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DIURNAL DYNAMICS OF THE KINETIC ENERGY IN THE
ATMOSPHERIC BOUNDARY LAYER RETRIEVED FROM
MINISODAR MEASUREMENTS

A. L. Potekaev,' L. G. Shamanaeva,'” and V. V. Kulagina® UDC 551.501.755; 551.501.796

Based on the results of postprocessing of minisodar measurements of three wind velocity components and their
variances in the lower 200-meter layer of the atmosphere, the diurnal hourly dynamics of the kinetic energy of
the atmosphere reduced to unit air mass and its component Ergp (caused by turbulent pulsations of the wind
velocity) and Eyg (caused by the mean wind velocity) are analyzed focusing on the turbulent kinetic energy. It
is shown that during 24 hour continuous minisodar observations, Erxrz was low up to 50 m, increased from
50 to 100 m, and fast increased at higher altitudes. A significant influence of the time of day on the observation
results was noted. Thus, at night the kinetic energy did not exceed 20 J/kg and then increased with time from
20 to 50 J/kg. It reached a maximum in the morning. After sunrise, the turbulent kinetic energy quickly
decreased, and the system underlying surface — near-surface air layer went into equilibrium. As a consequence,
the spread of turbulent kinetic energy values decreased. The most significant changes were observed at
altitudes of 100-200 m.Tthe time of day had no significant influence at altitudes of 50—100 m, and the Erxg
values were low and remained practically unchanged with time. Irrespective of the time of day, the maximum
turbulent kinetic energy was observed at altitudes of 100-200 m, which poses the greatest danger to unmanned
aerial vehicles. The corresponding numerical estimations are presented.

Keywords: atmospheric boundary layer, kinetic energy of the atmosphere per unit air mass, acoustic sounding,
minisodar, turbulence, diurnal dynamics.

INTRODUCTION

The kinetic energy plays an important role in physics of the atmospheric boundary layer (ABL), study of its
structure and dynamics, development of adequate physical representations, and construction of realistic mathematical
models [1-3]. It is one of the ABL characteristics determining global and local circulations in the atmosphere and
angular momentum, heat, and moisture transfer. Moreover, it is necessary to forecast and to calculate fields of
meteorological parameters and diffusion of polluting impurities and to analyze and to predict conditions of acoustic
radiation propagation. Recently, the urgency of research of ABL physics has considerably increased in connection with
revolutionary development and application of unmanned aerial vehicles (UAV) [4] which, as a rule, are made of
lightweight materials, used in the ABL (especially micro- and mini-dimensional UAV), and therefore, are strongly
affected by the turbulent kinetic energy.

Nowadays a number of methods for measuring and predicting the average values and variances of the wind
velocity components in the ABL have been developed using lidars, sodars, and radars (for example, see [5—8]). Each of
them has its own advantages and disadvantages. For example, the refractive index of sound waves is by about 10° times
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higher than for radio and optical waves. Strong interaction of sound waves with the atmosphere together with the
possibility of obtaining information round the clock in real time with much higher spatial and time resolution makes
sodar the unique tool for investigation of the wind velocity field in the ABL.

The application of minisodars allows long time numbers of continuous observations of vertical profiles of both
mean values and variances of three wind velocity components to be obtained simultaneously and their spatiotemporal
dynamics to be analyzed [3, 7, 9]. Moreover, the data with high spatial (to several meters) and temporal resolutions
(statistically reliable profiles of wind velocity components can be obtained with averaging, as a rule, from 1 to 30 min).
Therefore, minisodar measurements are used to estimate the kinetic energy of both average and turbulent wind velocity
components. Thus, in [9] preliminary results of analysis of the spatiotemporal dynamics of the turbulent kinetic energy
of unit air mass from data of minisodar measurements were presented.

In this work, the diurnal hourly dynamics of the total kinetic energy of the atmosphere E(z, f) and its
components — the kinetic energy of ordered motion Eyig (associated with the mean wind velocity) and the turbulent
kinetic energy FErxg (associated with the wind velocity variance) — obtained by postprocessing of minisodar
measurements in the atmosphere at altitudes of 5-200 m are analyzed. The time periods and altitude ranges with high
and low turbulence, that is, the most and least favorable for UAV flights are determined. These estimations are
especially important for UAV made of lightweight polyfoams that have sufficiently large sizes (1-2 m).

