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Abstract The structure function is often used to quantify the intensity of spatial inhomo-
geneities within turbulent flows. Here, the Small Multifunction Research and Teaching Sonde
(SMARTSonde), an unmanned aerial system, is used to measure horizontal variations in tem-
perature and to calculate the structure function of temperature at various heights for a range
of separation distances. A method for correcting for the advection of turbulence in the cal-
culation of the structure function is discussed. This advection correction improves the data
quality, particularly when wind speeds are high. The temperature structure-function parame-
ter C2

T can be calculated from the structure function of temperature. Two case studies from
which the SMARTSonde was able to take measurements used to derive C2

T at several heights
during multiple consecutive flights are discussed and compared with sodar measurements,
from which C2

T is directly related to return power. Profiles of C2
T from both the sodar and

SMARTSonde from an afternoon case exhibited generally good agreement. However, the
profiles agreed poorly for a morning case. The discrepancies are partially attributed to dif-
ferent averaging times for the two instruments in a rapidly evolving environment, and the
measurement errors associated with the SMARTSonde sampling within the stable boundary
layer.
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1 Introduction

The vertical structure of the atmosphere typically exhibits significant changes in temper-
ature, pressure, humidity, and wind with height. While the horizontal distribution of these
atmospheric parameters is generally more homogeneous compared with their vertical distrib-
ution, the presence of turbulent eddies increases horizontal variability. If turbulence is locally
isotropic and homogenous, these spatial thermodynamic variations lead to Bragg scattering
of electromagnetic and acoustic waves (Neff and Coulter 1986), which can be used to charac-
terize the structure of atmospheric turbulence through remote sensing instruments (Wyngaard
and LeMone 1980). The effects of turbulence on wave propagation can be described by the
refractive-index structure function for electromagnetic waves (Tatarskii 1971; Gossard et al.
1982) and temperature structure function for acoustic waves (Weill et al. 1980).

Kolmogorov (1941) discussed the concept of a velocity structure function as a means of
quantifying turbulence. Since then, the concept of structure functions has become generalized
to apply to practically any quantity in turbulent flows. Structure functions are defined as the
mean square of a differential quantity at a particular separation distance. Specifically, the
temperature structure function, DT , is defined as

DT (r) = 〈[�T (r)]2〉, (1)

in which �T is the difference in temperature across a particular separation distance r and
the angle brackets denote ensemble averaging (Obukhov 1949). If the turbulence is isotropic,
homogeneous, volume filling, and within the inertial subrange, the structure function can be
normalized using an inverse 2/3 law in separation distance (Kolmogorov 1941), yielding the
temperature structure-function parameter, C2

T , as

C2
T = DT (r)

r2/3 , (2)

in which r is the separation distance.
Remote sensors have been used to quantify temperature and refractive-index structure-

function parameters. Radars, usually with a wavelength ≥ 0.1 m, are capable of measuring
the refractive index structure-function parameter, C2

n , by using a relationship with reflectivity
in clear air (i.e. no insects, clouds, precipitation, or other point scatterers). Initially, vertically
pointing very high frequency (VHF) radars were used to examine scattering layers at heights
well above the planetary boundary layer (PBL), such as within the stratosphere and mesophere
(e.g., Röttger 1980). However, as the technology has improved and the pulse length has
become shorter, vertically pointing ultra high frequency (UHF) wind-profiling radars have
been able to examine the upper portion of the PBL (Fairall 1991). Recently, with the advent
of dual-polarization technology, S-band radars with a wavelength of 0.1 m have been able
to identify when returned signals are from clear air, and have been used to derive C2

n in the
PBL, including range-height cross-sections that depict variations in the top of the boundary
layer over terrain (Melnikov et al. 2013). Laser, large-aperture and microwave scintillometers
have been used to quantify path-integrated C2

n over a distance ranging from ∼100 m for laser
scintillometers to ∼10 km for large-aperture scintillometers. Scintillometers typically operate
at heights at or below 50 m above ground level (a.g.l.) and provide a measurement of C2

n at
the average measurement height, and are therefore not useful for profiling. There have been
numerous field projects utilizing scintillometers over inhomogeneous terrain such as patchy
agricultural fields (e.g., Meijninger et al. 2002; Beyrich et al. 2012), urban areas (e.g., Kanda
et al. 2002; Lagouarde et al. 2006) and sub-urban areas (e.g., Ward et al. 2014), grasslands
(e.g., Asanuma and Iemoto 2007), and open water in coastal regions (e.g., Mahon et al. 2009).
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While radars and scintillometers are the principle remote sensors used to measure C2
n ,

the primary remote sensor used to measure C2
T profiles in the boundary layer is the sodar.

