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This paper addresses the potential of using unamanned aerial vehicles for conducting fundamental research in the
atmospheric boundary layer. A method of computing wind speed from a moving velocity sensor data is provided. The
approach is demonstrated for both five-hole probes and hot-wire probes. Included in the procedure is an technique
which was shown to provide an invertible, a posteriori calibration for hot-wire voltage data, demonstrated using data
from a mid-afternoon flight of an unmanned aerial vehicle equipped with a single-sensor hot-wire probe. Several bulk
and small-scale characteristics from small, fixed-wing unmanned aerial vehicle flights in the convective boundary layer
are calculated, and show the potential for extracting a range of both large-scale and small-scale turbulence statistics.

I. Introduction
By acting as the boundary to the atmosphere, the earth’s surface introduces forcing into it through frictional drag,

evaporation and transpiration, heat transfer, pollutant emission and surface geometry. These interactions produce the
highly turbulent atmospheric boundary layer (ABL), the lowest 200 m to 2000 m of the atmosphere, separated from
the free atmosphere above it by the capping inversion which prevents mixing and dampens turbulence. Turbulence
production in the ABL occurs through a balance of shear stress introduced by the surface and by buoyancy effects
introduced by surface heat flux through temperature and humidity gradients. These buoyancy effects, subject to the
diurnal cycle, produce stable, neutral, and unstable conditions within the ABL which typically evolve with time scales
on the order of one hour [1].

The efficiency of the turbulence produced within the ABL for transporting heat, mass and momentum drives its
response to surface forcing and accelerates the exchange of these quantities between the surface and atmosphere. Tur-
bulence is therefore a crucial component of atmospheric boundary layer physics and it is the complexity of turbulence,
its dynamics and internal interactions, which limits our understanding of the important transport processes which occur
within it.

To understand turbulent phenomena, obtaining a spatial 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 ABL measurements the spatial resolution is relatively poor (i.e. through LIDAR mea-
surements whose resolution is typically 10s of meters) relative to the Kolmogorov scale in the ABL (on the order of
millimeters). Turbulence data is therefore frequently obtained in the form of temporal information through cup and
sonic anemometers, which themselves only have temporal response of only 1-2 Hz [2] and 20 Hz respectively and
spatial resolution of 10s of centimeters.

The use of unmanned aerial vehicles (UAVs) to conduct measurements in the ABL represents new possibilities
for obtaining a spatial description of the structure and organization of turbulence. The ability of a UAV to spatially
sample the flow field using a high temporal response sensor translates into a spatially sampled flow field with reduced
reliance on Taylor’s flow hypothesis. In addition, within the 30 minute period of quasi-stationarity within the ABL [1]
a UAV will be able to collect substantially more data than a fixed-point measurement which requires the turbulence to
convect past the measurement point. 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.

Manned aircraft have been used to conduct atmospheric research for decades, conducting weather reconnaissance;
measuring mean wind, temperature and humidity profiles; [3–5] measuring atmospheric turbulence; [6] and track-
ing pollutant concentrations. [7] In addition to atmospheric research, several pioneering studies in fundamental high
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Reynolds number turbulence have also been performed using manned aircraft, [8, 9] towed sensors [10] and au-
tonomous underwater vehicles. [11–13] UAVs offer distinct advantages over manned aircraft, however, in their ability
to safely perform measurements within meters of the surface and through greatly reduced operational costs. [14]

Despite this potential, the use of UAVs for atmospheric turbulence research is still in its infancy, largely focusing on
remotely piloted measurements of temperature, wind and humidity profiles [15, 16] with autonomous measurements
rare [17–19] and employing wind velocity probes with temporal response little better than that of sonic anemometers.
For example, Mayer et al. [20] have developed a UAV with meteorological equipment that estimates the wind vector
by applying constant throttle and measuring the ground speed. Data are sampled at 2 Hz, for a wavenumber of 0.11
m−1 at the maximum speed 18 m/s. The M2AV UAV developed by van den Kroonenberg et al. [18, 19] uses a
five-hole Pitot tube which can resolve to 40 Hz, or 1.82 m−1 at 22 m/s. Thomas et al. also use a five-hole Pitot tube
equipped UAV to measure wind speed, wind direction, potential temperature, and water vapor flux[21].

