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Abstract.

The micro-RPAS SUMO (Small Unmanned Meteorological Observer) equipped with a five hole

probe (5HP) system for turbulent flow measurements has been operated in 49 flight missions during

the BLLAST (Boundary-Layer Late Afternoon and Sunset Turbulence) field campaign in 2011.

Based on data sets from these flights we investigate the potential and limitations of airborne velocity5

variance and TKE (Turbulent Kinetic Energy) estimations by an RPAS system with a take-off weight

below 1 kg.

The integration of the turbulence probe in the SUMO system was still in an early prototype stage

during this campaign. The main shortcomings were the use of two different, unsynchronized data

loggers for the 5HP flow measurements and the aircraft’s attitude data required for the motion cor-10

rection, and the different sampling rate for both data sets. Therefore, extensive post-processing of

the data was required in order to calculate the turbulence parameters. In addition, the fine-tuning

of the autopilot was not fully optimized, leading to oscillations in the vertical velocity that the mo-

tion correction routine was not able to remove. A simple block-filter has been used for the removal

of these oscillations. For a filter constant of 0.61 s, the SUMO data show a good agreement to15

sonic anemometer data for the integral parameter of σw, but there is still a distinct difference in

the underlying energy spectrum of the data sets. Resulting estimates of TKE profiles, obtained from

consecutive flight legs at different altitudes, show reasonable results, both with respect to the overall

TKE level, as well as the temporal variation. A thorough discussion of the methods used and the

identified uncertainties and limitations of the system for turbulence measurements is included and20

should help the developers and users of other systems with similar problems.
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1 Introduction

The understanding of the complex interaction between the vertical structure of the atmosphere and

the characteristics of atmospheric turbulence is of major importance for a wide range of practical

applications and for basic atmospheric research. The appropriate parameterization of turbulent ex-25

change processes in numerical weather prediction and climate models or the estimation of structural

loads in the field of engineering, e.g. for bridges or wind turbines, are prominent examples.

Profiles of Turbulent Kinetic Energy (TKE) and the underlying velocity variances of the 3-dimensional

wind vector are excellent indicators for the state of ambient turbulence, as they provide information

on both the absolute turbulence level and on its spatial characteristics, as e.g. local isotropy. They30

are also of major importance for the understanding of the TKE budget by allowing the estimation of

the magnitude of TKE production and vertical transport, which are mechanisms of basic relevance

for the determination of turbulent exchange in Atmospheric Boundary Layer (ABL) research.

The measurement of velocity variances requires fast-response sensors. For in-situ observations

these are typically mast or tower mounted sonic anemometers or multiple-hole flow probes for air-35

borne measurements. Mast and tower based measurements can capture the local turbulence condi-

tions in the Surface Layer and in case of higher masts and towers also for the stable ABL as a whole.

However, under convective conditions only a fraction of the ABL’s vertical extent can be captured, so

that important processes, in particular in the entrainment zone, cannot be observed. A few attempts

have been started to extend the vertical measurement range by tethered platforms, as balloons, kites40

or blimps (e.g. Balsley et al., 1999; Muschinski et al., 2001; Majumdar et al., 2006; Guest, 2007).

Although showing some promising results, these observational platforms require considerable infras-

tructure and have limitations with respect to wind speed and/or strength of convective turbulence.

Remote sensing of velocity variances, e.g. by sodar (e.g. Thomas and Vogt, 1993; Gaynor, 1994;

Seibert and Langer, 1996) or lidar systems (e.g. Frehlich, 2008; Pichugina et al., 2008; Sathe and45

Mann, 2013), is able to reach higher levels in the range of 1 km. Even though these remote sensing

methods are of high value for atmospheric research, they cannot fully replace in situ observations as

they have typically only limited vertical resolution and sampling rate and as the volume averaging

characteristics of these methods require a number of assumptions to derive turbulence parameters

for the ABL (e.g. Sjöholm et al., 2009; Sathe et al., 2011).50

For these reasons direct airborne measurements by manned aircraft, providing a unique flexibility

with respect to spatial sampling, have become a more popular choice for ABL turbulence investi-

gations during the last decades (e.g. Lenschow and Stankov, 1986; Corsmeier, 2001; Lothon et al.,

2007). Corresponding flow probes are either mounted directly on an exposed and undisturbed posi-

tion on fixed wing aircraft or in an instrument rig towed by a Helicopter, as in the case of the Helipod55

(Bange et al., 2002, 2006). However, these operations are by nature logistically demanding and ex-

pensive. The rapid development of remotely piloted aircraft systems (RPAS) during the last decade

has provided new airborne sensor platforms for ABL research (Elston et al., 2015) with several of
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them having proven their capability for turbulence investigations (e.g. Thomas et al., 2012; Martin

et al., 2011; van den Kroonenberg et al., 2012; Wildmann et al., 2014). The continuous miniaturiza-60

tion of electronic components and sensors, both for measurement of meteorological parameters and

the required attitude control of the aircraft’s autopilot, provides now the required capability also for

micro-RPAS with a take-off weight below 1 kg (Mansour et al., 2011; Reuder et al., 2012).