Sodar-returned power, PR , is proportional to the structure-function parameter for temperature
through

PR ∝ C2
T

T 2

exp(−2αz)

z2 , (3)

where T is temperature in K, α is the acoustic attenuation in dB m−1, z is height in m, and
C2

T is in units of K2 m−2/3 (Coulter and Wesely 1980). By introducing a proportionality
constant k, Eq. 3 can be rewritten as

PR = k
C2

T

T 2

exp(−2αz)

z2 . (4)

Once the sodar is properly calibrated (e.g., Neff 1975) and k is quantified, C2
T can be derived.

In the literature, sodars have been extensively used to quantify turbulence through Eq. 4.
For example, recently sodars have been used to examine turbulence in relation to monsoons
(Shravan Kumar et al. 2011), study the fine-scale structure of sea breezes (Puygrenier et al.
2005), evaluate turbulence in the Arctic boundary layer (Bonner et al. 2009; Petenko et al.
2014a), and determine the statistics of C2

T within the convective boundary layer (Petenko
et al. 2014b). However, C2

T determined from sodars is often reported as uncalibrated, as
calibration requires a complex procedure (Danilov et al. 1994).

Several different instrument platforms are also able to make in situ measurements of C2
T .

Temperature measurements from instrumented towers with pairs of spatially-separated fast-
response thermistors can be used to calculate C2

T at a given separation distance, r (Haugen
and Kaimal 1978). However, it is also possible to use a single temperature sensor with a
time delay, accounting for the advection of frozen turbulence past the sensor (Kohsiek 1982).
Manned aircraft have also been used to quantify C2

T (e.g., Thomson et al. 1978), by measur-
ing fluctuations in temperature along a trajectory. Earlier, Konrad et al. (1970) suggested that
small remotely-controlled aircraft would be able to make similar measurements. The advance
of technology has recently enabled such observations, as an unmanned aerial system (UAS)
has been used to measure C2

T along a flight path (van den Kroonenberg et al. 2012). Quan-
tifying turbulence throughout the boundary layer is becoming a special application for these
platforms in atmospheric studies (e.g., Holland et al. 2001; Shuqing et al. 2004; van den
Kroonenberg et al. 2008; Mayer et al. 2010; Elston et al. 2011b), since they are able to take
in situ measurements at known spatial locations throughout the entire boundary layer at a
much lower cost than when using manned aircraft.

Here, we investigate a new method for measuring the temperature structure-function para-
meter in the boundary layer with a UAS and compare these UAS structure-function mea-
surements with those derived from sodar backscatter. Previous studies where aircraft or UAS
measurements are used to calculate C2

T utilize flight paths along a straight line (i.e., van den
Kroonenberg et al. 2012; Maronga et al. 2013), which are ideal for comparing similar mea-
surements from scintillometers along a line-of-sight path. However, within the present study,
a circular flight plan is used that allows for C2

T to be determined over a smaller area, allowing
for a more direct comparison with a sodar that has a small sampling volume. Addition-
ally, a correction for the advection of frozen turbulence is introduced for the calculation of
C2

T , which has not been considered in previous studies where C2
T is determined from UAS

observations.
The structure of the paper is as follows: Sect. 2 provides a description of the instrumentation

used and the approval to fly the UAS by regulatory agencies. In Sect. 3, the method by which
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C2
T is calculated from UAS measurements is discussed, including a description of the UAS

flight plan. Section 4 discusses the environmental conditions during the considered flights,
as well as comparisons between the sodar-derived C2

T and C2
T values determined from the

UAS. Section 5 summarizes the results.

2 Instrumentation and Experimental Set-Up

Data for this experiment were collected at the University of Oklahoma’s Kessler Atmospheric
and Ecological Field Station (KAEFS) on six days between March–July 2013. The site is a
1.46 km2 research and education facility located in rural central Oklahoma (see Fig. 1) that
is owned by the University of Oklahoma, and consists of a mixed landscape of tall grasses,
woodlands, pastures, and several ponds on gently rolling terrain that varies by ≈25 m in
elevation. Several temporary and permanent meteorological instruments are deployed at the
KAEFS site, including those relevant to boundary-layer measurements.

