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Abstract
Climate change has increased the interest in high quality observations performed by radiosondes in
the atmosphere. One of the main foci lies on the distribution of the water vapor in the atmosphere
which is known to be the largest contributor to the greenhouse effect , yet with large uncertainties in
our understanding, in particular in the upper troposphere and lower stratosphere (UTLS). Water vapor
is not only measured daily by routine radiosondes, where it is primarily used for weather prediction,
but it is also measured with sophisticated instruments, which are capable of measuring the low water
vapor concentrations below and above the tropopause level.
The Swiss Radiosonde SRS-C34 built by the company Meteolabor AG is currently used for routine radio
soundings performed by the Federal Office of Meteorology and Climatology MeteoSwiss at the
Aerological Station in Payerne. The currently used humidity sensor on the radiosonde has been rated
for different sections in the atmosphere at the recent radiosonde intercomparison organized by the
World Meteorological Organization (WMO) held in Yangjiang, China in July 2010. Due to the
inconsistent performance the humidity sensor of the SRS-C34 was not rated for water vapor
measurements of the upper troposphere. Using the scoring table of the radiosonde intercomparison
we investigated the current market of available humidity sensors for radiosondes, and tested and
evaluated new humidity sensors to improve the humidity readings on the Swiss radiosonde.
A new balloon sounding technique is used to avoid pendulum motion during the ascent of scientific
instrument. This is particularly important for solar radiation sensors since short wave fluxes are
affected by the angle of incident and therefore instruments need to be kept as horizontal as possible.
Furthermore, this method allows a controlled descent in contrast to the high-speed descent through
the stratosphere after a balloon burst of traditional balloon flights. This helps to safely land the
sensitive instruments on the ground and allows recording a second vertical profile with similar
descending speed as during ascent in the same flight. Measurements during descend have the
advantage to be free from possible contaminations in the wake of the balloon, which is important for
measurements with high sensitive humidity instruments particularly in the UTLS.
Using expensive instrumentation on balloon soundings requires a recovery after the payload has
landed on the ground. However, during certain wind conditions flights are not feasible since the precalculated landing spot with wind trajectory models reveal an inaccessible or unfavorable location to
recover the instruments. Therefore, a new device has been developed to obtain more control over the
descending path of a radiosonde by integrating the instruments into a return glider radiosonde (RG-R).
The RG-R is an autonomous glider sonde launched with a balloon to a desired altitude. Once released
it flies the payload back to a pre-defined location. Several flights in succession with on board solar
short and long wave radiation instruments showed the reliability of the system as well as new
possibilities to measure vertical profiles above certain areas. Furthermore, the same instruments can
be launched several times during the same day to investigate the diurnal cycle of atmospheric
parameters.
Water vapor can not only be measured in-situ with humidity sensors, but as a greenhouse gas it
absorbs and emits longwave radiation at specific wavelengths within the spectrum of thermal infrared
radiation. Solar shortwave and thermal longwave radiation at the Earth’s surface and at the top of the
atmosphere is commonly measured at surface stations, from airplanes and from satellites. With
balloon born solar shortwave and thermal longwave radiation instruments, both downward and
upward fluxes are measured with four individual sensors. Investigations of in situ humidity and solar
short- and longwave radiation measurements of high humid layers and clouds, show the strong
connection between the two independent in situ measurements and opens new possibilities in
characterizing the atmosphere. Results from several radiation flights made with the RG-R in Sodankylä,
Finland, from up to 24 km are shown to demonstrate the possibilities to monitor and to investigate
the atmosphere for meteorological and climatological purposes.

Zusammenfassung
Die aktuelle Diskussion um den Klimawandel hat das Interesse nach hoch qualitativen und präzisen
Messungen durch Radiosonden erhöht. Der Hauptfokus liegt dabei auf der vertikalen Verteilung des
Wasserdampfes in der Atmosphäre, welcher am meisten zum Treibhauseffekt beiträgt. Dieser
Wasserdampf wird weltweit täglich von Radiosonden gemessen, welcher hauptsächlich für die
Prognostik von Interesse ist. Die dafür benötigten Messinstrumente werden von Jahr zu Jahr präziser
und ausgereifter, so dass es nun möglich ist kleinste Wasserdampfkonzentrationen in der
Tropopausenregion zu messen.
Das Bundesamt für Meteorologie und Klimatologie MeteoSchweiz in Payerne setzt seit vielen Jahren
die Schweizer Radiosonde C34 von der Firma Meteolabor AG für die tägliche Radiosondierung ein. Der
darin verbaute Feuchtesensor wurde während des letzten internationalen Radiosondierungsvergleiches in China bewertet und eingestuft. Solche Vergleichsflüge werden von der World
Meteorological Organization (WMO) organisiert und tragen zur stetigen Verbesserung der
Radiosondierungs-Messungen bei. Aufgrund der Messleistungen des derzeit verbauten
Feuchtesensors wurde dieser für Messungen in der oberen Troposphäre nicht bewertet. Die
Ergebnisse aller Sensoren von jedem einzelnen Radiosondierungs-Hersteller sind im Abschlussbericht
beschrieben und wurden dazu gebraucht um einen neuen Sensor für die nächste Generation der
Schweizer Radiosonde zu evaluieren.
Um die Pendelbewegungen einer aufsteigenden Radiosonde zu minimieren wurde eine neue Ballon
Sondierungs Technik entwickelt. Diese spezielle Technik wird vor allem für Strahlungsmessungen
benötigt, da die kurzwellige Sonnenstrahlung sehr stark vom Einfallswinkel der Sonne abhängig ist. Des
Weiteren sind kontrollierte Abstiege der Radiosonde möglich, welche nicht nur dafür sorgen, dass die
Instrumente unbeschadet auf dem Boden landen, aber nun auch Messungen während des Abstieges
mit ähnlichen Geschwindigkeiten wie beim Aufstieg möglich sind. Bei hoch präzisen
Feuchtemessungen mit den dafür entwickelten Messinstrumenten können Messfehler durch den
Ballon, entstehen welcher bei einem Wolkendurchgang Feuchtigkeit aufsammelt und diese mit der
Zeit dann wieder langsam abgibt. Diese Messfehler, welche vor allem um die Tropopausenregion
auftreten, können mit einem kontrollierten Abstieg umgangen werden.
Speziell ausgerüstet Radiosonden mit kostspieligen Instrumenten werden jeweils nach der Landung
auf dem Boden mit mehr oder weniger grossem Aufwand geborgen. Während gewissen
Windverhältnissen können somit keine Flüge getätigt werden, da die Instrumente in unwegsamen
Gelände oder in Regionen landen wo eine Bergung mit sehr viel Aufwand verbunden ist. Daher werden
vor solchen Flüge mit Hilfe von Windmodellen die Flugtrajektorien berechnet, um zu überprüfen wie
einfach eine Bergung der Sonde sein wird. Aufgrund dieser Limitierungen wurde ein Modellsegler
entwickelt, um mehr Kontrolle über den Abstieg einer Radiosonde zu erlangen. Dieser Glider ist ein
komplett autonomes Flugzeug, welches mit einem Ballon auf die gewünschte Höhe hochgezogen wird.
Nach Erreichen der Höhe wird der Ballon automatisch vom Glider getrennt, welcher nun auf der
bestmöglichen Flugroute zu einem vorprogrammierten Landepunkt zurückfliegt, wo dieser
schlussendlich mit Hilfe eines Fallschirmes landet. Mehrere Flüge in kurzer Abfolge haben die
Zuverlässigkeit des Systems bestätigt und neue Möglichkeiten eröffnet, um über einem bestimmten
Gebiet eine vertikale Messung durchzuführen.

Der Wasserdampf in der Atmosphäre kann nicht nur direkt mit Feuchtesensoren gemessen werden,
sondern als Treibhausgas absorbiert und emittiert dieser langwellige Strahlung innerhalb des
thermischen Infrarotspektrums. Dieses, sowie die kurzwellige Sonnenstrahlung, werden auf der
Erdoberfläche und an der Obergrenze der Atmosphäre mit Hilfe von Bodenstationen, Flugzeugen,
sowie Satelliten gemessen. Mit Ballongetragenen kurz- und langwelligen Strahlungsmessgeräten
können aufwärts sowie abwärts gerichtete Strahlungsflüsse mit vier individuellen Sensoren gemessen
werden. Direkte in situ Messungen von Wasserdampf, sowie der langwelligen thermischen und
kurzwelligen Sonnenstrahlung zeigen die enge Verknüpfung zwischen den beiden unabhängigen
Messungen.
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1 Introduction
1.1

Radiosonde measurements

For several decades radiosondes provide high vertical resolution data of different atmospheric
properties up to an altitude of 35 km. The instrumentation strongly changed over the past years and
with every new generation of radiosondes better measurement accuracy is achieved. Radiosoundings
were mainly used for weather forecasts but recently more attentions is given to upper-air observations
for climate change related topics. With the initiation of the Global Climate Observing System (GCOS)
Reference Upper Air Network (GRUAN) accurate measurements of various tropospheric and
stratospheric variables are required. During radiosonde intercomparisons organized by the World
Meteorological Organization (WMO) measurement quality of present-day operational radiosondes are
tested and analyzed. Final reports reveal radiosonde performance in relation to temperature, humidity
pressure and wind components for each individual radiosonde. The last intercomparison held in
Yangjiang, China in July 2010 showed good agreement of night time temperature measurements. On
the other hand still rather large differences between humidity measurements of different
manufacturers were observed, and therefore only one radiosonde in terms of humidity measurements
has been classified to be as good as expected for GRUAN specifications. However, for a network like
GRUAN it is important to have more than one good quality radiosonde for future operations.

1.2

The Swiss radiosonde

The MeteoSwiss aerological station in Payerne is the only site in Switzerland, where on a daily bases
radiosondes for weather forecasts are launched. Twice a day vertical profiles of temperature, humidity
and wind are measured with a Swiss made radiosonde developed and manufactured by Meteolabor
AG in Wetzikon. The temperature measurement of the currently used SRS-C34 radiosonde is based on
the thermocouple technique and has been proven to deliver accurate data during day and night time
soundings and to be one of the fastest responding sensors among all radiosondes. For humidity
measurements Meteolabor provides two different types of humidity sensors each based on a different
measuring technic. The SnowWhite® sensor is a frost point hygrometer specifically developed for
airborne applications. It is a rather expensive sensor and it is often used as test and reference
hygrometer during campaigns. The sensor used for the daily routine radiosonde is a capacitive thinfilm humidity sensor from the company Rotronic.
During the recent radiosonde intercomparison, temperature measurements from the SRS-C34
Radiosonde scored the necessary points for being classified as fulfilling the expectations for the GRUAN
network. The humidity measurements on the other hand were acceptable for the lower troposphere
but showed large differences to other radiosondes for the upper troposphere [Nash et al., 2012]. The
currently used sensor is not capable of measuring relative humidity in the upper troposphere due to
its property and there needs to be improved.

1.3

Controlled balloon flights with special equipment radiosondes

The demands for accurate vertical profiles of humidity and temperature measurements is high and the
requirements can only be achieved by improving the employed sounding techniques. During the past
years highly sensitive temperature and humidity instruments were used, where perturbations of
weather balloons became apparent, which caused biases in the measurements [Tiefenau and
Gebbeken, 1989; Shimizu and Hasebe, 2010]. This effect is more significant for humidity
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measurements, particularly in the upper troposphere and lower stratosphere, where during cloud
passages moisture was collected on the balloons skin, which then evaporated and affected the
measurements. Therefore, highly sensitive measurements during ascents are often not very useful,
whereas during descend unbiased measurements are feasible.
However, the vertical data resolution during the fast descent is rather low in the stratosphere since
the parachute cannot sufficiently decelerate the payload, and measurements every second is too slow
for quality climatological measurements. Therefore, new balloon sounding techniques have been
investigated to gain more control over the descend of the radiosonde, which not only improves the
recoverability of the highly sophisticated instruments, but also offers a new possibility for soundings
with specially equipped radiosondes.

1.4

Return glider radiosonde

Balloon born measurements are very convenient for recording vertical profiles through the
atmosphere and are therefore often used to launch special scientific instruments up to an altitude of
35 km. However, a major drawback is that once the balloon bursts, the payload returns by a parachute,
descending at a high velocity through the stratosphere and lands on the ground at some often not well
determined position. This uncontrolled descent is a problem in regions with mountains, large forests,
lakes or even the nearby ocean. Hence before each sounding, wind trajectories are observed and global
wind forecast models are used to determine roughly whether the instruments are landing in a
retrievable area or if the flight needs to be postponed. For particular research topics certain weather
conditions are necessary, but they rarely match wind direction and speed favorable for a reasonably
priced and time-saving retrieval. Therefore, better control over a descending radiosonde is desired to
allow more flights even under non-favorable wind conditions.
For this purpose an autonomous return glider radiosonde (RG-R) has been developed and first tests
with solar short- and longwave radiation instruments have been conducted. The glider is lifted by a
regular weather balloon to the desired altitude and once released, flies back to the launch coordinates
and lands automatically on the ground with a parachute. This advanced sounding technique opens new
possibilities in terms of instrumentation and repeatability by using the same instrument several times.

1.5

Vertical profiles of solar short- and long wave measurements

In 2011 experiments with balloon born solar radiation sensors were conducted and a full radiation
budget through the atmosphere was recorded under cloud free conditions. Analyses showed the close
link between water vapor and the long wave radiation measured with the instruments. This radiative
forcing has been shown between two night time flights, where temperature and the corresponding
water vapor differed. Improved instruments integrated into the return glider radiosonde were used
during several flights in Sodankylä, Finland with different weather conditions to better understand and
characterize the state of the atmosphere and to show how clouds and water vapor influences radiation
profiles.

1.6

Objectives and Outline

This work intends to improve various aspects of radiosoundings and tries to combine new instrument
technologies with currently used radiosondes. In chapter 2 new humidity sensors for the Swiss
radiosonde are investigated and used to improve the current performance of upper troposphere
measurements. Chapter 3 investigates two different sounding techniques to prevent balloon
perturbations for upper troposphere and lower stratosphere humidity measurements. In chapter 4, an
even more sophisticated method is presented in the third part where a return glider radiosonde is
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presented and used to safely return the scientific instruments back to the launch station. This glider is
currently equipped with new solar radiation instruments, whose results are presented in chapter 5.

The outline is as follows:
Chapter 2 describes the process of evaluating several different humidity sensors for balloon born
measurements with the goal of improving the current used humidity sensor in the SRS-C34
Radiosonde. By using the advantages of the thermocouple technique new possibilities for
improved humidity measurements are presented.
Chapter 3 investigates two new methods for balloon soundings to prevent perturbations of the
weather balloon by slowly descending the payload by either opening a valve where the gas
slowly escapes or by using a second so called parachute balloon.
Chapter 4 introduces a completely autonomous return glider radiosonde capable of flying the payload
to predefined landing coordinates once detached from the balloon. First flights up to an
altitude of 24 km are evaluated and reveals new possibilities for balloon born
measurements.
Chapter 5 focuses on the obtained solar short- and long wave radiation measurements made with the
return glider radiosonde and is used to better understand the coupling between water
vapor and the long wave radiation.
Chapter 6 summarizes the results of this work and provides final conclusions and discusses future use
of the new obtained data.

Investigations on humidity sensors for the SRS Radiosonde
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2 Investigations on humidity sensors for the SRS
Radiosonde

2.1

Introduction

Atmospheric humidity is strongly linked to precipitation, and more generally, to weather and weather
prediction. In turn, water vapor is the most important greenhouse gas, which is closely related to
climate. For weather forecasting purposes, boundary layer and lower tropospheric humidity
observations are of prime interest. With climate change, accurate humidity measurements in the
upper troposphere and lower stratosphere became very important. Upper-air observations have
recently been given more attention with the initiation of the Global Climate Observing System (GCOS)
Reference Upper Air network (GRUAN) to provide climate-quality measurements of tropospheric and
lower-stratospheric variables [Trenberth et al., 2002; GCOS, 2007; Seidel et al., 2009].
Since the beginning of upper-air measurements with sounding balloons in 1892 [Hoinka, 1997],
humidity was always a very difficult parameter to measure. Despite the improvements made on
humidity sensor technologies over the last decades, the Eighth WMO Intercomparison of High Quality
Radiosonde Systems, held in Yangjiang, China, in July 2010 [Nash et al., 2012], revealed large
differences between radiosondes of different manufacturers, and considerably larger uncertainties on
relative humidity measurements than on temperature.
MeteoSwiss uses Swiss made radiosondes since the beginning of upper-air measurements at the
aerological station at Payerne, in 1942. The analog SRS-400 radiosonde was introduced by Meteolabor
AG in 1990, and used a VIZ/SIPPICAN resistive hygristor for relative humidity measurements. In 2009
the resistive hygristor was replaced by the capacitive humidity sensor HC2 produced by the Swiss
company Rotronic AG. This same HC2 sensor is since used also in the new digital SRS-C34 radiosonde,
which replaced the analog SRS-400 radiosonde in 2011.
Although the Rotronic sensor HC2 delivers more accurate relative humidity values in the lower
troposphere, the sensors response time above 8 km altitude is so long that measurements in the upper
troposphere are not very reliable. During the International Intercomparison of Radiosonde Systems in
Yangjiang, China, the results of the HC2 were acceptable in the lower troposphere but showed large
difference to other radiosondes in the upper troposphere, above 8 km altitude. For numerical weather
prediction this could still be acceptable but for climate research the sensor needs to be upgraded or
replaced by a high performance sensor.
The market of humidity sensors for meteorological application like balloon soundings is very small and
there are only few companies producing sensors of this type. Many radiosonde manufactures use
humidity sensors from the same manufacturer, although with quite different success with respect to
performance and accuracy.
In the following we present systematic investigations and test flights with two capacitive humidity
sensors from two different companies. First tests and calibrations were made in the laboratory using
state of the art equipment. Individual sensors were then tested and compared in varying
configurations to well establish radiosondes during a large number of day and night balloon soundings.
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Upper air humidity sensors

2.2.1 Humidity sensors on operational radiosondes
In the early decades of upper air soundings goldbeater's skin (the outer membrane of cattle intestine,
which varies in length with changes in relative humidity), hair hygrometers and films of lithium chloride
on strips of plastic (whose electrical resistance varies with relative humidity) were most commonly
used. These sensor types perform poorly at temperatures below -20 C and suffer from significant
hysteresis effects and biases [WMO, 2008]. Later, plastic or glass strip coated with a hygroscopic film
containing carbon particles that changes electrical resistance with relative humidity, called carbon
hygristors, were used. However, carbon hygristors suffer from a moist bias at relative humidities above
60 % [Schmidlin and Ivanov, 1998] and reveal a pronounced hysteresis after passing and exiting clouds.
In general, its performance is unreliable at temperatures below -40 °C or at low relative humidities
[WMO, 2008]. Thin film capacitive sensors, consisting of a hygroscopic polymer film between two
electrodes are faster and more reliable than carbon hygristors and the capacity measured is directly
proportional to relative humidity. Thin film capacitive polymer sensors are by far the most common
type of humidity sensors on operational radiosondes today.

2.2.2 Research and reference humidity sensors
Dewpoint or frostpoint hygrometers have also been used on balloon borne radiosondes for many years
[Suomi and Barret, 1952], but up to present rather for scientific than operational use. An important
feature of this technique is that it is an absolute measurement. This means that a property of water
vapor can be related to another fundamental quantity - in this case temperature - which is easier to
measure. The technique therefore does not require a calibration to a laboratory standard of water
vapor, rather it only requires an accurate temperature calibration, which is much easier to achieve
than a water vapor calibration. Dewpoint or frostpoint hygrometry has its foundation in equilibrium
thermodynamics of a two phase system. If the temperature can be measured at which the vapor phase
of water and the condensed phase are in equilibrium, then the partial pressure can be calculated based
on the measured frostpoint (or dewpoint) temperature using the Clausius Clapeyron equation, which
describes the relation between the vapor pressure and the temperature of a two phase system in
thermodynamic equilibrium (WMO uses the equation established by Sonntag [Sonntag, D., 1994]).
Frostpoint hygrometers use active cooling and heating to maintain a thin layer of condensate on a
small polished metal mirror. To achieve this, the mirror temperature must be changed as the amount
of water vapor in the air varies. The thickness of the frost layer is monitored by shining a small beam
of light at the mirror and measuring how much of the light is scattered by the frost. The controlled
frost point temperature of the mirror is a direct measure of how much water vapor is in the air.
Frostpoint hygrometers have certain advantages over thin film capacitors particularly in the upper
troposphere and lower stratosphere but they are much more technically involved and expensive and
therefore less practical for everyday use. Nevertheless, the rather low-cost chilled mirror sensor
SnowWhite® from Meteolabor (Switzerland) is often used as a test and reference hygrometer
[Fujiwara et al, 2003; Wang, J, 2003].

2.2.3 Fluorescence hygrometers
Even more sophisticated are fluorescence Lyman-α hygrometers that have been used in recent years
to measure very small amounts of water vapor particularly in the upper troposphere and lower
stratosphere. The method used to measure H2O by a fluorescence technique was developed by [Kley
and Stone, 1978] and [Bertaux and Delannoy, 1978]. The photodissociation of H2O molecules by
radiation at wavelengths <137 nm produces electronically excited OH. The electronically excited OH
relaxes to the ground state by fluorescence or by collisions with other molecules. By measuring the
intensity of the emitted fluorescence, the H2O abundance can be determined.

Investigations on humidity sensors for the SRS Radiosonde
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Selection of humidity sensors

Eleven different operational radiosonde types participated in the 8th WMO International
Intercomparison of Radiosonde Systems in Yangjiang, China in July 2010 [Nash et al., 2012]. All the
eleven radiosondes were equipped with capacitive polymer type sensors. Additionally, radiosondes
based on the chilled mirror techniques were also used.
The measurement quality reported from the eleven radiosondes using capacitive polymer sensors
was used as the basis for choosing a new humidity sensor. They scored each humidity sensor and
separated their performance for night and day time soundings. The results were further divided into
humidity measurements above and below the -40 °C temperature mark. In Table 2.1 (based on Table
12.1 from [Nash et al., 2012]) the results of seven different radiosondes and their corresponding
humidity sensors are shown. They were particularly chosen because these sensors are commercially
available and can therefore be used for further tests. The Vaisala radiosonde, which achieved the
highest scores in this intercomparison, was also added in the table as a reference sensor. The
performance of each sensor is represented in score values from 1 to 5. The different score values are
explained in Table 2.2.

