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Inside orchards, turbulent coherent structures dominate the transport of heat, momentum, and moisture
between the canopy and the atmosphere. Integrated quadrant analysis is a method to visualize the trajectory of
individual turbulent coherent structures using in situ data from three-dimensional anemometry. In this paper,
integrated quadrant analysis is used to characterize the turbulent transport of heat and momentum from two
orchard experiments: one in the interrow space (the Canopy Horizontal Array Turbulence Study from Dixon,
California in May and June 2007) and one in the crown of a tree (the Vertical Array Cherry Experiment from
Linden, California in November 2019). By using the integrated quadrant analysis (IQA) method, this paper
demonstrates the importance of the cross-wind velocity component in maintaining the turbulent coherent
structures. Results from integrated quadrant analysis in three dimensions support the idea that the microfront
is collocated with the boundary of a sweep and an ejection in a convective boundary layer. Moreover, in both
orchards, there are preferred planar trajectories for individual coherent structures that do not depend on wind
regimes. The statistical profile of the turbulence quantities, as well as individual coherent structures, are not
appreciably different in the interrow space or within the crown.

1. Introduction Raupach et al. (1996) proposed the mixing layer analogy to explain

the formation of turbulence in vegetation. Near the top of the canopy,

Plant canopy turbulence is an important mechanism for transporting
momentum, heat, and trace gases between the surface, vegetation, and
the atmosphere. Unlike turbulence above idealized flat, homogeneous
surfaces, the canopy contains spatially distributed sources and sinks of
heat and momentum, which add complexity to understanding surface—
atmosphere interactions. Heat, momentum, and greenhouse gas fluxes
between canopies and the atmospheric surface layer are mostly driven
by large-scale, organized turbulence called turbulent coherent struc-
tures (Finnigan, 1979, 2000; Paw U et al.,, 1992; Raupach, 1981;
Raupach et al., 1996). Various analytical methods have been used
to dissect the details of turbulent coherent structures using experi-
mental field data and Large Eddy Simulation output. These include
various forms of conditional sampling, including variable-interval time-
averaging, two point statistics, wavelets, and Empirical Orthogonal
Function (Blackwelder and Kaplan, 1976; Bisset et al., 1990; Chen and
Blackwelder, 1978; Farge, 1992; Collineau and Brunet, 1993; Finnigan,
2000; Thomas and Foken, 2005; Wallace et al., 1972).

air flow resembles that of a mixing layer plane between the slower
moving air in the canopy and the faster moving air above the canopy.
This is evident in the inflection point at the top of the canopy in
velocity profiles. At the boundary between these two flow regimes
near the top of the canopy, the strong wind shear creates a Kelvin—
Helmholtz-like instability, which breaks down into hairpin (also called
horseshoe) vortices (Theodorsen, 1952 as cited by Adrian (2007)) that
infiltrate through the vegetation. In an idealized case, the hairpin
vortices occur in pairs consisting of a head-down hairpin vortex — a
sweep — and a head-up hairpin vortex — an ejection (Finnigan, 2000;
Finnigan et al., 2009). Alternative interpretations of the shape of shear-
driven coherent structures have been postulated. For example, Bernard
(2011) suggested that coherent structures are “mushroom-like” packets
of vorticity structures.

Using quadrant analysis (Wallace et al., 1972), Raupach (1981)
shows that over a rough surface, sweeps account for a larger portion
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of shear stress than ejections. Dupont and Patton (2012) used quad-
rant analysis to find that under near-neutral conditions, momentum
transport occurred primarily through sweeps using data from National
Center for Atmospheric Research’s (NCAR) Canopy Horizontal Array
Turbulence Study (CHATS). Under no-leaf conditions, sweeps dominate
at the height above the ground (Z) normalized by the canopy height
(k) (Z/h) of 0.4 and ejections begin to dominate above the canopy at
Z/h = 1.4. When the canopy is foliated, however, the sweeps are not
able to penetrate as deeply into the canopy.

In addition to quadrant analysis, scalar signals can be used to
trace coherent structures. For example, coherent structures have been
observed with the temperature signal in laboratory experiments (Chen
and Blackwelder, 1978) and atmospheric experiments (Priestley, 1959;
Wilczak, 1984; Gao et al., 1989; Shaw et al., 1989). Under unstable
conditions, a gradual temperature rise is followed by an abrupt temper-
ature decrease called a microfront. Gao et al. (1989) saw that during
stable conditions, the temperature ramps are reversed so that a gradual
temperature decrease is followed by a sharp temperature increase at
the microfront. Although temperature ramps were originally believed
to be due to thermals, they have also been observed under near-neutral
conditions (Antonia and Atta, 1978). This indicates that temperature
ramps can be shear-driven (Paw U et al., 1992). Under unstable (stable)
conditions, the temperature drop (rise) represents an ejection followed
by a sweep in a coherent structure. Gao et al. (1989) showed that the
microfront is lagged in time as the sweep penetrates the canopy.

In addition to measurement campaigns, numerical models have
been used to show the structure of canopy turbulence. Multiple Large-
Eddy Simulation (LES) studies have found that in canopies, a relatively
weak ejection tends to be followed by a strong sweep (Fitzmaurice
et al., 2004; Watanabe, 2004; Finnigan et al., 2009). Physically, this
relates to the mixing layer theory of turbulent generation proposed
by Raupach et al. (1996). Moreover, LES results indicate that the cross-
stream velocity field diverges in order to balance the convergence of the
streamwise and vertical velocity fields (Fitzmaurice et al., 2004). This
mechanism is important for maintaining coherent structures’ integrity
as they traverse within and above canopies.