In this paper, we demonstrate the feasibility of conducting atmospheric turbulence measurements using an un-
manned aerial vehicles equipped with a hot-wire probe as well as present initial results from UAV flights utilizing
five-hole probes. Hot-wire probes are a well-established measurement technique commonly employed in laboratory
studies of turbulence due to their ability to provide frequency response O(104) kHz. Thus a UAV translating through
the atmosphere at velocities O(10) m/s can potentially spatially resolve wavelengths in the atmosphere on the order
of the Kolmogorov scale [1]. Single-sensor hot-wire probes, however, are only able to sense a single component of
velocity. Thus, use of a five-hole probe in concert with a five-hole probe enables the investigation of the large-scale
anisotropic turbulent structures through the determination of all three velocity components. In Section II we present a
method of extracting wind velocity from the on-board sensors’ velocity signals which is then applied to two test flights
described in Section III. Results from these test flights are then presented in Section IV.

II. Data reduction
The objective of the measurements is to extract the wind velocity using a velocity signal measured by a multi-hole

pressure probe or hot-wire sensor mounted on a vehicle which will be experiencing six degree-of-freedom rotation and
translation. We assume the general configuration of the aircraft illustrated in Fig. 1 equipped with a velocity sensor
aligned with the vehicle axis but mounted a distance from the center of gravity of the vehicle where rS−CG denotes the
vector that points from the center of gravity to the measurement volume of the respective wind sensor. We assume that
the vehicle is equipped with a true air speed (TAS) sensor such as a Pitot-static tube. We also assume that the vehicle is
equipped with an inertial navigation system or sensors, located at or near the center of gravity, which can determine the
translational position and velocity, rUAV and UUAV respectively. In addition we assume that the rotational position,
indicated through the Euler angles of pitch, roll and yaw (θ, φ and ψ respectively) and the angular velocity ΩUAV are
provided by the autopilot. Thus, the time-varying position and orientation of the vehicle are known. It is noted that [·]I
denotes a vector in the earth-fixed inertial frame, and [·]B is used to denote a vector in the vehicle-fixed body frame.

Figure 1. Standard airplane body axes.

To isolate the wind vector from the sensor measurements, we first note that the traveling probes will also sense
the velocity of the plane relative to the velocity of the air in the atmosphere. Therefore, define the recorded relative
velocity

[U r]B = [US ]B − [W ]B (1)

where US = [u1 u2 u3]T is the velocity of the sensing volume and W = [w1 w2 w3]T is the velocity of the atmosphere,
i.e., the wind. The components of the inertial frame are taken as north, east and down. The components of the body
frame are shown in Figure 1. Since the sensors face forward, it follows that U r = [ur1 ur2 ur3]T are the components
of relative velocity normal, tangential, and bi-normal to the sensor axis, and are thus the components of velocity
measured by the respective sensor.
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We start first with the general case in which the applied sensor is capable of resolving these three components
of velocity, such as with a multi-hole pressure probe or a three- or four-wire hot-wire probe in which a suitable data
reduction scheme (i.e. such as provided by Wittmer et. al [22] or Döbbeling et. al [23]) has been used used to convert
the voltage measured by the anemometer into velocity magnitude and direction.

Let [UUAV ]I denote the velocity of the vehicle given by the vehicle’s inertial navigation system and assume that
this measurement is taken at the center of gravity. The velocity of the sensor in the body frame is given by

[US ]B = [u1 u2 u3]T = [UUAV ]B + [Ω× rS−CG]B , (2)

where Ω = [P Q R]T .
Next, recall that a vector in the inertial frame is transformed into the body frame by [·]B = LBI [·]I , where

LBI =



C11 C12 C13

C21 C22 C23

C31 C32 C33


 , (3)

C11 = cos θ cosψ,

C12 = cosφ sinψ,

C13 =− sin θ,

C21 = sinφ sin θ cosψ − cosφ sinψ,

C22 = sinφ sin θ sinψ + cosφ cosψ,

C23 = sinφ cos θ,

C31 = cosφ sin θ cosψ + sinφ sinψ,

C32 = cosφ sin θ sinψ − sinφ cosψ,

C33 = cosφ cos θ,

and φ, θ, and ψ are the roll, pitch, and yaw angles, respectively [24]. Similarly, a vector in the body frame is trans-
formed into the inertial frame by [·]I = LIB [·]B , where LIB = L−1

BI = LT
BI .

