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A new 21-meter eddy covariance tower is installed in the Meteorological observatory of Moscow State
University in November 2019. It includes 3 levels with METEK sonic anemometers. The mast is located
inside the urban area and makes it possible to analyze the structure of atmospheric turbulence in a
heterogeneous urban condition. The measurement data from November 2019 to May 2020 are
processed. Turbulent fluctuations of the wind velocity components are found to increase with height
within 20 meters above the surface. The turbulent kinetic energy is proportional to the square of the
averaged horizontal wind speed. The drag coefficient is determined by the type of footprint surface,
with a value of 0.08 and 0.05 for urbanized and vegetated surfaces, respectively. The “turbulent flux of
heat flux” is reasonably well predicted by diagnostic relation with heat flux, skewness and standard
deviation of vertical speed, suggesting significant contribution of coherent structures to turbulent
fluxes. The daily amplitude of the temperature variance increases with the daily amplitude of the
average temperature. The paper considers the conditions for the applicability of the Monin-Obukhov
similarity theory to the calculation of turbulent fluxes over a heterogeneous urban landscape.
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turbulent statistics, footprint.
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1 INTRODUCTION

Turbulent processes in the boundary layer of
the atmosphere are the main mechanism for the
exchange of energy and mass between the atmo-
sphere and the surface. This exchange is gov-
erning on both short-term (synoptic) and climatic
time scales. Therefore, a realistic mathematical
description of turbulent processes at the surface
is an important component of the successful so-
lution of problems of atmospheric dynamics nu-
merical prediction. However, the stochastic na-
ture of turbulence crucially complicates the cre-
ation of a unified theory of turbulent exchange,
so modern models use simplified schemes for cal-
culating energy exchange with the surface, based

*Corresponding author: repina@ifaran.ru

on the Monin-Obukhov similarity theory (MOST),
which assumes horizontal statistical uniformity of
the underlying surface [Monin and Obukhov, 1954].
This simplification reduces the accuracy of the
forecast, especially in regions with complex (het-
erogeneous) orography, such as in urban condi-
tions.

Land surface heterogeneity is of different types
and manifests itself over a wide range of spatial
scales. Its multiscaling makes it nearly impossible
to “resolve” all spatial information directly in geo-
physical modeling [Giorgi and Avissar, 1997] or in
the analysis of observational data [see Foken et al.,
2010]. The scales of flow motions range from 1 mm
(Kolmogorov microscale) to spatial scales of sev-
eral kilometers or more. Thus, surface inhomo-
geneity is a problem that is practically impossible
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to solve taking into account all scales of interac-
tion. But the problem of surface heterogeneity can-
not be ignored or circumvented in the diagnosis
and modeling of the atmospheric boundary layer
(ABL) [Pitman, 2003; Prueger et al., 2012]. Sur-
face heterogeneity is a determining factor in the
development of the atmospheric boundary layer
under sea and urban breezes, in the dynamics of
the boundary layer at the installation sites of wind
power plants, in the formation of heat and evapo-
ration fluxes over lakes and reservoirs, as well as
in exchange processes over heterogeneous agricul-
tural and urban areas or over ice covered sea with
leads, melt ponds and hummocks. The problem
of studying atmospheric processes over landscapes
with different scales of heterogeneities, parame-
terization of such territories in weather and cli-
mate forecast models, are widely discussed in the
world scientific literature [Bou-Zeid et al., 2020].
But, despite the active development of this topic
in recent decades, the problems of taking into ac-
count the influence of the surface in weather and
climate modeling are far from being satisfacto-
rily solved. Numerous studies have been devoted
to the general problem of abrupt changes in sur-
face properties (roughness, temperature, humid-
ity) along an interface that is either perpendicu-
lar or parallel to the prevailing surface wind direc-
tion. These conditions lead to the formation of in-
ternal boundary layers or to the occurrence of sec-
ondary circulations (for example, a breeze between
land and sea). Cases of other flow directions have
been considered extremely rarely [Raasch and Har-
busch, 2001; Anderson, 2020]. Over heterogeneous
terrain, the formation of internal boundary layers
[Garratt, 1990; Medjnoun et al., 2018], role of ad-
vection [Rao et al., 1974; Fontan et al., 2013; Higgins
et al., 2013], intensity of secondary circulations
[Raasch and Harbusch, 2001; Fontan et al., 2013], in-
fluence of measurement errors [Esai, 2007; Kenny
et al., 2017] are studied. Parameterizations for
weather and climate models are developed based
on these approaches [Bou-Zeid et al., 2004; Ament
and Simmer, 2006; Stoll and Porte-Agel, 2009; Li
et al., 2013]. The interaction of several types of het-
erogeneity is even more complex, and the unique-
ness of each heterogeneity model requires some
simplified approaches to parameterize the com-
bined effect of surface variability in regional and
global atmospheric models.