Many measurement campaigns have focused on flow inside
canopies, including forests (Baldocchi and Meyers, 1988; Denmead and
Bradley, 1987; Hari et al., 2013; Shaw et al., 1989; Gao et al., 1992) and
cropland Shaw et al. (1974) and Wilson et al. (1982), measuring the
turbulence in open spaces between rows or in clearings. However, when
the measurements are applied to turbulent flow, conditions should
be horizontally averaged to represent the entire flow volume. Wilson
and Shaw (1977) and Raupach and Shaw (1982) show that spatial
averaging in a canopy includes the flow between and within the
open spaces and the vegetation. The horizontal averaging schemes are
important for any of the three-dimensional canopy flow equations and
must account for components such as canopy drag. Typically, the wake-
production terms, which are not often measured, are assumed to be
negligible in horizontal averaging schemes (Wilson and Shaw, 1977).
There are few measurement campaigns where instruments were located
adjacent to or within the crown of a tree. The Vertical Array Cherry
Experiment (VACE) contains a vertical array of sonic anemometers that
are located adjacent to a crown of a cherry tree (Mangan et al., 2022).

Properties of orchard turbulence will be evaluated with data from
two orchard campaigns: VACE (sensors adjacent to the crown) and
CHATS (sensors between the rows). Each dataset contains periods with
and without leaves, as different canopy drag may significantly affect
canopy turbulence (Shaw et al., 1989). This study aims to compare
the turbulence adjacent to a crown with the turbulence in the inter-
row space of orchards by comparing VACE and CHATS observations,
respectively. By using Integrated Quadrant Analysis (IQA) (Mangan
et al., 2022) to visualize the motion of the coherent structures in
three-dimensions, the Eulerian measurements can be connected to the
idealized model of hairpin vortices. Furthermore, the role of the cross-
stream velocity component and the tilt of eddies through the canopy
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will be evaluated to investigate the structure of turbulence in two
case studies. We choose to analyze case studies both because IQA is a
relatively new method that needs to be more thoroughly tested, and
case studies allow us to focus on the details of the mechanisms of
turbulent transport.

2. Materials and methods
2.1. Experimental data

In this section, we will describe both canopy turbulence experiments
examined in this study: VACE (Section 2.1.1) and CHATS (Section 2.2).
In Section (Section 2.2), we introduce the method of IQA. Because
IQA is a new method to characterize turbulent coherent structures,
this analysis demonstrates the benefits of using IQA compared to other
methods for evaluating turbulence. One case study for each experiment
was selected to show here.

2.1.1. Vertical array cherry experiment

The Vertical Array Cherry Experiment (VACE) was active from
November 2019 through July 2020 in Linden, California in the northern
San Joaquin Valley. This experiment was conducted for the purpose of
testing IQA inside of a canopy. The cherry (Prunus avium) orchard had
a north-south row orientation with a tree spacing of 6 m between the
trees within the rows. The interrow had a width of approximately 7 m.
This orchard was microsprinkler-irrigated approximately once per week
during the spring time. The canopy top was maintained at 3.6 m by
mechanical pruning. There was some change in tree height due to new
growth between prunings. In November 2019, the height of the canopy
was 3.6 m tall, and by April 2020, the canopy height was approximately
4 m. VACE was split up into three distinct measurement periods: a
fall measurement period in November 2019, a winter measurement
period in January 2020, and a spring measurement period in March and
April 2020. We refer to Fig. 1 in Mangan et al. (2022) for a graphical
description of the experimental design of the VACE experiment.

The November measurement period was characterized by leaves on
the trees and no irrigation. The November period will hereafter be
referred to as the “leaf” period of VACE. This experiment period lasted
from November 8 through November 25, 2019. During this period,
there were five ultrasonic anemometers (CSAT3, Campbell Scientific
Inc., Logan, Utah, USA) oriented on the northwest corner of scaffolding
structure pointed into the predominant wind at the heights of 1.5 m,
2.2 m, 3.0 m, 3.9 m and 5.8 m. The anemometers were sampled at
20 Hz and were logged in the same data logger synchronous device for
measurement (SDM) protocol to ensure continuity in the timestamps in
all five sensors. All sonic anemometers were pointing to the northwest
at 310° from north. There were two fine wire thermocouples located
at 3.9 m and 5.8 m that were sampling at 20 Hz. In addition to fast
response instruments, an NR-Lite net radiometer (Kipp & Zonen) and
ground heat flux plates were co-located at the site for measuring the
surface energy budget.

The winter measurement period lasted from 10 January through 22
January 2020. During this period, there were no leaves on the trees,
but there was grass in the interrow. This period will be referred to
as the “leafless” period. The experimental design was the same as the
previous period, except the anemometer located at 1.5 m was removed.
The spring measurement period lasted from 29 March through 16 April
2020. During this period there were green, transpiring leaves on the
trees. This period will be referred to as the “leaf-out” period. The
ultrasonic anemometers and fine-wire thermocouples were in the same
locations during the leafless measurement period.

Velocity components were rotated into the mean wind for all anal-
yses at each height. The data were not tilt corrected because the
measurement location was heterogeneous. Instead, the anemometers
were carefully leveled with a bubble level. Moreover, there were likely
true vertical velocity components in this study — mean pitch angles
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Fig. 1. Wind Roses for the anemometer located at 5.8 m (Z/h = 1.6) for VACE. Daytime hours were between 07:00-17:00 PST, and nighttime is 17:00-07:00 PST.

were as high as 80° under very stable conditions with low wind speeds.
Therefore, a single rotation scheme would have less errors than the
double rotation scheme when vertical velocities are present.

During the leaf and leaf-out measurement periods, the predominant
wind direction was from the northwest during the day (Fig. 1). At
night, the wind direction tended to shift to the southeast. In the leafless
period, the predominant wind was from the southeast for both daytime
and nighttime. When wind directions are from the southeast, the crown
of the tree could block the wind before it reaches the anemometers. In
the leaf-out period, the predominant wind returns to the northwest. In
the leafless and leaf-out measurement periods, the mean wind speed is
1.2 m s~! at 5.8 m . In leaf period, the mean wind speed is 0.8 m s~!
at 5.8 m.

