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Abstract
A small light-weight in-house made miniature chilled-mirror hygrometer (CMH) for fixed wing UAS
(unmanned aircraft system) is presented, with its features and limitations. Therefore, first measurements of the
CMH equipped on the small research UAS of type MASC-3 (multi-purpose airborne sensor carrier) operated
by the University of Tübingen are shown. A comparison against a very accurate state of the art capacitive
industrial humidity sensor (SHT31) is done. The sensor consists of a TEC (thermoelectric cooler) covered
by a gold mirror. The TEC is controlled by a commercially available microprocessor with an on-board PID
(proportional-integral-derivative) controller. The results of the CMH measurements are in good agreement
with the industrial-made capacitive sensor. The absolute accuracy of the measured dew point temperature
by the CMH is in the range of ±0.2 K. Spectra show evidence that the CMH is capable to measure turbulent
humidity fluctuations in the atmosphere with a temporal resolution of up to 10 Hz. Such a fast humidity sensor
aboard a small UAS has the potential to study humidity fluxes in the surface layer over complex terrain, behind
wind energy converters and humidity variations over land and sea surfaces in general.
Keywords: Chilled mirror hygrometer, Unmanned Aircraft System, high frequency humidity measurement,
Boundary Layer Measurements

1 Introduction
Together with temperature, pressure, and the 3D wind
vector, water vapour is a key parameter to describe the
state of the atmosphere. Water vapour is the most important greenhouse gas on Earth and plays an important role in energy transfer through the atmosphere because of its heat capacity. Furthermore, evapotranspiration of water at the surface contributes substantially
to the energy budget at the Earth surface, due to the
high enthalpy of evaporation. Because of its low molar
mass, moisture increases the buoyancy of air and thus
affects atmospheric stability, especially over sea surfaces and vegetated soils (Koufang Lo, 1996; Stull,
2000). The water vapour transport into the atmosphere
is essentially turbulent; and as such, water vapor fluxes
are one of the key observational parameters in established monitoring networks like FLUXNET (Baldocchi et al., 2001), TERENO (Bogena et al., 2015), ICOS
(Rebmann et al., 2018) and NEON (neonscience.org,
2019) and several large field campaigns in complex
terrain, e.g. Scalex (Wolf et al., 2017) and LITFASS
(Beyrich et al., 2002b; Beyrich et al., 2002a; Beyrich
et al., 2006).
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Fast-response humidity sensors that can capture the
relevant turbulence time-scales are open- or closed-path
optical absorption techniques, such as Lyman alpha,
TDL (tunable diode laser) or IR (infrared) absorption.
These sensors can accurately determine the variance, the
structure parameter, or other relevant turbulent humidity
parameters (De Bruin et al., 1993). In combination with
fast-response anemometers, these point-source measurements additionally allow for accurate estimates of the
humidity flux on times scales of 15–30 min (Shuttleworth, 2007). In combination with laser scintillometers, sampling time of humidity fluxes can be reduced to
1 min under homogeneous conditions (Van Kesteren
et al., 2013a; Van Kesteren et al., 2013b). However,
the above presented methods are impossible to implement on mobile platforms and only represent small geographic areas, which especially in heterogeneous conditions limits their applicability as a reference in e.g.
numerical models or water-balance estimates (Foken,
2008). Microwave scintillometers allow for determining the structure parameter of humidity, or in combination with a large aperture scintillometer also fluxes, under heterogeneous conditions over scales of up to 10 km
(Meijninger et al., 2006; Ward et al., 2015a; Ward
et al., 2015b). But scintillometers only provide an average quantity over the length of the measurement path.
Alternatively, Lyman-alpha and infrared absorption
hygrometers can be installed on helipod (pod of me-
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teorological equipment dragged by a helicopter) or
manned aircraft to obtain spatial information on the
turbulent exchange of humidity, e.g. (Platis et al.,
2017; Lampert et al., 2018; Bange and Roth, 1999;
Muschinski et al., 2001). However, these airborne systems are expensive and limited in their mobility by aviation laws. Manned aircraft are typically restricted to
flight altitudes of approximately 150 m above ground,
and special permissions are required for lower flight altitudes. In some occasions lower altitudes down to 25 m
have been reported using small environmental research
aircraft (SERAs) (Metzger et al., 2011; Neininger
and Hacker, 2012). Recent technical developments
in drone technique led to an increased application of
cheap, light-weight unmanned aerial systems (Spiess
