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Abstract

Two types of temperature sensors are designed and tested, a thermocouple and a
fine wire resistance thermometer. The intention of this study is to figure out which kind
of measurement principle is in general more suited for atmospheric boundary layer
meteorology with small RPA. The sensors are calibrated in a NIST traceable climate
chamber and validated in flight against tower measurements, radiosondes and remote
sensing. The sensors have a measurement range of at least —10...50° C, an absolute
RMS error of less than +0.2 K which is stable over the lifetime of the sensors, and a
resolution of about 0.01 K. Both devices are tested for typical errors like radiation error
and adiabatic heating, as well as for their dynamic response. Spectral resolutions of up
to approximately 10 Hz can be obtained with both sensors, which makes them suitable
for turbulence measurements. Their low cost of less than 100 EUR in pure hardware is
a major advantage for research with small RPA.

1 Introduction

In-situ observations in the atmosphere are of highest interest for weather nowcasting,
forecasting, avionics and fundamental research. Measuring with aircraft has been a
field of research for as long as aircraft exist (Neisser et al., 2002). A good overview
of systems and strategies for airborne measurement of wind, temperature, and many
other quantities is given in Lenschow et al. (1986), and other specialist literature
(Wendisch and Brenguier, 2013; Emeis, 1995). An important aspect for the energy
budget of the earth are the turbulent fluxes and turbulent structures of the atmospheric
boundary layer (ABL) (Garratt, 1992). For the sounding of the atmosphere, numer-
ous different methods are available nowadays: ground based measurements, tower
measurements, vertical soundings with radiosondes or tethered balloons, aircraft and
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helicopter measurements as well as remote sensing with radar’, lidar®, sodar® and
RASS*, to mention only the most common instruments (Kaimal and Finnigan, 1994).
Especially for the measurement of spatial averages of fluxes over heteorogenous ter-
rain, groundbased, tower and radiosonde measurements are not suitable, because
they are spot measurements which rely on the assumption of terrain homogenity to
calculate fluxes (Bange et al., 2006). Therefore, aircraft are much better suited instru-
ments for these kinds of measurements. They can cover a wide area and perform
in-situ measurements that do not rely on model assumptions of the atmosphere like
e.g. remote sensing instruments do.

In contrast to stationary temperature measurements, sensors in airborne applica-
tions are facing specific requirements due to their operation on a moving platform in
high stream velocities. While some issues like robustness or electromagnetic compati-
bility have to be addressed in the design process, other error sources like the heating of
the sensor due to the conversion of kinetic energy to heat at the sensor surface have to
be considered in the data analysis. The most commonly used temperature sensor for
airborne research is the Rosemount Total Air Temperature Sensor (Rosemount, 1986).
It was used in many meteorological campaigns with manned aircraft and systemati-
cally investigated. For example Friehe and Khelif (1992) tested the sensor against an
NCAR K sensor and a modified Rosemount probe to find out about time responses,
adiabatic heating effects and recovery factors. Inverarity (2000) found methods to cor-
rect the dynamic system of the Rosemount probe to measure more precise vertical
profiles. Haman et al. (1997) designed a new sensor called “ultra-fast thermometer”,
which design-wise makes it possible to measure in clouds without contamination of the
measurement wire with cloud droplets. It uses a 2.5 um platinum tungsten wire which

'Radio Detection and Ranging

2Light Detection and Ranging
®Sound/Sonic Detection and Ranging
*Radio acoustic sounding system
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makes it fast enough to make time response corrections obsolete. All these sensors
are designed to be installed on manned aircraft, they are not optimised for small size
or light weight.

Smaller sensors for airborne temperature measurement can be found in the context
of radiosondes for vertical sounding of the atmosphere up to 30 km. These sondes
need to be lightweight to be able to rise and be of low cost, because once released it
is not guaranteed that the instrumentation can be recovered. Commercially available
sondes work with thermistors or capacitive wire technology for temperature measure-
ment. Typically, the wires used in these commercial sensors are coated or protected
in some way to make them more robust at the cost of response time. Radiosondes
are not suitable for turbulent flux measurements, because they only rise vertically. At
ascent rates below 10ms~"' and time constants < 1 s, the blur in the allocation of the
temperature reading to the corresponding altitude has a maximum size of 10 m. For
their purpose of vertical soundings up to a few kilometers this is an acceptable error.

While meteorological measurements with manned aircraft and radiosondes are fre-
quently performed, measurements with small unmanned systems are relatively new
and not well established so far. Nevertheless, numerous different systems have been
build up within the last decade and proved to produce valuable data (Martin et al.,
2011; Reuder et al., 2009; Spiess et al., 2007; Dias et al., 2012; van den Kroonen-
berg et al., 2008). In general, the possibilities for meteorological measurements with
small RPA are in between manned aircraft measurements and radiosonde soundings.
Modern autopilots make it possible to fly predefined paths, even take off and land auto-
matically if desired. Compared to manned aircraft their cruising speed is typically lower
(20—30ms'1). The security standards are not as high as with manned aircraft, which
in general makes them a more flexible tool, but the lack of harmonized rules in avia-
tion authorities can cause additional limitations for flight permissions. Their application
off-road makes it more likely that rough landings will damage a sensor. The space
and payload capabilities are rather comparable to a radiosonde than a large research
aircraft.
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This work gives a description of two kinds of temperature sensors for the application
on small unmanned aircraft for boundary layer meteorology. One sensor is based on
a thermocouple, while the other one is a fine wire platinum resistance thermometer
(FWPRT). Both sensors were calibrated and tested in a laboratory, before doing in-
flight measurements and comparing the results with stationary measurements from
a 99 m meteorological tower, as well as remote sensing measurements from a sodar
and wind profiler. The goal is to be able to measure atmospheric temperature with a
reasonable accuracy and sufficient resolution to also resolve turbulent fluctuations with
both kind of sensors. By describing the advantages, disadvantages and problems in
design and application, a guidance is given towards finding the best suitable sensor
for individual RPA applications. It will be shown that these kind of sensors can be built
on low cost and that typical errors for temperature measurement can be avoided or
corrected.