During the day, the wind regime is controlled by regional-scale
flow. The measurement location is in the Central Valley of Califor-
nia, and surface winds are controlled by the “delta breeze” from the
Sacramento-San Joaquin Delta (Zaremba and Carroll, 1999). During
the day, cool and wet air is advected inland from the Sacramento-San
Joaquin Delta, which is to the northwest of this site. Overnight, a land
breeze dominates, so the wind direction changes to southeasterly. In
the winter period of VACE, when the temperature contrast is minimum
between the land and sea, the delta breeze effect is minimal. Instead,
wintertime and early springtime winds are controlled by the synoptic
scale weather patterns.

Wind directional shear has been shown to occur in canopies with
both observations and numerical simulations (Misson et al., 2007; Pyles
et al., 2004; Smith et al., 1972). The directional shear in the canopies
is loosely analogous to the Ekman spiral. Near the no-slip condition at
the surface, where friction and pressure gradient forces dominate, the
flow can be close to antitriptic, meaning that the flow is tends towards
being perpendicular to isobars, from high to low pressure. Within the
canopy, drag elements, like branches and leaves, and above the canopy,
are associated with turbulent transfer transporting momentum stress (as
a vector), eventually turning the wind direction into the geostrophic
wind parallel to isobars, above the planetary boundary layer. The leaf
area index and canopy structure and distribution impact the extent of
the directional wind shear (Pyles et al., 2004) found that the high leaf
area indexes, especially when the LAI is concentrated in the canopy,
have greater directional shear than less dense canopies. The directional
shear observed in VACE for the November period is consistent with
these simulations, observations, and theory.

2.1.2. Canopy horizontal array turbulence study

The CHATS experiment studied turbulence in a 10 m tall walnut
orchard in Dixon, California from March through June 2007 (Patton
et al.,, 2011). CHATS included extensive turbulence measurements in-
cluding a horizontal array consisting of five 12 m towers arranged in a

transect and a single 30 m tower. The data were split into two periods:
before and after leaf-out. Although CHATS also includes a horizontal
array of anemometers, only anemometer data from the 30 m tall tower
are used in this study.

The 30 m tower had 13 ultrasonic anemometers (CSAT3, Campbell
Scientific Inc., Logan, Utah, USA) placed between 1.5 m and 29 m
above ground level. All anemometers faced west. Five anemometers
were in the canopy, one was at the canopy top and seven were located
between 1 and 20 m above the canopy. The anemometers sampled at
60 Hz, but for this analysis, the data were downsampled to 20 Hz.
The maximum fetch was in the south and southwest directions. Several
periods of predominantly southern winds were chosen for the study to
ensure data quality: one before leaf-out and two after leaf-out (Fig. 2).

CHATS data are available for public download in 5-minute averages
and raw data at 60 Hz (Horst, 2019). For the raw data, there were
three periods used in the analysis: 1-10 April, 18-19 May, and 4-9 June
2007. The raw data were tilt corrected with a planar fit rotation (Paw
U et al., 2000; Wilczak et al., 2001) that was calculated for each height
for each of the before and after leaf-out periods. The velocity field also
was rotated into the mean wind for each height in the analysis. Fig. 2
shows that the predominant wind direction during the night was from
the south. During the day, in the April (leafless) period, about half of
the time periods had northerly winds and half had southerly winds.
The northerly winds were generally faster than the southerly winds.
The June (leaf) period had winds predominantly from the south.

2.2. Integrated quadrant analysis

IQA is a conditional sampling method to identify and to visualize
the trajectories of turbulent coherent structures (Mangan et al., 2022).
Unlike statistical methods for detecting turbulent coherent structures
like wavelet analysis and quadrant analysis, IQA aims to analyze the
phenomena of turbulent transport at the scale of individual eddies. Fur-
thermore, it connects ejections and their subsequent sweeps together in
time and in space, which allows one to focus on the physics of turbulent
transport in the surface layer.

There are two steps required to employ IQA: (1) detect individual
coherent structures, and (2) compute IQA in three dimensions. Because
IQA is computed as an integration of the 3D velocity field in time, its
values depend on an arbitrary starting point. Therefore, a method was
needed to determine the start of an individual coherent structure.

Although there are many methods to identify the presence of a
structure — including visual identification of temperature ramps (Paw
U et al., 1992), variable-interval time-averaging (Blackwelder and Ka-
plan, 1976), and wavelet transforms (Farge, 1992) — existing methods
locate the start of a structure at the microfront. A coherent structure
identification method was paired with IQA to identify the start of the
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Fig. 2. The wind roses for the leafless and leaf period for CHATS from 5 min wind data. The night plots are between 20:00-7:00 PST. The day plots are between 7:00-20:00 PST

at Z/h = 1.4.

structure in the ejection phase so that one event consists of the ejection,
the subsequent sweep, and the quiescent period between coherent
structures. The coherent structure identification method used in this
study is based on the high-frequency signal of a velocity scale based on
the turbulent kinetic energy WTKE = Vi’ + 02 + w'?). To summarize
the identification procedure, coherent structures are identified using
the Mexican hat wavelet transformation on the low pass filtered uT K E
signal. In this method, individual coherent structures are identified at
the start of sweep phase and encompass the subsequent ejection and
quiescent period before the next coherent structure. We refer to Fig. 3
in Mangan et al. (2022) for more details about the coherent structure
identification method and a discussion of why uT K E was determined
to be the best structure identification parameter.

To compute IQA, the streamwise (u), crosswind (v) and vertical
velocities (w) are first Reynolds-averaged over a half-hour averaging
period to calculate the deviations from the mean. Each fluctuating
component is integrated with respect to time to calculate integrated dis-
tance along each axis. The recursive integration is described by Egs. (1),
(2) & (3) where X; is the position for the streamwise component; Y; is
the position for the cross-stream component; Z; is the position for the
vertical velocity component, the subscript i indicates a time step(a data
record point), and 47 is the time interval between records in the data.

