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Abstract
This study applies uncrewed aircraft systems towards the investigation of surface-layer
structure during themorning transition. Three uncrewed aircraft systems simultaneouslymea-
suring horizontal transects were partnered with a fourth measuring vertical profiles during
two consecutive mornings as part of the 2017 Collaboration Leading Operational Unmanned
Aerial System Development for Meteorology and Atmospheric Physics (CLOUDMAP)
measurement campaign near Stillwater, Oklahoma, USA. Data were analyzed to extract
time-dependent single-point statistics of kinematic and thermodynamic variables from the
uncrewed aircraft systems. In addition, an approach is presented by which multi-point spatial
statistics in the form of auto- and cross-correlations could be calculated from the measure-
ments. The results reflect differences in the evolution of spatial statistics with altitude for each
of the two days at scales smaller than 500 m, despite very similar synoptic conditions. Con-
ditional averaging was also applied to identify the structure of sweep and ejection motions
and results revealed similarities to observations from canonical wall-bounded flow.

Keywords Coherent structures · Morning transition · Uncrewed aircraft systems ·
Surface layer

1 Introduction

The atmospheric surface layer—the lowest 10% of the atmospheric boundary layer—impacts
the dynamics of the atmosphere as it is the region of exchange between the Earth’s surface and
the atmosphere of mass, heat, and momentum as well as the transport of anthropogenic and
natural chemical constituents (e.g., Monin and Obukhov 1959; Garratt 1994; Liu and Liang
2010; Su et al. 2020). Much of this exchange is through turbulent transport. Furthermore,
a significant contribution to turbulent transport is carried out through large-scale turbulent
motions referred to as coherent structures (e.g., Brown and Roshko 1974; Gao et al. 1989;
Robinson 1991; Lu and Fitzjarrald 1994; Huang et al. 2009; Marusic et al. 2010; Park et al.
2016). As noted by Wyngaard (2010), coherent structures also play an important role in
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the inertial cascade process. These structures act as an intermediary in the extraction of
kinetic energy from the mean flow, which is then transferred to smaller scales in the form of
increasingly isotropic motions.

Investigation of the coherent structures that populate in canonical smooth-walled, neutrally
stable, zero-pressure-gradient turbulent boundary layers have connected coherent structures
to sweeping and ejection motions responsible for turbulence production and transport (Will-
marth and Lu 1972; Blackwelder and Kaplan 1976; Robinson 1991). Recent studies have
also revealed that these sweeps and ejections are part of a hierarchy of coherent structures
(Adrian 2007; Jiménez 2011) including: sublayer streaks (Kline et al. 1967); hairpin vor-
tices (Head and Bandyopadhyay 1981); large-scale motions (LSMs) (Kim and Adrian 1999;
Guala et al. 2006; Balakumar and Adrian 2007) attributed to self-organization of hairpin vor-
tices into packets (Adrian et al. 2000; Ganapathisubramani et al. 2003; Tomkins and Adrian
2003; Hutchins et al. 2005) and very-large-scale motions (VLSMs) or superstructures (Kim
and Adrian 1999; Tomkins and Adrian 2005; Guala et al. 2006; Balakumar and Adrian
2007; Hutchins and Marusic 2007; Monty et al. 2007, 2009). Spectral analysis of LSMs
and VLSMs in canonical smooth-walled, wall-bounded turbulence indicates that they make
a non-negligible contribution to turbulence kinetic energy and Reynolds stress production
(Guala et al. 2006; Balakumar and Adrian 2007), which distinguishes them from the inactive
motions proposed by Townsend (1976).

Coherent structures have also been clearly identified in the atmospheric surface layer and
boundary layer, particularly through the use of arrays of sonic and cup anemometers (Segalini
and Alfredsson 2012), sonic detection and ranging (sodar), light detection and ranging (lidar)
(Froidevaux et al. 2012), large-eddy simulations (LESs) (Inagaki et al. 2012) and particle
image velocimetry in controlled situations (Takimoto et al. 2011). Coherent structures in
the form of near-surface organized eddies with anisotropic turbulence characteristics are
frequently observed (Drobinski et al. 2004) and verified as characteristic of the large-scale
turbulence in the atmospheric boundary layer (Paw et al. 1992; Boppe et al. 1999; Krunsche
and de Oliveira 2004). These coherent structures, although poorly defined, have been cited
as being responsible for up to 75% of the turbulent fluxes in the atmospheric surface layer
(Gao et al. 1989), although a wide range of values have also been cited including, 40% (Lu
and Fitzjarrald 1994), 60% (Drobinski et al. 2004), 30% (Feigenwinter and Vogt 2005) and
30–70% (Barthlott et al. 2007).

Evidence suggests that the hierarchy of structures in the atmosphere could contain some
of the same elements as that of canonical wall flows, including low-speed streaks and super-
structures (e.g., Träumner et al. 2015; Lotfy et al. 2019) and persistent flow features in
humidity patterns consistent with LSMs (Froidevaux et al. 2012). Low-speed streaks have
also been found to formunder neutral, slightly stable, and unstable conditions (e.g., Etling and
Brown 1993; Moeng and Sullivan 1994; Kim and Park 2003). In the atmospheric boundary
layer the streaks are described as organized regions of low momentum stretched in the
streamwise direction with streamwise length of 500 m to 2000 m and spanwise width of
100 m to 200 m (e.g., Moeng and Sullivan 1994; Kim and Park 2003; Newsom et al. 2008;
Iwai et al. 2008; Alcayaga et al. 2020). These low-momentum regions have been connected
to LSMs and VLSMs (Thomas and Foken 2007; Horiguchi et al. 2012; Eder et al. 2013;
Dias Júnior et al. 2013) with LSMs having time scales on the order of 15 s to 40 s whereas
VLSMs have time scales between 60 s and 140 s. There is also an indication that boundary-
layer stability can alter the organization of coherent structures. Under neutral conditions
the inclination angle of these structures (in the streamwise–wall-normal plane) has been
measured to be 12◦, whereas this angle has been observed to be 15◦ under stable conditions
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and between 10◦ to 56◦ under convective conditions (Chauhan et al. 2013; Lotfy and Harun
2018; Salesky and Anderson 2018; Lotfy et al. 2019).

In addition, the atmospheric boundary layer has also been found to contain additional large
coherent motions in the form of convective rolls on the order of several kilometres (e.g.,Kelly
1982; Etling and Brown 1993;Weckwerth et al. 1997; Drobinski et al. 1998;Weckwerth et al.
1999; Salesky et al. 2017; Chow et al. 2019). These structures are developed in the presence
of buoyant and shear production under moderate convective conditions and high Reynolds
numbers (Sikma et al. 2018).

