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Abstract In the marine boundary layer, the exchange of momentum, heat, and moisture occurs between the
atmosphere and ocean. Since it is too dangerous for a crewed aircraft to fly close to the ocean surface to directly
obtain these measurements, a SUAS (small Uncrewed Aircraft System) is one of the only viable options. On 24
March 2023 a Black Swift Technologies SO sSUAS was deployed from the NOAA P-3 on a calm clear day off the
west coast of Florida. For 23 min at the end of the mission, the SUAS flew 8 straight line legs with an average
length of 2.15 km, at roughly 10 m above the ocean surface, with wind speeds between 3.0 and 4.5 ms™". For the
first time over the open ocean using a sUAS, the 4-Hz wind and thermodynamic data was used to calculate
surface momentum flux, sensible heat flux, and latent flux using both direct covariance methods and the bulk
aerodynamic formulas. Since all the flux quantities can be found using both direct and indirect methods, we are
able to calculate the exchange coefficients of momentum flux (Cp,), latent heat flux (Cg), and sensible heat flux
(Cy) with results that are generally in good agreement with previous studies over the same wind speed range.
This study demonstrates the ability of SUAS to measure air-sea interactions. Future intention is to use SUAS to
obtain similar measurements in high wind events such as hurricanes which could better help understand
hurricane intensification and improve model physics.

Plain Language Summary To understand the exchange of momentum, heat, and moisture between
the ocean and atmosphere, continuous measurements need to be taken at 10 m altitude which has historically
been challenging due to safety constraints of crewed aircraft. This study demonstrates the first time a SUAS
(small Uncrewed Aircraft System) collected measurements near that altitude over the ocean. Previous studies
using crewed aircraft to study the marine boundary layer did not have the ability to fly at low levels of the
atmosphere and other studies had to utilize different instruments to measure this regime. This study shows the
significance of using sUAS for data collection in the lower atmosphere with the goal of deploying into
hurricanes to improve understanding of storm structure and model forecasting of storms.

1. Introduction

Measurements of surface fluxes of momentum, heat, and moisture in high wind conditions such as tropical cy-
clones (TCs) are incredibly difficult to obtain due to the dangers of flying crewed aircraft close to the sea surface.
Many studies have attempted to estimate the exchange coefficient of momentum transfer (i.e., drag coefficient,
Cp) at high winds (Anderson, 1993; Andreas et al., 2012; Black et al., 2007; Businger, 1966, 1971; Donelan
et al., 1997, 2004; Drennan et al., 1999; Dyer, 1974; Emanuel, 1986, 1995; Foreman & Emeis, 2010; French
et al., 2007; Haus et al., 2010; Jarosz et al., 2007; Kitaigorodskii & Volkov, 1965; Large & Pond, 1981; Potter
et al., 2015; Powell et al., 2003; Vickers et al., 2013). In general, it is currently understood that C;, increases
roughly linearly between 4 m s~ and ~30 m s~ with variations due to wave age and swell (e.g., Donelan
et al., 1997; Drennan et al., 1999, 2003; Kitaigorodskii & Volkov, 1965; Volkov, 1970). Above ~30 m s_l, Cp
levels off and potentially decreases with increasing wind speed, likely due to the aerodynamic influences of the
waves (e.g., Donelan et al., 2004; Powell et al., 2003). There has also been studies highlighting the variability of
Cp, at low wind (e.g., <5 m s~ ") conditions (e.g., Andreas et al., 2012; Foreman & Emeis, 2010; Oost et al., 2000;
Vickers et al., 2013), which is the focus of this manuscript. In this low wind speed regime, the behavior of Cj,
shows substantial variability where the calculated value depends on the choice of processing technique. For
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example, Vickers et al. (2013) showed derived C;, values ranging two orders of magnitude at 5 m s~'. To date, no
study has calculated Cj, from direct aircraft measurements at 10 m height above the ocean surface. While the
ultimate goal is to use small uncrewed aerial systems (sUASs) to estimate Cp, in TCs, a goal of this manuscript is
to demonstrate the ability to perform this calculation in measurements from low wind conditions.

The exchange coefficients for sensible heat transfer (Cy) and latent heat transfer (Cy) are generally less studied
than Cp,. Previous studies analyzing thermodynamic fluxes using direct eddy covariances (e.g., DeCosmo
etal., 1996; Drennan et al., 2007; Zhang et al., 2008) generally show no trend with respect to wind speed when the
winds are less than 30 m s~'. While there are limitations in using a wave tank to estimate the exchange co-
efficients, due to the restrictions for wave age, wave height, spray, and fetch, the lack of trends in Cy and Cy were
also seen by calculating energy budgets laboratory experiments by Haus et al. (2010) and Jeong et al. (2012).