X;= X+ (u] )6t @
Y, =Y,_ + (v )t 2
Z, =27+ (w))ét 3

X;,Y; and Z; can be plotted or animated in two- or three-dimensions
to visualize air flow trajectories of individual coherent structures. This
method splits coherent structures into two regimes: bulk sweep (Z; > 0)
and bulk ejection (Z; < 0). Additionally, distances in all directions can
be summed over the structure or a period of time as a measure of size
or strength of the individual coherent structure. Eq. (4) describes the
summation over the integrated path for the X; direction. This distance
measure (X) is analogous to a three-dimensional wind run summed
at every time step (i) through the duration of the turbulent coherent
structure (n).

n

X, = Y1 (u ) ot )
i=1

3. Results & discussion

In this study, we primarily focus on one case study from each the
VACE and CHATS experiments in Section 3.1. We chose to focus on

individual coherent structures to demonstrate the utility in using IQA
to examine the dynamics of individual coherent structures. In addition
to the case studies, in Section 3.2, we evaluate IQA statistics for each
experiment to investigate the diurnal and seasonal cycle of coherent
structures in orchards.

The case studies for both the VACE and CHATS experiments were
selected based on stability and friction velocity to ensure that we could
observe shear-based turbulence. Furthermore, we also filtered based on
wind direction to ensure that the flow was coming from the orchards.
Quality control of the data was embedded in our case study selection.
Conversely, when we evaluate statistics of the turbulent coherent struc-
tures, we include periods with stable stratification and low turbulence
so that we can evaluate the method under these conditions.

3.1. Integrated quadrant analysis: Case studies

IQA was calculated for one select time period from each of the VACE
and CHATS experiments (Table 1). For this study, daytime periods from
each site were selected based on wind direction (southerly or westerly
winds for CHATS), high mean temperature ramp amplitudes (near 1°C),
and uT K E (greater than 0.3 m s~!). For these case studies, the coherent
structures were selected if IQA identified an event at all measurement
levels at approximately the same time.

3.1.1. Vertical Array Cherry Experiment

On 16 November 2019, the selected VACE coherent structure was
identified starting at 11:09 LT (UTC-8) using the levels Z/h = 1.6, 1.1,
0.8, 0.6 and 0.4. The coherent structure was identified 15 s earlier at
Z/h = 1.6 than at Z/h = 0.4. This time lag is assumed to be the time
it takes for the coherent structure to penetrate the canopy. Within the
canopy, at Z/h = 0.8 and Z/h = 0.6, the event begins at approximately
the same time. Above the canopy, the structure lasts about 160 s, but
within the canopy, it lasts about 60 s. Fig. 3 shows the trace of the
two-dimensional IQA trajectory colored by time. Please note that the
X; and Y; axes’ limits change for each height: at Z/h = 1.6, the X;
magnitude is almost 2.5 times the magnitude of the X; scale at Z/h =
0.4.

At Z/h = 1.6 and Z/h = 0.8, the event begins with a weak bulk
ejection before entering a bulk sweep. At the other heights, there is
no discernible bulk ejection. The sweep lasts approximately 40 s at all
levels except closest to the surface. At Z/h = 0.4, the structure begins
with weak counter-gradient flux. The sweep starts 20 s after the start
of the structure and lasts approximately 15 s. In the levels higher than
Z/h = 0.4, the sweep is moving from the top left to the bottom right
in the plot, however, at the lowest level, the sweep is showing little
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Table 1
Selected case study times for VACE and CHATS.
Experiment Date Time Wind Speed Wind Direction uTKE
(Z/h~1.5) (Z/h~1.5) (Z/h~1.5)
[ms'] [’ [ms™']
VACE (Leaf) 16 November 2019 11:00 0.65 57 0.70
CHATS (Leaf) 6 June 2007 15:30 1.49 261 1.18
Zh=16 Zh=0.6
Start Time = 11:09:02 Start Time = 11:09:16.65
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Fig. 3. Two-dimensional IQA plots for 16 November 2019 at 11:00 LT (UTC-8) at VACE. The colors indicate time in seconds since the start of the coherent structure. Note the

changes in scale, particularly in the horizontal, and in time, for the respective axes.

change in X. This indicates that although w’ is negative, «’ is near 0.
After the sweep at Z/h = 0.4, there is a quiescent period with counter-
gradient flux with a duration of 15 s before an ejection returns the eddy
trajectory to the origin.

We integrated o' with respect to time in the same way we integrated
u' and w' to determine the three-dimensional eddy trajectory. Fig. 4
shows the integrated octant analysis for the same structure. The trajec-
tory is colored by temperature perturbations to depict a visualization
of how the eddy trajectory changes its temperature during the coherent
structure event. While Z; represents the vertical displacement of the
eddy path, Y; shows the cross-stream change in eddy trajectory. Like Z;,
Y; represents a change in direction. Y; shows the turning of the wind,
and it is likely to depend on the part of the hairpin vortex that passes
the sensor. This cross-stream trajectory component (Y;) could elucidate
the portion of a hairpin vortex passing the sensor or directional shear

momentum transfer caused by the eddy trajectory. Although the cross-
stream component is not always examined in surface layer flows, our
results show X; and Y; have similar magnitudes at all heights for this
coherent structure.

At Z/h = 1.6, 1.1, and 0.8, the structure begins in a weak ejection
before moving into a strong bulk sweep. The eddy moves into positive
values of X; as seen in Fig. 3. At all heights, there is also a strong Y;
component to the eddy; however, unlike X;, Y; is both positive and
negative during this event. At heights Z/h = 1.1, 0.8, 0.6, and 0.4, the
microfront occurs approximately 20 s after the identified start of the
coherent structure. The temperature drop is collocated with the start of
the sweep (where Z; begins to decrease), consistent with the method
of using the drop in a temperature ramp to identify microfronts as in
Gao et al. (1989). This supports the method of using the temperature
signal to identify microfronts.
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Fig. 4. Three-dimensional IQA plots for 16 November 2019 at 11:00 LT (UTC-8) for the VACE study. The colors indicate temperature perturbation. Times since the start of the
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Much of the earlier framework for detecting and evaluating coher-
ent structures uses only the «’ and w’ components of the velocity field,
treating the cross-stream velocity as negligible. Our results imply that
cross-stream velocity is an important component in coherent structures,
and the cross-stream velocity perturbations can be as strong as the
streamwise velocity perturbations (Fig. 4). For example, during the
sweep at Z/h = 0.4, the two-dimensional plot (Fig. 3) shows that the
eddy moves down in the Z; direction but does not change in the X;
direction. In the three-dimensional plot, it is apparent that there is a
strong cross-stream velocity movement.