T > −40 °C night
T > −40 °C day
T < −40 °C night
T < −40 °C day

InterMet
(E+E)
4.5
4.25
4.5
2.5

Jinyang
(E+E)
3.75
4.75
4
4.25

Graw
(E+E)
5
4.75
4.5
4.25

Huayun
(E+E)
4
3.75
3.25
2.75

LMS
(E+E)
5
5
4.75
4.5

Changfeng
(IST)
5
4.25
3.5
3

Vaisala
5
5
5
4.5

Meteolabor
(Rotronic)
4.25
3.25
(not rated)
(not rated)

Table 2.1: Summary of operational performance reproduced in score points. In brackets company name of the
senor used. Sensors used are the same within the company. (Table 12.1 in [Nash et al., 2012])
1
2
3
4
5

Minimum acceptable performance, given current available technology
Close to the accuracy requirement for operations in the CIMO Guide
Just meets the operational requirements of the CIMO Guide
Better than operational requirements of CIMO Guide, but still needs some improvement to become ideal for
GRUAN
As good as can be expected for GRUAN at the moment

Table 2.2: Scoring table, Cimo Guide: https://www.wmo.int/pages/prog/www/IMOP/CIMO-Guide.html

The most common humidity sensor among the different radiosonde manufacturers is the HC103M2
sensor from the company E+E in Austria with exception of Vaisala, that produces their own humidity
sensors. However not all radiosonde equipped with this sensor perform equally well, which clearly
shows that using and understanding this sensor is not trivial and can lead to different results.
During day time soundings and temperatures greater than -40 °C which corresponds to the lower
troposphere, the span over all E+E sensors is 1.0 score points, whereas during night, the span is higher
at 1.25. The most challenging part for humidity measurements is the upper troposphere lower
stratosphere region, where temperature is usually lower than -40 °C. The span doubled in this region
during day time soundings from 1.0 to 2.0 score points where as during night only a slight increase
from 1.25 to 1.5 score points where recorded. This clear difference between the same sensors during
day and night time soundings in the upper troposphere lower stratosphere is probably due to an
enhanced solar radiation error and the corresponding temperature of the humidity sensor. The overall
big span between the same sensor type shows clearly that using this sensor is not trivial and needs
careful investigations.
T > −40 °C night
T > −40 °C day
T < −40 °C night
T < −40 °C day

Vaisala
5
5
5
4.5

E+E (mean)
4.3
4.4
4
3.4

IST
5
4.25
3.5
3

Table 2.3: Summarized sensor performance of Vaisala, E+E, IST and Rotronic

Rotronic
4.25
3.25
-
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The currently used HC2 sensor from Rotronic was only rated for the lower troposphere, since
measurements for the upper troposphere are not reliable and therefore not evaluated. The Yangjiang
report stated “At these lower temperatures, Meteolabor and Daqiao were not assessed because few
useful measurements were obtained at the lower temperatures. “
For the lower troposphere during day and night flights the two different sensors from E+E and IST
achieved better results than operational requirements of CIMO Guide. The HC2 sensor showed lower
scores but still enough to fulfil the operational requirements of the CIMO requirements. For the upper
troposphere and lower stratosphere, the E+E sensor was rated slightly better than the sensor from IST
however this sensor was only used on one radiosonde at that time and was therefore not well
represented.
This analysis clearly shows how well the sensors from E+E and IST perform compared to the currently
used HC2 in the Meteolabor SRS-C34 radiosonde. Since the E+E and the IST sensor showed similar
results we decided to test both sensors at the same time.
The size and shape form factor of two sensors are both very similar, which allowed to use the same
sensor boom for both sensors. Furthermore the company IST is located in the same part of Switzerland
as Meteolabor AG and therefore a close collaboration was established.

2.3.1 Details about humidity sensors
Principle of operation
As mentioned above thin film capacitive sensors are the most common type of humidity sensors used
on operational radiosondes today. All of these capacitive sensors are based on dielectric changes of
thin films upon water vapor uptake as a measure of the water vapor content. The porous polymer
material acts as a hydro active sponge, whereby the water molecules within the polymer material are
in thermodynamic equilibrium with the gas phase, i.e. the rate of adsorption of molecules onto the
surface is exactly counter balanced by the rate of desorption of molecules into the gas phase
[Anderson, 1995]. The water adhesion is characterized by physical hydrogen bonds through the “weak”
Van der Waals interaction of water molecules with the hydrophilic groups of the polymer molecules
[Matsuguchi et al., 1998, e.g.]. The porous polymer materials change the capacitance upon desorption
or absorption of water molecules. Therefore the sensor responses to changes of relative humidity as
well as to changes of air temperature. This is only possible due to the rather large difference of the
relative dielectric constant of water (𝜀𝜀𝑟𝑟 ~80) and the polymer (𝜀𝜀𝑟𝑟 ~4). Furthermore the ability to
desorb and adsorb water vapor depends mainly on the composition and thickness of the polymer.
"HC103M2" from E+E
The company E+E in Austria offers a special designated humidity sensor for balloon borne systems,
which is adapted to extreme temperature ranges experienced during balloon soundings. The
"HC103M2" is a surface mount device (SMD) sized (5.85 mm x 2.85 mm) fast high end humidity sensors
for temperature ranges from -80 to +120 °C. The capacitance change of 55 pF refers to 0 - 98 % RH,
where the nominal capacitance at 30 °C is around 160 ± 40 pF. Therefore the sensitivity is given at
around 0.55 pF/% RH.
The sensors performance is described as linear for the range of 0 to 98 % RH with less than ± 2 % RH
error. The humidity permeable electrode which is exposed to the humidity in the air is 2.34 mm x
2.85 mm which equals to an area of 6.67 mm2. The substrate where the humidity porous electrode
and the polymer is mounted is made out of glass with a thermal conductivity of 0.0072 W/cm K.
"P14 Rapid" from IST
The sensor produced by the company IST in Switzerland is called "P14 Rapid". The sensor like the one
from E+E is also specially designed for weather balloon applications. The "P14 Rapid" is manufactured
as an SMD version (6.35 mm x 2.54 mm) as well as a wired version (5 mm x 3.8 mm). For our
experiments we used the SMD version since this is more similar to the sensor shape from E+E than the
wired one. The sensor is rated for a temperature range from -80 to +150 °C. The capacitance change
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of 30 pF refers to 0-98 % RH where the nominal capacitance at 23 °C and 30 % RH is at 180 ± 50 pF.
Therefore the sensitivity is given at around 0.3 pF/% RH for the range of 15 to 90 % RH. The humidity
permeable electrode, which actually is exposed to the humidity in the air is 3 mm x 3.5 mm which
equals to 10.5 mm2. The base of the sensor where the humidity porous electrode and the polymer is
mounted is made out of a ceramic substrate with a thermal conductivity of 0.3 W/cmK.
Later during the experiments IST was able to produce a sensor with a polymer half the thickness of the
original one. Therefore the lifting did double the amount from 30 pF to 60 pF and the nominal
capacitance at 23 °C and 30 % RH changed to 300 ± 50 pF.

2.3.2 Differences between the two sensors
Both capacitive sensors are based on a dielectric change of a thin film upon water vapor uptake as a
measure of the water vapor content. The main difference among the sensors is in the structure and
the polymer used. Sensors from the company E+E are applied on a glass substrate where as the one
from IST are based on a ceramic substrate. This difference in material influences the humidity
measurements not directly but for our application the ceramic substrate has a big advantage in terms
of thermal conductivity. Ceramic (0.3 W/cm K) is 40 times more thermal conductive as glass (0.0072
W/cm K) and therefore has a more equal temperature over the whole sensor as the one with a glass
substrate. This is going to affect how precise the temperature of the actual sensor can be measured to
compensate for solar radiation effects during day time sounding. Tests in the laboratory showed
already a vast difference (see Section Thermal conductivity).
Further the response time of the humidity sensor is dependent on the polymers ability to adsorb and
desorb water vapor. The layer thickness as well as the composition of the polymer plays a major role.
Water molecules can diffuse faster if the polymer is kept thin which plays a major role in regions with
very low temperature since the diffusion of water molecules is strongly temperature dependent.
Furthermore, during strong humidity gradients a sensor with thinner polymer is reacting faster, as
observed during tests with two IST sensors of different thickness. Since the composition of the polymer
of each sensor is kept secret by the companies we cannot compare those among each other. The size
and therefore the mass of each sensor is almost the same and differs not much, hence the same sensor
boom is used for each sensor to provide an equal test base for all experiments.
Thermal conductivity
With the two sensors available it is not possible to measure the temperature next to the sensor head
directly inside the polymer. Therefore a temperature probe must be fixed beneath the substrate of
each sensor. This leads to a small temperature difference since the temperature on top of the senor is
not the same as the one on the bottom. To verify this small difference, laboratory tests were
performed, where thin 20 µm thermocouples were attached to the top and a flat thermocouple to the
bottom of the humidity sensor. The humidity sensor itself was not operational since the thermocouple
was glued directly on top of the sensitive polymer. However, for those tests a working humidity sensor
was not intended since only the thermal conductivity was of interest. Furthermore a constant air flow
of 4-5 m/s was provided by a fan which simulates an air flow similar to a regular radiosonde ascent.
Additionally the new sensors will be used together with a heater, which is located beneath the sensor
boom and therefore generates a temperature gradient between the top and bottom temperature
probe. The heating power is held constant at around 50 mW, which results in an 8 °C warmer sensor
in an ambient air temperature of 23 °C and ~1000 hPa. The change in heating intensity with decreasing
pressure hasn’t been investigated.
Figure 2.1 shows a side view sketch of the sensor boom with all the major components.

20

Investigations on humidity sensors for the SRS Radiosonde

still air
air flow (4 m/s)

∆t IST
0.27 °C
0.02 °C

∆t E+E
0.85 °C
0.65 °C

Figure 2.1: (left) Sensor boom with a 20µm thermocouple temperature sensor on top of the humidity sensor.
Beneath the humidity sensor another thermocouple in a rectangle shape is mounted. The sensor boom consist
of standard PCB material (FR-4) where the additional heater is glued on. (right) Temperature difference between
the top and bottom thermocouple.

The values measured represent very well the already known thermal conductivity properties for glass
and a ceramic substrate. The difference between the top and the bottom temperature during an
ascent for an IST humidity sensor is negligible (0.02 °C), whereas for the one from E+E with 0.65 °C is
substantial. However, those values just represents the condition for an atmospheric pressure of
around 1000 hPa. Since during an ascent the pressure decreases exponentially the heat dissipation will
change, which influences the temperature measurement of the humidity sensor itself.

2.4

Sensor interface

Both sensors are delivered in the SMD form factor without any electronic components to measure the
relative humidity. Since every capacitive relative humidity sensor is a capacitor on its own, a device is
needed to measure the capacitance, which is, according to the datasheet of the manufacturer, linearly
related to relative humidity over water in percent over a given span. There are different approaches
to measure the capacitance, however, only two methods were more closely investigated.

2.4.1 Different measurement techniques
Direct measurement of capacitance
The most obvious and direct solution is to measure the sensors capacitance directly with a single chip
solution. In this case the integrated circuit (IC) directly converts the capacitance to a digital signal which
then can be further processed. There are different ICs available which are able to measure up to eight
capacitances in grounded mode at 5 Hz. They work with CMOS technology at 3 V and uses "discharge
time measurement" as a principle for measuring capacitance. This measurement principal is shown in
Figure 2.2. The cycle time corresponds to the charge time plus the discharge time and is directly
proportional to the capacity. This cycle time is then transmitted via a digital port to a micro controller
where it can be further processed to calculate the relative humidity with preconfigured calibration
points.
Frequency measurement with a 555 timer
This method uses the most sold IC chip in the world, the 555 timer which is still widely used in different
applications due to its great versatility. In our application we directly use the humidity sensors
capacitance to drive the 555 timer which then generated a square waveform. This square waveform
can easily be further measured and processed by a low power micro controller.
The main procedure is to continuously charge the capacitor to a threshold level where it then gets
discharged. The time period between charged and discharged capacitor is then measured by a micro
controller and is directly proportional to the relative humidity. The 555 timer has several different
working modes. The one used here for measuring the humidity sensors is called the Monostable mode
(see Figure 2.3), where the timer function is used as a “one-shot” pulse generator which depends on
the capacitance and the resistors attached. Since the resistors won't change during measurements,
the length of the output pulses are only triggered by the change of the capacitance of the sensor. The
output pulse is triggered high when the capacitor gets charged. Once the capacitor reaches the
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threshold voltage of 2/3 of the input voltage the capacitor is discharged and the output pulse is set to
low. The time between low and high output pulses is then measured by a micro controller and can be
directly correlated to a pre-calibrated relative humidity value.

Figure 2.2: Schematic of the discharge time
measurement

Figure 2.3: Schematic of the 555 timer in
monostable mode and how the timer does trigger
the output pulse

Method used for experiments
Clearly the one chip solution would be very convenient since they have been used for several years in
various applications measuring humidity sensors. However the major drawback is that they are very
limited when it comes to high ground capacitance of 200 to 300 pF. They are normally designed to
measure very low capacitance in the range of aF (attofarad 10-18) to a few pF (picofarad 10-12). Since
one of the new sensors tested has very high ground capacitance those ICs can't be used. Therefore all
further measurements are made with the 555 timer and its corresponding circuit. By using the 555
timer more components are needed to get the circuit running, however, it is less expensive, widely
available and most important, it can handle any ground capacitance. During all experiments the same
circuit for both sensors with a 555 timer is used to ensure the same quality of measurements.

2.5

Sensor boom

The sensor boom is the most important part of the whole interface. It needs to be well designed to
provide an active sensor area that is well exposed to the air flow but at the same time prevent any
accumulation of atmospheric water or ice, which could distort the measurement results. For the
experiments the boom produced is meant to be universally usable, hence each different sensor type
must fit the boom.
The sensor boom is made out of a 0.5 mm, two layer Printed Circuit Board (PCB) made out of flame
retardant (FR-4) standard PCB material. The PCB is 10 mm wide and 100 mm long to provide a good
separation and therefore less influence from the radiosonde body. The layout is shown in Figure 2.4
and Figure 2.5.
The top of the PCB shows a small rectangular copper pad where the humidity sensor is glued on (Figure
2.5), and which at the same time is used as a thermocouple together with a constantan wire soldered
to the edge of the pad. The pad is designed large enough to fit both SMD humidity sensors from IST
and E+E.
On the bottom side of the PCB a resistor, which act as heating element is soldered to the two separated
pads (Figure 2.6). Both pads are connected through small curved cooper wires to prevent any large
heat transfers from the radiosonde itself. This is especially important for the temperature
measurement below the humidity sensor. The resistor value was chosen after laboratory experiments
with a fully equipped sensor boom in an air flow of 4–5 m/s, similar to a radiosonde ascent. Figure 2.7
shows the attached constantan wire to the cooper plate forming the thermocouple for measuring the
temperature of the humidity sensor. Furthermore, two 50 µm constantan wires are prepared for
interfacing the humidity sensors once it is glued to the copper pad.
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Figure 2.4:
bottom site

Sensor

boom

Figure 2.5: Sensor boom top
site

Figure 2.6: Sensor boom with
heat resistor attached

Figure 2.7: Attached constant wire to the PCB and covered thermocouple rectangle for later painting

Figure 2.8 shows the sensor boom before coating with a white color and Figure 2.9 shows the finished
sensor boom once coated. With respect to thermal radiation of the direct sun, an aluminum coating
would be more reflective. However, applying it to the currently used sensor boom would have been
too complicated and since the temperature of the humidity sensor is already measured, the heating
of the sensor boom with respect to air temperature is well known and can therefore be corrected.
The last step includes gluing the sensor to the cooper pad with a very good thermal conductive glue.
This task must be executed very carefully to ensure no damage to the sensors top active polymer area.
The glue used has a very high thermoconductivity to allow best heat transfer from the humidity to the
temperature sensor. The two 50 µm wires are then hand soldered to the sensor pads on top of the
humidity sensor.
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Figure 2.8: Sensor boom before
painting with all wires and
sensitive areas covered for
painting
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Figure 2.9: Sensor boom painted
and ready to mount the actual
humidity sensor

Figure 2.10: Sensor boom with
humidity sensor and attached
wires

2.5.1 Heater
The problem of rain and cloud passes for humidity sensors is well known in the radiosonde community
and is still not satisfactorily solved. During a cloud pass the excess water on top of the sensor or the
boom can lead to wrong measurements. However, when the sensor is heated and kept at a stable
temperature above the ambient air temperature, water molecules can evaporate faster and icing can
be prevented. For the current experiments a simple resistor as heating element is used, which is
mounted underneath the humidity sensor on the other side of the PCB. The amount of heating can be
directly controlled by the micro controller and is adjusted to different stages during the ascent. During
the preparation phase of the radiosonde prior to launch, the heater is switched off to verify the
working conditions of the humidity sensor in a small climate chamber. Once the radiosonde is climbing
the heater is switched on automatically.
Benefits and drawbacks
By using a heater the benefits become apparent in terms of icing and excess of water droplets on top
of the sensor. Furthermore, the saturation point of the sensor is lowered since during a cloud pass the
sensor will always sense less than 100 % relative humidity due to the higher sensor temperature then
the surrounding air. This is very convenient since polymeric humidity sensors do not perform as well
in regions near water saturation, which now can be prevented at the same time. Also the linearity of
the humidity sensor is much better in a relative humidity range of 2-98 % which further simplifies the
calibration process. On the other hand during a dry region transit the benefit of the heater rather
becomes a problem since it lowers the measured humidity even more and therefore pushes the sensor
into a region where the linearity is not given anymore. Hence, the intensity of the heater must be
directly adjusted according to the surrounding humidity.
Currently this is done by either switch the heater on or off and therefore try to keep the sensor in its
best operation region. Once the Humidity is greater than 50 % the heater is switched on resulting in a
several degrees warmer humidity sensor compared to the air temperature. Once the relative humidity
reading drops below 15 % the heater is again switched off.

2.5.2 Temperature measurement
Since the humidity sensors are located outside the radiosonde, the sensor temperature itself is
different from the ambient air temperature due to solar radiation. During day time soundings solar
radiation is heating, while during night time the cold space is cooling the sensor. Therefore it is
necessary to measure the temperature of the humidity sensor itself, whether the sensor is actively
heated or just exposed to the air flow. By utilizing the temperature data as an integral part of the
humidity calculation, the effect of solar radiation can be eliminated. Since the SRS-C34 radiosonde
from Meteolabor is measuring the ambient temperature with the thermocouple technique the same
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technique is used to measure the temperature of the humidity sensor. The benefit of this technique is
clearly the versatility, the size and the shape of a thermocouple. Hence, the size was matched to the
sensors dimension to ensure a temperature measurement over the whole surface of the sensor and
not only a point measurement as it would be with a regular temperature sensor glued to the back of
the humidity sensor. The major advantage of thermocouples over conventional temperature sensors
is, once they are characterized it is not necessary to calibrate each individual sensor even if the size
and shape differs like here on the sensor boom.

2.6

Humidity sensor calibration

Once the humidity sensors are attached to the sensor boom and the electronics they need to be
calibrated with a well-known humidity reference. The most common way is using a dew point mirror
as a humidity reference and calibrate the sensor at several different predefined humidity values. This
technique requires precise measurements and stable conditions during the calibration process. At
Meteolabor the SnowWhite® or the Klimet A30 both dew point hygrometers could have been used as
a reference humidity sensor. However there are also high precision salt standards for calibration of
hygrometers with different relative humidity values. The currently available spectrum reaches from
11 % up to 97 % relative humidity.
Novasina AG in Switzerland provided us with three of their high precision salt standards which are
delivered in a small cylindrical shaped form factor (Figure 2.12). Those salt standards can be reused
many times when stored correctly and sealed tightly during calibration. The cylindrical form factor is
just big enough to fit in the humidity sensor and part of the sensor boom, which then are sealed with
rubber on the front side to prevent any air flow during calibration (Figure 2.11). Next to the salt
standard cylinder the air temperature is measured for further calculations since some salt standards
are temperature dependent. The salt standards together with the temperature sensors are then placed
inside a box to ensure a stable environment without any light or air flow.
With the help of a computer script the humidity sensors are then calibrated and the values are directly
stored to the micro controllers memory, where the values are then later used to calculate the relative
humidity. For the first few tests salt humidity standards of 11 % (lithium chloride, LiCL), 33 %
(magnesium chloride, MgCl) and 75 % (sodium chloride, NaCl) relative humidity were used to calibrate
the different sensors at room temperature.
Since capacitive humidity sensors are supposed to be linear to humidity changes and first tests with
the three salt standards (11 %, 33 % and 75 %) showed a linear matching of more than 𝑅𝑅 2 > 99 %, it
became apparent, that only two calibration points were necessary to calibrate the sensors. With only
two salt standards the calibration process time cut almost in half with consistent results in terms of
accuracy.
The two different calibration points obtained are directly stored on the micro controller attached to
the sensor boom, therefore each sensor boom has its own calibration curve stored and can be
exchanged among the radiosondes without any further calibration.

Figure 2.12: Novasina high precision salt standard in
a cylindrical shape

Figure 2.11: Humidity sensor inside salt standard
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Radiosonde

The SRS-C34 is the standard operational radiosonde used at the aerological station in Payerne for the
daily routine radiosonde flights. This radiosonde is produced by the company Meteolabor in Wetzikon,
Switzerland. Currently a Rotronic humidity sensor is used which is located inside a well-ventilated
channel inside the Styrofoam box, whereas temperature measurements are based on the
thermocouple technique.
Since several decades Meteolabor is manufacturing routine radiosondes for daily soundings and
special equipped scientific radiosondes for experimental flights. However, for all applications the basic
unit stays the same and can be expanded to the need of the costumer. Therefore the SRS-C34 is an
ideal platform for our experiments where several humidity sensors with temperature measurements
can be attached to the outside of the radiosonde.