The main intention of this paper is the proof of concept for measurements of velocity variance

and TKE from the Small Unmanned Meteorological Observer (SUMO), a micro-RPAS with a take-65

off weight distinctly below 1 kg. The paper is structured as follows. Section 2 shortly describes the

RPAS SUMO with focus on the integrated five-hole probe (5HP) based turbulence measurement

system. The turbulence flights performed during the BLLAST (Boundary-Layer Late Afternoon and

Sunset Turbulence) campaign are introduced in Sect. 3, while the required data processing for the

calculation of turbulence parameters is described in Sect. 4. This includes the time-synchronization70

of the turbulence and attitude/position data, the transformation into a meteorological coordinate sys-

tem and a filtering procedure to remove remaining oscillations in the vertical wind component. In

Sect. 5 the resulting profiles of TKE and their time-evolution are presented and discussed for differ-

ent days during the BLLAST campaign. Section 6 presents an analysis of the different uncertainties,

followed by a brief summary and outlook in the final Sect. 7.75

2 The SUMO platform

SUMO is a micro-RPAS with a length and wingspan of 80 cm and a take-off weight of around

650 g (Reuder et al., 2009). The SUMO airframe consists of a slightly modified version of the

commercially available model aircraft FunJet from Multiplex. The system has been continuously

improved and developed during the last years (Reuder et al., 2012).80

For navigation and flight control the system uses the open-source autopilot system Paparazzi,

which is developed and maintained under guidance by the École Nationale de l’Aviation Civile

(ENAC) in Toulouse, France (ENAC, 2008). SUMO is equipped with an inertial measurement unit

(IMU) for attitude control and uses a GPS sensor for navigation and monitoring of the aircraft’s

position. During the BLLAST campaign the corresponding data have been acquired and stored with85

10 Hz for the IMU and 4 Hz for the GPS. A more detailed description of the SUMO airframe and

the sensors used during the BLLAST campaign is given in Reuder et al. (2015).

The most recent development in instrumentation was the integration of a five-hole flow probe

(5HP) with a corresponding data computer hosting the pressure transducers and data logger (Aero-

probe, 2012). The Aeroprobe data computer provides airspeed, angles of attack and sideslip, and90

altitude based on differential pressure measurements at a temporal resolution of 100 Hz. After cor-

recting for the aircraft’s attitude and motion this enables the calculation of the 3-dimensional flow

vector at a sufficient resolution for calculation of turbulence parameters such as Turbulent Kinetic
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Figure 1. The 5HP and the data computer from Aeroprobe as mounted in the SUMO airframe.

Energy (TKE). More information on the 5HP system can be found in the manual provided by the

manufacturer Aeroprobe (2012) and in Båserud et al. (2014).95

The probe is mounted in the nose of the airframe (see Fig. 1) and is connected to the differential

pressure sensors in the data computer by six silicon tubes of about 10 cm length. The tip of the sensor

is located approximately 10 cm in front of the fuselage. Wind tunnel tests of the setup, performed

at DLR (Deutsches Zentrum für Luft- und Raumfahrt), Göttingen, Germany, in 2014, showed no

noticeable effects of flow distortion at this position. The angular response of the probe was tested100

both stand-alone and mounted on a SUMO airframe and provided nearly identical results within the

accuracy limits of the system.

During the BLLAST campaign the 5HP data computer was not integrated into the SUMO’s data

acquisition system. The 5HP flow data and the aircraft position and attitude were therefore collected

on different, unsynchronized data loggers with different temporal resolution. This results in certain105

challenges with respect to post-processing and will be further described and discussed in Sects. 4

and 6.

3 SUMO turbulence measurements during BLLAST

The BLLAST field campaign took place from 14 June to 8 July 2011 in Lannemezan, France. The

main goal of the campaign was an in-depth investigation of the turbulence decay during the after-110

noon transition period. A wide range of ABL instrumentation was deployed and operated in the area,

including energy balance stations, meteorological towers, radiosondes, manned aircraft, RPAS, teth-

ered balloons, and different types of remote-sensing instruments. A comprehensive overview of the

scientific goals and the campaign set-up is presented in Lothon et al. (2014).