Facing this complex frame, different approaches
to the description of the atmospheric turbulence
have been developed. From one hand, extensions
of similarity have been proposed in order to take
into account the presence of mesomotions, going
beyond MOST by using different relations for spe-
cific cases [Sun et al., 2012] or adding new pa-
rameters [Stiperski et al., 2021]. In particular, as-
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sessing the applicability of the MOST theory in
complex terrain and urban environments, identi-
fying the departures of its formulations and in-
vestigating possible corrections, is since long an
established field of research [Mahrt, 2010; Mor-
tarini et al., 2013; Falabino and Trini Castelli, 2017].
On the other hand, the equations for the ensem-
ble averaged second order moments has been used
as a frame to understand and model the behav-
ior of stably stratified ABL. Different solutions of
the higher momentum steady state and homoge-
neous equations result for different parameteriza-
tions of the third order moments (in particular, the
terms containing the covariances between velocity
or temperature and pressure) and of the dissipa-
tion.

Experimental data are needed to study the sta-
tistical characteristics of the turbulence of the at-
mospheric boundary layer in urban environment.
The obtained regularities in the future may al-
low us to generalize the MOST for use in an in-
homogeneous landscape. This paper presents the
first results of the study of the mechanisms that
cause the turbulent exchange over the geometri-
cally complex surface of the city according to the
micrometeorological mast installed in the Meteo-
rological Observatory (MO) of Moscow State Uni-
versity (MSU).

2 MICROMETEOROLOGICAL MAST OF THE
Moscow STATE UNIVERSITY

In 2019, a 21-meter micrometeorological mast
was put into operation on the territory of the
MSU MO. There are both highly urbanized areas
(the Belozersky Research Institute of the Russian
Academy of Sciences, the MSU Greenhouse Build-
ing, the Ramenki district) and extensive areas of
parks (the MSU Botanical Garden, the MSU Big
Lawn, the Vorobyovy Gory nature reserve) in the
immediate vicinity of the observatory (Figure la).
Thus, the location of the mast allows to observe the
formation of turbulent vortices and flows in differ-
ent city landscapes depending on the wind direc-
tion, i.e. with the appropriate areas of influence
(“footprint”), which makes it possible to study dif-
ferent modes of turbulence formation over an in-
homogeneous underlying surface.

The micrometeorological mast is equipped with
three measuring levels at altitudesof 2.2 m, 11.1 m
and 18.8 m (Figure 1b). At each level, acous-
tic anemometers manufactured by METEK are in-
stalled, at the two lower levels — uSonic-3 Sci-
entific (Figure 1c), at the upper — uSonic-3 class
A. Vaisala’s HMP155 humidity and temperature
probe are additionally installed at the 2.2 m and
11.1 m levels. Acoustic anemometers with a fre-
quency of 20 Hz record three components of wind

20f9
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Figure 1: a) The location of the micrometeorological mast (marked with a star) and the direction of the
axes of acoustic anemometers; b) The layout of the devices on the micrometeorological mast in the
Moscow State University MO: measurement levels — L1, L2, L3; acoustic anemometers — 1; humidity
and temperature sensors — 2; data collection unit — 3; ground loop - 4; ¢) The diagram of the uSonic-3
Scientific anemometer from the manufacturer’s website (https://metek.de).

speed with an accuracy of 0.1 m/s and acoustic
temperature with an accuracy of 0.1 °C. The axes
of the instruments are oriented along Michurin-
skaya alley (speed component u) and on the Main
Building of the MSU (speed component v) (Fig-
ure 1b). This article presents the result of the anal-
ysis of the data series obtained from the mast for
the period from November 2019 to May 2020.

