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Abstract. Atmospheric internal waves (AIWs) in the bound-
ary layer of atmosphere have been studied experimentally
with the use of Halo Photonics pulsed coherent Doppler wind
lidar Stream Line. The measurements were carried out over
14-28 August 2015 on the western coast of Lake Baikal
(51°50'47.17” N, 104°53'31.21” E), Russia. The lidar was
placed at a distance of 340 m from Lake Baikal at a height
of 180 m above the lake level.

A total of six AIW occurrences have been revealed. This
always happened in the presence of one or two (in five out of
six cases) narrow jet streams at heights of approximately 200
and 700 m above ground level at the lidar location. The pe-
riod of oscillations of the wave addend of the wind velocity
components in four AIW events was 9 min, and in the other
two it was approximately 18 and 6.5 min. The amplitude of
oscillations of the horizontal wind velocity component was
about 1 ms~!, while the amplitude of oscillations of the ver-
tical velocity was 3 times smaller. In most cases, internal
waves were observed for 45 min (5 wave oscillations with
a period of 9min). Only once the AIW lifetime was about
4h.

1 Introduction

Atmospheric gravity waves (AGWSs) are an important fea-
ture of motions present in the atmosphere. They are respon-
sible for the transfer of additional mechanic and thermal en-
ergy, which leads to the spatial inhomogeneity and tempo-
ral variability of the wind and temperature fields. As AGWs
are destroyed, the released energy causes turbulence of the
wind and temperature fields. A detailed review of work on

this subject was carried out recently by Plougonven and
Zhang (2014) and by Sun et al. (2015).

Studies of the gravity waves are carried out with the help
of space images of the cloud fields in the visible and mi-
crowave regions (for example, German, 1985; Li et al., 2001)
and radar images of the sea surface (for example, Spiridonov
et al., 1987; Chunchuzov et al., 2000). Experimental investi-
gations of AGWs in the ionosphere from the scattering of ra-
dio waves are carried out using different methods (for exam-
ple, Benediktov et al., 1997). The first results of lidar obser-
vations of the internal gravity waves in the stratosphere and
mesosphere with the use of the Doppler Rayleigh lidar are
reported in Baumgarten et al. (2015). An airborne 2 um co-
herent Doppler wind lidar was used by Chouza et al. (2016)
to research island-induced gravity waves.

AGW observations in the lower atmosphere, in particular
in the atmospheric boundary layer (ABL), are based mostly
on fixed-point or mobile platform pressure measurements
(Roman-Cascén et al., 2015; Sun et al., 2015). For study-
ing AGW, coherent Doppler wind lidars (CDWLs) and so-
dars are used as well. Newsom and Banta (2003) and Wang
et al. (2013) applied 2 um CDWL to investigate of low-level
jet and gravity waves in the stable ABL over flat and urban
terrains, respectively. Lyulyukin et al. (2015) observed AGW
in the lower atmospheric layer (300-400 m) based on sodar
data. However, the data of lidar and sodar observations of
AGW in the ABL are few and far between.

In this paper we present the results of lidar observations
of the coastal-mountain lee waves on the coast of Lake
Baikal. Lee AIWs (or orographic waves) are one of the types
of AGWs, which arise leeward of obstacles at the stable
stratification of an incoming flow (Vel’'tishchev and Stepa-
nenko, 2006; Kozhevnikov, 1999; Makarenko and Maltseva,
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Table 1. Main parameters of the HALO Photonics Stream Line li-
dar.

Wavelength 1.5um
Pulse energy 14

Pulse duration 170 ns
Pulse repetition frequency 15kHz

Initial beam diameter (872) 5.6cm

Focus length > 300 m
Telescope diameter 8cm
Sampling frequency (length) 50 MHz (3 m)
Nyquist velocity +19.5ms™!
Minimum range 90m
Maximum range 9600 m

2011). Experimental investigations of AIWs in the atmo-
spheric boundary layer of Lake Baikal were carried out with
the use of the 1.5 um Halo Photonics CDWL Stream Line
(Pearson et al., 2009). These lidars find expanding applica-
tions in studies of ABL (O’Connor et al., 2010; Sathe and
Mann, 2012; van Dinther et al., 2015; Pischke et al., 2015;
Smalikho and Banakh, 2015a, b; Smalikho et al., 2015a, b, c;
Vakkari et al., 2015).

The processing of all data measured by the lidar and the
analysis of the processed data have revealed several cases
of formation of atmospheric internal waves for the period of
measurements. Formation of one, and often simultaneously
two, narrow jet streams at heights of the atmospheric bound-
ary layer were observed as well. In all cases, AIWs were
formed in the presence of low-level jet streams.

2 Lidar, measurement strategy and data processing

The main parameters of lidar Stream Line used in the ex-
periment on the shore of Lake Baikal are given in Table 1.
Despite the low energy of the probing pulse, relatively high
pulse repetition frequency fp allows one to use a large num-
ber of laser shots N, for the accumulation of raw lidar data
and obtain estimations of radial velocity with required accu-
racy and time resolution.