The RPAS SUMO performed a total of 299 flights during the BLLAST campaign, including 49115

turbulence transect flights with the 5HP. For more information on the missions the reader is referred

to Lothon et al. (2014) and Reuder et al. (2015). All turbulence flights took place in the vicinity of

the two main instrumented locations in the campaign area, Site 1 and Site 2 (Lothon et al., 2014).

The pattern for all turbulence missions during the BLLAST campaign was similar and consisted

of straight legs of around 1000 m length with circular turns at each end (see Figs. 2 and 3). An120

overview of all turbulence flights, including the vertical levels probed, is presented in Table 1. The
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Figure 2. Typical flight pattern for the turbulence measurements from SUMO during the BLLAST campaign.

Turbulence parameters are only evaluated for the straight legs (red). This example is from flight # 38 at 09:15

UTC on 27 June.

Figure 3. Flight path of the four SUMO flights (# 27, 29, 30 and 31) in the vicinity of the 60 m meteorological

tower (blue diamond) situated at Site 1. The straight legs used for calculation of turbulence parameters are

marked in red. Each leg is approximately 1 km long. Satellite picture from Google Earth.

battery capacity of SUMO allowed for flight missions of 20 to 25 min, corresponding to 8 to 10

straight segments. The most common flight strategies were either four legs at two different altitudes,

or two legs at four different altitudes (see Fig. 2).

Two of the 49 flights had to be rejected due to problems with the data loggers. Several other flights125

had to be excluded from further analysis due to unsatisfactory time synchronization between the 5HP

flow data and the IMU/GPS. A description of the corresponding synchronization procedure and the

defined acceptance and rejection criteria is given in Sect. 4. Additional flights were excluded due to

large deviations from the desired flight level during turbulence segments. Finally a total of 23 flights
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Figure 4. Sonic anemometer measurements (10 Hz) of vertical velocity, w (blue), and 10 min running mean

standard deviation of vertical velocity, σw (black), from the 60 m meteorological tower for 19 June (top) and

20 June (bottom). The timing of the SUMO flight missions (# 27, 29, 30 and 31) is indicated by the red lines.

have been used for the analysis of atmospheric turbulence presented in this study. Four flights (# 27,130

29, 20 and 31), performed close to the 60 m tower at Site 1 (e.g. Darbieu et al., 2015) at altitudes

between 65 and 70 m (Fig. 3), have been used to compare the SUMO flow measurements with data

from a 3D sonic anemometer (Campbell CSAT3) mounted at 60 m. Ten flights from 15 June (all

with three to four legs at two altitudes) and 9 flights from 27 June (all with two legs at four altitudes)

at Site 2, have been chosen to investigate the temporal evolution of atmospheric turbulence by the135

means of TKE profiles (see Sect. 5).

4 Data processing

In order to transform the measured flow vector from the SUMO’s turbulence system into a mete-

orological (earth-fixed) coordinate system with the velocity components u (positive for wind from

west), v (positive from south) and w (positive upward), the aircraft’s attitude and velocity need to140

be known with high accuracy. Since the flow and IMU/GPS data relevant for this conversion were

recorded on different data loggers, the first step of the post-processing was to synchronize the flow

and IMU/GPS data sets in time. For this the time shift between the airspeed measured by the 5HP

and the GPS ground speed was identified by a cross-correlation analysis, calculating the correlation

coefficient, r, as a function of the time shift. Both velocities are expected to be highly correlated,145

especially during flight maneuvers, such as start, landing and turns.

The synchronization procedure was applied to all turbulence flights and the result for one example

is presented in Fig. 5. It shows a clear peak of above 0.99 in r for a time shift of 3.5 s. Twenty-two of

the flights had an r above 0.97. Flights with rmax < 0.91 were removed from further analysis. Some

additional flights were ignored if a visual inspection revealed several possible time shifts giving high150

correlation coefficients (broad peak or prominent secondary peaks in the corresponding plots in the
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Figure 5. Example of the cross-correlation analysis between the GPS ground speed and the 5HP airspeed for

one of the SUMO flights, with correlation coefficient and time shift in the left panel and time series of 5HP

airspeed and GPS ground speed after synchronization in the right panel. The data are for flight # 41 on 27 June

at 12:30 UTC.

left panel of Fig. 5). The time shifts were typically in the range of ±10 s, and are related to different

and varying start-up times of the 5HP data computer after switching the power on. A delayed manual

start of the ground control station software after connecting the battery of the SUMO aircraft led to

time shifts up to 1 min in a few occasions.155

Furthermore, the IMU and GPS data, which were recorded at a lower rate, were up-sampled to

the 100 Hz rate of the 5HP. Potential implications of this procedure on the retrieval of turbulence

parameters are discussed in Sect. 6.