2.7.1 Thermocouple temperature sensor
The thermocouple technique to measure air temperature on Meteolabor radiosondes is used for more
than 25 years and is therefore well established. The main concept of a thermocouple is shown in Figure
2.13. The air temperature T is measured at the junction of the 50 µm copper constantan wires and
referenced to the temperature Tr of a well characterized reference resistance thermometer. The
temperature difference between T and Tr results in a given voltage difference. This conversion of
temperature difference into electric voltage was found in 1821 by the German physicist Thomas
Johann Seebeck. To produce an electric potential which is directly related to temperature any electrical
conductor can be used. The measurable voltage difference is in a range of just a few microvolts per
degree Celsius (µV/°C), hence the electronic must be highly accurate to measure those small voltage
differences. Due to its purely physical characteristics only one calibration against a reference
temperature is needed. If the material property used for the wires stays the same for each sensor the
same calibration curve can be used and therefore a recalibration before each use is not necessary. This
leads to a much simpler calibration of the whole radiosonde since only the humidity sensor itself needs
to be calibrated. Due to the small size of the temperature sensor, the response time is very fast and
any sensor shape can be produced such as the temperature pad beneath the new humidity sensor.

Tr

Constantan
Copper

R

U

T
50 micron wires
300 micron wires

Figure 2.13: Copper Constantan thermocouple and resistor temperature reference

2.7.2 Radiosonde modification
Since the standard operational radiosonde is not designed to be equipped with several different
additional humidity sensors, small modifications were made to measure up to five different sensors
on one single radiosonde at a time. Figure 2.14 shows one of the fully equipped radiosondes with five
humidity sensors, four being attached in a 45° angle at the outside of the radiosonde and one sensor
inside the channel similar to the standard operational radiosonde. Those modifications are very
delicate since a lot of additional wires can interfere with the accuracy of the radiosonde. Furthermore,
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adding four additional sensors takes a lot of time and a lot of attention must be paid to the
arrangement and handling of the whole radiosonde itself.
Therefore during the progress of the experimental phase for the last few soundings a different
approach was taken. The currently used Rotronic sensor was exchanged by the new sensor boom,
which then was attached to the outside of the radiosonde. The same signal wires could be used to
interface the new sensor boom with the radiosonde as the Rotronic did before, which led to only minor
changes and much faster modifications. The electronic was then placed just above the batteries, inside
the radiosonde to keep them in a warmer and more stable temperature setting (Figure 2.15). The SRSC34 has currently no digital interface hence the data processed by the humidity sensor electronics is
converted to an analog voltage which is then measured by the radiosonde and further sent to the
ground station. The conversion is done by pulse width modulation where the resolution is only given
by 7 bit (128 steps). The data is provided in relative humidity which leads to an absolute resolution of
0.78 % relative humidity. In terms of absolute measurement this would be accurate enough, however
when performing additional corrections to the raw humidity a higher resolved data stream is
preferred. Hence the lower resolution led to additional difficulties while adding a time-lag correction
later during the test phase.

Figure 2.14: Modified SRS-C34 with five humidity
sensors attached

Figure 2.15: Final radiosonde with just one
humidity sensor boom at a 45° angle

2.7.3 Processing humidity data for the radiosonde
As discussed in the sensor interface section a 555 timer together with a micro-controller is used to
measure the humidity sensor and controlling the heater. During a one second period the pulses from
the 555 timer are counted, further processed with the previously gained humidity calibration data
points and then converted to a voltage which is measured by the radiosonde. Based on the humidity
value the heater is either switched on or switched off. However, the heater is mostly in the heating
state as it is only switched off, when relative humidity reaches low values (<15 % RH). Further in those
type of regions, icing due to cloud passes do not occur, therefore heating is likewise not needed. The
current power status of the heater can be obtained by a status message.

2.8

Experiments

For comparing the performance of the new sensors a well-known reference humidity for day and night
time soundings is used. Meteolabor is also known for its dew point mirror radiosonde called
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SnowWhite® which is used together with a RS92 from Vaisala as the reference humidity for those
experiments.
RS92 radiosondes were attached during all night and day time soundings whereas the SnowWhite®
radiosonde was mostly used during night time and only on a few occasions during day time soundings.
For the experiments performed the relative humidity data compared from the RS92 and SnowWhite®
are very similar and did only show minor discrepancies throughout the entire atmosphere. Therefore
for all humidity comparisons only the RS92 is used since it was present on all flights performed.

2.8.1 Testing procedure
Testing completely new electronics and sensors during balloon soundings needs special attention since
there are many influences that can be hardly tested in laboratory environments. Therefore during the
first stage, the experiments were separated in three main parts which are explained here.
1. Electronic and basic sensor tests
The electronics as well as the humidity sensors have been well tested in the laboratory to ensure
smooth operation during the first few soundings. First balloon soundings took place during night time
soundings in the absent of solar radiation which may have disturbed the sensor and its readings. After
each sounding the flown radiosondes were searched and recovered for further analysis and if still in
good shape prepared for a next flight. Since some landing spots were not very favorable for the delicate
humidity sensors, most of the time the humidity sensor with its sensor boom was completely replaced
with a new and calibrated one. Once the radiosonde with the new humidity sensor and its electronics
performed as anticipated, further tests to compare the two different sensors among each other were
conducted.
2. Evaluate best sensor performance between the two manufacturers
Since we are currently testing two sensors from two different companies, real soundings should yield
the best sensor in terms of performance and consistence. This sensor is then used during the final
experiments to evaluate its general performance against well-established radiosondes on the market.
Additionally, balloon soundings during different weather conditions and time of the day are performed
to simulate different situations radiosondes need to operate during a routine radio sounding.
3. Final tests with a single humidity sensor
The final tests with the selected humidity sensor were performed during twelve soundings in a small
intercomparison over a two week period together with the radiosonde companies Modem and
InterMet at the Aerological Station in Payerne.
During each flight two identical radiosondes from each manufacturer were simultaneously flow on the
same balloon to further analyze the reproducibility of each radiosonde. This distribution among two
radiosondes shows the quality during the production process and how reliable a particular radiosonde
is.
Special attention was paid to the configuration of each balloon sounding to reproduce every time the
same conditions in terms of balloon, strings and other materials used for the balloon ascent. The
balloons were separated by a 100 meter long string from the payload to reduce any influence on the
measurements from the balloon. The payload itself is attached to a two meter long bamboo pole
where the radiosondes are mounted with the provided strings. This way we could guarantee best
separation of the radiosonde while maintaining them at the same level during the ascent.
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2.8.2 Calculation of relative humidity
During all flights no final humidity data is processed on the radiosonde itself. All calculations are done
in post processing with a computer script after receiving the raw values from the radiosonde. Since the
humidity sensor is actively heated by a resistor and passively by the sun, relative humidity measured
needs to be recalculated to obtain the true relative humidity for the corresponding air temperature.
This is done in two steps.
1. The measured raw humidity (RHR) with its corresponding sensor temperature (TRH) is used to
calculate the dew point (DP) temperature over water. This formula was developed by Dr.
Sonntag [Sonntag, D., 1994] and is also used for the SnowWhite® dew point mirror
calculations. Similar calculations are currently done by the SRS-C34 Radiosonde with the HC2
Rotronic humidity sensor. Therefore equations 1, 2, 3 and 4 were taken from Meteolabors
equation compendium.
2. The ratio between the water pressure over water for the calculated dew point temperature
(𝑒𝑒𝑒𝑒𝑅𝑅 ) and the water vapor pressure over water for the current air temperature (𝑒𝑒𝑒𝑒𝐴𝐴 ) times
100 equals the true relative humidity (RHT) over liquid water for the current air temperature
(equation 5).
For all experiments relative humidity is always expressed with respect to liquid water even below 0 °C
air temperature.
𝑦𝑦 = ln �

𝑒𝑒𝑒𝑒 (𝑇𝑇𝑅𝑅𝑅𝑅 ) ∗

6.11213

𝑅𝑅𝐻𝐻𝑅𝑅
100

(1)

�

𝐷𝐷𝐷𝐷 = 13.7204 ∗ 𝑦𝑦 + 0.736631 ∗ 𝑦𝑦 2 + 0.0332136 ∗ 𝑦𝑦 3 + 0.000778591 ∗ 𝑦𝑦 4

for y < 0

𝐷𝐷𝐷𝐷 = 13.715 ∗ 𝑦𝑦 + 0.84262 ∗ 𝑦𝑦 2 + 0.019048 ∗ 𝑦𝑦 3 + 0.0078158 ∗ 𝑦𝑦 4

for y > 0

𝑒𝑒𝑒𝑒(𝑇𝑇) = vapor pressure over water for a given temperature
−6096.9385
𝑒𝑒𝑒𝑒(𝑇𝑇) = 𝑒𝑒𝑒𝑒𝑒𝑒 �
+ 16.635794 − 2.711193 ∗ 10−2 ∗ 𝑇𝑇 + 1.673952 ∗ 10−5 ∗ 𝑇𝑇 2 +
𝑇𝑇

𝑅𝑅𝑅𝑅𝑇𝑇 = 100 ∗

2.433502 ∗ log(𝑇𝑇)�

𝑒𝑒𝑒𝑒𝑅𝑅

𝑒𝑒𝑒𝑒𝐴𝐴

(2)
(3)

(4)

(5)

Temperature compensation
Both humidity sensor manufacturers provided temperature compensation formulas for the different
sensors to adjust the measured relative humidity in dependence of the sensors own temperature.
Those corrections are usually obtained during lab experiments in a climate chamber at different
temperatures. Each formula for the corresponding sensor was used for the entire temperature range
despite the compensation formula from the company IST has only been verified for temperatures
higher than -30 °C.
The temperature compensation formulas given by the producer were not yet verified in a climate
chamber by ourselves.
Temperature compensation for the “HC103M2” sensor from the E+E Datasheet:
𝑅𝑅𝑅𝑅 =
𝑅𝑅𝑅𝑅 =

𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 −𝑘𝑘𝑡𝑡 ∗𝑔𝑔0 ∗(𝑡𝑡−𝑡𝑡0 )
(1+𝑔𝑔∗𝑘𝑘𝑡𝑡 ∗(𝑡𝑡−𝑡𝑡0 ))

𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 −𝑘𝑘𝑡𝑡 ∗𝑔𝑔0 ∗(𝑡𝑡−𝑡𝑡0 )
(1+𝑔𝑔∗𝑘𝑘𝑡𝑡 ∗(𝑡𝑡−𝑡𝑡0 ))
1

𝑘𝑘𝑡𝑡 = 1+ℎ∗(𝑡𝑡

0 −𝑡𝑡𝑏𝑏 )

𝑔𝑔0 = −0.018,

∗ (1+𝑐𝑐

1

2
𝑡𝑡𝑡𝑡 ∗𝑘𝑘𝑡𝑡 ∗𝑡𝑡 )

−5

𝑐𝑐𝑡𝑡𝑡𝑡 = −6.06 ∗ 10

𝑡𝑡 ≥ 0 °𝐶𝐶

𝑡𝑡 < 0 °𝐶𝐶

(6)
(7)
(8)
(9)
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Temperature compensation for the “P14 Rapid” sensor from the IST Datasheet:
𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 + �(−0.0010 ∗ 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 ) + 0.1406� ∗ 𝑇𝑇 + (0.0230 ∗ 𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 − 3.2768)
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(10)

2.8.3 Electronic and basic sensor tests
First tests were performed during night time soundings with only one E+E sensor boom attached to
test the electronics and the overall performance of the sensor. Since the new humidity sensor was
directly attached to a night SnowWhite® reliable humidity data from the dew point mirror were
recorded as well. Additionally a RS92 was also flown simultaneously on the same balloon.
After recovering the radiosonde and analyzing the data it was definite that the electronics and the
interface to the SnowWhite® worked properly without any problems.
The humidity data gained from the E+E sensor compared to the RS92 was very promising for the first
6000 m altitude down to an air temperature of -38 °C.
The SnowWhite® radiosonde however didn’t performed as expected and therefore was not used as a
reference in this particular flight. Later analyses showed a problem with a contaminated mirror which
was covered by fine dust particles. Therefore before each flight the mirror should be examined to
check for any dust particles.
After the first sounding performed no modifications were necessary to the electronics or structure of
the sensor boom itself.

2.8.4 Evaluate best sensor performance among the two manufactures
According to the evaluation of the different current available sensors on the market the ones from the
companies E+E and IST remained for field testing. For the next balloon flights at least one of each
sensor is mounted to the same SRS-C34 radiosonde to not only compare them against the reference
humidity but also to compare them among each other during the same ascent and hence same
atmospheric conditions.
The relative humidity data was only temperature corrected with the formulas received from the
manufactures. No time lag or other corrections are currently applied and all sensors were actively
heated according to the explanation in section 2.5.1 Heater.
Since all sensors were actively heated the true relative humidity is recalculated with the help of the
humidity sensors temperature as explained in 2.8.2 Calculation of relative humidity. For the IST sensor
this worked very well for night and day time soundings however the E+E compensation did only work
for the first 4000 to 5000 m altitude. Then the difference in relative humidity among the RS92 and the
E+E started to increase steadily till it reached a relative humidity difference of up to 15 % (Figure 2.16).
This and several upcoming flights pointed out that we were not able to measure the actual sensor
temperature with the thermocouple beneath the glass substrate. Tests with non-heated E+E sensors
showed better agreement with RS92 measurements during night time however during day time
soundings the sun heated the unprotected sensor substantially leading again to a steadily increasing
relative humidity difference with altitude.
The reproducibility of the measured humidity of two E+E sensors on the same radiosonde was much
better than for two IST sensors. However this problem has been solved later and was related to the
handling of the IST sensors during hand soldering of the two wires to the sensors interface. Too much
heat was applied during soldering and therefore during future constructions low temperature melting
solder was used to not further stress and damage the sensor.
The IST sensor on the other hand shows good agreement with the RS92 data till 7500 m altitude (Figure
2.17). For the upper troposphere, measurements are too dry however the sensor still shows interesting
structure that on most parts represents the RS92 structure.
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Figure 2.18 shows an ascent through a very dry upper troposphere where the IST data shows a profile
as it would have been “smoothed” compared to the RS92. This is most likely due to slow sensor speed
at low temperature as this is a common problem with capacitive sensors.
Since sensor speed will be slower with decreasing temperature a so called time lag correction can be
applied to recover the vertical structure in the humidity profile. Miloshevich et al. [2004] published a
paper where he describes the time lag development for the Vaisala radiosondes. This paper is later
used to develop our own time lag correction for the humidity sensor used.

Figure 2.16: 22.08.2013 night time
E+E

Figure 2.17: 22.08.2013 night time
IST

Figure 2.18: 01.08.2013 - Dry
upper troposphere

Since the goal of those test was to identify the best performing sensor and then use this to further
improve it by using a time-lag correction, a decision after a total of eight flights was made. The judging
was not only based on the absolute accuracy when compared to a reference radiosonde but also other
factors are consulted based on the sensor handling and manufactures company.
The E+E sensors performance was very consistent over the entire test period however the problem
with measuring the correct sensors temperature still remained and couldn’t be solved during the test
phase. The goal of heating the sensor during certain humidity regions could not be achieved and
resulted as a disadvantage when compared to the IST sensor.
The IST sensor on the other hand was very fragile when it came to hand soldering the connection leads
to the sensors interface. After discovering this issue with a few failed sensors more care was taken
while handling the sensor during manufacturing. The performance when compared to a reference
radiosonde was already very solid especially during a dry troposphere ascent but also showed
promising results during a rather humid ascent in the upper troposphere. As Miloshevich stated in his
paper a time-lag correction might help to resolve more vertical structure that is present in the
measured humidity gradient. At the time of decision we already had close contact with the engineers
from the company producing the IST sensor and they were able to further improve their sensor in
terms of response time by reducing the thickness of the porous polymer.
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Together with the data gained from the test flights and the properties of the sensor the decision was
made to focus only on the humidity sensor manufactured by the company IST.

2.8.5 New sensor from the company IST
As already mentioned in “Principle of operation” the key element of a fast responding capacity
humidity sensor is mainly depended on the composition and thickness of the polymer used. Especially
during cold temperature a thin polymer layer leads to a faster sensor response time since water
molecules needs less time to diffuse through the material and is therefore a key element for fast
responding humidity sensors in the upper troposphere.
On the other hand by reducing the thickness of the polymer layer the sensor itself is more fragile and
prone to temperature changes. Furthermore the base capacitance will change when reducing the
polymer layer thickness. In our case with the currently used humidity sensor the base capacitance of
180 pF changed for the new sensor to 300 pF. The currently used electronic design was still able to
handle this capacitance and therefore the same electronics for the old and new sensor was used for
future tests.
First comparisons tests of a 180 pF sensor and a 300 pF sensor showed exactly the anticipated results.
In Figure 2.19 and Figure 2.20 only the upper part of the troposphere measurements are shown, since
the difference in performance is more visible in regions of low temperatures.
Especially during fast increasing or decreasing humidity changes as in 9500 m altitude (-45 °C), the
300 pF sensor reacts much faster than the 180 pF which correlates well with our expectations.
However the discrepancies between the RS92 and the 300 pF IST sensor still remained which is most
likely still due to no time-lag correction applied.

Figure 2.19: 180 pF IST sensor

Figure 2.20: 300 pF IST sensor
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Final test campaign in Payerne

In June 2014 over a two week period the Aerological Station in Payerne MeteoSwiss did invite three
radiosonde manufacturer companies to a small radiosonde intercomparison campaign with a total of
25 soundings. Meteolabor with the new 300 pF IST sensor attended during the two weeks in all flights
whereas Modem was participating only the first week and InterMet the second week. The objectives
for this campaign was to study the performance of radiosondes during double soundings. On each
flight two identical radiosondes of each manufacturer was flown to later not only compare the
radiosondes against other manufacturers but also compare the two identical radiosondes among each
other. This comparison gives an overview on how reproducible the data coming from one radiosonde
is. A total of 6 flights were scheduled for each week and therefore 24 new SRS-C34 radiosondes with
the 300 pF IST humidity sensor were produced. At this stage, still all sensor booms with the related
sensor and electronics were handmade due to the fact that for a small quantity an industrial
manufactured sensor boom was too expensive and time consuming. However good reproducibility was
difficult to achieve since only small errors during soldering of the connection leads to the sensors
interface can lead to different results among the sensors performance as already measured during
earlier tests.
During all 25 ascents at least one RS92 was attached to which the performance of the IST 300 pF sensor
will be compared.
Over the two week period soundings during different weather conditions were performed which was
a first good test for the IST sensor from the Meteolabor radiosonde. The tropopause during this
campaign was slightly above 10 km at a temperature of -55 °C.
Additionally this was the first opportunity to test and adapt the newly developed time lag curve with
the approach Miloshevich did published back in 2004 [Miloshevich et al., 2004]. The same time-lag
correction developed with the help of the data from the first week’s soundings was also applied to all
soundings of the second week.
Figure 2.21 shows the first flight done during an early morning ascent where the time lag correction
was applied the first time. The black solid curve represents the relative humidity from the RS92 and
the blue solid curve the raw relative humidity data from the sensor with no time-lag correction applied.
Again only the upper troposphere is shown since the difference among the two sensors in the lower
troposphere is negligible.
The behavior of the raw IST sensor values looks very similar to the ones already seen in previous tests.
The response time at lower temperature is very low and therefore the increase in humidity and then
the sharp decrease at 8500 m altitude cannot be satisfactorily resolved.
However once the raw humidity is recalculated with the time-lag correction the increase at 8200 m
altitude is now visible by the IST humidity sensor. The following sharp decrease in humidity is also well
represented and much closer to the RS92 values.
During a second flight later the same day with a slightly dryer upper troposphere as before, showed
similar results (Figure 2.22). Once again the sensors response time above an altitude of 7000 m starts
to decrease significantly and cannot keep up with the fast changing humidity at 8500 m and 9500 m
altitude. Tough the humidity information in those two regions is still existing in the raw data and can
be restored with the help of the time-lag correction plotted in red.
During another flight, disagreements to the RS92 were evident for the lower part at 6000 to 8000 m
altitude where the time-lag correction does overcompensate the raw humidity data which leads to an
overshot during humidity increase (Figure 2.23).
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Figure 2.21: Flight 17.06.2014
0900. Temperature dashed line.

Figure 2.22: Flight 17.06.2014
1300. Temperature dashed line.
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Figure 2.23: Flight 18.06.2014
1300. Temperature dashed line.

2.9.1 Evaluation
During the first week of the campaign with Modem two SRS-C34 radiosondes equipped with the IST
300 pF sensor delivered inaccurate data right from the launch and were excluded from the analyses.
Looking at the data from those flights it is quite obvious that the two sensors were damaged before
flight, probably during preparation or launch of the balloon. During the second week together with the
radiosonde manufacture company InterMet one flight was rejected since right after the balloon launch
ice due to the heavy rain was formed on top of the balloon which lead to a slow descend and then a
re-ascend of the radiosondes. The data was not usable for all radiosondes participating and therefore
the whole flight was excluded in the analyses.
Similar to the international comparison held in Yangjiang, China 2010 the direct humidity difference in
% RH is compared among the different radiosondes. Since for all flights two identical radiosondes of
each manufacturer were attached we first compare the two SRS-C34 Radiosonde. The differences have
been calculated for twelve segments, one segment is equal to one km altitude. Since not all 24 SRSC34 radiosondes with the corresponding humidity sensor were constructed and calibrated during the
same batch, we separated them into the first week (blue) and the second week (red) (Figure 2.24). The
direct difference for the second week is ±0.5 % RH for the first 9 km altitude. This is almost in the range
of the transmitted resolution of the humidity data which is only 0.78 % RH due to the pulse width
modulation resolution limit with the current radiosonde. The sensor batch of the first week has a
slightly higher difference of ±1 % relative humidity for the first 9 km altitude.
During both weeks the direct difference increases to ±2 % RH once passing the altitude of 9 km. By
looking only at the day time soundings of the second week the difference is much smaller (Figure 2.24,
black line) and similar to the one experienced at lower altitudes and does not increase at the
tropopause level. The only difference between the day and night time soundings was the absence of
the direct short wave radiation since water vapor content did not change much. There is probably still
a slight problem with the temperature measurement beneath the humidity sensor during night time
sounding which causes a bias at the tropopause level.
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Since there is already a slight direct difference among the two batches of the SRS-C34 radiosondes
during the two weeks the analysis among the SRS-C34 IST and the RS92 humidity sensor are also
separated into first and second week. As mentioned prior the same time-lag correction is applied for
all soundings over the two week period.
For the first week a direct difference of ±2 % relative humidity compared to the RS92 for the entire
vertical profile in the troposphere was found (Figure 2.25). The difference among the two sensors for
the second week is similar for the lower troposphere but starts to increase at 9 km altitude to more
than 10 % relative humidity once reaching the tropopause. This strong increase is caused by the timelag correction applied which corrects the most in regions of low temperatures as they can be found
near the tropopause level. Since the time-lag correction was developed with the help of the first batch
of radiosondes for the first week the strong increase during the second week is most likely caused by
the slight difference among the two batches already discovered in Figure 2.24.