The desired wind velocity is that in the inertial frame [W ]I = [wn we wd]
T, where wn is the component of wind

along the north axis and we is the component of wind along the east axis and wd is the component of wind along the
downward axis. The wind velocity in the body frame is then

[W ]B = LBI [W ]I (4)

=



C11wn + C12we + C13wd
C21wn + C22we + C23wd
C31wn + C32we + C33wd


 .

Combining (2) and (10) with (1) leads to

[W ]I = [UUAV ]I + [Ω]I × rS−CG −LIB [U r]B . (5)

Thus, the desired quantity [W ]I can be determined from the measured velocities [U r]B , [UUAV ]I , [Ω]I and the
known quantity rS−CG.

In the case where the applied sensor is a multi-hole pressure probe, an additional transformation step to the re-
duction scheme is necessary. Typical calibration procedures for these probes will result in the sensor reporting the
true airspeed along with the aircraft’s angle of attack, α, and sideslip angle, β allowing for the calculation of all three
components of velocity. The angle of attack and sideslip angle are used to transform the recorded relative velocity,
U r, into x, y, and z components using the transformation LBA according to [19, 25] defined as

LBA = D−1




1
tanβ
tanα


 , (6)

where D is the normalization factor defined as

D =
√

(1 + tan2 α+ tan2 β). (7)
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The updated equation used to find the desired quantity [W ]I when using the multi-hole pressure probe is thus

[W ]I = [UUAV ]I + [Ω]I × rs−CG −LIBLBA[U r]A. (8)

where [·]A denotes the additional aerodynamic coordinate system recorded by the multi-hole pressure probe.
We now consider the case where the applied sensor is a single-sensor hot-wire probe. A single-sensor hot-wire

anemometer is sensitive to all three velocity components but has only a single scalar, the voltage E, as its output. Thus
the velocity that is cooling the hot-wire is usually modeled as an effective velocity, ue. This effective velocity is meant
to reflect the contributions of the three components of relative velocity and account for directional sensitivity. It is
therefore defined as

u2
e = u2

n + k2u2
b + h2u2

t , (9)

where k and h are constants to be determined by calibration [26]. Note that here the hot-wire probe is assumed to
be oriented with the sensing wire parallel to the x − y plane of the vehicle such that [un ut ub]

T = [ur1 ur2 ur3]T.
Additional configurations can be treated through introduction of an additional transformation matrix.

The single-sensor probe is only capable of resolving the component of wind that is facing the vehicle. We letW
denote the component of wind that is facing the UAV, and in generalW =W(W (t), ψ(t)) assuming that the vehicle
is traveling in a horizontal plane relative to the earth such that the only components of wind capable of being resolved
are [W ]I = [wn we 0]T. We note Lenschow[27] gives a treatment of the vertical velocity using the angle-of-attack,
which for a vehicle with no additional sensors is unmeasured (the case we consider here). The wind velocity in the
body frame is then

[W ]B = LBI [W ]I (10)

=



C11wn + C12we
C21wn + C22we
C31wn + C32we


 ,

where

wn = −W cosψ, (11)
we = −W sinψ. (12)

Substituting (11) and (12) into (10) gives

[W ]B = −



W cos θ
W sinφ sin θ
W cosφ sin θ


 , (13)

then substituting (2) and (13) into (1) yields

[U r]B =



u1

u2

u3


+



W cos θ
W sinφ sin θ
W cosφ sin θ


 , (14)

= [un ut ub]
T.

Combining (9) and (14) gives the effective velocity as a function ofW ,

u2
e =(W cos θ + u1)2 + k2(W cosφ sin θ + u3)2 (15)

+ h2(W sinφ sin θ + u2)2.

Next, we note that, 1) typically, h2 ∼ O(10−1), and 2) for typical vehicle motion sinφ sin θ and u2 are small. Thus
the third term of (15) is treated as negligible. Therefore (15) becomes

u2
e =(W cos θ + u1)2 + k2(W cosφ sin θ + u3)2. (16)

Next, King’s Law relates the voltage and effective velocity through

E2(t)

Tw − T (t)
= A+B(u2

e(t))
n, (17)
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whereA, B, and n are unknown calibration constants, Tw is the sensor temperature and T is the air temperature which
we assume is measured [28]. It is preferable that T (t) be measured using a sensor mounted on the vehicle.