Within the atmospheric surface layer, such turbulence structure is typically inferred from
stationary (in situ) measurement systems. However, this typically requires the spatial distri-
bution of wind to be inferred using Taylor’s frozen-flow hypothesis, which is poorly realized
at large scales, particularly within non-stationary flow and subject to the diurnal stability
cycle (Metzger and Holmes 2008). This shortcoming is usually overcome by using multi-
ple synchronous measurement systems at different locations (Ingenhorst et al. 2021). For
instance, studies examining coherent structures have employed multiple sonic anemometers
(Sadani and Kulkarni 2001; Barthlott et al. 2007; Liu et al. 2019; Gu et al. 2019; Lotfy
et al. 2019), Doppler-lidar systems (Träumner et al. 2015; Alcayaga et al. 2020), and hotwire
probes (Lotfy and Harun 2018). Large-eddy simulation has also been increasingly applied to
the study of atmospheric-boundary-layer turbulence, but due to its high Reynolds numbers,
LES cannot resolve the near-wall eddies and frequently relies on wall models. However, as
noted by Senocak et al. (2007), such models can alter the arrangement of large-scale coherent
structures.

Conversely, uncrewed aircraft systems (UASs), or remotely piloted aircraft systems, are
increasingly being employed in atmospheric research. Uncrewed aircraft systems have the
ability to traverse through the flow spatially over time scales faster than those of the coherent
structures, allowing for a snapshot of the turbulence structure along the flight path. In addition,
due to their lower cruising speed (between 10 m s−1 and 30 m s−1) compared with crewed
aircraft (between 50 m s−1 and 200 m s−1), UASs have the ability to acquire measurements
with higher spatial resolution with the same sampling rate (Bärfuss et al. 2018; Zhou et al.
2018; Barbieri et al. 2019). Hence, UASs have been utilized extensively in atmospheric
research to sample thermodynamic and kinematic variables (Egger et al. 2002; Hobbs et al.
2002; Balsley et al. 2013;Witte et al. 2017; Rautenberg et al. 2018; Bärfuss et al. 2018; Jacob
et al. 2018; Barbieri et al. 2019; Bailey et al. 2019). One trade-off in the use of UASs is that
their deployment is a labour-intensive process. Hence, they are typically only deployed over
limited observation periods (Witte et al. 2017; Bärfuss et al. 2018; Jacob et al. 2018; Barbieri
et al. 2019; González-Rocha et al. 2020).

There have been relatively few concerted UAS deployments investigating the morning
transition process (Bange et al. 2007; Bennett et al. 2010; Wildmann et al. 2015; Higgins
et al. 2018) and none of these studies (to the best of our knowledge) has investigated the
characteristics of the coherent structures in the surface boundary layer during the morning
transition. This paper, therefore, presents the results from four UAS simultaneously mea-
suring the boundary-layer characteristics over the morning transition during a limited field
deployment. Particular attention is paid to the demonstration of UASs capability to resolve
the structure and evolution of coherent structures which form during the morning transition.

The remainder of the manuscript is divided into three main sections; Sect. 2 summarizes
information regrading the location of the studywith some topographic information in addition
to details about the UASs and other measurement devices used in this study. Afterwards,
Sect. 3 presents the main findings and their interpretation starting with the boundary-layer
stability in Sect. 3.1 then moving to the discussion of the surface-layer properties in Sect.
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3.2. Section 3.3 presents the visualization and related discussion of the temperature and
velocity fluctuation fields, Sect. 3.4 presents the results and the discussion of a methodology
to determine spatio–temporal correlations of the velocity and temperature fields, and Sect. 3.5
analyzes the structure and contribution of coherent structures within the framework of sweep
and ejection events. Finally, a summary and discussion of the main findings and conclusions
are presented in Sect. 4.

2 Overview of Measurements

The measurements presented here were collected on 27 and 28 June 2017, referred to as
Case 1 and Case 2, respectively. These observations were conducted as part of the Collab-
oration Leading Operational Unmanned Aerial System Development for Meteorology and
Atmospheric Physics (CLOUDMAP) 2017 field campaign (Jacob et al. 2018) performed at
the Oklahoma State University’s unmanned aircraft flight station (UAFS) near Stillwater,
Oklahoma (located at 36.162785◦ latitude, −96.8366762◦ longitude, and 288 m above sea
level). Here, we will use local time (LT) when referencing the time of day, which was central
daylight time (CDT) or UTC – 5. For the cases being considered, sunrise was at 0613 LT
with nautical twilight beginning at 0505 LT and civil twilight at 0543 LT.

2.1 Overview of Topography

Themeasurement site is surrounded by gently rolling hills interspersed by creeks correspond-
ing to approximately 30 m of elevation change over 1000 m horizontal distance (Fig. 1a).
The surrounding land use is primarily agricultural cattle pasture with intermittent stands of
trees. An approximately 2-km2 stand of trees is located 300 m to the north-east of the UAFS
(Fig. 1b), with a second equivalently sized stand approximately 1 km to the south.

2.2 Measurement Systems

The primary measurement systems used for this study consisted of three fixed-wing UAS,
used to conduct horizontal transects, with a fourth rotorcraft used to conduct vertical profiling.
A sonic anemometer mounted on a 7-m tower along with three cup-and-vane anemometers
and pressure, temperature, and humidity sensors was collocated with the vertical profiling
site. The heights of the sonic anemometer and the three cup-and-vane anemometers were
8.2 m, 5.6 m, 4.5 m, and 3.4 m, respectively.

The three fixed-wing UASs were BLUECAT5 aircraft (for details see Witte et al. 2017;
Bailey et al. 2019; Al-Ghussain and Bailey 2021) flown simultaneously at three different
heights, as illustrated in Fig. 1c. Each flight consisted of repeatedly traversing the same
1000 m long straight line transect at true air speed of 18 m s−1 and at constant altitude
above sea level, resulting in approximately 15 m variability in aircraft above ground level
(a.g.l.) as indicated in Fig. 1. Typically 40 to 50 transects were made per flight in alternating
directions with each transect taking around 75 s. Measurements typically consisted of all
three aircraft being flown for approximately 40 min of flight time, after which the aircraft
were recovered, data downloaded, and batteries changed. Five flights were conducted for both
Case 1 and Case 2, with Case 1 initiating measurements just after nautical sunrise at 0600 LT
andmeasuring nearly continuously to 1130 LTwith a fifth flight conducted at 1330 LT. Case 2
initiated measurements at 0600 LTwith all five flights conducted before 1200 LT. For Case 1,
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Fig. 1 a Topographic map showing terrain surrounding measurement with b detailed satellite photograph of
area highlighted by red box in (a). c Shows the fixed-wing and rotorcraft UAS used, along with an additional
illustration of the different flight path altitudes. Approximate location of flight trajectories and of fixed-wing
UAS andmeasurement location of the rotocraft indicated by red line and green dot respectively in (b). Contour
lines in (a) correspond to 3.048 m elevation separation

the three aircraft were flown at nominal altitudes of 25 m, 50 m, and 75 m a.g.l. relative to
takeoff ground level, whereas for Case 2, intermittent aircraft problems resulted in only the
50 m a.g.l. height being measured continuously, with additional measurements conducted at
25 m, 75 m, and 300 m depending on aircraft availability.

