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Abstract—Distributions of the velocity-field helicity in the atmospheric boundary layer have been obtained
from acoustic sounding data. The helicity of large-scale motions (0.3—0.6 m/s?) exceeds (by an order of mag-
nitude) its independently measured turbulent values, which are close to helicity averaged over the layer (0.02—
0.12 m/s?). In the absence of strong convection, there is good correlation between helicity and wind velocity

squared at upper sounding levels of 400 to 600 m.
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INTRODUCTION

Since the 1950s, special interest has been expressed
in mesoscale circulation in the atmospheric boundary
layer (ABL) and its characteristic manifestations, in par-
ticular, such as quasiperiodic roll structures—ordered
helical vortices (rolls) with horizontal axes [1, 2]. Such
long-lived vortices are formed at a sufficiently weak
wind of 2—3.5 m/s [3], when three-dimensional con-
vective cells are transformed into longitudinally ori-
ented ones, and they are well visualized in the form of
the so-called cloud streets that are clearly visible in
satellite images [4]. Their horizontal scales amount to
3—5km [3].

In the ABL, mesoscale-circulation structures
affect the characteristics of turbulence, form mean-
flow profiles, and play a significant part in mixing pro-
cesses and processes of transport of humidity, heat,
and other substances through the ABL into the free
atmosphere. According to estimates obtained in [5—7],
secondary airflows in the form of roll structures are
responsible for 20—60% of the total heat-mass transfer
through the ABL.

One significant characteristic of coherent struc-
tures in the ABL is helicity—a scalar product of veloc-
ity field and vorticity [8]:

H = vrot(v).

In the ABL, large-scale flows, whose structure is
determined by combined effects of turbulent friction
and the Coriolis force, have a nonzero helicity [9—11].
Correspondingly, turbulent motions in the ABL are

characterized by a nonzero helicity [12], which has
been supported by results obtained from field experi-
ments carried out by the Obukhov Institute of Atmo-
spheric Physics (IAP) [13, 14] and direct numerical
simulation (DNS) [15]. Helicity has attracted particu-
lar interest because of its role in the genesis and
dynamics of large-scale atmospheric and oceanic
motions [16], advantages due to the parameterization
of its dynamic effect in mesoscale ABL models [17],
and its possible use as a prognostic factor [18].

In order to obtain data on helicity, it is necessary to
know spatial wind-velocity distributions.

Results obtained (in IAP experiments) from the
acoustic sounding of the ABL over arid-steppe zones
in southern Russia (Chernozemelskii raion, Republic
of Kalmykia, 2007) [3], the Tsimlyansk Scientific Sta-
tion (2012) [14], and Spitsbergen (2009) [19] have
been analyzed in this study. Profiles of the wind-
velocity components at heights of 400—600 m (up to
100 m for Spitsbergen) with a step of 10—30 m and a
time resolution of 5—10 s have been obtained from
observational data. The spatial distribution of helicity
and its time variations have been calculated and com-
pared to theoretical estimates and calculations based
on a WRF-ARW mesoscale atmospheric model.

1. HELICAL FLOWS
IN THE EKMAN BOUNDARY LAYER

The velocity-field components for the Ekman
flow with no-slip conditions at the lower boundary
have the form
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Here, h = JK/Q is the Ekman scale, Q is the fre-
quency of external rotation (Earth rotation), V,; and
U, are the components of geostrophic wind velocity in
the free atmosphere, z is the vertical coordinate, and
Kis the turbulent viscosity coefficient introduced by
analogy with kinematic viscosity. Such an approach is
widely used in solving the Ekman equations, studying

stability problems [8, 20], and analyzing mesoscale
motions in the ABL [21].

In this case, the helicity is determined only by the

horizontal vorticity components and has the form [8,
10, 11]

H(z) = —U(Z) + Viz ) 3
Substituting (1) and (2) into (3) gives (for the verti-
cal helicity distribution) [8]:

H(z) =u§h71{exp( )(sm——cos )

ol 3.

here, u, =Ug + V.

Hence, upon integrating over the vertical coordi-
nate, we obtain that integral helicity H;,, is exactly 1/2
of the geostrophic-wind velocity squared [10]:

Hiy = [ @Mz = W05 +V3). (4)
0

With consideration for the real structure of the
turbulent ABL under different stratifications, inte-
gral helicity will differ from that in (4). Nevertheless,
Eq. (4) may be used as an assessment of integral heli-
city and, as is shown below, adequately reflects its
temporal dynamics.

In addition, let us give integral helicity values for
simple modifications of the Ekman profile, which
already provide a turning-angle decrease when com-
pared to an Ekman value of 45°.

