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Abstract. This study investigates the use of a balloon-launched small Uncrewed Aircraft System (sUAS) for the measurement
of turbulence in the troposphere and lower stratosphere. The SUAS was a glider which could conduct an automated descent
following a designated flight trajectory and equipped with in-situ sensors for measuring thermodyanamic and kinematic at-
mospheric properties typically measured using balloon-borne instruments. The trajectory of the glider allowed for improved
statistical convergence and higher spatial resolution of derived statistics measured by the in-situ sensors. In addition, this air-
craft was equipped with an infrasonic microphone to assess its suitability for the remote detection of clear-air turbulence. The
capabilities of the SUAS and sensing systems were tested using three flights conducted in 2021 in New Mexico. It was found
that the profiles of temperature, humidity and horizontal winds measured during descent were consistent with those made by
radiosonde. Importantly, analysis of the statistics produced along the flight trajectory allowed the identification of key turbu-
lence quantities and features such as gravity waves, thermals and tropopause folding, which allowed the connection to be made
between the locations of increased turbulence intensity and the source of its generation. In addition, the infrasonic microphone
amplitude was found to be correlated with the measurements of turbulence intensity, indicating that the microphone was sens-
ing turbulence. However, interpretation of the microphone signal was convoluted by the altitude dependence of the microphone

response and the difficulty in discriminating individual sources from within the microphone signal.

1 Introduction

Due to its importance in weather and climate, the formation and evolution of atmospheric turbulence has long been of scien-
tific interest. In addition, the presence of atmospheric turbulence also poses an aviation hazard that is challenging to predict
and detect. This latter point is particularly true for high-altitude autonomous flight, a regime which is being increasingly pur-

sued in the form of High-Altitude Pseudo-Satellite, or High-Altitude Platform Station, (HAPS) aircraft, which can provide
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communication and remote observation capabilities at relatively low cost. By the nature of the flight conditions under which
these aircraft operate, they tend to be structurally fragile with narrow performance envelopes for which controlled flight can be
maintained.

Despite the thermal inversion in the stratosphere indicating the presence of static stability, turbulence can still occur in this
cloudless atmospheric layer due to mechanical or thermal disturbances, and thus often referred to as clear air turbulence. There
are several potential sources of clear air turbulence. For example, the horizontal movement of air above terrain (e.g. mountains)
can result in upward vertical motions, wind shear and turbulence production within their proximity. These motions are usually
in the form of mountain waves (or lee waves) produced over the mountains by wind shear and their strength is determined by
the height of the mountain and the strength of the wind. Another source of clear air turbulence is the presence of a jet stream. Jet
streams generally occur at the tropopause (the boundary region between the troposphere and stratosphere) and are a product of
temperature gradients within the surrounding air. These sources of clear air turbulence can all pose hazards to small Uncrewed
Aircraft Systems (SUAS)s and better measurement of these turbulence-generating mechanisms can potentially lead to better
prediction and mitigation of the hazards they pose.

Many experiments have conducted stratospheric turbulence measurement using balloon-borne instruments (e.g. Wescott
et al., 1964; Ehrenberger, 1992; Haack et al., 2014) with previously published studies of stratospheric turbulence dating back to
the 1960s (Enlich and Mancuso, 1968). Among the most relevant conclusions from these studies is that stratospheric turbulence
tends to form in relatively thin atmospheric layers due to intrinsic static stability at these altitudes. Previous studies have also
compared instances of high turbulent kinetic energy dissipation rate, ¢, to the local Richardson number, R, to estimate if the
turbulence arose from a convective or mechanical source of turbulence (Soder et al., 2021; Sharman et al., 2014; Kim et al.,
2020), with these results used to model the relationship between turbulence in the stratosphere as well as tropospheric activity
(Chunchuzov et al., 2021).

One series of experiments focused on stratospheric turbulence has been the Leibniz-Institute Turbulence Observations in the
Stratosphere (LITOS) experiments. These experiments consisted of balloons equipped with a thermal anemometer specifically
intended to measure velocity and temperature fluctuations at high frequency. The resulting measurements were within sub-
centimeter resolution, and therefore suitable for resolving the finer scales of turbulence. This experiment reached altitudes up
to 30 km, and ¢ was compared to both Ri and the square Brunt-Viisili frequency, N2 as a function of altitude. There was
a noted increase in ¢ with altitude and clear correlation between turbulent events and R: < 0.25. However, in some instances
turbulent events were also observed where Ri > 0.25 although other studies attribute such behavior to the specifics of the Ri
calculation, casting question as to its value as an indicator for the likelihood of turbulence development (Galperin et al., 2007,
Haack et al., 2014). LITOS experiments also investigated the phenomonon of tropopause folding, in which a stratospheric
intrusion of air sinks below the upper tropospheric jet stream. The observational result was that dissipation rates above the
upper-tropospheric jet were three orders of magnitude larger than below it (Soder et al., 2021) with deeper tropopause folds
producing more severe turbulence.

Routine crewed aircraft measurements of atmospheric turbulence are also conducted, for example through the use of an

in-situ turbulence detection algorithm developed by the National Center for Atmospheric Research (NCAR) and implemented
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on some 200 aircraft (Sharman et al., 2014) and through Aircraft Meteorological Data Relay (AMDAR) reports generated
by in-situ measurement systems on commercial aircraft. These systems generally report the the turbulence intensity using the

metric of eddy dissipation rate (£ D R), defined as
EDR=¢'3, 1)

which is currently used as a standard for turbulence reporting by the International Civil Aviation Organization (ICAO). In the
NCAR E DR calculation, a fully-formed von Karman inertial subrange is assumed, and the EDR is determined from with
either vertical-wind measurements, or the aircraft’s gust response measured through acceleration.

Recently, it has become increasingly common to use SUAS equipped with in-situ sensors (e.g. hot-wire anemometers, sonic
anemometers, hot-film probes, multi-hole pressure probes) for studies of turbulence in the atmospheric boundary layer and
troposphere (e.g. Egger et al., 2002; Hobbs et al., 2002; Balsley et al., 2013; Witte et al., 2017; Rautenberg et al., 2018;
Birfuss et al., 2018; Jacob et al., 2018; Bailey et al., 2019; Al-Ghussain and Bailey, 2022). Many of the sSUAS used for
turbulence studies employ multi-hole probes, which measure the dynamic pressure of the air, with multiple pressure ports
combined with a directional calibration to determine the wind vector relative to the probe axis. Due to their fragility, hot-wire
probes, which measure the convective heat transfer across a very thin heated filament, are usually reserved for short-term
scientific studies although they are standard instruments on some sUAS (Hamilton et al., 2022). The fast response of the hot-
wire anemometer allows detailed characterization of the turbulence, for example allowing the measurement of small-scale
fluctuations corresponding to turbulent dissipation.

An additional sensing system which has potential to measure clear air turbulence are infrasonic microphones (Cuxart et al.,
2015; Shams et al., 2013). These infrasound sensors are capable of detecting acoustic frequencies below 20 Hz and are typically
used for seismic detection and marine acoustics. Within the atmospheric boundary layer, the infrasound energy from ground-
based arrays has been found to correspond to the turbulent kinetic energy in the atmosphere, particularly when buoyantly-
produced convective turbulence is present. The infrasound energy levels also seem to be higher when there were elevated jets or
turbulence above the measurement height, which was thought to be caused by the sound generated at higher altitudes reaching
the microphones. In balloon-borne measurements, it has been found that it is possible to detect acoustic low frequency signals,
such as microbaroms, using sensitive infrasonic sensors (Bowman and Lees, 2015). The advantage of infrasonic sensors for
turbulence detection is that acoustic propagation increases at low frequency and low kinematic viscosity (Whitaker and Norris,
2008) allows propagation over distances ranging between a few hundred to a few thousand of kilometers. For example, an array
of ground-based microphones were able to detect clear air turbulence at distances up to 360 km (Shams et al., 2013).