The rotorcraft used was a 3DR SOLO aircraft (for details see Bailey et al. 2019) illustrated
in Fig. 1c. The aircraft was flown simultaneously with the fixed wing aircraft and consisted
of vertical ascents and descents at 2 m s−1 between 10 m and 100 m. Up to 10 ascent/descent
combinations were flown in a single flight before the aircraft’s batteries required changing.
Once the batterieswere changed, the aircraftwas returned toflight.Due to a shorter endurance,
approximately four flights of the rotorcraft were conducted for each fixed-wing flight with
times between flights depending on battery availability and charge rates. However, most
flights were separated by less than 5 min.

Each aircraft was equipped with an iMet-XQ (InterMET Inc., Grand Rapids, Michigan,
U.S.A.) capable of logging temperature (T ), pressure (p), and relative humidity (RH ) at
a frequency of 1 Hz. The fixed-wing aircraft measured three components of wind using a
custom-built five-hole-probe logged at 200 Hz, but, due to viscous damping within the sensor
tubing, was only capable of measuring frequency content lower than 60 Hz. To measure the
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winds, the rotorcraft was equipped with a Trisonica Mini three-dimensional sonic anemome-
ter (Anemoment LLC, Longmont, Colorado, U.S.A.) mounted on a 0.38 m mast to prevent
distortion of the measured wind by the aircraft’s rotor wash. Although nominally it is a three-
component anemometer, when operated in the configuration used here, only the horizontal
components ofwind are considered reliable. Additional details about the aircraft, sensing sys-
tems and data reduction procedures can be found inWitte et al. (2017) and Bailey et al. (2019)
with an intercomparison and evaluation of system accuracy provided in Barbieri et al. (2019).

The measured quantities are presented in an (x, y, z) coordinate system with the x-axis
directed towards the east, the y-axis directed towards the north, and the z-axis directed up,
and with the origin of the coordinate system located at the aircraft launch point (Fig. 1b).
The wind velocity components (u, v, w) are aligned with the (x, y, z) axes, respectively.

2.3 Weather Conditions During Observation Periods

During 27 and 28 June 2017, Oklahoma was under the influence of return flow on the
back side of surface high pressure centred over the east coast, which likely resulted in a
strong south-south-westerly low-level jet over most of Oklahoma. A dryline and weak frontal
boundary developed over the Oklahoma panhandle extending into Texas by the second day
of operations.

Meteorological conditions reported at the nearby Stillwater airport (KSWO) for 27 June
2017 indicate a recorded overnight low temperature of 19 ◦C at 0553 LT and a recorded
daytime high of 34 ◦C at 1553 LT. Relative humidity peaked at 81.3% at the same time in the
morning and reached a value of 41.2% when the temperature reached its maximum. During
the observation period, surface winds were reported as initially being from 140◦ at 2.6 m s−1

shifting to between 160◦ and 180◦ after 0650 LT and increasing in magnitude to 5.7 m s−1

by the end of the observation period. Clear-sky conditions were reported until 1100 LT, at
which point, few and then scattered clouds were observed at 945 m a.g.l.

On 28 June 2017, the receding high pressure system continued to reduce surface pressure,
with a recorded overnight low temperature of 23 ◦C at 0553 LT and a recorded daytime high
of 34 ◦C at 1653 LT. Similar moisture content was present with a peak relative humidity
of 81.2% measured in the morning, reaching a low value of 37.4% observed at 1653 LT.
Surface winds continued to be southerly, with reported direction of 170◦ to 190◦, but with
much higher magnitude than the first day, increasing from 5.7 m s−1 to 8.2 m s−1 by the end
of the measurements. Skies were reported as clear for the majority of the morning, with a
few clouds observed between 1000 LT and 1200 LT at 1200 m a.g.l.

3 Results and Discussion

3.1 Stability Conditions

To assess the surface-layer stability during the period of observation, the flux Richardson
number

Ri =
g
T v

w′θ ′
v

−u3τ
∂U
∂z

(1)

was calculated from the sonic anemometer tower measurements. Here, g is the acceleration
due to gravity, and we use Reynolds averaging, e.g., u(t) = u + u′(t) where the overline
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Fig. 2 a Ri and b L calculated from the 7-m tower data for the duration of Case 1 and Case 2 observation
periods

indicates a 5-min moving time average. Furthermore, virtual temperature is approximated
as Tv = T (1 + 0.61rv), where rv is the vapour mixing ratio and the virtual potential tem-
perature is calculated from θv = Tv(100 × 103/p)0.286. Moreover, the friction velocity was

approximated using uτ = (u′w′2 + v′w′2)1/4, where u′ v′ are the horizontal and w′ the
vertical velocity components, and the wind speed fromU = (u2 +v2)1/2. Finally, the veloc-
ity gradient was estimated by averaging the gradients measured between the cup and vane
anemometers and sonic anemometer located on the tower. To minimize uncertainty caused
by precision errors in the instruments propagating via the small separation between vertical
measurement points, several approaches were evaluated. It was found that the approach that
best minimized the impact of sensor precision error on the gradient calculations was to cal-
culate the linear gradients between the different combinations of measurement heights of the
cup and vane anemometers and sonic anemometer and average the result.

The resulting time evolution of Ri is presented in Fig. 2a. The figure shows slightly
different behaviour for Case 1 than Case 2 with the results indicating more stable conditions
existed for Case 1 than Case 2, although neither larger than the suggested critical Richardson
number of 0.25 (Grachev et al. 2013). Hence, both cases can be considered as dynamically
unstable and prone to turbulence production. Figure 2a also indicates that the boundary layer
transitioned to convective conditions slightly earlier for Case 2 than for Case 1, becoming
negative at approximately 0720 LT whereas this transition occurred at 0740 LT for Case 1.

The corresponding Obukhov length scale (e.g., Leelőssy et al. 2014)

L = −u3τT v

κgw′θ ′
v

(2)

is presented in Fig. 2b, where κ is the von Kármán constant. The results reflect the difference
in Ri , with Case 2 showing a |L| ≈ 35 m prior to transition, whereas Case 1 indicates
|L| ≈ 5 m for the same period. Following transition, for Case 1 |L| ≈ 10 m whereas for
Case 2 |L| ≈ 50 m until 1000 LT, approaching |L| ≈ 10 m for the latter portions of the
morning.

3.2 Mean Properties of the Surface Layer

The difference between the values of the stability parameters for each case is reflected in the
atmospheric properties measured at the UAS flight altitudes. To calculate statistics from the
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fixed-wing UAS, we considered only the portion of the flight when the UAS were in their
automated flight pattern. As each flight consisted of several straight line transects, we then
treated each transect as an individual sample. By assuming each transect occurs under steady
state conditions, the averaged quantities are then spatially averaged over a nominal distance
of 1000 m and with averages over individual transects indicated by 〈〉 brackets.

Figure 3a, b show the evolution of 〈θv〉 measured by the fixed-wing UAS for Case 1
(Fig. 3a) and Case 2 (Fig. 3b). The corresponding values of wind components 〈u〉 and and
〈v〉 are shown in Fig. 3c, d. These panels show that the winds were generally from the south
(positive v) for both cases with an increase in virtual potential air temperature at all measured
altitudes after the inversion of Ri occurs. For Case 1 (Fig. 3a, c) there are measurable vertical
gradients in both wind velocity and 〈θv〉 prior to 0900 LT, with approximately uniform
conditions measured after this time. Conversely, for Case 2, strong gradients are only evident
in the mean wind velocity, whereas the 〈θv〉 remains relatively homogeneous for all heights
during the period of measurement.