When the contribution of turbulent helicity to
Reynolds stresses is taken into account [12],

Hiy = %(Ué A+ ) - ),

where g ~ 0.1—0.3 characterizes turbulent helicity. For
the Taylor solution [22], in which the slip conditions
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the lower boundary, we have for integral helicity
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2. INSTRUMENATION
AND MEASUREMENT CONDITIONS

In all the experiments mentioned in the Introduc-
tion, the vertical profiles of the wind-velocity compo-
nents were measured using atmospheric acoustic
sounding. Acoustic sounders—sodars—appeared in the
1970s due to A.M. Obukhov’s ideas of using the phe-
nomenon of sound scattering from small-scale turbu-
lent inhomogeneities in atmospheric studies [23]. The
reliability and accuracy of sodar measurements have
been studied for many years [24]. At present, acoustic
sounding is a well-tested method of studying the lower
ABL [25, 26] used widely all over the world [27, 28].

Doppler three-component monostatic sodars
(LATAN-3M) and minisodars (LATAN-3m) with a
frequency encoded sounding pulse, which were devel-
oped and manufactured at the IAP, were used to mea-
sure vertical profiles of the three wind-velocity com-
ponents [3, 29, 30].

(1) Sodar measurements were performed over the
Caspian Lowland (Kalmykia) in the vicinity of the vil-
lage of Komsomolskii to the south of the Chernye
Zemli Nature Reserve from July 21 to August 1, 2007.
Three spaced sodars were combined into one network
using radiotelephones and were synchronized accord-
ing to signals from GPS satellites [3]. A longwave
LATAN-3M sodar with a vertical resolution of 30 m, a
pulse emission interval of 10 s, an altitude range of
800 m, and a basic carrier frequency of 2 kHz was used
to estimate the vertical extent of upward convective
airflows. The three minisodars with a vertical resolu-
tion of 20 m, a pulse emission interval of 5 s, an alti-
tude range of 400 m, and a basic carrier frequency of
3.5 kHz were located at the vertexes of a triangle with
its side lengths of 3.5, 1.4, and 3.2 km. Such a config-
uration made it possible to estimate the horizontal
scales of convective motions and details of the spatial
structure of vortex coherent formations.

(2) Within a period of August 2—26, 2012, sodar
measurements were performed at the IAP Tsimlyansk
Scientific Station simultaneously with measurements
described in detail in [14]. A LATAN-3m minisodar
with an improved vertical resolution of 10 m was used.

(3) Within a period of May 3—13, 2009, measure-
ments were performed on the island of Spitsbergen.
Sodars were located on the Kongsvegen glacier [19].
Two LATAN-3m minisodars were used.

These measurements were continuously performed.
The time variations in vertical-velocity distributions for
Kalmykia and Tsimlyansk (see, for example, Fig. 5)

are considered at
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Fig. 1. Time variations in (a) helicity averaged over the layer and (b) vertical wind-velocity component in relation to averaging

interval for wind velocity components (Kalmykia, July 25, 2007).

adequately illustrate the alternating stages of stable and
unstable stratifications. For stable stratification, the
vertical velocity at the boundary-layer height changes
its sign. During the measurements taken on the island of
Spitsbergen, stable stratification was observed.

3. DATA TREATMENT
AND SIMULATION METHODS

Available data make it possible to calculate only
horizontal helicity components. It should be noted
that, under ordinary conditions, the main contribu-
tion to helicity is made by its horizontal component,
which is, in particular, determining for a mesoscale
roll circulation in the ABL [9, 31]. In this case, the ver-
tical component of helicity is 5—10 times smaller than
its horizontal component, because the former is deter-
mined by the product of vertical velocity and horizon-
tal shear, which is significantly smaller than the verti-
cal one (see, for example, table in [31]). This is also
supported by observed values of the vertical compo-
nent of turbulent helicity in the ABL [13, 14], which is
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evidently associated with its values for large-scale
motions. Below, helicity will imply its horizontal com-
ponent calculated according to (3).

Note that the vertical component of helicity is signif-
icant and exceeds its horizontal component for intense
atmospheric vortices such as tornadoes and dust devils.

The wind-velocity components averaged are used
to calculate helicity. To this end, a rectangular filter is
used. The averaging interval was empirically chosen
and, in this case, amounted to 10 min. At such values,
the spatiotemporal velocity-field structure was ade-
quately reproduced. On the basis of experimental data
obtained in Kalmykia on July 25, 2007, Fig. 1 shows
how the choice of averaging interval affects time vari-
ations in the averaged vertical component of wind
velocity and averaged (over the layer) helicity.

Since wind-velocity profiles obtained with Dop-
pler sodars remain sufficiently jagged even after aver-
aging, then, in order to estimate the vertical deriva-
tives of wind velocity, these profiles were smoothed
out. They were approximated using cubic splines
Vol. 53
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Fig. 2. Projections of averaged wind velocity onto the (a) X, (b) Y, and (c) Z axes and onto the (d) XOZ and (e) YOZ planes (Kal-

mykia, July 28, 2007).

with the following calculation of derivatives of
already smoothed-out profiles.