et al., 2007; van den Kroonenberg et al., 2012; Rautenberg et al., 2019). However, so far suitable fast
response-humidity sensors have not been available.
For (small) unmanned aircraft systems (UAS), the
weight of a measuring instrument is an important factor. Instruments that work well on a manned aircraft or
helipods typically weigh more than 2 kg, which exceeds
the payload for these small aircraft. Low weight capacitive moisture sensors, which are typically installed on
meteorological towers (Kuner et al., 2015), are light
enough; but their response time is smaller than 1 Hz.
As such, these sensors are not fast enough to capture
the relevant turbulent scales. Wildmann et al. (2014a)
attempted to increase the response time of a capacitive
sensor by post-processing the humidity data, while implying an inverse model. This method allows to obtain
humidity data up to 3 Hz. However, despite careful calibration, data accuracy suffers because of an increased
noise level, which in practice makes the method unsuitable.
An alternative to capacitive sensors are lightweigth dew point mirrors or chilled-mirror hygrometers
(CMHs). Their measurement principle is based on cooling the surface of a small mirror until condensation occurs, while monitoring its temperature. With a properly
designed feedback system, the mirror is maintained at
the temperature at which the rate of condensation equals
the rate of dew evaporation. In this state, the condensed
water is in equilibrium with the water vapour pressure
of the surrounding air, thus defining the dew point temperature (Stull, 2000). This kind of dew point sensors
are applied in radiosondes, where they measure moisture
with a measurement frequency of up to 1 Hz (Vömel
et al., 2003). Comparison and evaluation of a commercial chilled-mirror hygrometer to a capacitive sensor
(Humicap) show that this type of sensor performs well,
even for the challenging radiosonde application (Fujiwara et al., 2003). Unfortunately, commercial sensors
still lack the temporal resolution required for accurate
turbulent humidity measurements.
In this work, an approach for doing accurate highfrequency measurements of water vapour is presented
that can capture the smallest turbulent time scales. The
goal of such a sensor is to be able to study the under-
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lying processes related to water vapour fluctuations and
water vapour transport in the lower atmosphere. To this
end, a small chilled-mirror hygrometer is tuned to allow for a high-frequency output and mounted it on a
small UAS, the MASC-3, that operates in the lower parts
of the atmospheric boundary layer (in this study up to
about 200 m) (Rautenberg et al., 2019). The hygrometer performance is compared against capacitive humidity sensors mounted on a meteorological observation tower and a capacitive sensor mounted on the UAS.
As we will show, our tuned hygrometer provides a high
measurement frequency (>5 Hz) with a minimal need of
maintenance.

2 Setting-up the chilled-mirror
hygrometer
A chilled-mirror hygrometer (CMH) measures the dew
point temperature of the air that ventilates it. By cooling
the polished metallic surface of the mirror, water condenses on its surface and this dew causes a strong signal change on the luminosity sensor that monitors the
brightness of the mirror. Consequently, the crucial parts
are: a temperature sensor, a thermoelectric cooler (TEC)
controller that regulates the temperature of the surface
that is measured and a high frequency luminosity sensor. The heat capacity of the golden mirror is also a critical parameter. Of course, the heat capacity of the golden
mirror can be calculated and the mirror should be as thin
as possible, yet, this delaying parameter is only available implicitly. To circumvent this problem, only small
currents are applied to the TEC, so that an equilibrium
between the inflow of the air that reheats the mirror and
the current that cools the mirror, is achieved.
Our humidity sensor is made from commercially
available parts (cf. Table 1). Figure 1 shows a schematic
of the hygrometer and its components. Basically, a lightsensitive diode (the luminosity sensor) measures the reflection of light emitted by a light-emitting diode (LED)
from the mirror. Increasing dew accumulation on the
mirror decreases the direct reflection into the luminosity sensor, whereas the amount of diffusely scattered
light is increased. The proportional-integral-derivative
(PID) controller regulates the voltage output to the TEC
(values between 0–4.5 V), ensuring a constant reflected
light level. In default mode the TEC surface is actively
cooled, whereas the thermal energy of the inflowing air
is used to heat the mirror. In our airborne application,
ventilation is achieved by using the dynamic air pressure at the inlet (ram air), channelled to the measurement
chamber onto the TEC reflective surface. At a typical
true air speed of 18.5 m s−1 (speed relative to the air), a
calculated volumetric flow of ≈ 0.27 l min−1 is achieved
through the inlet (aperture 0.25 mm2 ).