These differences can be explained by the proportionate differences in stability conditions
between the two cases. Figure 3e, f show the turbulence kinetic energy for Case 1 and Case 2,
respectively, calculated using

〈k〉 = 1

2

(〈u′2〉 + 〈v′2〉 + 〈w′2〉) . (3)

Comparison of the two cases shows higher magnitude of 〈k〉 for Case 2 during the period of
positive Ri , reflecting an increase inmechanical production of turbulence.Notably, both cases
show higher values of 〈k〉 near the surface for this period as well. As the morning progresses,
the general trend was for 〈k〉 to increase, with Case 2 continuing to show higher magnitudes,
but with both cases also showing increasing variability in 〈k〉. The latter behaviour suggests
two interpretations: increasing contribution to turbulence kinetic energy from spatial scales
larger than 1000m (e.g., larger than that of a representative thermal which usually has a radius
of less than 600 m, (Romps and Charn 2015; Hernandez-Deckers and Sherwood 2016); or
horizontal advection of turbulent air from other locations. Neither of these explanations are
mutually exclusive, as large-scale coherent motions would be expected to advect turbulence
and other atmospheric properties over commensurate spatial scales (Willmarth and Lu 1972;
Blackwelder and Kaplan 1976; Robinson 1991).

A Similar behaviour is observed for 〈θ ′2
v 〉, which describes the temperature and density

fluctuations in the atmospheric surface layer and is shown in Fig. 3g, h for Case 1 and Case 2,
respectively. These results show an increase in the temperature fluctuations for both cases,
but with Case 1 showing an earlier and larger increase. Both cases exhibited unsteadiness in
〈θ ′2

v 〉 having the same time scale (nominally one hour) as observed for the unsteadiness in
〈k〉.

Greater insight into the source of these fluctuations could be found by examination of the
temporal evolution of the turbulence kinetic energy budget terms for both cases. Note that it
was found that the sample rate of p, T and RH varied around the 1-Hz nominal frequency
throughout the flight, and therefore it was not possible to accurately align (u, v, w) and T
in time (as they were logged separately and aligned in post-processing). This prohibited
the calculation of 〈w′θ ′

v〉 at length scales smaller than approximately 20 m and, in turn,
provide accurate estimation of the buoyant production. However, an estimate of mechanical
production can be made using

〈P〉 = (〈u′w′〉2 + 〈v′w′〉2)1/2 ∂U

∂z
, (4)
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Fig. 3 Time-dependence of: a 〈θv〉 for Case 1; b 〈θv〉 for Case 2; c 〈u〉 and 〈v〉 for Case 1; d 〈u〉 and 〈v〉
for Case 2; e 〈k〉 for Case 1; f 〈k〉 for Case 2; g 〈θ ′2

v 〉 for Case 1; h 〈θ ′2
v 〉 for Case 2; i 〈P〉/〈ε〉 for Case 1;

and j 〈P〉/〈ε〉 for Case 2. Blue symbols indicate measurements made at z = 25 m, red symbols indicate
measurements made at z = 50 m, green symbols indicate measurements made at z = 75 m, and orange
symbols indicate measurements made at z = 300 m
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by assuming negligible horizontal gradients in U . Note that due to the scatter in the 〈u〉 and
〈v〉 results, the gradient of U was calculated from the rotorcraft measurements during each
10 min flight. This was done by first averaging the measured value ofU over 5-min intervals
and then fitting the curveU = A log(z)2 + B log(z) +C to the resulting profile, where A, B,
and C are constants, thus producing smooth estimates of ∂U/∂z. In addition, an estimate of
the dissipation rate, 〈ε〉, was made from the wavenumber spectrum, Φ(2π/λ), measured for
each transect, where λ is wavelength. To do so, the mean dissipation rate for each transect
was calculated from the spectrum using

〈ε〉 =
(

Φ

0.49(2π/λ)−5/3

)3/2

. (5)

Details of this calculation procedure can be found in Bailey et al. (2019).
The resulting time-dependent ratio 〈P〉/〈ε〉 is presented in Fig. 3i, j for Case 1 and Case 2.

If, for the sake of simplicity, one assumes negligible turbulence advection, that ∂〈k〉/∂t ≈ 0
(i.e., the turbulence kinetic energy is quasi-stationary, Nilsson et al. 2016) and that pressure
fluctuations can be neglected, it is possible to interpret Fig. 3i, j as an estimate of the relative
contribution of mechanical production to total production. Note that these assumptions are
not likely to be completely satisfied, however, as reflected in the strong time-dependence
of Fig. 3e, f. Both cases show mechanical production equating or exceeding dissipation at
the start of the observation period, with Case 1 indicating mechanical production exceeding
dissipation near the surface due to low measured dissipation rates. For the remainder of the
observation period, however, the trend in 〈P〉/〈ε〉 is very similar for both cases. Notably,
the mechanical production remains the primary means of turbulent production until about
0830 LT.

3.3 Visualization of Flow Structure

Having established the background statistical description of the surface-layer properties, in
this section we examine the large-scale structure of the turbulence as revealed through the
fluctuation fields θ ′

v(t, x, y, z) and U ′(t, x, y, z). We first look at the time–height plots of
θ ′
v(t, z) = θv(t, z) − 〈θv(t, z)〉 where θv is the virtual potential temperature measured by the
rotorcraft and 〈 〉 in this context is used to indicate an average in both t and z, with the time
averaging being applied over the duration of each 10 min flight.

Isocontours of θ ′
v(t, z) are presented in Fig. 4a, b for Case 1 and Fig. 4c, d for Case 2. These

isocontours reveal strong vertical stratification of θv before 0800 LT for Case 1, reflecting
the stable conditions observed in Fig. 2. As the morning progresses, the stratification decays,
with moderate temperature variability observed from 0800 LT to 0900 LT. After 0900 LT, the
θ ′
v perturbations organize into intermittent, vertically oriented structures. These structures
have varying time scales roughly on the order of 2 min and, assuming advection velocity of
5 m s−1 (Fig. 3c) are consistent with turbulent thermals having horizontal length scales on
the order of 500 m. Similar behaviour is observed for Case 2, shown in Fig. 4c, d, except
that the stable stratification in the early morning hours is weaker and consequently more
unsteadiness can be observed in the temperature field. Once convective conditions develop
after 0930 LT, the behaviour is very similar to that of Case 1.