Thereafter, we identified straight flight legs for our turbulence analysis based on the coordinates

used to define the autopilot’s flight track, which are recorded during operation. This gave us an160

objective and automatic way to pick out the straight legs of each flight. The turbulence legs during

BLLAST had a typical length of about 1000 m.

The wind speed with respect to the earth is found by performing a coordinate transformation from

a Lagrangian into an Eulerian system, based on the velocity of air with reference to the aircraft

and the velocity and orientation of the aircraft with respect to the earth. The u, v, and w wind165

components in the earth coordinate system were calculated over straight flight legs based on the well

established equations of Lenschow (1986). The original full set of equations include terms involving

the product of angular velocities and the separation distance between the turbulence sensor and

the IMU/GPS. According to Lenschow and Spyers-Duran (1989) the contribution of these terms

becomes insignificant if the distance is less than 10 m in case of a manned aircraft moving at a speed170

in the order of 100 ms−1. For the SUMO system, typically moving with 20 ms−1, the separation

distance is about 60 cm. We have calculated the size of these additional terms for SUMO and found

them to be in the order of 0.06 ms−1 for the vertical component, and even smaller for the horizontal

7
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Figure 6. Example of the unfiltered vertical velocity component, w, and the GPS climb speed (GPS CS) for

one single leg (about 1 km length) of flight # 38.

components, and thus too small to make any significant contribution. Consequently we are neglecting

these terms.175

u=− Ua

(1 + tan2α+ tan2β)1/2

[
sinψ cosθ

+ tanβ(cosψ cosφ+ sinψ sinθ sinφ) (1)

+ tanα(sinψ sinθ cosφ− cosψ sinφ)
]
+ugs

v =− Ua

(1 + tan2α+ tan2β)1/2

[
cosψ cosθ

− tanβ(sinψ cosφ− cosψ sinθ sinφ) (2)180

+ tanα(cosψ sinθ cosφ+ sinψ sinφ)
]
+ vgs

w =− Ua

(1 + tan2α+ tan2β)1/2

[
sinθ

− tanβ cosθ sinφ− tanαcosθ cosφ
]
+wgs (3)

In Eqs. (1–3), the 5HP airspeed is given by Ua, while the angle of attack and the angle of sideslip

are given by α and β, respectively. The attitude angles pitch, roll and yaw are given by θ, φ and ψ185

respectively, and the three components of the aircraft’s ground speed by ugs, vgs and wgs. Due to

the lack of a direct measurement for ψ, we used the heading angle obtained from the GPS track for

this conversion.

After the correction for the aircraft’s movement by applying the coordinate transformation (Eqs. 1–

3), the resulting w is frequently showing features of an oscillation, which seems to be highly corre-190

lated with the time series of the vertical climb speed, altitude and pitch angle of SUMO. Figure 6

shows one example of the vertical velocity component, w, together with the GPS climb speed.

The mentioned oscillations lead to increased values of the standard deviation for the vertical wind

component, which can be seen when comparing the SUMO data to the corresponding values obtained
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from SUMO (y axis) against the sonic from the 60 m meteorological tower (x axis), for all legs of flight # 30.

With unfiltered values over each leg as blue stars and mean over all legs as blue circles. For the w component

the resulting standard deviations after applying the four filter windows can be seen in green (window of 0.31 s),

red (window of 0.61 s), yellow (window of 1.21 s) and magenta (window of 2.21 s).

from the sonic anemometer (Figs. 8 and 9), and thus result in unrealistic estimates of TKE (Fig. 9).195

As these oscillations, most likely caused by an insufficient fine-tuning of the basic control loops in

the autopilot system, are a unique issue that only occured during the BLLAST campaign that has

now been resolved, we decided to use a simple and pragmatic method to make the BLLAST data

available for a preliminary analysis in this proof of concept study.

