
Volume 48, Number 1 January, 2024

Technical
Soaring

An International Journal

• Temperature and humidity distributions in thermal updrafts

Organisation Scientifique et Technique Internationale du Vol à Voile (OSTIV)
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du Vol à Voile

All rights reserved
ISSN 0744-8996

Volume 48, Number 1 January — March 2024

From the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1

Measuring Temperature and Humidity Distributions in Ther-
mal Updrafts
Daniel Hardt, Ines Schaefer, Kai Rohde-Brandenburger . . . . . . . . 2

Technical Soaring (TS) documents recent advances in the science, technology and operations
of motorless aviation.
TS is published quarterly by the Organisation Scientifique et Technique Internationale du Vol
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From the Editor

Publication Date
This issue is the first of Volume 48 of TS, corresponding to

January-March 2024. For the record, the issue was published in
October 2025.

About this issue
The article by Hardt, Schaefer, and Rohde-Brandenburger

reports on high-resolution airborne measurements of thermal
structure using a research glider equipped with fast-response
sensors, including a novel miniaturized chilled mirror hygrome-
ter. The results confirm the significant role of moisture in ther-
mal buoyancy and reveal elongated thermal structures aligned
with the prevailing wind. This observational study comple-

ments numerical simulation work previously published in Tech-
nical Soaring, notably Maas & Etling in TS45(3) and Wölfel in
TS47(4).

The peer review of this article was overseen by Associate
Editor Dr. Bruno Neininger.

Very Respectfully,

Kurt Sermeus
Editor-in-Chief, Technical Soaring
ts-editor@ostiv.org
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Abstract

This study employs a miniaturized chilled mirror hygrometer mounted on the Discus-2c DLR research glider
to measure updraft thermodynamics in the convective atmospheric boundary layer, with particular focus on the
role of humidity. A flight strategy transecting thermals parallel and perpendicular to the main wind direction
was chosen and 26 thermal transects were conducted over three flights. Updraft width, velocity as well as tem-
perature, and humidity within thermals and in the surrounding air were measured. Despite large scattering,
results showed an average temperature excess of 0.075 K in thermals. The mean relative contribution of humid-
ity to the density difference between thermals and the surrounding air was 17.4 %. This data was compared with
previous studies and LES simulations. Furthermore, the horizontal fine structure of humidity and temperature
in and around thermals displayed non-uniform characteristics in wind direction and perpendicular to the wind
direction.

Nomenclature

∆(·) difference
(·) mean
(·)T thermal
(·)A thermal surrounding

d diameter [m]
f frequency [Hz]
ML molar mass of dry air [kgmol−1]
Mv molar mass of moist air [kgmol−1]
MW molar mass of water vapor [kgmol−1]
pref reference pressure [Pa]
ps static air pressure [Pa]
pt total air pressure [Pa]

This article was peer reviewed by two independent, anonymous reviewers.

q specific humidity [gkg−1]
r mixing ratio [gkg−1]
rT recovery factor [-]
R universal gas constant [JK−1 mol−1]
T static temperature [K]
Tm measured temperature [K]
Tt total temperature [K]
Tv virtual temperature [K]
v flight velocity [ms−1]
w updraft velocity [ms−1]
wT mean updraft velocity [ms−1]
wmax,T maximum updraft velocity [ms−1]
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z height [m]
zi convective boundary layer height [m]
z∗ dimensionless height [−]

κL heat capacity ratio of dry air [-]
κv heat capacity ratio of moist air [-]
Θ potential temperature [K]
Θv virtual potential temperature [K]
ϑd dew point temperature [◦C]
ρL density of dry air [kgm−3]
ρv density of moist air [kgm−3]
ρW density of water vapor [kgm−3]
σw,T standard deviation of the updraft velocity [ms−1]

Introduction
Thermals are turbulent features in the convective boundary

layer (CBL). In atmospheric science, they are often described
using statistical properties considering sufficiently long time and
length scales. In gliding, however, thermals are commonly con-
ceptualized as distinct events. Here, the atmospheric bound-
ary layer may be assumed to be a shallow convection Boussi-
nesq regime where a buoyancy flux of latent and sensible heat
from the earth’s surface causes convection. The vertical accel-
eration of an air parcel then depends on its buoyancy, the ver-
tical pressure gradient force and viscous effects. To measure
the buoyancy of an updraft, its density needs to be determined
relative to the surrounding air. Hence, an atmospheric dataset
including vertical velocity, temperature and humidity needs to
be available at sufficiently high spatial resolution. There are
some approaches to characterizing single updrafts using ground
or airplane based remote sensing techniques, such as the dif-
ferential absorption Lidar (DIAL) reaching spatial resolutions
of several 10 m in the case of ground-based systems [1] and
∼150 m depending on airspeed for airborne measurements [2].
In-situ plane-based measurements have been used to investigate
the properties of the CBL in the past at higher resolution [3, 4].