Despite over a century of work in turbulence detection, predicting the production, presence and characteristics of turbulence
in the atmosphere is still a significant challenge. Hence, in-situ observations are still invaluable both as a research tool and
for routine observation. However, due to the transient nature of their Lagrangian flight trajectory, balloon-based approaches
are not necessarily amenable to obtaining detailed statistical descriptions of turbulence at high altitudes. Here, we examine

the potential of using a balloon-launched stratospheric glider SUAS for turbulence measurement. A glider offers advantages
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over traditional balloon launches by being able to maximize time at altitude during its descent phase, by being able to transect
moving and interacting air masses, and by maintaining a relatively geostationary position during its descent. These qualities
facilitate the statistical analysis necessary for quantification of non-stationary properties. For these measurements, the aircraft
was equipped both with traditional in-situ sensors as well as a novel infrasonic microphone in order to test the potential of
using airborne acoustic signatures to remotely detect the presence of turbulence. This configuration was tested in a series of
three high-altitude flight tests conducted at Spaceport America in New Mexico USA, conducting measurements from 25 km to
30 km above sea level down to the surface.

The remainder of this manuscript is divided into three main sections: Section 2 describes the aircraft and measurement
systems, along with information about the flight location and flight path; Section 3 overviews the observations made, including
profiles of key statistics and infrasonic microphone response as well as horizontal distributions of key quantities; with Section 4

summarizing the main findings from this study.

2 Experiment Description

2.1 Overview

T '

Altitude (m): 1400 2200 3000
T =

W
W
W

Latitude (°)
W
W

w
N
(oY

-108 -107.5 -107 -106.5 -106
Longitude (°)

Figure 1. The topography of the flight area with Spaceport America with the trajectory of Flight 3 indicated by a red line to illustrate region
of measurement.

The measurement campaign was conducted at Spaceport America, located near Truth or Consequences, New Mexico, U.S.A.
between the Black Range and San Andres mountain ranges (Fig. 1), from June 1, 2021 through June 6, 2021. Three flights were
flown, with Flight 1 being conducted on June 1; Flight 2 conducted on June 4; and Flight 3 being conducted on June 6. Each
flight consisted of a weather-balloon carrying the glider aloft to a release altitude of 25 km above sea level (m.s.1.) for Flights

1 and 2, and 30 km m.s.1. for Flight 3. After release, the aircraft conducted an automated descent along a pre-determined flight
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path down to the Spaceport America runway. Details of the aircraft, payload, procedures and flight trajectories are provided

Temperature and
humidity sensors

Five-hole probe .
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Figure 2. Images of HIDRON H2 showing: (a) close up of aircraft nose showing five-hole probe and temperature and humidity sensor
location; (b) aircraft during launch; and (c) aircraft during landing.

2.2 Aircraft

Key to this research was the use of the host sUAS platform, the HIDRON H2 (see Fig. 2), operated by Stratodynamics Inc. The
HiDRON H2 is a balloon-launched carbon fiber/fiberglass glider sUAS that is capable of autonomous and soaring flight modes.
It has a wingspan of 3.8 m and its nominal flight weight is approximately 5.7 kg with the payload. To achieve initial altitudes
in excess of 30 km, the HIDRON H2 is launched using latex sounding balloons. Different sizes of balloons were used with
2000 g, 1200 g and 3000 g employed for Flights 1, 2 and 3, respectively. After release, the aircraft is controlled by a UAVOS Inc.
autopilot to follow a pre-programmed descent pattern towards a designated landing point. An operator can track the HHIDRON
H2 position from launch to landing and changes to the flight plan can be made in real time through radio telemetry, which also
allows operational parameters to be transmitted to the ground with a range of 100 km. Full telemetry information was produced
at 10 Hz by the autopilot for all three flights, including location, ground speed, 6 degree-of-freedom orientation information
and pressure, temperature and humidity information from the integrated iMet-XF atmospheric sensors. Other safety features
include a parachute, dual-redundant balloon release system and geofencing safety protocols that prevent the aircraft from

leaving the designated airspace. During prior flights, including flights exceeding altitude of 30 km, the HIDRON H2 has shown
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reliability in remaining controllable in high-wind (114 km h~') and low-temperature conditions (< —60°C) and in returning
to a predefined landing site.

To measure atmospheric conditions, the aircraft was equipped with an integrated InterMet Systems iMet-XF system having
fast-response bead thermistor air temperature and humidity sensors. The pressure sensor provided a 1.5 hPa accuracy for
pressure, with humidity sensor supporting a full 0 - 100 %RH range at = 5 %RH accuracy with a resolution of 0.7 %RH. The
temperature sensor provided a 4= 0.3°C accuracy with a resolution of 0.01°C up to a maximum of 50°C. The stated response
times of these sensors are on the order of 10 ms for pressure, 5 s for humidity and 2 s for temperature in still air, with the
autopilot sampling these sensors at 10 Hz. The pressure and temperature sensors were mounted with the sensing elements

exposed to the airflow upstream of the wing support (see Fig. 2a) to ensure sufficient aspiration of the sensors.
2.3 Payload

The turbulence-measuring payload was a combination of four components: (1) five-hole probe; (2) infrasonic sensor; (3) data
acquisition board; and (4) embedded computer. These components were installed in the nose of the HIDRON H2, which could

be accessed via removal of the nose cone, as shown in Fig. 3c.

Figure 3. (a) Five-hole probe prior to addition of heating element, (b) Infrasonic microphone, and (c) Nose payload bay open between flights,
with embedded computer shown removed for data retrieval. Infrasonic microphone is below embedded computer but was installed in aircraft
nose facing forward during flight.

2.3.1 Five-Hole Probe:

Wind speed and direction relative to the aircraft were measured using a bespoke five-hole probe mounted such that the probe
projected upstream of the nose of the aircraft, as shown in Fig. 2. The probe, detailed in Fig. 3a, was a carbon-fiber tube
equipped with a beveled aluminum tip. The tip of the probe was arranged with one center hole normal to the probe axis
surrounded by four other holes arranged symmetrically around the center hole with their plane normal vector aligned 20° to
the probe axis. For this measurement, the pressure difference between central hole (measuring total stagnation pressure) and a

series of additional holes arranged on the carbon fiber tube (measuring static pressure) were used to determine the approximate
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dynamic pressure at the probe tip. The two horizontally-opposed circumferential holes are arranged to produce a pressure
difference which changes with the horizontal angle of the wind vector relative to the probe axis. Similarly, the two vertically-
opposed circumferential holes were arranged to produce a pressure difference which changes with the horizontal angle of the
wind vector relative to the probe axis. Prior to installation on the HIDRON H2, the probe was calibrated in a wind tunnel using
an apparatus designed to pitch and yaw the probe at angles up to 25° relative to the mean wind vector.

The probe used on these flights was also heated to prevent ice formation within the probe during flight. This was accom-
plished by wrapping the probe body in nickel-chromium resistance wire. A feedback circuit, using a thermistor attached to
the probe tip, passed current through the wire at a rate sufficient to maintain the probe tip temperature at 50°C. Comparison
of calibrations with and without heating active indicated that there was no influence of probe heating on the five-hole-probe
response characteristics.