2.1 Instrumenation

Data from a Metek PCS.2000-24 Doppler sodar, Doppler lidar, Oklahoma Mesonet station,
and the Small Multifunction Autonomous Research and Teaching Sonde (SMARTSonde)
collected at the KAEFS site are used. The location of each instrument is provided in Fig. 1.
The minimum sampling range of the sodar is 25 m and the maximum range is specified
as 500 m, although 250 m is typical under most conditions at the KAEFS site. The range
resolution is 10 m and a 5-min averaging period is used. The sodar is uncalibrated, so the
constant k in Eq. 4 is not known before the experiment.

Fig. 1 Satellite image of the KAEFS site depicting the location of the pilot in command (red person), observers
(cyan people), sodar and lidar (green cross), Washington Mesonet site (purple cross), and location of where
the SMARTSonde typically circled (red circle). The star in the map in the lower right shows where the KAEFS
site is located in the state of Oklahoma, USA
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A Streamline Halo pulsed heterodyne Doppler lidar was deployed at the KAEFS site
from before the experiment through mid-May 2013. This lidar was configured to nominally
point vertically to take vertical velocity measurements; however, during the course of the
experiment presented here it also collected velocity azimuth display (VAD) wind profiles
every 30 min. The Oklahoma Mesonet station, the Washington site, is maintained by the
Oklahoma Climatological Survey and is one of 110 such stations across the state. Oklahoma
Mesonet stations measure air temperature, humidity, barometric pressure, wind speed and
direction, solar radiation, and soil temperatures (McPherson et al. 2007).

The airframe for the SMARTSonde used in this experiment is the Multiplex Funjet Ultra,
similar to that used by Reuder et al. (2009). It weighs ≈1 kg and has a wingspan of 0.80 m. In
the current configuration, the endurance of the airframe with an electric motor is ≈30 min with
a cruising speed of 15 m s−1. However, this can vary depending on the scientific mission and
prevailing wind conditions. The airframe’s pusher-prop design allows it to be hand-launched
and land on most surfaces. Paparazzi autopilot has been integrated into the platform for
autonomous control, although a pilot on the ground is still necessary for take-off and landing
(see Bonin et al. 2013a for a more complete description). An inertial measurement unit (IMU)
is used to determine the attitude of the airplane and a global positioning system (GPS) receiver
provides the position.

An SHT75 sensor by Sensirion is used to take measurements of humidity and temperature.
A capacitive sensor is used to measure humidity, while temperature is measured from a band-
gap sensor. Based on measurements of the time constant for different airflow conditions and
fitting a curve to those measurements, the response time at the typical airspeed of 15 m s−1

was found to be 3 s. Accuracies for temperature and relative humidity measurements are
0.3 K and 1.8 %, and the sensor can resolve fluctuations of 0.01 K and 0.05 %. To shield the
sensor from direct sunlight, the SHT75 sensor is installed underneath the wing near the body
of the fuselage and the sensor is placed inside an opaque tube. Additionally, an SCP1000
sensor by VTI Technologies is installed inside the fuselage to measure atmospheric pressure.
The SCP1000 also measures and internally compensates the pressure output for temperature
fluctuations. The horizontal wind vector can be extracted from the flight track by using a
method outlined in Bonin et al. (2013b).

2.2 Certificate of Authorization

Since the operation of UASs by public institutions in the United States National Airspace
System is regulated by the Federal Aviation Administration (FAA), we were first required
to obtain a certificate of authorization (COA) to be able to legally fly the SMARTSonde
at the KAEFS site. Best practices for FAA COA applications, as outlined by Elston et al.
(2011a), were followed. In the process of applying for the COA, a certificate of airworthiness
for the SMARTSonde platform was issued by the Department of Aviation at the University
of Oklahoma. Moreover, it was necessary to fulfill several safety requirements, including
adequate lost link and emergency procedures, loss of GPS signal, runaway aircraft, etc. Four
spotters, shown in Fig. 1, were stationed outside the flight path to monitor for other air traffic
entering the COA airspace. The pilot-in-command (PIC) maintained constant radio contact
with air-traffic control as well as the spotters. The PIC is required to maintain line-of-sight
(LOS) contact with the aircraft at all times during flight.

In September 2012, COA 2012-CSA-57 was approved by the FAA for the SMARTSonde
to operate within a 1.6-km radius at the KAEFS site up to 914 m a.g.l., with the stipulation
that the PIC needs to alert FAA of any flights 48–72 h before operations commence. To fulfill
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the COA requirements, the flight pattern used in these experiments was confined to a small
circle with a radius of 100 m to keep the aircraft encompassed by the observers, as shown
in Fig. 1. The centre of the flight pattern was ≈150 m away from the sodar, allowing for a
reliable comparison between both measurements. Despite the close proximity of the UAS
to the lidar, noise produced by the UAS did not noticeably affect the sodar measurements
during the flight times.