2 Sensor design
2.1 Requirements

The temperature sensors described here are designed for the purpose of measuring
mean temperature in the ABL, but also turbulent heat fluxes. As the target value of
absolute accuracy in mean measurements, £0.1 K is strived for. Although this accuracy
is not critical for the evaluation of thermal stratification or turbulent transport, it can still
be of relevance if complementary measurements with ground based, remote sensing
or other airborne instruments are performed. A higher absolute accuracy than £0.1 K'is
hardly achieved by commercial instruments, including the reference instrument in the
used calibration chamber. Therefor this value is chosen as the target value for the new
sensors.

Typical values for temperature fluctuations in different regimes are given for a field
experiment in Wangara (Stull, 1988), stating that in a convective regime, fluctuations

3093

AMTD

6, 3089-3127, 2013

Fast temperature
sensors on small
RPA

N. Wildmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

0p < 1K are to be expected, and in the stable regime the fluctuations are much smaller
(09 < 1072 K). From this example alone it can already be seen that it is important to
measure temperature with a resolution and precision equal or better than 0.01 K.

Short response times are important to measure as far as possible into the inertial
subrange of turbulence (Kolmogorov, 1941) to minimize the error in flux measurement
introduced by neglecting small scale turbulence. In the boundaries of solid state tem-
perature sensors that are robust enough for the application on small RPA, a response
time smaller than 0.05s (20 Hz temporal resolution) is considered a target value. Ta-
ble 1 gives an overview over these requirements.

2.2 Interfaces and data collection

Both sensors that are described here were developed specifically for the application on
a small UAV. The measuring system they are connected to is called AMOC (Airborne
Meteorological Onboard Computer) and was developed in cooperation with the Uni-
versity of Applied Science Ostwestfalen-Lippe. The computer is based on two STM32
microcontrollers and interfaces to an Inertial Measurement Unit (IMU) and a GPS re-
ceiver. To be able to connect various other sensors, including the two temperature
sensors described here, a 16 channel analog-digital-converter (ADS1258 by Texas In-
struments) with 24 bit resolution (15-bit noise-free) and an input range of 0-5 V is
integrated. All data is stored on a micro-SD card with a sampling rate of 100 Hz and
is also transmitted to a groundstation computer for live observation at a rate of 1 Hz.
In standard configuration, the whole measuring unit also includes a combined humid-
ity and temperature probe (PCAP) and a five-hole probe (5HP) to measure the true
airspeed vector (van den Kroonenberg et al., 2008). A block diagram of the system is
given in Fig. 1.
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2.3 Thermocouple

Measurements with a thermocouple are in first place always differential measurements
between the measurement junction, where the thermocouple wires of unequal alloys
are welded together, and the point where the thermoelectric voltage is amplified, or
converted to a digital signal. Ideally this point should be in thermal equilibrium with
the point where the thermocouple wires are physically connected to the electronics,
in order not to measure temperature gradients in the measuring system. The big ad-
vantage of this method is the possibility to manufacture thin, long thermocouple wires
to make point measurements of temperature in remote locations with a very short re-
sponse time. To get the true absolute temperature, the differential measurement of the
thermocouple always has to be added to a measurement of the cold junction temper-
ature (Michalski et al., 1991). Therefore, a well-defined cold junction of the sensor is
essential. A possibility to implicitly account for the cold junction temperature is to gen-
erate a voltage at the cold junction that corresponds to the thermoelectric voltage of
the chosen thermocouple type for a temperature difference of the actual cold junction
temperature. This voltage can then be added to the thermoelectric voltage of the ther-
mocouple itself in an analog circuit, which after amplification and multiplication with the
correct calibration coefficients gives an absolute temperature reading. An integrated
circuit which takes care of this, is the LTKOO1 by Linear Technology. This chip is used
in the design shown in Fig. 2

For this setup to work, it is essential that the temperature sensor inside the LTK001
measures the true temperature of the cold junction. If there are gradients between
soldering junction of the thermocouple wire and the chip, or if the temperature sensor
inside the chip responds too slow to a sudden change in temperature, the temperature
reading can be corrupted. To reduce these effects, the whole electronic components
including the thermocouple connection were coated in insulating foam (Fig. 2).

Another method to get even more accurate absolute temperature readings from
the thermocouple is a complementary filter. This means, the thermocouple signal is
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high-pass filtered and added to a signal of a complementary temperature sensor that
has a low-pass filter with the same cut-off frequency as applied for the high-pass of
the thermocouple. The complementary sensor has to be a more stable and accurate
temperature sensor that is also in the flow and responds just fast enough to sense the
frequencies that are corrupted by wrong cold junction readings of the thermocouple.
For this purpose a PT1000 was installed in close distance to the thermocouple on the
RPA. The resistance of the PT1000 is measured with the PCAPO1 signal processor by
ACAM Messelectronic, which is also responsible for the measurement of a capacitive
humidity sensor. This combined sensor is referred to as PCAP in this article. Figure 3
shows a sketch of all the sensors and temperatures involved in the current design. The
thermocouple was build and tested with two different wire diameters (25 and 13 um).
The thermocouple type E (CHROMEGA® chromium nickel alloy and Constantan®) was
chosen due to its chemical resistance and high sensitivity (60.9 pV K").

For all measurement results for the thermocouple in the following, the complemen-
tary filtered signal is used. It showed the more trustworthy results compared to the
internal cold-junction compensation of the LTK001. The amplification of the pure ther-
mocouple voltage is chosen to achieve a sensitivity of 20 mV K. Typical noise level for
the whole measuring chain is 0.15mV, so a resolution of 7.5mK is realistic. The mea-
suring range is adjusted to —10...240°C. The precision and stability of the operational
amplifiers that are used in the design is in the puV range, which is orders of magnitude
better than the required precision.