Each hole on the probe was connected to differential pressure transducers through 1.75 mm diameter flexible polymer tub-
ing. To ensure that the low-density conditions at flight altitude did not result in pressure differences below the sensitivity of
an individual transducer, measured pressure difference was converted to analog voltage using two different sets transducers by
teeing the tubing to each transducer sets. The low sensitivity transducer set was comprised of TE Connected Measurements
4515-DS5A002DP differential pressure transducers with a 500 Pa range. The second transducer set was comprised of Allsen-
sors DS-0368 differential pressure transducers with a 65 Pa range. Both sets of analog output voltages were linearly scaled
relative to the maximum transducer range with a nominal span of 4.5V and 4.0V respectively. Note that the during flight,
the autopilot maintained flight speeds sufficient to produce pressure differences well within the range of the low-sensitivity
transducers and hence only the readings from these sensors were used for this analysis.

Based off of established procedures, e.g. as outlined by Treaster and Yocum (1978), Wildmann et al. (2014), Bohn and
Simon (1975) and van den Kroonenberg et al. (2008), the pressure differences at each yaw and pitch angle combination were

used to build pressure coefficients

APs;
pu— 2
O = AP T 05(A Py + AP 22)
APs,
Co= 2b
AP 4+ 0.5(APss + APsy) (2b)
AP —Q
C,= 2
4 AP, +0.5(AP32+AP54) (20)

where A P is the pressure difference between the central hole and the static pressure, A P35 is the pressure difference across the
horizontal probe holes, A P54 is the pressure difference across the vertical probe holes and (@ is the dynamic pressure. The probe

design resulted in unique combinations of C, and C for each yaw and pitch angle of the probe relative to the wind vector,
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with the relationship between C,, and Cjz determined via wind-tunnel calibration. The same calibration procedure was used to
determine the relationship between C,; and (). To analyze the flight data, C,, and C'3 were calculated for every measurement
point and the unique combination used to determine the wind vector angle relative to the probe axis. The corresponding value
of C; measured at that relative angle allowed () to be determined from the measured AP;. The result is knowledge of the
magnitude and direction of the dynamic pressure vector relative to the probe axis. This is then converted to velocity using the
density determined from iMet-XF measurements of the ambient pressure, temperature and humidity.

To convert the velocity vector magnitude and direction relative to the aircraft into a frame of reference relative to the ground,
an additional coordinate transformation was conducted using the aircraft’s pitch, yaw, and roll angles as measured by the
autopilot. Details of this process are provided in Witte et al. (2017) and are based off of procedures described in Lenschow
(1972) for measurements using similar probes mounted on crewed aircraft. The resulting time-dependent velocity vector is
described using components u(t), v(t), and w(¢) which are aligned to the east, to the north, and up, respectively. The time-

dependent horizontal velocity magnitude and direction were then found from

U(t) = (u(t)> +v(t)?) "7 3)
and
dir(t) = atan2 (—u(t), —v(t)) @)

where atan2 indicates a numerical implementation of the tan~"! function used to disambiguate the polar direction using the
quadrant formed by the sign of the velocity components.

Note that in order to perform the transformation to the earth-fixed frame of reference, the aircraft position and orientation
information was up-sampled from the autopilot’s 10 Hz sample rate to the 1 kHz sample rate used by the on-board data acqui-
sition system, with the up-sampling conducted using simple linear interpolation. Note also that, although data was acquired at
a 1 kHz sample rate, the actual probe response was estimated to be on the order of 10 Hz (Witte et al., 2017) due to attenuation
within the tubing connecting the probe to the transducers coupled with resonance within the probe cavities.

Finally, it should be mentioned that a pressure line disconnected disconnected prior to Flights 2 and 3, requiring the con-
version of five-hole probe voltages to wind for these flights to take a slightly different approach whereby the probe-aligned
velocity component was combined with the aircraft slideslip angle to infer horizontal wind components. The vertical velocity

component was processed as per Flight 1.
2.3.2 Infrasonic Microphone:

A property of infrasound particularly favorable to the objectives of the proposed work is that it propagates over long distances
with little attenuation. Hence, infrasonic measurements of acoustic frequencies below 20 Hz were conducted using an infrasonic

microphone. For these tests an extremely low frequency microphone and acoustic measurement system developed at NASA
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Langley Research Center (LaRC) was used. The microphone, shown in Fig. 2b, was capable of infrasound detection in a
portable and easily deployable form factor. Low bandwidth and high sensitivity of the microphone was realized through a high
diaphragm compliance (low diaphragm tension) and a large diaphragm radius. The geometry of the microphone was designed
such that membrane motion was substantially critically damped and optimally dimensioned for the 0.01 Hz to 20 Hz frequency

range. A signal-conditioning unit amplified the microphone output to a 10 V full-scale output.
2.3.3 Data Acquisition:

A Measurement Computing Systems MCC USB-1608FS-Plus data acquisition system (DAQ) was used to digitize the voltage
output from the six pressure transducers and microphone signal conditioning unit. This particular unit was capable of recording
8 single-ended analog inputs simultaneously at 16-bit resolution at rates of up to 400 kHz. During these experiments the DAQ
sampled 7 channels containing the pressure transducer and infrasonic microphone analog voltage signals at 1 kHz for each
channel, sending the resulting digitized values to the embedded computer for logging. The DAQ also provided the 5 V signal

used to power the pressure transducers.
2.3.4 Embedded Computer:

The DAQ was connected via universal serial bus (USB) to a mini stick computer with an Intel Atom Z8350 processor, 128GB
eMMC non-volatile memory, and 4GB RAM. To minimize RF interference and shield the computer from high altitude radia-
tion, the computer was encased in a copper shield (Fig. 3c). A custom script was used to control data acquisition and storage.
The computer stored all recorded data on its eMMC memory which was then downloaded post-flight via the USB connection
for archiving and further analysis. To allow payload operational verification, an RS232 connection was established between
the computer and the autopilot. Through this channel, sensor voltage variance and preliminary turbulence detection parameters
were passed to the autopilot to be included in the telemetry stream. This information was later available for temporal alignment

of sensor and autopilot data, which were logged separately.
2.4 Flight Profiles:

The flight trajectories for all three flights are presented in Fig. 4. The flight profiles encompassed balloon launch, ascent to
25 km or 30 km altitude at an ascent rate of approximately 7 m s~ !, before release of the HIDRON H2 aircraft. Once released,
the HIDRON H2 conducted a controlled return to the airspace above the launch and control point, whereby it began a spiraling
descent at an initial radius of approximately 5 km. As the aircraft descended, this radius was reduced to approximately 4 km and
eventually, once within the boundary layer, 1 km to keep the aircraft close to the designated landing point. During the descent
phase of the flight, the rate of descent decreased from 5 m s™! to 1 m s~! (producing a nominal descent rate of 2 m s~1).
Overall flight time was approximately 6 hours with 4 hours of that being the descent phase. Controlled landing and recovery

occurred on the Spaceport America main runway at which point the aircraft, payload and all logged data were recovered.
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All three flights started in the morning hours, with Flight 1 launched at 13:47 UTC on June 1 2021, released from the balloon
at 14:35 UTC, and landing at 18:42. Flight 2 launched at 14:04 UTC on June 4 2021, released at 15:15 UTC and landed at
18:39. Finally, Flight 3 launched at 14:07 UTC on June 6 2021, released at 15:17 UTC, and landed at 19:43. Local time at
Spaceport America was Mountain Daylight Time (MDT -6:00).

(a) (b) ™ (©)

Figure 4. HIDRON H2 flight trajectory for (a) Flight 1, (b) Flight 2 and (c) Flight 3. Trajectory is colored by time, with lighter color indicating
earliest phase of balloon ascent. z indicates height above ground level (a.g.1.)