In the two-dimensional case (Fig. 3), there is no discernible ejection
at Z/h = 1.1, but we see a weak ejection corresponding to a temperature
ramp in the 3D case approximately 10 s after the start of the coherent
structure was identified. In the 10 s between the start of the ejection

and start of the sweep, the Z position changes from -1.47 m to
—0.67 m, the X position stays relatively constant (1.85 m to 1.39 m),
but the Y position changes from 1.56 m to 5.05 m. This indicates that,
in this case, the ejection is sustained almost entirely by the cross-stream
contribution at Z/h = 1.1.

The direction of Y; changes at approximately the same time at all
levels. By considering the theoretical structure of the double-headed
hairpin vortex (Finnigan et al.,, 2009), the change in the Y; direc-
tion could represent the transition between two legs within a hairpin
vortex or the transition from the head-up ejection vortex to the head-
down sweep vortex. The Y; direction component is also consistent
with continuity concepts and the maintenance of coherent structures
over a period of time. The turning in the Y; direction is evident at
all heights, but the magnitude of Y; increases with height, like the

i
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Fig. 5. Planar fits for the three-dimensional IQA plots for 16 November 2019 at 11:00 LT (UTC-8) for the VACE study. The black line is the eddy trajectory, and the plane

represents the fitted trajectory for Z; as a function of X; and Y,.

Table 2
Planar fit equations for 19 November 2019 for the coherent structure at 11:09 LT
(UTC-8) for the VACE study.

Height Plane RMSD r?
(Z/h)

0.4 Z =-0.22X 4+ 0.03Y - 1.00 1.18 0.10
0.6 Z =-0.67X +0.26Y —0.85 0.71 0.87
0.8 Z =-0.06X +0.39Y - 0.18 0.32 0.96
1.1 Z =-0.30X +0.23Y - 0.31 0.66 0.88
1.6 Z =+0.00X + 0.47Y — 1.47 0.74 0.90

strength of the coherent structures. For interested readers, we refer to
the supplemental material for an interactive version of Fig. 4.

Eddy trajectories can be fit with unique planes as evident in Fig. 4.
Each plane can be approximated as the preferred 3-D direction for
the coherent structure. Table 2 includes the equation for the plane,
the coefficient of determination (r2), and root mean square deviation
(RMSD) for the fit for this event at each level. Fig. 5 shows the three-
dimensional eddy trajectory and the planar fit of the eddy trajectory. At
all levels, as Z; increases, X; decreases. This is consistent with an along-
gradient momentum flux. At all heights, Z; has a strong dependence on
Y;. The impact of Y; is lowest close to the surface and greatest near the
top of the canopy and at Z/h = 1.6. The plane at Z/h = 0.4 has the
poorest fit to the data. The best fit occurs at Z/h = 0.8 where studies
have shown the strength of the temperature ramps are strongest (Gao
et al., 1992). This is also the region with the highest wind shear, so
the planes fitting well could be related to the wind-shear dominated
turbulence in this region.

In Fig. 5, the planes are dictated by the X; and Y, coefficients.
Near the surface, there is little tilt in the Y-direction, but at the top
of the canopy, the Y; component is stronger than the X; component.
We have identified two hypotheses to explain this phenomenon. The
first hypothesis is that the plane depends on the component of the
hairpin vortex that passes the sensor arrays. At the highest levels, when
the structure passes the sensor, the crosswind component is stronger
than the streamwise component. This could occur if the sensors were

measuring at the top or bottom faces of a hairpin vortex. The second
hypothesis is associated with the maintenance of the microfront slope
over the lifetime of coherent structures. Because the longitudinal wind
is stronger above the canopy than within the canopy, to maintain a
relatively constant microfront slope over time, and considering con-
tinuity, a stronger cross-stream component would be needed above
the canopy than within the canopy. Otherwise, the microfront would
quickly deform by steepening its slope from the higher longitudinal
velocity above the canopy rather than below. Near the surface, all three
components are weaker, and the plane is closer to the horizontal.

Following Gao et al. (1989), Fig. 6 is a time-height plot with
temperature contours and wind vectors. The top panel has the uv'w’
vectors and the bottom plot has the v'w’ vectors. The temperature
contours indicate the microfront is tilted forward in time away from
the surface. The u'w’ vectors show that ahead of the microfront, there
is a weak ejection. A strong sweep occurs starting at the microfront and
continues for 10 s after the microfront.

Like Gao et al. (1989), negative times occur before the microfront
and positive times occur after it, allowing Fig. 6 to be interpreted as
a cross-section with the longitudinal distance increasing from left to
right, in the quasi-Lagrangian interpretation of the moving coherent
structure. The «’w’ vectors show the same patterns as Gao et al. (1989).
Just before the microfront, there is an ejection. After the microfront,
there is a sweep that persists for about 15 s. The strongest vectors in
u'w' occur at Z/h = 1.1. During the sweep (time = +8 s), at Z/h = 0.4,
there seems to be a counter-gradient momentum flux. At the same time,
the other levels are showing an ejection, so there may be a momentum
sink between Z/h = 0.4 and Z/h = 0.6.