The accurate representation of transfer coefficients is essential as numerical weather prediction models use them
to estimate the turbulent exchange of momentum, heat, and moisture, which is closely tied to predicting TC
intensity. Additionally, the ratio between the transfer coefficient of enthalpy (Cy) and Cj, is a crucial factor in
determining the maximum TC intensity (i.e., Emanuel, 1986, 1995). To achieve realistic intensity for a TC, the
simulated ratio of C/Cp, typically lies between 0.75 and 1.5 (Emanuel, 1995). However, with the data collected
during six flights into hurricanes Fabian and Isabel (which were either Category 4 or 5 on the Saffir-Simpson
scale), the average ratio C/C), was 0.63 (Zhang et al., 2008), which was much lower than previously sug-
gested for hurricane development and intensity in Emanuel (1995). To date, the factors that contribute to Cx/Cp,
still have relatively high uncertainty.

Due to the need to estimate these exchange coefficients, alternative methods besides the direct covariance method
have been used. For example, Bell et al. (2012) used azimuthally averaged energy and angular momentum
budgets to estimate the surface fluxes. Additionally, Richter et al. (2016) used dropwindsondes (often called
dropsondes; Aberson et al., 2023; Hock & Franklin, 1999) to compute the exchange coefficients using the flux
profile method. Both methods produced exchange coefficients with similar or higher amounts of uncertainty as
previous studies using the direct eddy covariance method, though they had more data available at higher wind
speeds.

More recent field campaigns to measure surface exchange coefficients in TCs such as the Coupled Boundary
Layer Air-Sea Transfer (CBLAST) resulted in direct eddy covariance sensible and latent heat flux measurements
in Hurricanes Fabian and Isabel in 2003 (Black et al., 2007; French et al., 2007; Zhang et al., 2008). These
measurements were made from the NOAA WP-3D (P-3) aircraft in the non-precipitating moat regions between
rain bands and in wind speeds up to 30 m s™'. The data from CBLAST were recorded at roughly 60 m above the
surface of the ocean with each path length being 30 km. For this experiment, the P-3 was outfitted with a 9-hole
Best Aircraft Turbulence (BAT) probe which is a multi-hole pressure probe (MHPP) designed to provide direct
measurements of three differential pressures which can be used to calculate three dimensional winds at a high
(>50 Hz) frequency (French et al., 2007). Due to the dangers of flying close to the sea surface in the hurricane,
measurements like that obtained in CBLAST are no longer possible on the NOAA P-3 aircraft since lower-level
flights are disallowed for crewed aircrafts.

In recent years, sUASs have been developed to be air-deployed by the P-3 into TCs (Cione et al., 2016, 2020). The
air-deployed sUAS currently being developed range in weight from 3 pounds to 27 pounds and are deployed from
the A-sized sonobuoy chute typically used for releasing airborne expendable bathythermographs (AXBTSs) which
are instruments that measure the ocean temperature with depth (Boyd, 1987). To obtain turbulence-quality winds,
starting in 2023 the sSUAS have a MHPP on the nose of the aircraft (in addition to a pitot tube) which allows for
obtaining high-frequency measurements of three-dimensional winds. The sUAS flown for this study is a Black
Swift Technologies (BST) SO (discussed in Section 2). A clear air data collection mission for the SO occurred on
24 March 2023. The overall purposes of this mission were to: (a) demonstrate the ability of the SO to survive and
fly after being launched out of the P-3, (b) demonstrate the battery life of the S0, (c) verify the performance of the
meteorological sensors, and (d) verify the SO's ability to fly near the ocean surface. Consistent with the fourth
objective, near the end of the mission, the SO was able to maintain a roughly 10-m altitude above the surface of the
ocean for approximately 23.0 min (12.7 min of straight leg paths) in wind speeds below 10 m s™'. To the authors'
knowledge, this is the first time an air-deployed sUAS has flown close to the ocean surface for an extended period.
While not in the high wind TC region, this paper demonstrates the versatility of using sUAS to sample the low
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Figure 1. A schematic description of the Black Swift SO and its deployment from the NOAA P-3.

levels of the atmospheric marine boundary layer and how the measurements can be used to estimate exchange
coefficients.