The vertical components of wind velocity allow one
to better (than its horizontal components) visualize
structures observed in the ABL. Below, we will also use
data vertical velocity component data. Thus, Fig. 2
shows the wind-velocity projectionson axes Z, Y, and Z
and velocity variations with height and time for July 28.
Mesoscale structures start to form approximately
at 12:00. This is also illustrated by a satellite image of the
measurement region [3], in which the formation of
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cloud streets is observed: they start to form at 12:00
(local time) and these structures have already formed by
14:00 (local time).

4. SIMULATING AN OBSERVED SYNOPTIC
SITUATION WITH A WRF MODEL

An open nonhydrostatic mesoscale model
(Weather Research and Forecasting (WRF) model,
version 3.6.1) was chosen to numerically simulate a
synoptic situation observed during the experiment in
Vol. 53
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Fig. 3. Calculation area 300 by 225 km with the use of a coarse grid of 200 % 150 points horizontally with a step of 1500 m. The

relief of the nested area is isolated.

Kalmykia [32, 33]. At present, the WRF model is one
of the most universal and tuned-open systems of sim-
ulating the atmosphere. This model is successfully and
widely used in meteorological forecasting and atmo-
spheric research at scientific institutions and meteoro-
logical services in many countries and it is being con-
tinuously developed [34, 35].

The prognostic variables of the model are as fol-
lows: horizontal wind-velocity components # and v in
the Cartesian coordinates, vertical velocity w, and
both potential-temperature and geopotential distur-
bances. The geostrophic wind was determined accord-
ing to these variables in order to calculate helicity.

Nested grids were used in calculations. The whole
calculation area, 300 by 225 km, is calculated using a
coarse grid of 200 X 150 points horizontally with a step
of 1500 m. The nested area of detailed calculations 75
by 50 km, in which sodar data are assimilated, is cal-
culated using a grid of 151 X 106 points with a step of
500 m (see Fig. 3). Both areas have 35 levels along the
vertical up to a height of 5000 m, with their crowding
within the boundary layer. Three calculation steps for
the nested area correspond (in time) to one calculation
step for the large area. The time interval between the
initial fields of meteorological parameters of the oper-
ational Global Forecast System (GFS) analysis on a
grid of 0.5° x 0.5° amounts to 6 h. The coordinates of
the calculation-area center correspond to 45° N and
45° E. Note that the mesoscale circulation starts to be
reproduced on grids with a horizontal scale of 500 m.
Coherent vortex structures may reach 5 km in width,
and ten points are sufficient to qualitatively reproduce
mesoscale-circulation features. In this case, helicity
was not calculated directly in the model; only the
wind-velocity components and geopotential at the
grid points were calculated for further calculation of
the geostrophic wind-velocity components.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

In order to increase the accuracy in forecasting
atmospheric characteristics, surface measurement
data on meteorological parameters were assimilated.
Data obtained with the long-wave sodar located in
Kalmykia on the northern outskirts of the village of
Komsomolskii at the point with the coordinates
45.33527° E and 46.02687° N were used as assimilated
data. Observational data were assimilated using a
three-dimensional variational method based on the
3DVar system [36].

Data postprocessing was performed to obtain inte-
gral helicity. The components of geostrophic wind
velocity at the point located at a distance of 3.5 km
from the point of inputting assimilated data were
determined through geopotential values calculated by
the model. The following formulas were used:

dh
Ug=——5——%0,=U-U,,
2Qsin(@) dy
dh
E "%y, =v-v,

Ve = —F7—-—=,
2Qsin(p) dx

Here, U and V are the horizontal wind-velocity com-
ponents, U, and V, are the ageostrophic wind-velocity
components, g = 9.81 m/s? is the free fall acceleration,
¢ is the geographic latitude, A, is geopotential, dx =
rdOcos(), dy = rd@, r = 63.7 X 10°® m is the Earth’s
radius, and 0 is the geostrophic longitude.

In order to find the geostrophic wind velocity from
the above formulas, it is necessary to specify the height
at which the wind may be considered geostrophic. We
specified this height as a height of minimum ageos-
trophic component [37].

The geostrophic wind-velocity components make
it possible to estimate integral helicity and compare
Vol. 53
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these estimates with its values obtained from acoustic
sounding data.

5. RESULTS

The results of calculations of helicity according to
acoustic sounding data establish its relation with wind
velocity and ABL structures.

Under ordinary conditions, a major contribution to
the ABL helicity is made by its horizontal components.
This is also supported by turbulence data [13, 14]. Nev-
ertheless, in a number of cases, a stable correlation is
observed between the vertical wind-velocity compo-
nent and helicity averaged over the layer, which is sup-
ported by the idealized theory of the Ekman boundary
layer [17].

