind. The Aeolus laser beam
can not penetrate optically thick cloud layers which reduces data coverage near



1.3 History and some interesting facts of Hot-air Balloons 5

the surface. To overcome this problem, meteodrones (Sziroczak et al., 2022) can
be applied. They fly from the surface layer to the free atmosphere up to altitudes
beyond 6 km and in virtually all weather situations. Apart from profiles of wind
components they measure also profiles of temperature and humidity, just like a
weather balloon.

Third party observations are data collected by other organizations using meteo-
rological sensors. Examples are wind observations from ground based wind tur-
bines (Sun et al., 2022) and data from Air Traffic Control (ATC). A surveillance
radar interrogates aircraft and in case of Enhanced Surveillance (EHS) position,
identity, airspeed, Mach number are exchanged (De Haan, 2011), in case of Meteo-
rological Routine Airport Report (MRAR) wind speed and temperature are directly
transferred (Strajnar et al., 2015). MRAR is applied for small business planes in
less busy airports. EHS is used in busy airports with many airplanes. Additional
third party observations can be derived from the airborne gliders.

Personal weather stations provide wind information from amateurs (Garcia-Marti
et al., 2022), but the representativity and quality control are topics that need
to be addressed. The data are available on the Weather Observations Website
(WOW) platform (https://wow.knmi.nl) and wind surface maps give detailed wind
information, especially about wind gusts, which is very useful for balloon pilots.
Wind gusts can display a large variability in space and time. Extreme wind gusts
are typically very small scale and so the measurements taken only at official weather
stations leave vast distances unobserved. So, these third party wind data can
improve the spatial-temporal resolution of the regular observational network.

1.3 History and some interesting facts of Hot-air
Balloons

Unmanned HABs are already mentioned in Chinese history. Zhuge Liang in the
Three Kingdoms era, Shu Kingdom, used airborne lanterns for military signaling.
These lanterns are known as Kongming lanterns. There is also some speculation
that HABs were used by the Nazca Indians of Peru some 1500 years ago as a tool
for designing vast drawings on the Nazca plain.

The first clearly recorded instances of balloons capable of carrying passengers used
hot air to obtain buoyancy and were built by the brothers Josef and Etienne Mont-
golfier in Annonay, France. This happened during the era of the Enlightenment
at the end of the 18th century when there was a revival of interest in nature,
physics and experimentation. The Montgolfier brothers were from a family of pa-
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Figure 1.2: First ascent with a hot-air balloon in 1783 Versailles, source: Wikipedia.

per manufacturers who had noticed the ash rising in fires. After experimenting
with unmanned balloons and flights with animals, the first balloon flight with hu-
mans on board took place on 19 October 1783 with the physician Pilatre de Rozier,
the manufacture manager, Jean-Baptiste Réveillon and Giroud de Villette, at the
Folie Titon in nowadays Paris.

Officially, the first flight was one month later, 21 November 1783. King Louis
XVT had originally decreed that condemned criminals would be the first pilots, but
a young physicist named Pilatre de Rozier and the Marquis Francois d’Arlandes
successfully petitioned for the honor. The first hot air balloons were basically cloth
bags (sometimes lined with paper) with a smoky fire built on a grill attached to the
bottom. They had a tendency to catch fire and be destroyed upon landing.

Ventotene is one of the Pontine Islands in the Tyrrhenian Sea, 46 kilometres off
the coast of Gaeta right at the border between Lazio and Campania, Italy. On 19
September Ventotene celebrates the saint’s day of Santa Candida, the patron saint
of the island. There is a procession with a statue of Santa Candida crossing the
island and there is a festivity with paper HABs. There is a traditional, colorful and
extremely popular competition of paper HABs with various schools of the island
that compete with their own creations of different shapes, decorations and sizes.

HABSs travel with the wind and it is uncertain where they will land. Trajectories
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Figure 1.3: Ventotene, paper hot-air balloons, 19 September saint’s day Santa Can-
dida, source: Agenzia di Viaggi e Turismo di Ventotene.

can be used to calculate the landing place. Trajectory models are based on moving
air parcels and a HAB will slightly divert from the meteorological trajectories. A
relevant constraint is the amount of fuel they have on board and obviously their
weight. When the fuel runs out, landing is imminent. Juridically speaking every
landing is an emergency landing and can be made in principle everywhere.

This thesis explores wind sensing using the HABs in which the air is heated up with
gas burners. But it is also possible to heat the air inside the envelope with solar
energy. If the envelope is black, it can absorb the incoming solar radiation resulting
in a positive buoyancy. Solar balloons can reach altitudes of more than 20 km. If
they are equipped with light weight sensors they can sample the atmosphere for
a couple of hours (Bowman et al., 2020). This solar-powered balloon is attractive
concept for exploring atmospheres of other planets like Mars (Fathpour et al., 2014)
and Venus (Schuler et al., 2022).
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Figure 1.4: The Aeronauts, Amelia tries to reach the frozen valve on top of the

balloon, source: Amazone Prime.

1.4 Balloon movies

1.4.1 The Aeronauts (2019)

This film is about the history of meteorology and underlines the need of conducting
experiments in scientific research. It should be noted that in this film a gas balloon
is used, which has its own characteristics. For instance, a burner with fuel is not
required, but instead, a lighter-than-air gas and some redundant weight are used to
obtain and control the buoyancy of the balloon. In the Victorian Age in London,
James Glaisher (meteorologist) posed a theory that the weather could be predicted
if you would know the state of the upper air. The Royal Society did not want to
fund an expedition, because they were skeptical about his theory.

James had to rely on his family to find the funding for a balloon excursion to
explore the upper air. James and his wife Amelia, who were both pilots, left with
a gas balloon from a fun fair somewhere in London. With a cheering crowd they
started ascending and James commenced to measure pressure, temperature and
humidity. At some stage he released pigeons carrying scientific readings in case
they did not survive. They discovered an air current which was home to a group of
butterflies which confirmed James’ theory of convection. Updrafts could transport
air from the surface to high altitudes and the insects proved that the air originated
from below. They acted as a passive tracer of the air mass.

The gas balloon went higher and higher and it started snowing. Then James
became unconscious and Amelia decided to descend immediately. Unfortunately
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the valve was frozen and she had to go to top of the balloon to open the valve.
They managed to descend, but too much gas had been released and the balloon
descended too fast. To reduce the weight all redundant payload was dropped and
at last even the gondola was dropped. Eventually, they used the balloon as a
parachute and the falling speed was reduced. They managed to land safely, albeit
with minor injuries. James’ findings eventually paved the road for the first weather
forecasts.

1.4.2 Night crossing (1982) and Balloon (2018)

In 1979 two families, with eight members in total, escaped East Germany by cross-
ing the border to West Germany in a homemade HAB and they were inspired by a
HAB festival in the USA. The escape took place around 02:00 LT on 16 September
1979. The plan to accomplish this was carried out over a period of one and a half
years (including an unsuccessful attempt), the construction of three different bal-
loons, and various modifications until the successful escape occurred. One failed
crossing alerted the government, but the police (Stasi) were not able to identify
the suspects before their flight to West Germany. The second attempt began in
a remote place in Oberlemnitz (Thiiringen) close to the border. The launch place
was concealed in the middle of the woods and the ABL was stable and a ground in-
version developed. The synoptic situation showed a high pressure area over Poland
which resulted in a northern flow. During the take-off, there was considerable wind
shear. The balloon even caught fire during the ascending phase, but the brave crew
managed to extinguish it quickly. They went up to 2500 m and were drifted by a
northerly wind at a speed of 30 km/h to freedom in Bavaria near the city of Naila.
The adventurous escape was the basis of two movies namely: Night crossing (1982)
and Balloon (2018).

1.5 Buoyancy principle of Archimedes

A HAB is floating in the atmosphere and the fact that lower density objects float
in a more dense medium is described by the law of Archimedes. Here we give some
background on how this law was established. Archimedes was confronted with the
following problem: namely checking the constituency of a golden object.

The king of Syracuse on the island of Sicily had a golden crown and wanted to
know if the crown was made of pure gold. There was a suspicion that the crown
was mixed with silver because of its light color. Archimedes had to prove that the
crown consisted of pure gold and was not polluted with another constituent. When
he took a bath to think for a moment, he noticed that he was feeling lighter. Then
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Figure 1.5: 16 September 1979 02:00 LT Escape from East Germany with a hot-air
balloon, source: StudioCanal.

he remembered that gold had a higher density than silver and that gold therefore
had a smaller volume with the same weight. So, if you have the original weight of
gold from the crown in a container with water that is filled to the brim, the water
will overflow. At the moment that less water overflows than at the crown with
the original weight (given from the craftsman), this will not be the same amount
of gold. This would therefore mean that the manufacturer has mixed gold with a
metal with a lower density, for example silver.

Archimedes’ principle is the statement that the buoyant force on an object is equal

to the weight of the fluid displaced by the object. The formula is concise and
straightforward:

Fb = ngf (1.1)

= myg (1.2)

where Fy is the buoyant force and p, Vi, my are respectively the density, volume
and mass of the displaced fluid or gas, g is the acceleration of gravity.
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1.6 Atmospheric Boundary Layer

HAB flights take place in the lower troposphere where the wind is affected by the
surface due to friction, heating and cooling. This lower part of the troposphere is
called Atmospheric Boundary Layer (ABL) and the wind is governed by:

ou ou'w’
a = +fc(va - Ug) - B (1'3)
ov ov'uw’
9 —fe(ua —ug) — W (1.4)

Here f. is Coriolis force, w4, v, zonal and meridional wind in the ABL, uy, v, zonal
and meridional geostrophic wind, w/w’,v'w’ are the stress terms in respectively
zonal and meridional direction. Above the ABL, in the so-called free troposphere,
the stress terms become zero. At that height, the geostrophic balance holds in
stationary conditions. The geostrophic wind is then parallel to the isobars and
the pressure gradient force is in balance with the Coriolis force. This geostrophic
balance was discovered theoretically by the American meteorologists J.H. Coffin
and W. Ferrel. But Buys-Ballot, a Dutch meteorologist and founder of the Royal
Netherlands Meteorological Institute (KNMI) was the first to provide an empiri-
cal validation of this finding (Buys-Ballot, 1857). He also applied the law in the
planning and the safe navigation of ships at sea.

The ABL height depends on the vertical distributions of temperature, humidity
and momentum. During daytime, the depth of the ABL can rise to typically 1 km
over land in summertime, but can be much larger in dry conditions. At the surface,
the momentum is zero and at the top of the ABL the geostrophic wind determines
the momentum. The momentum varies with height, resulting in a momentum flux
and wind shear. Temperature and humidity are the driving factors behind the
buoyancy of the air. Relatively warm and dry air bubbles are lighter than the
environment and have the tendency to rise. The ABL can be subdivided in zones,
close to the surface the so-called surface layer is found.

Here in neutral conditions, with sufficient wind, the logarithmic wind profile ap-

u(z) = u—;m(%) (1.5)

where u, is friction velocity, x = 0.4 is the Von Karman constant, z is the height
and z, is roughness length. In the surface layer the stress varies very little with
height. As a result, there is hardly stress divergence and the wind direction remains
almost constant with height.

plies:
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But if we consider the whole ABL, the wind direction changes with height, which
is a well-known principle by balloon pilots. They know that normally the wind
veers with height and we will explain this phenomenon in more detail. We recall
equations (1.3), (1.4) and use first-order closure with local K-theory to estimate
the stress terms (Monin & Obukhov, 1954). Hence w'w’ = —K,, %% and v'w’ =
— K 2L

32
ol —ug) :Kma—z;’ (1.6)
A%u
fe(v—vg) = —Kp, (1.7)

022

The boundary conditions are very important in solving these equations. We choose
at z = 0,u = 0,v = 0 and at 2 = oco,u = ug,v = 0 and also a new coordinate
system is defined, where the x-axis is lined up with the geostrophic wind (Stull,
1988). This gives the following solution:

u(z) = G[(1 — e *cos(vz)] and (1.8)
v(z) = Gle " *sin(yz}], (1.9)

where G is the geostrophic wind vector defined as |G| = VuZ + % and =4/ 3 If(“m
which can be recognized as an Ekman spiral. In reality, it is difficult to establish a
full Ekman spiral, because stationarity is a hard constraint and K,,, the turbulent
diffusion coefficient, is not constant in the ABL. But there are more mechanisms
which are responsible for the wind vector turning with height.

1.6.1 Baroclinic effects

Baroclinicity is a synoptic scale effect and can result in wind turning with height.
Sometimes this effect is so strong that it can overrule the ABL regime. The term
baroclinic is derived from the Greek baro relating to pressure, and klines, meaning
inclining or intersection. In a baroclinic atmosphere, surfaces of constant pressure
intersect surfaces of constant temperature (or density) so that, in general VT #
0 on constant pressure surfaces. An equivalent barotropic atmosphere may be
regarded as a special kind of baroclinic atmosphere in which VT and V¢ on pressure
surfaces are linearly related. If we consider the wind as function of height, then
cold air advection leads to a backing wind, while warm air advection results a
veering wind with height. Note that veering is clockwise turning, and backing is
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Figure 1.6: 02 July 2018 12:00 UTC, geostrophic wind 1000 hPa (blue) 850 (red),
thermal wind (black), pressure and temperature gradient are not lined-up.
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Here T is the mean temperature in the layer between pressures py and p;. Baro-
clinicity causes the wind turning with height which allows the balloon pilots to
change their course. But sometimes the thermal wind frustrates the take-off of
HABSs, because the wind does not slow down when the ABL stabilizes. The tem-
perature drops in the evening, while the wind remains constant with an enhanced
gustiness. In the Netherlands this usually happens when there is an eastern flow of

anti-clockwise turning.

dry air and no clouds. In this special case the pressure gradient and temperature
are opposite to each other: high pressure with cold air in the Northeast and low
pressure and warm air in Southwest (Figure 1.6). This induces extra mixing which
will overrun the stabilizing effect of disappearing buoyancy.
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1.6.2 Convection in the ABL

Most HAB launches are made just after dawn or two to three hours before sun-
set (FAA, 2008). At these times of day, the winds are typically light, for easier
launch and landing of the balloon. Flying at these times also avoids thermals, which
are vertical air currents caused by ground heating that make it more difficult to
control the balloon. In the extreme case scenario, the downdrafts associated with
strong thermals can exceed the ability of a balloon to climb and can thus force a
balloon into the ground.

Hot-air ballooning can not take place in random meteorological circumstances. In
general, calm conditions with good visibility are required without strong convective
activity. Convection is ideal for birds and gliders, because they can gain height with
a minimum of effort. A thermal is simply the updraft in a small-scale convective
current. Convective currents (vertical or horizontal air movements) develop in air,
which is heated by contact with a warm surface. This heating from below occurs
when either cold air is advected (moved horizontally) over a warmer surface or the
ground is strongly heated by solar radiation. The strength of convective currents
depends on the extent to which the Earth’s surface has been heated, which depends
upon the nature of the surface. Barren surfaces, such as sandy or rocky wasteland
and plowed fields, are heated more rapidly than surfaces covered in vegetation.
Thus, barren surfaces generally cause stronger convection currents. In comparison,
water surfaces are heated more slowly. When the air is very dry, convective currents
may be present although convective-type clouds (cumulus) are absent. The general
upper limits of the convective currents are often marked by the tops of cumulus
clouds, which form in them when the air is moist, or by haze lines. However,
turbulence may extend beyond this boundary. Varying types of surfaces, and the
resultant thermal conditions, can affect a balloon to a considerable extent.

In Figure 1.7, an example of a balloon caught in thermal is given. The balloon
pilot will recognize the condition by an increase in altitude without the application
of heat from the balloon’s heater. This ascent can be rapid and may exceed the
maximum rate of climb limitations. Since the air mass is also rising with the
balloon, there is no significant pressure against the top of the balloon. Thus, the
top cap will not be pushed open (commonly referred to as “floating the top”).
Depending on their size, some thermals may have a rotating motion similar to a
small low pressure system. This motion draws the balloon in and forces it to fly in
an uncontrolled circle.

A balloon, that is caught in a thermal, is a rather scary experience. The pilot loses
control of altitude. Therefore, the pilot should insure there is sufficient altitude



1.6 Atmospheric Boundary Layer 15

Balloon flight 14 June 2013
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Figure 1.7: Example of a hot-air balloon which is caught twice in a thermal up-
draft (De Bruijn et al., 2016)

to clear potential obstacles. Secondly, the pilot should maintain the temperature
in the balloon appropriate for level flight. Many pilots attempt to descend im-
mediately, but this may put the balloon, as well as the passengers, at risk of an
uncontrolled descent with possible injury. Most thermals have a short life span. In
the depicted case, the first thermal takes 5 minutes and the second thermal even
less. At the end the thermal will “spit” the balloon out the top after a short time,
and the pilot is in control again and may descend and land as necessary. Con-
vection plays also a role on a smaller scale, namely in the balloon itself. Hot air
from the gas burner ascends, goes to the top, and then descends along the canvas
of the balloon and is then heated again. The hottest air is located at the top of
the balloon. Some balloonists prepare meals using the hot air in the balloon, see
Figure 1.8. They hang a basket on a rope from the top of the balloon to cook the

vegetables and the meat. The temperature at the top of the balloon is around 80
degrees Celsius.