As could be expected, isocontours ofU ′(t, z), presented in Fig. 5a, b for Case 1 and Fig. 5c,
d for Case 2, demonstrated virtually identical time-dependence as that of θ ′

v(t, z). Although
a clear velocity gradient is evident for Case 1 prior to 0830 LT, due to the reduced thermal
stratification for Case 2 the velocity perturbations show increased variability in both time
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Fig. 4 Isocontours of θ ′
v(t, z)measured by rotorcraft UAS for: a 0600 LT to 0900 LT and b 0900 LT to 1200 LT

for Case 1 and c 0600 LT to 0900 LT and d 0900 LT to 1200 LT for Case 2

and space, reflected in the differences in 〈k〉 between the two cases as observed in Fig. 3e, f.
Once the thermals develop, a qualitative observation can be made that the negative velocity
perturbations are coincidentwith positive temperature perturbations and vice versa, providing
confidence that the contours in Figs. 4 and 5 are visualizations of large-scale mixing events.

Similar visualizations can be produced from the fixed-wingUASmeasurements. However,
for these flights the visualizations are in the form of isocontours of θ ′

v(t, y) andU
′(t, y)which

are provided in Fig. 6 for z = 50 m for Case 1. As shown in Fig. 6a, b, the fluctuations in
θ ′
v and U ′ are initially above the mean value for y > 500 m and below the mean value for
y < 500 m prior to 0700 LT. This behaviour is consistent with topographically induced
internal layer formation as it is similar to the observations made from field experiments
(Gao et al. 1989; Lu and Fitzjarrald 1994; Alcayaga et al. 2020) and LES (Perret and Patton
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Fig. 5 Isocontours of U ′(t, z) measured by rotorcraft UAS for: a 0600 LT to 0900 LT and b 0900 LT to
1200 LT for Case 1 and c 0600 LT to 0900 LT and d 0900 LT to 1200 LT for Case 2

2021) studies examining the effect of forest and vegetation on the flowfield. Note also that the
aircraft was flying over a transition from pasture to trees for y � 300m (Fig. 1b), producing a
likely source of local perturbation from the mean flow. After 0800 LT, the fluctuations appear
more stochastic, taking the form of increasingly smaller-scale motions with the convective
conditions after 1000 LT characterized by motions having length scales on the order of
y ≈ 300 m. The same organization appears in both temperature and velocity perturbations
and is consistent with the formation of turbulent thermals observed in Figs. 4 and 5. For
Case 2, which had higher values of 〈k〉 and lower stability in the early morning, the positive
Ri period is characterized by large-scale perturbations, on the order of y ≈ 500 m, which
break into smaller scale thermal-associated events after inversion of Ri .
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3.4 Velocity and Temperature Correlations

Of particular interest in Fig. 6, is qualitative evidence of organization over long time periods
(nominally 20 min), suggesting structural organization at time scales longer than each tran-
sect. To educe these motions, velocity and temperature correlations were conducted noting
that the existence of non-zero trends in the autocorrelation indicates organized motions, i.e.,

Fig. 6 Isocontours of a θ ′
v(t, y)measured by fixed-wingUASflying at z = 50m for Case 1with corresponding

isocontours ofU ′(t, y) shown in (b). Case 2 isocontours of θ ′
v(t, y) andU ′(t, y) at z = 50 m shown in (c, d),

respectively. The black line on the figures indicates the zero-level contour line for same data after low-pass
filtering at y ≈ 200 m in space and t ≈ 180 s in time
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coherent structures (Harun and Reda Lotfy 2019). To investigate this larger-scale organiza-
tion, we treat each transect as an independent realization. We first let i be an integer value
indicating transect number. We then consider two variables of interest measured in the direc-
tion of the transect, y, e.g., ξ(y, i) and ζ(y, i). The cross-correlation of ξ and ζ then could
be found using

Rξζ (Δy,Δi) =
〈

ξ ′(y, i)
〈ξ ′(y, i)2〉1/2

ζ ′(y + Δy, i + Δi)

〈ζ ′(y + Δy, i + Δi)2〉1/2
〉
, (6)

where the 〈 〉 brackets again indicate an average of values measured along the transect path.
Furthermore, Rξξ (Δy,Δi) is an autocorrelation. Each transect i was correlated with neigh-
bouring transects in the available range of Δi and ensemble-averaging applied across all i to
produce an averaged correlation for the entire flight, 〈〈Rξζ (Δy,Δi)〉〉, a process which was
implemented to improve the statistical convergence of the correlations. Here, 〈〈 〉〉 indicates
an average over the entire flight as opposed to an individual transect. To convert the transect
separation Δi into a time displacement, Δt , we multiply by the average temporal duration
of each transect for that flight.

As could be expected from Fig. 6, the most correlated motions were for scales smaller
than the transect length due to turbulent motions smaller than about 500 m in spatial
scale. To examine temporal and altitude trends of these motions, autocorrelations of U ,
〈〈RUU (Δy, 0)〉〉, are presented in Fig. 7.

Figure 7a, b compares the time-dependence of 〈〈RUU (Δy, 0)〉〉measured at z = 50 m, for
Case 1 and Case 2 respectively. For Case 1 (Fig. 7a), which had higher |Ri | due to reduced
wind speed, there is a noticeable trend in time consisting of a broadening of the correlations
in time despite the decorrelation scale (the Δy value where 〈〈RUU 〉〉 → 0) being nearly
constant for all cases where Ri < 0. Note that the broadening of 〈〈RUU 〉〉 at low correlation
values for the 0600 LT to 0700 LT measurement period is consistent with a weak correlation
influenced by a broad background trend, as could be expected from the topographic influence
observed in the visualizations of Fig. 6b. The gradual broadening of the correlations between
0700 LT and 1200 LT is also consistent with the decrease in Ri and reflects the development
and growth of turbulent thermals observed in Figs. 5a, b and 6b, c. Conversely, the lower
|Ri | for Case 2 shows a step change in behaviour with stable and transitional Ri conditions
having a similar structure with decorrelation scale of Δy ≈ 150 m and unstable conditions
having a similar, but slightly broader correlationwith decorrelation scale ofΔy ≈ 250m. The
increased scales relative to Case 1 reflect the increased importance of mechanical turbulence
for this case, with the more rapid transition in correlation similar to the more rapid increase
in 〈k〉 shown in Fig. 3f and more rapid change in 〈P〉/〈ε〉 shown in Fig. 3j.

