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Abstract: The diurnal hourly dynamics of the kinetic energy flux density vector, called the Umov
vector, and the mean and turbulent components of the kinetic energy are estimated from minisodar
measurements of wind vector components and their variances in the lower 200 m layer of the
atmosphere. During a 24 h period of continuous minisodar observations, it was established that the
mean kinetic energy density dominated in the surface atmospheric layer at altitudes below ~50 m.
At altitudes from 50 to 100 m, the relative contributions of the mean and turbulent wind kinetic
energy densities depended on the time of the day and the sounding altitude. At altitudes below
100 m, the contribution of the turbulent kinetic energy component is small, and the ratio of the
turbulent to mean wind kinetic energy components was in the range 0.01-10. At altitudes above
100 m, the turbulent kinetic energy density sharply increased, and the ratio reached its maximum
equal to 100-1000 at altitudes of 150-200 m. A particular importance of the direction and magnitude
of the wind effect, that is, of the direction and magnitude of the Umov vector at different altitudes
was established. The diurnal behavior of the Umov vector depended both on the time of the day and
the sounding altitude. Three layers were clearly distinguished: a near-surface layer at altitudes of
5-15 m, an intermediate layer at altitudes from 15 m to 150 m, and the layer of enhanced turbulence
above. The feasibility is illustrated of detecting times and altitudes of maximal and minimal wing
kinetic energy flux densities, that is, time periods and altitude ranges most and least favorable for
flights of unmanned aerial vehicles. The proposed novel method of determining the spatiotemporal
dynamics of the Umov vector from minisodar measurements can also be used to estimate the effect
of wind on high-rise buildings and the energy potential of wind turbines.

Keywords: atmospheric boundary layer; diurnal dynamics of the Umov vector of the kinetic energy
flux density; acoustic sounding; minisodar

1. Introduction

Knowledge of the wind kinetic energy flux density transferred per unit area per
unit time (the Umov vector [1]) is required for analysis and prediction of the dynamic
wind effect on objects. This primarily concerns already existing and erected high-rise
buildings (considering their continuously increasing heights) [2] and unmanned aerial
vehicles (UAVs) in connection with their revolutionary development [3]. Wind transfers
its energy to the UAVs and changes their flight states, causing many accidents about
UAVs. The wind kinetic energy flux density vector is also one of the main characteristics
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determining the energy potential of wind turbines [4,5]. In the vector form, it is represented
by the product of the total kinetic energy density by the wind velocity vector.

The total kinetic energy in the atmospheric boundary layer (ABL) and its mean and
turbulent components are estimated from measurements of the mean values and variances
of the wind velocity vector components using lidars [6,7], radars [8], and sodars [9-11],
each having its own advantages and disadvantages. It should be noted that the refractive
index of sound waves is about 10° times greater than the corresponding values for radio
and optical waves, and the sound waves more strongly interact with the atmosphere;
therefore, their advantages for analysis and forecast of wind loading on objects in the ABL
are evident. This makes acoustic sounding with application of sodars—Doppler acoustic
radars—an especially promising method. The sodar data (long time series of continuous
observations of vertical profiles of the wind velocity vector components and their variances)
provide high spatial and temporal resolution. Statistically reliable profiles of wind velocity
vector components are accessible with averaging, as a rule, from 1 to 30 min. Moreover,
minisodars allow the vertical resolution to be increased up to 5 m. This enables one to
analyze their spatiotemporal dynamics of minisodar data with high spatial and temporal
resolution. Based on the foregoing, in [10,11] we used minisodar measurements to estimate
the mean and turbulent kinetic energy components at altitudes of 5-200 m.

However, when retrieving the total wind kinetic energy in the atmospheric boundary
layer from minisodar data, we faced a number of problems. First of all, long series of
heterogeneous data comprised a large number of outliers and unknown distribution of
results of measurements. This necessitated preprocessing of big volume of raw minisodar
data with application of original statistical data processing algorithms described in [12,13].
The next problem was that the typical sizes of turbulent vortices in the lower layer of the
ABL changed from several meters to several tens of meters. The employed minisodar
AV4000 (Atmospheric Systems Corporation, Santa Clarita, CA, USA) [14] with vertical
resolution of 5 m and pulse repetition period of 4 s allowed us to study the spatiotemporal
dynamics of the mean and turbulent kinetic energy components with high spatial and tem-
poral resolution. Finally, the relative contributions of the mean and turbulent wind velocity
components to the Umov vector can also be estimated from minisodar measurements of
the wind vector components and their variances.