2.4 Fine Wire Platinum Resistance Thermometer (FWPRT)

The FWPRT was designed based on Harrison and Pedder (2001). Few adaptations

were done in the choice of operational amplifiers, and a printed circuit board was de-

signed to reduce noise and size of the setup. The basic principle of the circuit is a

linearized Wheatstone Bridge with current output, which is in the final step amplified

and converted to a 0-5V signal corresponding to approximately —10 to 50 °C measur-

ing range. The measuring range can easily be adapted by the choice of the reference
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resistor in the Wheatstone Bridge. One source of error that can already be adressed
in the design process is self-heating of the fine wire. The bridge is designed and simu-
lated to have a measuring current through the platinum wire of 0.6 mA. If we take into
account that we have forced convection on the wire in flight, we can set up a power
budget £, = P, which relates the power introduced by the measuring current P, = R-I?
and the convective heat loss P, = a- AAT, to calculate the maximum self-heating of
the wire:

R-I?
ATgy = 7 A (1)
where ATy, is the temperature change due to self-heating, 7 = 100 Q is the resistance
of the platinum wire, / = 0.6 x 1073 A is the measuring current, a is the heat transfer
coefficient calculated from the Nusselt number (0.39 + 0.51 -Re®°, with Re = Reynolds
number) and the molecular thermal conductivity of the air at a specific airstream veloc-
ity, and A = 3.7 x 107° m? is the curved surface area of the wire (Foken, 1979). Figure 4
shows the theoretical self-heating for these values over a range of airspeeds calculated
with Eq. (1). It can be seen that for this measuring current, self-heating effects are two
orders of magnitude smaller than the goal for measurement accuracy and thus can be
neglected.

The platinum wire of 25 and 13 pm respectively, is wrapped around the printed circuit
board with minimum contact to the board itself, as can be seen in Fig. 5. It can also
be seen that the wires are aligned in flight direction, which will theoretically minimize
the effect of adiabatic heating of the wire. The resistance value of 100Q is a good
compromise considering resolution, wire length and self-heating. Reducing wire length
to get closer to point measurements will also reduce the resistance. A higher resistance
gives better resolution, but the measuring current will necessarily increase, which leads
to higher self-heating. The sensor has a sensitivity of 80 mV K fora measuring range
of —10...50°C. The noise level is equivalent to the thermocouple circuit, so that a
resolution of 1.8 mK is reached. Like in the thermocouple circuit, operational amplifiers
were chosen that have a gain stability and precision that outranges the requirements.
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3 Validation flights
3.1 The test site

An experiment was performed in September 2012 at the test field of the German Na-
tional Meteorological Service (Deutscher Wetterdienst — DWD) close to Lindenberg,
Germany. The site is located at 52.16143° N, 14.13071° E in North-East Germany in a
heterogenous, but nearly flat terrain. Approximately 200 m from the take-off location for
the RPA, a 99 m tower with meteorological instruments at 6 heights, including temper-
ature, humidity, wind speed and wind direction measurements is installed. The tower
is also equipped with sonic anemometers at two levels (50 and 80 m) for turbulence
measurements. Besides the tower, there are also various remote sensing instruments
installed on the test field. For comparison of temperature measurements, a sodar and
a 482 MHz wind profiler can be taken into account, which both measure virtual tem-
perature of the atmosphere along with wind speed and wind direction (Engelbart et al.,
1999, 1996; Engelbart and Bange, 2002). Additionally, every six hours, a radiosonde
is released in Lindenberg for soundings of temperature, humidity and wind.

3.2 The RPA system MASC

The platforms that are being used at the University of Tubingen to perform meteorolog-
ical measurements are small RPA named MASC (Multi-purpose Airborne Sensor Car-
rier), which were developed in-house in cooperation with a local model aircraft builder.
The MASC airframe as shown in Fig. 6 is an electrically powered motor glider aircraft
of 3.00 m wingspan and a maximum take-off weight of 6 kg. In standard configuration
with meteorological payload, the weight does not exceed 5.5 kg. A flight endurance of
at least 40 min is possible at this weight with minimum battery load, which corresponds
to a travelling distance of more than 50 km at a travelling speed of 22ms™. Tests in
the windtunnel showed that the pusher motor does not effect the measurement system
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at the fuselage tip. Only very little flow disturbance was found due to the fuselage itself
at typical airspeeds.

The aircraft are equipped with the autopilot ROCS (Research Onboard Computer
System), which is developed at the Institute of Flight Mechanics and Control (IFR) at
the University of Stuttgart (Haala et al., 2011). It was originally developed for pho-
togrammetric applications and specifically adapted to the needs of meteorological ob-
servations. The autopilot makes it possible to fly pre-defined flight patterns automati-
cally, guaranteeing a constant airspeed of 22-24 m s~ and a level flight with deviations
in altitude of less than 2 m in straight legs.

3.3 The experiment

The experiment was carried out in late summer 2012 from 21 September to 23 Septem-
ber. Two MASC systems were operated in this period. While at the first and third day
of the experiment fair weather allowed a total number of 15 measurement flights with
the system, the second day with more gusty winds and light rain was only used for test
flights and technical improvements on the system. Several flights were done specif-
ically to validate the temperature measurements of the two sensors described here.
Two flights were performed flying squares with a size of 600 m around the tower at
three heights where sensors are installed on the tower (60, 80 and 98 m). Another two
flights were done at the time when radiosondes were released to measure vertical pro-
files between 60 and 500 m and compare the results. Figure 7 shows the flight paths
for these two maneuvers. For comparison with the tower, the aircraft remained at each
altitude for eight to ten minutes to have the same averaging period as the tower data.
During straight and level flights, the standard deviation of barometric altitude is below
0.5m. Including the bends, it is still below 2m. Lateral deviations from the given track
are within 2 m. For the vertical profile, a constant climb rate of about two metres per
second was chosen.