The rest of the paper is organized as follows. Section 2 describes the BST SO configuration, and the methods used
to calculate the exchange coefficients. Section 3 discusses the measurements taken by the SO and how the derived
coefficients compare to previous studies. Section 4 summarizes the results and discusses next steps.

2. Data and Methodology
2.1. Description of the BST S0 sUAS

The SOis a 1.58 kg (~3 pound) sUAS manufactured by BST that NOAA has been working toward deploying into
hurricanes since it was awarded a Small Business Innovative Research (SBIR) award in 2018. This sUAS has a
cruise speed of 22.5 m s, a wingspan of 1.38 m, a maximum battery life of ~1.5 hr, and a maximum altitude of
~4,600 m. The SO can fly at GPS altitude as well as at pressure altitude. To maintain a relatively constant altitude,
the BST SO is equipped with a laser altimeter that activates when the aircraft is below 300 ft (~91 m).

The SO launches out of the standard A-sized sonobuoy cute on the P-3 and utilizes the SwiftCore Flight Man-
agement System by BST. The SO's wings are folded prior to launch such that the whole sUAS fits into a cylindrical
container that is attached to a parachute (Figure 1). Once released from the P-3, the parachute deploys which
slows down the cylindrical container and the SO can slide out and the fly. The SO typically recovers to controlled
flight within 1,500 ft of the deployment altitude. With the missions over water, the SO communicates data back to
the P-3 using a two-way radio and is non-recoverable once the battery runs out.

The nose of the SO contains a 5-hole MHPP capable of measuring winds up to 100 Hz (with all other mea-
surements being recorded up to 10 Hz) that is also manufactured by BST. Due to bandwidth limitations of the
antenna on the P-3, as well as the recording of engineering data for BST in the data stream, wind measurements
(as well as pressure, temperature, and humidity measurements) were transmitted at ~4 Hz during the 24 March
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2023 mission described later in this manuscript. While always trying to improve, this was the highest frequency
possible while still transmitting aircraft health, and providing enough of a gap to wait for any commands from the
ground station.

The MHPP for the air-deployed SO was calibrated at the Embry-Riddle Aeronautical University (ERAU) wind
tunnel during February 2023 with a methodology following Kjelgaard (1988), van den Kroonenberg et al. (2008),
and Wildmann et al. (2014). The air pressure, temperature, and humidity sensors used in the SO are the Vaisala
RSS421 sensor package, which has the sensors used on RD41 dropsondes and has previously been adapted for use
both other SUAS (Cleary et al., 2022; de Boer et al., 2022, 2024). As described by Cleary et al. (2022), the Vaisala
RSS421 sensors have been validated using a RS41 radiosonde (which has a nearly identical setup as the RSS421)
at 1,000 hPa when moving at 6 m s~ '. The temperature sensor has a linear resistive platinum temperature sensor
with a resolution of 0.01°C, repeatability of 0.1°C, and response time of 0.5 s. The humidity sensor includes a
thin-film capacitor with a resolution of 0.1 % RH and a repeatability of 2 % RH, with a temperature-dependent
response time of better than 0.3 s at 20°C. The pressure sensor is capacitive with a silicon diaphragm, having a
resolution of 0.01 hPa and a repeatability of 0.4 hPa. Validation of the SO meteorological measurements is
discussed in the next section.

2.2. Verification of the Black Swift Technologies S0 Wind Measurements

Since it is difficult to verify the accuracy of the SO measurements over the open ocean, wind measurements from
the SO were validated against Atmospheric Radiation Measurement's Southern Great Plains (SGP) 60 m wind
tower (Cook, 2016) in Lamont, Oklahoma between 29 March and 3 April 2021. The SGP tower includes a 3D
sonic anemometer, providing fast measurements of horizontal and vertical wind components. Additionally, it
includes temperature and humidity measurements. The site also includes a variety of remote sensors. Over the
course of 3 days at the SGP site, the SO completed 10 flights providing meteorological data. The performance of
the SO compared to another commercially available sSUAS as well as three university-developed research systems
during that time was evaluated by De Boer et al. (2024). De Boer et al. found that the SO provided reasonable
measurements of the state of the atmosphere and demonstrated the SUAS's ability to measure momentum and
sensible heat fluxes, though every sUAS tested had errors compared to the SGP wind tower. The biases in the SO
from the SGP flights have since been addressed by changing the sensor setup and including a new shroud that
limits solar influence on the temperature and humidity measurements. These flights at the SGP wind tower
leveraged a variety of flight patterns to allow for evaluation of the system's wind and thermodynamic sensing
capabilities. For example, Figure 2 shows the time series of wind measurements for 10 SO flights against the
weather tower instrument at 60 m. For all 10 flights in Figure 2, the SUAS was generally within 1 km horizontal
distance from the SGP tower flying at near 60 m altitude. For all three wind components, the mean differences of
average wind speed and standard deviation of wind speed for all 10 flights are given in Table 1. The average wind
components measured by the SO were all within 0.50 m s~ of that measured by the SGP tower. Importantly, while
there can be biases either due to instrument error or due to the SO sampling slightly different air than the wind
tower, the SO reports similarly shaped histograms of the wind speed for all three wind components (Figure 3).
Additionally, measurements of the wind components from the SO have a standard deviation within 0.61 m s™" of
that of the SGP site (Table 1). Results from Figure 3 and Table 1 yield confidence in the platform's ability to
measure turbulence-scale variations in wind velocities.