In order to remove this low frequency noise, we applied a high-pass filter (hpf) based on a running200

average, to the time series of w (Fig. 7). Since we want to remove a feature with a period of about

5 s, the resonable choice of filter constant will be in the order of 1 s. For a validation of the sensitivity

9

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2015-407, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 1 February 2016
c© Author(s) 2016. CC-BY 3.0 License.



of the results to the averaging interval, we tested four different window sizes for this hpf. The first

running average was calculated over 0.31 s (corresponding to 31 data points), the second over 0.61 s

(corresponding to 61 data points), the third over 1.21 s (corresponding to 121 data points), and the205

last over 2.21 s (corresponding to 221 data points). Figure 7 presents an example for one single leg of

flight # 30, for which the low frequency oscillations present inw are filtered by applying the different

settings mentioned above. The time series in the left panel shows that all filter constants are able to

remove the low frequency oscillations. The right panel in Fig. 7 presents the corresponding energy

spectra. This procedure was applied to the four flights in the vicinity of the 60 m meteorological210

tower (see Fig. 3 for the SUMO flight tracks and the location of the tower). The wind speed and

wind direction with respect to the direction of the flight tracks (Table 2) indicate nearly pure head

and tailwind for the legs during flights # 27 and 29 and a weak side wind during flights # 30 and 31.

The results for the different filter constants were compared against the sonic anemometer data

from the tower at the corresponding height level. Figure 8 shows again flight # 30 as an exam-215

ple, comparing the standard deviations from SUMO against the standard deviations from the sonic

anemometer (over a 10 min time period around each leg). The chosen 10 min averaging period

for the sonic data is based on the application of Taylor’s hypothesis of ’frozen’ turbulence (Taylor,

1938), i.e. the time it takes the air mass, probed by SUMO on a straight leg of around 1 km, to be ad-

vected past the stationary tower. The wind speeds were generally weak during the whole campaign,220

with daily average surface winds below 2 ms−1 (Lothon et al., 2014). From Table 2 it is seen that

also the winds at 60 m were weak during the time of the four SUMO flights.

For σu and σv the unfiltered data from SUMO fit well with the data from the sonic, whereas the

unfiltered σw shows much higher values than the sonic, due to the oscillations mentioned above.

The application of the filter reduces both the overall level of σw as well as the spread of the data225

points for the single flight legs. While the hpf 31 clearly underestimates σw compared to the sonic

at the mast, the three other selected filter constants lead to a reasonable agreement. Looking at the

spectral plot in the right panel of Fig. 7 it is clear that although the sonic and SUMO show a good

agreement in the integral parameter of σw, a distinct difference in the underlying energy spectrum of

the corresponding data sets remains. This has to be taken into account for the further interpretation230

of the results. The close match in σw derived from SUMO to the sonic data seems to be the result

of a compensating effect between an underestimation of the low frequency contribution due to the

filtering procedure and an overestimation of the spectral energy around a peak at about 1 Hz that is

most likely related to the control algorithm of the autopilot (Reuder et al., 2015).

Figure 9 presents the comparison of σu, σv , σw, and TKE from SUMO to the data from the sonic235

anemometer (over a 10 min time period around each leg) for all four flights in the vicinity of the

tower. The TKE from SUMO in the lower right panel of Fig. 9 is, corresponding to our previous

results, calculated using σu and σv based on unfiltered data, and σw based on the filtered data using

the 0.61 s running average. The resulting TKE values from both systems show a reasonable agree-
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Unfiltered data can be seen in blue and the filtered data with a running window of 0.61 s in red. The resulting

TKE after using unfiltered data for u and v components and filtered data for the w component is shown in

yellow. The black bars show for all symbols the variation between all the straight legs within each flight.

ment for the four flights in convective conditions, with the best agreement found for flights # 29 and240

30, and thus we continue to use this correction method for an estimation of TKE profiles presented

in the following.

5 Results for the evolution of TKE

Nine flights at Site 2 on 27 June give the possibility to study the time evolution of TKE profiles.

Seven of these flights (# 38, 40, 41, 42, 44, 46 and 47) consist of two straight legs in four different245

altitudes of 60, 150, 300 and 500 m above ground level (agl). An example of this type of flight

pattern can be seen in Fig. 2. The remaining two flights (# 43 and 45) consist of eight and nine

straight legs at one altitude of 340 m agl. Based on the results from Sect. 4, the 0.61 s running

average filter has been applied to w for all of these flights. TKE was first calculated for each straight
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leg and then averaged over all legs of the same flight at a given altitude. The resulting evolution of250

the TKE profiles can be seen in Fig. 10.

The 27 June was a hot and cloud free convective day with surface temperatures reaching 30 ◦C.