The present work analyses the diurnal hourly dynamics of the total kinetic energy
flux density vector (the Umov vector) caused by both the mean wind and its turbulent
component in the ABL at altitudes z = 5-200 m and detects altitudes and times of the day
with the most and least intensive wind effect.

2. Theoretical Background
By definition [1,15], in the vector representation we can write for the Umov vector at
point r = (x,y,z) and time ¢
i(r,0) = Ex(r,8) - V(r,1) M
where Ey (r,t) is the total kinetic energy density and V(r, t) is the wind velocity vector.
In [8,10], the total wind kinetic energy was represented as the sum of the mean and
turbulent components:

Ex(r,t) = (Emxe(r,t) + Etke(r, 1)) ()
from which we obtain

j(l‘, t) = (EMKE(r/ t) + ETkE (I‘, i’)) . V(I‘, t) 3)

that is, the total kinetic energy flux density vector is the product of the sum of the mean
and turbulent kinetic energies multiplied by the wind velocity vector. Its average value
can be written as follows:

jme(rt) = EMKE(r,t) + IETKE(r, £ -V (rt) 4)
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where the bar over the symbol denotes ensemble averaging. From the above formula it
follows that the modulus of the total kinetic flux density vector is proportional to the cube
of the wind velocity, and its direction coincides with that of the wind velocity. Therefore, if
the wind velocity is doubled, the kinetic energy flux density will increase by 8 times.

3. Applied Approach

Formula (4) was used to calculate the diurnal dynamics of the Umov vector com-
ponents by post-processing of big volume of data measured with a commercial triaxial
Doppler monostatic minisodar AV4000 (Atmospheric Systems Corporation, Santa Clarita,
CA, USA) [13] in the vicinity of Santa Clarita, CA, USA, on 16 September 2006 [15]. The
minisodar sensing range was 5-200 m; its vertical resolution was Az = 5 m. The acoustic
antenna was an array of 50 speakers used to both transmit and receive acoustic signals
at a frequency of 4900 Hz. This speaker array was electrically steered to generate three
independent beams one vertical and two others at elevation angles of 76° in two mutually
orthogonal planes. The minisodar pulse duration was 60 ms, and its pulse repetition period
was 4 s. The passport error of the minisodar in measuring wind vector components was
<0.5 m/s [14]. The minisodar provided one vertical signal profile in all three channels every
4 s, which were used to calculate the wind vector components Vi (r, t), Vy (r,t),and V;(r,t),
and their variances ¢2(r, t),Uﬁ(r, t),and o2 (r,t) from the well-known formulas for the
Doppler frequency shifts. To investigate the diurnal hourly dynamics, we sampled and
processed 150 vertical profiles recorded since the beginning of each hour from 00:00 till
23:00 to obtain 10 min averages and to exclude outliers. Formulas for calculating Eypkg (¢, t)
and Etkg(r, t) are presented in [10]. Results of calculations of the diurnal hourly dynamics
of the wind velocity vector, relative contributions of the mean and turbulent components
of the wind kinetic energy, and the kinetic energy flux density vector from the data of
continuous 24-h minisodar measurements are presented below.

The raw minisodar data series were sampled every hour from 00:00 till 23:00, local
time. Series of N = 150 vertical profiles of the wind vector components were processed,
which provided data averaging over 10 min periods. Statistical analysis of the results of
minisodar measurements of vertical profiles of wind velocity components in the 5-200 m
layer of the atmosphere performed in [12] showed that this problem belongs to the class of
robust nonparametric problems of mathematical statistics. The raw minisodar data series
were preprocessed to exclude outliers using the consecutive nonparametric method of
adaptive pendular truncation for outlier detection developed by us and implemented in
the censoring algorithm described in detail in [13]. The confidence intervals were found
using bootstrap. It was demonstrated that the variances of the wind vector components
decreased by 2.5-10 times depending on the sounding altitude. These studies demonstrated
the efficiency of the proposed algorithm. Using the algorithm of pendular truncation,
outliers of various origins were excluded from the samples, and the truncated estimates of
the wind vector components and their variances were then processed.