Figure 7c, d compare 〈〈RUU (Δy, 0)〉〉 measured at different altitudes between 0600 LT
and 0700 LT for Case 1 and Case 2, respectively. There is a distinct difference in behaviour
for the two cases, with the more stable Case 1 showing an increase in correlation with altitude
similar to the behaviour reported in Alcayaga et al. (2020), with Case 2 being nearly constant
with altitude. Although the increase with altitude in Case 1 could be attributed to difference in
advection velocitywith altitude, similar velocity gradientswere present forCase 2 (Fig. 3c, d),
suggesting that the difference between Fig. 7c, d reflects an altitude dependence in turbulent
scales for Case 1 that is not present in Case 2. Such altitude dependence in Case 1 is consistent
with a z-dependent mixing length. Such z-dependent mixing length has been reported and
investigated previously in the literature (Deardorff 1980; Honnert et al. 2021). However, the
reduced altitude dependence observed for Case 2 indicates the presence of large eddies which
span the depth of the surface layer and potentially a boundary-layer-thickness-dependent,
large-scale mixing length which coincides with what was reported by Honnert et al. (2021).
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Fig. 7 Autocorrelations 〈〈RUU (Δy, 0)〉〉 measured at z = 50 m for a Case 1 and b Case 2 at different times.
〈〈RUU (Δy, 0)〉〉 measured between 0600 LT to 0700 LT at different altitudes for shown in (c) for Case 1 and
and (d) for Case 2. 〈〈RUU (Δy, 0)〉〉 measured from 1100 LT to 1200 LT at different altitudes shown in (e) for
Case 1 and (f) for Case 2
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Fig. 8 Contours indicatingmagnitude of 〈〈RUU (Δy, Δt)〉〉using observationsmadeduringCase 1 at z = 50m
from a 0600 LT to 0700 LT; b 0800 LT to 0845 LT; c 0945 LT to 10300 LT; and d 1100 LT to 1200 LT. Solid
lines indicate where 〈〈RUU 〉〉 = 0

A similar comparison of 〈〈RUU (Δy, 0)〉〉 is made for the 1100 LT to 1200 LT time period
in Fig. 7e, f. These correlations confirm that similar layer-spanning structures exist for both
cases once convective conditions set in, consistent with the visualizations shown in Fig. 5.
Furthermore, Case 2 shows that similar structure persists at least up to z = 300 m, the highest
altitude measured during these observations.

To better extract the spatio–temporal organization of the velocity and temperature
fields, we can examine the presence of correlated wind perturbations in contours of
〈〈RUU (Δy,Δt)〉〉 as provided for Case 1 in Fig. 8a–d. Note that autocorrelations such as
these will be anti-symmetric in time so only the positive time displacements are shown. For
the 0600 LT to 0700 LT period (Fig. 8a) there is a peak in correlation at Δy = 0 for all
Δt . The persistence of these weakly correlated regions at large Δt suggest the presence of
large-scale persistent structure with the Δy extent of these correlations can be considered a
representative scale of the motions.

The consistent peak at Δy = 0 for the 0600 LT to 0700 LT period reflects a condition
where the same flow features are being measured across each transect, which here can be
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attributed to time-independent flow features produced by topographic effects (Fig. 6b). This
spatially consistent structure is still present in the correlations measured from 0800 LT to
0845 LT (Fig. 8b), however now the level of correlation is much weaker, reflecting a breakup
of the topographically induced motions.

Interestingly, from 0800 LT to 0845 LT (Fig. 8b) spatial periodicity becomes evi-
dent. Moreover, as the morning progresses (Fig. 8c, d) these positively correlated regions
are flanked by anti-correlated regions, a feature consistent with correlations connected to
VLSMs/superstructures (see for example Hutchins and Marusic 2007; Monty et al. 2007).

In the correlations from 0800 LT to 0845 LT there is some evidence of time-dependence in
the correlated features, appearing as a tilt in the isocontours. This time-dependence represents
a relatively slow advection in the y direction with Δy/Δt ≈ 0.5 m s−1, or about 10% of the
the corresponding value of 〈v〉. The time-dependence increases as the surface layer becomes
more unstable as shown in Fig. 8c, d. However, this time-dependence still suggests advection
speeds of the structures are much less than themean flow speed, approximately 20% and 50%
for the 1100 LT to 1200 LT and 1330 LT to 1430 LT measurements, respectively. Similar
time-dependence in the correlations was observed for the other measurement altitudes.

Similar structure and scales were observed in the temperature correlations, as illustrated
in the corresponding 〈〈Rθvθv (Δy,Δt)〉〉 fields shown in Fig. 9a–d. Specifically, an increase
in the time-dependence of the 〈〈Rθvθv (Δy,Δt)〉〉 field can be observed, which increasingly
tilts relative to horizontal (Δy = 0) axis as the surface-layer transitions through neutral to
convective conditions. Interestingly, for the 0800 LT to 0845 LT case (Fig. 9b) there is less
evidence of long-time-scale advection although some small-scale correlated features appear
which have Δy/Δt on the order of 50% of the mean velocity.

There are some interesting implications of this observation of varying advection veloc-
ity with time and surface-layer stability. It should be noted that, due to the measurements
being conducted as a transect rather than over a spatial plane, we cannot rule out that these
measurements reflect the presence of long advected structures, which are being bisected by
the aircraft. In such a case, the time-dependence of the advection velocity could represent a
change in the angle of the structure with respect to the transect direction (assuming it advects
with the mean velocity), rather than a change in advection velocity. Alternatively, this change
in advection velocity could reflect changes in the physical process of structure formation, with
the more stable conditions producing structures that are evolving more slowly and dependent
on surface features which produce them. Regardless, the result confirms that for this type
of flow the application of Taylor’s frozen-flow hypothesis to reconstruct the spatial structure
of large-scale flow features could confound interpretation, as reviewed by Moin (2009) and
many others for canonical wall-bounded flow.

To confirm that these coherent motions play an important role in the turbulent transport of
momentum and heat (as previously reported in for exampleGao et al. 1989; Lu and Fitzjarrald
1994; Drobinski et al. 2004; Feigenwinter and Vogt 2005; Barthlott et al. 2007) we look at the
the cross-correlation fields of 〈〈Ru∗w(Δy,Δt)〉〉 and 〈〈Rwθv (Δy,Δt)〉〉. Here, to all we’ve
introduced a mean-flow aligned coordinate system (x∗, y∗, z) and (u∗, v∗, w) whereby the
coordinate system has been rotated to align x∗ with the mean wind vector. Examples of
these cross-correlation fields are shown in Fig. 10 and reveal the same general structure as
observed in the 〈〈RUU (Δy,Δt)〉〉 and 〈〈Rθvθv (Δy,Δt)〉〉 autocorrelation fields. Specifically,
the time-dependence of the isocontours, reflecting the same Δy/Δt dependence observed in
the velocity and temperature autocorrelations.

These structures also show the expected turbulent transport behaviour of negativemomen-
tum flux (reflected in negative 〈〈Ru∗w〉〉 at (Δy,Δt) = (0, 0)) for Fig. 10a, c and positive
buoyancy flux (reflected in positive 〈〈Rwθv 〉〉 at (Δy,Δt) = (0, 0)) for Fig. 10b, d. Notably
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Fig. 9 Contours indicating magnitude of 〈〈Rθvθv (Δy, Δt)〉〉 using observations made during Case 1 at z =
50 m from a 0600 LT to 0700 LT; b 0800 LT to 0845 LT; c 0945 LT to 1030 LT; and d 1100 LT to 1200 LT.
Solid lines indicate where 〈〈Rθvθv 〉〉=0

these regions of negative 〈〈Ru∗w〉〉 and positive 〈〈Rwθv 〉〉 are consistent with same length and
width scales observed in the autocorrelations.