APPLIED METHODS AND APPROACH

The total kinetic energy of the ABL Ey =m V% /2 is defined by the energy of motion of air masses — the wind
energy. Below we consider the kinetic energy reduced per unit mass £ =Es /m, in m%/s* (1 m%s* = 1 J/kg). It is

natural that the total kinetic energy of the atmosphere follows patterns established for the reduced kinetic energy. For
this reason, below we use the term kinetic energy for the reduced kinetic energy. It is equal to the sum of two
components: the mean kinetic energy Eyxg, associated with the mean wind velocity, and the turbulent kinetic energy
EtxE, associated with the wind velocity variance. The mean kinetic energy of unit air mass can be represented in the
form [1-3]

E(r,t) = (Eygg (r.1)+ Ergg (r,t))/m = (<Vx2 (r,t)> + <Vy2 (r,t)> + <VZ2 (r,t)>)/2

+(<G§ (r,t)> " <Gi (r’t)> - <G§ (r’t)>)/2’

where r =(x,y,z), t is the observation time, the angular brackets denote averaging over a series of measurements, V.

2
y,

M

V,,and ¥V, are the wind velocity components, and 0)2” o, and Gi are their variances. In this case, changes of terms

yo
enclosed in the parentheses will define EMKE and ETKE values, respectively. The diurnal hourly dynamics of the
kinetic energy was calculated from formula (1) from minisodar measurements averaged over 10 minute periods with
spatial resolutions Az =5 m. This allowed us to analyze the relative contributions of its components to the total kinetic
energy.

Measurements were performed with the minisodar having working frequency of 4900 Hz, radiation pulse
duration T =60 ms, and pulse repetition period of 4 s. Radiation was periodically transmitted in three directions —
vertical and tilted at angles of 76° to the horizontal direction in two mutually orthogonal planes. The vertical profiles of

three wind velocity components V,

mij (zk) , where m =Xx,y,z and i is the current number of measurement in the series

(i=1,..., N), were measured in 43 strobes z; of the received signals of vertical extension Az =5 m at altitudes of 5—
200 m. Series of N =150 profiles were processed thereby providing 10- minute averaging of the results obtained. The
components Eyyp and Eqygp were calculated as follows [9, 10]:
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Fig. 1. Hourly dynamics of the wind kinetic energy components on September 12, 2006 at night
from 00:00, local time, with 10-minute averaging. Here Etgg is the turbulent kinetic energy (a),
and Eygg is the mean kinetic energy (b).
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where c% (), ), ci (2, t), and G§ (z;, t) are the variances of the x-, y - and z-components of the wind velocity in the

Jjth strobe z; of the kth measurement series started at time ¢, and <> denotes the averaging operator.

RESULTS AND DISCUSSION

Measurements were performed in the vicinity of Santa Clarita, California, USA [11] over a flat underlying
surface without high vegetation during 7 days from 12 to 17 September, 2006. The weather was dry, warm, and sunny.
Figures 1-3 show the vertical profiles of the kinetic energy components obtained by postprocessing of minisodar data.
Times of the beginning of each 10-minute series of measurements are indicated in the figures. Figure 1 shows the
dynamics of the kinetic energy components at night, Fig. 2 shows the diurnal hourly dynamics of the kinetic energy
components, and Fig. 3 shows the hourly dynamics in the morning before noon.

In Fig. 1, attention is drawn to low values and small scatter of the turbulent kinetic energy component Ergg in
the lower 30-meter layer of the atmosphere. The maximum Ergg values were observed at midnight. At 02:00, Erxg
increased with altitude in the lower 75-meter layer and decreased at higher altitudes. At z = 200 m, it decreased from
260 to 180 m%/s?, that is, by 31%. This tendency of the Erxg decrease was observed till 03:00. Then Erxg continued to
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Fig. 2. Diurnal hourly dynamics of the wind kinetic energy components with 10-minute averaging
from 00:00 on September 14, 2006. Here Erxg is the turbulent kinetic energy component (a), and
Eyike 1s the mean kinetic energy component (b).
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Fig. 3. Hourly dynamics of the wind kinetic energy with 10-minute averaging from 05:00 till 12:00
on September 15, 2006. Here Erg is the turbulent kinetic energy (@), and Eykg is the mean kinetic

energy (b).

decrease till 04:00 in the lower 100-meter layer, but increased at higher altitudes. By 05:00, E1gg increased in the entire
altitude range. The maximum E)\ g values on September 12, 2006 were recorded at 01:00, local time. Moreover, as can
be seen from Fig. 1, the contribution of the mean kinetic energy component was about 2 times less than the contribution
of the turbulent kinetic energy, and its altitude behavior was similar to that of Etgg.