2.1 Specifications
The Arduino Nano has a CPU (central processing unit)
clocking speed of 16 MHz. This is enough to provide
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Table 1: Various parts of the in-house built CMH. * Component from
a Snow White® CMH from Meteolabor AG
Function
Light source
Luminosity sensor
Temperature measurement
Temperature read-out
Microcontroller
Thermo-electric cooling

Component
white LED
Adafruit TSL2561
TC type T ∗
Adafruit MAX31856
Arduino Nano
≈2.5 W *
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A long-term drift, as in open-path humidity sensors
(Mammarella et al., 2009), does not occur in chilledmirror humidity sensors. Also LED ageing (fading) is
not a concern. Typically LEDs fade to a value of 98 % of
their initial luminosity after 2000–6000 operating hours.
Similar values can be assumed for the illumination detection diode. However, a potential source of error is
contamination of the mirror surface by any pollutant
transported in the air that may condense or adhere to
it. Regular inspection and cleaning of the surface, when
polluted, e.g. by pollen, will prevent erroneous measurements. Furthermore, due to the high performance of the
TEC, an appropriate heat sink is required. In our airborne application, the heat sink is exposed to the air flow
along the fuselage of the UAS, providing sufficient heat
release.

2.2 Calibration of the CMH

Figure 1: Schematic of the CMH mode of operation. The CMH consists of commercially available parts, e.g. the microprocessor (Arduino Nano) that, among other routines, hosts the PID controller that
regulates the voltage output to the thermoelectric cooler (TEC). The
golden layer on the TEC is the mirror that is in direct contact with
the inflowing air. The thermocouple (TC) thermometer measures the
mirror temperature.

a logging speed of 52 Hz, causing one measurement cycle to be about 19 ms long. Consequently, the integration
time for the PID controller is also 19 ms. The temperature measurement (TC) is sensor-wise digitally limited
to roughly 12 Hz, which correspondingly is the theoretical maximum attainable output-frequency of our hygrometer.
The light source of the sensor is a white LED supplied with a constant voltage stabilised by a Z-diode.
The PID controller is set to hold a fixed illumination
which is equivalent to the dew point criterion on the
TEC surface. For this prototype, the target illumination
is 1150 lux. An advantage of the PID controller is that
the voltage sent to the TEC to cool the mirror is not only
proportional to the illumination signal, but also takes
into account an integral term that is proportional to both
the magnitude of the error and the duration of the error
(time the signal is off the set-point) as well as the derivative representing the past rate of cooling.
Here, the error is the deviation of the current illumination level from the target value (also called the set
point). This kind of cooling regulation minimises overmodulation or forced oscillations that result from operation of on/off controllers or simple P (proportional) controllers (Narvekar and Upadhye, 2016). A PID controller is recommended when dealing with higher order
capacitive processes (Rao and Mishra, 2014).

A dew point sensor does not need a calibration like for
example a resistance thermometer (e.g. five point calibration). However, for each sensor it is necessary to define a dew point criterion, i.e. target illumination for the
illumination sensor. This target illumination was found
by operating the chilled-mirror hygrometer next to the
SHT31 sensor in a small wind tunnel. The wind tunnel
provides a steady stream of air, with laminar flow at a
constant humidity. Correct tuning of the target illumination is achieved when the dew point measurement of the
chilled-mirror hygrometer matches that of the SHT31.
This procedure does not assure absolute accuracy of the
chilled-mirror sensor, but provides a good estimate for
the necessary target illumination.
A small offset between both sensors has been found
to yield the fastest response time for our sensor. This
bias corresponds to an undercut of the target illumination. Undercutting the illumination helps stabilising the
PID controller, i.e. minimising over-regulation, by providing a stable layer of dew on the mirror.