Finally, we note that similar behaviour was observed for the results from Case 2 (not
presented for the sake of brevity). However, the organization of theweakly correlatedmotions
was a little less clear. This reduced clarity is likely due to the increased small-scale activity
during Case 2, which required more measurement time than available to achieve sufficient
statistical convergence to resolve the underlying coherent motions. One distinct difference
noted between Case 1 and Case 2 was that during the 0600 LT to 0700 LT flight for Case 2 the
correlations showed evidence of the same large-scale structure observed during the neutral
and convective conditions of Case 1.
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Fig. 10 Contours indicating magnitude of a 〈〈Ru∗w(Δy, Δt)〉〉 and b 〈〈Rwθv (Δy, Δt)〉〉 measured between
0945 LT and 1030 LT using observations made at z = 50 m during Case 1. 〈〈Ru∗w(Δy,Δt)〉〉 and
〈〈Rwθv (Δy, Δt) measured between 1100 LT and 1200 LT shown in (c, d), respectively

3.5 Coherent Structure Associated with Sweep and Ejection Events

The previous section demonstrated statistical signatures in correlation fields consistent with
the existence of coherent structures at spatial scales on the order of 100m and temporal scales
exceeding 10 min. This included correlation between the vertical and horizontal velocity,
which is classically organized into ejection and sweep events (see, for example Robinson
1991) corresponding to negative u∗′w′ events having positive w′ (ejections) and negative w′
(sweeps). Here we utilize the unique nature of the UAS data to examine the structure of these
events in greater detail. Specifically, we note that the use of UAS provides an opportunity
to better understand the spatial scale of these structures in the atmospheric surface layer due
to their ability to minimize the impact of advection velocity on the measurement of flow
structure.
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Fig. 11 Contours of low-pass filtered u∗′w′/u2τ from observations made at z = 50 m a measured between
0800 LT and 0845 LT during Case 1 and bmeasured between 1100 LT and 1200 LT during Case 1. Solid lines
indicate identified sweep events, dashed lines indicate identified ejection events

We first look at the spatio–temporal distribution of u∗′w′/u2τ . Examples are shown in
Fig. 11 from Case 1, specifically the distributions measured between 0800 LT and 0845 LT
and between 1100 LT and 1200 LT. Note that, to better isolate the large-scale coherent
motions, the u∗′(t) and w′(t) fields were first low-pass filtered at 1 Hz (filtering out motions
smaller than approximately 20m). The results shown in Fig. 11a reflect the prominence of the
negative u∗′w′ events relative to the positive events in the more mechanically driven, near-
neutral stability conditions. Later in the morning (Fig. 11b), more large-scale positive u∗′w′
events were observed, but there is still a preponderance of negative u∗′w′ events measured
over the same time period.

A procedure was developed to identify sweep and ejection events from these spatio-
temporal fields. First, to identify individual ejection events, the low-pass-filtered spatio-
temporal regions having magnitude of u∗′w′ < −0.05 and w′ > 0 were identified. Note
that the results were found to be largely insensitive to the threshold selected and -0.05
was selected as it proved a large enough value to reject events too short in duration to be
considered ‘coherent’while also being small enough inmagnitude to not filter out larger-scale
events. Finally, individual ejection events were isolated by identifying groups of connected
measurement points meeting this criterion. To identify individual sweep events, the same
procedure was applied, but constrained to w′ < 0 events.

The results of this identification process are shown in Fig. 11 using solid lines to indicate
identified sweep events and dashed lines to indicate identified ejection events. The results
show a roughly equal distribution of sweep and ejection events. In addition, it appears that
several of the larger events are composed of numerous smaller-scale events, which could sig-
nal the formation of a larger-scale structure through alignment of smaller structures, similar to
the mechanisms proposed for the formation of very-large-scale motions or superstructures in
canonical wall-bounded flow (Monty et al. 2007; Hutchins andMarusic 2007). Alternatively,
recognizing Fig. 11 represents a spatio–temporal field, these multiple instances could be the
same event bisected by the aircraft at different times and may represent temporal evolution
of the structure as it advects through the measurement region.

To highlight the importance of these structures to the overall turbulence intensity and
transport, we evaluated the contributions of the regions encapsulated by these events to the
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Fig. 12 Contribution towards total a turbulence kinetic energy; bmomentum flux; and c sensible heat flux by
ejection and sweep events. Black dots indicate Case 1 and red dots indicate Case 2

k, 〈u∗′w′〉, and 〈θ ′
vw

′〉 measured over the entire flight. This was done by setting the portions
of the filtered u′, v′, w′ and θ ′

v time series that fell outside the identified sweep/ejection
regions to zero, and calculating kCS , |u∗w|CS and |θvw|CS from the time series measured
during the flight. Here, the subscripted CS is used to indicate values determined using only
measurements from within an identified sweep or ejection event. These values were then
compared to the corresponding values of k, |u∗w| and |θvw| determined from the unfiltered
data and without nullifying the portions of the time series falling outside the sweeps and
ejections.

The resulting ratios of kCS/k, |u∗w′|CS/|u∗w| and |θ ′
vw

′|CS/|θ ′
vw

′| are presented in
Fig. 12a–c, respectively. In general, the results show that the contribution from the coherent
motions increases over the course of the morning, with good agreement between the cases.
Although there is significant scatter in the kCS/k results, this estimate suggests that the sweep
and ejection motions account for as much as 10% to 20% of the turbulence kinetic energy
and 20% to 30% of the momentum and sensible heat flux. This is comparable to what has
previously been reported by Feigenwinter and Vogt (2005) and Barthlott et al. (2007), but
much lower than reported by Gao et al. (1989), for example.

The contribution of individual coherent structures to the momentum flux was expanded
upon by examining the minimum value of u∗′w′ measured within each individual sweep
and ejection event. Furthermore, we also compare these minimum values to the y-direction
(nominally streamwise) scale of each corresponding sweep and ejection event, δy. The results
of this comparison are shown in Fig. 13a, b for sweep and ejection events respectively. Despite
significant scatter, several observations can be made from these figures. The first is that there
is a clear correlation between the scale of the structure and the magnitude of (u∗′w′)/u2τ
produced within it. A second observation is that sweeps and ejections have similar scales,
although there is more variability in the size of the ejection events. There does seem to
be qualitative evidence in Fig. 13a, b that, given the smaller uτ occurring earlier in the
transition process, the reduced convective activity allows larger structures to form but with
a corresponding weaker momentum flux. As the buoyant forcing increases the structures
become smaller in scale, but with a corresponding increase in momentum flux.

Finally, to examine the changes in structure of the sweep and ejection events over the course
of the morning transition, conditional averaging was conducted. This procedure utilized the
same sweep/ejection identification procedure described above but, to minimize the influence
of alignment of multiple structures influencing the averaging process, a more restrictive
u∗′w′ threshold of 80% the minimum measured during each transect was employed. For
each individual structure, it’s spatial, δy, and temporal, δt , extents were determined. Each
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Fig. 13 Comparison of approximate scale of observed sweep and ejection events to estimated magnitude of
momentum flux contribution

structure was then re-scaled by y/δy, t/δt and (u′, v′, w′)/(|u∗′w′
min |)0.5 before averaging

all identified structures. Here, |u∗′w′
min| is the minimum value of the shear stress within each

structure. The result being an average structure scaled by its peak momentum flux and spatial
and temporal extents.