Although it is possible to find the calibration constants A, B and n through a controlled ground-based calibration
before flight, in many cases this may be impractical. It is thus desirable to also be able to find the calibration constants
from the flight data. To do this we minimize the least-squares functional

S(A,B, n) =
∑

i

E2
i −A−B(u2

e,i)
n,

=
∑

i

E2
i −A−B

(
(W cos θ + u1)2 (18)

+ k2(W cosφ sin θ + u3)2
)n
i
.

To complete the calibration, we form an estimate for W from the true airspeed, which we assume is measured by a
sensor with much lower frequency response than the hot-wire, such that the low frequency content of un ≈ TAS.
Then, using (14) implies that

W ≈ TAS− u1

cos θ
. (19)

Typically, |θ| is small and therefore the denominator of (19) is neither small nor negative. Substituting (19) into (18)
gives

S =
∑

i

E2
i −A−B

(
u2
e,a

)n
i
, (20)

where u2
e,a = TAS2 + k2((TAS− u1) cosφ tan θ + u3)2.

Once the least-squares problem (20) is solved, giving A, B, and n, we invert (17) to solve for u2
e(t),

u2
e(t) =

(
E2(t)/(Tw − T (t))−A

B

)1/n

. (21)

Finally, we solve (16) forW ,

0 = aW2 + bW + c− u2
e, (22)

where a = cos2 θ + k2 cos2 φ sin2 θ, b = 2u1 cos θ + 2k2u3 cosφ sin θ, c = u2
1 + k2u2

3, and u2
e is given by (21). The

solutions of (22) are real if b2 − 4a(c− u2
e) > 0, or

(
E2 −A
B

)(1/n)

>
k2(u1 cosφ sin θ − u3 cos θ)2

cos2 θ + k2 cos2 φ sin2 θ
.

We remark that the correct interpretation of the square root in the quadratic formula is positive.

III. Experiment Description
We now report on two test flights which were conducted using different velocity sensors. In the first test flight,

a single sensor hot-wire was employed and used to obtain small-scale turbulence statistics by assuming homogeneity
and isotropy at these scales. In the second test flight, a five-hole pressure probe was used to obtain information about
the large-scale anisotropic turbulence.

Both test flights were conducted at the Lexington Model Airplane Club’s airfield (LMAC), which is a grassy field
and paved runway east of Lexington, KY, USA. The Bluegrass Airport (KLEX) is approximately 20 miles west of the
airstrip, while the Mount Sterling-Montgomery County Airport (KIOB) is approximately 20 miles east of the airstrip.

A. UAV
1. Hot-wire probe flight

To demonstrate the feasibility of using a UAV to measure turbulence with a hot-wire probe, an experiment was con-
ducted using a modified off-the-shelf Senior Telemaster remote-controlled aircraft manufactured by Hobby Lobby

5 of 15

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 S

ea
n 

B
ai

le
y 

on
 M

ar
ch

 1
1,

 2
01

7 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I: 

10
.2

51
4/

6.
20

16
-3

58
4 



Figure 2. Flight path of test flight. The UAV conducted measurements at nine altitude-levels, flying in horizontal circles several times at
each.

International, Inc. The aircraft was equipped with three 3300 mAh 4-cell lithium-polymer batteries in series and a
NEU 1515-2Y DC motor for propulsion, producing a cruising speed of 20 m/s to 30 m/s.

The airframe was equipped with a Piccolo autopilot system which autonomously follows an updateable waypoint-
based trajectory sent to it from a ground station. For position and orientation sensing, the autopilot was equipped
with an inertial navigation system consisting of a three-axis accelerometer, three gyroscopes, and a global positioning
system (GPS) transponder. Air data in the form of altitude and TAS for flight control is provided through an absolute
pressure transducer and Pitot-static tube connected to a differential pressure transducer embedded within the autopilot.
Telemetry was sent to the ground station through a radio frequency data link at a rate of 10 Hz. This telemetry data
included full six degree-of-freedom position and velocity information.

The fluctuating velocity was measured using a single-sensor hot-wire probe with a 5 µm diameter, 1 mm long Pt-
Rh sensing element. The probe was driven by a TSI Model 1750 Constant-Temperature Anemometer at a temperature
of Tw ≈ 350°Cand mounted forward-facing on the left wing with the sensing element approximately parallel to the
ground plane. The voltage output of the anemometer was filtered at 10 kHz using a simple RC analog filter and the
frequency response of the probe estimated as > 10 kHz using a square-wave test before flight.