3 Results

In this section, we present and discuss selected statistics determined from the measured values of temperature, relative humidity,
wind vector, and infrasonic microphone signal amplitude. These statistics are presented in the form of vertical profiles in
Sections 3.1 to 3.3, and in the form of spatial distributions in Section 3.4. Due to the configuration of the sensors on the aircraft,
only data from the controlled descent phase of the flight was found to provide reliable results and thus only measurements from
the descent are presented in this section. In addition, z is used to indicate altitudes are referenced to ground level, i.e. above
ground level (a.g.l.). To obtain statistical properties as a function of z, the time-series during descent was divided into 30 s long
segments representing horizontal distances of approximately 600 m (varying from 300 m to 2420 m) and vertical distances of

60 m (varying from 150 m to 30 m). Quantities averaged over these 30 s segments are indicated using ( ) brackets.
3.1 Mean quantities

To establish the ambient conditions during each flight, pressure P, temperature, 7', and relative humidity, R H, measured using
the HIDRON H2’s iMet-XF sensor were combined with horizontal wind magnitude, U, and direction, dir, determined from
the five-hole probe measurements. These quantities were averaged over 30 s segments and allow validation of the HIDRON

H2 measurements by comparison to the the National Weather Service (NWS) radiosonde weather soundings launched from El

10
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Paso, Texas at 12:00 UTC on the same day as each flight. To do so, vertical profiles of (T"), (RH), (U) and (dir) values are
compared to the radiosonde profiles for all three flights in Fig. 5.

With the exception of RH, and within the boundary layer, these quantities show good agreement between the HIDRON
H2 and radiosonde data to within 10% of the value measured by the radiosonde. The profiles of temperature (Fig. 5a,c.e)
also allow identification of the altitudes and properties of the troposphere, tropopause and stratosphere during each flight. The
boundary layer height is also roughly identifiable for altitudes lower than 3 km due to the divergence of the profiles caused by
the different time of day between the radiosonde and HIDRON H2 measurements. Above the boundary layer, a constant lapse
rate of 8.4 °C km~! was measured throughout the troposphere. Using the temperature gradient as an indicator, the tropopause
occurred at z = 11 km, above which the temperature continued to decrease with altitude at a rate of 1 °C km~1! before the
stratospheric temperature inversion creates a positive temperature gradient with a lapse rate of -5.3 °C km™~! above an altitude
of 19 km.

Similar temperature conditions were also observed for Flight 2 (Fig. 5c), although with a stronger temperature inversion at
z = 13 km. The lapse rate measured during this flight was 7.9 °C km ™! and the tropopause occurred at a slightly higher altitude
of z =12.5 km. The temperature gradients in the stratosphere were slightly reduced, with a lapse rate of 1.6 °C km~" until
the temperature inversion at z = 7 km, above which a gradient of -2.7 °C km~! was measured. A slightly thicker boundary
layer was measured for Flight 3 (Fig. Se), reaching z = 5 km due to the later descent for this flight. The tropospheric lapse rate
was 8.2 °C km~!, with a slightly higher tropopause measured at z = 14 km . Finally, a much lower stratospheric temperature
inversion was observed on this flight, located at only z = 16 km with a lapse rate of -3.1 °C km~! above and 1.0 °C km~!
below this height.

Figures 5b,d,f compare the corresponding R H measurements from both the HIDRON H2 and NWS radiosonde. Significant
differences are clearly evident. However, noting that the radiosonde data were obtained from a location 160 km away from
the flight location, this is likely due to spatial heterogeneity in the atmospheric moisture concentration. Comparison of cloud
height and coverage data retrieved from an Automated Surface Observing System (ASOS) database confirmed that the cloud
conditions near Truth or Consequences, NM (near Spaceport America) were different from those measured near El Paso, TX
for the same time period.

The magnitude and direction of the horizontal winds for all three flights are shown in Fig. 6. Again, the wind magnitude and
direction measured by the HIDRON H2 compare well with the radiosonde soundings. The strongest winds occurred during
Flight 1, with the winds coming from 270° and increasing with altitude to a peak value over 20 m s~! at the tropopause
(z = 12.5 km), before decreasing with altitude to the stratospheric inversion near z = 17 km. This pattern of constant wind
direction and high wind magnitude is consistent with the presence of a jet stream, and the NOA A upper air wind meteorological
maps indicate that during Flight 1 a tropical jet stream was centered to the southeast of the flight location, over central Texas,
such that the flight path was on the outer edge of the jet. This jet had moved to the east by the time of Flights 2 and 3, which is
reflected in the reduced magnitude of winds measured during these flights. The relative position of the jet stream for Flight 1

also explains the slightly higher wind magnitudes measured at El Paso, which was closer to the center of the jet. Above the

11



https://doi.org/10.5194/egusphere-2023-633
Preprint. Discussion started: 23 May 2023
(© Author(s) 2023. CC BY 4.0 License.

(@)

EGUsphere\

L T 4 T T T T | T T T ] b [ T $ T T T T | ] C T gl T T T | T T T ]
[ % Flight1 ] @7 ¢ Flight2 ] @ 7 Flight ]
F g : s : : :
i, 420 '35} 4 204 .
(] - HiDRON H2] ] ]
A o Radiosonde - 1 1
- 4 1 415 -
R ] E : 1 & ]
L d _ < 4 f/ _
L & . N L i N L i
- 1 Tiof 1 Tof .
- 15 1 st ]
i 1 i i 1 | 1 1 1 1 | i i 1 I 1 1 1 1 | 1 1 /@ |
-50 0 0 -50 0 0 -50 0
(T)(°C) (T)(°C) (T) (0O
T T T T | T T T T T | T ] (/) ¥ T T T T | T T T T ]
Flight 1 Flight 2 ] Flight 3 ]
: 12 ]
- ]
;o s.'z : g %000 :
N | ""@o@ 1 2 R i
L e ° 8 - N @O .
°0%y I °0 ] on & . i
i v v %Oo % ] i ° ° ]
7 r X Ovvng%vvvvw : : ) o vy vvv% - :
i e . S (T ] 5[ 5
2 . oo ®™ ] I ]
L |& %% 1 loal ] 0 L 8 T B B L ]
50 50 100 0 50 100
(RH ) (%) (RH ) (%) (RH ) (%)

Figure 5. Temperature profiles measured during (a) Flight 1; (b) Flight 2; and (c) Flight 3. Corresponding relative humidity profiles shown
for (d) Flight 1; (e) Flight 2; and (f) Flight 3. Solid black symbols indicate HIDRON H2 measurements, and open red symbols indicate
radiosonde soundings.

12



https://doi.org/10.5194/egusphere-2023-633

Preprint. Discussion started: 23 May 2023
(© Author(s) 2023. CC BY 4.0 License.