3 Calculating the Structure-Function Parameter Using Data from a UAS

While van den Kroonenberg et al. (2012) used a flight path in which the aircraft flew in one
direction for several kilometres, making it simple to calculate DT and C2

T based on a moving
window along the straight path, the COA granted for the SMARTSonde operations at the
KAEFS site does not facilitate such a flight pattern. Instead, a relatively small circular flight
pattern as discussed in Sect. 2.2 is used, which limits the maximum distance at which DT

can be calculated. In this flight plan, the UAS platform first circles at the initial height z1

for a set amount of time. The UAS platform then ascends to the next height z2 and repeats
the circles. This flight pattern is repeated until the highest measurement height is reached.
Typically, the UAS platform remains at each height for 3 min, which is the maximum feasible
data collection period at each height due to the UAS battery constraints. This flight pattern
is referred to as a ‘step-wise ascent’, and the idealized trajectory is shown in Fig. 2.

Values of DT and C2
T are determined for each height at which the UAS collects data over an

extended period of time. The separation distance R between each temperature measurement
can be calculated by taking the difference between GPS coordinates corresponding to each
temperature measurement. These distances and the corresponding temperature differences,
�T , are separated into bins by range as shown by the coloured lines in Fig. 2. A 20-m bin
size was used for this experiment. For each range bin, DT is calculated using Eq. 1 from

Fig. 2 Idealized trajectory of a SMARTSonde flight for measuring C2
T at predetermined heights z1, z2, and

z3, where the UAS circles for a predetermined amount of time. The cutout shows how measurements from
separation distances R1 (blue), R2 (green), and R3 (red) are binned for averaging. For simplicity, only a few
range bins and data points are shown in this diagram. For the flights of interest, the diameter of the circle is
200 m and measurement heights are typically spaced 50 m apart
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temperature measurements that are less than 30 s apart, to limit effects on the measurements
caused by evolution of the turbulence field. A flight time of 30 s generally corresponds to the
completion of half of a circle. Only range bins for which DT is seen to follow the 2/3 law
(Kolmogorov 1941) are used to compute values of mean C2

T via Eq. 2, with r the mean R
within the range bin.

While the method described above is a fairly straightforward means of calculating DT

and C2
T within the UAS sampling domain, it is important to account for the advection of

turbulence past the UAS platform, particularly during high wind speeds. To account for
this, Taylor’s hypothesis of frozen turbulence is utilized (Taylor 1938). Advection can be
accounted for in the determination of the separation distance. Instead of calculating R as
the simple horizontal distance between two measurement locations, an effective separation
distance RE , which considers the effect of the mean advection of frozen turbulence, can be
defined as

RE =
√

(x2 − x1 − u�t)2 + (y2 − y1 − v�t)2, (5)

where x and y are the zonal and meridional separation distances between measurements in m,
u and v are the zonal and meridional wind in m s−1, and �t is the time between measurements
in s. RE is used in place of R to separate the data into bins for calculation of DT and C2

T .
With a hygrometer capable of quickly resolving small fluctuations in humidity, this method
may also be used to measure C2

n from a UAS for comparison with clear-air radar returns.

4 Results and Discussion

For each day of the measurement campaign, the COA was activated for a 2–3 h window of
operation 48–72 h before the first planned take-off. Data were collected during the morning
hours just after sunrise for half of the days to measure C2

T during stably stratified conditions.
On the other three days, data were collected in the afternoon during unstable conditions. A
large-eddy simulation (LES) was run for the afternoon case presented below, but not for the
morning case due to difficulties in reliably simulating turbulence under stable conditions.
Specifically, the large-scale forcing data ingested by the LES suffered from an excessive
positive temperature bias, while the employed subgrid-scale model overly damped the tur-
bulence. Here, we focus on the observational analysis of data collected at the KAEFS site,
and the LES is only used for comparison of profiles of mean quantities. A comparison of
various methods for evaluating C2

T within the LES, including a virtual UAS employing the
measurement strategy discussed in Sect. 3, can be found in Wainwright et al. (2015).