The middle panel of Fig. 6 displays the v'w’ vectors. Before the
front, the v'w’ vectors are weak and w’ dominates. The v'w’ vectors
are strongest above the canopy and weak near the surface. As the
microfront approaches, the magnitude of v’ increases, and o' peaks just
after the passage of the microfront. Its sign changes from positive or
near zero ahead of the front to strongly negative after the microfront.
Above the canopy, v'w’ is approximately the same magnitude as u'w’.
This could be associated with how the hairpin vortices and associated
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Fig. 6. The Vu'? + w'? and Vv'?> + w vectors with temperature contours for 16 November 2019 at 11:00 LT (UTC-8) for the VACE study. Negative time is time before the
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Vu? + w'? vectors and (b) the middle plot has the v/v/2 + w'?> vectors. (c) The bottom panel is the temperature signal at Z/h = 1.1.

flow patterns are sampled by the sensor array or the maintenance of
the microfrontal structure, as discussed earlier.

3.1.2. Canopy Horizontal Array Turbulence Study

For the CHATS experiment, we selected one coherent structure that
corresponds to a microfront with a temperature ramp amplitude of 1°C.
The coherent structure began at 15:13 LT (UTC-8) on June 6, 2007. The
event is identified earliest at Z/h = 1.0. It is identified within 5 s at all
heights between Z /h = 0.45 and 1.4. This event was not identified as a
structure at the two lowest (Z/h = 0.15, 0.3) and highest (Z/h = 2.3,
2.9) measurement heights. We hypothesize that the coherent structure
was not identified at the bottom heights because the turbulence was
damped by the bottom of the canopy. It was not identified far above the
canopy because the detection method targets shear-driven turbulence,
which is highest near the top of the canopy. The shear-driven eddies
near the canopy top originate from 2-3 times the canopy height (Gao
et al., 1989; Paw U et al.,, 1992; Su and Paw U, 2023; Zhang et al.,
1992). Fig. 7 shows the two-dimensional IQA for select heights.

Above the canopy, the event begins in a sweep where v’ is near zero.
Inside of the canopy, there is a weak ejection before the bulk sweep
begins 10 s after the start of the event. At all levels, the bulk sweep

lasts 20 s. The eddy travels over 20 m in the X; direction at Z/h =
1.8, 1.1, and 0.9. The eddy travels between 10 and 20 m in the Z,
direction at all levels. The event is strongest at the top of the canopy
(Z/h = 1.1) as expected, and the total distance in X; and Z; is 56 m as
calculated from Eq. (4). The strength decreases as Z /h decreases inside
of the canopy. The strength also decreases as Z/h increases above the
canopy, though not as much as within the canopy, which is consistent
with the idea that maximum shear occurs near the canopy top, driving
the coherent structure dynamics. Above the canopy, the ejection begins
immediately after the sweep, and it returns the eddy position to the
origin. Inside of the canopy, there are short periods of counter-gradient
flow where either ' or w' are near zero before the next ejection begins.
These periods arise from the intermittency of the turbulence, so there
is a separation between the end of one ejection and the start of the
subsequent sweep.

Fig. 8 shows the three-dimensional plot of the same coherent struc-
ture for the same levels. Like Fig. 4, the line is colored by the temper-
ature perturbations. At Z/h = 0.45 and Z/h = 0.75, the temperature
drop corresponds with the start of the bulk sweep period. The tempera-
ture is cold through the sweep and warms during the ejection, with the
maximum temperature occurring just before the end of the event. This
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Fig. 7. Two-dimensional IQA plots for 06 June 2007 at 15:00 LT at the CHATS experiment. The colors indicate time in seconds since the start of the coherent structure.

is consistent with the surface renewal paradigm that under unstable
stratification, cold air from above the canopy is drawn downward in the
sweep and then warmed by the canopy elements and the soil surface
before being ejected (Paw U and Su, 1994; Paw U et al., 1995).

Like in VACE, the Y; component shows the turning of the wind
during the coherent structure. At all levels, the Y; component turns at
the end of the sweep and again at the start of the next ejection. The
magnitude of the Y; component is largest above the canopy at Z/h =
1.8 and Z/h = 1.4. At all heights, the shape of the eddy looks similar,
although there is less turning near the bottom of the canopy. Like with
Fig. 4, we encourage interested readers to refer to the supplemental
material for an interactive version of Fig. 8.

Each eddy trajectory can be fit with a plane (Fig. 9). At all heights,
as Z; decreases, X; increases, which indicates these eddies are re-
sponsible for along-gradient momentum flux. At all heights, there is a
negative Y; tilt to the plane. This could suggest that the same portion of
the turbulent coherent structure, or hairpin vortex, passes the sensors
at all heights. Near the top of the canopy (Z/h = 0.75 and 0.9), the Y;
coefficient is almost as large as the X; coefficient.

Table 3 has the equations and fits for the planes at all levels. Like in
VACE, eddies do not fit the plane well at the bottom of the canopy (Z/h
= 0.15). In this case, the coherent structure did not reach the bottom of
the canopy. The planes fit best near the top of the canopy between Z /h
= 0.45 and Z/h = 2.3. At the top of the canopy and near the surface,

the Y, coefficient is greater than or equal to the X; coefficient. This

Table 3

Planar fit equations for 06 June 2007 at 15:13 LT at the CHATS experiment.
Height Plane RMSD r?
(z/h)
0.15 Z =+0.16X +0.21Y —2.42 3.29 0.31
0.30 Z =-0.05X -041Y - 1.46 2.94 0.61
0.45 Z=-133X-024Yy — 1.44 1.31 0.82
0.60 Z =-0.70X - 0.26Y — 1.34 1.21 0.77
0.75 Z =-0.58X - 0.47Y -0.77 1.12 0.85
0.90 Z =-042X —0.42Y - 0.30 1.30 0.88
1.00 Z =-045X —0.08Y —0.67 1.15 0.91
1.10 Z =-046X —0.02Y — 1.38 1.41 0.86
1.25 Z =-0.54X —0.04Y - 1.00 1.42 0.89
1.40 Z =-0.76X —0.11Y —0.32 1.78 0.87
1.80 Z = —-0.68X —0.10Y —0.27 2.57 0.90
2.30 Z =-0.26X —0.19Y —4.23 2.12 0.82
2.90 Z =-0.14X — 0.20Y —5.87 2.90 0.72

supports the idea that the wind must turn as it approaches the no-slip
surface condition to conserve mass and momentum. The Y; component
is small just above the canopy.

