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ABSTRACT

This paper provides an overview of recently conducted
experiments in which atmospheric boundary layer turbu-
lence was measured by unmanned aerial vehicles. These ex-
periments were conducted as part of the large-scale “Lower
Atmospheric Process Studies at Elevation - a Remotely-
piloted Aircraft Team Experiment (LAPSE-RATE)” mea-
surement campaign held in Colorado’s San Luis Valley.
Two types of measurements are examined, the first type
is focused on measuring profiles of thermodynamic proper-
ties for atmospheric boundary layer investigations. Profiles
of temperature, wind velocity, and turbulent kinetic energy
measured during a morning transition from stable to con-
vective conditions were examined for altitudes up to 900
m above ground level. The second measurement type uti-
lizes long transect flights over nearly homogeneous terrain
to spatially measure turbulence statistics. Energy spectra
and velocity structure functions up to 10th order were ex-
amined and the scaling of the structure function exponents
compared to those measured from prior studies.

INTRODUCTION

To understand turbulent phenomena, obtaining a spa-
tial description of the structure and organization of the tur-
bulence is of primary theoretical interest, particularly in
the form of wavenumber spectra and spatial correlations.
However, in spatially resolved atmospheric boundary layer
(ABL) measurements the spatial resolution is relatively
poor (i.e. through LIDAR measurements whose resolution
is typically 10s of meters) relative to the Kolmogorov scale
(on the order of millimeters). Turbulence data is there-
fore frequently obtained in the form of temporal informa-
tion through cup and sonic anemometers, which themselves
only have temporal response of only 1-2 Hz and 20 Hz re-
spectively and spatial resolution of 10s of centimeters.

The use of small unmanned aerial systems (sUAS)
for atmospheric boundary layer research has been growing
rapidly, Egger et al. (2002); Hobbs et al. (2002); Spiess
et al. (2007); van den Kroonenberg et al. (2008); Martin
et al. (2014); Elston et al. (2015); Wildmann et al. (2015);
Platis et al. (2016); Lampert et al. (2016). van den Kroonen-
berg et al. (2008); Martin et al. (2014); Elston et al. (2015);
Wildmann e al. (2015); Platis et al. (2016); Lampert et al.
(2016).and introduce new possibilities for obtaining a spa-
tial description of the structure and organization of turbu-
lence. This is due to the ability of a SUAS to spatially sam-

ple the flow field, which results in reduced reliance on Tay-
lor’s flow hypothesis (Taylor, 1938) and increased statistical
convergence due to collecting substantially more data than
a fixed-point measurement in the same time period. Finally,
a UAV also has an advantage over fixed towers in terms of
portability and the potential to measure in locations where
construction of a tower is prohibitive.

Here we present results from data collected as part
of the Lower Atmospheric Process Studies at Elevation
- a Remotely-piloted Aircraft Team Experiment (LAPSE-
RATE). LAPSE-RATE took place in Colorados San Luis
Valley between 14-19 July, 2018, and was organized in con-
junction with the International Society for Atmospheric Re-
search using Remotely-piloted Aircraft ISARRA). This ac-
tivity included participation by a variety of university, gov-
ernment and industry teams. Over the course of six days,
over 100 participants supported the coordinated deployment
of 50 different unmanned aircraft to complete 1287 total
flights, accumulating 262.4 flight hours. These flights were
conducted under both FAA Certificates of Authorization
(COAs) and FAA Part 107, with the COAs generally sup-
porting flights up to altitudes of 3000 feet above ground
level. In addition to the aerial assets, a variety of ground-
based observational assets were deployed. These included
the Collaborative Lower Atmospheric Mobile Profiling Sys-
tem (CLAMPS; Reference), two Doppler Lidar systems,
numerous radiosondes, and mobile surface instrumentation
associated with vehicles and small towers. Finally, fore-
casting and modeling support was provided by the National
Weather Service forecast office in Pueblo, CO and the Na-
tional Center for Atmospheric Research.

Specifically, for this paper we present results from
two different flight trajectories intended to acquire differ-
ent types of information. The first trajectory was designed
for the measurement of vertical profiles of thermodynamics
variables up to heights up to 900 m. The second flight tra-
jectory targeted the spatial sampling of turbulence at a con-
stant height. For these flights, the aircraft flew straight line
transects of approximately 13,000 m allowing the measure-
ment of turbulence over 3 decades of wavenumber range.