1.6.3 Inversions

In stable atmospheric conditions, especially early in the morning after a radiation
night, strong winds may be encountered in the near-surface layer. A low-level jet
is likely to be present whenever there is a marked ground-based inversion (Galvin,
1999). To give some guidance on the occurrence of such nocturnal jets, radiosonde
profiles could be studied. Also the output of a mesoscale NWP could give pilots
insight into which altitudes are suitable for a balloon flight and in which layer fast
winds can be expected. Forecasters using a thermodynamic diagram can examine
a temperature inversion and the temperature to which the surface must warm in
order for the winds to mix down to the surface. This information is useful for pilots,
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Figure 1.8: High altitude cooking using the warm air in the top of hot-air balloon,
source: CuliAir.

because then they know the time they should be on the ground (FAA, 2008). A day
can start with unsuspecting light winds. However, as soon as the inversion weakens
and more momentum is mixed to the surface, higher wind speeds will occur, which
might cause a rough drag-out landing.
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1.7 Scope of this thesis and research questions

As stated before, this thesis is about a novel method to measure the wind in the
ABL. We will describe a wind retrieval method based on tracking a HAB with
GNSS sensors (see chapter 3). These sensors are built-in navigational devices from
balloonists and cell phones from passengers. A HAB is an object suspended in
the air due to its buoyancy and is unable to resist the wind, thus a HAB can be
considered as a Lagrangian drifter. However, balloon motion and the wind are not
necessarily similar, especially in case of a wind change due to wind shear or wind
gusts. Due to its inertia, the balloon needs some time to adapt and to become in
equilibrium with its driving force. During this adapting process, passengers will
feel the wind.

In this thesis we would like to address the following research questions:

1. Are HAB-winds a pie-in-the-sky conjecture or a novel method for ABL wind
retrieval?

What makes HAB wind measurements so unique?

What correction is necessary to account for the balloon’s inertia?
Can smartphones be used to collect the data?

What is a typical error in the wind of a HAB?

What kind of devices do you need to obtain the measurements?
Can HAB observations be applied in NWP models?

What are typical circulations that are caught by HABs?

© XX N ok WD

What is the recommended application of HAB winds?






Chapter 2

Observing Boundary Layer
Winds from Hot-air Balloon
Flights

This chapter is based on:
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bert A.M. Holtslag: Observing Boundary Layer Wind from Hot-air Balloon Flights,
Wea. Forecasting, 2016, 31, 1451-1463, doi:10.1175/WAF-D-16-0028.1
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Abstract

High resolution upper air wind observations are sparse and additional observations
are a welcome source of meteorological information. In this paper we explore
the potential of applying balloon flights for upper air wind measurements and
investigate the meteorological content of this information. The displacement of a
hot-air balloon is a measure for the wind speed and direction and thus a potential
source for wind observations in the lower part of the troposphere. The response
time of the balloon on the changing wind is fast in the beginning and levels off
for smaller relative wind speeds. Four case studies are presented and we compare
the balloon derived winds with other wind observations and with the HARMONIE
model. It turns out that hot-air balloon tracks can indeed produce useful wind
observations just above and in the Atmospheric Boundary Layer (ABL).
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2.1 Introduction

Hot-air balloons float in the air and travel with the wind. Global Navigation
Satellite System (GNSS) navigation data acquired during the flight, provides a
displacement during a time interval which is a measure of the airspeed. This wind
information is obtained in the Atmospheric Boundary Layer (ABL) where in general
few observations are present.

In the Netherlands there are approximately 500 registered balloons and on yearly
basis between 8,000 and 9,000 flights are made. The measurements consist of
recorded GNSS positions by courtesy of professional balloonists. A hot-air balloon
is a passive moving platform and in meteorology moving platforms are used for
collecting data like for example radiosondes. These balloons are filled with Helium
gas and have an ascend speed of approximately 5 [ms~!], because they have to sam-
ple the troposphere and a part of the stratosphere in a certain time slot. Further
controlled meteorological balloons (Voss et al., 2013) can do repeatedly soundings
and are also an attractive possibility for upper air observations. Other observations
from moving platforms are obtained from commercial aircraft like Aircraft Mete-
orological Data Relay (AMDAR) (World Meteorological Organization, 2003) and
Mode-S Enhanced Surveillance (De Haan, 2011). In addition research aircraft col-
lect also a lot of atmospheric data. For example Unmanned Aerial Vehicles (UAV)
are applied for vertical profiling of the ABL e.g. Jonassen et al. (2015) and even for
continental-scale observations (Intrieri et al., 2014). These data are received from
moving platforms which have their own propulsion. The wind speed is calculated
by subtracting the airspeed from the ground speed and therefore the airspeed has
to be measured accurately. For hot-air balloons it is simpler, because they travel
with the wind in a Lagrangian framework and therefore the displacement is closely
related to the wind. So only positions (longitude,latitude,altitude) and an accurate
time stamp are needed to obtain the wind components.

Balloon flights usually last about two hours and take generally place after sunrise
and before sunset. During the day when thermals develop, ballooning can become
dangerous, because the up- and down drafts can deform the shape of the balloon
which affects the buoyancy, resulting in dangerous drops.

The transition from stable to neutral and then unstable conditions and vice versa
are a research field of interest. In the morning there is an increasing turbulence
and in the evening the turbulence dies out. In the BLASST campaign (Lothon
et al., 2014) the evening transition was studied in Southern France. Observations
from a wide range of platforms have been applied to record this typical ABL regime
during several days in late June 2011. Beare et al. (2006) studied the same phe-
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nomenon, but then from the Large Eddy Simulation (LES) model’s perspective and
in Beare (2008) the focus was on the morning transition. In the model comparison
study GABLS3 (Bosveld et al., 2014) a diurnal cycle with an evening- and morning
transition was studied in one location, namely Cabauw.

The trajectories of hot-air balloons can be regarded as airborne wind observations
which sample the ABL in the above-mentioned regimes on different locations. Bal-
loons have been widely applied in atmospheric research, for example Businger et al.
(2006) conducted experiments with balloons which sampled at low altitudes the ma-
rine boundary layer with advanced instruments. These balloons were filled with
helium and designed to operate autonomously. Laakso et al. (2007) used a hot-air
balloon as a measuring platform. They studied particle and cluster formation and
measured profiles of aerosols. In a Lagrangian perspective, they benefited from
the effect that the balloon was carried along by the wind and thus the effects of
advection and heterogeneity did not play a big role in the measurements.

In this study the focus is on the wind in the ABL over land and instead of data
from a measuring campaign we use data from a leisure activity. The data can
be applied for process studies and model validation. Furthermore they can be
useful as an extra wind observation in the lower troposphere for the operational
forecaster.

In this paper, we start with pointing out the principle of measuring wind from
hot-air balloon flight tracks. We address the dynamics of the hot-air balloon and
the interaction with the drag forces. In the next section we describe briefly the
observations which have been used for inter comparison. We also introduce the
HARMONIE model which provides model winds that have been used for compar-
ison. Further HARMONIE is also necessary to get insight of the meteorological
background. Subsequently, in section 3 we present four case-studies during 2013
with interesting meteorological features on different scales. In the final sections we
discuss the results followed by conclusions and outlook.

2.2 Characteristics of a hot-air balloon

2.2.1 Hot-air balloons as wind measuring device

In meteorology radiosonde balloon observations are a well known measuring method
that is used for determining wind, temperature, humidity at various altitudes. The
radiosonde balloon is tracked with GNSS and from two consecutive positions the
wind speed and -direction can be derived using the time delay between these points.
The radiosonde or sounding balloon has an initial content of 1.5 [m?] and its purpose



2.2 Characteristics of a hot-air balloon 23

Figure 2.1: Photograph of a hot-air balloon.

is to measure profiles of wind, temperature and humidity. A sounding balloon has
an elastic envelope, is filled with helium gas and ascends until it bursts in the
stratosphere.

A hot-air balloon (Fig.2.1) has a non-elastic envelope and the content varies from
3,000 to 8,000 [m?]. In contrast to the sounding balloon, a hot-air balloon remains
on a more or less constant level and stays in the lower troposphere. The ceiling
of a flight is usually not higher than 2,000 [m]. The energy to heat the air in the
balloon is supplied from a propane heating device. The buoyancy is dependent on
the temperature excess between the balloon and the surrounding air. To deter-
mine the wind speed and direction, we make use of the movement of the hot-air
balloon. A hot-air balloon is about 30 [m] high and the payload has a mass of
about 500 [kg]. The total mass of the balloon varies between 4,000 and 10,000 [kg].
For the navigation the balloonist uses a GNSS-receiver. In this paper the three
dimensional positions were recorded at a maximum rate of 4 [Hz]. Two successive
positions in combination with the time interval deliver the velocity of the air in
which the balloon is submerged. The flying height is determined by the balloonist,
while the vertical displacement is influenced by buoyancy, turbulence and other
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external factors. The accuracy of the measured position depends mainly on the
constellation of the satellites. Typical values for the standard deviation in the hor-
izontal and vertical plane are 2.5 [m] and 30 [m], respectively. In the vertical this is
quite inaccurate and therefore some dedicated GNSS-receivers are equipped with a
barometer which reduces the error. The balloon flight is a leisure activity, but the
recorded GNSS data conceal useful meteorological information. In fact the data
are a kind of byproduct and it requires some organization to obtain them, but there
are no substantial costs involved. Finally, it should be noted that a hot-air balloon
is not a rigid body and that it will deform easily. For this reason hot-air ballooning
takes only place in light wind conditions with moderate turbulence and without
intense up and down drafts. Practically speaking, the wind speed should be less
than 6 [ms~!] and during the take-off the gustiness should not be excessive.

2.2.2 Drag and response time

During the launch the balloon experience a certain drag force, but as soon as it
takes off the drag force decreases. During the flight the balloon feels the drag as
soon as the relative speed is not zero anymore, for instance when the balloon enters
a layer with vertical wind shear.

For large objects moving through the air, the air resistance is approximately propor-
tional to the square of the velocity difference. The form of the resistance (Johnson,
1954) is
F,= *%Cdpﬂ'R2|U| v (2.1)
where v = vpq; — Vair, the relative velocity between the speed of the balloon (vpg;)
and the air velocity (vgir), cq is the dimensionless drag coefficient, p is the air
density [kgm 3] and 7R? is the cross sectional area [m?] of the hot-air balloon. Note
that the drag force has an opposite sign compared to the relative velocity. The drag
coefficient ¢4 is 0.4 for a spherical object in a laminar flow (Munson et al., 1990)
and can become larger for irregularly shaped objects. For small relative speeds
the viscous friction gives an extra term, namely the Stokes’ drag force (Johnson,
1954):
Fsiokes = —6mpRv (2.2)

where (1 is the dynamic viscosity of air, 1.9983.1e-5 [Pa-s|, and R is the radius of the
balloon [m]. Because the balloon is going to be used as a wind measuring device,
we study the balloon’s response time on a changing wind.

Applying Newton’s second law the following differential equation is obtained:

1 d
icdpﬂ'R2|v| -v + 6mpuRY + mbald—: =0 (2.3)
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where my,; is the mass [kg] of the balloon including the payload. If we divide

12
cqRe

where Re is the Reynolds number (Re = "%R) The linear term becomes relevant
if Re < 30 and given the dimensions of the balloon (R=10 [m]) the velocities
should be smaller than 10~5[ms~!]. Alternatively we can interpret (Z—“R as the
time constant related to the frictional effect and we arrive at values of 10°[s].

the linear term by the quadratic term, the following ratio can be composed:

Conclusively the viscous friction term in equation 2.3 is very small and can be
neglected. The equation is rewritten as follows:
capm R? dv

lv| v+ — =0 (2.4)

2Mpal dt

and we solve this equation with respect to time to get an expression for v:

1
at+%

o(t) = (2.5)

% and wg is the relative wind speed at ¢t = 0. By applying

Archimedes’ law we obtain mpg = p%ﬂ'R3, where p is the density of the air in
the environment. Subsequently a can be simplified to a = %%ﬁl, which can be rec-
ognized as an inverse length scale. Equation 2.5 reveals that the balloon does not

where a =

respond with a response time in terms of a e-power decay, but with a response
length, just like a cup-anemometer (Kristensen, 1998). The difference between the
hot-air balloon and a cup-anemometer is that the latter has a fixed position and
in moderate wind speeds an equilibrium state is quickly reached. In our case, the
balloon moves with the wind and the relative speed becomes smaller. This implies
that its response time grows. The concept of the response length (being %%) shows
us that the balloon’s response time to a certain wind jump corresponds to the time
it takes for the relative velocity to travel a distance of 10R.

In Figure 2.2 we present the relative wind speed as a function of time. It is seen
that it takes 300 [s] before the initial speed difference of 2 [ms~1] is reduced to 10
percent. In the beginning the response is fast and levels off as the speed difference
becomes less. So it takes a couple of minutes before the hot-air balloon eventually
travels with the ambient air velocity. This makes sense because a hot-air balloon
is a large body with a substantial weight. Due to the inertia of the hot-air balloon,
its displacement does not capture the small scale variations in the wind pattern.
The wind observations represent an average in space and time.
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Figure 2.2: Response time of a hot-air balloon due to a step-wise changing wind.

2.3 Inter comparison data

In this study we have applied data from the KNMI observation network. It should
be noted that some of the balloon flights (see Fig. 2.3b) took place in areas where
wind observations in the lower atmosphere were not present and therefore we also
used a numerical weather prediction (NWP) model for comparison (see Fig. 2.3a).
Further we have used the model to study the meteorological circumstances of the
balloon flights. We have chosen the HARMONIE model because this NWP repre-
sents the wind quite well, especially in the ABL (Baas et al., 2015).

2.3.1 Routine observational network

The KNMI network consists of 33 automatic weather stations on land, 15 wind poles
in coastal areas and 13 automatic weather stations on North Sea platforms. In this
study the focus was on the wind which is sampled every 12 [s] and becomes available
as 10 minutes averages. For the upper air a radiosonde launch is available, but that
is only launched at midnight. Other upper air observations are supplied by a RASS
wind profiler and tower observations. Each observation has its own characteristics,
i.e. radiosondes deliver profiles of wind, temperature and humidity but they are not
frequently sampled, aircraft observations deliver wind and temperature information
with a high sampling rate but their locations are in small corridors above the
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Figure 2.3: a) HARMONIE domain (2.5 km grid resolution, 800 by 800 grid points)
b) Hot-air balloon tracks and the nearby observations which are used for the inter
comparison. The balloon tracks are presented as wind flags; a full barb corresponds
with 5 [ms™!], the color is a measure of the height.

tropopause. Further, they measure also vertical profile data from the take-off and
landing areas. Recently new aircraft sensors also deliver humidity observations,
albeit in small numbers. Synops give observations on surface level every hour, but
they are representative for the local scale. In our study we also use Cabauw data,
because two of the flights took place in surroundings of the KNMI observatory at
Cabauw, the Netherlands. This observational site is located in a rural area, 20 km
southwest of the city of Utrecht. There is a 213 [m]| high tower with wind sensors
at 10, 20, 40, 80, 140 and 200 [m] and the data are available as 12 [s] and 600 [s]
averages. At the site a whole range of instruments is deployed and amongst them
there is a RASS wind profiler. The wind profiler measures wind profiles up to 4000
[m], dependent on the concentration of small particles.

2.3.2 NWP

In this study we have used data from HARMONIE (Cycle 38) (see Fig. 2.3a) which
has been implemented at the computer system of the ECMWF. HARMONIE is a
non-hydrostatic model (Seity et al., 2011). which has a horizontal resolution of 2.5
km. In the vertical, there are 65 layers defined and 10 layers are positioned in the
lower 2 km. HARMONIE covers an area as large as Western Europe and receives
lateral boundary layer (LBC) information from the global ECMWF model. HAR-

Height (m)
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MONIE runs every three hours and a 3D-VAR Data-assimilation scheme is used
with time window of 1.5 hours. The following surface observations are assimilated:
synops, buoy and ship for ground level, in the upper air radiosondes and aircraft
observations are used. The analysis tries to optimally combine the information
based on the previous model run (first guess) and the observations.

Relevant parts of the model for the ABL processes are the turbulence- and the land
surface scheme. The turbulence scheme describes the transport of momentum, heat,
humidity from the earth’s surface to the atmosphere and vice versa on the basis
of the Turbulent Kinetic Energy (TKE) equation. The turbulence and convection
schemes work together in the framework of an Eddy Diffusivity Mass Flux (EDMF)-
scheme (Siebesma et al., 2007) which adequately describes up- and down-drafts.
In the land surface scheme the energy balance is solved. The soil moisture content,
air temperature, humidity and wind speed as well as the surface albedo, roughness
lengths, soil temperature profile and the heat conductivity of dry soil affect how
the net amount of radiation is distributed over sensible -, latent - and soil heat flux.
The roughness lengths, vegetation and land-use are important parameters which
have a clear impact on the wind profile. The surface data are derived from the
ECOCLIMAP database.

2.4 Case-studies

Now we present four case-studies of hot-air balloon flights during the summer of
2013. The first case is about a large scale baroclinic phenomenon which is well
captured by KNMTI’s observation network.