Figure 2.24: direct Difference in % RH among two
SRS-C34 Radiosondes during the same flight for the
first (blue), second week (red) and only day time
soundings during the second week (black).

Figure 2.25: direct Difference in % RH among the
SRS-C34 and the RS92 Radiosondes for the first
(blue) and second week (red)
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2.10 Conclusion
This study focused on improving the humidity measurements of the SRS-C34 Radiosonde made by
Meteolabor AG in Wetzikon especially for the upper troposphere where the current HC2 humidity
sensor from Rotronic delivers no reliable relative humidity measurements. Two different commercially
available capacitive humidity sensors were investigated and tested during different weather condition
to analyze their strength and weakness for radiosonde applications.
Laboratory measurements of the sensors thermal conductivity showed considerably variations of the
sensors construction and layout. Those differences affected the temperature measurements done by
the SRS-C34 Radiosonde of the humidity sensor, which were later used to compensate for any heating
applied to the sensor. During the entire study all electronics, sensor booms and interfaces for the
sensor were handcrafted in a small quantity during different batches. Slight inaccuracies during
manufacture were reflected on the sensors performance during the experimental tests. By comparing
two identical radiosonde during the same flight on the same balloon slight deviations from one to the
other batch were found, which affected the overall performance when compared to a reference
radiosonde.
Despite the solid performance of the humidity sensor from the company E+E, the big difficulty of
measuring the humidity sensors temperature was one of the main reason to not further investigate
this sensor. Therefore a closer collaboration with the company from IST was established, which
produced an even faster sensor than their predecessor P14 Rapid. Comparison flights between the two
sensors showed the advantages of the newly developed humidity sensor, which was further used for
the last 24 soundings done during a small radiosonde intercomparison at the Aerological Station in
Payerne.
Even with the new sensor from IST, upper troposphere humidity measurements were highly smoothed
due to slow sensor response at low temperatures. Time-lag corrections are capable of recovering
vertical structure in the humidity profile and in general increases the humidity data in the upper
troposphere. With the assistance of the paper published by Miloshevich et al. [2004] about the timelag correction applied to the Vaisala radiosondes a first corrections were applied to the 24 soundings
performed.
Analysis of the first batch of twelve radiosondes used showed a direct difference between the IST
humidity sensors and the Vaisala RS92 sensor of ±2 % relative humidity for a temperature range of
+25 to -55 °C. Although the second batch showed a better reproducibility among two identical
radiosonde the direct difference with a RS92 showed a strong relative humidity increase for the upper
troposphere. This was mainly due to a too strong time-lag correction applied which was just developed
for the first batch of radiosondes used during the campaign. Future automatic production process will
most likely help to diminish the effect of unstable reproducibility. Nevertheless, special attention
needs to be paid during manufacturing and calibrating the sensor boom.
After all, it was possible to interface a new humidity sensor with the current SRS-C34 radiosonde to
greatly improve the accuracy of relative humidity measurements in the upper troposphere. Once the
sensor boom and the interface for the current generation of radiosonde are finalized the time-lag
correction will need further adaptation and tuning.
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Abstract
In situ upper-air measurements are often made with instruments attached to weather balloons
launched at the surface and lifted into the stratosphere. Present-day balloonborne sensors allow nearcontinuous measurements from the Earth’s surface to about 35 km (3–5 hPa), where the balloons
burst and their instrument payloads descend with parachutes. It has been demonstrated that
ascending weather balloons can perturb the air measured by very sensitive humidity and temperature
sensors trailing behind them, particularly in the upper troposphere and lower stratosphere (UTLS). The
use of controlled balloon descent for such measurements has therefore been investigated and is
described here. We distinguish between the single balloon technique that uses a simple automatic
valve system to release helium from the balloon at a preset ambient pressure, and the double balloon
technique that uses a carrier balloon to lift the payload and a parachute balloon to control the descent
of instruments after the carrier balloon is released at preset altitude. The automatic valve technique
has been used for several decades for water vapor soundings with frost point hygrometers, whereas
the double balloon technique has recently been re-established and deployed to measure radiation and
temperature profiles through the atmosphere. Double balloon soundings also strongly reduce
pendulum motion of the payload, stabilizing radiation instruments during ascent. We present the flight
characteristics of these two ballooning techniques and compare the quality of temperature and
humidity measurements made during ascent and descent.
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Introduction

Weather balloons have been used for climate and meteorological research for more than 100 years.
The first instrumented, unmanned “free” balloon was launched by Gustave Hermite in 1892. His
waxed-paper balloon, inflated with illuminating gas (mostly hydrogen and methane), carried a
minimum-registering mercury barometer [Hermite, 1892]. This was in effect the birth of balloon-borne
measurements for scientific studies of the atmosphere. In about 1900, Richard Assmann in Berlin
increased the height ceiling of soundings by introducing a closed rubber balloon to replace those of
paper, silk or goldbeater's skin [Hoinka, 1997]. Sounding balloons enabled the discovery of the
tropopause [Teisserenc de Bort, 1902] and became a standard tool for atmospheric measurements
and meteorological weather prediction. Instruments that send data from balloons to the ground using
small radio frequency transmitters, now commonly known as radiosondes, were invented by Robert
Bureau in France in 1929. Some radiosondes are now capable of capturing and transmitting data from
other balloon-borne instruments, greatly expanding the measurement capabilities of balloon
payloads.
With strong evidence of climate change and a refined knowledge that atmospheric composition in the
upper troposphere and lower stratosphere (UTLS) plays an important role in radiative effects in Earth's
climate system [Forster and Shine, 2002; Solomon et al., 2010], upper-air in situ and remote sensing
observations for climate have been given more attention in recent years because so few exist. The 35year frost point hygrometer (FPH) record of NOAA's Earth System Research Laboratory (ESRL) at
Boulder, Colorado (40°, 105°W), shows the significant variability of UTLS water vapor on interannual
and longer timescales [Hurst et al., 2011]. However, this long data record is limited to only one location
in the northern midlatitudes and should not be used to assess global trends. The Global Climate
Observing System (GCOS) Reference Upper Air Network (GRUAN) is designed to produce long-term,
climate-quality records of essential climate variables in the troposphere and stratosphere [Trenberth
et al., 2002; GCOS-112, 2007; Seidel et al., 2009; Bodeker et al., 2016] at 20–30 globally distributed
sites. Primary objectives of GRUAN are to monitor changes in temperature and water vapor profiles in
the lower troposphere and the UTLS [Thorne et al., 2005; Randel et al., 2006].
Here we describe two novel ballooning techniques that allow instruments to make high-quality
measurements while ascending and descending at similar controlled rates of speed. The main reasons
for controlled ballooning are to prevent pendulum motions during ascent, to measure clean,
unperturbed air during descent at speeds similar to ascent and to obtain two vertical profiles at slightly
different locations and times with a single balloon launch. The first method uses one balloon and a
simple automatic valve to release helium from the balloon once it reaches a preset ambient pressure.
This method has been used successfully for FPH soundings since the mid-1960s, first by the Naval
Research Laboratory in Washington D.C. [Mastenbrook, 1966], then by the NOAA ESRL in Boulder. The
other method uses a double balloon technique that was first utilized by Hugo Hergesell in collaboration
with the Prince of Monaco in 1905 over the Mediterranean Sea [Hergesell, 1906]. The double balloon
technique uses a large and small balloon to lift the instruments and control the descent rate,
respectively. This technique has recently been revived to measure the radiation budget through the
atmosphere [Philipona et al., 2012], where a stable pendulum-free ascent is required to keep the
instruments as horizontal as possible. The double balloon method also allows high-quality
measurements to be made during controlled descent. In the following we also discuss in detail the
contamination problems of ascent measurements, demonstrate some advantages and disadvantages
of controlled ascent and descent measurements and compare temperature and humidity profiles
obtained during traditional (burst) and controlled descents.
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Traditional ballooning and associated problems

Balloon-borne experiments are the backbone for in situ vertical profile measurements of pressure,
temperature, humidity, ozone and horizontal winds in the troposphere and stratosphere. Traditional
meteorological radio soundings, long employed by national weather services, start with ascent at a
fairly steady vertical velocity of 5m/s up to the altitude of balloon burst (typically ~35 km). After balloon
burst the payload falls at high speed (40-60 m/s) to about 20 km, where the parachute begins to reduce
the rate of descent to <40 m/s (Figure 3.1). Below 10 km altitude the descent rate slows to <20 m/s if
the parachute functions correctly and the payload eventually impacts the surface at 5-15 m/s. This
uncontrolled, high velocity descent significantly reduces the vertical resolution of measurements, is
often detrimental to the quality of measurements and is sometimes too fast to allow data to be
transmitted by the radiosondes. Almost all balloon soundings are performed in this traditional way
and, consequently, only the ascent data are considered useful. Some very sensitive and fast response
humidity sensors affected by contamination during ascent have measured quite successfully during
the high-speed descent after balloon burst of traditional balloon flights [Lykov, 2009], but for many
instruments their performance is worse during rapid free-fall through the stratosphere.
Some specific problems are associated with the exclusive use of ascent measurements of temperature
and humidity for climate research. Especially in the UTLS, ascent measurements are prone to
contamination by the balloon and flight train that lead the sensor payload. Sensors with high
sensitivities and rapid response times are also susceptible to the pendulum motion of the payload that
moves sensors in and out of the balloon's wake.

Figure 3.1: Typical balloon vertical velocities during ascent (blue) followed by controlled descent using the
automatic valve method (green) or descent after balloon burst (red). The ascent profile shows the valve opened
at 28.5 km, first reducing the ascent rate to zero (float) then establishing a slow and fairly steady descent rate
<10 m/s (green). The red profile indicates the balloon burst prematurely at 25 km, prior to activation of the valve.
The descent rate after burst initially exceeded 50 m/s then was gradually slowed to <20 m/s by the parachute.
For both descent profiles reception of the radiosonde telemetry signal was lost at ~4 km.

40

Controlled weather balloon ascents and descents

3.2.1 Temperature measurement contamination
Instrument payloads are typically suspended 30–50 m below the balloon by a tether string. During the
balloon ascent, the gas inside expands adiabatically if there is no heat exchange with the surrounding
air. Within the troposphere this cooling of the balloon gas closely tracks the near-adiabatic
temperature gradient of the external air. Above the tropopause, where temperature generally
increases with height, the balloon gas continues to cool adiabatically but is also heated by the warmer
external air. During nighttime this heat transfer cools the air that touches the balloon skin by several
degrees, while keeping the temperature of the balloon gas close to the external temperature. During
daytime the direction of heat transfer is reversed because solar radiation strongly heats the balloon
skin and gas, overpowering the adiabatic cooling of the balloon gas. In both cases the temperature of
the air stream that comes in contact with the balloon is altered by heat exchange with the balloon gas
[Tiefenau and Gebbeken, 1989; Shimizu and Hasebe, 2010]. Temperatures measured in the wake of
the balloon (i.e., during ascent) are thus artificially cool and warm during nighttime and daytime,
respectively. Due to the pendulum motion of the tethered instrument payload these artifacts are often
observed as short-term negative and positive temperature spikes. Both effects grow with decreasing
pressure hence their influences increase with height.
Figure 3.2 shows temperature profiles measured by the very fast-response thermocouple sensor of a
Meteolabor SRS-C34 radiosonde and the adverse effects of the nighttime cooling and daytime heating
of air that touched the balloon skin just prior to reaching the sensor. Nighttime measurements above
31 km show sharp cold spikes of several degrees while daytime spikes are positive and equally as large.
The contamination is manifested as spikes in the measurements because the sensor swings in and out
of wake of the balloon. The spikes represent large measurement errors that greatly exceed the 2 %
precision and accuracy limits prescribed by GRUAN [GCOS-112, 2007].

Figure 3.2: Stratospheric temperature profiles measured from ascending balloons during nighttime (left) and
daytime (right) with a Meteolabor SRS-C34 radiosonde. The nighttime profile exhibits negative temperature
spikes above 31 km while the daytime profile shows positive spikes above 25 km. Both ascent profiles are
affected by the exchange of heat between the balloon gas and the external air that was in contact with the
balloon skin just prior to reaching the temperature sensor.

Controlled weather balloon ascents and descents

41

3.2.2 Humidity measurement contamination
Influences on humidity measurements in the wake of a balloon during ascent are related to the
numbers and types of clouds the balloon passes through and the overall moisture content of the
tropospheric column. Moisture that is collected on the balloon skin and flight train outgasses
continuously during flights, but the effect is especially significant in the extremely dry stratosphere.
The high-sensitivity hygrometers developed for UTLS water vapor measurements easily measure this
contamination during balloon ascent [Vömel et al., 2007; Lykov et al., 2009; Hurst et al., 2011]. While
the balloon contamination of temperature measurements during ascent can often be reduced with a
longer payload tether string, the adverse effects of water vapor outgassing are far more difficult to
overcome, especially in very dry regions of the atmosphere.
FPH soundings by the Global Monitoring Division of NOAA ESRL often show intermittent water vapor
measurement contamination during balloon ascent, especially when balloons are launched in cloudy
conditions. Persistent ascent measurement contamination starting ~8 km above the tropopause is a
typical feature of FPH humidity profiles because temperature and solar irradiance increase with
altitude above the tropopause, warming the balloon skin and intensifying outgassing (Figure 3.3). In
uncontaminated conditions the performance of the FPH during ascent and descent is similar because
the direction of sample flow through the instrument is irrelevant (i.e., the air intake and exhaust paths
are identical). For these reasons FPH measurements made during controlled descent are preferable to
ascent measurements in the UTLS. The high-resolution controlled descent data can be used to identify
and flag ascent measurements affected by contamination, especially in the UTLS. In contrast, FPH
measurements made after balloon burst, as the payload falls at >20 m/s through the stratosphere, are
of lower vertical resolution and typically poorer quality than the ascent data, making them less useful
in identifying contaminated ascent measurements.

Figure 3.3: Stratospheric water vapor mixing ratio profiles measured by the NOAA FPH during balloon ascent
(blue) and controlled descent (green) over Boulder, Colorado. The two profiles are similar except above 25.5 km
where the ascent measurements become contaminated by the persistent outgassing of moisture from the
balloon and flight train. High-quality, uncontaminated FPH measurements (those passing quality control) resume
during controlled descent at ~27 km, approximately 1 km below the altitude of balloon turnaround (float).
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Novel ballooning techniques

The contamination of temperature and humidity measurements during balloon ascent makes it
desirable to utilize controlled descent of the balloon to obtain high-accuracy and high-precision
measurements. The implementation of controlled descent in a balloon sounding is quite a departure
from traditional ballooning methods and has required the development and refinement of novel
techniques. Here we describe two such techniques.

3.3.1 Automatic valve technique
The NOAA FPH has measured humidity profiles during ascent and controlled descent above Boulder
since 1980 using a single balloon configuration similar to the traditional method. The only deviation
from traditional ballooning is the addition of an automatic valve that releases helium gas from the
balloon at a preset pressure, preventing balloon burst and inducing descent at a controlled rate similar
to that of ascent (~5 m/s). The automatic valve has also been used successfully for monthly FPH
soundings at Lauder, New Zealand, since 2004 and at Hilo, Hawaii, since 2010.
The automatic valve is of similar design to that built and employed by Mastenbrook (1966). That valve,
first designed in 1964, consisted of a 14.6 cm ID Lucite (acrylic) ring with an internal aluminum disk
sealed by gaskets and retained by a thin nylon string. The assembly was fit into the neck of a 7000 g
neoprene balloon. A radiosonde baroswitch, preset for the desired activation pressure, connected a
3 V battery to a short length of Nichrome wire to burn the retaining string. The aluminum disk would
release from the Lucite ring, allowing helium to flow from the balloon. Over the years the valve
materials have been changed from Lucite and aluminum to phenolic to PVC, for savings of both weight
and cost, and the pressure sensor was modernized.
Today's valve consists of a 7.5 cm length of PVC pipe (9 cm OD, 4 mm wall), a pipe cap, two cap
anchoring strings and a hot wire (Nichrome) string cutter (Figure 3.4). The 175 g valve assembly is
inserted into the balloon neck and tightly secured with a plastic cinch band. The string cutter is
connected to a small pressure sensor, logic board and battery pack housed in small foam box (100 g
total) anchored just below the balloon (Figure 3.5). The logic board and pressure sensor are heated to
23 °C to maintain the sensor’s factory calibration.
When the sensor measures ambient pressure lower than the preset threshold value the logic board
sends current to a Nichrome wire bridge that burns through the cap anchoring strings. The cap falls
away and helium flows out of the balloon through the uncapped pipe. Note that only helium is used
to fill balloons outfitted with this valve because hydrogen would be ignited by the heated Nichrome
wire. To date the heaviest payload successfully flown with this valve was approximately 5 kg. Heavier
payloads likely require larger balloons that often have larger necks that do not snugly fit the 9 cm OD
pipe. When the valve opens and helium starts to flow, the balloon continues to ascend, slows until it
reaches neutral buoyancy (float) then begins to descend as more helium is released. As the balloon
descends the controlled rate slows from 5.4±0.4m/s at 22–25 km to 3.1±0.3m/s below 14 km (Figure
3.1) for two reasons. First, the balloon's downward movement causes a ram air pressure to develop
at the valve opening. Depending on the competing forces, this either restricts helium loss from the
balloon or pushes air into the balloon, inflating it and increasing frictional drag. Second, as the balloon
descends the internal gas is warmed by solar heating and the intake of warmer air, increasing its
buoyancy. The greatest risk of failure for this method of controlled descent is an early burst before the
valve opens. To keep this risk low, the pressure threshold is cautiously set to 16 hPa (~29km). Since
2008 controlled descents have been achieved for ~75 % of the about 250 balloons outfitted with a
valve; most of the failures occurred because balloons burst prematurely. A parachute is employed in
the flight train as a safeguard in case the balloon bursts (Figure 3.4).
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Figure 3.4: For the single balloon method of controlled descent the balloon flight train consists of (A) the
automatic balloon valve and pressure sensor assemblies, (B) a parachute, (C) a 52m string unwinder and (D) the
instrument payload. The valve and pressure sensor assemblies include (E) a valve cap assembly, (F) a PVC pipe
segment, (G) four screw-in eyelets and (H) a pressure sensor, logic board and batteries. The pipe cap assembly
includes (I) a pipe cap, (J) a hot wire string cutter, (K) two cap anchoring strings and (L) a helium fill port

Figure 3.5: Automatic balloon valve (left) and pressure sensor assembly (right). Two thin strings anchoring the
white circular pipe cap to the pipe are stretched across the hot wire string cutter. The foam box houses the
pressure sensor, logic board and batteries. A cork is inserted in the gray helium fill port on the white pipe cap
after the balloon is filled.

3.3.2 Double balloon technique
The double balloon technique uses a carrier balloon to lift the payload and a second smaller balloon
that acts like a parachute once the carrier balloon is released. Each balloon is fixed to a vertex of a
triangular frame of lightweight aluminum that connects them to the payload below (Figure 3.6). The
triangle is equipped with a release mechanism to cut the 20 m string of the carrier balloon at a preset
altitude. An emergency parachute is fixed between the triangle and the parachute balloon in case the
smaller balloon bursts. The large carrier balloon is inflated with enough hydrogen to lift the payload at
5m/s during ascent while the smaller parachute balloon is inflated with enough helium to maintain a
descent rate of ~ 5m/s once the carrier balloon is released.
The Intelligent Balloon Release Unit (IBRU, Figure 3.7) is housed in a rectangular Styrofoam box
mounted on the horizontal triangle edge between the attachment rings of the two balloons. The IBRU
system is based on a microcontroller that controls the GPS and the release mechanism for the carrier
balloon. The tether string of the carrier balloon is attached to a bolt inside the release mechanism. In
front of the bolt a tungsten wire is wrapped around the string. The hot wire which burns the tether
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string reaches temperatures of over 1000°C (red-hot). At the preset GPS altitude the IBRU burns the
string, releasing the carrier balloon. Depending on how far apart the two balloons are, the carrier
balloon release can be quite rough for the parachute balloon. The ideal situation is if they are only 2
to 3 m apart from each other. The initial descent velocity can reach up to 10m/s but within a few
seconds it slows down to the desired speed. At a descent altitude of 3000 m a.s.l. the IBRU switches
on a mobile phone, finds a network and starts transmitting its coordinates via text message at regular
intervals until the payload reaches the ground.
The launch process for the double balloon method has been improved over the last several years and
is now comparable in effort to performing a regular radio sounding. Nevertheless, there are several
different steps that require extra care. The gas amount for the two balloons is first determined in a
spreadsheet, where the weights of all parts are summed and the correct gas amounts for 5m/s ascent
and descent are calculated. The two balloons are then filled as their lifting capacity is measured with
a scale. The IBRU system is configured using a PC to set the release altitude and the mobile phone
number. Once the balloons are filled they are attached to the triangle. The payload is then attached to
the third vertex of the triangle and the entire flight train is lifted up and affixed to a launching pole
prior to release (Figure 3.8).
During ascent the two balloons have a tendency to separate, with the larger balloon leading. The
triangle between the two balloons acts as a fix point stabilizing the payload. Comparisons have clearly
shown that the pendulum motion usually observed on single balloon flights is strongly reduced with
the double balloon technique. Figure 3.9 shows the horizontal travel of the payload over the first
2000 m of ascent during two simultaneous radiosonde flights, one using the traditional single balloon
configuration (blue) and the other utilizing the double balloon (red) method. The two radiosondes
travel in the same general direction but the single balloon payload moves in circles of up to 10 m radius
due to pendulum motion while the double balloon payload does not. The reduced pendulum motion
of the double balloon method is very important for radiation measurements where instruments need
to remain as horizontal as possible during flight.
The double balloon method also improves the stability of descent rates compared to ascent rates. Two
SRS-C34 radiosondes were flown together using a 1200 g carrier balloon and an 800 g parachute
balloon. The IBRU was set to release the carrier balloon at 20 km. Figure 3.10 a) shows the ascent and
descent rates of the payloads as a function of altitude. The ascent rate averaged 5 ± 0.8 m/s (1σ),
whereas the mean descent rate of 4 ± 0.3 m/s was slightly slower but more consistent during the entire
descent. Figure 3.10 b) shows the Doppler velocity, demonstrating that the descent is more quiescent
than the ascent despite double ballooning.
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Figure 3.6: Double balloon sounding configuration with
carrier and parachute balloon connected to the
payload via the triangle that includes the IBRU release
mechanism.