Analogous relationship between the contributions of Erxg and Eykg was observed for their diurnal behavior on
September 14 shown in Fig. 2. The small spread of Ergg values was observed to altitudes z = 50 m, and the largest one
from Etgg min = 50 m%/s* at 09:00 to Erxg max = 200 m?/s* at 23:00 was observed at z ~ 200 m. From 10:00 till 12:00, the
contribution of the mean kinetic energy in the lower 100-meter layer exceeded the contribution of the turbulent kinetic
energy component, which is caused by the presence of the wind shear in the corresponding wind velocity profiles. From
Fig. 2 it can also be seen that the vertical Eygg profile increased in the morning from 05:00, reaches its maximum at
12:00, and then decreased toward midnight. The similar behavior of the kinetic energy components was noted in [3] for
measurements with a FAS64 sodar in three altitude ranges z = 20-50, 50-80, and 80—110 m. According to [3], the
diurnal behavior of the kinetic energy was also characterized by the presence of minima and maxima. It is obvious that
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the time of their occurrence and their values depend on the meteorological conditions and the presence and
characteristics of cloudiness and solar radiation.

Figure 3 illustrates the dynamics of the wind kinetic energy in the morning on September 15 2006 from 05:00
till 12:00 when the contribution of the mean wind kinetic energy to the total kinetic energy exceeded the contribution of
the turbulent component in the lower 50-meter layer of the atmosphere. Thus, the character of the altitude dependence
of Etyg remained unchanged: low values and their small spread in near-surface layer up to z = 50 m and its subsequent
increase at higher altitudes. The maximal value of the turbulent kinetic energy was observed at z =200 m at 05:00, and
its minimal value was observed at 07:00, local time.

During measurements on September 12, 14, and 15, 2006, the total turbulent kinetic energy changed from
several tens to several hundreds m?/s>, which is in agreement with the available literature data [3, 12]. From Figs. 1-3 it
can be seen that the turbulent kinetic energy increases with sounding altitude z, and in the near-surface layer up to 25—
50 m, it weakly depends on z. Thus, it changed from 10 to 90 m*/s” at z = 25 m on September 12, and on September 14
and 15, it weakly changed with altitude up to z = 50 m. The spread in values of the total kinetic energy also increased
with z, and at an altitude of 200 m, it changed already from 70 to 200 m?/s’, that is, almost tripled during the day. The
similar behavior of the kinetic energy was noted in [3, 12].

Thus, based on the data presented above we can conclude that the kinetic energy value in the surface layer at
attitudes of 25-100 m depends weakly on the sounding altitude z and increases with further increase in z. The diurnal
behavior of radiative heating of the earth surface causes the presence of minima and maxima of the kinetic energy, and
the time of their occurrence depends on the meteorological conditions of observations.

Let us consider the altitude dependence of the horizontal wind velocity averaged over 10-minite periods and the
spatiotemporal dynamics of the wind velocity vector. Figure 4 shows the altitude dependences of the horizontal wind
velocity V,, and its component V, and V), (measurements from 11:00 till 23:00 on September 13, 2006). It can be seen
that at altitudes from 5 to 100 m, the horizontal wind velocity and its components V, and V) are relatively stable.
Significant changes in the horizontal velocity and its component were observed at altitudes from 100 to 200 m
practically at any time.

This situation is due to the fact that in the surface layer, the mean wind velocity and its turbulent fluctuations
are significantly slowed down because of the interaction of air masses with the motionless underlying surface. As the
altitude increases from 100 to 200 m, considerable turbulent fluctuations of the wind velocity and its component are
observed, that is, the effect of the turbulence is intensified. The maximum effect of the turbulence is observed at
altitudes of 150-200 m, and this altitude range poses the greatest threat to UAV.

The time of day also influenced significantly on the results of observations. In the afternoon, as can be seen
from Fig. 4, no significant fluctuations of the horizontal wind velocity were observed at all altitudes. The ¥, and V),
components also underwent no significant fluctuations. The situation started to change during a sunset (at about 17:00).
At altitudes of 100-200 m, significant fluctuations of the horizontal wind velocity with altitude were observed. They
lasted till 19:00. We believe that this situation was caused by the termination of the light day and the beginning of
inhomogeneous cooling of the Earths surface. Thus, from 16:00 till 19:00, the wind velocity values sharply changed
from layer to layer. Moreover, from 16:00 and to the end of the observation period (23:00), the horizontal velocity
components V, and V), differed considerably.