3 DATA PROCESSING

The main experimental method for determin-
ing turbulent fluxes is the eddy covariance tech-
nique (EC). The essence of the method is to rep-
resent a rapidly changing quantity as the sum
of the mean value and fluctuations (T = T + T’)
[Reynolds, 1895]. This representation allows to cal-
culate fluxes as the covariance (i.e. averaged mul-
tiply fluctuations):

H =p,C,w'T,

T=p, (u’w’)2 + (v’w’)z,

where H is the sensible heat flux, 7 is the absolute
value of momentum flux, v/,u’,w’ are the fluctua-
tions of the velocity components, T’ is the temper-
ature fluctuations, p, is the air density, the overbar
denotes the mathematical expectation estimated as
the mean value of the time series [Burba, 2013].

To implement the eddy covariance technique,
the initial 20 Hz data from the anemometers are
sorted by time to obtain a single chronological se-
quence. If the data contains gaps of less than one
minute, they are filled with random values gen-
erated using a Gaussian distribution, the param-
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eters of which are determined from the data be-
fore and after the gap. Gaps of more than one
minute are not filled in. The filter block elimi-
nates extremes that go beyond three-sigma limits,
replacing them with the mathematical expectation
of neighboring values. This methodology is widely
used in the processing of turbulent measurements
[Aubinet et al., 2012].

A constant correction of +0.286 °C is introduced
to the acoustic temperature data at the level of
11.1 m, it was set during the mutual calibration
of the devices in the fall of 2019. Based on the
obtained high-frequency data, statistical moments
of the first and second order are calculated with
averaging over 20-minute periods. The averaging
period of 20 minutes makes it possible to clearly
reproduce the diurnal variation of the turbulent
characteristics, as well as to take into account the
contribution of large-scale flow structures to the
turbulent fluxes.

The processed measurement data for the exam-
ple of March 2020 are presented in Figure 2.

Figure 2a and Figure 2b show how the horizon-
tal wind speed increases with altitude. The max-
imum 20-minute average value of the horizontal
speed modulus in March was recorded on March
13 at the level of 18.8 m and amounted to 6.5 m/s.
Figure 2c¢ indicates systematically positive values
of the vertical speed at a height of 2.2 m, this fact
raises doubts about the accuracy of the data ob-
tained from this level and requires additional ver-
ification of the correctness of the lower anemome-
ter. Figure 2d clearly shows the diurnal tempera-
ture variation, the minimum for March was —4 °C,
and the maximum was recorded on March 28 (14
°C). The nights from March 14 to 15 and from

30f 9
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Figure 2: The characteristics measured on the micrometeorological mast in May 2020, averaged over
20-minute intervals: a) and b) horizontal components of wind speed; c) vertical wind speed;
d) acoustic temperature. Line colors indicate measurement levels.

March 29 to 30 are characterized by a sharp drop
in temperature by 15 °C, which, combined with in-
creased wind speed on these dates, indicates the
passage of a cold front.

The wind speed data series obtained from
the micrometeorological mast on the example of
November 2019 were compared with the data of
the automatic meteorological complex of the MSU
MO Vaisala MAWS-301, which registers tempera-
ture and wind speed at an altitude of 15 m (Fig-
ure 3).

As can be seen in Figure 3a and Figure 3b, the
data agree closely with each other. However, if the
Pearson correlation coefficient is 0.96 for the series
of temperature averaged over 20 minutes (the AMS
data is agree best with the anemometer at 2 m),
then for the wind speed the same coefficient was
only 0.55. Such a low indicator can be explained
by the difference in the position of the sensors hor-
izontally and in height, which in conditions of a
significantly inhomogeneous surface (the presence
of buildings, tall trees) can lead to a significant dif-
ference in the measurement data.

https://doi.org/10.2205/2022ES01SI11
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4 STATISTICAL CHARACTERISTICS OF TUR-
BULENCE

Figure 4 shows the daily variation of the sensible
heat flux, typical for the summer (a) and winter (b)
periods. It can be seen that both under conditions
of stable and unstable stratification, there is no
layer of constant fluxes. Under stable conditions,
the formation of secondary circulations is possi-
ble, which leads to a significant difference in the
characteristics of turbulence in the lower layer in
comparison with the overlying layers. Under insta-
bility conditions, more intense turbulent mixing is
observed in the upper layer. The presented exam-
ple shows the need for a more detailed study of the
statistical characteristics of turbulence at different
measurement levels.