Figure 3.8: Flight configuration for the double balloon
method. Each of the two balloons and payload are
Figure 3.7: The IBRU consists of a microcontroller that attached to a vertex of a triangular aluminium frame
controls the GPS, the release mechanism and a mobile outfitted with the Intelligent Balloon Release Unit that
phone to send text messages with the coordinates of releases the carrier balloon at a preset altitude. The
the payload before landing.
configuration is shown attached to the launching pole
just prior to release.
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Figure 3.9: Horizontal trajectories of two radiosonde flights launched simultaneously at Payerne, Switzerland, on
12 May 2011. The two curves show the GPS latitude and longitude coordinates over the first 2000m of ascent
for the standard single balloon configuration (blue) and the double balloon configuration (red). Circles of up to
10m radius in the single balloon radiosonde’s trajectory show the pendulum motion of the payload that is absent
in the double balloon radiosonde’s trajectory.

Figure 3.10: Double balloon flight to 20 km and back. Panel (a) shows the ascent and descent rates as functions
of altitude. Panel (b) shows the Doppler velocity with considerably less noise during the descent than during the
ascent, which demonstrates that for the double ballooning method, the descent is more quiescent than the
ascent.
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Advantages and Disadvantages of Controlled Balloon Descent

As described above the main advantage gained using controlled balloon descent for temperature and
humidity measurements is the decreased potential for measurement contamination compared to
ascent measurements. Double ballooning further strongly reduces the pendulum motion of the
payload, an important factor for radiation measurements. It should be noted here that there are also
some disadvantages when making measurements with certain types of instruments during controlled
balloon descent.
Some radiosonde sensors do not perform as well during descent because their orientations are
optimized for best performance during ascent. There are three main factors for sensors that differ
between ascent and descent: the direction and strength of ventilation flow past the sensor, the vertical
structure of the parameter being measured and the vertical gradient of environmental parameters
such as temperature. For example, some radiosondes have thin wire temperature sensors mounted
on a sensor boom oriented to receive maximum ventilation flow towards the radiosonde during
ascent. Reversing the direction of travel changes the direction of ventilation flow from the radiosonde
package over the sensor boom towards the temperature sensor. During controlled descent these flow
path differences are exacerbated by the weaker ventilation flow; the rapid descent after balloon burst
would instead provide much stronger ventilation. Another example of a controlled descent
disadvantage is that radiosonde capacitive polymer humidity sensors respond slowly to relative
humidity (RH) changes when cold, so they perform better going from warmer to colder temperature
environments (i.e., ascent through the troposphere).
Temperature measurements by International Met Systems iMet-1-RS radiosondes show distinct warm
biases and additional noise during controlled descent compared to ascent (Figure 3.11). Using an FPH
flight at Boulder as an example, the iMet temperature measurements during controlled descent
(~5 m/s) were warmer than ascent temperatures by an average of 1°C from 18 km to the profile top at
28.1 km. This bias and most of the variability in the ascent–descent temperature differences between
18 and 25 km are caused by the reversed ventilation flow during descent. If the descent temperature
profile in
Figure 3.11 is used to calculate RH from the descent FPH measurements the warm temperature bias
propagates a mean relative dry bias of 13 % and triples the noise in descent RH values. For these
compelling reasons we selectively use ascent temperature profiles interpolated to descent altitudes to
calculate descent RH values for FPH flights.
Figure 3.11: Ascent and descent temperature
measurements by an iMet-1-RS radiosonde during a
daytime balloon flight over Boulder (a). The descent
measurements are biased warm and are noisier than
the ascent measurements due to contamination by the
reversed direction of sensor ventilation during descent.
(b) Differences between the ascent and descent
temperature measurements (gray) and the median
ascent–descent differences within 1 km altitude bins
(red) more clearly show the warm biases and increased
noise during descent.

Another potential disadvantage of balloon flights with controlled descent is that payloads can travel
more than twice the distance from the launch site compared to traditional burst flights. This, of course,
depends on the strengths and directions of winds during a flight, and is only a disadvantage if payload
recovery is required. The reception of telemetry from radiosondes may also be curtailed prematurely
during descent if the balloon travels a long distance from the launch site.
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In contrast to most other radiosondes the thermocouple temperature sensor of the Meteolabor SRSC34 radiosonde is not mounted in a sensor boom, but is fixed to thin wires that extend at a 45° angle
upward and is at least 100mm away from the radiosonde (Figure 3.11). Thus, the airflow around the
radiosonde is not guided over the temperature sensor during the descent. According to the last World
Meteorological Organization intercomparison, the uncertainty of SRS-C34 daytime temperature
measurements is less than 0.2°C in the troposphere and about 0.4°C in the upper stratosphere [Nash
et al., 2011]. Figure 3.12 a) and b show ascent and descent temperature profiles of two SRS-C34
radiosondes flown about 2m apart on a bamboo boom during the 20 km flight. The two panels show
that ascent and descent profiles are very similar and that small temperature differences between them
at about 5000, 13 000 and 15 500m are measured by both radiosondes. The temperature differences
measured between sonde 1 and sonde 2 are shown in Figure 3.12 a) for the ascent and the descent.
The temperature differences (descent minus ascent) presented in Figure 3.12 d) show that both sondes
measured similar differences at all altitudes for the 1000m resolution (thick lines) as well as for the
100m resolution (thin lines).
To check if the temperature sensors mounted above the radiosonde measure correctly during ascent
and descent, the two radiosondes were equipped with additional temperature sensors fixed to thin
wires extending downward from the bottom of the radiosonde at a 45° angle and 100mm away from
the box. Temperature measurements by the bottom sensors (Figure 3.114) are very similar to those
by the top sensors (Figure 3.12). The two figures demonstrate that the 100m resolution ascent–
descent measurement disparities at particular locations (5000, 13 000 and 15 500 m) are real
differences in the atmosphere. With the ascent starting around 10:00 local time on a more or less
cloud-free day, the measurements show temperature profiles during ascent and descent that are
within 0.4°C (1000m resolution), except around 13 000 m, where the atmosphere was apparently
slightly colder during the descent. On the other hand slightly warmer temperatures were measured in
the lower troposphere during descent, which is reasonable given the normal daytime temperature
increase after 10:00 LT.
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Figure 3.12: Temperature measurements by
two SRS-C34 radiosondes during ascent to
20 km and controlled descent using
standard temperature sensors (Tt)
mounted to the top of the radiosondes.
Shown are (a) ascent and descent
temperature profiles measured by sonde 1,
(b) same as (a) but measured by sonde 2, (c)
temperature differences between the two
sondes
and
(d)
descent–ascent
temperature differences for each of the two
sondes at vertical resolutions of 100m (thin
curves) and 1000m (thick curves).
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Figure 3.13: Temperature measurements by
two SRS-C34 radiosondes during ascent to 20
km and controlled descent using additional
temperature sensors (Tb) mounted to the
bottom of the radiosondes. Shown are (a)
ascent and descent temperature profiles
measured by sonde 1, (b) same as (a) but
measured by sonde 2, (c) temperature
differences between the two sondes and (d)
descent–ascent temperature differences for
each of the two sondes at vertical resolutions
of 100m (thin curves) and 1000m (thick
curves).
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Figure 3.14: Meteolabor SRS-C34 radiosonde with
original thermocouple temperature sensor fixed to
thin wires that extend at a 45° angle upward
(above right) and an additional thermocouple
temperature sensor at a 45° angle downward
(below right).
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Figure 3.15: Intermet iMet-1-RS radiosonde used
for FPH flights at Boulder

Conclusions

Controlled weather balloon ascents and descents are technically feasible and are needed primarily for
atmospheric research and climate monitoring because they greatly reduce the potential of
measurement contamination by the balloon and flight train, especially for measurements of
temperature and water vapor in the UTLS. Controlled descent is also helpful for the proper filling of
AirCore with whole air samples that are later analyzed to determine vertical profiles of atmospheric
gases [Karion et al., 2010]. Two different methods of achieving controlled descent have been
described, both of which have been in use for years and tested for different purposes. Advantages and
disadvantages are shown and technical descriptions are presented for the two nontraditional
ballooning methods.
The most important advantage of controlled descent is that the air being measured is unperturbed by
the balloon and flight train. The double balloon technique also strongly reduces pendulum motion
during ascent and allows smooth flights for radiation sensors or other instruments that require
horizontal stability. A distinct disadvantage is that some radiosonde sensors, especially temperature
sensors mounted on booms, are oriented optimally for ascent measurements, and therefore may be
prone to additional noise and/or measurement biases during descent due to reversed sensor
ventilation flow. Another potential disadvantage is that capacitive polymer RH sensors start their
descent in an extremely cold environment where they respond slowly, but measurements during
controlled descent are preferable to those during free fall in the stratosphere. Radiosondes with thin
wire temperature sensors not mounted on sensor booms are much less sensitive to the direction of
ventilation flow and are well-suited for measurements during balloon descent.
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4 Return glider radiosonde
4.1

Introduction

Since the beginning of upper-air measurements with sounding balloons in 1892 [Hoinka, 1997], they
started to investigate different parameters of the atmosphere and tried to understand their relation
to weather and climate. For the past century, lifting special equipped radiosondes with balloons was
the least expensive and best way and is still up to today a common method to measure vertical profiles
throughout the troposphere and stratosphere.
MeteoSwiss uses Swiss made radiosondes since the very beginning of upper-air measurements at the
aerological station at Payerne, in 1942. In recent years more and more special equipped radiosondes
produced at Meteolabor AG in Wetzikon were introduced and tested in Payerne. Many of them were
equipped with expensive and precious instruments, which made a retrieval of the radiosondes after
the sounding a priority. With the help of wind trajectories the flight path and landing site was studied
beforehand to increase the chance of recovery. For the special equipped radiosonde, this method
worked reasonably well, however, during interesting weather conditions the number of rejected flights
due to bad wind conditions was high.
Even with wind conditions and flight trajectories reasonably promising, the descent and landing was
difficult to control. Regular radiosondes are equipped with a parachute, decelerating the descent after
the balloon burst to an average speed of 5 m/s in the lower troposphere. This is generally slow enough
to not damage the radiosonde with the instruments while landing on a grassy field. However,
Switzerland has an extensive mountain range and several larger forests, where the recovery can be
very time consuming and difficult, not to mention that the fragile instruments may get damaged by
tree branches or lost in the mountains.
Currently there is no solution on the market available to gain more control over a descending
radiosonde, and various solutions were investigated to increase the number of soundings even under
difficult wind conditions. Different approaches were evaluated from fairly simple guided parachute
systems up to complex controlled propelled small unmanned aerial vehicles (UAVs).
In the following we present the process of developing and building a Return Glider Radiosonde
(RG-R), that allows controlling the descent and the landing of a radiosonde at a predetermined
location. We present first test flights from altitudes of up to 24 km. Furthermore, flights during
difficult weather and wind conditions will be shown and the flight characteristics as well as the
limitations of the RG-R will be discussed.

4.2

Choosing an autonomous guiding system

Controlling a payload during descent from high altitudes can be achieved in different ways. Two
approaches were considered, namely controlling the payload by a parafoil system or by integrating the
payload into a small aircraft. Both systems have advantages and disadvantages, which are further
discussed in the context of returning the payload to the location where it was launched.
Parafoil guiding system
Since several years parafoil systems are used on airplanes to deploy supplies in remote areas safely to
the ground. Parafoils can be packed very compact and are similar to currently used parachutes on a
regular radiosondes with additional control over the descending direction. With several pre-defined
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landing locations the elaborate routine to search the payload can be eliminated. This system is similar
to our demand of gaining control over the descending radiosonde payload. However, there are several
difficulties which need to be addressed.
Radiosondes are usually dropped from high altitude of more than 24 km where the air pressure is
about 30 times lower than ground pressure. This low air pressure is the major issue since a parafoil
system relies on the dynamic pressure during flight, which helps to keep its shape and inflates the
parafoil once released form the balloon. NASA Ames Research Center made numerous experiments
with high altitude parafoil guiding systems with very mixed results. Some of the common problems
were tangled lines, non-inflating parafoils or flat spins without the possibility to recover later. [Benton
and Yakimenko, 2013]
Another issue is the light radiosonde payload attached to a rather large parafoil, especially when
entering the strong jet stream winds at the tropopause region. The high wind speeds exceed the
forward flying speed of a small parafoil system, which then stays stationary or flies backwards with the
wind. In this case it would not be possible to reach the desired landing location where it was launched
and additional preprogrammed landing sites would be needed to safely land the payload.
The advantage of the parafoil system is its small size when packed which could easily be attached to
an existing SRS-C34 radiosonde .All the electronics and batteries for controlling the parafoil would fit
into a small Styrofoam box or even inside the radiosonde itself. Furthermore the costs of such a system
would be rather low and no special training for the sounding operator would be needed to launch this
system.
Fixed-wing aircraft
Small propelled Unmanned Aerial Vehicles (UAVs) became very popular in the scientific community
over the past few years, opening new possibilities in acquiring different data sets in the lower
atmosphere. UAVs can carry a payload of several kilograms and are generally propelled by gas or
battery powered engines depending on payload size and weight. Over the past few years carbon fiber
material became available and are currently widely used for building strong air frames while still being
light weight. Handling and crafting this material needs knowhow and expertise to build strong and rigid
air frames.
Expanded Polypropylene (EPP) on the other gained popularity in the amateur model aircraft scene,
and is today another promising material for building small aircrafts. EPP is very light weight, easy to
handle and has good properties in terms of absorbing kinetic impacts while retaining its original shape.
Moreover, the material is similar to the already used boxes made out of expanded polystyrene (EPS)
for the SRS-C34 radiosonde, hence the knowledge to craft and handle this material already exists.
For fixed wings different shapes and airfoils are available to best suit our application in terms of flying
distance and payload storage. In our case the airframe profile needs to be kept as narrow as possible
to not disturb the scientific measurements.
However, there are other difficulties which need to be addressed when operating an aircraft at high
altitudes. The material used need to withstand low temperatures in the stratosphere and large and
rapid temperature changes reentering the lower troposphere. Due to very low air pressure in the
stratosphere the aircraft needs to fly much faster to generate the same lift as it would need at low
altitudes. Since little information is available about test flights in those challenging regions slow
progressions from low towards higher altitudes must be done to analyze the aircrafts performance.
In terms of flight performance even non-propelled aircrafts reach higher forward speed against high
altitude winds than a parafoil system, and therefore can cover greater distances back to the desired
landing site. Even though the parafoil system has advantages especially in terms of simplicity, the
problems at high altitudes and the lack of flying distance were crucial to rather investigate a carrier
system based on a model aircraft. Several model aircrafts with a variety of different wing profiles,
weight and flight characteristics have been evaluated. Electronic components need to be stored in the
payload area and special scientific instruments have to fit into the wings. Therefore the most suitable
fixed wing available was a tailless flying wing. The drag of a proper flying wing compared to a regular
fixed wing aircraft with a vertical stabilizer is greatly reduced and the gained structural stability due to
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the increased wing depth are considerable advantages for our application. The tailless feature was a
further benefit since no vertical stabilizer will obstruct the scientific instruments on the glider. This
was important since solar radiation measurements will be made and any obstructions would lead to
false readings. To stay within the payload limitations of a balloon born sounding, it was important to
keep the weight of the fully equipped aircraft as low as possible. Therefore the flying wing was
designed without propulsion system to reduce the weight. However with some modifications an
electric motor with the corresponding batteries can be used to impel the flying wing.

4.3

Flight procedure

Handling the flying wing is similar to a regular radiosonde and therefore many steps during preparation
are the same. To get an overview over the procedure of a flight from launching the glider to the landing
on the ground the process is briefly described.
As for a regular radiosonde a weather balloon is first prepared to lift the glider with an average vertical
ascend speed of 5 m/s. With a computer program three specific parameters for the autopilot are set
which are the release altitude from the balloon, the landing coordinates and the optional emergency
landing coordinates. Once those parameters are set and the radiosonde inside the glider is prepared
to transmit its data on the desired frequency the glider is attached to the string of the balloon and
launched. (Figure 4.1, left)
As soon as the pre-set altitude is reached, the glider releases itself from the balloon string and starts
flying back towards the landing site. During the flight back, the autopilot monitors the flight
performance and decides whether it is possible to reach the desired landing location or if it needs to
choose one of the emergency landing points nearby. (Figure 4.1, right) Those emergency points may
be used due strong high altitude winds which reduces the maximum flight distance the glider can
cover.
After reaching a preprogrammed landing coordinates, at any altitude, a controlled spiral flight is
initiated. While spiraling down the altitude is monitored and a parachute is released 100 m above
ground for landing. (Figure 4.2, left)
If at an altitude of 2000 m above sea level the glider is not within 2000 m of any landing site, or a
malfunction of an electronic component or software is detected, the parachute is released for an
emergency landing. (Figure 4.2, right)
All decisions made by the autopilot as well as its position are transmitted via the radiosonde to inform
about next steps. Hence, in terms of an emergency landing a search crew can be formed to pick up the
glider at the landing location.

Figure 4.1: schematic sketch of (left) balloon
ascending, (right) glider flying back

Figure 4.2: schematic sketch of (left) landing
procedure after successfully reaching the landing site
by releasing the parachute 100 m above the ground,
(right) emergency landing by releasing the parachute
when not reaching the desired landing coordinates or
any emergency point.
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Hardware-Specification

The body of the flying wing is made out of a special foam called EPP. The foam is very durable and has
very good impact characteristics, which allow the EPP to regain its shape after impact. Additionally the
foam can be shaped with simple tools such as hot wire guns and knives to form holes and
compartments to store the electronics. The main wings were cut with a large hot wire cutter to our
specifications. Also the foam is very similar to the one used for the C34-Radiosonde which has good
properties in terms of protecting the electronics from the extreme cold. By storing all electronics inside
the foam no obstructions distort the scientific measurements.
The model aircraft has a wingspan of 140 cm and since EPP cannot be stressed the wings are stiffened
with two carbon rods which are glued in. This leads to a very strong and durable construction without
adding much weight. Additionally the wings are covered with a 100 micron thin laminate film to
protect the EPP foam from moisture, rain and dirt. The laminate helps to smooth out the surface of
the EPP material and further strengthens the wings.
The flying wing is controlled by two control surfaces, called elevons. Elevons are at the same time
aileron and elevators, hence, both steering left and right as well as climbing and descending is achieved
with the two control surfaces. This helps to reduce the complexity of the whole construction and leads
to a more reliable aircraft. The control surfaces are made out of balsa, which is covered with a laminate
foil to protect the wood from moisture. The hinges, where the elevons are attached to the wings, are
made with the double tape hinge technique, which leads to a very strong and still easy bending hinge.
This is very important to not unnecessary stress the linkage and the servos especially during flights in
cold environments. Each elevon is operated by one metal gear servo which is buried inside the EPP
wing to protect it from moisture and cold temperatures.
All electronics except the servos are stored inside the payload area in the middle section of the flying
wing. They are mounted inside two Styrofoam boxes which are glued on top of each other to allow
maximum storage space for the radiosonde, batteries and navigation control devices. The box is
specifically designed for radiosonde applications and therefore well suited to withstand extreme cold
temperatures and strong airflow when flying back.
The scientific short and longwave radiation instruments, are integrated in the left and right wing. The
body of the instruments have the same height as the thickness of the wing. Therefore only the domes
with the thermopiles are visible and all cables and connectors are inside the wing and connected to
the radiosonde inside the middle payload section. Other atmospheric parameters such as temperature
and humidity are measured at the back side of the airplane, with the temperature sensor extending
sideways to make sure not to be perturbed by the glider.
In the front part of the middle section a parachute is embedded into a small Styrofoam hallow sphere
to protect it from moisture and rain. This parachute is not only used for the landing but also serves as
emergency recovery system if the glider or a safety system detects any malfunction.
All in all a fully equipped glider with batteries and scientific instruments weights less than 2 kg and is
within the limits of balloon born payloads. The current glider is optimized for even heavier payloads
then currently used and has a maximum take of weight limit of 5 kg.
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Figure 4.3: A three dimensional view of the return glider radiosonde (RG-R), with the middle payload section
where all the electronic is stored and the two short and longwave radiation sensors mounted into the wings.