We also evaluate the data for the mission on 24 March 2023 analyzed in this study. Before the SO flew at near 10 m
altitude, it performed a box pattern at 1,219 m (4,000 ft) with 5 km legs to determine if the wind reported any
biases when flying in different orientations with respect to the prevailing wind (Figure 4). To validate the data,
after the SO flew the box pattern at 1,219 m and descended, the P-3, which performed a wind calibration flight
prior to our SO testing, descended to 1,219 m and flew the same box pattern. Additionally, during the mission
dropsondes were deployed ~1 hr both before and after the SO flew at 4,000 ft. Comparing sUAS data to dropsonde
data can be difficult since sSUAS does not strictly capture a single profile of the atmosphere as a dropsonde does.
This means that dropsondes do not capture the inherent variability that is present in the atmosphere and only show
a single point from when they passed through the altitude that the SO flew. Thus, the best way to validate these
over-ocean sUAS measurements is to ensure that they are within bounds set by other measurements taken both
before and after the SUAS flew.
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Figure 2. Time series of (a) Easterly (zonal wind), (b) Northerly (meridional wind), and (c) vertical (w) wind of the 10 SO
flights versus the SGP tower instrument at 60 m.

Generally, all of the variability of the horizontal wind measurements from the SO are captured by the dropsonde
and P-3 flight-level measurements (Figures 5a and 5b). Of note, the vertical wind speed is too variable over time
and space to have a meaningful quantitative comparison between the measurement platforms. Over the course of
~2.5 hr from the first to last dropsonde measurement, the wind speed ranged between 4.34 and 6.58 m s~ while
the wind direction ranged between 226 and 236°. The peaks in wind speed and wind direction occur during turns
which are excluded from the analysis of the data at low levels (discussed further below). Both air temperature
(Figure 5c¢) and relative humidity (Figure 5d) data from the SO had reasonable mean values and variability during
this mission, as compared to dropsonde and P-3 flight-level data. The lack of SO measurement-dependency on the
wind-relative direction of the aircraft motion was confirmed as the largest difference between leg-averaged wind
speed, wind diction, temperature, and relative humidity was 0.31 m s™, 0.53 deg, 0.74°C, and 4.92%, respec-
tively. Of note, the P-3 flight-level RH had questionable values and should be interpreted with caution. Discussion
with engineers for the P-3 indicated a potential electrical signal interfering with the hygrometer. Additionally, the

Table 1
An Evaluation of the Differences in Mean Wind Speed and Standard Deviation of the Wind Speed Between the SO and the SGP Tower for All 10 Missions Shown in
Figure 2

Easterly wind (u) Northerly wind (v) Vertical wind (w)
Mean difference in the mean wind speed for the 10 SGP flights (m/s) 0.50 0.34 0.39
Mean difference in the standard deviation of the wind speed for the 10 SGP flights (m/s) 0.50 0.61 0.13
DELOACH ET AL. 5of 15
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(other colors) for the mission on 24 March 2023.
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Figure 3. A histogram comparison of the (a) Easterly (zonal), (b) Northerly (meridional), and (c) Vertical components of the
wind for the ninth SO flight near the SGP tower. Binning in all panels is 0.05 m s™".

P-3 flight-level sensors were not calibrated prior to this mission which led to questionable variability along some
of the legs. To avoid potential issues with these fluctuations, we only show the mean values in Figure 5.