All temperature sensors involved were calibrated in a NIST (National Institute of
Standards and Technology, USA) traceable climate chamber for a range of 15-50 °C.
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3.4 Results

The results of the comparison flights with the tower at three levels can be seen in Fig. 8.
All flights show that the FWPRT measures a temperature that is constantly higher than
the temperature measured at the tower. The two flights at the 21 September were done
with exactly the same FWPRT sensor, on the 23rd another FWPRT sensor of the same
type was used. The sensor used on the 23rd has a slightly bigger offset of about 0.6 K,
compared to 0.4 K at the 21st. The PCAP sensor that is being used for filtering with the
thermocouple systematically shows a lower measurement of about 0.2 K compared
to the tower. These constant errors can be interpreted as calibration errors and are
easily corrected by substracting the measured offset. Analyzing all 10 min averages
that were possible to extract from airborne measurements throughout the experiment, it
was found that a mean error of —0.26 K with a standard deviation of 0.1 K for the PCAP
sensor and a mean error of 0.46 K with a standard deviation of 0.09K for the FWPRT
was measured (see Fig. 9). The requirement of 0.1 K hence can be hold throughout
the experiment, if a calibration offset between the sensors is substracted once. The
random errors include possible errors due to a bias between tower instrument height
and controlled aircraft altitude, which can be up to 10m. An error in altitude of this
order at a lapse rate of 0.01 Km™" will result in a temperature error of 0.1 K, which is
in the range of the standard deviation. Another possible error source is the fact that
the aircraft measurement is a spatial average, while the tower measurement is a point
measurement. In laboratory conditions in a climate chamber, the sensors never exceed
0.1 K deviation with a quadratic fit over the whole calibration range. The experiment in
Lindenberg could only cover a small range of temperatures. To find out if the error of
the sensors are larger close to the edges of the calibration range or even beyond, more
flight tests are needed.

Figures 10 and 11 show the result of the temperature sensors for two sequential verti-
cal profiles at 11:00 UTC and 17:00 UTC respectively, in comparison to all other temper-
ature measurements that are done at the test site in Lindenberg. For better comparison
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with the remote sensing systems, the RPA, radiosonde, and tower measurements are
converted to virtual temperature according to the equations in Appendix A. Looking at
all profiles, it can be seen that here as well, the FWPRT has an offset to the tower of
about 0.5K. The offset to the radiosonde and the wind profiler is slightly bigger. For
the FWPRT, the lapse rate of virtual temperature is very well captured by the sensors
and ascends and descends do not show remarkable hysteresis, which shows that the
sensor’s time response is fast enough for the given climb rate. At 11:00 UTC, the ra-
diosonde measures a higher lapse rate close to the ground which is neither captured
by the tower, nor by the RPA. At 17:00 UTC, RPA, tower and radiosonde profiles have
the same shape down to the ground. Most probably a local effect in the area where the
radiosonde was released, which is approximately 3.5 km from the 99 m tower, is the
reason for this difference in shape close to the ground between the measurements at
11:00 UTC. Thermocouple measurements (Fig. 11) show a strong hysteresis, which is
due to the PCAP sensor, which is not able to adapt fast enough to temperature changes
for the given climb rate and the thermocouple’s reference junction is not stable enough
to make it possible to fill the gap to lower frequencies with pure thermocouple mea-
surements.

4 Discussion of measurement errors

Two of the error sources that are most cited if it comes to temperature measurement
with aircraft are radiation errors and errors due to adiabatic heating of the sensor ele-
ment (Breitkopf and Kim, 1980; Foken, 1979; Daniels, 1968; Shannon and B.W., 2003).
The measurement campaign in Lindenberg was also used to investigate these errors
for the two sensor types described above. Condensation or icing, which both have fatal
effects on measurements with fine wires, will not be considered.
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4.1 Radiation error

To figure out the effect of radiation on the sensors, square pattern flights were chosen
as well. In these flights, the aircraft was flying in all four main geographic directions.
The flights were performed at late morning, between 10 and 11 a.m., with the sun in a
south-easterly position (azimuth ~ 135°, elevation ~ 30°). The sensors are installed on
the RPA in a way that for flights in North and East direction, sun was shining on the
sensors, but in South and West direction, the sensors are shaded by the RPA itself. For
FWPRT measurements, no significant offset between different flight directions could be
found. For thermocouple measurements, an effect could be observed and is shown in
Fig. 12 (left). It shows mean values for each leg in the square, colored according to the
flight direction. For each square the temperature rises, but a constant offset between
counterdirections of about 0.5K is observed. The source for this offset is the PT1000
on the PCAP sensor. Repeating the same pattern with a shield around the PCAP sen-
sor gives much better results with no significant offset between all directions (Fig. 12,
right). The shield is made of a 2cm diameter carbon tube covered with white adhesive
film that completely covers the PCAP electronics. This result agrees with experiments
performed in a wind tunnel using a light bulb as radiation source and exposing the sen-
sor system with and without radiation shield. The fact that FWPRT measurements and
also the pure thermocouple signal do not show this significant radiation errors shows
that with fine wires of the diameter used in this system, at an airspeed of 20ms™’,
hardly any radiation error is to be expected. In windtunnel experiments the radiation
input was increased to a much higher level than in the test flights, radiating the sensors
with up to 800 W m'2, which corresponds to a hot summer day (see Fig. 13). The times
when the radiation was switched on and off can clearly be seen in the PCAP mea-
surements, while the FWPRT reacts with less than 0.2 K deviation from the windtunnel
internal temperature trend.
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4.2 Adiabatic heating

Adiabatic heating of a sensor occurs when the air is decelerated at the sensitive ele-
ment of the measurement instrument. The kinetic energy of the air is transformed to
heat. This heat leads to higher measurements compared to the static temperature. In
theory, adiabatic heating can be described with the following adiabatic equation:

Ts=r-T, ) 2
s—r'm<Ft> ()

where T is the static temperature of the air, 7, the temperature measured by the sen-
sor, P the static pressure, A, the total pressure including the dynamic pressure at the
sensor and « = /?d/Cp ~ 0.28571 the Poisson constant (ratio of the gas constant and
the specific heat). Using this equation with boundary conditions of 293 K measured
temperature, static pressure of 1000 hPa and an airspeed of 25m s leading to a to-
tal pressure of 1003.70 hPa, the measured temperature is ~ 0.3 K higher than the true
static temperature. In reality, the air is not only decelerated at the sensitive part of the
sensor. The geometry of the sensor plays an important role for the effect of adiabatic
heating. This is typically considered by the introduction of a recovery factor r. The value
of this recovery factor has to be evaluated in experiments (Breitkopf and Kim, 1980).
To see if the adiabatic heating effect does play a role at all for the sensor under inves-
tigation, the cross-correlation between temperature measurement and airspeed in a
measurement flight at constant altitude can be calculated. Figure 14 shows the results
for the FWPRT and the thermocouple respectively. Both maximum correlation coeffi-
cients are below 0.1. This is considered small enough to neglect errors of adiabatic
heating in future experiments.
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5 Spectral responses