The following statistical characteristics of tur-
bulence were calculated from the obtained data
series: root mean square deviation (RMSD) for
the three components of wind speed and acoustic
temperature, modulus and direction of horizontal
wind speed, sensible heat and momentum fluxes,
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Figure 3: Comparison of the acoustic anemometer data averaged over 20 minutes with the data of the
automatic meteorological station (AMS) for November 2019.
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Figure 4: Daily variation of sensible heat flux in summer and winter condition on the different
measurement levels.

turbulent kinetic energy (TKE), and the proportion
of vertical movements in the TKE. The main regu-
larities of the behavior of the level of turbulence,
determined by the values of the RMSD (dispersion)
of the speed and temperature components, can be
seen in Figure 5a.

An increase in RMSD with height is observed for
all components of the wind speed; also, the TKE
K = %(?2 Lo +Wz) increases with height. At
the lower level, the speed dispersion approaches
0, since the speed identically turns to zero at the
underlying surface. A similar result was obtained
earlier from the measurements in a natural in-
homogeneous landscape [Barskov et al., 2019], as
well as from large eddy simulation [Glazunov and
Stepanenko, 2015]. Based on the data obtained, it
can also be concluded that the intensity of turbu-
lent pulsations in spring has a pronounced diurnal
variation with a maximum in the daytime; this is

https://doi.org/10.2205/2022ES01SI11
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due to an increase in both the wind speed and the
instability of stratification in the daytime.

In this work, the correlation was also found
between the daily amplitude of the temperature
RMSD and the daily amplitude of the temperature
(Figure 5b). Two hypotheses have been put for-
ward about the reasons for this relationship. First
— a large diurnal temperature amplitude may indi-
cate a greater radiative heating of the underlying
surface during the day, which increases turbulence
due to the instability of the stratification. Thus,
during the day, the amplitude of temperature pul-
sations becomes higher, and, accordingly, the dif-
ference in the amplitude of pulsations increases
between day and night. Second - in an urban en-
vironment, the underlying surface is extremely in-
homogeneous, at least because of the differences in
albedo, greater radiation heating contributes to a
greater contrast in the temperature of different sur-
faces. These contrasts are transmitted to the near-

50f9



ATMOSPHERIC TURBULENCE STRUCTURE...

Drozp ET AL., 2022

May 2020
15 — 22m

111m

10 188m

W RMSD, mfs? £

0.0

2 3 4 5 6 7 8
b) November 2019 - May 2020 18.8 m
Lo Ly —0.05x +0.02
g
3. 0.8
oo o
@ ° o
g | :
g %;0.6 /'/'/
- ‘J;J .
0 320.4] ./'/
B E Ph
e o i
T 0.2 /./
a A R2=0.38
Gl
0.0+ ; | .
0 5 10 15

Daily temperature amplitude, °C?

0.5 uf‘\,ﬂr"‘wﬁr\ MWN(‘AM “V"Vf«\fxmm f{**ﬂ*’w%mﬂﬁﬁww "'|¢.|pf'h I-i*-’lw ;J...'“"N*WM

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Date

©) All directions
18.8 m November 2019 - May 2020
12] - :
—= y=021x /
104 A
" /
- 61 e
7
K 4 7"
ot
2] st
—-",'
O, e -
0 2 4 6
Uh, mys

Figure 5: a) RMSD of vertical speed on the example of May 2020; b) the dependence of the daily
amplitude of the 20-minute temperature RMSD on the daily amplitude of the average temperature for
the period November 2019 — May 2020; c) the dependence of the turbulent kinetic energy on the
horizontal wind speed modulus for the period November 2019 — May 2020.

surface air using thermal conductivity and then
advected by an average flow from the generation
region to the measurement point. To test these hy-
potheses, it is necessary to involve data from radi-
ation measurements, this will be done in the sub-
sequent stages of the work.