EXPERIMENT DESCRIPTION

The aircraft used for the turbulence measurements
were built around a Skywalker X8 airframe, significantly
modified for unmanned operations (see Figure 1). Each
UAV was equipped with a five-hole pressure probe sys-
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Figure 1. Modified Skywalker X8 airframe used for tur-
bulence measurements.

tem, measuring the local velocity vector relative to the air-
craft. The on-board instrumentation included the five-hole
probe, pressure transducers, a data acquisition unit (DAQ),
and an on-board personal computer as well as pressure,
temperature and humidity sensors. The pressure from the
five-hole probe was referenced to the static pressure mea-
sured by a separate Pitot-static tube used by the autopilot
for airspeed sensing. The velocity of the probe relative
to the ground is determined via an on-board inertial mea-
surement unit (IMU) and global positioning system (GPS).
Post-processing of the five-hole probe data is implemented
by subtracting the measured probe translational and rota-
tional velocity vectors from the measured velocity signal,
leaving only the wind velocity vectors. Details are provided
in Witte et al. (2017).

Flight speeds were approximately an order of magni-
tude higher than the local wind speed, resulting in spatially
sampled wind, temperature, pressure, and humidity mea-
surements. Data was acquired at 200 Hz, although fre-
quency response of the five-hole probe was found to have
a 3dB cutoff frequency of 60 Hz, as determined by measur-
ing the probe system’s (i.e. probe, tubing and transducer)
response to a step change in pressure. This corresponds to
a resolved sample approximately every 0.3 m. The pres-
sure, temperature and humidity sensors had much slower
response, resulting in an independent sample every 20 m.

Additional reference measurements were made using
a stationary 2.1 m tower, measuring the surface energy
balance, including air and soil temperature and humidity,
ground heat flux, wind speed and direction, sensible and la-
tent heat fluxes, and solar radiation. However, these results
are not included here for brevity.

The measurements were conducted in the San Luis Val-
ley located in Colorado, USA. The terrain in the valley is
flat farmland with minimal crop growth present during the
measurement campaign. Two flight trajectories are con-
sidered here. The first trajectory targeted measurements
of vertical gradients of atmospheric properties, and con-
sisted of measurements made on continual spiraling ascents
and descents up to heights of 900 m above ground level
(AGL). Here we present results from July 18 2018, com-
posed of data from five flights flown hourly from a lo-
cation near the center of the valley, near Center, CO at
37°38°42.8”N 105°55°41.9”W. The individual flights initi-
ated at 7:15 MDT, 9:15 MDT, 10:15 MDT, 11:15 MDT and
11:45 MDT.

The second flight trajectory consisted of straight line
transects at 100 m AGL. The flights initiated at Leech
Airfield located at the center of the valley and proceeded
13,000 m due east at 20 m/s, before conducting a 180 de-
gree turn and return flight to Leech airfield. All flights were
performed under Federal Aviation Authority Part 107 oper-
ating rules, with the aircraft kept within line of sight of the

7:15 MDT
9:15 MDT
10:15 MDT
11:45 MDT
11:45 MDT

32 34 36 38 40 42 44 46 48
(b) (0) (degC)

7:45MDT
9:15 MDT
10:45 MDT
11:45 MDT
11:45 MDT

1000 -,

800

600

z(m)

400

200 4

0 T 1o

00 g
North (m) 450 -100 East (m)

(d)

1000

745 MDT
9:45 MDT
10:45MDT
11:45MDT
11:45 MDT

- at
E s00f |/
~

0.2 0.4 0.6 0.8 1 12 14
K (m?/s?)

Figure 2. Vertical profiles of (a) potential temperature; (b)
horizontal component of velocity; (c) wind direction vector;
and (d) turbulent kinetic energy per unit mass.

operator using two ground chase vehicles. The lead vehi-
cle was used to provide advance warning of any unexpected
road conditions which may have required cessation of oper-
ations. The second vehicle contained the pilot, and observer
and maintained visual contact with the aircraft at all times.
The first two flights were performed in well-mixed convec-
tive boundary layer conditions (initiating at 12:48 MDT and
15:51 MDT on July 16, 2018) with the the third flight taking
place in transitioning boundary layer conditions on July 17,
2018, initiating at 9:04 MDT. Ambient weather was mostly
clear with scattered clouds for both flight days.