Figure 5 shows the diurnal hourly dynamics of the wind velocity vector (northern direction is upwards,
southern is downwards, eastern is to the right, and western is to the left) from 05:00 on September 16 to September 17.
The velocity scale is shown in the figure. From the figure it can be seen that at any time, the direction of the horizontal
wind velocity does not undergo sharp changes from layer to layer up to ~100 m. The wind direction changes in the layer
from 100 to 200 m and whereas from 05:00 (sunrise at 05:00) to 06:00 these changes begin from an altitude of 150 m
and higher, from 07:00 to 08:00 they begin already from an altitude of 100 m. This can be attributed to inhomogeneous
heating of the Earth surface cooled at night. From 09:00 till 10:00, the lower boundary of the turbulent layer rises again
to 150 m, and by 14:00, it reaches 200 m. A repeated decrease in the lower turbulent layer boundary can be seen from
16:00 till 18:00. In the daytime (from 05:00 till 17:00), the value of the wind velocity considerably exceeds the
corresponding night values (from 18:00 on September 16 to 03:00 on September 17, 2006). In the daytime, the maximal
values of the wind velocity were recorded in the morning (from 04:00 till 06:00-07:00) and daytime (from 09:00 till
16:00—-17:00). The minimal values of the wind velocities were observed at night (from 22:00 till 03:00).
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Fig. 4. Diurnal hourly behavior of the mean horizontal velocity V,, and its components V, and V,
averaged over 10-minute periods and retrieved from minisodar measurements from 11:00 till

23:00 on September 13, 2006.
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Fig. 5. Spatiotemporal dynamics of the wind velocity vector from 05:00 on
September 16 till 05:00 on September 17. The scale of the wind velocity is
shown in the figure. Here northern direction is upward, southern is
downward, eastern is to the right, and western is to the left.

The following should be specially noted. Based on visual analysis of Figs. 4 and 5, we can conclude that during
periods of enhanced perturbations (active influence of the turbulence), the linear sizes of the perturbation regions are
commensurable with the spatial resolution Az = 5 m of the employed observation method. This can be seen, for
example, from 07:00 till 11:00 on September 16 and from 01:00 till 03:00 on September 17 (Fig. 5). These
perturbations pose the greatest danger to small-size UAV.

Thus, the reduced kinetic energy of the atmosphere and its components have been estimated in the lower 200-
meter layer of the atmosphere by postprocessing of minisodar measurements of the spatiotemporal dynamics of three
wind velocity components and their variances focusing on the turbulent kinetic energy component. The turbulent kinetic
energy in the near-surface layer was very low up to ~50 m during a 24 hour period of continuous observations. This is
due to the fact that the wind velocity and the turbulent motion are significantly slowed down due to the interaction of air
masses with the motionless earth surface. The turbulent kinetic energy quickly increased in the altitude range from 50 to
100 m, and at altitudes above 100 m, its strong increase was observed. The turbulent kinetic energy reached its
maximum at altitudes of 150-200 m. This layer poses the greatest danger to UAV flights.

CONCLUSIONS

The kinetic energy values have been estimated by postprocessing of minisodar measurements of the
spatiotemporal dynamics of three wind velocity components and their variances in the lower 200-meter layer of the
atmosphere. The analysis of the vertical profiles of the kinetic energy in the atmospheric boundary layer showed that up
to ~50 m, the turbulent kinetic energy Erxg is low, its spread is small, and it sharply increases at higher altitudes.

The maximal Ergg values were observed at midnight together with the maximal Eygg values. In the morning,
the contribution of the mean kinetic energy in the lower 100-meter layer of the atmosphere exceeded the contribution of
the turbulent kinetic energy. This can be explained by the presence of wind shears in the corresponding profiles of the
wind velocity vector. The Eyg values increased in the morning, reached their maximal values by noon, and then
decreased toward midnight. During measurements, the total kinetic energy of unit air mass changed from several tens to
several hundreds m?/s® (J/kg). The diurnal behavior of the kinetic energy was characterized by the presence of several
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maxima and minima the time of occurrence and the values of which depended on the meteorological conditions of
observations and the presence and the characteristics of cloudiness and solar radiation.

Based on the foregoing, we can conclude that during periods of maximal perturbations (active turbulent

motions of air masses), the linear sizes of perturbation regions were commensurable with the spatial resolution Az =5 m
of the employed observation method. The possibility of revealing times of the maximal and minimal turbulence, that is,
of the most and least favorable times for UAV flights was illustrated.

This work was performed within the framework of the State Assignment to the V. E. Zuev Institute of

Atmospheric Optics of the Siberian Branch of the Russian Academy of Sciences.
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