4.1 Environmental Conditions During Case Studies

Data from two cases are presented as the focus of this study. Measurements from the late
afternoon of 24 April 2013 will be presented in the first case study and the morning of 28 June
2013 in the second. The presented cases were chosen since data coverage from the UAS and
sodar was the greatest within either stability regime, and there were no technical problems
with the flights that would affect the data quality. Two UAS flights each with overlapping
coverage of the sodar were performed on 24 April, and four flights took place on 28 June.
Henceforth, the 24 April case will be referred to as the late afternoon case and the 28 June
as the morning transition case.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3 Flight trajectory and environmental conditions from a selected flight during the a–d late afternoon and
e–h morning transition. Shown are a, e real flight trajectories, b, f temperature profiles from the SMARTSonde
in which error bars indicate standard deviation of temperature at each height and a 10-m measurement from the
Washington Mesonet site, and c, g u and d, h v components of the wind from the sodar (red), SMARTSonde
(blue), lidar (green), large-eddy simulation (black), and Washington Mesonet site (magenta circle)

Flight trajectories, temperature profiles, and wind profiles from the first flight during the
late afternoon and second flight during the morning transition are shown in Fig. 3. Flights
during the late afternoon took place between 1830–1930 local time (LT, 2330–0030 UTC), and
astronomical sunset occurred at 2011 LT. The temperature profile was characteristic of a well-
mixed boundary layer, dry adiabatic with a superadiabatic lapse rate near the surface. Based
on surface analysis maps, a region of high pressure that was centered over the area resulted
in relatively light winds (≈3 m s−1). As the high-pressure area subsequently propagated
eastward, the wind direction shifted from northerly to easterly throughout the duration of
the flights. The shifting wind direction (see panels c and d of Fig. 3) can partially explain
the difference in the SMARTSonde derived winds at various heights, as those measurements
were taken over the course of 20 min.

The environment was drastically different from the late afternoon case during the morning
transition flights. SMARTSonde measurements were made between 0650–0850 LT (1150–
1350 UTC), with astronomical sunrise occurring at 0617 LT. The first flights were made
under strongly stable conditions, as evidenced by the potential temperature profile during the
second flight in Fig. 3f. During the last two flights, the convective boundary layer began to
develop. A cold front had passed over the KAEFS site at 0200 LT, causing the wind direction
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(a)

(b)

Fig. 4 Time series of observed temperature perturbations from the mean at measurement heights during the
a late afternoon and b morning transition, corresponding to the same flights shown in Fig. 3. Grey dashed
lines indicate values of zero fluctuation from the mean at a given height

to shift from southerly to northerly prior to the observational period. During all of the flights,
a weak northerly low-level jet was present. While the winds were somewhat variable between
each flight, the maximum wind speed was ≈10 m s−1 at 100–150 m a.g.l. The wind speed was
large enough to affect the performance of the autopilot, with the SMARTSonde oscillating
between ±10 m from the desired flight level as the UAS experienced an increase or decrease
in lift depending on the angle of attack. Under typical conditions, these oscillations around
the flight level are within ±6 m.

4.2 DT and C2
T Measurements

Temperature traces for each measurement level during one flight, corresponding to the data
shown in Fig. 3, from the late afternoon and morning transition are shown in Fig. 4. Generally,
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5 Temperature structure function with a 2/3 reference line (a, b, e, f) and the structure-function parameter
as a function of separation distance between measurements (c, d, g, h). The solid black vertical lines denote
the distances in which the inertial subrange is resolved, which is based on where advection corrected DT
follows the 2/3 law. The dashed blue line is the mean value over separations within the resolved inertial
subrange. Measurements are from 50 m a.g.l. during the late afternoon (a–d) and morning transition (e–h),
corresponding to the same flights shown in Fig. 3. Calculations for data shown in panels on right (b, d, e, g)
account for advection of frozen turbulence, while those on the left do not (a, c, d, f)

the temperature variations at each height were below 0.25 K, as would be expected late in
the afternoon and during early morning hours since surface heating is weak. However, the
temperature fluctuations were still larger than can be explained by the UAS’s variation in
height. With a dry adiabatic temperature profile, as observed during the late afternoon, the
maximum temperature fluctuation that can be explained by deviations from the desired flight
level is 0.1 K, as the UAS typically remained within a ±6 m range of the desired height.
The temperature variance from the morning transition was also greater than can be explained
by height oscillations of the SMARTSonde within the measurement layer. The observations
at 100 m a.g.l. from the morning transition are the exception, as the UAS struggled due to
large wind speeds and oscillated significantly (±10 m) through the significant inversion layer
shown in Fig. 3f. Most of the temperature variance at 100 m a.g.l. on that day can be explained
by these oscillations, which is apparent when comparing height and temperature oscillations
(not shown). Temperature fluctuations at other flight levels were independent of both height
and aircraft heading, which was investigated in order to verify that the sensor was not heated
by solar radiation at certain angles causing erroneous measurements.