3 Measurement system and
measurement site for data
comparison
3.1 Research UAS
The research UAS MASC-3 (multi-purpose airborne
sensor carrier) (see Figure 2 and Table 2) is a fixed
wing airborne measurement system designed and operated by the University of Tübingen (Wildmann
et al., 2013; Wildmann et al., 2014b; Wildmann et al.,
2014a; Wildmann et al., 2014c). Depending on payload and batteries, it has a take-off weight between 5
and 8 kg and the UAS has an endurance between 1.5
and 2 hours. To reduce disturbance introduced by the
air of the MASC-3’s propeller and engine; a pusher
configuration was selected, i.e. the propulsion system
is located at the back of the aircraft. For automatic
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Figure 2: MASC-3 UAS shortly after take-off. The winch cable is
still attached to the fuselage. Photo taken at the ISOBAR campaign
2018, courtesy Astrid Lampert
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Figure 3: Sensor dome of the research UAS MASC-3 shortly before
take-off, holding the five-hole probe (brass tube), CMH with radiator
(white box with blue stripe) and SHT31 thermo- and hygrometer
(inside the white radiation shield). The green bracket is holding a
fine wire platinum resistance thermometer.

Table 2: System characteristics of the MASC-3 UAS at a usual
measurement campaign.
wingspan
total weight
sci. payload
cruising speed
endurance
propulsion
take-off

4m
≈7 kg
≈1 kg
19 m s−1
up to 2.5 h
electrical pusher engine
bungee or winch

flight control, it uses a Pixhawk 2.1 “Cube” autopilot
(Pixhawk-Organisation, 2019) to follow waypoints
defined by the ground station operator at a constant airspeed typically around 18 m s−1 .
The MASC-3 system allows in-situ high-frequency
measurements of the atmospheric flow (pressure) using a five-hole probe and air temperature using a fine
wire platin resistance thermometer, thus it is able to
resolve turbulent structures at very small scale (Mauz
et al., 2019). All measured data is stored using a logging
frequency of 500 Hz. After post-processing all data are
scaled and available in 100 Hz. Additionally to atmospheric parameters the necessary GPS positioning and
orientation angles and angular accelerations are logged
by an IMU (inertial measurement unit). A detailed description of the UAS and its instrumentation can be
found in Rautenberg et al. (2019). The chilled-mirror
high-frequency humidity sensor has been implemented
into the sensor system of the MASC-3 and can be postprocessed in the same manner as all on-board sensors.
The sensor weighs approximately 200 g and the hardware is in a 92 mm × 60 mm ×30 mm (L×W×H) box
(cf. Figure 3).

3.2 Data for comparison and measurement
site
In order to test and evaluate the system, a measurement
flight took place at the WINSENT wind-energy test site