However, aircraft-based meteorological studies on thermals
often aim at improving the understanding of vertical transport
processes and weather modeling. They often overlook specifics
influencing single updraft characteristics relevant for glider pi-
lots. A cost-effective and reliable methodology for independent
research can help establish a data base for research on these
problems. In-situ measurements to determine the characteris-
tics of an updraft compared to its surrounding requires hori-
zontal fly-trough maneuvers as demonstrated by Williams and
Hacker [5] and Lenschow [6]. At a typical reference airspeed
of a glider of 100 km/h (28 m/s), and an updraft diameter of
several hundred meters up to kilometers [7], a thermal transect
would take approximately 15 s to 30 s. This effectively sets the
benchmark of the temporal resolution to several samples per sec-
ond in order to resolve the fine structure of a thermal updraft as
shown by Williams and Hacker [5]. While data on the vertical
wind component is abundantly available at a sufficient resolu-

tion through compensated lift indicators as well as flight state
estimates aided by inertial navigation systems, e.g. Pätzold [8],
an accurate air density measurement requires data on the static
pressure, temperature and water vapor content, necessitating
more specialized equipment.

The measurement resolution is typically limited by the hu-
midity sensor. Sensors using a capacity-based measurement
principle rely on molecular diffusion of water vapor into the sen-
sor cavity. These sensors such as the Bosch BME380, which
have been used in glider measurements in the past [9, 10], have
typical response times longer than 5 seconds which would not
be sufficient for resolving the thermodynamics of a thermal up-
draft in a fly-trough. Furthermore, the derived air densities can
be biased to a phase-shifted response of the humidity and tem-
perature sensors. Sonntag et al. [11] give an overview over var-
ious humidity sensors. They do not classify any capacity-based
sensors response time to be fast enough for turbulence measure-
ments. Meteorological field experiments investigating the atmo-
spheric boundary layer often rely on spectral instruments such
as the Lyman-α or Licor gas analyzer [12]. Such instruments,
however, are difficult to integrate into smaller aircraft due to
cost and weight limitations. Mauz et al. [13] have developed
a miniaturized chilled mirror hygrometer (CMH) that achieves
a temporal resolution of several Hz and qualifies for integration
in small aircraft such as uncrewed aerial systems (UAS) or glid-
ers. A CMH measures the dew point of an air mass directly
by cooling a mirror surface to the point where condensation oc-
curs [11]. Condensation is optically detected by measuring the
mirror surfaces reflectivity, scattering or both within the near-
infrared spectrum. The high measurement resolution of the de-
sign by Mauz et al. [13] is achieved by minimizing the size and
therefore thermal inertia of the sensor unit and a PID-controlled
cooling system.

This investigation presents an approach to sample several
characteristic quantities of thermal updrafts with particular fo-
cus on the water vapor content using a glider. A CMH prototype
provided by the University of Tübingen has been integrated into
a newly developed sensor pod outside the fuselage under the
right wing of the research glider Discus-2c DLR. Twenty-six
(26) transects through thermal updrafts have been conducted in
this configuration.

Methods
Humidity, Temperature and Density Measures in the Atmo-
spheric Boundary Layer

The density of air in the lower atmosphere depends on the
static pressure, temperature and humidity. It is calculated as

ρv =
Mv ps

RT
, (1)

where R is the universal gas constant and Mv the molar mass
of moist air. To better compare the densities of air parcels of
different temperature and humidity, the virtual temperature Tv is
commonly used. The virtual temperature is the temperature of a
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dry air parcel with the same density as a moist air parcel at the
same pressure. Therefore, the density is given by

ρv =
ML ps

RTv
, (2)

where ML is the molar mass of dry air. The virtual temperature
is given by Stull [14, cfr. appendix D],

Tv = T

[
1+

(
1− MW

ML
MW
ML

)
r

]
≈ T (1+0.61r) . (3)

Here, the measure of the water vapor content is the mixing ra-
tio r = ρW

ρL
, where ρL is the density of the dry air and ρW is the

density of the water vapor in an air parcel. The water vapor con-
tent can also be expressed as the specific humidity q = ρW

ρW+ρL
.

MW is the molar mass of water vapor. A detailed overview on
different measures of water vapor in the atmosphere is given by
Stull [15].

If temperature is measured in moving air, the flow is deceler-
ated at the temperature sensor. The resulting conversion of part
of the kinetic energy of the flow into heat is called adiabatic heat-
ing. Therefore, the static temperature of the air T is calculated
from the measured temperature Tm as follows [16, 17]:

T = TmrT

(
ps

pt

)κv

, (4)

where pt and ps are the total and static pressure of the air, κv is
the heat capacity ratio of moist air and rT the recovery factor.
The recovery factor is a measure of the degree of deceleration
and lies between zero and one.