2.3. Determining the Air-Sea Exchange Coefficients

The location of the mission and flight path over the low-level portion of the SO mission is given in Figure 6. The
location indicated in Figure 6 is on the western edge of a high-pressure region (not shown) which indicates
generally southerly wind at the location of the mission. Start and end times for each leg were manually determined
for when the SO was flying in a straight line (i.e., turns were removed) and resulted in leg lengths of ~2.15 km.
The flight pattern was designed such that the SO flew with both a head wind and a tail wind. The prevailing wind
direction was determined using dropsonde data ~20 min before the SO started this part of the flight. A total of 8
paths were analyzed (4 into the wind and 4 against the wind). A mean value of every scalar quantity was
determined for each leg which were used to determine momentum, heat, and moisture flux values for those legs.
The flight times for each leg is given in Table 2. For legs 3, 4, 6, and 8, we subjectively identified that the hy-
grometer had a delay in reaching equilibrium. When calculating latent heat flux and sensible heat flux for each of
these legs, the beginning of the legs were shortened to ensure that biases resulting from the aircraft turning were
not included as part of the analysis. Through subjective analysis, we have determined that airflow to the sensors
during sharp turns can be suboptimal. The lengths of the shortened legs are also given in Table 2.

With the goal of validating quality of the measurements, Figure 7 shows an
averaged spectral analysis of the winds measured by the SO during the 8 legs
identified in Table 2. The power spectral density from all three Cartesian
velocity components (Figures 7a—7c) show that most data follow the —5/3
power law between 0.03 HZ to 1 Hz, consistent with other studies using
aircraft velocity data (e.g., Zhang et al., 2010; Zhao et al., 2020).

To be consistent with classical boundary layer studies, we break down the
winds into the along-wind and cross-wind components. Following the
methodology of French et al. (2007), the averaged cumulative covariance
(Figure 7d) shows linear growth indicating a relatively uniform flux distri-
bution along the flight paths. The cospectra of those components (Figure 7e),
computed show that the larger-scale structures with a frequency near 0.03 Hz
provide the dominant downward momentum transport, especially for the
cross-wind component. Using Taylor's Frozen Hypothesis, we covert this
frequency to a wavelength of ~750 m (wavelength is equal to aircraft velocity
divided by the frequency) using an aircraft velocity of 22.5 m s™'. Of note,
while we show similar magnitudes of measured turbulent flux in the along-
wind and cross-wind directions, some prior studies have shown that there
are higher amounts of turbulent flux in the along-wind direction.
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Figure 5. A comparison of (a) wind speed, (b) wind direction, (c) air temperature, and (d) relative humidity between the SO while it was at 4,000 ft altitude, four

dropsondes that passed through that altitude, and the mean value from the P-3 as it flew the same pattern as the SO at 4,000 ft. Gaps in SO data were due to temporary
reduction in coms quality. Note that Drop 1 did not report any wind data and Drop 4 did not report relative humidity data at 4,000 ft. The time the SO was at 4,000 ft was
between 22:51 and 23:14 UTC while Drop 1 was deployed at 21:22 UTC, Drop 2 at 21:27 UTC, Drop 3 at 21:57 UTC, and Drop 4 at 23:59 UTC. The P-3 flew the box

pattern between 23:39 and 24:00 UTC.

The cumulative cospectral sums, or “ogives,” are shown in Figure 7f. The ogive plots have been widely used in
turbulence studies to determine useful time intervals suitable for turbulent flux calculations (e.g., French

et al., 2007; Zhang et al., 2010; Zhao et al., 2020). When ogives asymptotically approach a single value, the

homogeneity assumption for Reynolds Averaging is met. In Figure 7f, both along-wind and cross-wind ogives
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Figure 6. The location of the mission off the west coast of Florida on 24 March 2023, at 227, (b) The flight path of the SO
during the low-level portion of the flight. In (b) the yellow portion of the flight pattern was identified as a turn and not

included in the legs.
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Table 2
The Flight Time for Each Leg

Flight leg number Time of leg in seconds (time for legs with hygrometer delay)

118.4
80.2
116.9 (109.3)
80.1 (52.9)
116.2
78.5 (54.5)
92.6
81.0 (55.7)

0 N N LR W N =

Note. For legs 3, 4, 7, and 8 the time used to calculate the latent heat flux is in parentheses. The full leg lengths are 2.15 km.

meet this criteria ~0.2 Hz or ~112.5 m for small eddies. This is not fully met for large eddies near 0.02 Hz or
1,225 m which is the Nyquist frequency of the legs. While it would be ideal to have longer legs to sample larger
eddies, we still have confidence that we are sampling the majority of the spectra of turbulent energy.