EGUsphere\

(a) C L | T |O.| | L | L ] (b) B L |8| | 1T .l | L I L i (C) [ T v| v| T |OI &7 .l | BT T T | T T 17T i
- o Flight1 ] - o °, Flight2 ] I P Flight 3 ]
I | I e ] RN |
% . o K
20% 4°, - HDRONH2| 20F % 4 20F .
b > Radiosonde ] [ ovgle ] :@vf ° S ]
° o " 0gT ¥
: o 1 L, :
1 15 % 1 15p @ |
41 ~ Fed, 1 ~ T vv"v:’OO b
| & 3% 1B [ go® o o ]
4 <z L ®%% ‘2!0‘;;?\70' i f/ L :& o0 ® 4
1 N rwg %\7"\7‘, 1 N e ‘o .
1 10pSgEs e 1 10w s ]
: .gé% oo® : i E :
of g
] ey, B 1 L ]
Ik S I
: : i w@é : :
0 pl ] 0 ’. o, v i Ly |_ O_I Il | D@|é>| [ I B A |_
0 10 20 30 4 0 10 20 30 40 0 10 20 30 40
(U)(ms7) (U)(ms) (U)(ms?)
(d) L T T |<> | T .| T | LI B | | T ] (e) L 17T |O | T 'l T | T 17T | T ] (/) L T T . T o T 'l v T | T T T | T T ]
L % Flight 1 ] -, cFlight2 ] i o, Flight 3 _
Lo @7 o ] [ %, i IR ]
20_ S K- i 20_ ] guoo i 20 i 522{%“’ i
| o A - N il | ) w | | ® vwg&byv |
| & 0@ Vvv%ai | Yo p4 @: vop | B e o é’” R o e i
: S N T A ] SN O R
15_ ?& ] 15_v . . v N M vv%o v v | 15_ V3VVVJ€&>§?VGDOO n
—~ I 1~ B ey <7 o4~ t v B
- v v N ;:1 o v "o og v 9 - %v v % .
E | R i E T ]
~ [ 1~ P, 3 ~ I " % ]
N B g 7 N [ v o vovo_‘ N B g" & 7
10 1 l0EE, 1 10f 2
L _ L0 coritow p L TR -
- _ wyg VY - J
- B %W LR A F § o B
5 B @@é’ 7 5 bg 5 N L o0 ® éi
I % e ] E I ; ]
L A | o . 7500 "‘.'v" L o v_
y v v 9@8 Y g v <7 7 i vv %W#\Zxﬁ by %v_‘
0 L1 |°|57§\‘ﬁv£'| IR B 0 Lo | |ﬁ."| Lu1 0 gl it 0 PR T AN R T T N BRI 1@"&4
0 100 200 300 0 100 200 300 0 100 200 300

(dir) (°)

(dir) (°)

(dir) (°)

Figure 6. Horizontal wind magnitude a measured during (a) Flight 1; (b) Flight 2; and (c) Flight 3. Corresponding wind direction shown
for (d) Flight 1; (e) Flight 2; and (f) Flight 3. Solid black symbols indicate HIDRON H2 measurements, and open red symbols indicate

radi

osonde soundings.

13



285

290

295

https://doi.org/10.5194/egusphere-2023-633
Preprint. Discussion started: 23 May 2023 EG U
sphere

(© Author(s) 2023. CC BY 4.0 License.

jet stream, the winds increase with altitude again, with significant directionality shifts indicating multiple shear layers were
present above the temperature inversion.

As noted, calmer wind conditions were observed during Flights 2 and 3 (Fig. 6b,c and Fig. 6e,f respectively) with magnitudes
typically below U = 10 m s~ !, consistently from the north for z < 15 km for Flight 2, with directional shear observed between
z =15 km and z = 20 km. Finally, observations during Flight 3 indicate nearly constant values of U ~# 10 m s~! up to z =

30 km, with winds coming from 300° in the troposphere with backing with altitude to be from 100° at z = 20 km

(a) I .| T T T T (b) I L .I L (C) I I “I T T T T ]
L+ Flight1 . L Flight2 , Lo thhf?»vv MR
20 L 4 20F | v, 1 20¢ % .
R A i [, Y e 1 RN ]
I A ] Lol | [ e ]
Lo | AT I |
Aﬁ_‘;ﬁfg 1 5E g 1%, ]
V:V L i L 1 | i |¢Iv v ]
i L : I 4 | ‘é L 8 _ ‘E L I R A a B o
- g’i vy i ~ L VT M v i ~ L b‘%ﬁv i
NIO_ gt T N Nlo_éa:v 7 NlO— v'vq"v"vv" T 7
i %;j o 7 r ngv b - Vetrgs b
T A 4 L . IR i
vy v v%l ﬂ‘@vwv

L ﬁ' %v - ~ L — "Wﬂw v We e -
S 1 sia, 1 sLFe e ]
i Wéﬁgv: va v v ] B X ’ %7 ngv v v v v ] B va w T
| w L AC v v T B gvvvv% vvvv v 1 B . b
L Yov v ve _ L i L I J
L i . a5 R . o A .

O AP 1 , J 1 1 L 1 0 g | 1 1 1 | 1 L 1 1 O | 1 1 1 1 1 1 1 1
0 5 10 0 5 10 0 5 10

Ri Ri Ri

Figure 7. Gradient Richardson number, Ri, profiles for (a) Flight 1; (b) Flight 2; and (c) Flight 3. The vertical lines represent a critical
Richardson number range between of Ri = 0.25 and Ri = 1.

The corresponding gradient Richardson number, Ri, provides some perspective of the resulting atmospheric stability condi-

tions. To calculate Ri, the 30 second average of virtual potential temperature, (6,,), was first calculated using

0.2861
0,) = <T (10(;3000) (1+ 0.61q)> )

where ¢ is the water vapor mixing ratio, 7" is the temperature in Kelvin and P is the pressure in pascals. Vertical gradients of

d(#,)/d(z) and longitudinal and latitudinal components of wind, d(u)/d(z) and d(v)/d(z) respectively, were calculated using
central differencing. To minimize the influence of small-scale fluctuations and instrumentation noise on the calculation, an

additional smoothing process was applied using a localized regression fit applied over 5 successive 30 second intervals. These
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quantities were then used to calculate R: following

g d(fy)
Ri = ( >('9v> d(z » 5 (6)
d{u d(v
(i) + (i)
where the gravitational acceleration was approximated using
Rg

= 9.80665 7

g Rp+2 @)

with Rg = 6371 km. Here we assume the critical Richardson number takes on a value somewhere in the range 0.25 < Ri < 1
(Abarbanel et al., 1984; Galperin et al., 2007).

The R profile for Flight 1 is shown in Fig. 7a and indicates the presence of several local regions of instability, appearing
on the profiles as multiple thin layers of R: frequently dipping below values between Ri = 0.25 and R¢ = 1 interspersed with
layers of increased stability indicated by R: > 1. The weighting of the measurements towards low R: indicates that marginally
unstable conditions existed in the troposphere during this flight. Above z = 10 km the weighting of the R profiles towards
higher values suggest more stable conditions were present in the stratosphere, with thin regions of potential instability at
altitudes of z =12 km, 13 km, and 16 km. The R: profiles for Flights 2 and 3 shown in Fig. 7b,c are similar, indicating a
marginally unstable tropopause, with Flight 2 potentially having slightly higher tropospheric instability than the other two
flights. For Flight 3, the thicker boundary layer is evident as a consistently low R: values up to z = 4 km, reflecting conditions
corresponding to the more well-developed convective boundary layer were present as the HIDRON H2 passed through the

boundary layer later in the day.
3.2 Turbulence Quantities

The results presented in the previous section demonstrated that the stability conditions were sufficient for the production of
turbulence during all three flights. Specifically, the Ri results indicate conditions conducive to buoyant turbulent production
within the boundary layer, and a conditionally unstable troposphere suggesting the possibility of localized buoyant production
was possible in that atmospheric layer. Furthermore, during Flight 1, significant wind shear was measured in the stratosphere,
suggesting the potential for mechanical production in the stratosphere.

These properties, however, indicate only that the conditions were present favorable to the production of turbulence. The
nature of the HIDRON H2 measurements allows the determination of different metrics that can be used to confirm the presence
of turbulence at different altitudes. One measure of the local turbulence intensity is the turbulent kinetic energy, k. Here, k was

calculated as a function of distance along the flight trajectory using

k= (<ul2> + <,Ul2> 4 <w/2>) (8)

DN | =
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where, v/ (t) = u(t) — (u), with equivalent definitions for v(¢) and w’(t). Note that since u(t), v(¢) and w(t) were oversampled,
to minimize the influence of high frequency noise on these quantities, (u'?), (v'?) and (w'?) were calculated by first subtracting
(u), (v) and (w) from u, v and w, respectively, then calculating the frequency spectrum for each 30 s segment of the time series
(here denoted as Fy.,(f), Fuo(f) and F,, (f) respectively, where f is frequency). This was done using Welch’s periodogram
method implemented with a Hanning window. The low-pass filtered estimates of (u/?), (v'2) and (w'?) were then determined
by integrating the resulting spectrum for f < 5 Hz. Example spectra of F,,,(f) are provided in Fig. 8 and the resulting profiles
of k for all three flights are presented in Fig. 9a-c.
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Figure 8. Example energy spectrum calculated from « component of velocity from Flight 1 at (a) 2 =1 km, (b) 2 =10 km, and (¢) z =
18 km. Red lines indicate fit over f < 5 Hz range, blue lines indicate f —5/3 slope.