4.4.1 Electronics
Autopilot
The UAV industry just started to grow and hence many new autopilot systems came to the market over
the past five years. In the past autopilots were mainly developed by big companies and the military,
and they were very expensive and difficult to use.
With the help of the growing number of smartphone companies, sensors and electronics got smaller
and more powerful than ever before which helped the open source community to start building their
own autopilot system from scratch with cheap and widely available sensors.
Jordi Muñoz was one of the first person developing an open hard and software based autopilot back
in 2007 and founded together with Chris Anderson the company 3D Robotics. For the next six years
they developed several new versions of the autopilot software and hardware and sold them over the
internet. In 2013 ETH Zürich together with 3D Robotics introduced a new autopilot called PIXHAWK
which was mainly developed by Lorenz Meier and his team at ETH Zürich Computer Vision and
Geometry Lab. First test flights back in 2012 were made with the old autopilot hardware but right after
the introduction of the PIXHAWK, which was way more powerful, the hardware got exchanged.
Fortunately the same software programmed for the old autopilot could be transferred with slight
adaptation to the PIXHAWK autopilot.
The autopilot is equipped with all necessary sensors to perform an autonomous flight and has attitude
sensors, a barometer for altitude measurement and two separated ports for attaching GPS/GLONASS
receiver modules for navigation control. The system is modular built to add future extensions with new
sensors. An air speed sensor is currently not used since during different tests in cold environments the
sensor did not perform as expected. Heating the sensor would have been necessary, similar to what
commercial airplanes are currently doing, but due to the limited battery capacity and the added
complexity the sensor was completely removed.
For our special needs, parts of the software code is adjusted and rewritten since in the first part it was
never intended to detach an UAV from a balloon in the stratosphere. The autopilots main task is, once
detached from the balloon, to head back to predefined landing coordinates where it spirals down and
releases the parachute 100 m above the ground. All steps are additionally secured by several failsafe
systems which are internally and externally monitoring the autopilot during the flight. This is not only
demanded by the Swiss Federal Office of Civil Aviation (FOCA) but is also important to not lose any of
the expensive scientific instruments on board of the RG-R.
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4.4.2 Release mechanism
To lift the RG-R the same balloons are used as during regular radio soundings, which have a maximum
burst altitude of around 36 km altitude. Since the glider is tethered to the balloon it needs to release
itself at the desired pre-set altitude before launch.
This separation is done by the release mechanism which is directly controlled by the autopilot and is
one of the most important tasks during the flight. Due to the harsh environment with temperatures
down to -70 °C the release mechanism has been intensively tested in climate chambers and in real
world experiments with regular radiosondes. Test flights through low and high cloud covers have been
conducted to ensure that water and ice does not have negative effects on the reliability of the release
mechanism.
The mechanism consists of a thin constantan wire which is wrapped around the string holding the RGR to the balloon. Once a voltage is applied the wire heats up and burns the string, releasing the glider
from the balloon. The voltage is applied for several seconds to ensure a proper detachment. For each
flight a new wire is used since the used wires were heavily stressed which do not guarantee another
successful detachment.
Although the heating wire mechanism works reliably it is still prone to failure (e.g. cable break) and
therefore another method has been examined. The other system is based on a pyrotechnic ignition
which once activated is an instantaneous firing. Those so called electric matches are used in thousands
for public firework displays and can be manufactured at very low price. They consists of a thin igniter
wire which is coated by a pyrogen on top. When a current is applied to the igniter wire it immediately
heats up and ignites the pyrogen which then burns the string where the electric match is attached to.
During laboratory tests the system worked reliably down to a temperature of -40 °C. However real
world tests showed that the pyrogen cannot be ignited once the temperature is below -40 °C which
can easily occur at the tropopause region. For low altitude applications this system might be useful
however for our flights it is impractical despite the advantages (e.g. easy handling, fast preparation)
over the hot wire.

4.4.3 Power system
To guarantee an efficient RG-R, the power supply on board needs to be properly sized and adapted to
the different devices which require various voltages and current to operate. The power distribution
board takes care of this task and monitors at the same time the health of each battery used and reports
any malfunction back to the autopilot. The power system is divided into two completely different
power sources.
The primary power source is separated into two identical 7.4 V lithium polymer batteries. In normal
operating condition both batteries are used at the same rate and share the load of the entire system.
In this normal operation mode the RG-R can be powered for more than ten hours, more than enough
for an entire flight which normally lasts two to three hours.
If one of the two battery fails during operation due to a malfunction, the system is able to switch the
load entirely to the second battery. However the operation time is cut in half, hence, the RG-R can run
for at least five hours on a single battery.
For the worst case scenario if both batteries would fail a second power system made out of super
capacitors is used to deploy the emergency recovery system which consists of the parachute. The
autopilot and the radiosonde is not powered by the super capacitor since without power from the
primary power system, the RG-R is not able to fulfil its intended mission but rather lands the expensive
payload by the parachute on the ground. Therefore the super capacitors do only supply the emergency
recovery system and are charged beforehand by the main power system as soon as the RG-R is
switched on.
Both power systems are monitored by a temperature sensor since running polymer batteries in cold
temperatures will strongly affect their lifecycle.
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4.4.4 Radiation sensors
Back in 2011 first tests were performed with the CNR 4 net radiometer from Kipp & Zone (Figure 4.4)
[Philipona, Kräuchi, Brocard, 2012]. This net radiometer consisted of an upward and downward
pyranometer to measure shortwave radiation as well as an upward and downward pyrgeometer for
the long wave component. All domes and body temperatures are measured by the same thermocouple
technique currently used by the SRS-C34 radiosonde. The modifications on the CNR4 are crucial, since
it allows for correction of the large temperature gradients of the dome and body affecting the
thermopile signals. The measurements done in 2011 showed very promising data and led to further
development of the radiation instruments to adapt to our needs.
One of the major problems and concerns was the size and weight of a CNR4. The four incoming and
outgoing short-wave and long-wave radiation instruments are mounted into one aluminum block and
therefore weights over 850 grams in total. During a balloon born experiment the aluminum block with
its great mass does not adapt very well to the surrounding air temperature and when not precisely
measured distort the radiation signals. Additional safety concerns led to the development of new
instruments which fit directly into the wings of the RG-R (Figure 4.5).
The new devices have the same dome and thermopile as the CNR4, however, the body mass was
greatly reduced. Additionally each dome temperature is now measured by a 50 µm thin thermocouple
which is directly glued at the inside of each dome.
Furthermore the four thermopiles were arranged in a group of two separated independent devices
where one unit consists of one long wave and one short wave thermopile and their associated domes.
This way the load of the radiation devices could be distributed over the two wings of RG-R.

Figure 4.4: Kipp & Zonen CNR 4 Net Radiometer

Figure 4.5: Module consisting of a solar short- (bottom)
and long-wave (top) radiation sensor with the
corresponding domes. They use the same thermopile
and dome as the CNR 4 Net Radiometer
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Software-Specification

4.5.1 Configuration
The RG-R encloses two independent systems and each one needs its one set of configuration software.
On the one hand there is the SRS-C34-Radiosonde which is configured by a program developed by
Meteolabor AG, and on the other hand the autopilot from 3D Robotics with its dedicated software
package. Even though both system can run on its own they are connected via a bus system and share
the same connector at the back of the RG-R to change various parameters with a computer.
There are several hundred parameters that can affect the behavior of the autopilot, however, once
the RG-R is properly tuned and adjusted only three settings may be changed from one to another flight.
The most important parameter is the release altitude which defines the height where the release
mechanism is activated to detach the RG-R from the balloon. This parameter needs to be properly
adjusted by choosing an altitude which is well below the burst altitude of the balloon used for the
particular flight. Furthermore the main landing coordinates as well as several additional emergency
landing sites can be set. The emergency landing points are generally selected close to the flight
trajectory path, which is calculated from a wind forecast program. They are either pre-selected with
the help of a mapping software like Google Earth© or during past reconnaissance of the particular area.
Mainly farmlands are selected with an overall area of at least 100 m x 100 m (1 ha) where no power
lines in a 500 m radius are located. This way, for example during strong head wind, the autopilot has
the possibility to choose another landing site instead of the main landing coordinates. All three
parameters are permanently stored in the memory and may be used for several flights in a row.
While the parameters for the autopilot can be changed, the SRS-C34-Radiosonde is configured once
during the preparation for a flight. This way the transmission frequency of the radiosonde is set and
the values of the scientific instruments attached can be verified before launch.

4.5.2 RG-R attitude control
The attitude control is a complex algorithm yet the most important for keeping the RG-R in a fixed
orientation with respect to an inertial frame of reference. Accelerometers and gyroscopes are used to
guide the RG-R to the desired attitude. Accelerometers basically measure the acceleration in the x, y
and z axis and forward the orientation of the RG-R with respect to earth’s surface once it is in motion.
To compensate for any short term noise from the accelerometers, gyroscopes are used to correct for
the error. A gyroscope measures the rate of rotation around any axis. Both sensors are now combined
to get precise information about the current orientation in space.
As soon as the RG-R is flying horizontal the accelerometers are orthogonal to gravity and therefore
useless for compensating any errors of the gyroscopes. Therefore an electronic compass so called
magnetometer is used to compensate for any gyroscopic drifts. This combined sensor array is often
called inertial measurement unit (IMU) and is used in several different applications to determine
orientation and velocity vectors relative to the earth surface.
The RG-Rs attitude control solely relies on this sensor array and is therefore prone to any failure or
distorted data. Thus, if the autopilot detects any sensor data not within specification it can consult a
second set of sensors integrated to compensate for any malfunction and can safely further progress
with the flight.

4.5.3 RG-R navigation
The navigation algorithm relies on a space-based navigation system to determine its location above
the earth’s surface. When the RG-R starts circling or perform sharp turns the faster update rate of a
magnetometer is additionally used instead of the bearing from the navigation system which is only
updated at a 10 Hz rate. In addition the RG-R is able to navigate while just relying on the dead reckoning
calculations, however, this feature is currently deactivated and instead two satellite based navigation
systems are used.
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The probably most common navigation system is called Global Positioning System (GPS) and was
developed by the U.S. Department of Defense. It is in service since 1995 and can achieve a horizontal
accuracy of up to 3 m. Since the beginning of 2011 a second Russian system called Global Navigation
Satellite System (GLONASS) is running, which is also available for public use like the GPS.
The newest generation of GPS/GLONASS receivers from the Swiss company µBlox are installed in the
RG-R. Beforehand many different receivers from various companies have been tested on regular
radiosondes. However most commercially available receiver modules tested were limited to an
altitude of 18’288 meters above sea level (60’000 feet). They would then disable tracking due to the
limits published by the Coordinating Committee for Multilateral Export Controls (CoCom). Those
control limits do ensure that GPS receivers stops operating when two defined limits are exceeded. On
the one hand there is an altitude limit of 60’000 feet and on the other a horizontal speed limit of
1000 knots. However some GPS receiver manufacture did implement those control limits the wrong
way and therefore prevent tracking when only one of both limits are exceeded.
Since the RG-R can be lifted well above 30’000 m (~100’000 feet) above sea level receiver modules
from µBlox were chosen since their altitude limit, according to the datasheet, was set to 50’000 meters
above sea level. Furthermore this chip is able to track up to 72 different GPS and GLONASS satellites
at the same time. The data from both satellite systems is used by the receiver to deliver an even more
accurate position than using only one space-based navigation system at a time.
Furthermore the autopilot is capable of analyzing two different navigation data streams from two
independent GPS/GLONASS receivers at the same time. Hence two independent navigation receiver
modules are currently installed within the electronic compartment which further contributes to safety
and reliability of the entire system.

4.5.4 Safety features
Since UAVs are a new kind of research tool, governments all over the world are currently developing
plans and safety assessments for a safe operation in the civil airspace. Hence we are currently working
in tight collaboration with the FOCA here is Switzerland to operate the RG-R as safely as possible.
The RG-R is a complex system manufactured with different components and sensors working all
together to ensure a safe and reliable operation. Since it is not a passive system like a routine
radiosonde descending on a parachute, several safety barriers were integrated to prevent complete
loss or failure of the RG-R resulting in a fast and uncontrolled descent.
Referring to chapter 4.4.3 Power system the entire navigation and operation system of the RG-R is
powered by two identical lithium polymer batteries. In case both batteries fail, a safe and controlled
flight cannot be achieved anymore and would lead to an uncontrolled descend of the RG-R. Therefore
a passive emergency system is able to safely land the RG-R with its payload on the ground. This is
achieved by a parachute which is deployed once a power failure is detected. The parachute release
mechanism has its own power system and does not rely on the main batteries. Once the parachute is
deployed the RG-R will descend at a low speed of 4-5 m/s similar to a regular radiosonde for the lower
troposphere. Hence the sensors and scientific instruments as well as the RG-R are then landed safely
without damaging or endanger any 3rd parties on the ground.
In addition an external failsafe device is monitoring the main flight controller and can detect once the
autopilot stopped working due to a software or hardware failure. The device will independently trigger
the release of the parachute since a safe operation by the autopilot itself cannot be guaranteed
anymore.
A balloon rupture at any given altitude is another concern and hence special attentions during
preparation of the balloon needs to be paid. The balloon burst can be detected by the RG-Rs autopilot
and would lead to an immediate activation of the release mechanism to separate from the remaining
balloon parts and strings. Depending on its current altitude and position the RG-R might be able to fly
back to its intended location and can fulfill its mission. Otherwise with the help of the preprogrammed
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emergency landing locations a safe landing at one of those locations might be possible and is
immediately initiated. All steps conducted by the autopilot are reported back via the radiosonde to
inform the ground crew about the current status and whether a search crew needs to be sent out to
pick up the RG-R at one of the emergency landing locations.

4.6

First test flights

First tests were conducted at the aerological station in Payerne by lifting up the RG-R with a tethered
balloon to 150 m above ground. During those first descents from the balloon, autopilot control
parameters as well as the general flight characteristics were inspected and tuned for this particular
frame. Furthermore, both release mechanism for detaching from the balloon string and for the
parachute release were intensively tested during different wind conditions. Not only was the unfold
properties of the parachute analyzed but also the descent speed and landing angle were inspected to
ensure that neither the scientific instruments nor the RG-R itself were damaged during touchdown.
In addition a motorized version of the RG-R was piloted manually to gain information about the glide
ratio and some first automatic flights were conducted by flying towards different waypoints. At the
same time we worked closely with the FOCA to elaborate a way to test our glider at higher altitudes.
We were not aware of how difficult and time consuming the process is to obtain a permission in
Switzerland for doing test flights with a complete autonomous glider beyond visual line of sight
(BVLOS).
For more than six months we added several safety features and finally received permission for flights
BVLOS at the aerological station in Payerne. The flights with the RG-R were limited to an altitude of
9000 feet during night time while not leaving a safety radius of 2 km around the aerological station in
Payerne. Furthermore a Notice to Airmen (NOTAM) with a danger area of 4 km around the station has
to be submitted at least one day ahead of time.
A few weeks before obtaining the first permission from FOCA we were granted to do test flights with
the RG-R at the Finnish Meteorological Institute (FMI) in Sodankylä, Finland. The permission included
flights up to 30 km altitude during day and night time at the FMI Arctic Research center. This facility is
a sounding station since 1949 where they do regular soundings and meteorological observations.
Therefore they already had all the equipment and know how similar to the aerological station in
Payerne.
Even though we had the possibility to perform test flights from greater altitude in Sodankylä we first
conducted a night time flight in Switzerland where we were able to test all electronics and software
algorithms.

4.6.1 Test flight in Switzerland
For a first test flight in Payerne a calm night in terms of wind speeds was required to stay within the
limits received from FOCA. The pre-calculated trajectories showed a maximum horizontal flight
distance of the balloon of 900 m which was well within the maximum allowed distance of 2000 m.
The RG-R was set to release the balloon at 2200 m above sea level and then return to the grassland
next to the aerological station in Payerne. After an 8 minute ascend the balloon reached the desired
altitude where the RG-R did properly detach and started to fly back. After a short flight of less than
one minute the landing coordinates were reached 1 km above the landing coordinates, where the RGR started to slowly spiral down towards the surface. A quarter hour after the balloon start the RG-R
landed with the parachute safely on the grassland.
The flight analysis showed, that the autopilot triggered the balloon release mechanism already at
1930 m above sea level, 270 m below the desired altitude. The release was trigger by one of the safety
features added which is activated once a slow balloon ascent of under 4 m/s in average is detected.
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This was later also confirmed by the radiosonde which recorded an average ascending speed of
3.25 m/s.
Further analysis showed an average horizontal speed of 19 m/s while losing altitude with 3.5 m/s. The
descending speed with the parachute was measured at 4 m/s and the balloon release mechanism once
activated took less than one second to burn the string. Figure 4.6 shows a 3D view in Google Earth©
where the ascent is colored in orange, the descent in red and the parachute landing in green.
Overall the first flight was a success and pointed out that we had underestimated the drag generated
by the RG-R when lifted vertically. Therefore, future balloons are filled with more gas which will result
in a higher ascending speed.

Figure 4.6: 3D view of the first flight path performed from the Aerological Station in Payerne Switzerland. Orange
ascending path with the balloon; red flight path back to the landing coordinates; green parachute landing.

4.6.2 Test flights in Sodankylä
With the first successful flight done in Switzerland the main goal during the two week period in
Sodankylä was to further test the RG-R at different altitudes and learn what distances it can fly back
and how it handles different wind conditions. Additionally the overall performance and reliability of
the autopilot and the gliders structure itself are further analyzed. Finally, the radiation profiles
measured during the different flights under very different atmospheric conditions were very
interesting and successful as will be shown in the next chapter. A total of seven flights were
performed (1x) to 5 km, (2x) to 20 km and (4x) to 24 km altitude.
General weather conditions in Sodankylä
According to the wind analyses of preceding years, conditions in Sodankylä during June and July are
suitable for launching special equipped balloon flights since wind speeds are rather low throughout
the entire atmosphere. The average horizontal distance from the launch coordinates for the past years
was generally in the range of 20 to 40 km, since strong high altitude winds are more present during
winter time. However, during the first week distances of up to 90 km were observed by the daily
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routine radiosondes and by flight trajectory calculations. During the second week the wind speeds
were much more similar to the expected conditions and slowly calmed down during the week.
Although the distances were much shorter the wind speeds in the tropopause regions were still strong
and reached a maximum recorded horizontal speed of 43.5 m/s.
In terms of wind directions the first week was dominated by west winds which for the second week
started to turn towards south and finally changed to an east wind for the second part of the second
week.
Figure 4.7 shows the last five flight patterns (1x to 20 km, 4 to 24 km altitude) displayed in the
Google Earth® mapping software.

Figure 4.7: Flight path from five soundings from an altitude of (1) 20 km and (4) 24 km performed in Sodankylä,
Finland.

Flight performance for different wind conditions
One of the major concerns are the strong winds that can displace a radiosonde for serval hundreds of
kilometers. For flights with the RG-R it is important to predict the flight trajectories and hence wind
speed and direction at different altitudes are important to know. Numerical high resolution global
forecast models allow pre-calculating wind components and hence the trajectory of a weather balloon
can be computed. To gain data about the maximum wind speeds the RG-R can cope with and what
happens when we exceed those limits, flights during stronger wind conditions were performed.
Currently in Switzerland the FOCA permits only flights during calm wind conditions with an average
horizontal wind speed of 6 m/s.
Since there is no pitot tube installed to directly measure the wind speed during the flight back to the
landing coordinates, the wind velocity is measured during the ascent with the balloon like during a
traditional radio sounding. Once the RG-R is released from the balloon and starts heading towards the
landing coordinates the descending path is very similar to the ascending with the balloon and therefore
wind speeds are similar to the ones measured during the ascent.
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Due to the strong winds during the first week and little experience how the RG-R behaves during high
wind velocities only one flight to an altitude of 5 km was reasonable. Nevertheless wind speeds of up
to 19 m/s were measured during the ascent. For this particular flight the wind velocity profile is
separated into three sections (Figure 4.8). The first section is from 4 to 5 km altitude with an average
wind speed of 18 m/s. The second section is from 2.8 to 4 km altitude with an average wind speed of
12 m/s. And the third section from 1.7 to 2.5 km altitude with an average wind speed of 5 m/s.
After the release from the balloon the gained forward speed from the vertical drop (Figure 4.8, blue)
is slowly reduced down to an almost complete stop at 4.2 km altitude due to a constant head wind
with an average speed of 18 m/s. During this strong head wind the RG-R was not able to accelerate at
all and was almost pushed backwards till it reached the lower part of the first wind section where it
slowly started to accelerate.
In the second section the winds calmed down to an average velocity of 12 m/s where the RG-R was
able to slowly regain forward speed up to 8 m/s. In the third section the wind calmed down even more
down to an average of 5 m/s where the RG-R finally achieved to speed up to 20 m/s horizontal speed
which helped to cover the distance back to the landing site. The landing coordinates were reached at
an altitude of 1.7 km where the horizontal speed slowed down since it started to circle towards the
ground. This initial test with various wind speeds at different altitudes showed for the first time the
performance of the RG-R flying against a head wind.
During a second flight the RG-R was set to release at 20 km altitude where wind speeds of 43 m/s twice
as strong as before were recorded at the tropopause level of 9 to 10 km altitude. The flight is again
separated into three wind sections (Figure 4.9).
After the release from the balloon the RG-R gained a forward horizontal speed of more the 80 m/s
after leveling out the vertical drop. Since the stratospheric winds were very weak and just increased
gradually to 20 m/s at 11 km altitude, the glider was able to cover a distance of 40 km towards the
landing coordinates where it reached the site at an altitude of 11.4 km. Once it entered into the second
wind section the wind velocities increased to the maximum recorded wind speed of 43 m/s. At the
same time the RG-R was not able to maintain its circling pattern above the landing site and was pushed
backwards in the wind direction with horizontal speeds of up to 29 m/s. Flying backwards it maintained
the correct course towards the landing site, while at the same time trying to fly horizontal in the wind.
In lower altitudes the wind gradually slowed down to around 28 m/s where the RG-R was already
pushed 12 km away from the landing site. At the same time the wind speed was low enough to finally
regain forward horizontal speed and covering the distance back to the landing site arriving at an
altitude of 1.5 km where it started once more circling down to the ground.
In those two flights performed, we were able to evaluate the maximum wind speed where the RG-R
can still perform a forward flight. Depending on the altitude and the current horizontal speed of the
RG-R, forward flights against a headwind of up to 20 m/s can be achieved. Once the wind velocity
exceeds the maximum speed of 20 m/s, the glider is pushed back while still maintaining its current
course towards the desired location. With this additional information and some pre-calculated wind
trajectories before each flight, the estimation whether the glider can return to the landing locations is
now much simpler and more accurate.
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Figure 4.8: Wind Speed analyses from a 5 km altitude
flight. Wind speeds of up to 19 m/s and horizontal
flight speeds of more than 20 m/s were recorded.
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Figure 4.9: Wind Speed analyses from a 20 km altitude
flight. Wind speeds of up to 41 m/s and horizontal
flight speeds of more than 80 m/s were recorded.