at the Swabian Alb near the town of Donzdorf, Germany.
The aim of the WINSENT project is to evaluate the local wind field, and to investigate orographical induced
turbulence, and the stress it induces on wind energy converter blades, caused by the transition from a plateau to
low lands by a steep escarpment of about 200 m height.
The site is still in preparation, and two wind energy
converters (WECs) will be installed until autumn 2020.
At present, a 100 m tall meteorological tower (location
48.6652 N, 9.8348 E) is installed on the plateau, directly
behind the forested escarpment. The tower (Figure 4)
has a lateral distance of 80 m to the escarpment. On the
tower, meteorological parameters are measured at several heights. To minimize the impact of the tower structure on the measurements for the predominant westerly
as well as easterly winds, all sensors are installed on horizontal booms of 1 to 3 m length extending towards north
and south.
The MASC-3 measurements are captured in so-called
‘flight legs’. A leg is the straight and level section of a
UAS flight pattern (see logged flight path in Figure 5).
The UAS captured data starting at 20 m a.g.l up to
140 m a.g.l in 20 m intervals and as well in 180 and
220 m a.g.l. At each altitude, four to six flight legs were
flown. The pink ‘x’ in Figure 5 marks the location of the
meteorological observation tower. For the tower comparison, only data in-between the blue planes in Figure 5 are used. The main wind direction is 100° with
an average horizontal wind velocity of vh ≈ 5 m s−1 .
The measurements took place on August 23rd, 2019,
on a sunny day from 10:00 to 12:00 UTC (12:00 to
14:00 LT). During the flights the stratification of the atmosphere was slightly unstable and the surface temperature was 18.5 °C.
The in-house made high-response humidity sensor is compared against a capacitive humidity sensor (Sensirion SHT31) aboard MASC-3, as well as
against several capacitive hygrometers mounted on the
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Table 3: Sensors used in dew point comparison with CMH.
Location

Manufacturer

Measurand

Range

Accuracy

Meas. element

Response time

Tower
Tower

Thies
Thies

Temperature
Humidity

−30. . . +70 °C
0. . . 100 % r.H.

±0.1 K
±2 % r.H.

Electr. resistance
Capacitive

τ9 0 < 20 s
τ9 0 < 20 s

MASC-3
MASC-3

Sensirion SHT31
Sensirion SHT31

Temperature
Humidity

0. . . +90 °C
0. . . 100 % r.H.

±0.2 K
±2 % r.H.

Electr. resistance
Capacitive

τ6 3 > 2 s
τ6 3 ≈ 8 s

3.3 Data conversion
The Thies thermo- and hygrometers and the SHT31 sensor both measure ambient temperature ϑ (°C) and relative humidity r (% r.H). To convert the relative humidity
measurement (r) to dew point temperature (ϑd ), the relation given in Eq. 3.1 and the Magnus formula Eq. 3.2 are
used, giving the saturation pressure for water vapour (E)
with r ranging from 0 to 1.
(3.1)
E(ϑd ) = r · E(ϑ)


a·ϑ
(3.2)
,
E(ϑ) = E0 · exp
b+ϑ
with E0 = 6.111 hPa, a = 17.51 and b = 241.2 °C




a · ϑd
a·ϑ
(3.3)
= r · E0 · exp
E(ϑd ) = E0 · exp
b + ϑd
b+ϑ
Solving Eq. 3.3 for the dew point temperature ϑd
yields Eq. 3.4. This equation can then be used to calculate the dew point directly from the relative humidity
and ambient temperature measurement (Sonntag and
Heinze, 1982).
ϑd (r, ϑ) =

b · ln(r) +
a − ln(r)

a·b·ϑ
b+ϑ
a·ϑ
− b+ϑ

(3.4)

4 Results
Figure 4: Meteorological 100 m measurement tower at the WINSENT test site on a plateau. Capacitive hygrometers are installed at
different altitudes (23, 45, 73, 96 m a.g.l). The photograph is facing
west. (Photo taken by the author).

meteorological tower (Figure 4). The tower sensors
are Thies thermo- and hygrometers (model numbers
1.1005.54.34x) mounted at heights of 23 m, 45 m, 72 m
and 96 m (see also Table 3 and Figure 5). All capacitive humidity sensors yield data at a low temporal resolution (1 Hz), which makes them suitable for comparison at low frequencies only. Leg averages of 130 m (approximately 700 data points) of the MASC-3 measurements directly in front of the met-tower are compared to
temporal averages of the tower data using an equivalent
fetch of about 4 min, which is the same time frame as
the MASC-3 measurement took place.

This section is divided into three subsections. In the
first subsection exemplary spatial series of the CMH and
SHT31 aboard MASC-3 are examined, as well as a short
quality control is presented. Secondly, a low frequency
response evaluation and a comparison of CMH measurements to tower measurements by averaged values is
presented. Finally, the high frequency results (spectra,
structure function) are presented.