By calculating �T and R from temperature measurements and the corresponding GPS
coordinates, DT and then C2

T can be calculated by separating the data into range bins and
using the method described in Sect. 3. This yields values of DT and C2

T at each height across
a range of separation distances. Values of DT and C2

T at 50 m a.g.l. are shown in Fig. 5 for
the first flight from the late afternoon and second flight from the morning transition case.
These values correspond to the 50-m temperature traces presented in Fig. 4.

For a non-varying turbulence field, values of C2
T are theoretically constant within the

inertial subrange when turbulence is locally isotropic and homogeneous (Wyngaard et al.
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1971). This range typically extends from a scale of a few millimetres to a few hundred metres
(van den Kroonenberg et al. 2012). Herein, the extent of the resolved inertial subrange exists
when the DT values corrected for advection follow the 2/3 law, as within the range bounded
by the black lines in Fig. 5b, f. While the inertial subrange theoretically extends down to a
few millimetres, the smaller scales of turbulence cannot be resolved, due to the slow response
time of the thermistor. Hence, DT values at small r are seen to not follow the 2/3 law. The
mean C2

T values for each height and flight, which are compared with the sodar in Sect. 4.3,
are calculated by taking the mean value within this resolved inertial subrange.

Correcting for the advection of turbulence is shown to be of particular importance in deter-
mining the bounds of the resolved inertial subrange under high wind speeds. For the morning
transition case, when a low-level jet was present, DT only followed the 2/3 law within the
inertial subrange after the advection correction had been applied, as seen in Fig. 5e, f. Con-
versely, the advection correction did not significantly improve the data quality or affect the
results from the late afternoon case, where the wind speed was lower. Correcting for advection
in the late afternoon data changed the C2

T by less than 10 % at every height and flight since
the wind speed was low, whereas values of C2

T in the morning transition, when wind speeds
were higher, changed by more than a factor of 2 for some heights. As such, correcting for the
advection of a frozen turbulence field is seen to be important, and this effect may partially
explain why UAS-derived C2

T values may be overestimated when compared to scintillome-
ter measurements, as discussed by Beyrich et al. (2012), in which an advection correction
was not applied. For the remainder of the analysis, the values presented utilize advection
correction.

4.3 Comparison with Sodar

As shown in Eq. 4, sodar backscatter is directly related to C2
T /T 2, thus sodar returned

power can be used to retrieve profiles of C2
T . The evolution of the PBL as observed by

the sodar before, during, and after the SMARTSonde flights on the two case study days is
shown in Fig. 6. Significant changes in the sodar return during each flight period are seen,
particularly during the morning transition. This indicates that C2

T varies significantly during
the time it takes the SMARTSonde to make the observations at the various heights. Since
the SMARTSonde also provides vertical profiles of temperature and humidity, the returned
power is corrected for atmospheric attenuation before retrieving C2

T profiles as detailed in
Wainwright et al. (2015). Once C2

T /T 2 is evaluated from the returned sodar power, C2
T can

be directly quantified by substituting the temperature measured by the SMARTSonde as T
in Eq. 4. As noted earlier, the sodar is uncalibrated. Therefore, an arbitrary scaling factor is
applied to the sodar data so that the C2

T profiles are of the same magnitude as those from
the SMARTSonde. This scaling factor remains constant for all of the comparisons. For each
flight, C2

T is calculated from the sodar return power from each 5-min interval and the mean
returned power over the duration of the flight (25-30 min), which reduces the noise in the
profile. This compares with the ≈3 min averaging period of the SMARTSonde.