To compare the temperature of air parcels at different pressure
levels, the potential temperature can be used. The potential tem-
perature is the temperature an air parcel would have if it were
transported adiabatically to a reference pressure level (usually
pref = 1000hPa). The potential temperature is calculated from
the static temperature and the static pressure as

Θ = T
(

pref

ps

) κv−1
κv

. (5)

To compare the virtual temperatures at different altitudes, i.e.
different pressure levels, the virtual potential temperature can be
calculated from the virtual temperature,

Θv = Tv

(
pref

ps

) κL−1
κL

, (6)

where κL is the heat capacity ratio of dry air, which is 1.4. The
virtual potential temperature thus corresponds to the temperature
of an air parcel of dry air at the reference pressure level with the
same density as the humid air parcel. Therefore, it is an altitude-
independent measure of the density of a moist air parcel. With
Θv, the density of moist air is calculated as

ρv =
ML pref

RΘv
. (7)

The meteorological calculations described above are carried
out using the Python package parmesan [18].

Thermals are a central feature of the convective boundary
layer. They develop as a result of an instability created by the
buoyancy flux at earth’s surface. The boundary layer can be di-
vided into an inner layer, consisting of the roughness sub-layer
and the inertial sub-layer, and an outer layer [19, chapter 3].
While thermals originate in the inner layer, where surface inho-
mogeneity and increasing wind speed with height strongly influ-
ence atmospheric dynamics, they are of primary interest to glider
pilots in the outer layer. The outer layer is also called the mixed
layer (ML) where the mean wind and specific humidity are con-
stant and the temperature profile follows the adiabatic temper-
ature gradient. This means that the potential temperature and
mixing ratio are on average constant over height. In favorable
soaring conditions, the ML is typically capped by a stable layer
(increase of virtual potential temperature with increasing height)
acting as an effective limit for the vertical air movement. At the
boundary between the CBL and the free atmosphere (FA) lies
the entrainment zone where drier air of higher potential temper-
ature is mixed into the CBL. Hunt [20] provides a more detailed
overview of the kinematics of individual thermals as well mixing
effects with the surrounding air mass. Williams and Hacker [21]
developed a conceptual model of surface-layer dynamics, focus-
ing on how plumes and thermals interact across the boundary be-
tween the surface and mixed layer. They describe how surface-
layer plumes organize, feeding the large-scale convective mo-
tions that dominate the mixed layer.

Measurement System and Strategy
Flight measurements were conducted aboard the research

glider Discus-2c DLR of the German Aerospace Center
(Deutsche Zentrum für Luft- und Raumfahrt e.V. - DLR) (see
Fig. 1a). The Discus-2c DLR is based on the Discus-2c se-
ries glider manufactured by Schempp-Hirth. The aircraft has
a wingspan of 18 m and a maximum take-off mass of 565 kg.
It is equipped with an extensive sensor system to measure the
flight state and atmospheric flow at high precision. A detailed
description of the Discus-2c DLR and its sensor system can be
found in Raab and Rohde-Brandenburger [22].

The Discus-2c DLR sensor system has been augmented with
a sensor pod housing a fast response temperature and humidity
measurement unit located at the fuselage under the right wing.
The unit is called the Fast-response Temperature and Humidity
sensor Pod (FTHP). Its main component is a CMH using the de-
sign by Mauz et al. [13]. The temperature of the air stream and
the mirror surface of the CMH are measured by Type T thermo-
couples of 76 µm diameter. The airflow arrangement through the
FTHP consists of three separate ducts for the measured air and
the cooling air for the CMH and the electronics whose inlets are
designed to protrude from the boundary layer of the fuselage. In
addition, a Sensirion SHT31 capacitive temperature and humid-
ity sensor is integrated into the measuring system. This sensor
has a relative accuracy of ±2 % and a response time of 8 s [23],
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(a) Discus-2c DLR in flight. (b) Integration of the FTHP.

Fig. 1: Research aircraft Discus-2c DLR with the FTHP (1) attached to the right side of the fuselage.

which is typical for sensors using a capacity-based measurement
principle. Data from the FTHP were sampled at a frequency of
50 Hz, all other flight state variables were sampled at 20 Hz.

The recovery factor rT for the conversion from measured tem-
perature to static temperature is assumed to be one. This as-
sumption is deemed acceptable given that the measurement sec-
tions are flown at a constant airspeed and the focus is on tem-
perature differences. The order of magnitude of the adiabatic
heating at an airspeed of 100 km/h is 0.4 K.

The vertical wind component was not calculated explicitly
because, at the time of the measurements, the required Iner-
tial Measurement Unit (IMU) velocities could not be recorded.
Therefore, it was calculated from the sink rate of the glider, com-
pensated for total energy as well as using the well-established
flight performance data of the Discus-2c DLR [24]. The sink
rate was logged by the LX9000 variometer with a resolution
of 1 Hz. For the FTHP, calibration experiments have been con-
ducted in the laboratory as well as in validation flights.