The relationship between the turbulent kinetic
energy K and the horizontal speed modulus is well
described by the quadratic form (Figure 5c¢). It is
noteworthy that from month to month, the propor-
tionality coefficient remains almost unchanged,
varying from 0.15 to 0.30, which indicates the sta-
ble nature of this relationship. The established
square-law is consistent with the similarity theory
for a homogeneous surface [Monin and Obukhov,
1954] (but with a different value of the proportion-
ality coefficient) and is confirmed by other mea-
surements.

According to the theory of the surface layer
[Monin and Yaglom, 1975], the momentum flux can
be represented as:

T :mCduz,

that is, the momentum flux is proportional to the
square of the speed modulus, while the drag co-
efficient C; depends on the nature of the under-
lying surface over which the flux is formed. In
this regard, the study area was divided into sec-
tors in the wind direction with relatively uniform
surfaces, for which the drag coefficient can be con-
sidered constant (Figure 6a). Further, sorting the
measurement data by wind direction (Figure 6b),

https://doi.org/10.2205/2022ES01SI11
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diagrams of momentum flux scattering relative to
the horizontal speed modulus were constructed for
each of the selected sectors (Figure 6¢, Figure 6d).

The values of the drag coefficient calculated
from empirical data for the sectors “Michurin-
skaya alley” and “Tall trees” (Figure 6¢, Figure 6d)
are 0.07 and 0.14, respectively. The difference in
these coefficients is a numerical indicator of the
high inhomogeneity of the underlying surface in
the observation area, which directly affects the
formcsation of turbulent fluxes.

One of fundamental questions regarding turbu-
lent exchange between complex surface and the
atmosphere is what is the contribution of orga-
nized turbulent structures in the total momentum,
heat and mass fluxes in the surface layer. A new
method for identification of coherent structures
in the eddy-covariance time series has been ap-
plied in [Barskov et al., 2019], basing on approach
first introduced in theoretical studies of convective
boundary layer [Abdella and McFarlane, 1997; Zil-
itinkevich et al., 1999]. This approach utilizes the
fact that under dominance of large-scale coherent
structures contribution to fluxes, second and third
statistical moments are linked by algebraic rela-
tion, e.g. for the “flux of heat flux” we have:

ww'T = Cw'T’S,

(1)

where C ~ 1 is non-dimensional constant, and S,
is skewness of vertical velocity. From time series
measured at mast in the period November 2019
— May 2020, we found that (1) indeed explains
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much of third moment variability (Figure 7) with
C =184 at 11 m and C = 1.39 at 18 m. This
suggests the significance of coherent structures for
vertical flux formation over geometrically complex
surface, which is agrees with estimates found ear-
lier in natural [Barskov et al., 2019] and urban land-
scapes [Pashkin et al., 2019].

The most stable ratio between w’w’T’y, and
w’w’T’is observed in the “Tall trees” sector (Fig-
ure 7¢, Figure 7d), where the airflow overcomes
tall trees and contributes to the generation of
large-scale coherent structures.

5 CONCLUSIONS

Based on measurements on the micrometeoro-
logical mast of the MSU MO from November 2019
to May 2020, the following regularities were con-
firmed, which were previously obtained for other
inhomogeneous landscapes:

1. Turbulent perturbations of the wind velocity
components in urban conditions within the
first tens of meters increase with height. The
turbulent kinetic energy is proportional to the
square of the average horizontal wind speed.

2. The drag coefficient is determined by the type
of surface over which the flux is formed, with

Michurinskaya
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a value of 0.07 and 0.14 for urbanized and
greened surfaces in the vicinity of the MSU
MO, respectively.

3. The “turbulent flux of heat flux” is reasonably
well predicted by diagnostic relation with
heat flux, skewness and standard deviation
of vertical speed, suggesting significant con-
tribution of coherent structures to turbulent
fluxes.

In addition, a new result was obtained that
needs to be verified on a larger data set: the daily
amplitude of the temperature dispersion increases
in proportion to the increase in the daily ampli-
tude of the temperature itself.
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“Michurinskaya alley” (c) and for the sector “Tall trees” (d).
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