Comparisons of C2
T profiles from the sodar and SMARTSonde for different separation

distances are shown in Fig. 7. Generally, the SMARTSonde-derived C2
T profiles from various

RE are in close agreement within the inertial subrange. At very high and low values of RE ,
the computed values of C2

T can vary quite drastically due to sensor lag and values outside of
the inertial subrange. The shape of the profiles in Fig. 7a roughly agrees with the sodar data,
exhibiting a minimum in C2

T between 150–200 m with values increasing in height above this
level.
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Fig. 6 Sodar return power, not corrected for attenuation or range, during the time flights were conducted
during the a late afternoon and b morning transition. Magenta lines mark when each flight started and grey
lines mark when flights ended. Numbers are used as labels for each flight

(a) (b)

Fig. 7 Comparison of computed C2
T at different separation distances with sodar-retrieved values from a the

first flight from the late afternoon and b second flight during the morning transition. This corresponds to the
data shown in Fig. 5. Black solid line is the mean of C2

T at separation distances within the inertial subrange,
while the black dashed line is the sodar derived values averaged during the time of the flight
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In Fig. 7b, the individual profiles of SMARTSonde-derived C2
T at differing separation

distances again are in good agreement, with the measurements in the 10-m bin being an
outlier. The 10-m bin contains the smallest number of total measurement pairs due to high
wind speeds causing an increase in RE . However, there are large differences between the
sodar and SMARTSonde C2

T profiles. The sodar profile exhibits a sharp decrease in C2
T

with height between 80–100 m, above which the profile is relatively uniform in height. Con-
versely, the SMARTSonde C2

T profile exhibits two maxima at 100 and 200 m a.g.l. The
SMARTSonde-determined C2

T at 100 m is erroneously high due to the previously described
height oscillations of the UAS platform within this layer due to high wind speeds. Therefore,
a considerable portion of the recorded temperature fluctuations cannot be attributed to hori-
zontal inhomogeneities, invalidating some of the assumptions required in the determination
of C2

T .
The mean C2

T , across all separations within the resolved inertial subrange, determined
from the SMARTSonde observations for each flight, is compared with the corresponding
sodar-derived C2

T values in Fig. 8. Once again, the shape of the profiles generally agrees for
the late afternoon case, as shown in Fig. 8a, b. As discussed earlier, there is an increase in
C2

T with height above 150 m from both the UAS and sodar data collected during the first
flight. During the second flight, significant differences in the mean C2

T profiles between the
instruments are present. While both the UAS and sodar generally show lower C2

T values than
during the first flight, as would be expected later in the evening as turbulence decays, the
SMARTSonde measurements do not correspond as closely with the mean C2

T profile from
the sodar over the duration of the flight. However, each individual SMARTSonde observation
between 50–200 m agrees well with the corresponding C2

T measurement from the sodar over
the shorter 5-min averaging time for both flights during the late afternoon. There are some
discrepancies between the 300-m UAS observations, as both are significantly higher than
the corresponding sodar estimates. However, the signal-to-noise ratio (SNR) for the sodar is
below zero dB at heights above 250 m during the duration of the measurements from the late
afternoon. Therefore, the sodar estimates above 250 m are unreliable, especially at 5-min
averaging periods.

While the C2
T profiles from both instruments agree relatively well during the measurement

period in the late afternoon case, significant differences between the C2
T profiles from each

instrument were noted for the morning transition case as shown in Fig. 8c–f. Additionally,
both the SMARTSonde- and sodar-derived profiles exhibited large changes over the 2-h
observational window as the convective boundary layer began to develop. For flights one
and two during the morning transition case, the sodar SNR dropped below zero dB above
250 m, and above 190 m for flights three and four, indicating that the sodar data are unreliable
above those heights. Disregarding the data above those heights, the trends in C2

T from both
the sodar and SMARTSonde measurements show good general agreement. There is a peak
in sodar-derived C2

T at ≈50 m during the first flight, and the height of that peak rises over
the course of the morning. The SMARTSonde also measured a maximum in C2

T at similar
heights throughout the morning, although the derived C2

T values are overestimated at 100 m
due to the UAS oscillations through the stable layer.

While the general trends of C2
T with height, as derived from both instruments, are in

agreement during the morning transition, UAS estimates of C2
T tend to be much larger than

those from the sodar. In addition to the oscillation of the UAS through a stable layer causing an
overestimation in C2

T , there was an instance at 250-m height during flight three where the UAS
observed two separate prolonged periods (≈15 s) where the temperature decreased and then
increased by approximately 1 K. While the cause of these large fluctuations in temperature is
unknown, the observed fluctuations were likely not a result of isotropic turbulence and thus
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(a) (b)

(c) (d)

(e) (f)

Fig. 8 Comparison of computed mean C2
T (units of K2 m−2/3) across separation distances within the inertial

subrange from the SMARTSonde (circles) with sodar retrieved values (solid lines) from flights during the a,
b late afternoon and c–f morning transition. The time periods for each flight are the same as those delineated
in Fig. 6. The thick black line depicts the average C2