A static calibration of the FTHP was performed in the climate
chamber at the Institute of Aerodynamics and Flow Technology
of the DLR (climate chamber model: “SkyEvent TA-TAH” by
Weiss Technik). The FTHP was ventilated by the climate cham-
bers fan during the calibration measurements. The calibration
was performed at temperatures of 10 ◦C, 20 ◦C and 30 ◦C and
relative humidity levels of 20 %, 40 %, 60 %, 80 % and 95 %.
The results are used for an offset correction in two dimensions
(temperature and dew point). After applying the linear cor-
rection factors obtained in the climate chamber calibration, the
standard deviation of the calibration data is 0.10 K for the air
temperature thermocouple and 0.24 K for the dew point of the
CMH.

A pseudo-step function was generated in the climate cham-
ber. The relative humidity and subsequently the dew point in the
chamber changed rapidly due to water vapor injection into the
chamber. The sensor responses to the pseudo-step from a rela-

tive humidity of 40 % to 60 % are displayed in Fig. 2 and provide
some indication of the inertia of the capacitive SHT31 sensor
and the CMH. In the static setting before the step between 0 s
to 45 s, the dew point measured by the CMH oscillated slightly
stronger than the one measured by the SHT31 in the range of
0.1 K. When performing the step, there was a delay in the step
response of approximately 5 s to 10 s for the SHT31. The CMH
reacted considerably faster to the changing environment of the
climate chamber. After the step, both sensors show an oscilla-
tion around the new dew point which indicates a control oscilla-
tion of the climate chamber.

In flight tests the FTHP was examined regarding effects of
the flight state on the measurement results. To investigate how
flight conditions influence the measurement of temperature and
humidity, a number of test points were performed in low turbu-
lence conditions. Two factors were investigated:

0 15 30 45 60 75 90 105 120
time [s]

6

8

10

12

14

d 
[°

C
]

target
CMH
SHT31

Fig. 2: Response of the sensors to a pseudo-step in the target value
of the relative humidity of the climate chamber from 40 % to
60 % at 20 ◦C (calibrated sensor data). Oscillations around
the new target temperature can be attributed to the climate
chamber control and water injection system.
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• Influence of airspeed/angle of attack: measurement sec-
tions of 20 s each with an indicated airspeed (IAS) of
80 km/h, 100 km/h, 150 km/h and 200 km/h.

• Influence of sideslip: four measurement sections with 10◦

and 20◦ sideslip to the left and right at 100 km/h IAS.

The temperature and the humidity sensors within the FTHP
showed a slight dependence on the airspeed and the angle of
sideslip for air speeds greater than 150 km/h IAS and sideslip
angles of more than 10◦. However, this dependency has no sig-
nificant influence on the measurement of the horizontal thermal
cross-sections, since these measurement sections are flown at
constant airspeed and with negligible sideslip angle.

The temporal resolution of the system in flight was inves-
tigated using spectral analysis of the airborne data. Assum-
ing Taylor’s frozen-turbulence hypothesis [3], since the air-
craft’s airspeed greatly exceeds the ambient wind speed, the
airborne measurements should exhibit Kolmogorov inertial-
subrange scaling, with power spectral density proportional to
k−5/3 with k as the wavenumber in the inertial sub-range.

This method has been applied by Mauz et al. [13] and Greiner
and Würz [25] in case of the wind speed. The power spec-
tral density is expected to be either dominated by sensor noise
or system inertia where it stops to follow k−5/3 around the
maximum measurement frequency. The inertial sub-range is
expected to extend into the sub-millimeter range, where vis-
cous effects dominate which is well above the sensor resolution.
Straight flight intervals were selected in the CBL to analyze the
power spectral density of temperature and dew point data. A
mean spectrum was calculated from all intervals.

The humidity power spectra from straight flight measurement
sections displayed in Fig. 3 show a decline of the humidity signal
with increasing frequency. The CMH dew point resembles the
expected Kolmogorov eddy decay. However, there is a dent in
the distribution at 0.5 Hz to 1 Hz and a slightly decreased slope
between 1 Hz and 5 Hz deviating from ideal eddy decay for free
turbulence. Sensor noise can be identified at frequencies slightly
above 10 Hz. Contrarily, there is no Kolmogorov eddy-decay
signature visible in the SHT31 signal indicating that turbulent
eddies cannot be resolved and that the sensor resolution is at
least above 5 s. Cross-correlation of the different humidity mea-
surements using in-flight data (excluding the air tow) yields a 5 s
lag in case of the SHT31 sensor.

An additional plausibility check was performed analyzing
vertical profiles of potential and virtual potential temperature to
assess their conformity with atmospheric boundary layer mod-
els, as detailed in sources such as [15] and [19]. Figure 4 shows
the measured profiles of the potential temperature and virtual po-
tential temperature over height of flight 1 (04.08.2022 between
14:34 and 17:21 LT at Brunswick). The inversion height was es-
timated at approximately 3000 m from the radiosonde measure-
ment of the Lindenberg Meteorological Observatory - Richard
Aßmann-Observatory (MOL-RAO) of the German Meteorolog-
ical Service (DWD) for this flight due to airspace restrictions.