With a goal of calculating the air-sea 10 m neutral drag coefficient (Cpy), we followed a methodology described
by Andreas et al. (2012) and Vickers et al. (2013), who also used the direct eddy-covariance method for aircraft
measurements. We adjust the winds to 10 m and to a neutral stability boundary layer using Equation 1 which
depends on the measured mean winds U at height z, the surface friction velocity u, (Equation 2), the von Karman
constant, k = 0.4, and the stability function for momentum y,, (Equation 3). In all the equations, overbars
represent time means and primes denote deviations from the mean. The average GPS altimeter reading over all 8
legs was 10.14 m above the surface of the ocean. However, the laser altimeter (which is sensitive to ocean wave
height) showed a mean altitude of 15.1 m above the ocean surface. For all the calculations in this study we use the
height from the laser altimeter.

Uyow = UG2) — (”?) In (%) + (%)wm )

NV
u,k:(w'u’ +w'v! )/, 2

1+ 1+x2
n x>+1n( 2x ) —2tan_1(x)+g;é<0

-5¢; >0

3)

—u’8,
L= (4)

() (w7)

For the stability criteria in Equation 3, x = (1 — 16¢ Y4 where ¢ = z/L and L is the Obukhov length scale defined in
Equation 4 where, g = 9.81 m 52 is the acceleration due to gravity, w is vertical velocity, and 6, is virtual
potential temperature (Businger, 1966; Businger et al., 1971; Dyer, 1974; Hogstrom, 1988; Paulson, 1970). In
Equation 3, a negative value for ¢ is for an unstable atmosphere and a positive value is for a stable atmosphere. To
obtain the equivalent neutral value 10 m values for ¢ and 0, a similar process is undergone in Equations 5 and 6
where ¢, and @, are flux scales analogous to u, and are given by

G0y = 4(2) — (%) In <1Z_0) + (%)WE ®)

Brow = 0:) — (%) m(2)+ (%)wH, ©)
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Figure 7. (a—c) average power spectral density of the zonal, meridional, and vertical velocities, respectively, measured from
the SO during the 8 legs. In each plot a —5/3 reference line is shown. (d) Average cumulative covariance of the along-wind
and cross-wind components as a function of leg length (d, e) average cospectrum and ogives, respectively, of the along-wind
and cross-wind components of the wind over the 8 legs. Both plots in (d, e) start at the Nyquist frequency of 2.09%1072 Hz.

!_!
where ¢ is specific humidity, € is potential temperature, g, = —% and 9, = —%f”. A common assumption is
thaty, =y (e.g., Abbasi et al., 2017). For the case of a stable atmosphere (i.e., { > 0), y; and y, are the same as
v, in Equation 3. In the unstable atmosphere, the stability function for heat and moisture is given by Equation 7.

142
2

wﬁ(é)=wE(c>=2*1n( );¢<o )

The 10 m neutral values of wind, temperature, and humidity are used to determine the exchange coefficients of
momentum, heat, and moisture at the air-sea interface. The wind stress (or momentum flux) is given by
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Figure 8. A comparison of neutral 10 m neutral wind speed with
(a) momentum flux (b), sensible heat flux and latent heat flux, each calculated
for the 8 flight path legs.

3. Results

Equations 8 and 9 where Equation 8 represents the direct eddy covariance
definition and Equation 9 represents the bulk aerodynamic formula where
p is the air density and Cpy is the neutral 10 m drag coefficient. With all
other variables measured by the SUAS or derived from Equation 1, Cpy is
solved for in Equation 10.

v =—pluw” +uww’]”? ®)
7= pCpnUioy ©)
2 291/2
u'w'” +v'w!
Cox = [ 5 ] (10)
UION

A similar process is done for turbulent sensible heat transfer which is
shown by Equations 11-13 where Fy is the sensible heat flux,
¢, =10047J kg~ K™ is the specific heat of air at constant pressure, Cyy is
the neutral sensible heat flux transfer coefficient, 6, is the potential tem-
perature using the sea surface temperature (SST), and 6, is the neutral
potential temperature of the air at 10 m above the surface of the ocean
given by Equation 6. A SST of 22.9°C was measured by an AXBT released
during the SO mission (SO recorded ~22.7°C SST using an infrared
sensor). The SST measurement was also corroborated by a dropsonde with
an attached infrared sensor (Zhang et al., 2017).