T profile from the sodar over the duration of each flight

(≈30 min), while each coloured line shows C2
T over each 5-min interval. Each SMARTSonde measurement

is colour coded to show the matching sodar observation, with the left (right) colour corresponding to the start
(end) time of the SMARTSonde average

123



Measuring Structure-Function Parameter with a Small UAS

should not be used to calculate C2
T . While issues such as this are important to consider when

using UAS measurements to determine C2
T in the stable or transition boundary layer, the

agreement in the general shape of the C2
T profiles (excluding those measurements impacted

by the issues mentioned above) between the instruments demonstrates that the UAS shows
promise in measuring C2

T in such conditions. In addition, temperature probes with a faster
response time would allow for more accurate measurements of C2

T . Wainwright et al. (2015)
discuss the effect of thermometer response time on the resulting values of C2

T .

5 Summary

Two cases are presented in which C2
T was determined from temperature measurements made

by the SMARTSonde. The two case studies use observations from the stable and unstable
boundary layers. The SMARTSonde was flown in a ‘step-wise ascent’ to measure tempera-
ture for ≈3 min at each height, from which DT and C2

T could be calculated. By assuming
that the turbulent eddies move with the mean wind, the observations were corrected for
the advection of frozen turbulence by calculating an effective separation distance between
measured temperature data points. During the experiment, an Oklahoma Mesonet station and
sodar were located at the KAEFS site. A large-eddy simulation was also run for the afternoon
case, for which a comparison of measurement methods including a virtual UAS is discussed
thoroughly by Wainwright et al. (2015). The sodar return power was used to retrieve C2

T
profiles for comparison with the SMARTSonde observations.

Overall, the values of C2
T were generally constant with separation distance within the

resolved inertial subrange, after correcting for the advection of turbulence. While the slow
response time of the thermistor did not allow the capture of the inner limit of inertial subrange,
the outer limit was always captured. The correction for advection is shown to be important.
Without it, being able to delineate where values of DT followed the 2/3 law was not pos-
sible or reliable, especially when the wind speed was high. Additionally, the correction can
significantly affect the calculated values of C2

T .
Some agreement was noted when comparing C2

T profiles derived from the SMARTSonde
with those from the sodar. Significant differences in the observed profiles existed during the
early morning transition. Many of these differences in the C2

T profiles can be explained by:

– Differences in averaging periods. The SMARTSonde averages C2
T over 3 min, while the

sodar averaging period was ≈30 min. Improved agreement was noted when 5-min averages
were used from the sodar instead, but the resulting sodar profiles were noisier.

– Rapidly changing environmental conditions from a stable to unstable boundary layer.
Profiles of C2

T changed significantly between each flight, and even during the flight as the
PBL evolved rapidly.

– The UAS sampling within a strong inversion. The UAS oscillated through the inver-
sion, resulting in large fluctuations in temperature that were due to sampling the
enhanced vertical temperature gradient. This violated the assumption, for the calcula-
tion of C2

T , that temperature fluctuations are due to isotropic turbulence. Care needs to
be taken in interpreting C2

T values from UASs when large temperature gradients are
apparent.

– The UAS sampling within the entrainment layer or through gravity waves, where large
temperature fluctuations may occur due to PBL phenomena, but are not due to isotropic
turbulence.
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In the afternoon case study, the C2
T profiles showed increased temporal consistency and

much better agreement between the instruments. Comparison of these profiles is justified,
since many of the necessary assumptions invoked in the determination of C2

T from temperature
observations were valid, unlike for the morning case. The shape of the profiles agreed well,
as did each individual UAS measurement compared to the 5-min data from the sodar.

The method used for this experiment illustrates that UAS can obtain reasonably accu-
rate estimates of C2

T in the boundary layer, with the noted caveat that advection must be
accounted for. Care needs to be taken when determining C2

T with UAS measurements to
ensure that recorded temperature fluctuations used to calculate C2

T are indeed due to tur-
bulent motions. This is especially true in the stable boundary layer, where turbulence is
generally weak and strong temperature gradients often exist. Additionally, UAS-derived C2

T
values should become more accurate once fast-response thermistors are installed, especially
in the stable boundary layer where turbulent scales are much smaller. It may be possible
to install two fast response microthermistors in front of both wing tips, which could be
used to take temperature measurements used to derive C2

T at a certain separation distance.
These could be compared with C2

T values derived by the method described herein or by that
of van den Kroonenberg et al. (2012) to assess the validity of Taylor’s frozen turbulence
hypothesis.
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