To measure turbulent fluxes of heat, it is important to be able to resolve eddies as far
as possible into the inertial subrange of turbulence. A spectral analysis of the mea-
surements shows how high the temporal resolution of the sensor is, if the result is
compared to the Kolmogorov law of locally isotropic turbulence in the inertial subrange
(Kolmogorov, 1941). For the spectral analysis, the experiment in Lindenberg was not
useable, due to internal noise caused by the telemetry system. This noise could be
seen on all analog signals and was especially critical for thermocouple measurements
due to the small voltage signal of this sensor. It could be clearly assigned to the teleme-
try, because it appeared at the same frequency as the downlink frequency. The issue
was resolved and an experiment explicitly for spectral analysis was carried out close to
Stuttgart, Germany. Again, box patterns like in Fig. 7 (left) were performed at a constant
altitude of 150m.

From the spectra in Fig. 15, it can be seen that for the 25 pm wires, the thermocouple
seems to be able to resolve turbulent fluctuations of up to 20Hz already, which is
basically disturbed by electrical noise on higher frequencies, a problem that cannot
be resolved by the use of thinner wires, only by an increased noise-free resolution of
the thermocouple circuit. The FWPRT sensor of that wire diameter is already leaving
the Kolmogorov slopes at 5Hz. A possible reason is the greater length of the wire at
this diameter compared to the thermocouple wire. Additionally to the power spectrum,
the structure function according to Kolmogorov (1941) and Appendix B was calculated
and is illustrated in Fig. 16. Here as well, the measurement of the FWPRT leaves the
predicted slope much earlier than the thermocouple measurement.

6 Conclusions

In this study, two temperature sensors for airborne flux measurements in the atmo-
spheric boundary layer were developed and tested extensively. Section 2 introduces
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the requirements and explains the system design. The resolution and measuring range
can already be guaranteed in the design process and is therefore met for both sensor
types. Section 3 shows that each of the sensors has the ability to measure temper-
ature within the desired accuracies, if calibration offsets are substracted. Section 4
discussed the typical errors in airborne temperature measurements like radiation error
and adiabatic heating and showed that for the given sensors these are small enough
to be within the total accuracy of the sensors. Last, the spectral response of thermo-
couple and FWPRT were compared in Sect. 5. While the thermocouple in the current
configuration is already able to resolve turbulent eddies up to 20 Hz and therefor meet
the requirement, the spectral response of the FWPRT measurement attenuates much
earlier (~ 5Hz). The slow response of the FWPRT is considered to be caused by the
long wire length at 100Q. Each sensor has certain advantages and disadvantages.
While with thermocouple circuits it is most critical to provide a well-designed cold junc-
tion and an appropriate temperature measurement of the cold-junction temperature to
achieve good total accuracies, the FWPRT with same diameter needs to have a well-
designed wire-winding to get as close as possible to a point measurement and achieve
correct temperature fluctuation measurements at high frequencies. In future designs of
thermocouple circuits, more effort has to be taken into a well-measured cold-junction
temperature to make it a standalone temperature sensor for both, good absolute accu-
racy and fast response. Alternatively, the result of the thermocouple measurement can
also be complementary filtered with the FWPRT sensor. Future designs of the FWPRT
sensor can be done with even smaller wire lengths and diameters to get closer to point
measurements. It still needs to be proven that these are the reasons for the poor per-
formance in measuring turbulent fluctuations. However, smaller diameters will lead to
higher costs, because thinner platinum wire is more expensive and also more sensitive
to rough conditions in flight. With the 25 um wire, the sensor was never destroyed in
flight, while tests with 13 um did not withstand one rough landing.

Each of the sensors — as they were tested in this study — have pure hardware and
manufacturing costs of less than 100 EUR. Therefore, these types of sensors are the
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ideal equipment for fast temperature measurements aboard small RPA of type MASC
or even smaller.

Appendix A

Virtual temperature

To calculate virtual temperature from each instrument under investigation, the relative
humidity and barometric pressure measurements of the respective system is used.
First the saturation water vapor E for the measured static temperature T (in °C) is
calculated:

E =6.107 x 102507 hPa (A1)
The saturation water vapor E is multiplied with the measured relative humidity value ¢
to get the actual water vapor partial pressure e:

%
e=——:-FE
100 %
Mixing ratio m is calculated using the instrument’s barometric pressure measurement

ps and water vapor partial pressure e:

(A2)

e

m = 621.97- (A3)

S

Finally, virtual temperature 7, is calculated from measured temperature 7 and mixing
ratio m:

(A4)

T, = (T +273.15). (1 . 061 'm)

1000
Virtual temperature is the temperature at which a dry parcel of air would have the same

density as the measured moist parcel of air.
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Appendix B

Structure function

The structure function is a statistic to show common variation. The eddy-size distri-
bution of a turbulent flow in the inertial subrange, or the local structure of a turbulent
flow was first and foremost quantified using the (auto-) structure function Kolmogorov
(1941); Bange (2009).

D-1
Dy(1) = DL_T / dt [t +7) - p(1)]? (B1)
0

where 7 is the lag or shift, ¢ is the phyiscal quantity, D is the total length of the time
series and ¢ is the time.

To simplify the interpretation of structure functions, they can be normalized by divid-
ing by twice the variance of the time series:

Dy 0 : fully correlated
— =19 1:non-correlated (B2)
20 2 : fully anti-correlated.

Acknowledgements. We would like to thank Frank Beyrich and Udo Rummel for the provision
of data of all meteorological instruments at the meteorological observatory Lindenberg and
their support on-site, Roland Kern for his excellent work on the aircraft, Walter Fichter, Florian
Weimer and Alexander Joos at the IFR Stuttgart for their support with the autopilot system and
Maximilian Ehrle for his great job as safety pilot. The measuring equipment would not have
been ready to work without the help of Jens Diunnermann and Burkhard Wrenger from the
University of Applied Sciences Ostwestfalen-Lippe.