The BL height during this day was not behaving in a ’textbook’ manner. It was growing fast in the

morning, reaching a maximum of around 1200 m during a very short period around 14 UTC, before

decreasing again very rapidly (Lothon et al., 2014). The TKE profiles develop in parallel with this255

evolution of the boundary layer height. The lowest TKE values are observed during morning and

evening, with very similar overall levels. The distinct maximum in the early afternoon is limited to

a period of less than 2 hours. Only this profile exhibits the shape of a typical TKE profile in a fully

developed CBL, with increasing values with altitude until reaching a maximum at around 1/3 of

the BL height, as described e.g. by Stull (1988). The largest diurnal variation is found at 150 and260

300 m agl, while the TKE values vary less in the highest and lowest levels. In particular the morning

and evening profiles show increased values in the lowest level of 60 m, indicating the importance

of shear production on TKE during these times. The profiles around noon are characterized by TKE

values that are rather constant with height.

Figure 11 presents the time series of TKE from ten SUMO flights during the 15 June at Site 2,265

which is an example from a day with cloudy weather conditions (Lothon et al., 2014). The BL height

was growing fast in the morning and reaching values of around 1000 m around noon and remained

nearly constant for a few hours in the afternoon. Each flight during this day consisted of three to four

straight legs at both 65 and 150 m agl. During this day TKE at both levels shows a clear maximum

around 15 UTC before it rapidly decays throughout the afternoon. This maximum is characterized270

by higher TKE values at the 150 m level, again indicating the typical shape of a TKE profile in the

developed CBL. During this period we also see the largest spread between the individual legs. For

the rest of the day the TKE values from individual legs within a flight agree more closely and also

the values for both levels are rather similar.

6 Uncertainty analysis275

The SUMO system was still in a prototype stage during BLLAST when it comes to turbulence

measurements, requiring an extensive data post-processing and assumptions to be made on the way

to extract and validate the velocity variance data in 3 dimensions that are the basis for the TKE

estimation. The following section will provide a discussion of the different sources of uncertainty

identified and on potential pathways and suggestions to improve the situation in the future. Although280

some of the issues discussed here have already been improved or solved in the further development

of the SUMO system, we expect that these methods and techniques can be valuable in a general

context, i.e. for the developers and users of other systems with similar problems.
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Figure 10. Profiles of TKE from 27 June at Site 2. Consecutive flights are separated by color. The average TKE

value over two legs, for each altitude (60, 150, 300 and 500 m agl), is shown by the circles. For the two flights

with straight legs in 340 m agl, the diamonds represent the average TKE values. The given flight times are all

in UTC.

The unsynchronized data loggers of the autopilot and the turbulence probe can cause some un-

certainty. One cannot be more accurate in timing than the slowest partner, i.e. GPS (at the moment285

4 Hz). The up-sampling of this GPS data and the 10 Hz attitude data can change the spectral behav-

ior of the resulting motion corrected data sets. The latest version of SUMO uses one common data

logger for the 5HP and all IMU/GPS data. For newer systems we aim to increase the IMU sampling

rate to 100 Hz, and the GPS sampling rate to 10 or 20 Hz, in order to remove these issues completely.

The yaw angle (ψ) has not been measured accurately, but taken to be the angle of flight track290

(heading angle). This simplification might cause an error in the resulting horizontal wind compo-

nents. However, it can be assumed that this does not lead to large errors as long as the aircraft’s

ground speed is significantly higher than the side wind component or, in other words, the straight

flight legs are oriented parallel to the prevailing wind direction. Furthermore, the definition of TKE

includes the variances of all three velocity components, so that errors resulting from an inaccurate295

yaw angle are leveled out. Following this argumentation we conclude that the assumptions made for

ψ do not lead to significant errors under conditions as experienced during the BLLAST campaign,
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Figure 11. TKE from 15 June at Site 2. The average values of TKE over each straight leg is shown by the stars.

The colors indicate the different altitudes of 65 (blue) and 150 (red) m agl. Corresponding mean TKE over all

legs is shown by the squares.

as winds were weak compared to the aircraft’s ground speed of around 20 ms−1. For measurements

in situations with a strong cross-wind component this has, however, to be taken into account as a

potential error source. Furthermore, high frequency fluctuations of the yaw angle, which are not300

captured by the GPS heading angle, might introduce a minor uncertainty in the velocity variances

and standard deviations that will then also be reflected in the TKE.

When transforming the wind vector from the aircraft to the earth-fixed coordinate system, we have

neglected terms involving the product of angular velocities and the separation distance between the

turbulence sensor and the IMU/GPS. Tests have shown that the effects of these terms are insignif-305

icant and that the terms do definitely not compensate for the remaining oscillations in the vertical

component with a period of around 5 s.