Maximum flying distance
Having a system that is able to fly the instruments and sensors back to the launch station is a valuable
tool, but the key factor is the distance it can fly back once it is released from the balloon. The value we
are looking at is the so called glide ratio, which is the ratio between the gliders distance covered over
ground to its descent measured. This calculations is normally done during calm air since the
performance of the RG-R with respect to the ground will change when the air is moving. With the RGR we like to cover as much horizontal distance as possible therefore a high glide ratio is desired.
To achieve an optimum glide ratio precise control of the airspeed as well as minimizing the drag
generated by deflecting the control surfaces is necessary. Currently there is no subroutine in the
software code to maximize the glide ratio by staying within the optimal parameters during different
wind conditions.
During the first flight in Switzerland an overall flying distance of 6.2 km while losing 1.3 km altitude
was achieved. This results in a glide ratio of 4.7:1 for the entire flight. By looking just at the section
where the RG-R is heading back to the landing coordinates where wind speeds of less than 5 m/s were
recorded, the distance covered was 1.5 km while losing 0.3 km altitude resulting in a slightly better
glide ratio of 5:1.
During the seven flights in Sodankylä only the four flights performed from 24 km altitude were used to
analyze the glide ratio. Furthermore only data was processed for the altitude from 19 to 22 km where
wind speeds were the lowest recorded in the range of 5 to 10 m/s. Although we were not able to fly
during the required calm wind conditions the calculated average glide ratio is 5.5:1. This would give us
a theoretical maximum flying distance from 24 km relative altitude of more than 130 km.
By looking at all flights performed from 24 km altitude an average total flying distance of 105 km has
been recorded. This represents well the fact that during flights with higher wind speeds the distance
that can be covered is reduced. The maximum flight distance recorded during an average wind speed
of 6.7 m/s was 122 km and is very close to the theoretical 130 km calculated.
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The theoretical flying distance can never be achieved since an average wind speed of 27 m/s from a
single direction during ascending would be needed to displace the RG-R 130 km from the launch
station. However, experiences has shown that winds often change directions at higher altitude which
is an advantage and can be used to perform flights even during higher wind speeds than the limits the
RG-R can cope with. Hence, the potential flying distance is dependent on many variables and needs
further testing during different wind situations.
Furthermore, to maximize the flying distance the RG-Rs release procedure from the balloon needs to
be timed very precisely. Every flight path correction leads to a valuable altitude lost, which is directly
linked to a reduced flying distance. This issue was observed during one of the 24 km altitude flights
where the RG-R lost 3500 m altitude due to a course correction of 180° towards the landing
coordinates. Although this course correction was well accomplished, the RG-R is now properly released
once its current heading is pointing in the same direction as the flight path towards the landing
coordinates. This method is particularly important at high altitudes, where correction turns are always
linked with a substantial altitude lose.
Behaving of different components on board the RG-R
Operating an aircraft in the stratosphere independent of size and shape is coupled with many
challenges due to the rough environment. The continuous temperature decrease in the troposphere
followed by the overall constant deep temperatures in the stratosphere are not favorable for
electronics and batteries. Decreasing atmospheric pressure reduces lift generated by the wings hence
an aircraft needs to fly faster to maintain the same lift capabilities as it would at lower altitudes. Clouds
at different heights containing small liquid water droplets can lead to freezing once they get in contact
with the glider. Either this ice can alter the airflow over the wing reducing the lifting capability or it
completely freezes the control surfaces solid resulting in an uncontrolled descent. The final landing is
done automatically by a parachute whose release needs to work reliable and at any conditions. Those
are some of the most important tasks we have been looking at while analyzing all flights. The various
effects discovered are now further discussed in separate sections.
Temperature
The RG-R is equipped with several different temperature sensors monitoring vital electronic
components inside and outside the glider. The air temperature is precisely measured by the integrated
C34-Radiosonde thermocouple and can be used to make comparisons against the temperatures inside
the electronic bay. The batteries and the autopilot are each monitored by a separate sensor to ensure
that the temperature stays within the specification of each part. During the ascent, the temperature
inside the electronic bay slowly increased to a maximum average temperature of 25 °C close by the
battery and 40 °C near the autopilot at an altitude of 5 km. At the release altitude of 24 km, the battery
temperature decreased by 8 °C to an average of 17 °C. The autopilots processor and electronics
produced enough heat to keep the temperature at 38 °C, while the outside temperatures reached as
low as -55 °C.
Once the RG-R is released from the balloon the fast forward flight induced a slightly faster cooling rate
resulting in a minimum temperature of 2 °C near the batteries and 22 °C near the autopilot at an
altitude of 6 km. At lower altitude the temperature near the electronics again started to increase. Since
the batteries are not heavily stressed during operation, temperatures around freezing point are not a
problem and have been tested in the laboratory, where batteries used in the RG-R still performed at
temperatures of -20 °C.
Overall, the electronic bay is well sealed and is not strongly affected by the airflow, which is important
to safely operate the RG-R in cold environments.
Flying characteristics
Since the RG-R is used for scientific measurements of short and long wave radiation through the
atmosphere, the attachment below the balloon was special and at the same time challenging in terms
of flight characteristic. The instruments needed to be mounted horizontal, which is achieved by three
individual strings forming a tetrahedron shaped suspension over the wings. However releasing an
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aircraft horizontal in the air with zero airspeed at 24 km altitude is not a simple task for the flight
controller. The glider needs to be well balanced around its center of gravity to ensure no spinning or
tumbling once released.
After the release from the balloon, the RG-R follows three stages. During the first stage right after the
string is burnt the glider falls free for five to six seconds loosing up to 500 m in altitude, while gaining
enough speed and airflow over the control surfaces to regain control. After gaining enough speed in a
second stage the RG-R tries to pull up the nose and starts to engage a fast forward flight. This sequence
needs to be better tuned since for all four flights from 24 km altitude an ascending was observed once
the nose was pulled up. This was due to the fact that the autopilot pulled up to hard and with an
airspeed of up to 110 m/s this introduced a slight ascent of 150 m altitude. The same effect has not
been recorded while releasing from 20 km altitude and is therefore directly linked to the lower
pressure at 24 km altitude, where faster free fall speeds are observed. Once the glider flies horizontal
the third stage containing the course correction towards the landing coordinates is applied and
executed. The more precise the detachment towards the landing coordinates was the less correction
is now applied, which leads to less altitude loss and therefore greater distances can be covered.
Even though the horizontal suspension of the RG-R was not ideal, the recovery once released from the
balloon was well conducted by the autopilot and just needs slight adaptations for higher altitudes.
Cloud passes
During the seven flights performed, the RG-R passed many clouds at various altitudes. The recorded
humidity on board of the RG-R was used as an indication whether we directly passed a cloud or just a
region with high water content. Going through clouds during the ascent is not a big concern, since the
water droplets deposited onto the wings likely evaporate once reaching higher altitudes. Moreover,
the RG-R is coming from a warmer region passing a colder cloud, which further reduces icing at the
wing tips and control surfaces. However, flying back from the cold stratosphere into the troposphere
with higher water content freezing may occur especially in cumuliform clouds with larger droplets
which can lead to very rapid ice buildup. This effect has not yet been recorded since in Sodankylä no
cumuliform clouds were formed and only flights through stratiform cloud structures were conducted.
Additionally the flexible structure of the RG-R due to the used EPP material helps to prevent ice buildup
during descent, but this cannot be entirely excluded.
Parachute landing
Approaching the landing coordinates, the RG-R releases the parachute to gently land the instruments
on the ground. Due to the weight distribution, the parachute is stored in the front of the glider inside
a Styrofoam case, which in terms of releasing is not an optimal place. The fast forward flight and the
strong airflow is pushing the cover against the glider, which prevents the parachute capsule from selfopening. After the string closing the capsule is released, springs and a special flight path helps to eject
the parachute. Observations made at the landing site, show that the parachute reliably opens within
a second as soon it is dragged along the aircraft. Once open, the descent speed is slow enough to not
damage any part of the RG-R. However, the landing surface should be as level as possible and free
from obstacles to prevent damaging the glider or the scientific instruments. The parachute landing is
very convenient for this kind of application since during nighttime operations a manual landing by an
operator is hard to accomplish. Furthermore, an automatic horizontal landing needs a long flat landing
strip, which is not always easy to find especially in remote areas. Additionally, in case of any emergency
due to a failure of the autopilot or other components, the parachute is deployed and the RG-R lands
safely on the ground without harming any 3rd parties. This ensures that the instruments on board the
glider won’t get damaged and can still be retrieved similar to a traditional radiosonde recovery.
Performing flights in succession
The last four flights performed from 24 km altitude were done in a short succession to examine the
repeatability with the same instrument. After return from a flight, the RG-R needs little maintenance
to get ready for another flight. The internal batteries are either charged through the connector at the
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back of the RG-R or are exchanged with a new set. The batteries can be charged in two modes, the
slow mode takes two hours and the fast mode less than one hour to fully charge the batteries.
Additionally the parachute is folded and restored inside the front case of the glider and new strings
are attached to the release mechanism. For all four flights the batteries were charged through the
connector and thus every six hours a new flight was performed. During those flights, several vertical
profiles of different atmospheric parameters were measured and analyzed.
This opens new possibilities for measuring atmospheric parameters repeatedly over different time
sequences. Retrieving of regular radiosondes can be very time consuming depending on how far away
and in what kind of environment the radiosonde has been landed. With the RG-R as an instrument
carrier, the repeatability of an experiment can be increased significantly and the time between each
flight can further be decreased by using two RG-Rs alternately.

4.7

Conclusion

During the final tests in Sodankylä, Finland, in June / July 2015, test flights from up to 24 km altitude
were successfully conducted. Analyses during different wind conditions revealed that the RG-R can
cope with head wind speeds of up to 20 m/s while still maintaining a forward flight path. With stronger
winds it is pushed back but still maintaining its course towards the desired landing coordinates. The
overall glide ratio during different flights from various altitudes were calculated to be 5.5:1, which
results in a flying distance of more than 130 km when released at 24 km altitude. This maximum flight
distance can only be achieved during calm wind conditions and is greatly reduced if the RG-R needs to
pass different wind speed layers. Emergency landing points along the flight path allows flights even
during strong winds since the autopilot is capable of detecting unfavorable wind conditions and react
accordingly.
The radiosonde Styrofoam insulation kept the electronics and batteries at good working conditions
which was monitored and confirmed by several different temperature sensors inside the middle
section of the RG-R. The close interaction between the SRS-C34-Radiosonde and the autopilot was
working reliable and important data during each flight were send to the ground station. The parachute
system for the final landing operated accordingly and was very convenient since no interaction from a
ground crew was necessary.
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5 Radiation measurements through the
atmosphere

5.1

Introduction

Global warming is more and more accepted to be a major concern for our society. Climate change is
driven by greenhouse gas (GHG) emissions such as CO2, CH4 and N2O and others, which absorb
thermal longwave radiation leading to rising radiative forcing. Rising radiative forcing increases
temperature at the surface and in the atmosphere, which leads to rising water vapor and an increased
radiative forcing through water vapor feedback. Solar shortwave radiation on the other hand is
absorbed and reflected by water vapor, aerosols and clouds leading to positive respectively negative
radiative forcing. As temperature is directly related to radiation an accurate knowledge of the
shortwave and longwave radiation fluxes at the surface, in the atmosphere and at the top of the
atmosphere is indispensable to understand climate and a major requisite and challenge in climate
change research.
Solar radiation is the main energy source of our planet. Solar shortwave radiation at the Earth’s surface
has been quantitatively measured for more than a century and is usually measured 2 meters above
ground [Fröhlich, 1991]. Pyrheliometers are used to measure direct solar radiation normal to the sun,
while pyranometers measure global solar radiation on a horizontal surface. Thermal longwave
radiation is reliably measured at the surface since the 1990s [Philipona et al., 2001], and increasing
longwave fluxes with rising temperatures have been observed [Philipona et al., 2004; Wild et al., 2008].
Total solar irradiance (TSI) is measured from space since 1979 [Willson, 1997; Fröhlich and Lean, 2004],
and composite time-series are available over three solar cycles [Foukal et al., 2006; Kopp and Lean,
2011]. Radiance spectra at the top of the atmosphere are measured from satellites since the late
1960s, allowing for estimations of the radiation budget and for investigations of radiative climate
forcing in the Earth-atmosphere system [Raschke et al., 1973; Ramanathan et al., 1989; Trenberth et
al., 2009]. Irradiance and actinic flux measurements have been made from airplanes, primarily for
shortwave absorption studies [Valero et al., 1997; Junkermann et al., 2002]. Vertical radiation profiles
through the atmosphere on the other hand, were sporadically measured with rather simple
instruments around the 1950s [Suomi et al., 1958], and later in only few experiments at various
locations in the world [Paltridge and Sargent, 1971; Yamamoto et al., 1995; Asano et al., 2004].
However, upper-air observations for climate have recently been given more attention with the
initiation of the GCOS (Global Climate Observing System) Reference Upper Air Network (GRUAN) to
provide climate-quality measurements of tropospheric and lower stratospheric variables [Global
Climate Observing System (GCOS), 2007; Seidel et al., 2009]. GRUAN’s goal is to feature measurements
of the “Essential Climate Variables” identified by GCOS [2010] with a focus on upper-air variables. The
primary objectives are to monitor changes in temperature profiles and to characterize water vapor in
the upper troposphere and lower stratosphere (UTLS) [Thorne et al., 2005; Randel et al., 2006]. Both
temperature and water vapor changes in the atmosphere alter radiative fluxes, and in relation with
surface trends, are crucial for the understanding of climate change [Hansen et al., 2005]. The enhanced
greenhouse effect of a given increase of anthropogenic greenhouse gases and water vapor in the UTLS
appears to be larger than in the lower troposphere [Held and Soden, 2000]. Also, clouds and
particularly high clouds caused by water vapor in this region affect both the planet’s shortwave albedo
and longwave radiative transfer as well as emission to space and hence the greenhouse effect [Ohring
and Clapp, 1980; Eyring et al., 2005]. However, these topics need further investigations, and direct insitu measurements of radiative fluxes through the atmosphere and particularly the UTLS produce
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valuable information and provide a more direct way to measure and understand radiative forcing and
the greenhouse effect.

5.2

First upper-air solar and thermal radiation measurements

In 2011 we started to do first experiments measuring radiation profiles of the individual components
(short wave, long wave) and the full radiation budget through the atmosphere using radiosondes, a
radiometer package and weather balloons to lift the whole into the stratosphere.

Figure 5.1: The radiometer package consists of two SRS-C34 radiosondes at each end and of the CNR4 radiometer
with up- and down-facing pyranometers and pyrgeometers in the center. The SRS-C34 on the left records all
thermopile voltages and instrument temperatures of the CNR4, and the one on the right is used to measure
temperature, humidity and pressure.

We used a Global Positioning System (GPS) equipped digital Meteolabor SRS-C34 radiosonde, which
measures air temperature and humidity, and features additional channels measuring four thermopile
voltages and several instrument temperatures of the modified Kipp & Zonen CNR4 net radiometer.
The CNR4 consists of two pyranometers for measuring downward and upward solar shortwave
radiation, and two pyrgeometers for measuring upward and downward thermal longwave radiation.
All body and dome temperatures of the radiometers are measured with the same type of
thermocouple as used for air temperature measurement on the SRS-C34. Precise body and dome
temperature measurements are crucial and allow for corrections of differential thermal emissions
between the radiometer domes and the thermopile, which result from large temperature gradients,
when the instrument cools from +20 °C at the surface down to -60 °C in the stratosphere.
The CNR4 is mounted between two SRS-C34 radiosondes (Figure 5.1). The sonde package also carries
a Vaisala RS92 radiosonde for temperature and humidity comparisons and a video camera to monitor
the flight. A new technique is used to lift the radiosonde package, consisting of two balloons and an
aluminum triangle equipped with a GPS controlled mechanism which allows automatic release of the
larger carrier balloon at a pre-set altitude (see chapter 3 Controlled weather balloon ascents and
descents). The two balloons are inflated such as to lift the payload at a constant climbing rate of about
5 m/s from the aerological station in Payerne, Switzerland to above 30 km (Payerne coordinates: E
6.9440; N 46.8130; Alt 491 m asl., summer time is GMT+2). During the two-hour ascent, the radiosonde
makes a horizontal displacement of 30 to 50 km and transmits the measured signals at 1 s resolution
to the ground. After the release of the carrier balloon, the sonde descends with the smaller parachute
balloon.
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First test flights were made under cloud-free and synoptically quiet conditions, which allowed reliable
flight trajectory forecasts and successful recovery of the radiosonde. Measurements under cloud-free
conditions are basic for the understanding and illustration of the greenhouse radiation and can be
compared to model calculations. The four radiometers are pre-calibrated and compared to surface
radiation measurements at the on-site Payerne Baseline Surface Radiation Network (BSRN) station
before launch. Measurement uncertainty is traced to BSRN standards, which is in the order of 1 %,
hence, ±4 Wm-2 for longwave and ±10 Wm-2 for shortwave radiation. All measurement were made with
the same instrument; hence differences shown between flights have a statistical spread of ±2 Wm-2.
While the upward facing instruments have a hemispheric field of view angle of 180 degrees, the
downward facing instruments are limited to a field of view angle of 120 degrees. However, all
measurements are made with the same limited field of view angle and the instruments are calibrated
against hemispheric viewing instruments at the BSRN site. The CNR4 is adjusted horizontally before
start, and the double balloon technique was used, which has the important advantage to guarantee
very quiet ascents without pendulum motions, which are usually observed on single balloon flights.
Hence, the pyranometers and pyrgeometers measure hemispheric solar and thermal irradiance from
above and from below in Wm-2. By convention all downward fluxes are positive and upward fluxes are
negative. Net radiation is the sum of downward and upward fluxes.

Figure 5.2: Surface and upper-air radiative flux measurements in Payerne. (a) Surface shortwave (SDR) and
longwave (LDR) downward radiation, shortwave (SUR) and longwave (LUR) upward radiation and shortwave
(SNR) and longwave (LNR) net radiation fluxes measured 10 m above ground at the Payerne BSRN station during
the 24 hours of 23 September 2011. Upperair radiometry sondes were launched at UT 10:13 (daytime) and at UT
21:20 (nighttime), each taking about 2 hours to reach 32 km. (b) Radiation flux profiles measured during daytime
(NAME_d) and nighttime (NAME_n) soundings. To fit a smoothing curve to SDR_d a locally weighted least
squares regression technique is used (yellow line). (c) 24-hour averaged shortwave (SNR_24h), longwave
(LNR_24h) and total (TNR_24h) net radiation flux profiles.
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The first radiation profile measurements under cloud free conditions, shown in Figure 5.2,
demonstrated large changes on shortwave and longwave radiation through the troposphere. The
tropopause forms a critical barrier, above which water vapor is strongly reduced and shortwave and
longwave radiation show only small changes. Day and night comparison show large gradients of
daytime thermal emission in the first couple of 100 m above ground, and allow determining solar
absorption and the radiation budget through the atmosphere. Comparison between nights with
different atmospheric temperature and corresponding water vapor demonstrate greenhouse warming
or radiative forcing due to rising greenhouse gases (in this case water vapor), which result in an
increase of longwave net radiation emitted into space and also in a similar increase of longwave net
radiation towards the surface [Philipona et al., 2012].
The upper-air radiation profiles shown above were all measured under cloud free conditions, which is
basic for greenhouse effect studies. However, measurements through clouds, aerosols or other
atmospheric constituents allow investigating shortwave and longwave radiative effects and radiative
forcing at different altitudes. For climate change issues investigations of clouds and water vapor
changes in the UTLS and their effects on shortwave reflection and longwave emission into space are
therefore very important.

5.3

Return glider radiosonde for upper-air instrument recovery

The first radiation profile measurements through the atmosphere were all made with the double
ballooning technique, which showed advantages and disadvantages. A major advantage is the
reduction of the pendulum motion, which allows to keep the instruments in a horizontal position
during ascent. This is very important for radiation measurements. However, the double balloon
technique is critical for high stratospheric flights above 30 km. There is a chance that the parachute
balloon bursts prior to the carrier balloon and the instrument descents with the safety parachute. Also,
the rather expensive radiation instruments need to be recovered, which is not always easy as
experience has shown, whether it falls with the parachute balloon or with the parachute.
We therefore investigated a new technique to bring the radiation radiosonde safely back to the ground
and if possible directly back to the launch site. As shown in chapter 4 a Return Glider Radiosonde (RGR) has therefore been developed. First tests with small glider airplanes were made at the MeteoSwiss
aerological station at Payerne between 2012 and 2014. Unfortunately, even small lightweight gliders
are considered as UAVs and are subject to regulations and air traffic control. First agreements with the
Federal Office of Civil Aviation (FOCA) were reached in spring 2015 and first official test flights could
be made by MeteoSwiss up to 3 km altitude above sea level at Payerne. However, since high altitude
flights into the stratosphere are not yet possible in Switzerland we searched for other locations where
such flights could possibly be made.
In summer 2015 during a two weeks campaign at the Finish Meteorological Institute (FMI) in
Sodankylä, Finland, different high altitude flights with two return glider radiosonde prototypes were
successfully conducted. FMI had reached an agreement with FINAVIA, which made high altitude flights
at the Sodankylä Arctic Research station possible. Flights from up to 24 km altitude were performed,
with the glider covering flight distances of up to 122 km and landing safely on the ground. Several
flights during strong winds showed the ability to still maintain stable flight conditions even with the
glider being pushed backwards (see also chapter 4).
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Upper-air radiation measurements in Sodankylä, Finland

The flight campaign at the Arctic Research station in Sodankylä, Finland, was made possible by Dr. Rigel
Kivi, who is responsible for the GRUAN activities at FMI. We are very thankful and appreciate the
invitation and the tremendous help we received from Rigel Kivi, who allowed us to do the
measurements in Sodankylä, which were very successful. We are further thankful to Juha Karhu from
FMI at Sodankylä for collaborating with FINAVIA in order to receive permission for the flight tests with
the RG-R. Many thanks goes also to FMI and FINAVIA.