4. Results and Discussion

The diurnal hourly dynamics of the wind velocity vector, the relative contributions
of the mean and turbulent kinetic energy components, and the total kinetic flux energy
density vector are presented below.

4.1. Diurnal Hourly Dynamics of the Wind Velocity Vector

Figure 1 shows the diurnal hourly dynamics of the wind velocity vector retrieved from
minisodar measurements with 10-min averaging. The observations started at 10:00, local
time, and finished at 24:00. Here, the length of the vector shows its magnitude, northern
direction is upward, southern is downward, east is to the right, and west is to the left. It
can be seen that irrespective of the observation time, the wind direction at altitudes up
to 100 m undergoes no sharp changes with increasing altitude. At altitudes from 100 m
to 200 m, the wind direction undergoes perturbations; moreover, if at 10:00 perturbations
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started from 150 m, at 14:00, they started already from 200 m. The lower horizon of the
layer of enhanced turbulence descended from 16:00 till 17:00. As can be seen, from 10:00 till
17:00, the wind velocity vectors considerably exceeded their corresponding evening values
(from 18:00 till 23:00), and a low-level jet was observed the maximum of which increased
from 25 m at 10:00 to 75 m at 15:00.
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Figure 1. Diurnal hourly dynamics of the wind velocity vector \_/(z, t) (northern direction—upwards,
southern—downwards, east—to the right, and western—on the left).

Our analysis of the diurnal hourly dynamics of the x, y, and z wind vector components
demonstrated that in the daytime, maximum values of the horizontal components were
observed from 10:00 till 16:00-17:00. The minimal values of the horizontal components
were observed late in the evening from 20:00 till 23:00. It is essential that at altitudes up
to 50-100 m, the wind velocity vector did not experience sharp changes with increasing
altitude and smoothly changed with the time of the day. At any time, maximal perturba-
tions were observed at altitudes of 100-200 m; therefore, exactly this altitude range is most
dangerous for UAV flights.

The results obtained demonstrated that at altitudes below 100 m, the direction of the
wind velocity vector changed slightly depending on the time of the day. At altitudes of
100-200 m, the horizontal wind components increased at any time of the day, whereas the
vertical component changed insignificantly. Visual analysis enables us to conclude that
during time periods of maximal perturbations of the mean air motion (active turbulent air
motion), the linear sizes of turbulent vortices are commensurable with the spatial resolution
Az = 5 m of the employed observation method. This is clearly seen for the observation
period from 18:00 till 21:00.

4.2. Diurnal Hourly Dynamics of Relative Contributions of the Mean and Turbulent Kinetic
Energy Components

In this section, we analyze the spatiotemporal dynamics of the atmospheric kinetic
energy E(z, t) retrieved from minisodar measurements. The components Enikg(z), fx) and
Etkg(zj, ty) in the jth strobe, j =1, ... , N, of the kth measurement series started at time fy,
were calculated as follows [16]:

2
0.5

N 2 N 2 N
Emke(zj, tk) = N2 (Z Vsii (2, fk)) + (Z Vyii (), tk)) + (Z V.ij (2, tk)) )
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Etxe(zj, te) = 33

(i Vaij(zj, te) — (Va (2), fk)>)2

2

N N 2 (6)
B (00) - (ae)) + B (0500 - 056 |
where Vinij (z]-, tk), m = x, Y, z, are the wind velocity components measured with a minisodar
in the jth range gate at altitude z; in the kth series of minisodar measurements started
at time #, and (V, (zj, ty) ) are their 10-min averages. Of particular interest is the ratio
8(zj, tx) = ETke(zi, tr)/EMKE(Z), tr) of the turbulent kinetic wind energy Etkg(zj, ), deter-
mined by the variances of the wind velocity components, and the kinetic energy Envie(z), t)
of the mean motion of air masses, shown in Figure 2. This ratio characterizes situations in
which the energy of mean (at 5(zj, fx) < 1) or turbulent (at 5(zj, fx) > 1) motions of air masses
dominate. Moreover, its value quantitatively characterizes the dominating regime of air
mass motion, which is especially important from the viewpoint of its effect on high-rise
buildings and UAVs and on the wind energy potential of wind turbines.