Comparing the measurements of standard deviations and TKE from SUMO to the corresponding

measurements from the sonic anemometer mounted at the 60 m meteorological tower may require

some additional considerations on the comparability of the two methods. The two basic assumptions310

that have to be fulfilled are Taylor’s hypothesis and horizontal homogeneity. As described by Lothon

et al. (2014) the area of interest was characterized by different kinds of surfaces, partially causing

significant differences in the surface temperature (Reuder et al., 2015) and consequently in the sur-

face forcing expressed by sensible and latent heat fluxes. These surface heterogeneities are likely to

influence the two measurement systems in different ways. The footprint at the stationary tower is315

only dependent on the meteorological conditions, i.e. stratification, wind speed and direction, which

can be assumed to be rather constant with time. In case of the SUMO platform the footprint shows

an additional dependency on the current location of the airplane, thus being more affected by surface
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heterogeneity. Additional differences might arise from the horizontal distance between the flight

track and the location of the tower and the different averaging procedures that have to be applied320

to calculate mean turbulent quantities, i.e temporal and spatial averaging. The averaging period of

10 min for the tower data does not exactly correspond to the averaging distance of 1 km of the hori-

zontal flight legs of all flights. This choice is based on a compromise between having a long enough

period for good statistics and a short enough period to ensure stationary conditions.

The most critical assumptions for the determination of the velocity variances are related to the fil-325

tering process of the remaining vertical velocity oscillations. Even after correcting for the aircraft’s

motion, we have to apply this method to extract realistic values for σw. Our choice for the filter

settings is based on the comparison of four flights to sonic anemometer data, applying different set-

tings. We are aware of the related uncertainties, e.g. the impact on the spectral characteristics of the

filtered velocity components. We see a compensation of two errors, i.e. the underestimation by the330

filter for the low frequencies and the overestimation due to the peak at around 1 Hz, which is prob-

ably related to the control algorithm of SUMO’s autopilot (Reuder et al., 2015). The fact that the

results converge for four individual flights performed during two different days gives certain confi-

dence that the selected filter parameter is also appropriate for the other turbulence flights during the

BLLAST campaign. For the latest campaigns performed in 2014 on Svalbard and in the Netherlands335

the altitude stabilization issue of the SUMO system has been solved and is not longer a problem.

7 Summary and Outlook

We present turbulence measurements from the BLLAST field campaign, in summer 2011, obtained

using the Aeroprobe 5HP system on board the micro-RPAS SUMO. This system was still in an early

prototype stage during the BLLAST campaign and extensive post-processing of the resulting data340

was therefore needed in order to calculate the turbulence parameters. The 5HP and the aircraft atti-

tude data loggers were not yet synchronised, for example. We solved this through cross-correlating

the airspeed measured by the 5HP and the ground speed from the GPS and correcting for the cor-

responding time shift. Furthermore, an oscillation in the vertical wind component was discovered.

This was not corrected for when converting the wind vector measurements from the aircraft ref-345

erence frame to the Earth reference frame using the GPS and aircraft attitude data. Also, tests in

which we applied full equations for this coordinate conversion, instead of the alternative simplified

versions, did not improve the measurements in this regard. The oscillations were removed by filter-

ing the vertical wind component using a simple high-pass filter based on a running mean. For the

measurements and applications presented herein, this appears to be sufficient in the time domain,350

although not optimal in the frequency domain.

After post-processing, the resulting standard deviations of the three wind components, σu, σv ,

and σw, together with TKE from four SUMO flights compare favorably with measurements from
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a sonic anemometer mounted at 60 m on a meteorological tower. Profiles of TKE, obtained from

consecutive flight legs at different altitudes, show low TKE values during morning and evening, and355

higher TKE values during early afternoon, which would be expected given the time development in

surface forcing and corresponding ABL structure on the investigated days.

Since the BLLAST campaign, the SUMO system has been improved in several regards. The air-

craft attitude and 5HP data are now synchronized on-board and logged using one single data logger.

There are no longer problems with a sub-optimal aircraft attitude (pitch) control tuning, which we360

believe was the cause for the observed low-frequency oscillations in the vertical wind component

in the BLLAST dataset. Battery technology is in rapid development and new batteries have become

available since BLLAST allowing for flights lasting up to one hour. For turbulence measurements

this enables us to perform flights with either longer straight segments or an increased number of

straight segments per flight, both increasing the statistical relevance of our measurements. In addi-365

tion, a fast-response temperature sensor (Wildmann et al., 2013) has been tested with the system,

allowing for the direct estimation of turbulent fluxes of sensible heat.