The potential temperature profile does not show a trend with
altitude. This is typical for the well-mixed fully developed con-
vective boundary layer [15, chapter 8]. Fluctuations are in the
range of 1 K. Thermal updrafts indicated by colored points show
similar variation of the potential temperature as non-thermalling
sections. The virtual potential temperature of the same measure-
ment shows similar variation and no trend above approximately
1000 m height. Below the level of 1000 m, Θv decreases with
height indicating latent instability through humidity injected into
the atmosphere from the ground. Θv is approximately 1.5 K
higher than Θ in the well-mixed layer. Overall, the vertical pro-
files are in agreement with conventional meteorological models
of the CBL.

The cross-sections of single updrafts were measured at several
altitudes between the cloud base and 500 m above ground level
(AGL) with 100 km/h IAS. The height and lapse rate of the CBL
is measured by towing the glider above the cloud base to record
a vertical profile. After centering the updraft, cross-sections of
thermals and the surrounding air were performed parallel and
perpendicular to the main wind direction (see Fig. 5). The flight
path was adjusted in relation to the cumulus cloud generated
by the updraft. Measurement sections where the updraft was
missed were discarded.

Updrafts are classified as the zone in which the vertical wind
velocity is positive over a sustained period and align with cloud
features and the experience of the pilot. z∗ = z

zi
is used as nor-

malized height level when comparing updraft properties over the
height, where z is the mean height of the transect through the
thermal and zi is the convective boundary layer height. When
comparing updrafts in the horizontal cross-sections, the distance
along the straight flight section through the updraft (TAS inte-
grated over time) was normalized to [−1,1]. For each measure-
ment section as well as the updraft sections, the mean values
of potential temperature, virtual potential temperature and spe-
cific humidity were calculated and subsequently subtracted to
evaluate the differences between updrafts and the surrounding
air. The difference ∆Θv between updraft and surrounding air is
used as a measure for the density of the updraft compared its
surrounding. The potential temperature difference ∆Θ neglects
the effect of humidity. The contribution of humidity to the den-
sity difference of the updraft to its surrounding is calculated as
(∆Θv −∆Θ)/∆Θv.

An example of an updraft measurement is given in Fig. 6.
During the glider’s approach to the thermal, the glider sinks ap-
proximately 50 m over a distance of 3 km. The true airspeed is
kept within a range of approximately ± 7 km/h. The vertical
wind velocity signal is rather irregular which leads to some am-
biguity in the segmentation methodology. The peak updraft ve-
locity of 2 m/s is reached in the last third of the pass-through to-
wards the windward side of the updraft (Fig. 6, gray region). The
updraft shows a slight increase in Θ as well as Θv in the order of
0.2 K reaching a maximum in the last third of the pass-though
whereas the temperature maximum extends into the sinking air
around the thermal. Comparison of the SHT31 sensor with the
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(b) SHT.

Fig. 3: Dew point power spectra of the CMH and SHT measurements for 10 s segments of straight flight near the entrainment zone as well
as the average spectra over those segments.

Fig. 4: Measured profiles of the potential temperature and virtual
potential temperature of flight 1 (14:34 - 17:21 LT) and the
difference between potential and virtual potential temper-
ature to illustrate the contribution of humidity. Only the
aerotow and straight measurement sections are shown. The
aerotow is shown dotted in black and the measurement sec-
tions are color dotted.

CMH shows an overall similar signal with an offset of approxi-
mately 0.2 K and a low-pass response characteristic with a phase
shift similar to that observed in the calibration experiments. The
cooling power needed to maintain the target illumination value
is between 15 and 32 % reacting to changes in measured illumi-
nance. The stability of cooling power and illuminance indicate
that the CMH control loop was adequately tuned for the mea-
surement regimen whereas the illuminance stayed within 2 % of
the target value.

The measured data was compared with the results from Mil-
ford [26] and Maas and Etling [27]. Maas and Etling performed

Fig. 5: Flight strategy for measuring thermal cross-section at one
altitude (top view of a horizontal slice through the thermal).
1: headwind section, 2: crosswind section.

simulations with different values for the Bowen ratio, the ra-
tio of surface sensible to latent heat flux [28], and the humidity
difference from the ML to the FA using the PALM large eddy
model [29] with a model domain of 8.2 km x 5.1 km x 3.3 km at
a horizontal resolution of 32 m.

Results
In August 2022, three measurement flights were conducted

in central Germany (see Appendix and Table 1). Sensor tuning
was improved after flight 2; flight 3 was performed with a Duo
Discus XL and a slightly modified setup where the airspeed and
updraft velocity were derived from an LX9000 variometer log
(resolution: 1 Hz). In all flights, updraft cross-sections were car-
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Fig. 6: Representative data log of a straight flight segment containing an headwind thermal pass-through of flight 3. The segment classified
as updraft is marked in grey. I/Itarget represents the measured illuminance relative to the target illuminance, which corresponds to
the deviation of the control loop.
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ried out in a height of 500 m to 2800 m AGL, or 40 % to 90 % of
the height of the CBL.