To measure the ambient temperature, an Omega TH-44008 thermistor with 2.5 second response time was used, in-
stalled in a simple Wheatstone bridge circuit. Humidity was also measured using an IST P14SMD capacitive humidity
sensor (5 s response time), however the data from this sensor are not reported here. Two ADXL335 accelerometers
(1 kHz bandwidth) were mounted in the wing, in-line with the hot-wire probe.

Data logging of the voltage output from the hot-wire, temperature, humidity and accelerations sensors was con-
ducted at 20 kHz using a stand-alone high-speed Omega OM-LGR-5329 multifunction data logger (DAQ). All sensors
and the data logger were powered by a single 20 V, 2200 mAh lithium-polymer battery.

Although data was acquired at 20 kHz, during post-processing of the data, it became apparent that there was
a disproportionate amount of high frequency electrical noise contained in the signals of all-sensors. Hence, for the
results presented here the hot-wire voltage was digitally low-pass filtered using a first-order, zero-lag Butterworth filter
at 3 kHz.

This test flight was conducted in a late afternoon in August. At the start of this test flight KLEX reported, via the
NOAA, a temperature of 32.2°C, wind at 2.6 m/s north, and scattered clouds. Towards the end of the flight 32.2°C,
4.1 m/s NNW, and partly cloudy was being reported by KLES and a temperature of 31.0°C, wind at 3.6 m/s NE, and
scattered clouds was beingt reported by KIOB.

Due to the limited airspace available at LMAC, the flight plan was restricted to flying in a circular pattern at a near-
constant altitude-level for 30-71 s at several altitudes. The flight path, shown in Fig. 2, is computed by integrating the
UAV’s velocity in an earth-fixed frame. Measurements were conducted at nine distinct altitude levels above ground,
ranging from 18 m to 120 m.

2. Five-hole probe flight

The unmanned aerial vehicle used in the experiment to measure the large isotropic scales of turbulence with the five-
hole pressure probe was customized off-the-shelf Skywalker X8 flying wing created by Skywalker Technologies. The
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aircraft was powered by an AXi Gold 4120/14 DC motor with one 8000 mAh 4 cell lithium-polymer (LiPo) battery
allowing for flight times of in excess of 45 minutes at cruise speeds of around 17 m/s.

In an attempt to decrease system costs, an open source Pixhawk autopilot was used and provided on board attitude
and inertial measurements for the data reduction. Like the Piccolo this autopilot allows for the X8 to fly autonomously
between predetermined waypoints. In addition to the five-hole pressure probe, a Pitot-static tube is used to provide
TAS for flight control as well as a reference for cross-correlating the separate data systems on board. The six degree-
of-freedom position, velocity, and GPS information is recorded on-board the autopilot at 50 Hz, 10 Hz, and 5 Hz
respectively and downloaded after each flight.

The five-hole probe used for this experiment was a custom made instrument created using a desktop stereolithog-
raphy (SLA) 3D Printer (Formlabs Form 1+). The five holes on the sensor were 1.2 mm in diameter and the tip of
the probe supports a 30◦ tip angle. Each hole is connected to a ±2 kPa differential pressure transducer (Freescale
Semiconductor MPXV7002DP). The probe was mounted along the x-axis out of the nose of the aircraft to minimize
any disturbances in the flow caused by the airframe.

The data logging of the voltage output from the transducers was completed using an MCC USB-1608FS-Plus data
acquisition unit driven by a 2nd generation Raspberry Pi at 2 KHz for each channel. The sensors, Raspberry Pi, and
DAQ were all powered by a 5V, 2200 mAh lithium-polymer battery. This data was then re-sampled to the 50 Hz
frequency of the six degree-of-freedom information from the autopilot, itself aligned using the airspeed data from the
additional Pitot-static tube on board.

The presented data for the five-hole probe are from a test flight conducted on a late afternoon in mid February.
Temperatures reported by KLEX were 7◦ C with 4.5 m/s winds from the SE. The flight plan for the five-hole probe
mission followed a circular loiter path with a radius of 60 meters at a single altitude of 100 meters.

B. Implementation of Data Reduction
To implement the data reduction method described in Section II from the test flights, we use inertial data from the
respective autopilot for the UAV’s velocities, Euler angles, and Euler angle rates. Due to a lack of calibration for
the hot-wire’s directionality, we assume the calibration constant k = 1. Because the implementation of the data
reduction scheme is identical between the two flights in respect to correlating the separate system’s information, only
the hot-wire implementation is discussed here.