2.4.1 Occluded front, 28 May 2013

Although balloon flights usually took place in fair weather conditions, this flight
from Amersfoort to Utrecht (see Fig. 2.4a ) commenced when thunderstorms were
developing in the southern part of the Netherlands. These thunderstorms be-
longed to an occluded front which moved slowly in North easterly direction and
approached the area where the balloon flight took place. Just before the occluded
front a convergence line in the wind field could be recognized (see Fig. 2.4b). This
was the area where two air masses collided. Despite the adverse weather forecast
the balloonist decided to take off and during the flight the wind direction was
steady around 90 degrees, the wind speed was more variable and increased slightly
when the balloon went up to higher levels (see Fig. 2.5a). When the balloonist
approached the city of Utrecht he realized that he would fly over an urban area
with limited possibilities to land. Therefore he decided to land in the outskirts of
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Figure 2.4: a) Wind data based upon a hot-air balloon flight from Amersfoort to
Utrecht in the evening of 28 May 2013. b) Weather map of 28 May 2013 18:00 UTC
with an occluded front (magenta) and a convergence line (red).

Utrecht which was still rural area. During the descend, the passage of the frontal
system set in, resulting in a wind direction change of 120 degrees. The balloon
was pushed in a more favorable area to land, but the gustiness as reported by the
balloonist increased which hindered the landing. The balloonist lost control and
was forced to land in a ditch. This sudden wind change was also recognized at
the nearby KNMI stations De Bilt (5 km) and Cabauw (30 km) as depicted in
Figure 2.5b. Note that this frontal system arrived one hour earlier at Cabauw and
was also recognized at 200 m. All in all, the wind information from this balloon
track confirmed the passage of the frontal zone and provided extra vertical wind
information. In the next case we present a very small phenomenon which is hardly
visible in the KNMI observational network.

2.4.2 Major wind-shifts, 14 June 2013

In this case a sea breeze circulation develops and at the same time a depression on
the Atlantic ocean deepens and moves slowly eastwards. The pressure gradient is
small and there is a gradual transition from a southerly to a westerly flow. In this
transition zone substantial wind-shifts develop which have impact on the balloon’s
track. From the Figures 2.6a and 2.7a it is seen that the balloon remains more
or less at the same altitude and describes two circles in a time span less than 300
[s]. These features are not artifacts from the GNSS system, because the balloonist
has confirmed (personal communication) that two circular tracks were flown. The
balloonist managed to escape from the unsettled conditions by ascending to a higher
altitude where the flow is less variable.
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Balloon flight 28 May 2013 Wind observations 28 May 2013

- 2 300 Cabauw 200 [m]
E 600 = 240 B B

£ 400 é 180 va

] g 12070, P —

2 200 £ 60 - -

0
Eﬂ 270 18:20 18:30 18:40 18:50 19:00 17:30 18:00 18:30 19:00 19:30

g De Bilt 10 [m] et
180 = 240 Cabauw 10 [m] e
§ 180 A~ /
90 T 120 - % |
4
s

P et e

wind direction [d

=

oNsO®OO

18:20 18:30 18:40 18:50 19:00 17:30 18:00 18:30 19:00

M i
18:20 18:30 18:40 18:50 19:00 17:30 1800  18:30  19:00

7 S
a) time [UTC] b)

19:30 0:00

4 e N
=S o maan e St

windspeed [m/s]

speed [m/s]
on s o w®

19:30 20:00

Figure 2.5: a) Height, wind direction and -speed during 28 May 2013 along the
trajectory of the hot-air balloon b) Wind observations at Cabauw and De Bilt during
28 May 2013, Note that the wind shift arrives 1 hour later at De Bilt.

Interestingly, the observations in Lelystad and Marknesse in Figure 2.7b show a
significant wind change during the flight of the hot-air balloon. This change arrives
later in Marknesse which indicates that a convergence zone is passing over. The
NWP output confirms this. The observations are measured at 10 [m] height and
are averaged over 600 [s]. The first circle takes 300 [s], the second one takes
only 180 [s] with diameters of few hundred meters. Note that the height slightly
varies. The sampling rate of the KNMI network can not represent this small scale
phenomenon. A higher sampling rate is required to capture the details of this wind
shift. Moreover the measurements are taken at 10 [m] height while the wind shifts
are observed at approximately 200 [m] height.

The small scale phenomena are for the same reasons not represented by the NWP
model (see Fig. 2.6b), because the horizontal and the temporal resolution are too
coarse i.e., the grid size is 2.5 km and the output frequency is 1 hour. It is evident
that the wind shifts are a sub grid scale feature which are not resolved by the model.
Possibly a nested run with a very high resolution or a LES-model simulation might
reveal these wind patterns. On the other hand due to the balloon’s inertia (see
section 2.2.2) not all variations in the wind are captured, so the accuracy of the
balloon based wind measurement is questionable especially in this case. At the
end of the flight at heights below 200 m, the balloon meets again variable winds,
resulting in a curved trajectory (not shown). Without further experiments an
explanation of this event is rather speculative, but it is possible that a convergence
line with embedded updrafts has passed over the area where the hot-air balloon
flight took place.
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Figure 2.6: a) Circular wind patterns recorded from a balloon’s track between 18:20
and 18:30 UTC during 14 June 2013, Note that the wind data are multiplied by a factor
2. b) HARMONIE +03h forecast at model level 55 valid at 18:00 UTC 14 June 2013.
Distance between two wind flags is 5 [km]. Note that model level 55 corresponds with
200 [m] AGL, which is the altitude of the balloon at the beginning of the flight.
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Figure 2.7: a) Height, wind direction and -speed during 14 June 2013 along the

trajectory of a hot-air balloon. b) Wind observations (10 [m] height) at nearby stations
during 14 June 2013.
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2.4.3 'Wind shear during a hot summer day, 18 June 2013

During this case the trajectory of the balloon is curved because the balloon goes
up and down in an ABL with a lot of wind shear (Fig. 2.8a ). It is a hot summer
day with northeasterly winds and there is a distinct temperature contrast over the
Netherlands. In a barotropic atmosphere the wind changes with height due the
vertical gradient in stress between the top of the surface-layer and the free atmo-
sphere. As a result the wind veers with height (clockwise turning), which is the
so-called Ekman spiral. However the wind can also change with height because
of baroclinic effects. If the horizontal temperature gradient in a certain layer is
positive, the wind veers with height, conversely if the horizontal temperature gra-
dient is negative, the wind backs (anti-clockwise turning) with height. Using NWP
output we have calculated the geostrophic wind based on the pressure gradient and
the Coriolis force and found that the geostrophic wind changes with height which
confirms the presence of the thermal wind.

The balloon takes off from a city park and goes in southerly direction. During the
ascent the balloon’s trajectory veers with height (Fig. 2.8b) and goes eventually
northwest. At 19:10 UTC the balloon descends slightly and due to baroclinic and
frictional constraints the wind backs. The balloon goes up and the wind veers again.
At 19:34 the balloon prepares for landing and remains during 10 minutes below 200
[m]. The balloon goes again in southerly directions and the wind turns further to
northwesterly directions. The wind is more steady with speeds of 4 [ms~!] which
is in contrast with the variable winds at the beginning of the flight.

In Figure 2.9 we compare the balloon wind data during the last 20 minutes of
the flight with HARMONIE data and with the observations at Cabauw. The
HARMONIE data consist of the 401 and +02 forecasts starting from the analysis
at 18:00 UTC. The wind-profiler is located at Cabauw and the data is available
as a 30 [min] average. Due to the radar reflections from the nearby obstacles (
i.e. tower) the wind-profiler data are unreliable under 400 [m]. Also the averaged
wind data from anemometers from the mast are shown. There is some wind shear
in the model but it is under estimated. The wind-profiler and tower observations
as well as the balloon derived winds reveal more gradient. Perhaps the turbulence
scheme is not able to represent this gradient due its parameterisation and due to
an insufficient vertical resolution. Another reason might be the representativity of
the roughness length in the grid-box of the model. Further it should be noted that
there are slight timing and location mismatches between the moving balloon and
the observations at Cabauw.

All in all the balloon derived winds are closer to the other observations than to
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Figure 2.8: a) Wind data derived from a hot-air balloon flight from Utrecht to Cabauw
during 18 June 2013 18:40-19:50 UTC, also the tower observations at Cabauw at 60 [m]
and 200 [m] are depicted at 19:30 UTC. b) Height, wind direction and -speed during
18 June 2013 along the trajectory of the hot-air balloon.

the HARMONIE model. It is obvious that this trajectory reveals an interesting

Lagrangian representation of an atmospheric flow in baroclinic conditions with
veering and backing winds.

2.4.4 Low level jet, 28 September 2013

Now we present the final case with a typical ABL and a baroclinic effect in an area
where no other observations are present. This flight which is depicted in Figure
2.10a, takes place early in the morning in a stable atmosphere with clear sky
conditions. The Low Level Jet (LLJ) usually occurs on top of the stable boundary
layer when the turbulent mixing ceases when the ABL becomes stable due long
wave radiation cooling (see Baas et al., 2009). The frictional effects are reduced in
a shallow layer above the top of the surface inversion and within the residual layer
from the previous convective mixed layer. The ageostrophic wind in the residual
layer was in balance with the frictional forces in the late afternoon and goes through
an inertial oscillation and the period is around 15 hours. This flight takes place at
the end of this oscillation during the morning transition.

As soon as the balloon takes off, the wind speed increases from 0 to 12 [ms™!]
and it is clear that the balloon has entered the LLJ. This jet is located in a small
vertical zone not higher than 500 [m] (see (Baas et al., 2009)) and also occurs in
HARMONIE (see Fig. 2.11). The sharp gradient in the wind speed is recognized in
the model and in wind data from the hot-air balloon track. Note that the first 10
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Figure 2.9: Inter comparison of wind observations at Cabauw (tower, profiler, balloon)
and HARMONIE data during 18 June 2013 19:30-20:00 UTC.
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Figure 2.10: a) Balloon wind data from a morning flight during 28 September 2013

06:10-07:36 UTC b) Height, Wind speed and -direction during 28 September 2013
06:10-07:36 UTC.



2.5 Discussion 35

1800 1800
—e— harm03 valid 06:00 UTC
+ balloon 06:10-06:15 UTC
1600 - 1600 -
1400 - 1400 -
1200 A 1200 -
£ 1000 1000 -
=
(=2}
‘T 800 800
4
600 600
400 A 400
+
200 200
+
0 it . ! : 0 ! ! ; .
0 3 6 9 12 15 0 40 80 120 160
wind speed(ms™!) wind direction(deg)

Figure 2.11: HARMONIE profile 2013092803 +03 valid at 06:00 UTC and balloon
derived wind data, just after taking off near Apeldoorn.

minutes are shown and model and observations are in good accordance. However
the observation show some noise, possibly caused due to the unsettled conditions
during the take-off.

At 06:25 UTC (see Fig.2.10b) the balloon descends about 100 [m] and leaves the jet
immediately. Subsequently the balloon rises gradually and crosses the LLJ again
and arrives at a height of 1500 [m] which is also the ceiling of the flight. The
change in the wind speed and direction is clearly present in the recorded data.
At 1500 [m] the wind speed decreases to values of 4 [ms~1], but it is remarkable
that the wind direction changes from east to northeasterly direction. It is seen
that during the ascend the wind direction changes counter-clock wise. This change
in wind direction is caused by the advection of cold air, which is confirmed by
HARMONIE (see Fig. 2.11 right panel). While descending to lower levels the
balloon encounters again the wind direction change and the LLJ and it is clear
that the flow has been quite stationary.

2.5 Discussion

In this paper we have shown that balloon-derived winds are an interesting new
type of upper air observations, however there are some remarks which have to be
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made. At low altitudes the movement of the balloon is also influenced by other
forces like surface friction when the balloon is dragged over the ground. For this
reason, the observations under 10 [m] are excluded in the data-set. An automatic
quality control algorithm as developed by Houchi et al. (2015) would have been
useful. Such an algorithm does the pre-processing and creates a reliable data-set
with reduced errors. Since the data-set consists of 4 case-studies only, we have
inspected the data visually and removed outliers by hand.

The short term fluctuations in the wind vector are also not properly measured, as
a result of the inertia as discussed in section 2.2.2. Moreover we have neglected
the acceleration term in the derivation for the wind speed. For the application in
data assimilation it is essential that the observations are in agreement with the
dimensions of grid box. Due to the response time of the balloon, the small scales
are inherently filtered out. A spectral analysis of the hot-air balloon data would
reveal which scales are present and this a subject for future research.

Finally we address the inaccurate vertical coordinate which is caused by instrument
noise and by the coordinate system. The local geoid can deviate from the WGS’84
ellipsoid as applied in the GNSS system, but this error is not substantial.

2.6 Conclusions and outlook

Hot-air balloon tracks revealed interesting meteorological features ranging from the
meso- to the micro scale and can be useful for process studies and for validating
a NWP model. Process studies presented in this paper, comprise the scope of
turbulence, shallow convection and air-surface interaction.

Hot-air balloon data are obtained without large investments or without the presence
of an operator. However, the data are available in a limited period of the day
and only during fair weather conditions. The data were collected with simple
instrumentation by frequently sampled positions and time stamps from a GNSS-
receiver. The wind speed and direction were derived by simple time differencing.
We showed that a hot-air balloon responds quickly on a step-wise changing wind in
the beginning and the velocity difference decays slowly asymptotically. This can be
expressed in terms of a response length. We presented four interesting trajectories
which reveal valuable wind information of the lower atmosphere.

This study is based on off-line GNSS navigation data which are received from
collaborating balloonists. This new observation type can also be used in the op-
erational weather service as an ABL wind observation and might be useful for
guidance of other balloonists .
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For that an infrastructure to collect the data in timely fashion is necessary. There
are two ways to proceed: Firstly, data can be collected via Air Traffic Control
(ATC), in that case the hot-air balloons should be equipped with a transponder.
There are technical constraints because a transponder requires a power-supply and
also navigational data should be provided.

Secondly, citizen technology can be applied. This means that the data are collected
by balloonists and passengers who carry a smart phone with a dedicated app.
At KNMI work is in progress to realize this possibility and the first results are
encouraging.
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Abstract

A field experiment with a hot-air balloon was conducted in the vicinity of the
meteorological observatory of Cabauw in the Netherlands. Recreational hot-air
balloon flights contain useful wind information in the Atmospheric Boundary Layer
(ABL). On a yearly basis between 8000 and 9000 flights are taking place in The
Netherlands, mainly during the morning- and evening transition. An application
(app) for smartphones has been developed to collect location data. We report
about a feasibility study of a hot-air balloon experiment where we investigated the
accuracy of the smartphone’s Global Navigation Satellite System (GNSS)-receiver
using an accurate geodetic GNSS-receiver as a reference. Further, we study the
dynamic response of the hot-air balloon on variations in the wind by measuring
the relative wind with a sonic anemometer which is mounted below the gondola.
The GNSS comparison reveals that smartphones equipped with a GNSS-chip, have
in the horizontal plane an absolute position error standard deviation of 5 [m], but
their relative position error standard deviation is smaller. Therefore the horizontal
speeds, which are based on relative positions and a time step of 1 [s], have standard
deviations of o, = 0.8]ms~!], 5, = 0.6[ms~!]. The standard deviation in altitude is
12 [m]. We have validated the hot-air balloon derived wind data with observations
from the Cabauw tower and the results are encouraging. We have studied the
dynamics of a hot-air balloon. An empirical value of the response length has been
found which accounts for the balloon’s inertia after a changing wind, and which
compared favorable with the theoretical derived value. We have found a small,
but systematic movement of the hot-air balloon relative to the surrounding air.
The model for the balloon dynamics has been refined to account for this so-called
inertial drift.
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3.1 Introduction

There is a growing need for wind observations in the Atmospheric Boundary Layer
(ABL), for numerical weather forecasts, air pollution, and for site investigations
of wind farms. Hot-air balloon tracks can provide interesting wind information
of the lower atmosphere. Hot-air balloon flights usually take place during atmo-
spheric conditions without strong convection and turbulence. These conditions can
be found just after dawn and just before dusk and they are called the transition
periods. The evening transition has been extensively investigated, for instance by
Lothon et al. (2014), but the decaying turbulence in a stabilizing ABL is still not
fully understood and more experimental data are necessary. There is a long tradi-
tion in launching upper-air balloon soundings, but these observations are infrequent
and sample a vertical profile of the atmosphere and while ascending the balloon
remains relatively short in the ABL. There are several other methods to measure
ABL winds, such as wind profilers, sodars and wind-lidars. These observations are
collected at fixed locations. Wind observations in the ABL can be also obtained
from moving platforms. Laakso et al. (2007) and Pet&ja et al. (2012) used a hot-air
balloon to study aerosols in the ABL. Also, Doerenbecher et al. (2016) showed that
balloons are useful for sampling the atmosphere and that horizontal winds can be
derived from the data of drifting low-atmosphere balloons. They used constant
level super-pressure balloons, which could remain in the troposphere for several
days.

In this paper, the focus is on a typical recreational hot-air balloon which can re-
main a couple of hours airborne. The principle of flying is buoyancy. Ambient air
is burned with propane and the hot exhaust gas has a lower density than the sur-
rounding air which gives buoyancy. Hot-air balloons are also called Montgolfiere’s
after the French Montgolfiere brothers who flew the world’s first hot-air balloon at
the end of the 18th century. Hot-air balloon flights are a leisure activity, but will
be possibly applied to explore other planets. Fathpour et al. (2014) studied the
feasibility of the reconnaissance of Titan, Mars, and Venus with hot-air balloons.
A Montgolfiere does not have to be inflated with a light gas such as helium and is
not vulnerable to leaks, because leaking air can be quickly replaced and re-heated.
However, the balloon flight time is restricted to an external heat source.