3107

AMTD

6, 3089-3127, 2013

Fast temperature
sensors on small
RPA

N. Wildmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

il


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

References

Bange, J.: Airborne Measurement of Turbulent Energy Exchange Between the Earth Surface
and the Atmosphere, Sierke Verlag, 174 pp., ISBN 978-3-86844-221-2, 2009. 3107

Bange, J., SpieB3, T., Herold, M., Beyrich, F., and Hennemuth, B.: Turbulent Fluxes from Helipod
Flights above Quasi-Homogeneous Patches within the LITFASS Area, 121, 127-151, 2006.
3091

Breitkopf, G. W. S. and Kim, S.: Recovery-Faktor des frontal angestromten zylindrischen Man-
telthermoelementes mit ebener Stirnflache, Warme und Stoffiibertragung, Thermo- and
Fluid- Dynamics, 1980. 3101, 3103

Daniels, G.: Measurement of gas temperature and the radiation compensating thermocouple,
J. Appl. Meteorol, 7, 1026—-10355, 1968. 3101

Dias, N., Goncalves, J., Freire, L., Hasegawa, T., and Malheiros, A.: Obtaining Potential Virtual
Temperature Profiles, Entrainment Fluxes, and Spectra from Mini Unmanned Aerial Vehicle
Data, Bound.-Lay. Meteorol., 145, 93—111, 2012. 3092

Emeis, S.: Determination of the Surface Sensible Heat Flux From Aircraft Measurements, Betr.
Phys. Atmosph., 68, 143—148, 1995. 3090

Engelbart, D. A. M. and Bange, J.: Determination of Boundary-Layer Parameters using Wind
Profiler/RASS and Sodar/RASS in the Frame of the LITFASS-Project, Theor. Appl. Climatol.,
73, 53-65, 2002. 3098

Engelbart, D., Steinhagen, H., Gorsdorf, U., Lippmann, J., and Neisser, J.: A 1290 MHz profiler
with RASS for monitoring wind and temperature in the boundary layer, Beitr. Phys. Atmosph.,
69, 6380, 1996. 3098

Engelbart, D., Steinhagen, H., Gorsdorf, U., Neisser, J., Kirtzel, H.-J., and Peters, G.: First
results of measurements with a newly designed phased-array Sodar with RASS, Meteorol.
Atmos. Phys., 71, 71-68, 1999. 3098

Foken, T.: Temperaturmessung mit diinnen Platindrahten, Meteorol. Z., 5, 299-307, 1979.
3097, 3101

Friehe, C. A. and Khelif, D.: Fast-response aircraft temperature sensors, J. Atmos. Oceanic
Technol., 9, 784—795, 1992. 3091

Garratt, J.: The Atmospheric Boundary Layer, University Press, Cambridge, 1992. 3090

3108

AMTD

6, 3089-3127, 2013

Fast temperature
sensors on small
RPA

N. Wildmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Haala, N., Cramer, M., Weimer, F., and Trittler, M.: Performance Test on UAV-Based Photogram-
metric Data Collection, in: UAV-g (unmanned aerial vehicle in geomatics) Conference, Zurich,
Switzerland, American Meteorological Society, Vol. 16-20, 2011. 3099

Haman, K. E., Makulski, A., and Malinowski, S. P.: A new ultrafast thermometer for airborne
measurements in clouds, J. Atmos. Ocean. Technol., 14, 217-227, 1997. 3091

Harrison, R. and Pedder, M.: Fine wire thermometer for air temperature measurement, Rev.
Sci. Instrum., 72, 1539-1541, 2001. 3096

Inverarity, G.: Correcting airborne temperature data for lags introduced by instruments with
two-time-constant responses, J. Atmos. Ocean. Technol., 17, 176-184, 2000. 3091

Kaimal, J. C. and Finnigan, J. J.: Atmospheric Boundary Layer Flows — Their Structure and
Measurement, Oxford University Press, 289 pp., 1994. 3091

Kolmogorov, A.: The Local Structure of Turbulence in Incompressible Viscous Fluid for Very
Large Reynolds Numbers, Dokl. Akad. Nauk SSSR, 30, 299-303, reprint: Proc. R. Soc.
Lond. A, 1991, 434, 9-13, 1941. 3094, 3104, 3107

Lenschow, D., Society, A. M., and for Atmospheric Research (U.S.), N. C.: Probing the atmo-
spheric boundary layer, Am. Meteorol. Soc., 1, p. 269, 1986. 3090

Martin, S., Bange, J., and Beyrich, F.: Meteorological profiling of the lower troposphere using
the research UAV “M2AV Carolo”, Atmos. Meas. Tech., 4, 705-716, doi:10.5194/amt-4-705-
2011, 2011. 3092

Michalski, L., Eckersdorf, K., and McGhee, J.: Temperature Measurement, John Wiley and Sons
Ltd., Chichster, 1991. 3095

Neisser, J., Adam, W., Beyrich, F, Leiterer, U., and Steinhagen, H.: Atmospheric Boundary
Layer Monitoring at the Meteorological Observatory Lindenberg as a Part of the “Lindenberg
Column”: Facilities and Selected Results, Meteorologische Z., 11, 241-253, 2002. 3090

Reuder, J., Brisset, P, Jonassen, M., Miller, M., and Mayer, S.: The Small Unmanned Mete-
orological Observer SUMO: A new tool for atmospheric boundary layer research, Meteorol.
Z.,18, 141-147, 2009. 3092

Rosemount: Total Temperature Sensors, Tech. Rep. Bulletin 1012, Rosemount Inc., 1986. 3091

Shannon, K. and Butler, B. W.: A review of error associated with thermocouple temperature
measurement in fire environments, in: Second international wildland fire ecology an fire man-
agement congress and fifth symposium on fire and forest meteorology, 16-20, p. 7B.4, Am.
Meteorol. Soc., 2003. 3101

3109

AMTD

6, 3089-3127, 2013

Fast temperature
sensors on small
RPA

N. Wildmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

©)
do


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/amt-4-705-2011
http://dx.doi.org/10.5194/amt-4-705-2011
http://dx.doi.org/10.5194/amt-4-705-2011

Spiess, T., Bange, J., Buschmann, M., and Vérsmann, P.: First application of the meteorological
Mini-UAV “M2AV”, Meteorol. Z., 16, 159—-169, 2007. 3092