Let us first analyze the time behavior of the ratio 6. Attention is drawn to the layers of
enhanced turbulence, which was also indicated in [7]. From Figure 2, it can be seen that at
0:00, the turbulent kinetic energy was concentrated between z; = 40 and zp = 50 m, where
it exceeded Eykg values by about 100 times. In this case, the turbulent layer thickness
was 10 m. At other altitudes, Etxg was much lower than Eygg. At 01:00, two layers of
enhanced turbulence were observed at 80 m (6 = 765), and 165 m (5 = 265). Below 80 m,
turbulent energy dominated, but at higher and lower altitudes, the contribution of the
turbulent kinetic energy becomes low. The situation changed with time. At 02:00, the
lower boundary of the layer of enhanced turbulent energy increased to 100 m, and the
upper stratified layer was recorded between 150-200 m, where 8max = 500. At 03:00, the
stratified structure of the layer of enhanced turbulence was retained, and within this layer,
dmax = 200. From 04:00 until 07:00, the lower horizon z; of the enhanced turbulence layer
rose to 130 m, and maximal & values were observed at the layer bottom. By 04:00, dmax
decreased to 100, but was already at the layer top. By 05:00, this tendency was retained,
and dmax reached 800 at altitudes of 170-180 m, decreasing toward the layer bottom. From
06:00 to 07:00, the layer of enhanced turbulence was recorded between 150-200 m with
dmax values equal to 80 and 100, respectively. At 08:00, dmax = 50, and z; decreased down to
100 m. At higher altitudes, the § value changed irregularly with altitude from 10 to 50. The
thickness of the turbulent layer considerably increased (from z; = 100 m to the maximum
sounding altitude).

Thus, starting from midnight during night and early morning hours, the lower bound-
ary of the layer of enhanced turbulence changed from 40-50 m at 0:00 to 150 m at 07:00
with nonmonotonic variations of 6,2 from 800 at 05:00 to 40 at 08:00.

In the morning (from 09:00 till 11:00), z; slightly increased, and dmax decreased from
300 to 150. The situation changed at noon from 12:00 until 13:00. During this period, the
thickness of the turbulent layer significantly decreased (down to 20-30 m), the height of
its lower boundary z; considerably increased, and the dmax value reached 1000 at 12:00.
This thin layer of strong turbulence is dangerous for UAVs and high rise buildings due to
very high dmax values. However, it is promising for wind energy applications. At 14:00,
dmax decreased down to 40, and the thickness of the turbulent layer increased from 125 to
200 m. This was accompanied by nonmonotonic altitude variations of 5. In the afternoon,
from 15:00 until 17:00, the thickness of the turbulent layer decreased to 10-20 m, but dmax
sharply increased from 100 to 2000.

In the evening at 18:00, no layers of enhanced turbulence were recorded except those
at altitudes between 15-20 m with dmax = 35. Here, the contribution of the mean kinetic
energy dominated. The observation period from 19:00 till 21:00 was characterized by the
maximum contribution of the turbulent kinetic energy. If at the beginning of this period
the turbulence dominated starting from z; = 100 m and non-monotonically changed with
altitude, with increase in time, z; increased, the turbulent layer thickness decreased to
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20-15 m, but dmax reached 15,000 by the end of this period. In fact, a very thin turbulent
layer was observed near the maximum sensing altitude that had a very high turbulent
kinetic energy and hence is very dangerous for the UAVs and high-rise building and
promising for wind energy applications. By midnight, from 22:00 till 23:00, the contribution
of the kinetic energy decreased. The turbulent layer thickness decreased with increasing
time with simultaneous decrease of dmax to 30-40 and decrease of z;.
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Figure 2. Diurnal hourly dynamics of the ratio of the turbulent to the mean kinetic wind energy components.
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Practically at any time, except around midnight (from 23:00 till 00:00), the contribution
of the mean kinetic energy dominated at altitudes below 100 m; above this altitude, the
relative contribution of the turbulent or mean kinetic energy depended on the time of the
day and the sounding altitude.