The Royal Netherlands Meteorological Institute (KNMI) provides special forecasts
for hot-air balloon operators which are useful for guidance and trajectory planning.
The start location is usually selected in a way that the balloon is not going to land
in undesirable areas like cities, motorways or lakes and the balloonist tries to avoid
damage to crops and livestock, if a landing in a rural area is foreseen. Of course
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also the weather conditions should be favorable with regard to cloud base, visibility
and wind(gusts).

De Bruijn et al. (2016) revealed that trajectories from recreational hot-air balloon
flights provide interesting wind information in the ABL. They showed interesting
meteorological phenomena like wind jumps near fronts and low-level jets which
were not captured by the standard observation network of KNMI.

This paper describes a scientific field experiment in the surroundings of the Cabauw
meteorological tower (213 [m]) and we investigate if smartphones can be applied
to track hot-air balloons and if we can derive wind data from it. The idea is that
many balloon pilots or passengers will start using a special smartphone app that
exchanges location data. This will result in wind measurements of the lower part of
the atmosphere. The attractiveness of a smartphone app is that it can sample the
position and transfer the data using the telecommunication network. A dedicated
app is developed which controls this functionality. It is clear that this observation
method does not require big investments but will rely on the collaboration of people
on board of a hot-air balloon.

The main goal of the hot-air balloon flight experiment is to assess the accuracy
of the smartphone app and the validation of the obtained wind data. To achieve
this, measurements have been collected from an accurate geodetic GNSS-receiver
and two smartphones. A second goal is to study the airflow relative to the balloon
by measuring data from a sensitive sonic anemometer which is mounted in a rigid
frame underneath the gondola. Canut et al. (2016) conducted an experiment with
a 3D sonic anemometer underneath a tethered balloon and their goal was to study
the turbulence in the ABL. In our experiment, the sonic anemometer was mounted
on a moving platform and the aim was to study the relative wind and the response
of the balloon on the changing wind. Our hot-air balloon flight took place in the
vicinity of the village of Cabauw and closely passed along the KINMI observatory
which comprises also a meteorological instrumented tower.

At first, we describe in section 2 the instrumentation and the focus is on the
smartphones and the sonic anemometer. In section 3, we present results from
the hot-air balloon test flight which took place in the surroundings of Cabauw. In
section 4, we study the noise characteristics and temporal drift of the GNSS sensors
of the smartphones. Subsequently, we determine how the error in position (lon,lat)
propagates into the derived wind components (u,v). In section 5, we validate the
balloon derived wind with tower observations at Cabauw. In the following section
6, we will discuss in more detail the measurements from the sonic anemometer and
the geodetic GNSS-receiver. We will derive a mathematical explanation for the



3.2 Instrumentation 43

fact that the observed relative flow is not equal to zero. Finally in section 7, we
will make an attempt to find an empirical value for the length scale in the response
function as proposed by De Bruijn et al. (2016). This paper ends with a discussion
(section 8), followed by conclusions and recommendations (section 9).

3.2 Instrumentation

Here we describe the instruments that we have used during the experiments and we
limit ourselves to describe the instrumentation on board of the moving platform.
For a description of the meteorological tower measurements, we refer to Van Ulden
& Wieringa (1996). Further, we have used off-the-shelve smartphones with pro-
prietary technology and took their performance capabilities and limitations as a
constraint for our experiment. Our focus was to calculate wind information from
hot-air balloon tracks. Consecutive GNSS positions of the moving hot-air balloon
and the corresponding time difference were ingested to our algorithm which deliv-
ered wind information. Our aim was not to conduct a profound investigation of
the geodetic aspects of the GNSS devices.

3.2.1 Smartphones and portable GNSS-devices

The low-cost smartphones Nexus 5 and 5x, equipped with ordinary GNSS-receivers,
are used to track the hot-air balloon. GNSS chip sets are omnipresent in smart-
phones these days. Yet the underlying position accuracy of these GNSS-receivers
is rather poor, compared to geodetic GNSS receivers. Under good conditions, 2-
to-3-meter-accurate positioning is typical; under adverse conditions, the accuracy
degrades to 10 meters or worse.

The smartphones were equipped with a smartphone application (app), which was
developed by KNMI. This app performed the collection of the sensor data and
transmission of the data to a server at KNMI. The apps were developed for Android
and TOS operating systems.

The apps could not directly access the physical sensors embedded in the smart-
phones. Raw sensor signals from physical sensors were processed by the smart-
phone’s operating system (OS) and made available to applications in a standard-
ized format as a smartphone sensor (Kos et al., 2016). Also the raw data, received
from the orbiting satellites were not accessible for the end user. We applied the
already processed data provided from the OS of the smartphones, which were the
coordinates (longitude, latitude, altitude). During the field experiment, smart-
phone Nexus 5 was held by a person and was also used to take photographs during



Measuring Low Altitude Winds with a Hot-air Balloon and their
44 Validation with Cabauw Tower observations

the flight. The smartphone Nexus 5x was firmly mounted on the rim of the gondola
of the balloon. This smartphone recorded information of location, magnetic field,
acceleration, orientation, roll, pitch, angular velocity as well as sound level and
light intensity.

The smartphone apps were written in Java and dedicated API’s were applied to
retrieve the data of the sensors. Information of the different sensors was combined
and stored with a sampling rate of 0.1 and 1 [s] for respectively the Nexus 5x and
the Nexus 5 smartphone. The Nexus smartphones were equipped with Assisted
GNSS (A-GNSS) which was a technique where Almanac and Ephemeris data were
obtained from the telecommunication network when staying in poor satellite signal
conditions.

We also used navigational data from the balloonist (Garmin 60Csx). The naviga-
tion data were stored in irregular intervals varying from 4 to 20 [s]. The sampling
rate was dependent on the curvature of the track to reduce the storage of data. In
previous studies, these data have been used to render ABL winds (De Bruijn et al.,
2016) and we investigate how this navigation device compares with other GNSS
sensors in this experiment.

Finally, it should be noted that only the smartphones were able to transfer their
data to a server at KNMI. This offers the possibility to apply the wind data in the
data-assimilation module of a NWP model, when a timely availability is crucial.
A limitation is that the transfer can only take place when the smartphones are in
range of the telecommunication network. The other devices stored their data on
local media and were not linked to an external network.

3.2.2 Geodetic GNSS device

During the experiment flight the hot-air balloon’s position was measured with a
Trimble R7 GNSS-receiver, an accurate device with a standard deviation in longi-
tude,latitude and, altitude coordinates in the order of centimeters. This geodetic
receiver uses data from GPS and GLONASS satellites. A special light weight pole-
antenna was firmly tightened to the gondola. Unfortunately, the position data
were not real-time available. During the flight the raw GNSS-receiver observations
were collected and stored. The accurate location data were obtained after post-
processing. The applied method is called D-GPS (Differential Global Positioning
System). Using a reference network of fixed GNSS-receivers on exact locations
in the Netherlands (NETPOS), the biases of (e.g. satellite position, ionospheric
and troposphere delay) were characterized and applied on the collected data of
the moving platform. In this paper, the Trimble R7 GNSS-receiver data will be
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regarded as the reference.

3.2.3 Sonic anemometer

In the experiment, we have measured the relative wind using the IRGASON 3D
Sonic anemometer (Campbell, USA), hereafter labeled as SONIC. This device is
designed specifically for eddy-covariance flux measurements. The SONIC measures
simultaneously carbon dioxide, water vapor density, barometric pressure, three-
dimensional wind speed, and sonic air temperature and its sampling rate is 50
[Hz]. Acoustic pulses are sent and received between transducers. Wind speed is
obtained by measuring the changes in travel time of the pulses. The offset error of
the measurement is +/-0.008 [ms~!] for the u,v components, and +/-0.002 [ms~!]
for the w-component.

A special frame was constructed which could be easily attached to the gondola.
The SONIC was mounted in this frame (Figure 3.1) after the balloon was airborne.
Subsequently, the SONIC was deployed under the gondola by lowering a pivotal
aluminum beam (Figure 3.2). The SONIC was leveled and pointed parallel to the
long side of the gondola, where the Nexus 5x smartphone was fitted. The vertical
distance between the Nexus 5x smartphone and the SONIC below is 2.48 [m]. The
vertical distance between the SONIC and the envelope of the hot-air balloon is 5.80
[m]. The horizontal distances between the Nexus 5x smartphone and the Trimble
R7 Patch antenna and the SONIC are less than 2.0 [m] and given the horizontal
accuracy of the smartphones, they can be neglected.

The SONIC delivers wind data in a local coordinate frame and these data have
to be transformed to the coordinate system of the GNSS-receiver, which is the
WGS-84 Geoid surface plane. In order to transform data we have used data from
the Nexus 5x smartphone which was properly fitted on the rim of the gondola. The
smartphone Nexus 5x had sensors which measured the position and attitude like
accelerators, gyros and magnetic field components. From these sensors azimuth,
roll, and pitch were obtained and these data were applied to rotate the SONIC data
to the appropriate coordinate system. The Nexus 5x smartphone was equipped
with the Bosch BMI160 Inertial Unit which delivered gyroscope and accelerometer
readings with an accuracy of respectively 0.0011 [rad/s] and 0.0025 [m/s/s] and the
Bosch BMM150 magnetometer which delivered 3D magnetic fields readings with an
accuracy of [0.0] deg. The small sensors were designed for mobile applications like
indoor navigation, which required high accurate real time sensor data, and were
considered as sufficiently accurate for our application. It should be noted that the
Android operating system itself calculated the orientation, pitch, and roll. We used
those variables to assess the attitude of the gondola and to transform the SONIC
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Figure 3.1: Rigid frame for mounting the sonic anemometer underneath the gondola

Figure 3.2: Sonic anemometer in operation below the hot-air balloon during the
flight, one of the authors Bert G. Heusinkveld is checking the alignment of the sonic
anemometer. This picture was taken from the gondola with a camera, which was
mounted on a long telescopic golf ball retriever stick.
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data measurements in the WGS’84 coordinate system.

The balloon is floating in a moving medium and when there is a difference in
the balloon speed and the surrounding air, it will interact with it. The airflow
will be deflected around the balloon which leads to a change of the relative wind
speed. Batchelor (1956) describes the flow around a rigged sphere by the velocity
potential:

R3
p=U (7'0059 + ﬁcosﬁ) (3.1)

where R is the radius of the sphere, r is the distance from the middle point and
6 is the angle with the horizontal velocity vector. The distances are given in [m].
The flow u(r, ) can be derived from V¢ in cylinder coordinates:

R3 R3
= 1— =), —(1+ —U)si 2
u(r, ) (Ucos@( 3 ), —(1+ 5,3 U)sm@,O) (3.2)
The hot-air balloon has a volume of 6000 [m?] which leads to R=11.27 [m]. If we
take @ = 7/2 and r = 1.51 R which corresponds with the position of the SONIC in
the cylinder coordinate frame, we arrive at the following expression:

u(r,0) = (0,1.22U, 0) (3.3)

The horizontal flow will increase with a factor of 1.22 at the relative location of
the SONIC. There are uncertainties in this derivation and two remarks should be
made. Firstly, we have assumed that the balloon’s shape is a sphere, but a pear
shape would be more realistic. Secondly, we have also neglected the presence of
the suspended gondola.

3.3 Hot-air balloon flight during 17 May 2016

Here we describe the field experiment with a hot-air balloon equipped with instru-
ments in the vicinity of the Cabauw meteorological tower, which is situated in the
western part of the Netherlands. The area is characterized by fields, meadows and
scattered villages. Southwesterly winds are predominant in this area and during
the flight the meteorological conditions are typical for the time of the year. The
test flight took place in the evening of 17 May 2016 from 18:45-19:30 UTC (Local
Time = UTC + 2) and there were moderate westerly winds of 6 [ms~—1] at 200 [m]
height. The flight was during the evening transition and no significant wind gusts
occurred, which was essential for a safe take-off.

In Figure 3.3 the flight of the hot-air balloon (call-sign PH-GSP) is depicted, which
lasted 45 [min] and the traveled distance was 15 [km]. The average altitude was 200
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Figure 3.3: Hot-air balloon flight from Bergambacht to Uitweg (ground track (up)
and trans-sect (below)) during 17 May 2016. In the trans-sect the altitude and velocity
components of the hot-air balloon as measured from four GNSS devices are shown as
a function of time.
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[m] above surface level and the ceiling altitude was 700 [m]. The crew consisted of
7 persons, inclusive the pilot and the total weight of the gondola was approximately
700 [kg]. The volume of the balloon’s envelope was approximately 6000 [m?].

We took off upwind of the Cabauw site and the aim was to pass over the observatory
as closely as possible. The start location was chosen using the pilot’s expertise and
the guidance of the KNMI duty forecasters. At 19:00 UTC the pilot changed
altitude to adjust the course of the balloon more towards the Cabauw observatory.
In the ABL there is a so-called Ekman layer. Due the variation of the stress, the
wind vector changes with height (see Holton (1967)). Based on this principle, the
wind usually turns clockwise with height (wind veers with height). This mechanism
offers the pilot of a hot-air balloon the possibility to steer the aircraft to some
extent. During our test flight, the meteorological conditions were not neutral. It
became clear that the wind even backed with height. The balloonist was aware of
this and descended slightly to find a more favorable wind which would bring the
aircraft closer to the tower. An explanation for this non neutral wind profile is that
a small sea-breeze front has just passed the area, which caused some baroclinicity.
Also the influence of the Lek river might have had impact on the wind regime in the
ABL. During the flight we followed the meandering river Lek in upstream direction
and we crossed the river five times (see Figure 3.3).

During the launch the gondola was out of equilibrium relative to the balloon,
underwent a shock which resulted in an oscillation. This is clearly recognized
in the data of the Trimble R7 geodetic GNSS-receiver where in the beginning
wiggles are observed. These wiggles are also recognized later during the flight. A
Fourier decomposition of the derived speeds from the Trimble R7 data is made
(Fig. 3.4). There is a peak at 0.1 [Hz] and we have found a similar spectrum from
the acceleration sensor of the Nexus 5x smartphone (not shown) and it is clear that
the system balloon with gondola experienced a small pendulum motion during the
flight. We have processed all the measurements to eliminate this oscillation. We
realize that this oscillation might have caused turbulence which would have had
impact on the measurements. We have therefore checked the amplitude of the
oscillation, which appeared to be small (0.4[m]) and could be further neglected.
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Figure 3.4: Velocity spectrum derived from data of the Trimble R7 geodetic GNSS
receiver with a peak at 0.1 [Hz]

3.4 Assessment of the noise in location and
speed

As stated previously in section 2b, we consider the measurements from a Trimble
R7 geodetic GNSS-receiver as the reference. This instrument has also position
errors, but they are an order of magnitude smaller than the other GNSS devices.
In our set-up the Trimble GNSS Receiver does not deliver speed components, so the
speed is calculated, based on position data only. The Nexus 5 and 5x smartphones
have different sampling rates, namely 1 and 0.1 [s], respectively. The Trimble R7
GNSS-receiver data are available every 1 [s] and for a fair comparison all the data
are re-sampled to 1 [s]

3.4.1 Quantification of the position errors in the xyz-plane

In Figure 3.5 the time series of the position errors are shown. Dz, Dy, and Dz
are the deviations in [m] from the Trimble R7 geodetic GNSS-receiver which is the
reference. The errors in the horizontal plane are smaller than the altitude errors.
The position errors are not evenly distributed around the time-axis which is an
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Figure 3.5: Time series of the 3D position errors of the smartphones Nexus 5, Nexus
5x, and the Garmin 60Csx relative to the Trimble R7 GNSS-receiver. Note that the
sampling rate is 1[s]

indication of correlated noise. This becomes also manifest when we study the errors
in a x-y diagram as depicted in Figure 3.6. The biases are not centered around the

origin. The statistics in terms of bias and standard deviation are summarized in
Table 3.1.

Now we study in more detail the vertical position noise in Figure 3.5. In the lower
panel, we clearly see that the Garmin 60Csx outperforms the other devices, which
is also obvious from the scores in Table 3.1. The Garmin 60Csx is a portable
navigation system of the pilot, which is on board for the aircraft’s safety. The
Garmin 60Csx is equipped with a pressure sensor and the algorithm applies this
data for the calculation of the 3D-position. It should be noted that the altitude
information does not play a role in the calculation of the horizontal speed.