Fy = pc,0'w’ (11)
Fy = pc,CyUon (0 — O10n) (12)
o'w’

Coy = —2 (13)
N U on (00 = Orow)

Equations 14—-16 show the results for turbulent latent heat transfer where
L, =25 x10°J kg™" is the latent heat of vapourization, Fy, is the latent
heat flux, Cgy is the neutral latent heat flux transfer coefficient, g, is the
specific humidity of the surface of the ocean which assumes 98% satura-
tion, and g,y is the neutral specific humidity at 10 m above the surface of
the ocean from Equation 5.

Fg = pLyg'w' (14)

Fg = pLyCexUjon (90 — q1ow) (15)
g'w'

CeN (1o

B Uron (90 — 910n)

On all 8 flight legs, the SO measured the mean 10 m neutral wind speeds between 3.86 m s~ and 4.48 m s™"'. The
extracted momentum flux values using the direct eddy correlation method ranged from 7.24 x 107> N m™ to
3.74 x 1072 N m ™2 (Figure 8a). The eddy correlation derived latent heat fluxes display a larger range of results
than that of the sensible heat flux for the same 10 m neutral wind speeds (Figure 8b). Latent heat flux ranged
between —1.19 W m™2 and 5.61 W m™2, while sensible heat flux ranged between —0.58 W m~2 and 0.64 W m™>.
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Figure 9. A comparison of 10 m neutral wind speed with (a) drag coefficient Cp,y, (b) a comparison of 10 m neutral wind
speed with u., (c) exchange coefficient of sensible heat Cyyy and the exchange coefficient of latent heat Cpy;, each calculated
for the 8 flight path legs. Of note, the x-axis range in (a) is different than that in (c) in order to facilitate comparison with
previous studies.
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Figure 9 shows the derived coefficients of Cpy, Cyn, and Cgy, that were calculated by equating the direct
covariance measurements with the respective equations for the bulk aerodynamic formulas of momentum flux
(Equation 10), sensible heat flux (Equation 13), and latent heat flux (Equation 16). The values for the coefficients
were calculated using the same range for neutral 10 m wind speeds as in Figure 8. The derived values of Cpy for
the eight legs ranged between 0.39 x 10~ and 1.60 x 10~ (Figure 9a). The range of derived Cpy values dis-
played here is within the range of values derived in previous observational studies at similar wind speeds (e.g.,
Anderson, 1993; Foreman & Emeis, 2010; Large & Pond, 1982). Even with only eight values, the mean value of
Cpy across the eight flight legs was 0.99 x 10~ which is within a 10 percent difference from the value of
0.907 x 107 predicted by the final function given by Andreas et al. (2012) at the same U 1ov0f4.21 m s~ While
the measurements in this study were taken on a calm day, the variability in Cpy may be explained by differing sea
state conditions such as wave height, wave slope, wave period, and wave age which have been shown to have an
impact on momentum transfer (e.g., Herbach, 2011; Hogstrom et al., 2009; Mueller & Veron, 2009; Moon
et al., 2007). Some studies have shown that changes to the sea state can have a greater impact on the drag co-
efficient magnitude than the wind speed (e.g., Edson et al., 2013; Holthuijsen et al., 2012; Johnson et al., 1998;
Reichl et al., 2014; Smith et al., 1992; Taylor & Yelland, 2001; Toba et al., 1990; Zhou et al., 2022). The inclusion
of sea-states in the analysis of C,y was previously brought up in Andreas et al. (2012) as well as showing u.
alongside U, to remove the uncertainty of Cp,y in low winds (see Figure 9b). If the data set of sSUAS data to
calculate Cpy becomes large enough collocated with P-3 and/or buoy-based wave observations, potential future
work is to also make Cpy a function of sea-state variables such as wave height, wave slope, wave period, and
wave age which have been shown to have an impact on momentum transfer.

The magnitudes of Cgy and Cyyy are significantly lower (by ~2 orders of magnitude) than those in previous
studies at wind speeds between 5 m s™' and 25 m s~ which found values closer to 1.0 X 10~ (e.g., Ander-
son, 1993; DeCosmo et al., 1996; Edson, 2013; Large & Pond, 1982; Zou et al., 2017). Additionally, few studies
have derived negative value of Cyy and Cgy. However, Oost et al. (2000) found this to be possible in a unique
atmospheric state where the Obukhov length scale, L, is negative indicating an unstable stratification (buoyant
processes dominate shear production in the production of turbulent kinetic energy), but the potential temperature
of air at 10 m is higher than potential temperature of the ocean surface indicating a stable stratification. Oost
et al. (2000) found that in this “semi-unstable” atmosphere, Cyyy and Cgy can be lower than in other atmospheric
states (see their Figure 6). The data collected by the SO during this mission meet the semi-unstable criteria.