The velocity probe data were sampled by the on-board data-acquisition system at frequency f1 whereas the UAV
velocities and Euler angles were recorded from the autopilot telemetry at frequency f2. Therefore, the initial data
reduction step required alignment of the two sets of time series data. To perform this alignment, we first assume
that the UAV position and orientation smoothly transitions between sample points in the telemetry data, allowing
interpolation of the telemetry data from f2 to f1 using a cubic interpolation scheme. The relative time difference
between the start of each set of time-series data was then determined by cross-correlating the acceleration data from
the sensors recorded by the DAQ with the autopilot acceleration data recorded in the telemetry data. Identification of
the location of maximum in the cross-correlation allowed determination of the relative shift between the initiation of
sampling between the DAQ and telemetry data. As a result [rUAV(ti)]I , [UUAV (ti)]I , [Ω(ti))]I LBI(ti) are known
where ti is the time corresponding to each discrete sample of velocity probe voltage, E(ti), and temperature, T (ti).

To ease convergence of the least-squares fit used for the hot-wire calibration, we filter both the hot-wire voltage
E(ti) and the approximate effective velocity u2

e,a(ti), and denote these Ẽ(ti) and ũe,a
2
(ti) respectively. The cali-

bration of A, B, and n is completed for each altitude-level by minimizing the least-squares functional (20), with Ẽ
substituted for E and ũ2

e,a substituted for u2
e,a. The fit for one altitude-level is shown graphically in Fig. 3. The results

converged for each altitude-level and the results for n were found to be very close to the values of n between 0.40 and
0.55 typically found using similar probes and conventional calibration techniques [28].

With these values forA,B and n, ue,a(ti) was determined through (21) and thusW(ti) through (22). Furthermore,
knowing [rUAV (ti)]I , the quantities [W (x)]I and [T (x)]I could be found.

IV. Results
A. Hot-wire probe flight
Whereas for a probe measuring three-components of velocity identifying the mean wind velocity and direction is
relatively straightforward using the measured wind vector W (t), for a single-sensor hot-wire probe, extracting these
quantities requires additional processing. However, the definition of W(t) = W(W (t), ψ(t)) as the component of
W (t) directed at the vehicle implies that W(t) is maximized when the UAV is facing into the wind. Therefore, we
can find the mean wind speed by finding the maximum speed at each altitude-level. To eliminate influence from all
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Figure 3. Example hot-wire calibration. The hot-wire voltage squared E2 is calibrated against an approximate effective velocity u2e,a (top)
using the least-squares functional (20). To ease convergence, in practice we use Ẽ2 and ũ2e,a in place of E2 and u2e,a (middle). For each
altitude-level, the damped Newton iterations converge. Shown is the fifth altitude-level and its calibration (bottom).
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Figure 4. Mean wind speed. The mean wind speed is taken as the maximum filtered wind velocity recorded by the hot-wire. Based on
weather data gathered nearby, these results are high.
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Figure 5. Wind direction. The wind direction ψ is taken as the direction in which the hot-wire records the maximum filtered wind velocity,
where north is 0◦. Based on weather data gathered nearby, these results are plausible.

but the slowest time-scales, we use a filtered wind speed, W̃(t), which is filtered at 1 Hz using a fourth-order zero-lag
Butterworth lowpass filter.

We can define the mean wind speed as U i = maxt∈Ti W̃(t) and define tψ̄,i ∈ Ti such that W̃(tψ̄,i) = U i. We also
let zi = meant∈Tiz(t). Here we non-dimensionalize the altitude z using the height of the convective boundary layer,
which here we assume is L = 1 km[29]. Finally, we note that we can also find the mean wind direction ψi = ψ(tψ̄,i)

as the direction the vehicle is facing when U i is observed.
The measured mean wind speed is shown in Figure 4 with the wind direction, shown in Figure 5 and the results

are within approximately 10% of that reported by the autopilot using the difference between TAS and ground speed.
The advantage of the hot-wire probe over most other commonly used velocity measurement tools is its tempo-

ral response, which allows it to temporally resolve the turbulence. On the traversing UAV, this temporal resolution
translates to spatial sample resolution, allowing the measurement of turbulence over a range of spatial scales.