RESULTS

As an example of the results from the profile flights,
Figure 2(a) shows the evolution of the profile of average po-
tential temperature, (0), illustrating the transition from sta-
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Figure 3. Longitudinal wavenumber spectrum of veloicity
measured during long transect flight presented in (a) tradi-
tional log-log form; (b) scaled to illustrate the inertial sub-
range; and (c) scaled to illustrated kl_l scaling.

ble conditions to fully mixed-layer conditions between 7:15
MDT and 11:45 MDT. This figure also highlights the corre-
sponding boundary layer growth from 100 m at 7:15 MDT
to 200 m, 500 m, 600 m and > 1000 m by 11:45 MDT. Fig-
ure 2(b) shows corresponding average horizontal wind ve-
locity magnitude profiles. Worth noting is the existence of
a strong wind shear above 500 m, persisting throughout the
measurements and unconnected to the atmospheric bound-
ary layer growth due to its relationship to upper level winds
coming over the neighboring mountains. Velocity vectors
calculated from the average velocity at each altitude, shown
in Figure 2(c), illustrate how the wind shear also exists in
direction, as well as magnitude. In addition, is evidence of
the veering wind direction under stable conditions, which

become disrupted by the turbulent transport which develops
during the transition to mixed layer conditions. This turbu-
lent transport is quantified in the profiles of turbulent kinetic
energy per unit mass, k, shown in Figure 2(d), which high-
light the growth of the turbulence within the mixed layer as
the morning progresses. The profiles show relatively low
k throughout the measurement domain at 7:15 MDT, but
as the insolation increases over the morning, the turbulent
kinetic energy develops near the surface and eventually per-
meates the full measurement domain by 11:45 MDT. These
results, which are typical for different measurement days,
and across multiple locations in the valley, highlight the
complex, non-canonical atmospheric boundary layer tran-
sition process which occurred due to the presence of the
surrounding topography, specifically the cold-air drainage
out of the higher altitudes during the early morning hours,
followed by the warm air outflow as the surface temperature
increases and the atmospheric boundary layer transitions to
convective conditions.

Although the vertical profiles show a highly layered
structure, profiles measured across the valley indicated that
in the horizontal plane, the conditions were spatially ho-
mogeneous. To take advantage of this homogeneity, long
transect flights were conducted to spatially measure the tur-
bulence statistics. As an example of the results obtained
from these transect flights, Figure 3 shows the longitudi-
nal energy spectrum calculated from the 9:04 MDT flight.
Here, the Cartesian coordinates have been aligned such that
the uy,x; direction is along the flight path, and the corre-
sponding longitudinal spectrum calculated in the wavenum-
ber domain. Note that, since the sample spacing from the
flight data is dependent on the ground speed which can
vary both spatially and temporally, prior to calculating the
Fourier transform, the velocity signal was first re-sampled
onto a regularly spaced interval in the x| direction. The
Fourier transform could then be calculated in wavenumber,
k1, space.

The un-scaled spectrum, shown in Figure 3(a) shows
that a wavenumber range spanning four decades was mea-
sured during this flight. As shown in Figure 3(b), which

presents the same spectrum pre-multiplied by kf/ 3, roughly
1.5 decades of inertial subrange was also measured. Note
that the slope of this inertial subrange does not appear to
exactly correspond to -5/3 slope, as expected and addressed
later. Note also that the roll-off at high wavenumbers ap-
pears to be due to probe response and suggests that the unity
gain response of this particular probe is closer to 10 Hz,
as the 60 Hz measured in the laboratory is the 3dB cutoff
frequency. The low wavenumber bound of the inertial sub-
range appears to be characterized by a kl_1 -scaled region,
as shown in Figure 3(c) which shows the same spectrum
pre-multiplied by k. Although there is still significant scat-
ter observed in these results, they do provide strong support
for the overlap arguments of, for example Townsend (1976)
and Perry et al. (1986). Note, however, that the conditions
of these particular flights were not strictly neutrally buoy-
ant, and some caution must be exercised when assessing
turbulent boundary layer theory under these conditions.

To assess the scaling of the inertial subrange, the mean
dissipation rate, €, and Kolmogorov length scale, 1 must
first be determined. To do so we employ the third order
structure function

3= ((u1 (x1 —x0) — w1 (x0))*) (1)
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Figure 4. Ensemble-averaged third order structure func-
tion calculated for each flight.

where u; is the velocity component aligned with the flight
path, x; is the spatial position in the flight direction, position
Xo is a reference position, and () indicates an ensemble av-
erage. Following Kolmogorov (1941), the mean dissipation
rate can then be determined from
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within the inertial subrange, where x = x; — xo being the
longitudinal separation. With & known, the Kolmogorov
scale can then be determined from 1 = (v3/g)!/4.