With the lack of available data, it is a common assumption that Cgy = Cyn. Komori et al. (2018) summarizes the
values of Cgy, Cyn, and Cygy (the exchange coefficient for enthalpy) in their study, as well as that from Bell
etal. (2012), Jeong et al. (2012), and Richter and Stern (2014). In general, all those studies find that in winds less
than 35 m s, Cgy and Cyy closely match one another and are nearly constant. When winds are greater than
35ms™! Cgy and Cypy increase proportionally to U,y While only over a limited range of wind speed, the trend of
Cgn» Cyn matches from those previous studies (albeit at a lower value as previously mentioned).

4. Conclusions

In this study, we presented the first ever direct measurements of momentum, latent heat, and sensible heat fluxes
using a SUAS in the marine boundary layer. The sUAS measured these fluxes on 24 March 2023, in calm, clear
conditions that were in a region of higher pressure off the west coast of Florida. The direct covariance mea-
surements were set equal to the bulk aerodynamic formulae to derive the bulk transfer coefficients for momentum
(Cpn)s heat (Cyy), and moisture (Cgyy)-

The derived drag coefficient, Cpy, from the directly measured momentum fluxes ranged from 0.39 x 10~ and
1.60 x 1072 in mean 10 m neutral winds between 3.86 m s~' and 4.48 m s~ . These values of Cj, are generally in
good agreement with earlier studies that also had 10 m neutral wind speeds less than 10 m s™' (e.g., Ander-
son, 1993; Andreas et al., 2012; Foreman & Emeis, 2010; Large & Pond, 1981). The mean derived Cpy of
0.99 x 1073 is at 10 m neutral wind speed of 4.21 m s™" and is within a 10 percent difference of the value derived
using the function of Andreas et al. (2012) which predicted a value of 0.907 X 107 at the same neutral 10 m
winds.

The derived latent heat exchange coefficient, Cpy, ranged between —0.020 x 107> and 0.082 x 10~ while the
derived sensible heat exchange coefficient, Cyyy, ranged between —0.22 X 10~ and 0.17 x 10~ under the same
10 m neutral wind speed range as was used to derive Cpy. These are lower numbers than in previous studies that
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had values of Cyy and Cgy closer to 1.0 X 1072 (e.g., Anderson, 1993; DeCosmo et al., 1996; Large &
Pond, 1982). However, the low magnitudes of the heat coefficients are consistent with the rare conditions
described by Oost et al. (2000) and observed in the current study which create a “semi-unstable” atmosphere. In
these conditions, the Obukhov length scale L is negative (indicating an unstable atmosphere), but the atmosphere
is statically stable. The heat transfer coefficients presented follow a similar trend as Komori et al. (2018), where
the values of Cyyy tend to be less than that of Cy in lower mean 10 m neutral wind speeds (U, gy < 10 ms~'). Due
to the much lower number of previous studies surrounding the heat transfer coefficients in lower wind speeds, the
comparison of the values calculated for Cgy and Cyyy is more limited than the comparison of Cpy. To verify this
explanation, for the discrepancy, more flights will be needed across multiple atmospheric states such as described
by Oost et al. (2000).

The results presented provide the use and viability of sUAS, specifically the Black Swift Technologies SO, for
studying air-sea interactions in the marine boundary layer. To obtain these air-sea fluxes, high frequency mea-
surements are needed in the surface layer. Since it is too dangerous to fly crewed aircraft in surface layer, this
research demonstrates how sUAS provide a viable alternative to obtain these crucial measurements. Lowering the
uncertainty in the values of the exchange coefficients is crucial to improving operational numerical weather
prediction models. For example, the ratio of Cx and Cpy is a crucial factor in determining TC intensity (i.e.,
Emanuel, 1986, 1995). With the ability to fly in the surface layer demonstrated, as well as the demonstrated ability
of the SO in high wind conditions (not shown), future work is to fly the SO in the surface layer of tropical cyclones
and derive the exchange coefficients in high wind environments.

Data Availability Statement

The sUAS data used in this manuscript is available on a public repository at Wadler (2024), https://doi.org/10.
5281/zenodo.11397249.
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