One quantity of primary interest is the Reynolds stress tensor ρu′u′ or often simply u′u′, where ρ is the density,
u′ = W (t) −W and the overline indicates a time average. With the Reynolds stress tensor known, the turbulent
kinetic energy can also be found, defined as

K =
1

2
Tr (u′u′) (23)

where Tr indicates the trace of the Reynolds stress tensor.
Although the Reynolds stress tensor can be readily obtained from three-component velocity measurements, for a
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Figure 6. Turbulent kinetic energy. The turbulent kinetic energy is computed over a short time when the hot-wire is facing into the wind.
The plot indicates increasing turbulence production by shear with increasing altitude.

single-sensor hot-wire, we instead must assume isotropy of the turbulence to obtain an estimate of turbulent kinetic
energy. Through the assumption of approximate isotropy we can estimate K through

K̃ =
3

2
W ′W ′ (24)

whereW ′ =W(t)−W(t) and the overline indicates a time average.
The quantity K̃i is computed at each altitude-level and the results are shown in Fig. 6.
The advantage of using a traversing probe mounted on a UAV is the ability to spatially sample the turbulence and

therefore resolve the power spectrum of the turbulence in wavenumber space, without application of Taylor’s frozen
flow hypothesis. To compute the power spectral density in wavenumber space, we assume isotropy and use the entire
time-series from each altitude-level. First, we compute the distance along the UAV’s path at each altitude level,

ri(t) =

∫ t+t1,i

t1,i

‖UHW (τ)‖dτ. (25)

Next, we view the wind velocity as a function of ri(t), i.e. W = W(ri(t)). In discrete time, the entries of ri(t)
are monotonically increasing, but unevenly spaced. Therefore, we interpolate ri(t) andW(t) to the shortest distance
step and compute the power spectral density. Due to the uneven spacing in ri, there are wavenumbers that will
appear resolved that are not. Thus, we define an effective Nyquist wavenumber as the Nyquist frequency of the DAQ
divided by the maximum speed of the UAV. In the reported flight test, the effective Nyquist wavenumbers have range
342 m−1to 406 m−1, indicating possible resolution to 3 mm. An alternative, but computationally-intense, treatment
for unevenly sampled data is given by Lomb [30].

We also note that an ideal flight path for estimating the power spectrum is that of a straight-line trajectory. The
circular flight path used in the presented demonstration flights is unable to spectrally resolve eddies larger than the
diameter of the orbit (∼ 200 m, such that wavenumbers greater than ∼ 1 m−1 should be considered unreliable).

The power spectral density for three altitude-levels are shown in Fig. 7. All power spectral densities show agree-
ment with Kolmogorov’s -5/3 prediction for the inertial subrange over two or two and a half decades which shows
that the spatially transformed turbulence spectrum in wavenumber space matches the expected inertial subrange. At
high wavenumbers, k >∼ 10−1 the electrical interference previously noted appears as a deviation from the -5/3
slope. This inaccuracy in the high-frequency content obscures what might be the beginning of the dissipation scale at
approximately k = 250 m−1.

The time response of the hot-wire probe also allows estimation of the small-scale turbulent properties. To find
the dissipation rate at each altitude-level, we again considerW = W(ri(t)). Assuming isotropy, the dissipation rate
can be estimated from single component velocity measurements using ε = 15ν(∂W/∂r)2 [31], where ν is kinematic
viscosity. To compute ∂W/∂r, we use second-order differencing. The results are shown in Fig. 8.
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Figure 7. Power spectral density. The power spectral density of the wind is shown at three different altitudes. The diagonal line is Kol-
mogorov’s -5/3 slope while the vertical line is the minimum Nyquist frequency. The power spectrum follows the -5/3 slope for at least two
decades. Presumed inaccuracy in the high-frequency content obscures what might be the beginning of the dissipation scale at approximately
k = 250 m−1.
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Figure 8. Dissipation Rate. The dissipation rate ε is computed by assuming isotropy and numerically differentiating W = W (ri(t)). Like
the streamwise Reynolds stress, the dissipation rate increases with increasing altitude.
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WithW ′W ′i and εi known, it is also possible to estimate the Taylor microscale[31] using

λi =

(
νW ′W ′i

εi

)1/2

, (26)

which gives values of λi ranging 1.8-4.0 mm. We are also able to estimate the Kolmogorov scale,

ηi =

(
ν3

εi

)1/4

, (27)

which gives values of ηi ranging 0.4-0.6 mm. We remark that in the present measurements, neither λi nor ηi is fully
resolved, and furthermore, they are in the range affected by the excessive high frequency content of the hot-wire
anemometer signal. However, the agreement between the present estimates of these scales and the expected values [1]
is promising.