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

Figure 4 shows time variations in the distribution of
the averaged vertical wind-velocity component and
helicity averaged over the layer: (a) for July 28, 2007,
Kamykia; (b) for August 9, 2012, Tsimlyansk Scientific
Station; and (c¢) for May 7, 2009, Spitsbergen. In Fig. 4,
one can see the vertical wind-velocity component
extrema associated with developing large-scale coher-
ent structures. Figure 5 shows time variations in helicity
with a 12-h averaging.

Note that the formation of large-scale structures in
the wind field is manifested in the vertical wind-veloc-
ity echogram and in the time variations in the height
distribution of helicity. In Kalmykia, on July 26, 28, and
30 and August 1, 2007, low-level jet flows that are also
well reflected in both the echogram and helicity distri-
bution were observed at night (see Fig. 6 for July 28).
Vol. 53
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The vertical wind-velocity profiles in the echogram,
which characterize the night jet flows, correspond to a
maximum increase in helicity reflected in the time
profile of its height distribution. There are also some
examples of night jet flows observed on August 11 and
18, 2012, at the Tsimlyansk Scientific Station. In this
case, a noticeable increase in helicity (when compared
to its daytime values) should be noted (see also [38]).
Helicity reaches 0.8 m/s? (see Figs. 7a and 7b for Kal-
mykia, July 28, and Tsimlyansk, August 18).

For Spitsbergen, the formation of structures in the
ABL wind-velocity field occurs at a height of up to 50 m,
which is characteristic of the polar latitudes (see
Fig. 7¢). In most cases, the reliability of data is limited to
a height of approximately 100 m because of a high level
of acoustical noise generated by the the wind.

The mean values of helicity for large-scale motions
amount to 0.3—0.6 m/s?, they exceed its inde-
pendently measured turbulent values by an order of
magnitude [13, 14, 39].

There is good relation between helicity averaged
over the layer and energy—the sum of the squared
velocities of all three wind components (see Fig. §).

Note that the experimental values of helicity aver-
aged over the layer are close to theoretical values of
turbulent helicity and amount to approximately 0.02—
0.12 m/s2.
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The possibility of using Eq. (4) in an idealized
Ekman model and in estimating integral helicity has
been studied. The results given in Fig. 9 show a good
correlation between integral helicity (H,, (3)) calcu-
lated through the integration of (3) and the half-sum
of squared geostrophic-wind components (H,,,); for
the Ekman boundary layer, the relation between
these two quantities was first noted in [10]. The cor-
relation coefficients for Kalmykia and Tsimlyansk
are calculated for each case and are close to one. Fig-
ure 9 shows the results for July 29, 30, and 31, 2007,
Kalmykia: r,g = 0.7234, r;, = 0.6717, and r;; = 0.7722,
as well as for August 4, 9, and 15, 2012, Tsimlyansk:
7408:00-16:00 = 0-7887, F9 00:00-02:00 = 0.9121, 79 99.00_16:00 =
0.9325, and 75 13.00—21:00 = 0.7189.

Integral helicity calculated from Eq. (4) is compared
to that calculated using the WRF model. Figure 10
shows the sample results for July 29, 2007. On the
whole, the results of calculations with sodar-data
assimilation are closer to helicity values assessed ear-
lier, when compared with the results of calculations
without sodar-data assimilation.

CONCLUSIONS

In this work, on the basis of data obtained from the
acoustic sounding of the ABL in the three IAP field
Vol. 53

No.2 2017
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Fig. 9. Relation between integral helicity H;,; (3) and the sum of squared geostrophic velocity components H;,; for (a) July 29,

(b) July 30, and (c) July 31, 2007, Kalmykia, and (d) August 4, (e) August 9, and (f) August 15, 2012, Tsimlyansk.
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Fig. 10. Results of calculations with the WRF model. Comparison of half-sums of squared geostrophic velocity components, Kal-

mykia, July 29, 2007.

experiments, the absolute helicity of large-scale
motions and the helicity averaged over the layer were
estimated at 0.3—0.6 and 0.02—0.12 m/s?, respectively.
Based on data on velocity gradients and known Reyn-
olds shear stress values, one can estimate coefficients
of a semiempirical turbulence model with the param-
eterization of turbulent helicity [12, 18].

The relation between helicity averaged over the
layer and kinetic energy is shown.

In the absence of strong convection, there is good
correlation between variations in integral helicity and
those in squared wind velocity at upper sounding lev-
els (400—600 m), which (under these conditions) may
replace (with an adequate accuracy) squared geos-
trophic-wind velocity variations. This makes it possi-
ble to simplify the construction of both global and
regional helicity fields, in particular, in solving prog-
nostic problems. Empirical values of integral helicity
were verified using the WRF open nonhydrostatic
mesoscale atmospheric model with assimilated acous-
tic sounding data.
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