The horizontal extent of the updrafts varied between 500 m
and 2500 m, which corresponds to d = (0.4 . . .1.0) · zi (Fig. 7).
The measured updraft width is larger than in other studies
[30–32]. Almost all other models and measurements that were
reviewed assumed smaller updrafts than the measured ones.
Carmichel [33] found updraft diameters of 200 m to 600 m. In
the measurements of Milford [26] and Ultsch [34], diameters of
250 m to 550 m and 500 m were measured, respectively. Kono-
valov [7, fig. 2] gives the frequency distribution of the updraft
diameters that range from 250 m to 1700 m. The diameters pre-
sented in Kubrynski [35] of 400 m to 2000 m agree with our
measurements. Stull [14, p. 461] describes larger updraft diam-
eters of 1.5 · zi than found in this study. Furthermore, updrafts
were not circular, but their horizontal extent in the main wind di-
rection was on average approximately twice as large as perpen-
dicular to the main wind direction. The quotient of measured
updraft width in the main wind direction to the width perpen-
dicular to the main wind was in the same range as observed by
Träumner et al. [36] (“anisotropy factor” of 2 to 3). The updraft
width exhibit considerable variability and no significant trend of
updraft width with height was measured.

Like the width of the updrafts, updraft velocities were also
scattered widely and were only measured in the upper part
of the CBL, so no statement can be made about the course
of the updraft velocity over normalized height (Fig. 8). The
mean updraft velocity of the thermals was in the range of about

1 m/s to 3 m/s, the maximum updraft velocity of 2 m/s to
7 m/s and the standard deviation of updraft velocity in the ther-
mals of 0.5 m/s to 2 m/s. There was no significant difference
whether the measurement sections were parallel or perpendic-
ular to the mean horizontal wind. The updraft velocities of
most other models and measurements (Horstmann [37], Rohde-
Brandenburger [24], Ronig [38], Ultsch [34], Kubrynski [35],
Carmichel [33], and Lindemann [39]) agree well with our mea-
surements. Only the maximum updraft velocities by Kono-
valov [7, fig. 3] are smaller than our measurements.

The deviation of the virtual potential temperature Θv in the
updraft (index T ) from the measurement section mean (index A)
is diagrammed on the left side of Fig. 9. On average, the dif-
ference of the virtual potential temperature between a thermal
updraft and the surrounding air is 0.091 K, the difference of the
potential temperature is 0.075 K. The measured temperature dif-
ferences show no dependency on z∗ and are of the same order of
magnitude as those measured by Milford [26], and those cal-
culated by Maas and Etling [27] for the simulations with the
Bowen ratio of one. Milford [40] and Lindemann [41] also
measured temperature differences of 0.5 K in about 200 m AGL,
which decrease to 0 K to 0.1 K with increasing height.

The humidity differences measured, as shown in Fig. 9, right
panel, are relatively small compared to the simulations in Maas
and Etling [27]. The simulation with a Bowen ratio of one and
no humidity difference between the ML and the FA agrees best
with the measured values. Lindemann [39] also measured spe-
cific humidity differences on the order of 0.3 g/kg; Milford [40]
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measured deviations in specific humidity of about ±0.5 g/kg.
For most of the measurement sections, the updraft was more hu-
mid than the surroundings (on average 0.086 g/kg). The contri-
bution of humidity to the density difference between the updraft
and its surroundings, averaged over all measurement sections, is
17.4 %. There are differences between the three flight datasets
that were recorded in different weather situations during good
gliding conditions. In the dataset presented, more humidity in
the updrafts compared to the surroundings is linked to wider up-
drafts and faster upward velocity. Notably, some updrafts were
drier than their surroundings, and some even had a lower vir-
tual potential temperature and thus a greater density than their
surroundings.

Figure 10 presents the updraft velocity along the horizontal
cross sections, averaged over the headwind and crosswind sec-
tions. Before averaging, the updraft velocity was normalized
with the mean updraft velocity. With this normalization strong
updrafts are not weighted more than weak ones while averag-
ing. The horizontal distance along the flight section through the
updraft was normalized to [−1,1] as described in the “Meth-
ods” section. The averaged courses, or profiles, show a clearly
defined updraft core with an updraft velocity varying around a
constant baseline.

The horizontal cross-section temperature and humidity show
an asymmetric characteristic with a sharper jump in humidity
on the windward side of the updraft than on the leeward side or
the crosswind sections (Figs. 11 and 12). The potential temper-
ature maximum is located on the windward side of the updraft.
Asymmetric distributions of heat flux have also been found by
Williams and Hacker [5].

Discussion
A miniaturized chilled mirror hygrometer has been integrated

into a research glider and first measurements of thermals in
the upper half of the convective boundary layer have been con-
ducted.