The third order structure function was calculated for
each 1500 m segment of the flight profile and ensemble av-
eraged to produce the results shown in Figure 4. These re-
sults have been scaled such that a constant value of 0.8 will
occur in the inertial subrange. For the transitioning bound-
ary layer, there is a clear plateau, consistent with an iner-
tial subrange between x = 10’1 and x = 10*n, indicating
at least a decade of inertial subrange was captured in this
flight. For the mixed layer conditions, due to the enhanced
energy content at larger scales, the inertial subrange was not
as well captured, with less of a plateau evident. Note that
the poor frequency response of the five-hole probe used re-
sults in the roll-off observed at smaller spatial separations.
Based on the limited evidence of the inertial range for the
mixed-layer conditions, we limit further analysis to the tran-
sitioning boundary layer case.

The reduced reliance on Taylor’s hypothesis, combined
with the high Reynolds number turbulence of the atmo-

spheric boundary layer, produces an opportunity to examine
the scaling of the higher order structure functions

St = (w1 (x) —u1 (x0))") 3)

where n is the order of the structure functions and x being
the longitudinal separation x| — xg. Within the inertial sub-
range, the structure functions are expected to follow a power
law and scale with the dissipation rate such that

ST = A, (ex)% 4)

where §, is the scaling exponent, predicted by Kolmogorov
(1941) to follow &, = n/3. As previously established (see,
for example Frisch, 1995), this scaling is impacted by the
internal intermittency of the turbulent dissipation. This is
highlighted in Figure 5, which shows some of the structure
functions up to n = 10 scaled by n/3, using the same 1500 m
ensembles as used to determine €. These structure functions
exhibit the expected effects of internal intermittency, with
constancy only observed for the third order case.

The same structure functions shown in Figure 5 are re-
plotted in Figure 6 with the scaling exponent selected to
provide a constant value within the inertial subrange. Note
that the lack of statistical convergence becomes amplified
at low spatial separations with increasing n, making the se-
lected values of {, increasingly subjective. That said, the
estimated exponents are consistent with the values observed
from previous studies. This is illustrated in Figure 7, which
shows the structure function exponents, §, , as a function
of order of the structure function, n, calculated using the
9:04 MDT flight data and compared with previously re-
ported values. The current results are found to be slightly
closer to the Kolmogorov (1941) prediction than prior stud-
ies, which could reflect an improvement in the estimated
exponents due to the data within the inertial subrange being
acquired spatially, rather than temporally, as done in pre-
vious studies. Alternatively, it could reflect the sensitivity
of these results to the level of convergence of the structure
function at higher order. Measurement campaigns to ac-
quire additional flight data over a range of stability condi-
tions are currently being conducted.

CONCLUSIONS

Unmanned aerial vehicles have the potential to provide
high fidelity vertical profiles of atmospheric boundary layer
statistics. Examples presented here from the LAPSE-RATE
campaign conducted in the San Luis Valley in Colorado,
USA show that they are able to capture complex bound-
ary layer structure, including the presence of multiple sta-
ble layers which evolve to adiabatic mixed-layer conditions
during a morning transition, the presence of strong horizon-
tal wind shear corresponding to these individual stable lay-
ers, and the corresponding turbulent kinetic energy profiles.

The results presented here also demonstrate the poten-
tial to obtain high-Reynolds-number turbulence data in the
atmospheric boundary layer using unmanned aerial vehi-
cles. As these vehicles are traveling at velocities an order
of magnitude faster than the wind velocity, the statistics are
effectively being measured in space, rather than time. This
capability was employed to capture turbulence spectra with
over a decade of resolved inertial subrange, allowing the
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Figure 7. Structure function inertial layer exponents, §, ,
as a function of order of the structure function, n. Structure
function exponents calculated using the 9:04 MDT flight
data are shown as red symbols. Solid line is n/3, dashed
line is refined similarity hypothesis of Kolmogorov (1962),
symbols are from Anselmet et al. (1984). Adapted from
Pope (2000).

assessment of inertial subrange scaling through the calcula-
tion of structure functions up to 10th order. Limitations in
the approach of using UAVs appear as decreased statistical
convergence at longer separation distances, and through the
limited frequency response of the five-hole probe. Improve-
ments are currently being made in the measurement system
to improve these qualities.
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