The largest deviations for the Nexus smartphones occur in the interval 19:13-19:28
UTC, the period of ascent to 700 [m] and the subsequent descent. The lack of a
pressure sensor data could have caused these spurious data.
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Table 3.1: Statistics of the position noise, Trimble R7 GNSS-receiver versus the
smartphones Nexus 5, Nexus 5x, and the Garmin 60Csx

dx dy dz
bias [m] | o [m] | bias [m] | o [m] | bias [m] | o [m]
Nexus b 3.73 3.51 3.26 4.37 0.31 11.79
Nexus bx 8.86 4.99 2.83 5.08 11.86 17.95
Garmin 60Csx 3.79 4.14 -0.46 2.58 -1.27 1.10

3.4.2 Characterization of the horizontal position and velocity
noise

Now we investigate the horizontal position noise in more detail and we study how
this error propagates in the derived wind components. Now we elaborate on how
an error in position (x,y) is propagated in an error of the wind (u,v). The bal-
loon speed components are derived from the displacement of the balloon and are
discretized as follows:

LTi41 — Ti—1

YT AL (34)
Y+l T Yia
v; = SAL (3.5)

where x;, y; are respectively the longitudes and latitudes [deg], At is the time step[s]
and u;, v; are the speed components [ms~1]. In Figure 3.7 the velocity error scatter
plots are given, note that At = 1[s] . Now du and dv are the velocity deviations
in [ms~1] relative to the velocities from the Trimble R7 GNSS-receiver data. The
velocity differences have a standard deviation ranging from 0.14 to 1.01 [ms™1].
Apparently the relative positions have a smaller error than the absolute positions.
To study the characteristics of the noise of the GNSS receivers more profoundly,
we average the data over an increasing interval nAt within the time series and for
each sub-interval we calculate the variance. We know from the theory that if the
variance decays according to the % curve, the noise can be regarded as uncorrelated.
From Figure 3.8 it is evident that the noise is correlated over small intervals. For
intervals beyond 100 [s] the decay of the noise is more according to the % curve.
We repeat the above-mentioned procedure for the velocity components and from
Figure 3.9 it is clear that the error is significantly smaller. The noise in the speed
components is correlated for small averaging periods and beyond 10[s] the decay
approaches the % curve.
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Figure 3.8: Variance of position errors as function of averaging time n, the solid and
dashed lines correspond respectively with the position errors in x and y. The solid black
line represents the % curve, which is the reference for the white noise decay.

3.5 Validation of hot-air balloon winds with data
from the meteorological tower of Cabauw

For the comparison of the hot-air balloon wind data we selected an episode during
the flight where the balloon was between the levels of the anemometers of the
Cabauw tower at respectively 10, 20, 40, 80, 140, and 200 [m]. These requirements
were met during 18:50 and 19:10 UTC and for this period we compare the balloon
wind data with the Cabauw tower wind data (see Fig. 3.10). Because the hot-
air balloon is traveling towards the Cabauw mast, we also present the distance
balloon-tower in Figure 3.10. In Figure 3.10, we compare the balloon wind data
with tower data, which are averaged to 600 [s]. The anemometers are calibrated
and the data are corrected for flow obstruction of the mast. The hot-air balloon
wind data are averaged in time to meet the same time coordinate as the mast data
(600 [s]). Subsequently, the mast wind data are interpolated to the level of the
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Figure 3.9: Variance of velocity errors as function of averaging time n, the solid and
dashed lines correspond respectively with velocity errors in u and v. The solid black
line represents the % curve, which is the reference for the white noise decay.

balloon using the wind shear as observed at the mast. We compare data from the
Trimble R7 geodetic GNSS-receiver, the two Nexus smartphones and the Garmin
60Csx navigator. Although the horizontal distance from the hot-air balloon to the
meteorological tower varies from 10 [km] in the beginning to 4 [km] at the end
of the validation interval, the hot-air balloon wind data corresponds reasonably
well. Deviations observed at 19:00 UTC may be related to the fact that the hot-air
balloon is still 10 [km] away from the tower, but despite this horizontal mismatch
the hot-air balloon wind data is in accordance to some extent with the observations.
It should be noted that the hot-air balloon approached the observatory, but did
not fly over the tower and the closest distance was approximately 1500 [m]. By
varying the height the pilot has tried to approach the tower as near as possible.
Note that the tower observations hardly vary during the depicted interval. At
19:00 UTC when the hot-air balloon has passed the small city of Schoonhoven,
the wind speed decreases which is realistic; the hot-air balloon feels the wind of
the increased roughness of the built up area. Further, the hot-air balloon follows
the river in the upstream direction, the temperature of the water which differs
from surface temperature at Cabauw might have had impact on the stability and
therefore also on the wind profile.
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Figure 3.10: A comparison of hot-air balloon wind data with tower measurements at
Cabauw during 17 May 2016. Note that also the distance from the hot-air balloon to
the Cabauw mast is shown by the dashed line.

3.6 Interpretation of the SONIC data

Here we study the SONIC data which represent the relative speed of the hot-air
balloon to the surrounding air. We will study the small scale variations in the
relative speed in relation to the acceleration of the hot-air balloon and we will
address some typical features. From the GNSS data accelerations of the balloon
can be derived, which are representative for the forces on the balloon. The sonic
data represent the relative speed between the hot-air balloon and the surrounding
air and are a metric for the thrust on the hot-air balloon. In Figure 3.11, the
measurements of the SONIC and the GNSS derived accelerations are depicted.
Recall that the SONIC data have been processed as described in section 3.2.3.
Note that the time series start 15 [min] after the take-off, because some time was
needed to deploy the SONIC. Between 19:00 UTC and 19:18 UTC the averaged
SONIC data show a negative bias in both u and v-components of respectively -0.39
and -0.27 [ms~!]. Here we try to understand this bias.
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Figure 3.11: Processed relative winds from the SONIC (Y-axis left) and accelerations
of the balloon (GNSS-receiver) (Y-axis right). Note that the average sonic speed com-
ponents are Usonic = —O.39[m571] and Vsonic = —0.27[771871} during an interval when
the balloon’s displacement is almost horizontal. The interval for the estimate of the
a-coefficient is marked with the dashed vertical lines.

3.6.1 Influence of wind shear

The distance between the virtual point where the wind forces impact on the balloon
and the position of the SONIC is 18 [m]. Thus when a wind shear is present, the
SONIC will measure a bias. To quantify the wind shear, we have applied the
Cabauw mast data. The hot-air balloon flies between 100 and 300 [m] altitudes
during this period and we use the 140 and 200 [m] levels of the mast to calculate
a representative wind shear. For the u- and v-shear components we have found
values of respectively -0.015 and -0.008 [s~!]. Applying this information we find
relative speed components of -0.27 and -0.14 [ms~!] for the u- and v-components,
respectively. For clarity we summarize the bias components in table 3.2. If we
confront these values with the averaged SONIC components we notice a certain
mismatch. In an attempt to explain the residual, we take a closer look at the
equations of motion of the ABL and the hot-air balloon in the ABL.
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3.6.2 Dynamic equations of a hot-air balloon in the ABL.

At first sight a hot-air balloon moves with the surrounding air. If any velocity dif-
ference occurs between the air and the balloon, the resulting thrust on the balloon
will level out such a difference. The scale at which this balloon response oper-
ates can be expressed in terms of a length (L) of the air-mass that has to pass
the balloon for an e~! response of the velocity decrease. L is typically 100 [m] (De
Bruijn et al., 2016). Inspection of the observations taken during the hot-air balloon
flight revealed however that the accelerations of the balloon, as observed with a
geodetic GNSS often did not correspond to wind speed differences measured with
the SONIC (see Figure 3.11). At times wind differences are observed which do
not induce accelerations. This urged us to re-think the force balance of a hot-air
balloon in flight. The air in which the balloon is sub-merged follows a force balance
equation in which three forces play a role: pressure gradient; Coriolis acceleration;
and stress divergence. For an air parcel we find in a formula:

dUs 1dr.(2)
=t fe(Va = V) — o= (3.6)
dVa 1dr,(2)
= —fe(Uy —Uy) — ;# (3.7)

Uq, Vo are the u, v components of atmospheric flow. Uy, V;; are the u, v components
of the geostrophic flow, and p is the density of the air parcel. Here the pressure term
has been cast in terms of the geostrophic wind. The stress term 7,, 7, results from
the process of vertical turbulent exchange of momentum between the air parcel
and the layers above and below. In the atmospheric boundary layer in general this
exchange is stronger at the lower side of the air parcel than at the upper side. This
results in apparent friction and deceleration of the air parcel. A balance of forces
results in which the actual wind is somewhat smaller than the geostrophic wind
and backed (turned towards the low pressure). From the resulting cross isobaric
flow the air gains momentum which compensates for the loss due to friction. The
balloon is also subject to the pressure force and the Coriolis force, but turbulent
exchange is prohibited by the canvas of the balloon. Instead there is the drag at
the sides of the balloon due to velocity differences. This leads to the following
dynamic equation:

mb% = %cderQ\ib\ 1 (3.8)
where the right hand side term 1is the drag force, further |uZE,| =
VU, = Ua)? + (Vi — V)2, where (Uy, Vi), (U,, V,) are respectively the speed com-
ponents of the hot-air balloon and the surrounding air, ¢4 is the dimensionless drag
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coefficient, p is the air density [kgm=3], 7R? is the cross sectional area [m?] of
the hot-air balloon and m, is the mass [kg] of the balloon including the payload.
In equation (3.8) we recognize the a-coefficient a = %
response length (L). Note that the a-coefficient comprises all the relevant physical

properties of the hot-air balloon. For further details we refer to (De Bruijn et al.,

, which is the inverse

2016). All together the momentum equation for a hot-air balloon becomes:

U, .
d—tb = +fe(Vy = V) — aluip|dp (3.9)
dVi .
d—t*’ = —fo(Uy — U,) — altiy| (3.10)

Note that the drag experienced by the balloon has its counterpart as a drag acting
on the surrounding air. This effect is neglected in equations (3.6) and (3.7). These
equations describe the air flow which is not disturbed by the balloon.

3.6.3 Stationary solution for a constant level balloon

Under stationary conditions the acceleration terms on the left hand side of equa-
tions (3.6),(3.7) and (3.9),(3.10) will be zero. We will show that the balloon move-
ment will deviate from the actual wind due to the absence of the turbulent stress
divergence and we will call this deviation the inertial drift. Similar to the inertial
oscillation in the stable boundary layer, which may lead to the formation of the
low-level jet, the vector AU, = 1y + AU, (a~geostrophic balloon vector) start to
turn around the geostrophic wind (Van de Wiel et al., 2010). This turning stops
as soon as the thrust is in balance with the pressure - and Coriolis force. We will
now solve this system of equations for the stationary condition. The force balance
of the balloon reads:

0 = fo|AU| — aluy|? (3.11)

and thus |dp| can be solved:

lip| = \/ =S| AU (3.12)

To calculate the a-geostrophic wind vector |AU,| = |ﬁb—ﬁg| the geostrophic wind is
required. The geostrophic wind is derived from pressure sensors in a 75 [km] range
from Cabauw (Bosveld et al., 2014). The geostrophic wind at Cabauw is depicted
in Figure 3.12 with the black line. We estimate |U,| by taking the balloon wind
averaged between 19:00 UTC and 19:18 UTC. This is allowed, because we expect
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Figure 3.12: Tower wind measurements at fixed levels at Cabauw and the balloon
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Figure 3.13: Tower measurements of the wind at Cabauw during 17 May 2016 18:40-
19:40 UTC in a 10 [min] interval. Note the non-stationary conditions.
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Table 3.2: Overview of the bias components in the SONIC data during 19:00-19:18
[UTC]

u [ms™ | v ms™Y | |a] [ms™!]
Total (SONIC measurements) -0.39 -0.27 0.47
Shear (Tower 140-200 [m]) -0.27 -0.14 0.30
Residual -0.12 -0.13 0.18
Inertial drift -0.18 0.06 0.19
Residual 0.06 -0.19 0.20

that the inertial drift will be small. If we calculate the averaged a-geostrophic wind
between 19:00 UTC and 19:18 UTC, we arrive at a value of |AU,|=2.24 [ms~!]
and substituting this in equation (3.12), we find |1i|=0.186 [ms~']. This is defined
in the wind vector system and if we convert this to the GNSS coordinate system
we obtain 1,=-0.175 and 0,=0.064 [ms~!]. We have obtained a similar result by
solving the differential equations (3.9) and (3.10) numerically with stationarity as
a constraint. The obtained values together with the shear correction do not explain
fully the systematic wind bias as observed with the SONIC (see Table 3.2). The
norm of the inertial drift corresponds satisfactorily with the residual, but there
is a some mismatch in the direction. One reason may be that the geostrophic
wind is derived for the surface level, but we need to have it at the balloon level.
Thus, the presence of a thermal wind will have an influence on our estimation of
the inertial drift. A second reason is that the meteorological situation is rather
complex, because the atmosphere is baroclinic and the flow is non-stationary. In
general, under barotropic conditions the geostrophic wind is larger and veered
to the ABL wind. Apparently this is not case here (see Figure 3.12) and if we
study the mast observations in more detail we notice that from 18:45 UTC until
19:17 UTC the wind backs with height, after 19:17 UTC the levels below 80m veer
with height and the upper levels slightly back with height. Due to a horizontal
gradient in temperature, causing a baroclinic effect, the wind profile is obviously
affected. What becomes clear is that the flow is non-stationary in contrast with
the assumption under which we derived the inertial drift. This is also manifest if
we study the wind profiles in Figure 3.13. In the time span of the balloon flight
the wind changes considerably, which is related to the passage of a front.

Another relevant issue is the response time toward the inertial drift. The time scale
T associated with the adjustment of the balloon can be found by observing that
initially the acceleration is given by the Coriolis term of equation (3.11). The time
7 required to reach the equilibrium speed of equation (3.12) with this acceleration
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is then given by

S (3.13)

\ afe| AT |

From the solution we can deduce that it takes about 600 [s] before an equilib-
rium is established. This means that the balloon is adapting during the major
part of the analyzed period and therefore added to the effects of non-stationary
synoptic conditions, we have a further uncertainty in the validation of the inertial
drift.

3.7 Empirical assessment of the inverse length
scale (a-coefficient)

In the second part of the time series (Figure 3.11), the balloon raised sharply
and was not in equilibrium with its driving force. In De Bruijn et al. (2016)
an estimate of the inverse response length was made ( @=0.013 [m~1]). Here
we make an attempt to derive an empirical a-coefficient and we select a small
period between 19:21 UTC and 19:23 UTC, because we recognize some signal in
the terms of the differential equation (3.14) and (3.15). Since the timescale of
the drag force is relatively short, we neglect the Coriolis terms in the differential
equation (3.9) and (3.10) and arrive at:

dU,

. = *a|Ujb|U~b (3.14)
dVy =
d_tb = 7&‘7.%"[}1, (315)

Now we recall that 4y, v, are directly measured by the SONIC. The left term in
the equations (3.14) and (3.15) represents the acceleration and is derived from the
GNSS data. Now we discretize the differential equation as follows:

aUy 1 Tip2 — 2% + ®i2
P Vv (3.16)
vy, i Yir2 — 2Yi T Yio
vy = Nl
a IAL (3.17)
| =/ (i@)2 + (4')2 (3.18)

From the right hand term the product of the wind speed difference can be estimated
from the SONIC data. The index ¢ corresponds with the index of the time series of
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the data sets. The time series of the vectors ||, |4’| should obey the differential
equation, for a certain a. This value can be found by minimizing the Cost function
derived from the differential equation, that reads as follows:

N . 5 N . 9

Fla)=Y (Ug" +al u;,'mbi) +3 (Vb +al ug‘mi) (3.19)

i=0 i=0
We used the Nelder-Mead simplex algorithm (Nelder & Mead, 1965) to find the
minimum of the Cost function and this gives the optimal choice for the response
coefficient (a). By minimizing the Cost function we obtain an estimate of the
response coefficient and we arrive at a value of a=0.012 [m~!]. It is remarkable
that the a-coefficient is so close to the theoretical value. The authors realize that
this result is achieved by coincidence, because the visual match in the physical
terms is not very convincing.

3.8 Discussion

In this paper, we have found that wind observations can be obtained from hot-air
balloon flights by tracking them with smartphones. Using the telecom network,
position data can be transferred to a server, and from this wind information can
be obtained. The GNSS-chip in the smartphone is less accurate than the geode-
tic GNSS used in this study. The accuracy of the position and other features in
smartphones will always be a moving target, so our findings depend very much on
the used smartphones. Improvement of smartphones is expected in the combined
processing of GNSS and cellular signals. Currently the API software delivers the
3D-coordinates of the position. If pseudo ranges become available, a more sophisti-
cated mathematical model with Kalman filters can be applied in which more sensor
data can be integrated. The presence of the pseudo ranges is foreseen in a coming
version of the Android operating system (Banville & van Diggelen, 2016). Vertical
positions are less accurate than horizontal positions. The errors in altitude do not
have immediate impact on the calculated wind, because only the horizontal dis-
placement is needed. Of course, spurious data can be removed by a time filter and
a beneficial effect is expected when more sensors like pressure and temperature,
are used to calculate the vertical displacement.

The second objective of this paper is the interpretation of the SONIC data in com-
bination with the accurate geodetic GNSS-receiver measurements. Unexpected
behavior of the balloon’s acceleration and the relative speed between the balloon
and the air turned up, which could not be described by the simple dynamic model
introduced by (De Bruijn et al., 2016). In this paper we have made an effort to
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improve the dynamic equation of the hot-air balloon. We realize that the reality
might be even more complicated. In our newly developed model we neglected for
instance baroclinic effects. Further, the pressure term, which was cast in terms of
the geostrophic wind (Eqs 3.6, 3.7) is usually attributed to the large scale compo-
nent related to the synoptic pressure distribution. It is likely that this term will
also contain smaller scale components which may vary in space and time. This
mesoscale variation will exert the same influence on both the balloon and the sur-
rounding air. They will therefore be characterized by variations in the balloon
speed but without a change in the wind speed difference between the balloon and
the surrounding air.