10

For Flight 1 the boundary layer is clearly evident in Fig. 9a as an increase in k for z < 2 km, with slightly thicker boundary
layers observed in Fig. 9b and ¢ for z < 4 km and z < 3 km for Flights 2 and 3. Above the boundary layer, the values of k
largely remained close to 0 except in several localized regions where elevated k£ values were measured. For Flight 1 within
the troposphere, these regions occurred at z ~ 6 km and z ~ 8 km, whereas within the stratosphere broadly elevated values
of k were observed for z > 16 km, with significant increase in k observed at z = 13 km and z = 11.5 km. Similar behavior
was measured during Flights 2 and 3, although the regions of elevated & appear at different altitudes. Note that the elevated
values of k may not necessarily correspond to velocity fluctuations caused by turbulence, as evident in Fig. 8c, which shows
that, although the spectra indicate a broadband energy content within the five-hole-probe sensor’s response range (f < 10 Hz),

the spectra display a significant deviation from the characteristic —5/3 slope associated with the locally isotropic turbulence

16
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expected within the inertial subrange (Kolmogorov, 1941). When instances where the power law fit of B f™ to Fy,,(f) in the
range of f < 5 Hz which produced exponent values within the range of —1.8 < n < —1.5 are isolated (as indicated by solid
black symbols in Fig. 9) these turbulent regions become more localized for Flight 1. However, for Flights 2 and 3 (Fig. 9b and
c) this criteria becomes less discriminating, which may correspond to more active atmospheric turbulence conditions during
these flights. Note that for all three flights a layer of high k£ was observed in a region near the tropopause. This will later be
shown to correspond to the presence of gravity waves and tropopause folding formed by breaking Kelvin waves (Shapiro,
1980; Fujiwara et al., 2003).

Note that due to the time averaging used, the value of k£ will only incorporate contributions from relatively short wavelengths,
corresponding to the distance travelled by the aircraft during the averaging time. Although the horizontal velocity of the
aircraft was somewhat altitude dependent, for these flights the longest wavelength of velocity fluctuation incorporated in the
k measurement would be on the order of 300 m. An additional metric that can be used to quantify turbulence is the turbulent
kinetic energy dissipation rate, €. As € tends to scale with the rate of production and magnitude of £, it is often used to quantify
the turbulence intensity. This is particularly useful as € can be determined from small-scale fluctuations and therefore does not
require resolution of the largest scales of turbulence while providing a measure of the turbulence intensity over all wavelengths.

As direct measurement of € requires measurement of spatial gradients of velocity over distances on the order of the Kol-
mogorov scale, direct measurement in the atmosphere is challenging. Thus, an indirect estimate of ¢ is usually employed. Here,
we assume the presence of sufficiently high Reynolds number for the formation of an inertial subrange in the energy spectrum.
Under such conditions, the one-dimensional wavenumber spectrum in the inertial subrange is expected to follow a scaling such

that
By (k1) = 0.49e2/357°/? 9)

where k7 is a component of the wavenumber vector and ®;; is the energy spectrum for the velocity component parallel to «;
(Pope, 2000). For the present measurements, this scaling was used to estimate ¢ by first rotating the u,v,w coordinate system
from the east-north-up alignment to instead align « with an axis parallel to the horizontal flight direction, i.e. u. This direction
was determined by averaging the aircraft’s horizontal ground velocity over a 30 second segment of time and determining
the relative angle of the flight path with respect to east. The frequency spectrum of w1, Fi1(f), was then calculated on the
rotated wind velocity vector following the same procedure used to calculate F,,,(f). The longitudinal wavenumber was then
approximated using Taylor’s frozen-flow hypothesis such that x; ~ 27 f V=1, where V is the magnitude of the aircraft’s
ground speed, again averaged over the 30 s time segment. The result is such that ®(x;) ~ V(2r) "1 F (27 f V—1). Finally, a

power-law, i.e. AxT, was fit to the resulting spectrum over the x, range corresponding to f < 5 Hz, thus allowing the estimate

3/2
[ A [(2nf 5/3
= <0.49 (v) 10

to be made for each 30 s time segment.
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Note that the corresponding statistic of eddy dissipation rate, EDR = €'/, is often used in the aviation industry to quantify
turbulence. Qualitatively, the turbulence can be referred to as: steady for EDR < 0.1; weak for EDR between 0.1 and 0.3;
moderate for EDR between 0.3 and 0.5; strong for FDR between 0.5 and 0.8; and very strong for EDR > 0.8. Hence,
here we use E DR to describe the turbulent kinetic energy dissipation rate as it allows a qualitative comparison of turbulence
intensity to established thresholds. Profiles of EDR are shown for all three flights in Fig. 9d-f. Note that the approach used
to determine € will provide a non-zero value even if no turbulence is present, and therefore some caution is required when
interpreting these D R profiles beyond being a qualitative indication of the presence of turbulence in the form of localized
regions of relatively high £ D R. To provide some additional discrimination, as with &, we indicate measurement points when
—1.8 < n < —1.5 using solid black symbols.

As could be expected, regions of high E DR correspond to regions with high &, although the profiles have different char-
acteristics for these two quantities. For example, the £ DR indicates that the aircraft experienced turbulence during Flight 1
(Fig. 9c) within the boundary layer (z < 3 km) and within the stratosphere (z > 18 km), although the high % region measured at
z = 11 km does not appear to be turbulence according to the £D R metric. That said, for Flights 2 and 3, there was better cor-
respondence between E DR and k, with the most active regions appearing in the boundary layer and tropopause. Interestingly,
the DR shows generally enhanced values in the stratosphere for Flight 1, which does not correspond to indications of the
presence of a classical inertial subrange with 111_5/ ® It will be shown later that this enhanced EDR corresponds to measured

fluctuations in velocity introduced by the presence of gravity waves at these altitudes.
3.3 Infrasonic Detection of Turbulence

As noted in Section 1, a primary objective of these experiments was to determine the effectiveness of infrasonic sensing for
detecting atmospheric turbulence. Here, we use the amplitude of the acoustic signature quantified using its variance, 0%.
Here, 07 was calculated by integrating energy spectra from the time series of microphone signal for each 30 s increment
and integrating these spectra over a frequency range of f < 10 Hz. This process produces a measure of the amplitude of the
infrasonic frequency content between 0.03 Hz and 10 Hz for each 30 s segment. Some sensitivity of afs was observed to
both the frequency range and time increment used for its calculation, with the range used selected due to finding that lower
frequency acoustic content better correlated with the ED R values measured with the five-hole-probe when compared to the
higher frequency acoustic content, which tended to contain additional signal noise.