4.1 Quality control and low frequency
response
Figure 6 shows an exemplary spatial series of the
high-response CMH and the capacitive SHT31 sensor
mounted on the sensor dome (Figure 3) of the MASC-3
measured during a flyby at 120 m a.g.l. The spatial series shows that both sensors measured the same lowfrequency changes in humidity, i.e. peak position and
trend. The spatial series shows an expected dew point
distribution in a well mixed layer near the surface. The
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dew point / °C
10.5 11.0 11.5

12.0

Figure 5: Top view of the measurement site from Google Earth. The pink ‘x’ marks the position of the met-tower near the town of Stötten.
The N–S oriented flight path of the UAS is shown in yellow, tracked by the GPS system of the UAS, a green arrow indicates the easterly
wind direction. For the tower comparison only data captured in-between the two blue planes is used. The measurements took place on
August 23rd, 2019, on a sunny day from 10:00 to 12:00 UTC (12:00 to 14:00 LT).

10.0

CMH
SHT31

0

200

400
distance / m

600

Figure 6: Spatial series along the whole distance of the measurement
leg with the two sensors mounted onto the sensor dome of the
MASC UAS. Both sensors measure the same signal. Noticeable is
the constant offset between the two measurements. Also the SHT31
shows a distinct inertness (time constant of 8 s according to the
manufacturer).

Figure 7: Scatter plot of all data obtained in 30 legs in various altitudes. The measurements are block averaged over 100 data
points (1 s). The black solid line marks a 1:1 relationship, the black
dashed line takes account of the constant offset between both sensors. The red solid line is the actual linear relationship of both sensors.

peaks are advected moisture by the piggery upstream.
The correlation coefficient of both sensors for this measurement leg is 0.81. The high-response hygrometer
shows more variations and resolves small-scale changes
of the dew point temperature. It responses much faster
than the SHT31, that has a response time τ63 of 8 s, according to the manufacturer at a flow velocity of 1 m s−1 .
With τ63 the time that it takes for the sensor to measure
63 % of a signal at a change of input. Thus, the SHT31
signal shows a distinct inertness, compared to the CMH
signal.
As mentioned in Section 2.2, the chilled-mirror
hygrometer and the capacitive SHT31 sensor show a

constant offset of ca. 0.2 K that is caused by setting the
illumination target level criterion in the calibration.
For a more in depth evaluation of the measured
data of the CMH and the SHT31 sensor, Figure 7
shows a scatter plot of all measurements taken in several flight legs over various altitudes. For the scatter plot evaluation, the data were block averaged over
100 data points (1 s). Both sensors show good correlation R2 = 0.87 or R = 0.93, resulting in a good linear
regression (red line) with a slope of 0.99 ≈ 1. In the
scatter plot the dashed black line is taking account of
the constant offset between both sensors of 0.2 K and
almost superimposes with the linear regression.
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Figure 8: Spatial series of the CMH dew point temperature and the
corresponding deviation of the illumination signal. The illumination
fluctuates around 2 ‰ of its target value.

In addition to the CMH spatial series, Figure 8 shows
the measured deviation of the illumination signal (reflected light) of the CMH (purple line) from the target
illumination (red dashed line). The illumination signal is
the input parameter for the PID controller that regulates
the voltage applied to the TEC. The maximum deviation
in this exemplary measurement is approximately 2.5 ‰
from the target illumination (±3 lx at 1150 lx). A constant illumination is equatable to an equilibrium of evaporation (of condensed dew) and condensation (of water
vapour). Thus, the mirror coating is held continuously at
the mirror with only remaining insignificant variations.
These are the variations that induce the PID regulation,
but are kept down to a very minimum of ±3 lx.
To rule out that changes of the ram air affect the illumination, the measured flow angles (angle of attack and
sideslip) for the exemplary flight leg in this study are
calculated and shown in Figure 9. The angle of attack
is the angle between the body’s reference line (longitudinal axis through the fuselage of the UAS, i.e. back to
front) and the oncoming flow in the vertical direction.
The side-slip is the angle relating to the rotation of the
aircraft centreline from the relative wind.
The blue and pink line are the angle of attack and
side-slip of the airflow. The purple line is the measured
illumination. The correlation coefficient between the illumination and alpha or beta equals 0.15 and −0.08 respectively. Note, that for this study, and for turbulence
measurements in general, if a correlation is calculated
in the order of r ≈ |0.2| to |0.25| and it can be seen as a
criterion of ‘not correlated’. Hence, it can be concluded
that at least for these angles, the CMH operates independently and is not affected by slight flow variations.