In the ideal case the SONIC should be placed on the level, where the balloon feels
the maximum drag, preferably in an undisturbed flow, but for practical reasons this
was impossible. In our evening transition case the balloon is immersed in a sta-
bilizing atmosphere and turbulent eddies are becoming smaller. Large eddies will
have a similar wind effect along the total balloon-gondola system, on the contrary
the smaller eddies will introduce more vertical variability in the wind. This causes
uncertainty in the interpretation of the measurements of the SONIC in terms of
the difference between balloon - and air speed. In summary, the effective wind
speed that drags the balloon-gondola system will be different from the wind un-
derneath the gondola at the level of the SONIC. Further the ABL is stabilizing
and it is well known that the drag coefficients for laminar and turbulent flows have
different values. In the transition zone the drag coefficient can suddenly drop to
very small values (Munson et al. (1990)) and this process causes another uncer-
tainty in our experiment. For the calculation of the response coefficient (a) we
have assumed that the balloon is a sphere. However, in reality the balloon is not
a sphere and is moreover slightly deformed during the flight. Also the volume is
not constant. The pilot can rotate the balloon or change altitude by letting escape
air via (lateral) vents and warm air is released to reduce buoyancy. Therefore the
shape might change during the flight and this may have impact on the response
coefficient.

3.9 Conclusions and recommendations

Smartphones are not very accurate in absolute positions, compared to geodetic
GNSS receivers. The standard deviations are (o, = 5m, oy = 5m, 0, = 12m), but
the relative positions have a better accuracy. Therefore horizontal speeds which
are based on relative positions and a time step of 1 [s] have standard deviations
of o, = 0.8[ms~1], 0, = 0.6[ms~!]. We have found that the instrumental noise is
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correlated and averaging in time reduces the standard deviation in the speed error
less quicker than that would have been the case for uncorrelated noise. However,
averaging wind speeds over longer time periods will inherently lead to smaller
errors. For time scales beyond 600 [s] which is a typical time step of a NWP
model, the o, and o, become smaller than 0.03 [ms™!].

The vertical position of the current smartphones is inaccurate, compared to the
horizontal position. In future the vertical coordinate might be improved if sensors
like pressure and accelerations are integrated in the algorithm that delivers the
position. In this way the bias and standard deviation can be reduced.

We have conducted a field experiment with a hot-air balloon equipped with sensors
on special instruments and smartphones. We have collected an unique data-set of
a SONIC to measure the relative speed of the balloon to the air and a geodetic
GNSS-receiver from which the accelerations of the balloon could be derived. This
allowed us to study the dynamics of a hot-air balloon. By performing the flight
in the proximity of the Cabauw meteorological tower we were able to give further
interpretation of the atmospheric conditions during the flight. During most part
of the flight a relative flow of less than 1 [ms~!] was recorded with the SONIC
and it was peculiar that the crew hardly experienced this flow. Only during the
ascending/descending excursion at the end of the flight when a relative wind speed
of about 1 [ms~!] was observed, a slight wind sensation was felt. We may con-
clude that the SONIC is a more sensitive device than the receptors on the human
face. The response coefficient a as estimated from theoretical considerations in (De
Bruijn et al., 2016), was found to be in reasonable agreement with the empirical
derived value from the current experiment.

On the basis of accurate measurements, we have seen that a hot-air balloon does not
precisely follow the wind in the ABL, but reveals a slight deviation, the so-called
inertial drift. For a quantitative test of the inertial drift it is important to have a
balloon flight under conditions with a stationary geostrophic wind. The authors
would like to underline that the meteorological conditions were more complex than
foreseen. Especially the passing of a baroclinic disturbance made it difficult to
validate the theory of the drifting balloon. A possible next experiment should be
planned preferably under more synoptic stationary conditions.

Not every phenomenon in the data of the geodetic GNSS-receiver and SONIC
is completely understood. Using accurate GNSS - and SONIC devices on hot-
air balloons might be a way to detect the footprint of mesoscale variations in
pressure.

It is recommended to make the developed apps available in the repositories Play
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Store and App Store, so that the crowd sourcing can be initiated. In this way
ABL-wind information during a leisure activity can be collected in an economic
manner.
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Abstract

We report about a new third party observation, namely wind measurements derived
from Hot-Air Balloon (HAB) tracks. At first we compare the HAB winds with wind
measurements from a meteorological tower and a radio acoustic wind profiler, both
situated at the topographically flat Cabauw observatory in the Netherlands. To
explore the potential of this new type of wind observation in other topographies,
we present an intriguing HAB flight in Austria with a spectacular mountain-valley
circulation. Subsequently, we compare the HAB data with a Numerical Weather
Prediction (NWP) model during 2011-2013 and the standard deviation of the wind
speed is 2.3 ms~!. Finally, we show results from a data-assimilation feasibility
experiment that reveals that HAB wind information can have a positive impact on

a hind-casted NWP trajectory.
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4.1 Introduction

Can you imagine that a balloon trip can improve your weather forecast or even
improve the safety of your balloon trip? We envision that in the near future you
might be able to transfer the location data from your smartphone to a meteorologi-
cal center, where it is immediately assimilated to improve your short term forecast.
In this paper we discuss some components of such a system. We commence with
data from HAB pilots and reveal the added value of just ordinary Global Naviga-
tion Satellite System (GNSS) location data. On board a HAB wind information
can be derived and it is opportunistic, because the location data were originally
not intended to measure the wind components (De Vos et al., 2020). Based on
this concept we have developed an app for a smartphone that can collect data and
transfer them in a timely manor to a meteorological datacentre. Subsequently the
data have to be ingested in a data assimilation module of a NWP model and the
updated forecast with a balloon trajectory should be disseminated via a dedicated
app or the normal communication channels to the front end user.

NWP models with a horizontal resolution of 2 km or finer need detailed information
for estimating the initial state of the atmosphere. Ground-based remote-sensing
instruments like Sodars, Doppler lidars and Radar Wind Profilers provide already
meteorological information of the Atmospheric Boundary Layer (ABL). The obser-
vational network has been extended over the years, but there are still gaps and it
is not cost-efficient to extend the network infinitely.

Therefore we have commenced research to investigate data from third parties. We
focus on wind-information of the ABL from recreational HAB flights. On yearly
basis 6000 flights take place in The Netherlands and during an instance there
might be more than 30 HAB’s airborne. HAB flights take usually place during
the transition period (Lothon et al., 2014) when the atmosphere becomes stable.
In the basic equipment of a HAB-pilot there is a professional navigator, which is
compulsory for safety reasons. Similarly to routinely launched weather balloons,
the Global Navigation Satellite System (GNSS) data from consecutive positions
and the elapsed time are the basis of the calculation of the horizontal wind vector.
The HAB responds to changing wind with a response length of approximately 100
m. This response length which comprises the physical properties of the HAB, is
derived theoretically in De Bruijn et al. (2016) and validated empirically in De
Bruijn et al. (2020).

Collecting data can be achieved by using the off-line navigational data of a HAB-
flight. Data are available in the archives of balloonists, but these data are not
suitable for real-time application. Another method might be the application of
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smartphones which has been investigated in De Bruijn et al. (2020). This method
relies on the collaboration of balloonists and passengers who should carry a smart-
phone and apply a dedicated app during a HAB flight. This requires some effort,
but the collaboration is also for their own benefit, because they might receive better
weather forecasts. Alternatively the collection of data could be organized via Air
Traffic Control (ATC) using a transponder. However a transponder is not a com-
pulsory device, and installing transponders on every HAB requires a lot of effort.
HAB wind data have a limited availability, but HAB flights can give complemen-
tary and detailed wind information of the ABL. Of course the HAB winds are
only present in a small time-slot, but if they are applied in a more flexible 4DVAR,
data assimilation module, its added value can be incorporated more effectively in a
NWP model. Every third party wind instrument has its pro’s and con’s. The HAB
wind is a simple straightforward measurement technique. Data from gliders and
sailplanes are more complicated, because it requires also the measurement of the
relative airspeed. Wind turbines deliver wind data continuously at one location at
a fixed height and their number is growing rapidly.

4.2 Comparison with other observations

We start with comparing HAB wind data from a flight of 18 June 2013 with ob-
servational wind data from the observatory at Cabauw (Bosveld et al. (2020)).
We have used wind data from the instrumental tower and from a Radio Acoustic
Sounding System (RASS) wind profiler for the comparison. The meteorological
site is located in a flat rural area with scattered villages. The HAB flight started
in the outskirts of the city of Utrecht at 18:23 UTC and the touch down was 1.25
hours later at 4.8 km distance from the observatory. Details of this flight can be
found in De Bruijn et al. (2016).

In Figure 4.1 we show the last twenty minutes of the flight when the HAB was
descending and approaching the observational site from the north. The HAB wind
data are based on 30 s averages of the positions. Up to 200 m mast observations
are shown, more aloft, data from the RASS wind-profiler are also presented. All
the site data are available as 30 min averages. For the mast observations also
the standard deviations are presented. The standard deviations are rather small,
indicating that turbulence is dying out. The lower part of the HAB data is clearly
affected by the local conditions like farmhouses and bushes. At the higher levels
of the approach the match with observations improves, because the wind is less
disturbed and representative for a larger footprint.
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Figure 4.1: 18 June 2013 19:30-20:00 UTC, Comparison of HAB-wind with tower -
and RASS wind profiler observations at Cabauw, The Netherlands. The solid lines
correspond with wind data with a fixed horizontal position, while the moving HAB

is depicted in plusses. For the mast data the standard deviation of the wind is also
presented.

4.3 Complex terrain

This example of a HAB-wind observation was taken from a topographically flat
region in the Netherlands, but would this method also work in more complex ter-
rain? We show an intriguing example of ballooning in mountainous terrain during
winter conditions. The flight took place in Austria and is shown in Figure 4.2. The
take-off was at Sankt Johann (Tyrol) and the flight lasted 96 min. The surface
was covered with snow (see the photograph in Figure 4.2), which prevented the
development of thermals and therefore this flight could start during the course of
the morning, namely at 10:18 UTC. In the beginning the HAB went in northerly
direction, and as soon as the balloon had gained height, it entered a different wind
regime. The HAB turned around and returned to its starting position and went
further South. Descending after 1 hour, at the valley bottom southerly winds pre-
vailed and the HAB passed through a layer with considerable wind shear. Close to
the surface the HAB was again advected in northerly direction. There was a weak
synoptic influence allowing local wind effects to dominate (Zardi & C.D. White-
man, 2013). The synoptic situation showed a high pressure system centered over
eastern Europe with a secondary center over northern Italy. This pressure distribu-
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Figure 4.2: 16 January 2005 10:18-11:52 UTC, Mountain HAB flight near Sankt
Johann (Tyrol, Austria), in the valley the winds are opposite to the winds above the
inversion. The left and right subplots show respectively the take-off and the nearby
Hahnenkamm AWS wind observations.

tion favored an inversion in the valleys and the valley flow direction was obviously
South to North. In the upper levels the region was under a ridge with a northerly
flow. The collected balloon data was in some agreement with the local AWS station
Hahnenkamm (see the right subplot in Figure 4.2), which was located 10 km south
south-west of landing point. For NWP models it is a truly challenge to make a
weather forecast of such a complex situation, see Goger et al. (2018).

4.4 Validation with a NWP model

In Figure 4.3 we compare HAB-winds with analyses of the High Resolution Limited
Area Model (HIRLAM) (Undén et al., 2011) during 2011-2013. These data are
based on 71 flights from Dutch balloonists who have shared their flight tracks with
KNMI. We have run an experimental version of HIRLAM and its characteristics
are summarized in table 4.1. We have applied a bi-linear interpolation method to
obtain the model data at the HAB’s location. The balloon data is interpolated to
30 s averages. The data set contains HAB flights mainly from The Netherlands,
but also some flights from Belgium, France and Austria. The majority of the flights
took place in the summer season, but occasionally flights took also place during the
winter in snow conditions. Most HAB launches were made during the cooler hours
of the day, at dawn or two to three hours before sunset. At these times of the day,
the winds were typically light and less turbulent, making it easier for the launch
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Figure 4.3: Validation of HAB-wind speed versus HIRLAM analyses (time window 1
hour) during 2011-2013. The data are binned in vertical bins of 100 m and per bin the
bias and standard deviation are given. The sample size is depicted on the right. Only
the significant statistics are plotted.

and landing of the balloon. The large biases are attributed to extreme cases like
for example a thermal updraft (De Bruijn et al., 2016), which were not captured
by HIRLAM. The total vertical averaged values for bias and standard deviation

are respectively 0.4 ms~! and 2.3 ms~1.

4.5 Data assimilation

Based upon the above results, we take the next innovative step namely the ap-
plication of HAB data in the HIRLAM model. We conducted a data assimilation
feasibility study with data from another HAB flight from The Netherlands (Fig-
ure 4.4), which started in De Bilt at 15 September 2012 16:02 UTC and ended in
Amersfoort at 17:03 UTC with a traveled distance of 19.5 km. At 16:30 UTC the
HAB reached the ceiling of the flight which was 1428 m. At that point we see a
remarkable change in direction. Apparently, the balloon has entered a layer with
a different wind regime. We now study a trajectory which is based on hindcasted
NWP wind fields and which is depicted by the red line in Figure 4.4. The output
field frequency is 15 min and we have used the Petterson (1956) scheme to com-
pute the trajectory. For a fair comparison, the vertical displacement is completely
prescribed by the HAB. Clearly, the NWP trajectory is different and the position
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Figure 4.4: 15 September 2012 16:02-17:03 UTC, Trajectories from a HAB flight
depicted in wind flags, calculated trajectories from NWP depicted in a red solid line,
calculated trajectories from NWP with assimilated HAB data, depicted as a blue solid
line.
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Table 4.1: Model characteristics of HIRLAM

Domain: Europe and North Atlantic
Hor. res.: 11x11 km?

Vert. res.: 60 layers; surface — 10 hPa
Data assimilation: every 1 h, 3SDVAR

Lateral boundaries: every 3 h, from ECMWEF model
Physical parameterisation: | TKE-1, ISBA surface scheme

error at the endpoint is 8.8 km. We have assimilated the observed HAB winds
during 28 min of the flight and interpolated the observations to the analysis time
at 16:00 UTC. In the pre-processing we have rejected the HAB data just after take-
off, because the HAB cannot move freely at that stage. With the updated run, we
calculate the trajectory which is depicted in blue in Figure 4.4. The deviation at
the endpoint reduces to 2.9 km. When we study the transect in Figure 4.5, again
we recognize a clear improvement. Note that the adjustment is alternating between
negative and positive values. Note that also outside the assimilation time window
which ends at 16:30, the improvement is still present, which is encouraging. Despite
this positive result, we have to make some remarks. The predictive value in this
experiment is rather short, the model improvement is very local and ideally the
validation should be performed over a larger area with independent observations.
Nonetheless, we may conclude that HAB winds are realistic and potentially useful
for data assimilation.

4.6 Conclusions

Thus, HAB flights provide interesting wind information in the ABL and are in
agreement with other upper air observations. Comparison with HIRLAM reveals
that the error characteristics are acceptable. Mountain flights could provide data
from local decoupled flows embedded in a larger scale circulation which are inter-
esting phenomena especially when such phenomena are not captured by a NWP
model or by the regular observational network. HAB derived winds make sense
and can be applied in data assimilation and have a positive impact on the fore-
cast. However, the NWP model should be implemented in a rapid update cycling
method and the timely availability of the new observation type is crucial for a
successful application. Given the current state of the technique, it is a challenge
to meet these requirements. Nonetheless, these third party observations are a wel-
come supplement to the existing observation network and can be used for process
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studies, model validation and forecasting through data assimilation. And to answer
the initial question, the answer is Yes, if you use your smartphone on board a HAB
you may in future be able to improve the weather forecast.
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Abstract

In this paper, we report about a wind observation method based on the movement
of Hot-Air Balloons (HABs). A quality assessment is carried out by comparing
against wind observations at the meteorological tower of Cabauw in the Nether-
lands during May-September 2018 and the obtained error standard deviations are
oy = 0.65ms™! and o, = 0.69ms~! for the measured zonal and meridional wind
components respectively. Subsequent comparison against short-term model fore-
casts of the HARMONIE-AROME model reveals a standard deviation of 2.5 ms™!
for the wind vector difference. From the HAB observation set a case is selected
with a rapid changing wind field belonging to a small intensifying depression. The
HAB wind observation is applied in data assimilation using a single observation
experiment and it is shown that in a complex baroclinic situation the model state
is slightly improved.
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5.1 Introduction

Mesoscale NWP models need high spatial and temporal observational data for the
analysis (initial state) and for verification. As a result, there is a great demand
for high resolution observations. The Atmospheric Boundary Layer (ABL) is not
frequently sampled and more data is desirable. The winds derived from Hot-Air
Balloon (HAB) tracks provide useful information, as revealed by De Bruijn et al.
(2016).

Planetary scales as well as small scale phenomena have to be captured adequately
in a NWP model to obtain successful forecasts (Gustafsson et al., 2018). The plane-
tary scales enter a limited area model via the lateral boundaries, which are obtained
from a global model in which the limited area model is embedded. In the small
domain, the initial state of the atmosphere has to be analyzed and therefore high
resolution observations (in space and time) are a welcome source of information.
Beare et al. (2006) discovered using a LES model that ABL observations are im-
portant for the initial state and that they improve the predicted wind profile. The
morning and evening transitions are flow regimes which are not fully understood
and more measurements are needed (Lothon et al., 2014).

Wind lidars (Knoop et al., 2021) can provide wind profiles at one location, un-
manned aircraft (Lappin et al., 2022), (Rautenberg et al., 2018) deliver ABL data
on a larger spatial scale. Air traffic provides a huge amount of wind data (Petersen,
2016), (De Haan, 2011). The data have a good time resolution, but they are con-
centrated in flight corridors and the ABL is hardly sampled. Only in the vicinity of
airports profiles can be obtained. Satellites, like for instance Aeolus (Rennie et al.,
2021) provide wind information on a global scale, i.e. transects of wind information
along a swath but they lack resolution in the ABL.