The time-height plot as shown in Gao et al. (1989) for this event
supports the results for IQA (Fig. 10). The temperature contours show
that the microfront is tilted so that it lags in time at the surface,
representing a spatial slope to the microfront and the time it takes
the vertically descending sweep motion to traverse into the canopy
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Fig. 8. Three-dimensional IQA plots for 06 June 2007 at 15:00 LT at the CHATS experiment. The colors indicate temperature perturbation. Times since the start of the structure
are printed on the graph to indicate the direction of the structure. Please refer to the supplemental material for an interactive version of this figure.

air space (Gao et al. 1989). It also shows that the temperature front
does not reach the surface; furthermore, it does not pass Z/h = 0.5.
This indicates that the coherent structures dampen near the ground
because of the no-flow boundary conditions. The u’w’ shows the strong
sweep that occurs just after the microfront. The turbulent momentum
stress magnitudes are strongest between Z/h = 1.4 and Z/h = 0.6. The
strongest sweep starts about 10 s after the passage of the microfront.
The sweep occurring this long after the microfront might indicate that
the coherent structure that occurred downwind was fossilized when it
reached the sensors. At the passage of the microfront, the velocity field
is dominated by the w' term, which was also observed in the IQA plots.
Until the strong sweep 10 s after the microfront, the velocity field in
and below Z/h = 0.5 shows little response to the event. Before the
microfront, there is a strong ejection between Z/h = 0.6 and Z/h =
1.8 that lasts 10 to 15 s. Because the IQA was triggered 10 s before the
microfront at most levels, the strong ejection might have been paired to
the previous coherent structure. Above Z/h = 2, there is a weak v'w’
response to the microfront. There is an ejection that occurs near time =
0 s. Otherwise, the vectors are dominated by the v’ component, which
shows that the sign of ¥’ changes at the microfront.

The velocity field in v'w’ shows similar results to that of the u'w’
velocity field: the components in ¢/ are largest 10 to 20 s after the
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passage of the microfront. Before the microfront, the w’ signal dom-
inates. The sign of ¢/ changes near the microfront. The v'w’ vectors
show a weak circular motion from time = -8 s to time = +8 s from
heights Z/h = 0.45 to Z /h = 1.4, where the temperature gradient is the
strongest. This implies that the microfront is accompanied by the wind
turning, which would be compatible with reports of mean directional
wind shear sometimes occurring in plant canopies (Pyles et al., 2004)
that would require a v'w’ component loosely analogous to turbulent
Ekman dynamics. This phenomenon is also evident in Fig. 8 when the
Y; direction changes near the sweep.

3.2. IQA statistics

In addition to IQA being useful for looking at individual coherent
structures, it can also be applied to longer periods of time to deter-
mine the mean characteristics of the coherent structures. The total
distance of each structure (Eq. (4)) is similar to a measure of the size
or strength of individual coherent structures, and it provides a form
of an integral length scale for coherent structures. Because there is
not yet a method to signal the end of these events, the distance for
each structure includes the quiescent period before the next coherent
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Fig. 9. Planar fits for the three-dimensional IQA plots for 06 June 2007 at 15:00 LT at the CHATS experiment. The black line is the eddy trajectory, and the plane represents the

fitted trajectory for Z, as a function of X; and Y.

structure. Future work will investigate methods for determining the end
times of the structures. At night, when the turbulence is intermittent,
our coherent structure identification method identifies fewer structures.
Because uT K E is lower during the night than during the day, averaging
these nighttime events can provide reasonable results for the average
strength.

The median distance scale for the coherent structures for the entire
VACE campaign separated by season and hour of the day in VACE is
shown in Fig. 11. At Z/h = 0.4 and Z /h = 0.6, the median magnitudes
for X; and Y; are nearly the same. Above the canopy, the X; component
is larger than the Y; component. Although Z; is less than X; and Y;
at all levels, Z; constitutes a larger component of the total distance
closer to the surface than above the canopy. During all seasons, the
coherent structures are longer during the day than at night. The peak
distance occurs from early to midafternoon. At night, the spikes in the
distance signals could be the result of intermittent turbulence, or they
could indicate the presence of sub-mesoscale motions (Mahrt, 2010).

For all seasons in VACE, the distance of the structures decreases
close to the surface, and the longest structures occur at Z/h = 1.6.
In the leaf and leaf-out periods, the magnitudes of coherent structures
clearly show a diurnal pattern; however, during the leafless period,
this pattern is not as clear. The distance of structures in the winter
are shorter than the periods with leaves. The leaf-out period has the
longest structures at all levels. This effect is likely due to both a shear
effect (foliated trees generate more shear-driven turbulence) and a
seasonal effect (increased surface heating in the spring and summertime
produces more buoyancy-generated turbulence than the wintertime).
The size of each component of the coherent structures ranges from 60 m
above the canopy to 15 m near the surface.

CHATS results exhibit the same diurnal pattern as VACE, but they
better show the strength of each coherent structure with height. Fig. 12
includes the profiles of the X, Y;, and Z; distances split between the
leafless and the leaf periods. During the leafless period, the structures
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with maximum strength occur near the top of the canopy (Z/h = 0.9).
The coherent structure sizes increase with height inside of the canopy.
Above the canopy, the distance is constant with height, which was also
seen over a low roughness surface in Mangan et al. (2022). Below Z/h
= 0.6, the magnitudes of X; and Y; are the same, but ¥; decreases with
respect to X; above that point. Z; is about half the size of X; near the
canopy top.

During the leaf period, the distances of the coherent structures
peak at Z/h = 0.6, near the sub-canopy maximum. This subcanopy
maximum is typically located just below the maximum leaf area index
in the crown because of its low wind shear (Pyles et al., 2004; Shaw
et al., 1974). As seen in the no-leaf period, X; and Y; are the same
magnitude below Z/h = 0.75. The magnitude of Z; is about 90% that
of X; and Y; in the middle of the canopy. X; peaks at the top of the
canopy before decreasing slightly with height. ¥; and Z; barely change
with height above the canopy.