Conditionally averaged velocity vectors corresponding to ejection events are shown in
Fig. 14 from Case 1, with the events measured from 0800 LT to 0845 LT shown in (a)
and from 1100 LT to 1200 LT shown in (b). Although not many events were averaged,
some interesting observations can be made. Focusing first on the averaged structure from the
earlier morning measurements (Fig. 14a), we see evidence of the ejection event flanked by
counter-rotating vortex structure at z = 75 m. To better illustrate this we also present the
corresponding isocontours of the pseudo-vorticity

ω̃ =
(

∂v

∂t
δt − ∂u

∂ y
δy

)
1

(|u∗′w′|min |)0.5 (7)

in Fig. 14c. Although only an approximate estimate of the z-aligned component of vorticity,
these results do suggest the presence of a counter rotational structure extended throughout
the measurement plane. This counter-rotating structure is consistent with the observations
fromzero-pressure-gradient isothermal boundary layers (e.g., Adrian 2007) of ejection events
corresponding to hairpin vortex formation and streamwise vorticity near the surface. Further
corroborating the similarity of this structure with the canonical turbulent boundary layer
structure is that these ejection events appear to be preceded by upstream sweep events events
at higher elevations as described by Robinson (1991).

The conditionally-averaged structures from the later morning/convective boundary layer
conditions (Fig. 14b) are less well-defined. However, some similarities between this struc-
ture and that of the earlier morning are evident. Most notably, in the appearance of precedent
sweeping events at z = 75 m and the indication of counter-rotating vorticity in the corre-
sponding pseudo-vorticity contours of Fig. 14d.

For the sweep events, conditionally averaged velocity vectors corresponding are shown in
Fig. 15a, b from Case 1, with the events measured from 0800 LT to 0845 LT shown in (a) and
from 1100 LT to 1200 LT shown in (b). The corresponding ω̃ corresponding to the results are
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Fig. 14 Conditionally averaged velocity vectors of ejection events from observations a measured between
0800 LT and 0845 LT during Case 1 and b measured between 1100 LT and 1200 LT during Case 1. Contours
in (a, b) are of w′/(|u∗′w′|min |)0.5. Contours of ω̃ corresponding to the results shown in (a, b) are shown in
(c, d) respectively

shown in Fig. 15c, d. In general, conditionally-averaged sweep structures display much less
organization than the corresponding ejection structure. One notable pattern, however, is that
as the surface is approached, the portion of δt and δy encompassed by the negative vertical
velocity appears to increase, even though a comparison δt , δy and (|u∗′w′|min)

0.5 across
the three heights indicates that these scaling factors are approximately the same. This then
suggests a spreading of the event as it approaches the surface, reminiscent of a ‘splatting’
event. Evidence of counter rotation structure flanking the sweep events is also present in the
contours of ω̃, most notably in the 0800 LT to 0845 LT results shown in Fig. 15c.

4 Discussion and Conclusions

Stationary (in situ) measuring devices are commonly used to infer turbulence structure.
However, this usually necessitates inferring the wind’s spatial distribution using Taylor’s
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Fig. 15 Conditionally averaged velocity vectors of sweep events from observations a measured between
0800 LT and 0845 LT during Case 1 and b measured between 1100 LT and 1200 LT during Case 1. Contours
in (a, b) are of w′/(|u∗′w′|min |)0.5. Contours of ω̃ corresponding to the results shown in (a, b) are shown in
(c, d) respectively

frozen-flow theory, which is poorly realized at large scales, particularly in non-stationary
flows subject to the diurnal stability cycle. Multiple synchronous measuring systems at dif-
ferent sites are used to solve this limitation. On the other hand, UASs are becoming more
common in atmospheric research. These can travel through the flow on time scales quicker
than coherent structures, resulting in improved spatial resolution of the turbulence structure
along the flight path. Furthermore, because of their lower cruising speed compared to crewed
aircraft, UASs can obtain measurements with high spatial resolution while simultaneously
sampling temporally. This study employed several UASs to investigate the structure of the
surface layer during the morning transition acquired as a part of the 2017 CLOUDMAP
measurement campaign near Stillwater, Oklahoma, USA.
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Analysis of single- and multi-point statistics conducted using fixed-wing and rotorcraft
UASs flying simultaneously at different altitudes and flight paths demonstrated the potential
for UAS to resolve coherent structures within the atmospheric surface layer. Generally, simi-
lar evolutionwas observed in the single-point statistics over the two casesmeasured, although
decreased stability was present during Case 2, which resulted in significantly more influence
of mechanical production for that case. The increased mechanical production corresponded
to a reduction in temperature gradients and increased turbulence kinetic energy. Visualiza-
tions of the velocity and temperature fields connected these changes to a clear increase in the
variability in both the vertical and horizontal fields. These visualizations also reflected the
formation of turbulent thermals on the scale of hundreds of metres which became stronger as
themorning evolved. Visualizations of the horizontal plane also appeared to indicate the pres-
ence of larger-scale motion. Application of spatio–temporal correlations to quasi-streamwise
transects through the surface layer indicated that the structures have streamwise extent of
approximately 200-m long, which grewwith distance from the surface but reduced in stream-
wise scale over the course of the morning. Importantly, these spatio–temporal correlations
provided a mean to measure the average advection velocity of the coherent structures. The
results indicated the advection velocity was significantly lower than the mean velocity and
only 20% to 50% of the mean velocity. This ratio was time dependent and increased with
the increase in convective activity. One explanation for the presence of such low advection
velocity is that the shear driven structures may form locally (i.e., are ‘attached’ to the surface)
potentially formed by local topography. This process is decoupled from the surface as the
buoyant forcing increases.

By taking kinetic energy from the mean flow and transferring it to smaller scales in the
form of more isotropic movements, coherent structures can operate as an intermediary in the
inertial cascade process. Here, by isolating ejection and sweep events, we found that these
structures contribute approximately 20% to 30%of overall turbulence kinetic energy,momen-
tum, and sensible heat flux, with an increase observed during the course of the boundary-layer
transition. This result is at the lower end of published estimates which have a broad range of
suggested values ranging between 30% to 70%. It should be noted that these UAS measure-
ments are only capable of resolving motions smaller than the transect length (approximately
1 km) and time-dependent fluctuations in the measured turbulence kinetic energy from each
transect suggests that larger-scale motions (with time scales on the order of 30 min) were
present. Thus, this low estimate of contributions could be due to the comparatively short
transect length preventing filtering out the contribution of scales of motion larger than half
the transect length.

Finally, the spatio–temporal organization of the coherent motions was educed by employ-
ing a conditional-averaging process. Although the limited number of events captured resulted
in weak statistical convergence, there was evidence of similarities between the structure of
ejection events observed in the atmospheric surface layer, and structures observed in canoni-
cal zero-pressure-gradient isothermal turbulent boundary layers. This organizationweakened
with increased buoyant forcing, but similarities did persist. Less organization was observed
in the sweeping events, although there was evidence of splatting as the event reached the
surface.
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