More observations are needed for a better understanding of ABL turbulence. Dur-
ing the evening transition the convective ABL transforms in a neutral - and sub-
sequently in a stably stratified ABL, during the morning transition this process
is reversed. Scaling variables like for example the buoyancy flux are key in ABL
parameterizations. The scaling variables change and the turbulence scheme can
not adequately handle the different flow regimes. For instance too much mixing
will not represent sharp gradients of low level jets (Bosveld et al., 2014).

Sun et al. (2022) and Nielsen-Gammon et al. (2007) have shown that local ABL
wind observations have a positive impact on the analysis of mesoscale models. So
far wind measurements from HAB tracks have never been assimilated in NWP
models and a feasibility study is recommended.



Wind observations from Hot-air Balloons and their application in
80 NWP models

In this paper, we want to assess the quality of HAB observations. We also want to
know if they can help to detect and solve model deficiencies. Finally, we commence
with a study on the feasibility of data assimilation of the HAB data. We investigate
if this is technically possible and if HAB wind can push the NWP model in the
right direction.

Obviously weather balloons can be applied to obtain more observations, but they
are expensive and infrequently launched at sparse locations and remain relatively
short in the ABL. On the contrary a HAB is a low cost observation and remains in
the ABL all the time. HAB derived wind is a typical crowd sourced observation,
because HABs are not primarily launched for gathering wind information. In fact,
it is a leisure activity that also can provide useful wind data.

In section 5.2 we describe the high quality Cabauw mast wind measurements and
the HAB wind observations and we compare them with each other. We study the
HAB wind error and investigate how this error behaves as function of distance to
the Cabauw tower. Subsequently we give an overview of the HARMONIE-AROME
model in section 5.3 and we explain the pre-processing of the HAB data which is
necessary for comparison with a NWP model. In section 5.4 we firstly validate
the HARMONIE-AROME model with Cabauw wind mast data, which provides
the reference. Then secondly, we repeat the procedure with HAB wind data. In
section 5.5 we elaborate on a case-study which took place during the pre-conditions
of approaching severe weather. The impact of a single HAB wind observation is
studied in section 5.6 by applying a special data assimilation set-up. Subsequently
in section 5.7 we discuss all the obtained results of this paper and finally conclusions
are drawn in section 5.8.
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Figure 5.1: Map of the observation set of HAB flights during May-September 2018,
maximum height is 2000 m. The circle is centered at Cabauw and has a radius of 30

km. The wind data are depicted as flags and one shaft corresponds with 5 ms™!.

5.2 Observations

5.2.1 Cabauw wind observations

The Cabauw meteorological tower is located in the western part of the Netherlands
(51.971 N, 4.927 E) in a predominantly rural area (Bosveld et al., 2020). In the
north there are scattered farmhouses, in the east there is the village of Lopik and
the other sectors comprise open fields and the river Lek. The average roughness
length is 0.15 m. Cup anemometers and wind vanes are mounted at respective
heights of 10, 20 ,40, 80, 140, 200 m. The accuracy of the cup anemometer is
1% for wind speeds (or 0.1 ms~! for low wind speeds) and is less than 3 degrees
for wind directions of the wind vane. Precautions are taken to avoid large flow
obstruction from the 213 m tall mast and the main building. The response length
of the cup anemometer is 3 m, which means that air has traveled 3 m before
63% of a step-wise wind change has been adapted. In the Cabauw data-set we
have selected time-slots which corresponded with the begin and end time of the
HAB trajectories. The wind tower data are available as 5 minutes averages, which
corresponds with the processed time resolution of the HAB wind data (De Bruijn
et al., 2020).
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5.2.2 HAB wind observations

Our data-set consists of 90 HAB flights during the months May-September 2018.
We have sent an email to balloonists with a request of HAB flight data from the
surroundings of the Cabauw mast. Their responses are the basis of our data set
and basically the HAB data are Global Navigation Satellite System (GNSS) data
from the pilot’s navigator (Figure 5.1). Two successive positions in combination
with the time interval deliver the balloon ambient air velocity (De Bruijn et al.,
2016). The accuracy of the measured position depends mainly on the constellation
of the GNSS satellites. If we average in time (5 min) the typical values for the
standard deviation in the horizontal and vertical plane become 2.5 m and 30 m,
respectively (De Bruijn et al., 2020). Note that we neglect the altitude difference
between the GNSS-receiver in the gondola and the center of mass of the aircraft.
A HAB is a large body with substantial inertia and does not respond immediately
to a changing wind. In De Bruijn et al. (2016) a response length for a HAB has
been derived and for an averaged sized HAB the response length is approximately
100 m, meaning air has to travel 100 m along the HAB before 63% of a step wise
wind change has been adapted. With an initial difference of 2 ms~' this takes
about 5 min, see (De Bruijn et al., 2016).

For the present study, a subset is defined by a circular area with a 30 km radius
centered at the location of the Cabauw mast. The start location can be inside
or outside this zone and is determined by the balloonist. A part of the flight
should be in the circular area. A good start location has no tall obstacles with an
undisturbed wind. The pilot makes an estimate of where he could possibly land
using predicted winds, the payload and the amount of fuel. A favorable landing
place is an uninhabited area far away from power lines, (rail)roads and inland
waters. The flights commence in the evening around 18:00 UTC and the duration
of the flight is on average between 60 and 90 min.

In Figure 5.2 we see that HAB flights are not occurring every day and gaps are
recognized. HAB flights can only take place when the weather conditions are
favorable e.g. a stabilizing ABL with light winds, no wind gusts, clouds, and
rain. Note that most of the flights take place in July and August, typical months
characterized by calm weather and a long daylight period. Ideally, the HAB flights
should have surpassed the Cabauw site.

5.2.3 Assessment of the HAB error

Now we compare HAB and the Cabauw winds and investigate how the deviation
between the HAB and the Cabauw mast wind behaves as a function of distance
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Figure 5.2: Observation set of HAB flights showing the vertical range during May-
September 2018 in an area with a 30 km radius around Cabauw. Note that the gaps
in time are related to not suitable flying conditions.

u-component [m/s] v-component [m/s]
350 350
EEE bias=0.05 std=0.65 B bias=-0.19 std=0.69
300 300 i
5 200 B 200 —
Qo
3
c
100 4 100
0 0-
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4

Figure 5.3: May-September 2018, distribution of the wind error (HAB - Cabauw
mast) in an area with a 30 km radius around Cabauw.
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Table 5.1: HAB errors as function of distance to the Cabauw mast

distance (km) | ou(ms™1) | oy(ms™1) | N |

00-15 0.40 0.45 440
16-30 0.60 0.80 487
31-45 1.20 1.50 221

to the Cabauw mast. As a first step, the mast wind observations are vertically
interpolated to the HAB elevation. We have selected those HAB observations
which are in the range of the 213 m tall mast. In an area with a radius of 15
km the standard deviations of the difference between the zonal (u) and meridional
(v) wind components measured by the Cabauw mast and HAB are rather small:
0w = 0.40 ms~! and o, = 0.45 ms~!, but the sample size N is also small, namely
N=440. In order to increase the sample size, we decide eventually to enlarge the

L and

radius to 30 km. The standard deviations increase slightly o, = 0.65 ms™
o, = 0.69 ms~1, but the number of observations becomes twice as much (N=912).
In Figure 5.3 the frequency diagram depicts the distribution of the HAB-Cabauw
wind component differences. These differences are small in general and the largest
difference is just beyond -3 ms~!. In Figure 5.4 the HAB and Cabauw wind
observations are presented in a scatter diagram. The cloud of points is close to
the 1-to-1 line, which means that the uncertainty in both observational systems is
small. Both systems are sampling a neutral-stable ABL with a rather homogeneous
wind field. Further the maximum u,v components are not beyond 6 ms~!, which
confirms the light wind regime.

Table 5.1 shows that part of the wind error can be attributed to the distance
between HAB to the Cabauw mast; the error increases with increasing distance.
As the uncertainty in the Cabauw cup anemometer wind is substantially smaller,
the estimated errors in the first bin (0-15 km distance) provide a best estimate of
the HAB error, for larger distances the total error is the summation of the HAB
error and wind variations.

5.3 NWP model

5.3.1 HARMONIE-AROME

The main characteristics of the HARMONIE-AROME model (Bengtsson et al.,
2017), are summarized in Table 5.2. A 3D-Var Data Assimilation (DA) scheme is
used to assimilate conventional observations from synops, buoys, ships, radioson-
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Figure 5.4: HAB flights as depicted in Figure 5.1, but now cross validated with mast
observations at Cabauw (the Netherlands) during May-September 2018.

des and observations from aircraft and satellites which are available in the model
domain. In a 3D-Var DA scheme, it is assumed that all observations have been
measured at the analysis time. This is generally true for conventional observations.
However, aircraft and satellite observations are asynoptic, introducing a time shift
between observation and model background state (Marseille & Stoffelen, 2017).
This timing error can be mitigated by choosing a narrow time window or can be
resolved by using a 4D-Var DA scheme which is currently only available in research
mode. Note that HAB observations are also asynoptic.

HARMONIE-AROME is embedded in the global ECMWF model and it receives
large scale information via the lateral boundaries. As such the model benefits indi-
rectly from the world wide satellite observations used by the ECMWF model (Bauer
et al., 2015). HARMONIE-AROME has a boundary layer scheme that is based on
the evolution of the Turbulent Kinetic Energy (TKE) equation (Lenderink & Holt-
slag, 2004). In 2.5 km models, like the non-hydrostatic HARMONIE-AROME
model, the spatial scales smaller than approximately 7 times the model grid size
i.e. 20 km are not resolved (Skamarock (2004), Mile et al. (2021)) and to account
for them, they have to be parameterized and ideally the model departure should
not contain scales smaller than 20 km.

In this paper we use only the model background state which is the forecast of the
previous assimilation cycle with a lead time equal to the cycling time or assimilation
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Table 5.2: Model characteristics of the non-hydro-static HARMONIE-AROME

Domain: Europe and North Atlantic
Horizontal grid: 2.5%2.5 km?

Vertical discretization.: | 65 layers; surface — 10 hPa

Data assimilation: every 3 h, 3D-Var

Lateral boundaries: every 3 h, from ECMWF model
Turbulence: TKE-1 (Lenderink & Holtslag, 2004)

window length. Statistics of observations minus background, shortly denoted as
(O-B) is an important diagnostic for NWP models to check for model and/or
observations errors. Biased observations are detrimental for data assimilation and
should be removed. We have chosen a model set-up with a cycling time of 3 hours,
which means that every 3 hours the analysis takes place where observations and
the 403 hours forecast are merged to a model analysis, which is the initial state
for the next cycle. Note that we have used a hind-cast experiment, which means
that all observations are available for data assimilation and forecasting. We have
used background information (4+03h forecast) to validate the observations and to
trace back biases. Note that the HAB and Cabauw observations in our study are
not assimilated in the HARMONIE-AROME model, which prevents an incestuous
comparison between model and observations.

5.3.2 Pre-processing of the HAB data

The HAB data have to be processed before they can be used for NWP model
validation and data assimilation. Now we describe which steps have to be taken.
HAB observations can be considered as a sequence of point observations. and
consist of three dimensional coordinates and a timestamp. The coordinates are
referenced to a spheroid of a geographical coordinate system. A spheroidal height is
a geometric quantity and does not have a physical base and may fall above or below
the actual earth surface. Therefore the spheroidal heights have to be converted
to gravity-related elevations. This is usually done in the balloonist’s navigator.
Subsequently, the elevations have to be merged into the hybrid coordinate system
of HARMONIE-AROME (Bengtsson et al., 2017). The model levels are defined by
the a- and b-coefficients, and the surface pressure. The vertical plane in the hybrid
coordinate system is defined as follows

P,=a;+0b;- P, (51)

P; is the pressure at model level i, a;,b; are the coefficients which determine the
closeness of the system to o-coordinates (a;=0) or p-coordinates (b;=0) and P is
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the surface pressure. The coordinate system is non-orthogonal and terrain following
and the vertical spacing is defined with 15 levels below an elevation of 2000 m. The
model levels which are expressed in pressure coordinates using equation 5.1 have
to be transformed to z-coordinates. To achieve this we assume a temperature and
humidity profile of the standard atmosphere as proposed by (Holton, 1967) and we
integrate the thickness equation

RT(1+061lq), P

AZ =—
to obtain the required elevation. R is the gas constant, T the average layer tem-
perature, ¢ the specific humidity, gg the gravity acceleration at surface level, P the
pressure, Ps the surface pressure. The advantage of using the standard atmosphere
is that observations and NWP output are not mixed, which avoids correlated er-
rors. Alternatively profiles of temperature and humidity from the NWP model
could have been used, which would give a better estimate of elevation, accepting
the possibility of correlated errors. The HAB data have a high temporal resolu-
tion. In our data-set there are flights with a sampling rate of 4 s and to reduce
the noise of GNSS positions the data are averaged to 5 min see (De Bruijn et al.,
2016). Subsequently, the HAB observations are interpolated to the model levels.
The pre-processing is completed with the elimination of the measurements below
10 m. Lower observations are erroneous, because a HAB usually stops by being
dragged over the ground.

5.4 Validation of HARMONIE-AROME applying
Cabauw mast - and HAB wind data

At first, the Cabauw tower observations are compared with HARMONIE-AROME
and subsequently, the exercise is repeated with the HAB winds instead. We recall
that the verification period is May-September 2018 and the timestamps are iden-
tical to the HAB observation data-set. The Cabauw validation can be regarded as
a reference validation. In Figure 5.5 we compare the first guess model state (+03h
forecast) with the mast observations. At the lowest levels (10, 20 m) the bias of
the u-component is negative, more aloft it becomes almost zero. The v-component
shows a positive bias which increases with height. This can be explained by the
fact that the mast observations especially the ones at the lowest levels are not
representative for a 2.5 km grid.

Next we focus on the HAB data. The HAB winds have varying coordinates and are
only present during a flexible time-slot of about 90 minutes. HAB flights usually
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Figure 5.5: (O-B) statistics of Cabauw tower wind observations (O). The background
(B) is the HARMONIE-AROME +03 forecast of the previous run. The standard
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occur when the atmosphere is changing from unstable to stable and vice versa. In
Figure 5.6 the +03h forecast (background) is compared with the HAB winds in the
same vertical range as the Cabauw observational tower. The data are binned in
vertical intervals of 5 m and per bin the bias and standard deviation are calculated.
The number of observations per bin are presented in the right panel. Because the
HAB observations are from a moving platform, the land surface characteristics vary
along the trajectory, for instance land use, albedo and roughness length. These
heterogeneity’s are also defined in the NWP model context, but due to the limited
grid box size not every detail is described. This has impact on the wind and this
deviation is the so-called representation error.

Also in Figure 5.6 we find a slight positive bias in the v-component and an negligible
bias in the u-component. The mean bias of the wind vector is 0.5 ms~! and the
mean standard deviation (o) is 2.5 ms~! and it is encouraging to see that other
wind observing systems show similar errors. For example De Haan (2011), De Haan
(2016) showed that the accuracy of wind observations derived from an air traffic
control surveillance radar (Mode-S EHS) were around 2.5 ms~!, when compared
to radiosonde and NWP data. Houchi et al. (2015) compared radiosondes with the
ECMWF model and found similar values in the ABL. Ingleby & Edwards (2018)
compared radiosondes observations in Germany during the summer of 2018 and
found a Root Mean Square Error (RMSE) values of 2.5 ms~! for heights from
0-2000 m.

In Figure 5.7 we present the complete HAB data-set, including the observations
at heights above the Cabauw tower, and including those at larger distance than
30 km from the Cabauw tower. The maximum data density per bin is at 120 m,
because this is the cruising height where the balloon is safe from obstacles like trees
and power-lines and where the passengers in the gondola still can enjoy the scenery
below.

The height averaged bias is 0.5 ms~! and the height averaged standard deviation
(o) is 2.5 ms™1. We also recognize a varying bias with height, which was also
present in the profile of the restricted area (see Figure 5.6). This variation of bias
in height was also noted by De Rooy & de Vries (2017). They discovered that the
TKE scheme was under performing in weakly stable conditions. The wind speeds
were overestimated and this could be resolved by allowing more mixing.
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Figure 5.7: (O-B) statistics of all available HAB data in the Netherlands during May-
September 2018. Bias and standard deviations of the wind components are shown as
long as they are significant.

5.5 Case study: Small low pressure area with
rapid changing wind fields

Overall statistics as presented in the previous section may hide the characteristics
of extreme events. In this section we focus on such a case which are the pre-
conditions of adverse weather. During 07 August 2018 in the late afternoon, there
was a small low pressure system in the southern part of the North sea, which
deepened and moved in northeasterly direction over the Netherlands. The wind
changed gradually in strength, but the wind direction remained constant during the
HAB flight. The HAB took off in Buren (36 km from Cabauw) in quiet conditions,
see Figure 5.8. After taking off there was immediately considerable wind shear in
terms of wind direction. This was probably caused by local conditions and by the
fact that wind usually veers with height (De Bruijn et al., 2016). Note that initially
the HAB speed was lower than the predicted wind speed, see Figure 5.9. More aloft
the HAB moved in westerly direction with a velocity of 2 ms~—!. Later during the
flight, the wind started to increase, which was not predicted by the model.