Laboratory data indicate that the CMH is suitable for measur-
ing the humidity of thermals in terms of accuracy and response
time. A direct comparison with the CMH illustrates the inertia of
state-of-the-art low-cost capacity-based sensors to detect small
changes in humidity. These sensors are not fast enough for air-
borne measurements of turbulent phenomena. Flight tests of the
integrated setup showed the sensitivity of the sensor setup to al-
tered flow around the fuselage as found for side-slip maneuvers
and airspeed variations. These effects must be mitigated by the
flight strategy which relies on constant airspeed, straight flight,
and negligible angles of sideslip. The flight state variables can
be precisely measured aboard the research aircraft. This means
that sufficient quality assurance can be put in place to avoid bi-
ased data due to inaccurate flight maneuvers by checking flight
state data during analysis. The flight strategy presented using
systematic fly-though maneuvers produced air data in the direct
vicinity of the thermal, which can be regarded as an approxi-
mate height level reference. This flight strategy is more consis-
tent with the strategies of flight experiments in boundary layer
research than glider-based measurements taken during regular
cross-country flights. Nevertheless, this strategy does not de-
liver reference at a constant height due to the limitations of a
non-motorized glider. Flight tests were used to confirm the res-
olution estimates of the humidity measurement with the power
spectral density resembling the k−5/3 Kolmogorov eddy decay
footprint of a free turbulence regime between 1 Hz and 10 Hz
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Fig. 11: Averaged potential and virtual potential temperature over the horizontal normalized distance. The shaded areas mark the stan-
dard deviation of the averaged curves.
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reproducing the results from Mauz et al. [13]. The deviation
from the ideal k−5/3 relationship at resolutions lower than 1 Hz
is unclear but has been measured by Mauz et al. [13] in a similar
way. In addition, the turbulence characteristics within the en-
trainment zone could differ from the presumed free turbulence
regime.

The measured temperature profiles over height (see Fig. 4
for flight 1) indicate a fully developed ML, which is to be ex-
pected for the weather conditions of the measurement flights.
The temperature variability on the order of 1 K is comparatively
small and in the expected range for a CBL. Despite the consid-
erable spatial and temporal differences between the radiosonde
and glider measurement locations a similar meteorological situ-
ation was observed regarding boundary layer height, stratifica-
tion and temperature. The measurements from the glider in the
afternoon exhibit a closer correlation with the atmospheric con-
ditions indicated in the 20:00 LT radiosonde sounding, as op-
posed to the 14:00 LT sounding. Possibly the ML had reached
a state close to equilibrium in the late afternoon. The measure-
ments also showed that thermals generally contained a section
that was several tenths of Kelvin warmer than the surrounding
atmosphere.

The flight test results in combination with the laboratory
experiments show that it is possible to derive meaningful at-
mospheric data using the sensor unit with the described pass-
through flight strategy. The vertical profile further suggests that
a typical cross-country flight strategy where a thermal is en-
tered and left at significantly different altitudes is prone to errors
due to the spatio-temporal variance of the atmospheric bound-
ary layer. In addition, the spatial extent of updrafts investigated
using the pass-through maneuvers tended to be larger than the
circling diameter in thermalling.

The characteristics of the updrafts were analyzed with respect
to height. All 26 measurements were carried out exclusively in
the upper half of the CBL. The velocity scale of the updrafts
was similar to other studies [30–32]. However, there is little in-
formation on factors that can influence the updraft size such as
terrain, surface heat flux, mean wind or boundary layer height.
These factors make a more detailed analysis unfeasible. Mea-
sured differences in Θ and Θv between the updrafts and their
surrounding were in the range of few tenths of Kelvin, and gen-
erally agree with meteorological literature [5, 6, 27, 39]. For all
variables investigated, no significant altitude dependence was
detected. This result is partly caused by the relatively large scat-
tering of the data combined with the small sample size. Another
potential bias is the identification of thermals by their vertical
velocity. Maas and Etling [27] include the Deardorff scaling ve-
locity (buoyancy velocity scale for the convective mixed layer
derived using similarity theory, cfr. [14, 42]) as a lower bound
to identify updrafts for further analysis. Studies with motor air-
craft or modeling studies typically use a larger scale level aver-
age, typically based on measurement sections longer than 10 km,
as a reference instead of the direct surrounding of the thermals.
The measured temperature excess compared to a thermal’s sur-

rounding is larger than in Maas and Etling [27] whereas the hu-
midity excess is smaller. The excess temperature and humidity is
maintained well into the highest part of the CBL where entrain-
ment of warmer, drier air from the FA is expected to increase
the humidity excess and reduce the temperature excess. Con-
densation was not included in the model setup used by Maas
and Etling [27] whereas all our measurements were conducted
in cumulus cloud conditions.

The average updraft vertical velocity course in the updraft
tended to have a trapezoidal shape: over most of the updraft,
the vertical velocity was almost constant, at the edges the ver-
tical velocity increased or decreased steeply. This result, how-
ever, did not occur in each individual thermal. Konovalov [7]
measured this behavior too and named it “type a” thermals.