Profiles of o%4 are shown for all three flights in Fig. 10. Noticeably, there was a decrease in signal amplitude with altitude
measured in all cases. It was found that this decrease closely corresponds to the reduction in local atmospheric pressure,
and therefore this decrease is expected to be caused by the increased acoustic attenuation corresponding to the increase in
molecular mean free path with altitude. Despite this attenuation, localized increases in 07 were observed, particularly within
the boundary layer, providing an initial confirmation of the presence of infrasonic sound generation by turbulence. Additional
localized increases at higher altitudes were also measured, for example during Flight 1 around z = 4 km and around z = 8 km

which may correspond to acoustic generation by turbulence in the troposphere, but these altitudes did not directly align with
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Figure 10. Infrasonic signal amplitude, 0%, profiles measured during (a) Flight 1, (b) Flight 2, and (c) Flight 3.

altitudes of increased turbulence in the corresponding profiles of k and EDR. The relationship between 0?4 and EDR will be

examined in more detail in the next section.
3.4 Horizontal Structure of Turbulent Regions

A rough comparison between the measurements of k£ and £ DR, shown in Fig. 9, to the estimates of Ri, shown in Fig. 7,
shows that layers of regions of turbulence closely correspond to regions of R: and hence low buoyant stability. For example,
as measured during Flight 1 within the boundary layer, and at z =6 km, 11 km and 17 km. However, there are also regions
with low R: evident in Fig. 7 which do not appear to correspond to regions where turbulence was measured. To better compare
these quantities, the measurements of D R are shown as functions of Ri in Fig. 11. Although this figure shows the expected
behavior of increased /D R corresponding to low 17, and vice versa, it also shows that there are instances where high EDR
was measured where Ri > 1, even for cases where —1.8 <n < —1.5.

To investigate these regions more closely, we took advantage of the horizontal flight capability of the HIDRON H2 to
expand the vertical profiles along the axis of flight, here represented in the form of angular position of the aircraft relative
to the center of the aircraft’s orbit, v, which was defined with o = 0 directed to the north and increasing positive towards
the east. To visualize the distribution of different measured quantities along the flight path, the 30 s averaged quantities were
then interpolated onto the resulting -z plane. Furthermore, to isolate and visualize localized perturbations, we calculated the

average value over a Az = 1 km range, e.g. (¢) where the overline indicates a bin average of arbitrary variable ¢(z) over the
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Figure 11. Comparison of measured EDR as a function of Ri for (a) Flight 1, (b) Flight 2 and (c) Flight 3. Solid black symbols indicate
measurements where —1.8 < n < —1.5. Dashed red lines indicate same qualititative turbulence intensity levels as in Fig. 9 and dashed green
line indicates critical R range of Ri = 0.25 to Ri = 1.

altitude range z — 0.5 km to z + 0.5 km. The perturbations were then calculated using

(D, 2))" = (p(a, 2)) — (D(2)) (11)

where again the ( ) brackets indicate a 30 s averaged quantity and the prime indicates a quantity that has undergone the
layer decomposition described by equation 11. In this way, the large-scale perturbations at a particular altitude could be better
identified. Visualizations in the form of contour maps of selected quantities resulting from this process are presented in Figs. 12,
13 and 14 for Flights 1, 2 and 3 respectively.

When the measurements are examined in this manner, several interesting features can be identified which provide increased
information about the structure and dynamics of the atmosphere during each flight. Starting first with Flight 1, the distribution
of (T')' shown in Fig. 12a reveals the presence of strong temperature oscillations at the tropopoause (z ~ 10 km), located in the
southern portion of the orbit (o > 90° and o < —120°). These perturbations had a wavelength of approximately 1.5 km and
coincide with similar scale oscillations in (w)’ (shown in Fig. 12b) at the same location and are therefore consistent with the
presence of a gravity wave. Similar, small-scale fluctuations were also measured in the stratosphere (z > 15 km) for o > 45°
and oo < —120° which indicates that the aircraft also flew through a different gravity wave layer at higher altitudes. Interestingly
the (w)’ distribution in the range 90° < o < 150° indicates potential coupling between these layers along this portion of the
flight path, suggesting the possibility of momentum exchange between them.

Some indication as to why the behavior was different for the northern portion of the orbit (—120° < o < 90°) can be found
when examining the R distribution shown in Fig. 12c¢. This portion of the flight was characterized by a region of stable air in

the stratosphere (z > 15 km), that took the form of fingers of unstable and stable air below z < 15 km that correspond to rising
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loglO(PaQ); and (f) R(Aaq,z), the cross-correlation of EDR’ and (log10 o? S)/. Dashed lines in (c) and shaded regions in (d) identify the
boundary where Ri = 1.

(Rt < 1) and descending (R: > 1) air in Fig. 12b. These vertical perturbations appear to extend throughout the troposphere,
indicating the presence of vertical buoyant structures that were not evident in the profiles shown in Fig. 7.

The corresponding distribution of turbulence is reflected in the visualization of ED R’ shown in Fig. 12d. In this visualiza-
tion, what appears to be isolated layers of ZD R in Fig. 9a can now be identified as having been produced by vertically-aligned
structures. In the stratosphere for z > 15 km, localized regions of elevated EDR’ were measured in the region where the
(w) fluctuations suggested coupling between the observed layers of gravitational waves (80° < ae < 130°). Several vertically
aligned regions were also measured in the stratosphere in the range —45° < oo < —45° which corresponds to the interface of

stable and unstable values of Ri. In both these cases, regions of elevated E DR’ were present in stable regions where Ri > 1,
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indicating that the turbulence here is produced via vertical shearing and clarifies the presence of elevated £ DR at stable values
of Ri shown in Fig. 11a.

Within the troposphere, a large region elevated ED R’ was also present in the easternmost portion of the orbit. This region
closely corresponds to a region of reduced stability where R: < 1, and therefore can be attributed to turbulence produced by
thermally-driven motions. Interestingly, in this visualization, their trajectories can also be identified. For instance, turbulence
initiating in the boundary layer near o = 0° can be seen to have traveled eastward with the wind, extending through the

tropopause until it reached the more stable stratosphere at « =~ —170° and appears to be connected to the initiation of the
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gravity waves and enhanced E DR’ in the stratosphere, suggesting that the gravity wave observed at the tropopause within this
region may have been initiated by the air rising from the boundary layer.

Finally, we can also revisit the infrasonic microphone response measured during Flight 1 using these visualizations. When
the altitude dependence of the microphone response is removed through the averaging and decomposition process described
in equation 11, the areas where elevated response was measured become more clearly related to the atmospheric motions.
Note that to better highlight the microphone response, the decomposition was applied to the logarithm of the signal variance,
specifically log;, o7¢. The resulting visualization of (log;,0%¢)’ is shown in Fig. 12e. When viewed in this manner, regions of

elevated infrasonic signal closely correspond to regions of elevated EDR’, although there are structural differences between
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the two. The closest correspondence is not surprisingly where F DR’ was highest, such as in the boundary layer and in the
stratosphere around 80° < v < 130°. Within the troposphere the region attributed to buoyant rising air was also a region where
elevated (log,(0%¢)" was measured, although over a broader range of «.

To quantify the relationship between (log;, %)’ and EDR’ we can use the cross-correlation of the two distributions shown

in Fig. 12e and f. This was conducted over each 1 km bin of z shown in Fig. 12 such that

(C(z,0) = C(a)) (D(2,a) — D(a+ Aa)) (12)

R(Aa,z) =

(C(z,0) = C(a))

where C' = EDR’ and D = (log;,0%4)" and the overline once again indicates a bin average at over each 1 km bin of z. Note
that, due to the circular nature of the flight trajectory, the quantities C' and D are treated as periodic in «, allowing for the cross-
correlation to be calculated for —180° < A« < 180°. The resulting distribution of R(Ac, z) is shown in Fig. 12f. This figure
confirms the strong correlation between the two quantities, with peak correlation values of R > 0.5 calculated for Aa = 0.
In the z regions where higher EDR’ was observed, specifically the boundary layer and stratosphere, the correlation drops
off rapidly, suggesting that the strongest infrasonic microphone response was when the aircraft was within the turbulence.
However, in the troposphere, where the E DR’ values were lower, the microphone response appears to have increased before
the aircraft reached the region of elevated ED R’ by A« & 90°, or approximately 2 km. Note, however, that this was the only
flight where such a clear shift in A« was as evident (see Figs. 13f and 14f), which may indicate that this result was an outlier,
or may reflect the influence of the more complicated atmospheric structure measured during the latter flights.