Stull, R.: An Introduction to Boundary Layer Meteorology, Kluwer Acad., Dordrecht, 1988. 3093

van den Kroonenberg, A. C., Martin, T., Buschmann, M., Bange, J., and Vorsmann, P.: Measur-
ing the Wind Vector Using the Autonomous Mini Aerial Vehicle MZAV, 25, 1969-1982, 2008.
3092, 3094

Wendisch, M. and Brenguier, J.: Airborne Measurements for Environmental Research — Meth-
ods and Instruments, 1, Wiley, 2013. 3090

3110

| Jadeq uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiqg

Jaded uoissnasiqg

©)
do

AMTD
6, 3089-3127, 2013

Fast temperature
sensors on small
RPA

N. Wildmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small
P.

)
>

O
(2}
= N. Wildmann et al.
73
o
=)
Table 1. Summary of requirements for temperature sensors. éo Title Page ‘
(¢}
Total accuracy +0.1K B Abstract Introduction
Precision 0.01K B Conclusions References
Resolution 0.01K
Time response <0.05s Tables Figures

Measurement range -10...50°C

Close

Jaded uoissnosig

Back

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiqg

©)
do

3111


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnasiqg

Fast temperature
sensors on small
P.

)
>

N. Wildmann et al.

ADS1258

Title Page

AMOC

Jaded uoissnasig

Abstract Introduction

A 4

Jaded uoissnasiqg

2x STM32 uC |

Conclusions References

A\ 4

Tables Figures

XBee SD-Card
Telemetry
Modem

Back Close

Full Screen / Esc

|

Fig. 1. Block diagram of the meteorological measuring unit for small RPA of type MASC (Multi-

purpose Airborne Sensor Carrier), developed at the University of Tibingen.
Printer-friendly Version

Interactive Discussion

Jaded uoissnasiqg

©)
do

3112


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Fast temperature
sensors on small
P.

)
>

N. Wildmann et al.

=
o

itle Page

Abstract Introduction

Conclusions References

Tables Figures

Fig. 2. Thermocouple design with foam coat for thermal insulation of the cold junction. Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

() ®

|

3113


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnasiqg

Fast temperature
sensors on small
P.

)
>

N. Wildmann et al.

Fuselage Cold junction

TC electronics
in foam
R

] >
AMOC ' Airflow Abstract
Electronics temperature D

PCAP resistance and Conclusions
_ PT1000
capacity measurement board
| Te\mperature sensor for
Complementary filter

Measurement junction

Title Page

Jaded uoissnasig

Introduction

Jaded uoissnasiqg

References

Tables

Figures

Fig. 3. Schematic drawing of the complete thermocouple measurement strategy.

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnasiqg

©)
do

3114


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature

0 . sensors on small
o . RPA
o @ .
S = N. Wildmann et al.
4 &
P? S
o W |
— éj Title Page |
= 2
|_‘” o | Abstract Introduction
g < —
Conclusions References
Lo
o Tables Figures

! T T T T I
O 5 10 15 20 25
air velocity / m s™

Back Close

Jaded uoissnosig

Fig. 4. Theoretically calculated self-heating for a 25 um platinum wire with the designed mea-

suring circuit.
9 Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiqg

©)
do

3115


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnasiqg

Fast temperature
sensors on small
P

)
>

N. Wildmann et al.

Title Page

Jaded uoissnasiq

Abstract Introduction

Jaded uoissnasiq

Conclusions References

Tables Figures

Fig. 5. Fine wire platinum resistance thermometer with 25 pm wire. The flow direction is from

the left. Back

Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

Jaded uoissnasiq

3116


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnasiqg

Fast temperature
sensors on small
P

)
>

N. Wildmann et al.

Title Page

Jaded uoissnasiq

Abstract Introduction

Conclusions References

Tables

Figures

Fig. 6. MASC airframe. Back Close

Jaded uoissnasiq

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

Jaded uoissnasiq

3117


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

)
%)
— — = N. Wildmann et al.
e H40m ,',__,—70 aseénd ()]
° gom 0/<f¢:scend (g
Z Z}x ® 98m
2 f - e Tower -
e 8 A Title P.
g | 3 % itle Page
— y . o
E S EQ \—/ e C—E .
=) %ﬁ = o S Abstract Introduction
s 3 A E ?3 — 6002
3 = Lo 500 G T
209 100 £ RS 2 .
£5 (80 g 2« 000 i Conclusions References
= ©
Q 200 w <3 200
o 200 ° 10 Tabl Fi
0 200 400 600 8001000 ° 0 100200300400500660 ° GlsllsE eI
Northing / m Northing / m

Fig. 7. Flight paths for tower sweep maneuver (left) and vertical profiles (right). The solid black
vertical line represents the measurement tower.

Back Close

Jaded uoissnosig

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiqg

©)
do

3118


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnasiqg

Fast temperature
sensors on small

RPA
O
m .
= N. Wildmann et al.
° 2012-09-21 11:39:57 ° 2012-09-21 13:43:16 2012-09-23 13:07:45 %
S S \ 11 o
\ =)
8 g1 \ T
E ‘\\ E \\ Eg \ ) Title Page ‘
381 \ 381 Tg ~ 8
So | \ So | A 8 a Abstract Introduction
2~ | 2~ \ 2R I ...
= \ = = . o
Lol e Tower | Lol e Tower \\\ Lol o Tower i
S e \ @7 e \ B2 e . Conclusions References
o|* FWPRT |* ' o | * FWPRT ' o | * FWPRT 3
[T T2 [T
135 140 145 150 145 150 155 160 150 135 140 145 3
temperature / °C temperature / °C temperature / °C (% e
»
. . i . o
Fig. 8. Comparison of temperature sensors on the RPA with tower data, 10 minute averages at _:’U — “
three levels and three different flights. Y
- K N
-
) Full Screen / Esc ‘
g
c
(/) . . .
g_ Printer-friendly Version ‘
S
Q‘)U Interactive Discussion ‘
©
@
- (OO0

3119


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

0.60

0.50

0.40

Temperature measurement error / K

11 12 13 14 15
temperature / °C

0.30

-0.35 -0.25 -0.15

Temperature measurement error / K

-0.45

x

11 12 13 14 15
temperature / °C

Fig. 9. Errors of FWPRT (left) and thermocouple measurements (right) compared to tower
temperature measurement. Ten minute averages of RPA and tower measurements at the same
altitude and time are used to calculate the error. The solid black line marks the mean error. The
shaded area visualizes the standard deviation.