In Figure 5.9 we show the HARMONIE-AROME wind data interpolated to the
HAB trajectory. For the model data, between 18:38 UTC and 18:52 UTC, there
is a small increase in u and a large decrease in v which implies the wind direction
has backed. A similar pattern (increase in u, decrease in v) is visible in the HAB
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data from 18:48 UTC to 18:52 UTC. So it is obvious that both sets of data do
show a change in direction. Of course, the HAB is descending at this time, so this
is exactly what we would expect due to surface roughness/drag (even without any
change in the geostrophic wind direction). The change in direction is also visible
in Figure 5.8 at the point where the balloon drops below 200 m. Eventually, the
balloonist was forced to land on the outskirts of Culemborg (25 km from Cabauw),
fearing a further increase of wind speed. At the Cabauw mast at 200 m height at
21:00 UTC a wind speed of more than 10 ms~! was measured, which confirmed
that the pilot has made the right decision. It is clear that HARMONIE-AROME
was not able to pick-up the right position of this depression, resulting in erroneous
wind fields, which was already foreseen in the large O-B values of this case.

5.6 Study of analysis impact

A question that arises is whether assimilation of observations from HABs can draw
the model to the actual atmospheric conditions. From data assimilation theory,
the 3D-Var analysis equation reads as

J=X-X)"BY X -X)+ (Y -HX)'R'(Y -H(X)) (53)

X is the model state in terms of the state variables (u,v,t,q), Y are observations,
B is background matrix, R is the observation matrix and H (X' )is the observation
operator. The “apriori” information is the previous model run, valid on the analysis
time, the model background (B). The challenge in data assimilation is to find the
optimal analysis X, field that minimizes a (scalar) cost function, where the cost
function is defined as the distance between X and the background X’},, weighted
by the inverse of the background error covariance B, plus the distance to the
observations 17, weighted by the inverse of the observation error covariance R. The

minimum variance solution is
X, =X+ K(Y — H(X))) (5.4)

where K is defined as
K =BH'[HBH” + R]™! (5.5)

K is called the Kalman gain matrix which determines the spatial structure of the
increment and the relative weight given to the observation and background in the
analysis. A complete data assimilation experiment requires a 4D-Var DA system
and a large sample to demonstrate the statistical significance of the results. This
is outside the scope of this paper. Instead, we will focus on the impact of a single
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Figure 5.10: 07 August 2018 18:00 UTC, u-component increment (A-B). The dot
corresponds with the location of the observation at 17:57 UTC, the pressure altitude
is 247 m and the closest model level is 57.

wind vector observation from a HAB on the model state and discuss the need for
a more extensive impact study.

For the single wind vector experiment, we used the three-dimensional variational
(3D-Var) assimilation system, operational at KNMI. We focus on the case-study
as presented in section 5.5. In 3D-Var all observations are assumed to be measured
at analysis time, i.e., 18:00 UTC in our case. From Figure 5.8, many wind vector
observations are available from HAB near analysis time and we select the one at
the exact analysis time. At KNMI we run 3D-Var 8 times per day, i.e., in 3-hourly
cycles. In 3D-Var we start the 18:00 UTC analysis from the 3-hr forecast from
the previous analysis at 15:00 UTC, the so-called background or first-guess (fb).
The observation operator (H) interpolates the model state to the observation (Y)
location to yield the so-called innovation (Y — H(X})), in short (O-B). The model
analysis state (fa) is then obtained from Eq 5.4, with K the Kalman gain matrix
which determines the spatial structure of the increment (X'a — X},). Figure 5.10
shows the 2-dimensional increments of the zonal and meridional wind components
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Figure 5.11: as the previous Figure, but now (A-B) for the v-component increment.

for the selected case, and the HAB wind vector observation at 18:00 UTC. It is
good to note that the structure of the increment is mainly determined by the back-
ground error covariance matrix, which is part of the Kalman gain matrix. For
single observation experiments, the increment structure is isotropic (concentric) by
construction with the maximum amplitude at the location of the observation. As-
similation of the complete wind vector is not a single observation experiment, which
explains the non-isotropic structures of the increments in Figure 5.10 and 5.11.
From Figure 5.9, the background innovation (Y — H(X})), for a single observa-
tion shortly denoted as (O-B), equals 2 ms~! and -0.8 ms~*! for the u and v wind
component respectively. From Figure 5.10, and 5.11, the increment (A-B) at the
observation location equals 0.8 ms~! and -0.08 ms~! for the u and v wind compo-
nent respectively. As a result, we can write for the analysis innovation, for a single
observation shortly denoted as (O-A): O-A=(O-B)-(A-B). This equals 1.2 ms™*
and -0.72 ms~! for the u and v wind components, respectively, see also the red
dots in Figure 5.9. In other words, assimilation of the HAB observation has drawn
the model state toward the real atmospheric state, represented by the atmospheric
observation.
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The static nature of the used background error covariance matrix does not guar-
antee a similar positive effect on the model state away from the observation, in
particular for complex atmospheric conditions as for this typical case. The use
of additional observations along the balloon track can further improve the simu-
lated atmospheric state. This requires the correct use of the observation time of
the additional observations, in other words a four-dimensional variational (4D-Var)
assimilation system. 4D-Var is currently in an experimental set-up, but not yet
operational at KINMI.

5.7 Discussion

In this paper, we have seen that Hot-air Balloon (HAB) observations are an unique
data source for sampling the ABL, in particular for the beginning of a nocturnal
boundary-layer and to diagnose the initial conditions. However there are still some
issues which have to be addressed. First of all the data set of HAB data is rather
limited, but there are potentially more data available. Real time collection can be
used if an appropriate infrastructure is available. Off line collection of data gives
access to an abundance of data, because balloonists tend to store their flights. In
the future also the meta data of the HAB should be collected, because this might
be useful for the processing of the data. Knowledge of the call-sign of the HAB
would give access to typical balloon parameters,like the volume, shape (balloon
type) and mass.

HAB data can be collected using smartphones (De Bruijn et al., 2016), but al-
ternatively transponders can also be applied. Currently more and more HABs are
equipped with transponders, so that they are under surveillance of Air Traffic Con-
trol. These data are also used by www.luchtballonradar.nl, a website where HABs
can be tracked real-time. Interestingly this website offers an archive for completed
flights as well.

Another issue is on what scale is it still meaningful to assimilate information. What
scales are observable and what scales are described by the model? The next step
would be to assimilate all available HAB observations to improve the initial stages
of typical ABL phenomena in the model. Depending on the atmospheric scales to
adapt in the analysis one could choose to assimilate all HAB observations along
a trajectory, but with reduced weight to avoid overfitting and the introduction of
observed spatial scales in the analysis, which the model cannot resolve (Skamarock,
2004).

The high resolution HARMONIE-AROME is a promising model and offers numer-
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ous opportunities for improvement. The asynchronous HAB observations will have
probably more impact as soon as the 4D-Var assimilation will be available. The
impact should also be considered relative to other observations.

In this study, the focus was on the validation of the +03h forecasts (First Guess).
Clearly, HAB wind observations can also be applied for longer forecast periods
and this is a subject for future research. It should be realized that verification
in terms of RMSE is not sufficient to validate the high resolution model outcome.
More advanced verification like neighborhood methods are necessary to reveal the
benefit of the high resolution models and to mitigate the double penalty problem
(Van der Plas et al., 2017).

5.8 Conclusions

This study shows that HAB flights provide valuable wind information in the ABL
and are in agreement with other observations. In an area with a 30 km radius
the HAB winds deviate only slightly from the high quality Cabauw wind mast
observations during neutral-stable conditions. The standard deviations for HAB
measured u and v wind components relative to those from the Cabauw mast are
0w = 0.65 ms~! and o, = 0.69 ms~! respectively.

Comparison with the background state of the HARMONIE-AROME model re-
vealed a standard deviation of 2.5 ms~! for the wind vector error, which is in
the same range as aircraft measurements and radiosondes. HAB flights could pro-
vide data from local flows which are interesting phenomena, especially when such
phenomena are not captured by a NWP model or by the regular observational
network.

We have shown that HAB observations can be ingested by the data assimilation
module of HARMONIE-AROME and that they have the potential to push the
NWP model in the right direction even in complex baroclinic conditions.

All in all, these crowd sourced observations are a welcome addition to the existing
observation network and can be used for a better understanding and forecasting of
the ABL and can be applied in NWP models.
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6.1 This work

The Atmospheric Boundary Layer (ABL) is undersampled and this thesis reveals
how this shortage of data can be mitigated. By means of Hot-air Balloon (HAB)
flights, wind can be measured in the ABL and interesting flows can be observed.
The wind observations can be used for the guidance of small aviation, air pollution,
and wind turbine park applications. HAB observations can be applied at several
stages of the NWP chain, for instance in data assimilation and verification, and
it has the potential to evaluate the turbulence parameterizations in NWP mod-
els.

In Chapter 1 we have commenced with a historic overview of wind measurements,
followed by the history of the HAB itself. Before taking off with the real sci-
ence, we have presented some anecdotes and movies where HABs played a role.
Subsequently, the buoyancy principle has been introduced, because this helps the
understanding of why a HAB floats. Ballooning takes place in the ABL and some
typical features which make the wind turn in height have been introduced. Finally,
the research questions have been formulated.

In Chapter 2 we have studied the dynamics of a HAB and derived theoretically the
response length of the HAB. We have studied the collected data based upon the
navigational data of balloonists and discovered that HAB wind data reveal inter-
esting meteorological features ranging from the meso- to the micro scale. Because
the altitude is controlled by the pilot, only the horizontal wind components are
considered in this study.

In Chapter 3 we have investigated whether smartphones and navigational instru-
ments of pilots can be used to collect data. We have compared these data to
a geodetic GNSS receiver and found that these devices are not very accurate in
absolute positions. The standard deviations are o, = 5m,o, = 5m, o, = 12m,
but the relative positions have a better accuracy. The horizontal speeds which
are based on relative positions and a time step of 1s have standard deviations of
oy = 0.8ms™ ! g, = 0.6ms~!. We have found that the instrumental noise of smart-
phones is correlated and averaging in time reduces the standard deviation in the
speed error less quickly than that would have been the case for uncorrelated noise.
However, averaging wind speeds over longer time periods will inherently lead to
smaller errors. For time scales beyond 600 s which is a typical time step of an NWP
model, the o, and o, become smaller than 0.03 ms~'. We have investigated the
dynamics of the HAB pertaining to a step-wise change of the wind and found an
empirical a-coefficient that was in good agreement with the theoretical value. We
have used a sonic anemometer and studied the behavior of the relative flow around
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a HAB. We have also discovered a systematic relative movement that is explained
by noting that the momentum exchange over the balloon’s vertical dimension dif-
fers from the exchange in the surrounding air and we called this effect the inertial
drift.

In Chapter 4 we have used another upper air observation instrument for validation,
namely using the RASS wind profiler, which was located at Cabauw. So far,
all collected flights were situated over flat terrain in the Netherlands. Driven by
curiosity, we studied also flights that took place in Austria. We discovered very
interesting patterns and we reported about a mountain valley circulation where
the valley wind was completely decoupled from the synoptic scale forcing aloft.
Subsequently, we validated HAB data with HIRLAM for two years and the errors
were small enough for application in the data assimilation module of the HIRLAM
model. We went a step further by performing data assimilation and a small local
positive impact on the forecast was found. A key element in the set-up was that
the hydrostatic HIRLAM was implemented in a rapid update cycling method. We
have used hindcasts, but in an operational application, the timely availability of
the new observation type is crucial for a successful application.

In Chapter 5 we have validated the HAB data directly with the wind observations
at Cabauw during the summer season of 2018. It was found that in an area with
a 30 km radius centered at Cabauw, the HAB winds deviated slightly from the
high-quality Cabauw wind mast observations. The standard deviations for HAB
measured u and v wind components relative to those from the Cabauw mast were
0w = 0.65ms™! and o, = 0.69ms~! respectively. These positive results encouraged
us to take the next step by applying HAB observations in the non-hydrostatic
HARMONIE-AROME. We have created first-guess statistics and found a standard
deviation of 2.5 ms~! for the wind vector error, which is in the same range as
aircraft measurements and radiosondes. Data assimilation in a mesoscale model is
a difficult task and we have made a start by studying the impact of the analysis
increments of a single observation. We have chosen a case study with baroclinic
conditions and a small impact was found.
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6.2 Answers to research questions

In Chapter 1 research questions were posed and finalizing this thesis, it is now time

to answer them:

1.

Are HAB-winds a pie-in-the-sky conjecture or a novel method for ABL wind
retrieval? It is a novel method for wind retrieval and can be carried out by
third parties, including citizen science.

. What makes the HAB wind measurements so unique? They are opportunistic

observations, based on a recreational activity and they are virtually for free.
The measurement principle is straightforward and similar to the radiosonde.
For this research, very little data has been used which resulted eventually in
at least three peer-reviewed papers.

. What correction is necessary to account for the balloon’s inertia? The GNSS

data have noise and averaging is necessary. The averaging time is 300 s
which coincides with the response time of the HAB as proposed in Chapter
2.

. Can smartphones be used to collect the data? Smartphones are not very pre-

cise in positions, but the relative positions are good enough for wind measure-
ments (Chapter 8). However, a software application (app) should be developed
and become available in a general repository.

. What is a typical error in the wind of a HAB? Compared to Cabauw mast

observation the standard deviation is 0.6 m~'. If we apply first guess statis-
tics, it is 2.8 ms~' for the hydrostatic HIRLAM and 2.5 ms~' for the non-
hydrostatic HARMONIE-AROME.

. What kind of devices do you need to obtain the measurements? Off-the-shelf

smartphones can be used as well as transponders which allows tracking from
ATC. Also, position data from commercial navigators for balloonists contains
a lot of data. (Chapter 3).

Can HAB observations be applied in NWP models? They can be applied in
data assimilation, in the development of parameterizations, and in calculating
first guess statistics. (Chapters 4 and 5).

What are typical circulations that are described by HABs? Typical circula-
tions are wind profiles with variations due to baroclinic effects, low-level jets,
and mountain-valley circulations (Chapters 1 and 4).

What is the recommended application of HAB winds? 7The recommended
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applications of HAB winds are ABL wind forecasts and guidance for small
aviation, such as for pilots of HABs in particular.

6.3 Outlook

In this study, the data predominately originate from the Netherlands, but in princi-
ple data can be collected from any place in the world. Hot-air ballooning is a leisure
activity that takes place in the countryside and in the vicinity of urban areas. HAB
flights happen when there are no strong up-and-down drafts. Moreover daylight is
also a prerequisite, because with night vision, it is difficult to find a safe landing
area. In practice, this means that flights take place just before dusk and just after
dawn and also when the surface is covered with snow. It is evident that oceans and
very remote places are not suitable for hot-air ballooning. The presence of road
infrastructure is a relevant constraint because the recovery of the HAB, gondola,
and passengers usually takes place by a pickup truck and a trailer.

For operational application, the HAB wind observations should be collected in a
timely manner. There are two possibilities to achieve this. One option is the
collection of data by smartphones from balloon pilots and/or from passengers on
board a HAB. With a dedicated app, data can be collected and sent to a central
data server (see Chapter 3). To encourage the people to take part, something
should be given in return. One could think of trajectories on the basis of NWP
output and tailor-made guidance for balloonists. In this way, a so-called win-win
situation is created.

The other possibility is the collection of data via Air Traffic Control (ATC). This
method can be implemented fully automatically and does not depend on human
interaction. Transponders can be installed in the gondola and some adjustments
in the data registers must be made. The infrastructure is already present, but
some modifications are necessary to achieve a successful data upload. Being under
the surveillance of an ATC means extra safety for the balloon pilot. Collecting
data also necessitates a need for automatic Quality Control (QC), which should be
further developed. Automatic QC produces a set of high quality observations and
ideally an observation is labeled with a quality flag and an adjustment is made to
remove biases. The collected data should become available on a portal with easy
access for everybody. In Chapter 5, we have reported about a website where HAB
data can be found. It should be noted that in dealing with third party data there
is a need for addressing the ownership of the data.

The major meteorological data centers are using 4D-VAR in a Rapid Update Cy-
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cle (RUC) and then a-synchronous observations can be processed adequately. In
this way, the First Guess (FG) does not deviate too much from the observation
which makes the analysis increments more accurate. For a successful application in
data assimilation, the observation error statistics should be derived. Observational
errors are important for the weighing of observations in the data assimilation pro-
cess. The assessment of observational error statistics requires a lot of data. It is
recommended to collect more HAB data and this data can be either historic data
from flights in the past or real-time collected data.

People sometimes argue that HAB flights only take place in favorable weather
conditions. In this thesis, two examples are given in chapter 2 and 5 with adverse
weather. In chapter 2, a passing front caused an accident and the HAB ended up in
a ditch and in chapter 5 the HAB was able to land before the thunderstorm arrived.
Due to commercial profit, pilots tend to take risks and sometimes fly on the edge. In
their decision-making, they rely upon accurate weather information in combination
with the guidance of duty forecasters. Especially, wind gusts can be troublesome
when taking off and also the landing conditions should be favorable. Extreme wind
gusts are typically very small scale and so the measurements performed at official
weather stations alone are not sufficient. Additional weather observations from
third parties including HAB wind data can complement the observations of the
regular network to improve spatial-temporal resolution.
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