The organization of structural features measured during Flight 2 are shown in Fig. 13. During this flight, the troposphere and
lower stratosphere (¢ < 15 km) were much less stable than they were for Flight 1, as indicated by the R: distributions shown
in Fig. 13c. Measurements of £ DR’ shown in Fig. 13d indicate that vertical structures of increased turbulence were present,
stretching from the boundary layer to the stratosphere, that are consistent with the turbulence production expected due to the
vertical shearing by buoyancy-driven motions. These locations of enhanced E'D R’ coincide with strong perturbations measured
at the tropopause (z ~ 10 km), suggesting that these perturbations were caused by vertical transport of warmer air. Interestingly,
there does not appear to be a strong signature of these motions in the (w)’ distributions within the tropopause (Fig. 13b).
However strong (w)’ perturbations were observed in the stratosphere (z > 15 km), particularly in the range —45° < o < 90°
and throughout this layer, which indicate the presence of stratospheric gravity waves during this flight. The gravity wave
signature in the range —45° < av < 90° also coincides to the presence of enhanced EDR’ and accounts for the high EDR
values measured at high Ri in Fig. 11b.

As with Flight 1, the infrasonic signal distributions shown in Fig. 13e closely correspond to the EDR’ distributions of
Fig. 13d. Strong correlation between these two quantities was also observed, with R(Ac, z), particularly near e = 0. However
the distribution of R(Ac, z) is more difficult to interpret, perhaps due to the presence of multiple regions of enhanced ED R’
and (log,q0%4) present at the same altitude and the correlation unable to distinguish between individual contributions. This

could also be compounded by the different modalities of the sensors, with E DR’ being measured by an in-situ sensor whereas
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(log,g0?g)" was measured by a remote-sensing device. This latter point could further obfuscate the correlations as higher
(log,,024)’ may be produced by motions outside the flight path of the in-situ sensor.

The visualizations for Flight 3, shown in Fig. 14, reveal similar structural features existed during this flight as with Flights 1
and 2. For example, the (T')’ distribution in Fig. 14a shows strong periodic perturbations in temperature extended from the
tropopause to the stratosphere (10 km< z <20 km) for o > 100° and o < 130°. When compared to the (w)’ distributions, it
appears that these perturbations may have arose from a single gravity wave initiating in the boundary layer near o = 45° and
ascending in the positive « direction and reaching z ~ 20 km at o = —80°. The corresponding R: distribution in Fig 14c indi-
cates that a horizontal mixture of stable and unstable conditions existed which, when viewed via the thresholding at Ri =1 as
done in Fig. 14d bears striking similarity to the structure produced by a tropopause fold. Also consistent with the characteristics
of a tropopause fold is the presence of enhanced E DR’ along the Ri = 1 boundary, created by vertical shearing motions, with
an intense region of turbulence near & = 0° and z = 12 km. The overlap of these enhanced E DR’ regions into the Ri > 1
regions again clarifies the presence of high EDR at high R¢ shown in Fig. 11c. Also evident in Fig. 14d is that increased
EDR' was measured for z < 10 km in the range —180° < o < —45° that is consistent with the vertical mixing associated
with a thermal plume forming in the presence of unstable conditions (Fig. 14c¢) within this portion of the flight path.

For this flight the infrasonic microphone response, as reflected in the (log;,07¢)" distribution, was less easily related to
the ED R’ distribution than for Flights 1 or 2. Similar features can be observed in the EDR’ and (log;,07%¢)’ distributions at
similar locations, but the (log,,0?5)’ distribution contains numerous additional regions where increased infrasonic amplitude
was measured with no commensurate region of enhanced EDR’. As with Flight 2, this results in a R(Ac,z) correlation
pattern that is difficult to provide an interpretation. However, horizontal periodicity with a period of Aa =/ 90° is evident in
the R(Aa, z) distributions in the range 5 km< z <15 km. This horizontal periodicity could indicate that the same turbulent

sound-generating events are being picked up by the infrasonic microphone at different portions of the flight profile.

4 Summary and Conclusions

This work demonstrates how a SUAS in the form of a balloon-launched glider can be used to conduct detailed analysis of the
statistical structure of atmospheric turbulence over a range of altitudes typically interrogated using weather balloons. In the
measurements described here, the particular aircraft was equipped with a five-hole-probe for measuring the three-component
wind vector, and a pressure, temperature and humidity sensing system integrated into the aircraft.

These instruments allowed the calculation of vertical profiles of 7', RH, U and dir which compared favorably with publicly-
available radiosonde data from a site located 160 km away. In addition, the slow, spiralling descent allowed for the calculation
of time-averaged statistics such as k and ¢ with high vertical resolution. The resulting vertical profiles suggest that isolated
regions of of turbulence were present in all three flights, although enhanced values of ¢ in the stratosphere, represented using
E DR, were produced despite the kinetic energy content not containing the characteristic roll-off expected for inertial range

turbulence. Furthermore, a comparison of the flux Richardson number and and the E DR measured at the same location
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suggested that there was only a general connection between the two parameters, with multiple measurements of turbulent
values of D R made in regions identified as being stable through the corresponding values of R¢ measured at those locations.

However, by taking advantage of the horizontal trajectory taken by the glider during its descent, it was also possible to pro-
duce depictions of multiple parameters measured during the descent. When the altitude-dependent trends were removed from
the parameters, it became possible to visualize the structure of the motions measured along the flight path. These visualizations
were found to show that many of the features which appear in isolation on the vertical profiles were actually produced by
vertically aligned structures. Using these visualizations also revealed that the increased k£ and EDR in the stratosphere cor-
responded to the presence of gravity waves and momentum transfer associated with coupling between two layers of different
waves. Other gravity waves were found to initiate from the boundary layer and transport up to the stratosphere, in some cases
appearing to initiate the measured wave structure. Although the source of these waves could not be definitively identified, one
likely source is that of mountain waves, due to the topography around the flight area which consisted of 1 km high mountain
ranges to the east and west. In support of this hypothesis is the observation that for the two flights where the most wave activity
was observed, the winds were coming from the west and northwest, which would result in the flight path being in the lee of the
western mountain range. The second flight, for which fewer wave signatures were measured, had winds more directly from the
north.

These measurements also allowed the identification of the presence of large thermals, as well as evidence of the presence of a
tropospause fold. These features were associated with the presence of local regions of increased turbulence and thus the sSUAS
measurements enabled the connection between regions of increased turbulence and their generating mechanisms and it would
be difficult to draw the same associations using balloon-based measurements. This ability is directly related to the aircraft’s
measurement profile as the platform provides a high resolution interrogation of the atmospheric properties over a large vertical
and horizontal extent. From a purely statistical viewpoint, the ability of the aircraft to orbit around a fixed geographical point,
rather than travelling with the wind, eases interpretation of the measurements. In addition the flight pattern allows for increased
statistical convergence due to the longer time the aircraft spends at a particular altitude range.

Finally, a secondary objective of this study was to assess the feasibility of implementing an infrasonic microphone on a
sUAS for detecting clear air turbulence. The results of this study indicate that the infrasonic microphone can detect turbulent
features, with similar structural organization measured in the microphone response to that measured by the five-hole-probe.
However, the remote sensing nature of this instrument, its altitude sensitivity, and the broad-band nature of turbulent sound

generation make it challenging to discriminate discrete turbulent events from a single microphone.
Data availability. Data from these flights are available from the corresponding author on request.

Video supplement. A video compilation of aircraft preparation, flight and recovery is publicly available at https://vimeo.com/568101900
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