3120

Jadeq uoissnasiq | Jadeq uoissnosi(

[0}

Jadeq uoissnosiq | Jaded uoissnosiq

AMTD
6, 3089-3127, 2013

Fast temperature
sensors on small
P.

)
>

N. Wildmann et al.

Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

|

Printer-friendly Version

Interactive Discussion

() ®

|


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

FWPRT, 11:00:00 UTC FWPRT, 17:00:00 UTC - RPA
© — Radius@dg 10:53:00 < —— Radiosonde 16:45:00 g )
= B e 8- B 2 N. Wildmann et al.
© —— UAV 11:26:00 asc © —— UAV 16:45:11 asc [
E """ UAV 11:28:29 des E """ UAV 16:47:31 des (£
~9 Tower 11:20:00 ~9 o Tower 16:40:00 o
[} 8 7 Profiler, 10:59:00 [} 8 7 < Profiler, 16:29:00 -]
5 Sodar, 11:20:00 g \ | © Sodar, 16:30:00 T
c_U o | - Ground level 112m asl| ; o | RN Ground level 112m asl ) Tltle Page ‘
o] o Q ©
n < n < o)
S o 2 o B Abstract Introduction
88+ 88- Eibecledll Elsbcantecl
< @ S ™ —
a o B O D
EdQ Eq ot
= = = »
S S <
— — )
@,
R St & . I
Virtual temperature / °C Virtual temperature / °C )
Q
: IR
Fig. 10. Comparison of FWPRT on the RPA with remote sensing and tower data for vertical
) Full Screen / Esc ‘
8 T
c
(,) . . .
g_ Printer-friendly Version ‘
S
Q')U Interactive Discussion ‘
©
@
- O

3121


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

Thermocouple, 11:00:00 UTC Thermocouple, 17:00:00 UTC o RPA
° —— Radiosonde 10:53:00 © Radiosonde 16:45:00 g i
S T Unv 1230 des 3 UAY 16:42:31 dos e N. Wildmann et al.
© — UAV11:26:09 asc © UAV 16:45:11 asc n
E """ UAV 11:28:29 des E UAV 16:47:31 des (£
~ O o Tower 11:20:00 ~ O Tower 16:40:00 (@)
° 37 o Profiler, 10:59:00 37 Profiler, 16:29:00 >
a>) o Sodar, 11:20:00 q>) Sodar, 16:30:00 T
(_B o - Ground level 112m as| (_\S o - Ground level 112m as| ) Tltle Page ‘
[T =] o= o]
n < n < o)
% o % o - Abstract Introduction
894 294
s M S ™ —
= S5 O D
£ Eq Y
= =z »
O O (=
— — @ S ——
@,
RV St & . I
Virtual temperature / °C Virtual temperature / °C )
Q
- IR I
Fig. 11. Comparison of thermocouple on the RPA with remote sensing and tower data for =
vertical profile flights. i
) Full Screen / Esc ‘
g T
c
(,) . . .
g_ Printer-friendly Version ‘
S
Q')U Interactive Discussion ‘
©
@

3122



http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small
P.

)
>

no shield shield

N. Wildmann et al.

135
|

12.4

13.3
|

Title Page

Jaded uoissnosig

e

Average temperature / °C
Average temperature / °C

ol Abstract Introduction
S - - .
// a7 .
i L Conclusions References
/ —— leg North-South - —— leg North-South
© — | leg South-North | | leg South-North i
:.' 7 / —— leg East-West P —— leg East-West Tables Flgures
""" leg West-East A ------ leg West-East
2 2 6 8 - 2 a 6 8
square number square number

Fig. 12. Averaged thermocouple temperature measurement over legs in all geographic direc-
tions with and without radiation shield of the PCAP sensor.

Back Close

Jaded uoissnosig

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiqg

©)
do

3123


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

time / min

Fig. 13. A time series of a windtunnel experiment with artificial radiation source.

RPA
26 o
(7]
= N. Wildmann et al.
255 : 73
0 -
«<C Y :
- , Title Page
S 25 3 . |
S E
g
2245 : : -
g — PWPRT e s :
8 v meseres
- - = linear trend without radiation 2
B% 5 10 15 20 2 3 - IRl I
0 5 10 15 20 25 30 35 -
: K
as

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiqg

©)
do

3124


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

RPA
FWPRT Thermocouple O
(2]
g = N. Wildmann et al.
. \ E
go 2 S
@ @ o o
£g | €3] Q) Title Page ‘
=) g o
o o (0]
@
S« S Abstract Introduction
Z 9 =l I .
oS © S —
[SRN] o
g ‘ ° )
o o n
Y : :
° = st B e
S ) 0 2 4 -4 -2 0 2 4 o
T
Q
Fig. 14. Correlation function between measurements of two temperature sensors and true air- & g g
speed.
-
) Full Screen / Esc ‘
3 e
C
()]
g_ Printer-friendly Version ‘
-}
Q')U Interactive Discussion ‘
©
@
- (OMom

3125


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3089/2013/amtd-6-3089-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

AMTD
6, 3089-3127, 2013

Jaded uoissnosig

Fast temperature
sensors on small

RPA

- —— Thermocouple 25um %
™ T ~— FWPRT 25um 2 N. Wildmann et al.
= L N K2 7}
Y @,

o

@ 0 -
£ & Title Page |
= 0 ©
g - 2
o Abstract Introduction
3~ .
g 2 )
o & Conclusions References
g— —
(] .
= Tables Figures

(2]

Q|

% 002 005 020 050 200 500 ' 20.00

frequency / Hz

Fig. 15. Variance spectra of both sensors, compared to Kolmogorov law of turbulence, the

spectra that are shown are averaged over 15 single spectra of 50 s time series each.
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Fig. 16. Structure function of both sensors, compared to Kolmogorov law of turbulence. The

structure function is normalized by 2072-. Back Close
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