5.4.1 Flight schedule and flight conditions
The campaign lasted from Monday 29. June to Friday 10. July 2015. The weather was variable with
cloudy, partly cloudy and some clear sky situations. Over all we were able to make seven flights, one
to an altitude of 5 km, two to about 20 km and four to 24 km. All flights performed according to our
plans except the first flight, which did not release at 8 km but went up to 19 km altitude instead. The
release mechanism cut the strings at the correct altitude however the three strings that hold the RGR in horizontal position were twisted and likely frozen, preventing the release not until 19 km altitude.
The RG-R came down very fast to about 8 km altitude and then flew towards the predetermined
landing spot, which were not reachable because it was too far away according to the settings in the
autopilot. In all other flights the RG-R landed according to our preset in a peatland that was an ideal
landing spot about 2 km west of the Sodankylä launch site.
The radiation measurements were successful and are available from all seven flights. However, the
following analysis is based only on the six flights that went above the tropopause. With these flights
we show the characteristics of radiation profiles, as well as different findings that result from
contrasting temperature, humidity and radiation profiles measured simultaneous. Flight 1 and flight 5
were made under more or less cloud-free conditions, the first around midday and the second in the
early morning. Flight 2 and flight 6 both had a cloud layer, the first between 2 and 3 km and the second
around 1 km. Both flights were started around noon, hence they had a lot of sunshine above the
clouds. Flight 3 and flight 4 both had several cloud layers at different altitudes.
a)

b)

Flight Nr.

RG-R Nr.

Date

1
2
3
4
5
6

RGR9985
RGR9984
RGR9985
RGR9985
RGR9985
RGR9985

30.06.2015
06.07.2015
08.07.2015
09.07.2015
10.07.2015
10.07.2015

Flight Nr.
1
2
3
4
5
6

P

(hPa)

995.7
993.2
980.1
983.1
985.2
987.1

Time_Start

Time_Top

Time_Land

Alt_Start

Alt_Top

11:50:02
15:30:34
15:45:44
18:21:01
04:48:01
10:42:14

12:54:13
16:21:13
16:50:05
19:26:53
06:17:37
11:49:58

13:44:16
17:27:00
18:03:40
20:43:25
07:05:20
12:25:40

176
176
176
176
176
176

19191
19980
23953
23962
23985
24001

IWV

Sh_Start

Sh_Top

15.5
18.7
19.9
20.9
15.0
13.3

45.63
36.51
35.09
20.42
12.26
42.42

45.47
32.08
29.22
14.44
20.29
44.69

[ LT ]

[ LT ]

T

RH

W_vel

W_dir

13.0
13.3
14.0
18.6
8.2
8.3

29
48
75
43
79
81

1.4
1.7
2.1
2.8
1.8
2.9

357
228
87
90
17
36

(°C)

(%)

(m/s)

(°)

[ LT ]

(mm)

[m]

(°)

[m]

(°)

Table 5.1: a) Number of flight and RG-R registration number. Date, time at start, top and landing. Altitude at
start and top. b) Pressure, temperature, relative humidity, wind velocity, wind direction, integrated water vapor,
solar height angle at start- and at top altitude.
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In Table 5.1a) we show the 6 flights and the RG-R used, as well as data and time at the start, when it
reached the top altitude, and when it landed on the ground. We also show the altitude at the start,
and the altitude reached at the top in meters above sea level. The starting coordinates are latitude
67.3657° and longitude 26.6305° for all the flights. The landing coordinates are latitude 67.3653° and
longitude 26.5740° for all except for the first flight which landed further east at latitude 67.3561°and
longitude 27.1090°. Table 5.1b) shows the meteorological conditions at the start as well as the
integrated water vapor and the solar height angle at the start and at the top altitude.

5.4.2 Temperature, humidity and radiation profiles
In chapter 4 we have shown that the return glider radiosonde consist of a SRS-C34 radiosonde that has
a GPS to determine the altitude, and measures temperature with a thermocouple and relative
humidity with a Rotronic HC2 capacitive sensor. The same radiosonde also measures all thermopiles
and various temperatures of the radiation sensors that are integrated in the wings of the RG-R. Since
the humidity measurements of the HC2 is not very accurate in the upper troposphere we showed in
chapter 2 investigations to improve humidity sensors for the next generation SRS radiosondes. In
Finland FMI uses Vaisala radiosondes and we were therefore able to fly with all RG-R flights also a
Vaisala RS92 radiosonde as a backup for the humidity. In our analysis we therefore use geopotential
altitude and temperature from the SRS-C34 and humidity from the Vaisala RS92 radiosonde.

Figure 5.3: Flight Nr.5. Temperature (black) and relative humidity (gray) values are multiplied by ten to match
the bottom scale. Shortwave radiation profiles are shown in bluish and longwave radiation in reddish colors.
Total net radiation is shown in green. Downward radiation fluxes are positive and upward fluxes negative.

Figure 5.3 shows measurements of flight Nr.5 as an example to contrast temperature, humidity and
radiation profiles. Temperature (black) and relative humidity (gray) are both multiplied by ten in order
to match the irradiance scale at the bottom (-500 corresponds to -50 °C and 1000 corresponds to 100 %
humidity). Shortwave radiation profiles are shown in bluish colors whereas longwave profiles are
reddish. The total net radiation (TNR) is green. Downward radiation is positive and upward radiation
fluxes are negative. Flight Nr. 5 started in the early morning at LT04:48 with the sun at an angle of
about 12° above the horizon. Temperature at the surface was 8.2 °C and the relative humidity 79 %.
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The temperature profile indicates an inversion at about 800 meters. This inversion is also observed in
the longwave upward (LUR) and the longwave downward (LDR) radiation and finally in the longwave
net radiation (LNR). Same very low clouds were at the near surface but 200 meters above ground the
sky was cloud free. Solar downward radiation (SDR) was low at the surface but steadily increased with
altitude and with the rising sun that reached 20° above the horizon once the radiosonde was at top
altitude of 24 km. Solar upward radiation (SUR) also increases steadily showing increasing reflection in
the atmosphere while going up. LUR is decreasing during the first 8 km and then slightly increasing,
while LDR goes from 300 Wm-2 at the surface to 30 Wm-2 at the tropopause.

Figure 5.4: Flight Nr.6. Temperature relative humidity and radiation profiles identical to Figure 5.3

Figure 5.3 is identical to the figure above but showing flight Nr. 6. This flight was during the same day
as flight Nr. 5 but started about 6 hours later at LT10:42 with the sun already 42° above the horizon. In
this flight all profiles show the cloud cover between 500 and 1100 meters. The temperature shows an
inversion and the relative humidity reaches 100 % in the cloud. SDR is around 200 Wm-2 below the
cloud but sharply rises in the cloud and reaches more than 600 Wm-2 leaving the cloud. Going through
the troposphere SDR still increases and even above the tropopause it continuous to increase due the
still rising sun. SUR also shows the cloud bottom and the cloud top clearly and decreases with rising
altitude, showing that the cloud albedo (77 %) is largest right above the cloud. LUR shows a large
gradient in the first 100 meters going from near surface to above the trees, and then shows the cloud
bottom and an inversion in the cloud and finally a decrease above the cloud. LDR rather shows the
cloud top. The longwave radiation shows a thinner cloud than the shortwave radiation but matches
better with the 100 % relative humidity observed between 600 and 900 meters. At the tropopause and
further up LDR is slightly higher than in flight Nr. 5. This is likely due to the higher solar radiation, which
has a thermal longwave component that can have values of 10 to 15 Wm-2 in the stratosphere. TNR is
now positive while it was negative in flight Nr. 5.

78

Radiation measurements through the atmosphere

Flight Nr.1 (below) was made under cloud free skies around solar noon and sun angles around 45°,
while flight Nr.2 had a cloud layer between 2 and 3 km and was later in the afternoon and sun angles
around 35° above the horizon.

Figure 5.5: Flight Nr.1. Temperature relative humidity and radiation profiles identical to Figure 5.3

Figure 5.6: Flight Nr.2. Temperature relative humidity and radiation profiles identical to Figure 5.3
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Figure 5.7: Flight Nr.3. Temperature relative humidity and radiation profiles identical to Figure 5.3

Figure 5.8: Flight Nr.4. Temperature relative humidity and radiation profiles identical to Figure 5.3
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5.4.3 How well compare profiles measured during different flights?
We will now overlay some of the flights in the same graph to show how different flights compare and
what we can learn from the differences of measured profiles. In order to get a clear picture we only
use a subset of four flights on the same graph.

Figure 5.9: Temperature profiles measured on flights 1,2,5,6

Temperature profiles in Figure 5.9 show that except of measuring slightly different temperatures the
shape of the profiles is similar over the entire period. Some profiles show an inversion at low altitude
and there is also a difference on how the temperature decreases above the tropopause which is more
or less at 10 km altitude.

Figure 5.10: Relative humidity profiles measured on flights 1,2,5,6

Relative humidity profiles can be quite different, some reaching 100 % in clouds and others being very
dry in the middle troposphere. Most of them have a rather humid upper troposphere. Comparisons
between the Vaisala RS92 and the SRS-C34 humidity sensor show good agreement with respect to the
amount of water vapor in the atmosphere.
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Figure 5.11: Thermal Longwave upward radiation measured on flights 1,2,5,6

Longwave radiation show large gradients in the first 100 meters at Sodankylä. This is due to the
considerably larger emission of the ground surface compared to the emission of the trees of the forest
around the station. Clearly visible are also the temperature inversions in the first 500 to 1500 meters
in flight 5 and 6. We further observe the strong reduction of longwave emission due to cloud layers in
flight 2 and 6. Very interesting is also the increase of LUR in all flights around the tropopause. This was
not observed in the flights in 2011 and is likely due to the strong temperature inversion after the
tropopause.

Figure 5.12: Thermal longwave downward radiation measured on flights 1,2,5,6

Longwave downward radiation has small gradients at the very first 100 meters that are likely due to
clouds and the forest. In the lower and middle troposphere clouds and humidity strongly rise LDR.
Above 7 km all LDR curves are similar except for the gradient change at the tropopause, which is likely
influenced by the temperature inversion and the important water vapor change.
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Solar shortwave radiation is not shown here since it primarily depends on the time of flight and the
related sun height angle above the horizon. Clouds of course also strongly influence shortwave
radiation profiles as shown in Figure 5.3 to Figure 5.8. Overall it is to say that variations even after
smoothing are larger on flights in Sodankylä than at Payerne in 2011. One reason may be that we did
not fly with double balloons in Sodankylä. Also it seems to be more difficult to keep the RG-R at perfect
horizontal position than the instrument we used at Payerne.

5.4.4 Temperature and humidity influences on longwave radiation profiles
We now show three case studies contrasting always two sets of temperature, relative humidity and
longwave radiation profiles measured during different flights. The observed differences on longwave
upward and downward radiation can be due to temperature inversions, cloud layers, more or less
water vapor in different layers and longwave radiation that is from the direct sun, particularly in the
upper troposphere and in the stratosphere. Note, that temperature is still multiplied by ten, whereas
100 % relative humidity is 100 on the irradiance scale. Also, all flights are shown only up to 20 km
altitude.
Flight 1 and 2: high cloud layer and more humidity in flight 2

Figure 5.13: Temperature, relative humidity and longwave radiation profiles of flight 1 and 2.

The major difference between 1 and 2 is that flight 1 was cloud free, whereas flight 2 had a cloud layer
between 2 and 3 km altitude. The cloud bottom is clearly seen in LUR_2 at 2000 meters and agrees
well with 100 % RH. The cloud clearly decreases LUR_2. The cloud top can be seen in LDR_2 around
3000 meters when RH_2 is less than 100 %. LDR_2 is clearly higher in flight 2 throughout the
troposphere due to the higher RH_2. Right below the tropopause RH_1 becomes larger than RH_2.
This may have increased LDR_1 which is higher than LDR_2 above the tropopause. Interesting is also
the larger increase of LUR_1 above the tropopause. This is likely due to the larger inversion of T_1 then
T_2 above the tropopause.
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Flight 1 and 5: cloud free in both flights, different temperature and varying humidity

Figure 5.14: Temperature, relative humidity and longwave radiation profiles of flight 1 and 5.

Flight 1 was around solar noon, whereas flight 5 in the early morning. LUR_1 decreases by 100 Wm-2
in the first 400 meters, which is very different to LUR_5 which just shows some variations due to the
temperature inversion. Further up LUR is similar even though flight 5 is 4 °C warmer. The LUR increase
after the tropopause is similar with a similar T inversion. LDR_5 may be higher at 1 km either due to
the T_5 inversion and the larger RH_5 higher up. LDR_1 increases at 6 km likely due to increasing RH_1.
However, LDR_1 may also be higher above the tropopause due to more solar longwave radiation.
Flight 5 and 6: low cloud layer, similar temperature and varying humidity

Figure 5.15: Temperature, relative humidity and longwave radiation profiles of flight 5 and 6.

LUR_6 shows a gradient at the surface and a low cloud layer at around 1 km. The T_6 inversion can
also be seen in LUR_6. Due to the cloud layer LUR_6 is about 25 W m-2 lower than LUR_5. Below the
cloud LDR_6 is larger than LDR_5. Above the cloud it is lower than LDR_5 due to the lower RH_6 up to
5 km altitude. At similar RH the two LDRs are similar up to 8 km. Then RH_6 and LDR_6 increase.
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5.4.5 Discussion of Sodankylä radiation measurements
Although the temperature varied between different flights the overall temperature profile was
somehow similar on all flights, with the tropopause temperature at about -50 °C and an altitude of
about 10 km. Above the tropopause all flights showed a temperature increase of about 10 °C up to
about 12 km, and higher up the temperature again rather decreased. The humidity was quite different
in the six flights, with cloud free situations, but also partly cloudy and even cloud layers at different
altitudes.
The sun was above the horizon in all flights, with the solar height angle varying between 12° and 45°.
Shortwave downward radiation is primarily influenced by the solar height angle but also clearly shows
the increase with altitude primarily related to decreasing water vapor in the atmosphere. Very
interesting are cloud effects and particularly cloud layers which show impressive changes on shortwave
downward and upward radiation. Shortwave net radiation has been calculated but has not been
further evaluated. Interesting are the large albedo changes under cloud free and cloudy situations,
which can well be investigated with such radiation flight measurements.
Thermal longwave radiation profiles are very interesting to investigate atmospheric phenomena for
climate change purposes and to characterize the atmosphere for nowcast prognostics. The
measurements have shown that clouds and cloud layers are traceable in longwave radiation profiles
similar as in shortwave profiles. Longwave radiation profiles have the advantage that they can also be
used for cloud detection during nighttime. Longwave profiles also show temperature inversions and
are sensitive to different amounts of water vapor. The fact that longwave profiles vary with
temperature and with water vapor may lead to the problem that a clear separation between the two
effects may sometimes be difficult. More investigations will be needed to learn how to separate
temperature from humidity effects.
Very interesting are the longwave upward and downward profiles in the UTLS. Changes around the
tropopause primarily of downward longwave radiation will certainly need to be further investigated.
However, the fact that we only had daytime measurements was in a sense a disadvantage because of
the small part of longwave radiation from the direct sun. In our flights we see that LDR above the
tropopause can still vary by several Wm-2. This can either be due to varying temperature, water vapor
or direct solar radiation. Measurements during nighttime have here the advantage of eliminating the
longwave radiation component from direct solar radiation.

5.5

Conclusions

Radiation profile measurements made in 2011 have shown first very interesting results under cloud
free situations. The first instruments worked very well but experience showed that an easier method
had to be found to retrieve the expensive radiometers after each flight. The return glider radiosonde
that has been developed here has tremendous advantages and worked reliably and very good during
the seven flights made at Sodankylä. The radiation measurements were made under varying
atmospheric conditions and were very successful, giving a lot of new insight on radiation profile
measurements. The analysis of the radiation profiles shown gives a first impression on what can be
done with such measurements. However, much more can be done with systematic radiation
investigations that can be very valuable in collaboration with surface and satellite observations and for
climate change investigations. Furthermore comparisons with model calculation can be made under
cloud free and cloudy conditions.
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6 Conclusion and Outlook
6.1

Summary and Conclusions

This study focuses on several different topics all related to balloon born radiosonde measurements.
Special emphasis was placed on the integration of a new humidity sensor and controlled operation of
radiosonde measurements on a return glider radiosonde.
Humidity sensor for balloon soundings
The few available humidity sensors for balloon born measurements on radiosondes were evaluated
from past soundings during the eighth WMO Intercomparison of High Quality Radiosonde Systems,
held in Yangjiang, China, in July 2010. Two sensors from two individual companies with the same
measuring principle were further inspected and evaluated during different balloon ascents. Heating
the humidity sensor head while measuring the sensors temperature with a thin thermocouple led to a
better thermal correction for the obtained humidity measurements. A close collaboration with one of
the company led to the development of an even faster and thinner humidity sensor than currently
available on the market. To further test the sensors, the Aerological Station in Payerne MeteoSwiss
invited three radiosonde manufacturer companies to a small radiosonde intercomparison campaign
over a two week period. The performance of the new sensor was evaluated together with two well
know sensors, the Vaisala RS92 and the Meteolabor SnowWhite®, which were used as reference.
Humidity measurements for temperatures above -55 °C showed only small differences and the sensor
performance was very similar to the reference. Due to the slow sensor responds at lower temperatures
(<-55 °C) a time-lag correction was applied to recover the vertical structure in the humidity profile. The
first correction applied already showed promising results, but needs further tuning and adaptation
once the final design of the sensor boom for the next generation radiosonde is completed.
Controlled ballooning
Controlling the ascent and descent speed of a balloon born sounding is technically feasible and are
necessary for atmospheric research and climate monitoring. Depending on the application two
different methods are available with each having its distinctive advantage and disadvantage. Since
instrumentations are getting more sensitive perturbations by weather balloons became apparent and
unperturbed measurements are rather performed during descending than ascending. Since all
instruments on a commercially available radiosonde are optimized for balloon ascents, during descent
warm temperature biases in day time soundings were discovered. This is generally observed by
radiosondes where temperature sensors are mounted in the sensor boom, which and heated during
the descent by the radiosonde body. Radiosondes with thin wire temperature sensors not mounted
on sensor booms are much less sensitive to the direction of ventilation flow and are well-suited for
measurements during balloon descent. Furthermore, high sensitive humidity sensors are rather used
during descent, during which they are not contaminated by water vapor from the skin of the balloon.
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Return glider radiosonde
During a small campaign in Sodankylä, Finland we were able to conduct the final test flights with the
RG-R from various altitudes and during different wind conditions. The promising results revealed new
possibilities to launch and retrieve special scientific instruments, which helps to increase the turnover
rate of an experiment and simplifies the recovering process. The glider system as a whole is simple to
operate and can be utilized in remote areas where a lot of ground obstacles makes a regular balloon
sounding difficult. The advanced autopilot independently performs safe landings at the launch station
or flies to one of the preprogrammed emergency locations if strong winds prevents normal operation.
The tight interaction between the SRS C34-Radiosonde and the autopilot enhances the communication
with the ground station and delivers live data with measurements of the integrated instruments and
the current status of the glider.
Flights performed during different wind conditions and with head winds of up to 43 m/s revealed the
maximal flight distance which can be covered. Forward flights against head wind speeds of up to
20 m/s are possible while stronger winds will push the glider backwards but still maintaining stable
flight conditions. Therefore the maximum flight distance covered mainly depends on wind conditions
and the altitude the glider is released. Tests during ideal wind conditions revealed a maximal flight
distance of up to 120 km when released from an altitude of 24 km above ground. However this
maximum distance is cut in half once the glider passes regions of strong head winds generally occurring
around the tropopause.
Radiation measurements through the atmosphere
Radiation profiles show large changes through the troposphere, whereas the tropopause forms a
critical barrier, above which water vapor is strongly reduced and shortwave and longwave radiation
show only small changes. Measurements were made under varying atmospheric conditions giving a lot
of new insight on radiation profile measurements. Vertical short wave radiation profiles can be used
to determine cloud layers and the amount of back scattered light. Longwave radiation profiles have
the advantage that they can also be used for cloud detection during nighttime soundings. Furthermore
longwave profiles vary with temperature and water vapor, which makes it sometimes difficult to clearly
separate the two effects. However, we were able to clearly measure the large influence of water vapor
on longwave radiation while passing layers of strong water vapor and clouds at different altitudes.
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Outlook

This study revealed further starting points and recommendations for future research:
•

The temperature of a humidity sensors needs to be measured accurate, which would be
achieved best by directly integrating a temperature sensor inside the humidity sensor. Solar
heating during the day or cooling during night time can be corrected accordingly.

•

Controlling the temperature of the humidity sensor according to the current water vapor
content could help to improve measurements in very dry and very wet regions. Since the
behavior of a capacitive humidity sensor is not perfectly linear this method would artificially
keep the sensor in its optimal working condition. This approach is similar to a dew point mirror,
where the temperature of the mirror is adjusted to keep a thin layer of water on the mirror.

•

Further test flights during different wind condition with the return glider radiosonde are
needed to obtain an average flight distance back to the launch station. Flights from higher
altitudes would help to cover more ground distance but the autopilot needs further adaptation
to handle such drops. Additionally code adaptations and integration of new function can
improve the overall flight characteristics such as:
 Wind profile recording during the ascent with the balloon which can later be used to
change the overall flight path according to wind direction and wind speeds.
 Choose between different descending speeds according to the instruments used
onboard of the glider.
 Depending on the landing area an automatic landing could be performed rather than
landing with the parachute.
 Adjusting the glide slope according to the distance covered towards the landing
coordinates which would improve the time the glider needs to fly back to the desired
coordinates.

•

Further flights with solar short and long wave radiation instruments could help to better
understand certain atmospheric conditions such as:
 Flights during different cloud types (low clouds, high clouds, cirrus clouds) to better
understand their effect on the climate.
 Several vertical profiles during one day with the same instrument to record the
variability of the atmosphere in terms of water vapor content and the related long
wave radiation.
 Measurements during nighttime which have the advantage of eliminating the
longwave radiation component from the direct solar radiation.
 More investigations on the problem of a clear separation between temperature and
humidity will be needed to learn how to separate the two effects.
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