It should be noted that at low dmax Values (for example, at 08:00, 14:00, 18:00, and 23:00),
the thickness of the layer of enhanced turbulence, as a rule, was large (from z; = 50-100 m
to 200 m). In this case, the turbulent kinetic flux energy density was not so large, but
practically in the entire altitude range, the turbulent energy contribution prevailed.

On the other hand, at high dmax values (for example, at 05:00, 12:00, 17:00, and 21:00),
the thickness of the layer of enhanced turbulence, as a rule, was small (10-15 m). This thin
turbulent air layer transfers a large amount of turbulent kinetic energy and is dangerous
for UAVs and high-rise buildings because of the unpredictable effect on them. Thus, based
on the results obtained, we can conclude that the air kinetic energy in the lower 100 m
layer weakly depends on the altitude z and increases with further increase in z. The diurnal
behavior of radiative heating of the underlying surface causes the presence of minima
and maxima of the wind kinetic energy whose occurrence depends on the meteorological
conditions of observations.

The dependences of the ratio of the turbulent to the mean kinetic wind energy com-
ponents 8(z) = ETkg(2)/EpmkEe(2) in linear coordinates visually characterize its behavior at
altitudes z above 100 m and have allowed us to identify the layers of enhanced turbulence
where the turbulent and mean kinetic wind energy components yield comparable contri-
butions. At lower altitudes, where the contribution of the turbulent kinetic wind energy
component is small and the ratio §(z) lies in the range 0.01-10, the altitude dependence
shown in Figure 3 on semi-logarithmic scale is more informative. In particular, four layers
are clearly distinguished by the character of the altitude dependence of the ratio of the
kinetic wind energy components established by us in [10]: the near-ground layer, the
surface layer, the layer with linear increase of the kinetic wind energy components, and the
transitive layer.

In the near-ground layer, at altitudes up to 25 m, attention is drawn to sharp changes
of the ratio of the kinetic energy components; moreover, its maximum values were ob-
served after midnight (01:00-02:00) and in the morning (09:00-12.00) and evening hours
(18.00-22:00). This is explained by the influence of the underlying surface. At altitudes of
25-100 m, the ratio of the turbulent to mean kinetic energy weakly depended on the altitude,
except the period after midnight (00:00-02:00). The character of the altitude dependence
changed at night (03:00-04:00), in the afternoon (14:00-15:00), and late in the evening
(21:00-22:00). In addition, at night and in the morning (00:00-14:00), 5(z) was in the range
0.01-100; in the evening, the span of its values increased to 0.01-1,000, and then from 23:00,
it decreased again to 0.01-100.
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Figure 3. Diurnal hourly dynamics of the ratio of the turbulent to the mean kinetic wind energy components on semi-

logarithmic scale.

4.3. Diurnal Hourly Dynamics of the Total Kinetic Flux Energy Density Vector (the Umov Vector)
As already indicated in the introduction, the total wind kinetic energy flux density
vector is used for an analysis and prediction of the dynamic wind effect. Figure 4 shows

the diurnal hourly dynamics of the mean kinetic flux energy density vector j (z, t) obtained
by postprocessing of minisodar measurements. The minisodar data were averaged over

10 min periods.
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Figure 4. Diurnal hourly dynamics of the kinetic energy flux density vector ]T(z, t)(northern
direction—upwards, southern—downwards, east—to the right, and western—to the left). The
magnitude of the vector is depicted by its length, and its direction coincides with that of the wind
vector \_/(z, t) (see Figure 1).

It should be underlined that this figure illustrates the total (mean and turbulent)
kinetic energy transfer. It can be seen that it depends both on the time of the day and the
sounding altitude. Three layers can clearly be distinguished in Figure 3: a near-surface
layer at altitudes of 5-15 m, an intermediate layer at altitudes from 15 m to 150 m, and
a layer of enhanced turbulence above. The irregular behavior of the kinetic energy flux
vector in the near-surface layer is explained by the effect of the underlying surface. In
the intermediate layer whose altitude z,y, first increased from 25 m at 01:00 to 100 m at
03:00, the energy transfer in the north-western direction prevailed. From 05:00 till 15:00,
the direction of energy transfer changed to south-western with simultaneous increase
of zyyp to 150 m. Then, from 15:00 till 18:00, the direction of energy transfer remained
unchanged, but the lower boundary of the layer of enhanced turbulence zy,,, decreased to
100 m. From 19:00 until 22:00, the direction of energy transfer changed to north-western,
and zy,4, decreased to 75 m.