4.2 Comparison with tower data
Figure 10 shows averaged data of the available flight
legs for each altitude. The offset between CMH (black)
and SHT31 (red) is clearly visible. the tower measurements are seemingly systematically lower than the UAS
measurements at low altitudes and systematically higher
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Figure 9: Flow angles alpha (angle of attack) and beta (side-slip)
in degrees and absolute illumination at the TEC surface. A moving
average over 50 data points (0.5 s) has been applied onto the time
series of the flow angles.

Figure 10: Measured dew point temperatures with a capacitive humidity sensor SHT31 and the CMH aboard the MASC-3 UAS. The
measurements marked in orange are from capacitive hygrometers
mounted on a meteorological tower about 50 m downstream.

at high altitudes, even if there is no clear explanation for
that at the moment. It might be that the installation position on the met-tower influences the measurement, a
calibration error or drifting of the capacitance sensor.
Each level shows six data points, with each point corresponding to the one of the six flight-leg’s sections of
ca. 130 m. The standard deviation for the measurements
at each level is approximately 0.1 K. The orange circles (Figure 10) are the values obtained from the Thies
hygrometers on the meteorological tower, which is located approximately 50 m downstream of the MASC-3
flight path. Averages of each tower level were obtained
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Figure 11: Frequency response ( f ) from an average power spectrum
calculated from 14 measurement legs over the first four altitudes.

over a time window of approximately 4 min during
which the MASC-3 UAS measured at the corresponding
altitude, i.e. one average over the whole duration of all
six flight legs. For a horizontal wind speed of approximately 5 m s−1 , this window corresponds to a 1250 m
fetch. Considering that the location of the tower sensors and MASC-3 flight-sections of each leg do not coincide, the averaged tower-based data is in good agreement (ΔK ≈ 0.5–1 K) with the MASC measurements.

4.3 High frequency response
The main goal of developing a high-frequency humidity sensor for an unmanned airborne platform is to measure humidity fluctuations related to atmospheric turbulence. Consequently, the sensor requires a temporal resolution of at least 5–10 Hz to resolve eddies of 2 m size
when measuring at an air speed of 20 m s−1 . For the
high frequency analysis, power spectra of the CMH
signal are evaluated. Figure 11 shows the average of
14 power spectra captured at the lowest four measurement altitudes (20, 30, 40 and 60 m a.g.l). The spectrum
shows resolved turbulence in the inertial sub-range up to
ca. 10 Hz, visible by the black curve following the Kolmogorov (1941) five-thirds law (red line). For higher
frequencies a bend is visible.
As a second quality check of high-frequency response functionality, the structure function D of a single
leg is calculated. The eddy-size distribution of a turbulent flow in the inertial sub-range, or the local structure
of a turbulent flow, was first and foremost quantified using the (auto-) structure function (Kolmogorov, 1941),
see also Bange (2009) and Wildmann et al. (2013).
Dφ(τ)

1
=
D−τ

D−τ

dt [φ(t + τ) − φ(t)]2

(4.1)

0

where τ is the lag or shift, φ is the physical quantity, D is
the total length of the time series and t is the time.
To simplify the interpretation of structure functions,
they can be normalized by dividing by twice the variance

Figure 12: Exemplary structure function D of a measurement along
a flight path in 120 m a.g.l in front of the meteorological tower. The
red line is the reference lag2/3 .

of the corresponding time series:
⎧
⎪
⎪
⎪
⎪0 : fully correlated
Dφ
⎨
= ⎪1 : non-correlated
⎪
2σ2 ⎪
⎪
⎩2 : fully anti-correlated

(4.2)