B. Five-hole probe flight
With the five-hole probe data, the analysis is more focused on large-scale structure of the turbulence to minimize
impact of the relatively low frequency response of pressure probes, while taking advantage of their ability to recover
all three velocity components.

We first resolve the wind vector W into a velocity vector U = [Ux Uy Uz]
T such that the mean wind is aligned

with the streamwise component Ux, with the transverse component Uy and component Uz normal to the ground. We
then focus on the perturbations from the mean, for example u′(t) = U(t) − Ux for the streamwise component. The
resulting perturbation vector is shown overlaid on the flight track in Fig. 9a.

To remove time dependence of the data, we apply Taylor’s frozen flow hypothesis [32] to translate temporal
information into spatial information using Ux as an advection velocity. The resulting spatial position is thus x∗ =
x + Uxt and the resulting vector field as a function of x∗ is shown in Fig. 9b.

Examination of the transformed vector field of Fig. 9b reveals the signature of large-scale coherent motion in the
form of large-scale regions of u′ with similar sign. A commonly used approach to characterize the scale of coherent
motions is the correlation function. Here, calculated through

Rij(∆x) =
u′i(x)u′j(x + ∆x)

u′2i
1/2
u′2j

1/2
(28)

where ∆x is a position displacement vector and the subscripts i and j can represent the x, y or z directions.
The autocorrelationRxx is shown in Fig. 9c. This statistic was calculated using the Taylor-hypothesis-transformed

flight track so that the velocity field can be assumed to be independent of time. The quantity u′i(x
∗)u′j(x

∗ + ∆x) is
determined for each point in transformed space where, to increase convergence of the statistics, points are included in
the calculation if they are within the minimum selected value of ∆x, for example 5 m.

The results shown in Fig. 9c show the characteristic signature of large-scale motion, with the elongated positive
region flanked by two smaller regions of negative correlation [33]. However, it is also apparent from the variability
observed away from the region of high correlation that the statistics are only marginally converged.

This lack of convergence is also evident in Fig 9d which shows the second and third order longitudinal structure
functions, defined as

Snu (∆x) = [(ux (x + ∆x)− ux (x))]
n (29)

where n describes the order of the structure function and ∆x is in the direction of ux. Once ∆x is is out of the dissi-
pation range and within the inertial range, it can be observed that the general trend follows the expected exponential
increase [34]. However, it is not possible to determine the value of the exponent of the structure function, as the
statistics are not yet converged.

V. Conclusions
This paper presented an approach for extracting the wind velocity vector from velocity sensors mounted on a fixed

wing UAV, focusing on multi-hole pressure probes and hot-wire probes. The procedure was shown to provide an
invertible, a posteriori calibration for the hot-wire data using a co-located Pitot-static tube. Using data from two test
flights, one with a hot-wire probe and one with a five-hole probe, several bulk and small-scale characteristics of the
convective boundary layer were computed, and showed some agreement with weather measurements and expected
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Figure 9. Five-hole probe results. The flight track and corresponding wind velocity vector is shown in (a) with the same data transformed
using Taylor’s frozen flow hypothesis shown in (b). The resulting autocorrelaiton of streamwise velocity is shown in (c) and longitudinal
second and third order structure functions shown in (d).
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results for the flight conditions. The small scale-statistics may have been skewed by excessive high frequency content
of the hot-wire signal, and the large-scale statistics may have lacked convergence. However, the results presented
here are still preliminary and therefore the results are quite promising for being able to obtain reliable statistics with
refinement of the approach.

Current ongoing work is focusing on the improving the signal-to-noise ratio of the hot-wire measurements, and
incorporating a secondary RTK GPS to obtain more precise to gain more precise position information, in order to
resolve turbulent scales with sub-centimeter resolution. In addition, efforts are ongoing to improve the accuracy of the
multi-hole pressure probe systems, quantify the frequency response of the custom probes, and conduct test flights with
longer endurance in order to gain more accurate, resolved, large-scale statistics.
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