In addition to the median distances from IQA that provide informa-
tion about the characteristic strength of coherent structures, the planar
fit of the eddy trajectories can indicate if there are preferred eddy tra-
jectories, potentially related to turbulent flow patterns associated with
the coherent structures. Although we hypothesize that the planar tilt of
the eddies potentially relates to the portion of a hairpin vortex or other
flow structures that pass the sensor, a wind direction dependence for
the planes could suggest that there is a characteristic vortex associated
with roughness elements or geometries related to the sensor location.
For example, in an orchard, a wind direction dependence on the plane
could indicate channel flow up the row or a vortex shed from a nearby
individual tree. With the CHATS data, one might expect to see channel
flow, whereas, with the VACE data, one might expect to see channel
flow or a vortex from an individual tree because the observations for
CHATS are taken in the interrow space, and the observations for VACE
are taken from within a crown.
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Fig. 10. The Vu? + w'? and Vv'?> + w'? vectors with temperature contours for 06 June 2007 at 15:00 LT at the CHATS experiment. Negative time is time before the microfront,
zero time is the microfront, and positive time is the time after the microfront. The top and middle panels have the temperature contours. (a) The top plot has the vu'2 + w”
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The slope of the regression plane with Z; as a function of X; and Y
has the general form

Z =aX +DbY +c¢ 5)

where a and b describe the slope of the plane in the X; and Y; axis,
respectively and c is the offset of the plane on the Z; axis. Hereafter,
X; and Y; coefficients refer to a and b, respectively.

From Fig. 13, there is no apparent average dependence of the planar
fits with wind direction, as shown by the X; and Y; coefficients split by
wind direction (left columns) and wind speeds (right columns) for each
height for all periods of VACE. There are high X; and Y; coefficients
occurring for many different wind directions, but over time, the planes
average to zero. In particular, winds from the southeast had coefficients
with higher magnitude than other wind directions at Z/h = 0.8 and
Z/h = 0.4, but when averaged over wind direction, the plane was
horizontal.

The two right-most columns on Fig. 13 show the X; and Y; coeffi-
cients for the planar fit versus the wind speed at each height for VACE.
At low wind speeds, there is more likely to be a tilt in the planar fit for
eddy trajectories. At all wind speeds, including low wind speeds, the
average plane is horizontal.
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The results from CHATS are like those of VACE: there is no wind
direction dependence on the eddy planes, but there is a wind speed
dependence. Although there are planes that fit the eddy trajectory for
any given coherent structure, there does not appear to be a typical
plane for either study. The tilt of the planes are more likely to occur
at low wind speeds. When the wind speeds are higher, the streamwise
velocity is likely to be much greater than the vertical and cross-stream
velocities, so the planes become more parallel to the surface.

4. Conclusions

Three-dimensional IQA was calculated with case studies for two
orchard experiments: CHATS and VACE. The IQA method allows us
both to trace the trajectories of turbulent coherent structures and
to link the momentum components of turbulence to the temperature
component. The temperature drops occur at the same time as the sweep
starts, consistent with previous studies. The three-dimensionality of the
structures shows that the cross-stream Y; component is approximately
the same strength as the X; component, demonstrating a turning of
the flow in the structure during sweeps. The cross-stream velocity is a
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Fig. 12. The median component distance for all coherent structures by height for each period of CHATS.

non-trivial component in the complex three-dimensionality of turbulent
coherent structures.

Moreover, IQA for individual coherent structures shows that there
are preferred planes for eddy trajectories. The plane changes with
every coherent structure when the observations are at a fixed Eulerian
location. Although the planes of all coherent structures do not average
to a horizontal plane for every half hour period, over several weeks,
they do average to a horizontal plane. The planes do not seem to be a
function of wind direction, suggesting that the orchard row structures
in both the CHATS and VACE experiments did not substantially affect
the turbulent coherent structures, and the proximity of an individual
tree crown to sonic anemometers did not strongly influence the ability
of the sensors to characterize the structures. The scale of the crown
effects are smaller than that of these observed coherent structures.
The individual planar tilts were higher at low wind speeds, while
the tilts became more horizontal at higher wind speeds, as might be
expected. Our planar tilt analysis is compatible with sampling different
portions of hairpin vortices passing by the sensor arrays, although
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other turbulent coherent structure flow patterns might also explain the
individual planar tilt variation.

We find that there are no appreciable differences in the charac-
teristics of coherent structures observed in the interrow of orchards
compared with those observed adjacent to the tree canopy for our
selected events. By combining data from CHATS and VACE, we can
conclude that the orchard structure does not create unique vortices
dependent on the wind direction in sparse orchards as long as the
vortices are persistent on the scale of the coherent structures. Sea-
sonally, the strongest turbulence occurs when the trees are foliated,
compared to leafless conditions. This suggests that drag-induced shear
is an important aspect in the creation of strong coherent structures
over vegetation. Because periods of stronger buoyancy fluxes can be
collocated with periods of high wind shear inside of a crown, buoyancy-
driven turbulence may also play a role the maintenance of turbulent
coherent structures. Future work should be done to separate the effects
of shear-driven turbulence from buoyancy-driven turbulence.

Because this research includes case studies for turbulence specifi-
cally in orchards, further work needs to be done to expand the research
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coefficients by wind speed. All plots are for all time periods of VACE.

in other vegetation types to make these results generalizable. However,
by calculating statistical measures based on IQA, we are able to eval-
uate the relative size of coherent structures so that we can compare
with other land surfaces. IQA allows us to visualize the 3D trajectory
of turbulent coherent structures based on a single-point measurement.
Although the method does not allow for the quantification of fluxes
from individual structures, by visualizing their path with respect to
scalars provides a tool to expand our understanding of the mechanics
of turbulence. IQA is a promising tool for quantifying the nature of
turbulent coherent structures in the atmospheric surface layer.
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