Now, it is desired that the investigated data follows
the t2/3 line to the lowest lags possible, since the lowest
point of parallelism is equal to the time constant of the
sensor.
The structure function in Figure 12 shows a near
parallel distribution to the Kolmogorov distribution (red
line). Clear deviations from this line are observed for
τ < 0.1 s, or 1/τ = 10 Hz. This is in accordance with
the characteristics observed in the averaged spectra presented in Figure 11. At the low frequency end the Kolmogorov inertial sub-range of locally isotropic turbulence is left at about 5 s. With an average flight velocity of 18 m s−1 this corresponds to eddies with diameters
of 90 m, and might mark the beginning of the turbulent
production range due to the relatively low flight altitude.
The minor deviations from the ‘ideal’ Kolmogorov distribution between 0.1 s and 5 s could be explained by the
heterogeneous inflow due to the complex terrain (escarpment, forests).

5 Conclusions and outlook
The first measurements of the in-house built highfrequency CMH aboard of an UAS type MASC-3 show
good agreement compared to two industrial-made capacitive sensor types. One of the capacitive sensors is
directly mounted next to the CMH and in good agreement with it (it shows the same peaks and trends). An
offset of the CMH with respect to the capacitive sensor is related to the calibration that optimizes the sensor’s data output. Due to the same mean variation of the
CMH and the SHT31, we estimate an achieved accuracy
of the CMH of ±0.2 K. For obvious reasons the hygrometers mounted on the meteorological observation tower
do not measure identical values as the MASC-3 based
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sensors. Nonetheless, the averages of the tower measurements are in good agreement with the UAS-based measurements. Considering the difficulty in comparing mobile line data to tower data, we find all sensors in good
accordance (0.2 K off-set between both sensors aboard
the UAS) to each other.
Concerning the high-frequency response of the
CMH, it can be concluded that the CMH resolves the atmospheric dew point up to ≈ 10 Hz. Taking all measurements and the frequency response evaluation into account, the overall accuracy is promising. Measurements
to compare the CMH sensor against absorption highfrequency instruments are planned. This will then allow for a comparison of turbulent latent heat fluxes. All
measurements have been made along straight flight legs.
The CMH is optimised for a constant air flow (constant
TAS), regulated by the Pixhawk autopilot. Also changes
in air flow are not critical as long as these changes occur
slowly. It has been shown that the CMH sensor is not
prone to small variations in flow angles (Figure 9).
The presented sensor has been assembled out of
spare parts (TEC, mirror, TC). The signal processing is
based on a microcontroller. In our first attempt an Arduino Nano has been chosen. A possible next step is
using a more powerful microprocessor. This would increase the logging/processing frequency and therefore
decrease the regulation intervals of the PID controller.
A more precise and instant regulation of the TEC would
then be possible. Another major improvement can be
done by upgrading the temperature measurement. At the
moment the TC read-out is one of the bottlenecks of the
sensor.
Yet, a faster read-out of the temperature measurement does not equal a faster sensor. An important factor
is also the thickness of the mirror, and TEC insulation.
The thicker (and bigger) all these components are, the
higher is the cumulative heat capacity that slows down
heat transfer. An ideal TEC (or CMH) should have a heat
capacity of zero, thus this is not possible, since all parts
inherit mass. However, the cumulative heat capacity can
be minimised by downsizing the TEC and mirror.
The next step is to improve the aerodynamics of the
sensor. This contributes to the complete sensor system
and handling of the aircraft. Also the inlet for the ram
air will be reaching farther into the undisturbed air, to
minimise the impact of the fuselage and its boundary
layer.
In this study the presented prototype was equipped
on an UAS. It is also possible to use the CMH system
in eddy covariance (EC) stations once the sensor is
ventilated properly. The CMH can also be used in still
air, as long as the heat sink is cooled down properly.
It is also possible to tune the PID controller to other
wind/flow conditions than in the present case.
The CMH can also be calibrated against an absorption hygrometer (e.g. IRGASON, a combined gas analyser and sonic anemometer) to determine the absolute accuracy of the sensor. At the time of the study, no such
high accuracy hygrometer was available.
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