From 23:00 until 24:00, the energy in the lower layer was transferred in the east-
southern direction. Above this layer, in the layer of enhanced turbulence, the character of
energy transfer changed radically, the kinetic energy flux density increased sharply, and the
direction of energy transfer fluctuated due to a greater contribution of the turbulent kinetic
energy component. The maximum kinetic energy flux densities were observed at 18:00,
when the kinetic energy was predominantly transferred in the south-western direction.
From Figure 3 it can be seen that the altitude range z > zy,;p, and the time period from 06:00
till 18:00 are most dangerous for UAV flights [2]. The wind effect on high-rise buildings
becomes most pronounced from 08:00 till 18:00, when the maximum values of the Umov
vector were observed for z > zy,;1, [3]. Meanwhile, these high values of the Umov vectors

are promising for the wind energy potential of wind turbines directly proportional to the
average kinetic energy flux density [4,5,17,18].



Atmosphere 2021, 12, 1347

10 of 11

5. Conclusions

Based on post-processing of the data of minisodar measurement, a novel method of
investigating the spatiotemporal dynamics of the kinetic energy flux density vector—the
Umov vector—has been proposed and successfully realized. The diurnal hourly behavior
of the vertical profiles of the mean and turbulent kinetic energy components and the wind
velocity vector field in the lower 200-m layer of the atmosphere were analyzed together
with the ratio of the turbulent to mean kinetic energy components. At night and morning
hours (00:00-14:00), 6(z) was in the range 0.01-100; in the evening, the span of its values
increased to 0.01-1000, and then since 23:00, it decreased again to 0.01-100. In the near-
ground layer, at altitudes up to 25 m, attention is drawn to sharp changes of the ratio of the
kinetic energy components; moreover, its maximum values were observed after midnight
(01:00-02:00), and in the morning (09:00-12.00) and evening hours (18.00-22:00). This is
explained by the influence of the underlying surface. At altitudes of 25-100 m, the ratio of
the turbulent to the mean kinetic wind energy weakly depended on the altitude, except the
period after midnight (00:00-02:00). The character of the altitude dependence changed at
night (03:00-04:00), in the afternoon (14:00-15:00), and late in the evening (21:00-22:00). At
altitudes below 100 m, the contribution of the turbulent kinetic wind energy component
was small, and the ratio §(z) was in the range 0.01-10.

The diurnal behavior of the Umov vector depended both on the time of the day and
the sounding altitude. Three layers were clearly distinguished: the near-surface layer at
altitudes of 5-15 m, the intermediate layer at altitudes from 15 m to 150 m, and the layer
of enhanced turbulence above. The irregular behavior of the kinetic energy flux vector
in the near-surface layer was explained by the effect of the underlying surface. In the
intermediate layer whose altitude first increased from 25 m at 01:00 to 100 m at 03:00,
the energy transfer in the north-western direction prevailed. From 05:00 until 15:00, the
direction of energy transfer changed to south-western with simultaneous increase of the
altitude of the intermediate layer to 150 m. Then, from 15:00 until 18:00, the direction of
energy transfer remained unchanged, but the lower boundary of the layer of enhanced
turbulence decreased to 100 m. From 19:00 until 22:00, the direction of energy transfer
changed to north-western, and the lower boundary of the layer of enhanced turbulence
decreased to 75 m. From 23:00 until 24:00, the energy in the lower layer was transferred
in the east-southern direction. Above this layer, in the layer of enhanced turbulence, the
character of energy transfer changed radically, the kinetic energy flux density increased
sharply, and the direction of energy transfer fluctuated due to a greater contribution of
the turbulent kinetic energy component. The maximum kinetic energy flux densities
were observed at 18:00, when the kinetic energy was predominantly transferred in the
south-western direction.

The spatiotemporal dynamics of the Umov vector can be used to elucidate time periods
and altitude ranges of its maximal and minimal values as well as prevailing directions of
total kinetic energy transfer, that is, to detect times and altitudes most and least favorable
for flights of unmanned aerial vehicles, to estimate the effect of wind on high-rise buildings,
and to predict the wind energy potential of wind turbines.
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