Still, some challenges with the system remain. Currently, the GPS heading data are used for esti-

mating the aircraft yaw angle. For cases with weak cross-winds, such as those presented herein, this

has minor influences on the estimated turbulence parameters since the deviation from the true yaw370

angle is minimal. However, for cases with strong cross-winds we have previously observed larger

deviations. To address this shortcoming in the future we are looking into possibilities of measuring

the true yaw angle directly, e.g. by magnetometers or the use of two differential GPS receivers. In

addition, the present SUMO airframe and the mounting of the 5HP exposed and unprotected in the

nose of the aircraft require an expert pilot for safe landings. In the future, alternative airframes or an375

alternative mounting of the 5HP will be considered for increased user-friendliness.

As described in the introduction, the potential of the turbulence measurement capabilities of the

presented SUMO system cover a wide range of applications and extends beyond basic research on

atmospheric turbulent characteristics. Other example applications include the validation of numerical

weather prediction models, the characterization of wakes within wind farms and the estimation of380

turbulent heat fluxes when the system is combined with a fast-response temperature sensor.
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Table 1. All SUMO turbulence transects performed during the BLLAST campaign. The flights used for further

analysis are shown in bold. The abbreviation ’sshs’ refers to the ’small-scale heterogeneity site’ located at Site 1.

# Date Time Site Alt [m agl] Comments

1 13.06 14:50 1 150,100,65 NNE-SSW

2 13.06 15:14 1 65,100,150 NNE-SSW

3 13.06 16:46 1 150,100,65 NNE-SSW

4 13.06 17:11 1 65,100,150 NNE-SSW

5 14.06 12:15 1 150,100,65 NNE-SSW

6 14.06 12:35 1 65,100,150 NNE-SSW

7 15.06 07:22 1 150,65 NNE-SSW

8 15.06 07:37 1 65,150 NNE-SSW

9 15.06 09:50 1 150,65 NNE-SSW

10 15.06 10:04 1 65,150 NNE-SSW

11 15.06 13:15 2 140,85 moor

12 15.06 13:32 2 65,150 moor

13 15.06 13:56 2 150,65 moor

14 15.06 14:12 2 65,150 moor

- 15.06 14:47 2 150,65 logg fail

15 15.06 15:03 2 65,150 forest

16 15.06 15:23 2 150,65 fields S

17 15.06 15:39 2 65,150 fields S

18 15.06 15:59 2 150,65 fields N

19 15.06 16:17 2 65,150 fields N

20 15.06 16:45 2 150,65 fields N

21 15.06 17:03 2 65,150 fields N

22 15.06 17:24 2 150,65 fields N

23 15.06 18:17 2 150,65 fields N

24 15.06 18:33 2 65,150 fields N

25 17.06 12:51 1 65 N-S sshs

26 17.06 13:32 1 65,150 survey sshs

27 19.06 10:50 1 65 NW-SE

28 19.06 13:31 1 60 NW-SE

29 19.06 15:46 1 65 NW-SE

30 20.06 15:21 1 70 NW-SE

31 20.06 15:40 1 70 NW-SE

32 25.06 17:25 2 60 moor

33 25.06 17:47 2 80 forest

34 26.06 11:32 2 60,150,300,500 moor

35 26.06 11:49 2 80 forest

36 26.06 14:31 2 60,150,300,500 moor

37 26.06 19:30 2 1000,750,500,300 moor

- 27.06 08:09 2 80,150,300,500 logg fail

38 27.06 09:15 2 60,150,300,500 moor

39 27.06 10:17 2 60,150,300,500 moor

40 27.06 11:25 2 60,150,300,500 moor

41 27.06 12:30 2 60,150,300,500 moor

42 27.06 13:32 2 60,150,300,500 moor

43 27.06 14:42 2 340 moor

44 27.06 15:45 2 60,150,300,500 moor

45 27.06 17:04 2 340 moor

46 27.06 18:12 2 60,150,300,500 moor

47 27.06 19:41 2 60,150,300,500 moor
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Table 2. SUMO turbulence transects near the 60 m tower. Wind direction (WD) and wind speed (WS) are based

on 10 min average values from the sonic anemometer mounted at 60 m.

# Legs Track [◦] WD [◦] WS [ ms−1]

27 6 330/150 350 1.6

29 4 320/140 317 3.6

30 7 320/140 43 2.3

31 9 320/140 53 2.7
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