Despite the dataset suffering from little statistical significance
due to the small number of measurements, several features were
derived from the mean data of the thermal cross sections. The
updraft velocity plateau had a tendency to exhibit a slightly re-
duced updraft velocity in the center of the thermal. This ef-
fect was also measured by Childress [31] and linked to a phe-
nomenon referred as “Convection Cells” (merging of multiple
updrafts with increasing height). When analyzing the individ-
ual measurement sections, an updraft velocity course with two
maxima was found in almost half of the measurement sections
(Childress [31] found these in 60 % of the updrafts). Williams
and Hacker [5] also describe an indentation feature in the center
of the thermal in updraft velocity, temperature and humidity.

Several other features of the horizontal cross-sections were
found in Williams and Hacker [5]. They found a similar asym-
metry in the potential temperature as well as the buoyancy flux
courses with a sharper edge on the windward side. Williams and
Hacker [5] suggest that the temperature within thermals tends
to become more uniform as it reaches half the CBL height.
However, this effect could be a result of asymmetric temper-
ature distributions lower in the thermal developing during the
warm-up phase. These are referred to as microfronts, for exam-
ple, by Williams and Hacker [5] and Stull [14]. Williams and
Hacker [21] describe how surface layer features can be advected
into the mixed layer throughout a thermal column and affect the
overall structure and dynamics of the thermal column. Hunt [20]
describes detrainment effects that mix air from the thermal with
the surrounding air leewards of the thermal. Such effects may
cause the diffuse characteristics of the courses on the leeward
side. Another issue may arise due to the normalization of the
thermal diameter which may misrepresent fluctuations and has
been discussed by Williams and Hacker [5].

Conclusion and Outlook
A methodology to measure characteristics of thermal updrafts

using a miniaturized chilled mirror hygrometer aboard a re-
search glider has been demonstrated. Results on the scalar vari-
ables contributing to air density differences, temperature and hu-
midity in particular, are in agreement with existing meteorologi-
cal literature. The adopted pass-through flight strategy produced
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cross-sectional data. Notably, an asymmetric horizontal fine-
structure in humidity and temperature profiles within thermal
updrafts was measured. Updrafts displayed an elongation ap-
proximately twice as long in the main wind direction. However,
the dataset is limited in three ways. Due to the small number
of samples no trends or values of statistical significance could
be derived. Secondly, the data set only covers the upper half of
the CBL. Thirdly, there is little information on key factors in-
fluencing thermal dynamics such as the flux of heat and latent
heat on the ground, wind speed and mixed layer temperature
over time. Improvements could be achieved not only by more
glider measurements but also by using a powered carrier plat-
form with a similar flight speed and aerodynamic properties such
as a motor glider, small motor aircraft or unmanned system. A
powered system could provide longer measurement sections for
better reference temperatures as well as coverage in the lower
part of the atmospheric boundary layer closer to the origin of
thermals.
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Appendix
Measurement Flights

Flight 1 The first flight took place in a high-pressure
weather situation with good thermals and an exceptionally high
cloud base of just under 3 km. Due to airspace C, which begins
at 3 km altitude, the aerotow could not be carried out above the
CBL. The cloud coverage was 2/8− 3/8 cumulus.

After being towed to the upper third of the CBL, measurement
sections were flown to validate the measurement system (influ-
ence of airspeed and sideslip). These were carried out in the area
between the cumulus clouds in order to keep the influence of the
updrafts on the validation to a minimum.

After validation, five horizontal thermal cross-sections were
flown in three updrafts, each with a headwind and a crosswind
section.

Flight 2 The second flight was a tow transfer flight below
the cloud base from Braunschweig to Stendal. After the pas-
sage of a cold front in the previous night, good thermals devel-
oped with a cloud coverage of around 4/8. After the transfer, six
horizontal thermal cross-sections, each with a headwind and a
crosswind section, were flown in five updrafts.

Flight 3 The third flight took place in the late afternoon on
a day with moderate cloud thermals and 2/8 − 3/8 coverage. It
was started in aerotow up to above the cloud tops. After that,
two long straight measurement sections were carried out up to
below the cloud base with 100 kmh−1 IAS to validate the new
CMH firmware. After that, four more horizontal thermal cross-
sections were then carried out in one thermal, two headwind and
two tailwind sections.

Table 1: Summarized data of the measurement flights.

Flight no. 1 2 3

Date 04.08.2022 06.08.2022 25.08.2022
Departure Location Brunswick Brunswick Stendal
Arrival Location Brunswick Stendal Stendal
Departure Time (LT) 14:34 11:46 16:38
Arrival Time (LT) 17:21 13:52 18:09
Flight duration 2:38 2:08 1:55
Cloud base [m] 2800 1500 1200
Wind direction [◦] 200 330 80
Wind speed [m/s] 6 4 5
Barometric pressure at MSL [hPa] 1002 1013 1005
zi [m] 3200 1800 1300
Θ [◦C] 34.9 17.0 26.4
Θv [◦C] 36.3 18.0 28.6
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