Measurement strategy of this lidar was as follows. Dur-
ing the experiment we used the conical scanning (see Fig. 1).
At a fixed elevation angle ¢ the probing laser beam was ro-
tated continuously around the vertical axis Z with the angular
speed ws = 27/ Tscan, Where Tycan 1S the duration of one full
scan, starting from the azimuth angle 6 =0° to 8 = 360°.
Then, the laser beam was stopped and after 0.3 s it began
a continuous rotation in the opposite direction to the angle
0 = 0°. After 0.3 s the cycle was repeated. The above proce-
dure was executed continuously during the experiment.

For lidar observation of the atmospheric gravity waves in
the atmospheric boundary layer, the scan time 7Ty and the
diameter of the scan cone base should be set as small as pos-
sible. The scan cone base diameter d = 2R cos¢ at the dis-
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Laser beam

Figure 1. Geometry of measurement by a pulsed coherent Doppler
lidar with the conical scanning by the laser beam.

tance R from the lidar depends on the beam elevation angle
¢. With ¢ — 90° (for decreasing the scan cone base) the er-
ror of estimation of horizontal components of the wind vec-
tor V = {V,, Vy, Vy}, where V, is the vertical component, in-
creases indefinitely due to wind turbulence and random in-
strumental errors of estimation of the radial velocity V;. The
lower the signal-to-noise ratio SNR (ratio of the mean sig-
nal power to the mean noise power for fixed range R), the
greater the increase in error. In our experiment, we set the el-
evation angle to ¢ = 60° at which the height above the lidar
was h =d.

Taking into account that the typical period of the at-
mospheric gravity wave is at least several minutes, we set
Tscan = 365s. At N; =3000 (measurement duration 7Tr,y =
No/ fp=0.25), after data preprocessing by the lidar in-
ternal PC, for one full scan we have arrays of estimates
of the radial velocity Vr(Rk, 0,) and the signal-to-noise
ratio SNR(Rk,Gm) for M = Tscan/Tray = 180 rays, where
Ry = Ro+kAR is the current range, Ry=105m, k =
0,1,2,3,..., K —1, K =63, AR =30m, 6,, is the azimuth
angle, m =1,2,3,..., M (ideally, for increasing angle 6,, =
mA6 and A6 = 2°). The range Ry corresponds to the height
above ground level (a.g.l.) hx = Ry sing. All measurement
parameters are given in Table 2.

From the array Vr(Rk, 0,») measured at ¢ = 60° and rel-
atively high SNR (when probability of a “bad” or unre-
liable estimate of the radial velocity is very small), one
can obtain an acceptable estimate of the wind vector V=
{V,, Vi, Vy}, using the fitting of S(6,,) - V, where S(6,,) =
{sing, cospcosb,,, cospsinb,}, to the array Vr(Rk,Hm) by
the least-squares method (LSM). To judge the acceptability
of this estimate, it is necessary to know the threshold SNR;
that depends, in particular, on N,.

To obtain the results represented in Sect. 3, we used the
filtered sine-wave fitting (FSWF) (Smalikho, 2003; Banakh
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Table 2. Measurement parameters.

Range gate length 30m
Number of points per range gate 10
Elevation angle 60°
Height resolution 26 m
Number of pulses for accumulation 3000
Integration time per ray 0.2s
Focus length 800 m
Velocity resolution 0.0382ms™!
Scanning speed 10051
Azimuth angle resolution 2°
Number of rays per scan 180
Duration of one scan 36s

etal., 2010, 2015; Banakh and Smalikho, 2013). This method
is based on finding the maximum of the function

M
Q(V) =" exp{— [Vi(Ri,0m) = SOn) - VI*/(207)}, (1)

m=1

where o is the filtration parameter (we set 0 =2 m s—1), that
is, max{Q(V)} = Q(f/) at each height hj sequentially. In
contrast to the LSM, the FSWF filters “good” (reliable) esti-
mates Vr(Rk, 6,,), when Vis true, at very low SNR. At high
SNR and correctly chosen o > 2m s~1, the LSM and FSWF
give similar results even in the case of strong wind turbu-
lence. From the estimate of wind velocity vector V the hor-
izontal wind velocity U and the wind direction angle 8y are
calculated.

Figure 2 shows an example of wind profiles U (hy),
Oy (hr) and \71 (hy) retrieved from data measured by the
Stream Line lidar on the shore of Lake Baikal, 25 Au-
gust 2015 at 23:15:30 LT (local time) (here and in other fig-
ures the height is above the lidar position level). For the
retrieval of wind profiles in Fig. 2 we used both LSM and
FSWF methods. The figure also shows the profile of the es-
timate of the signal-to-noise ratio obtained from the same
measurement and averaged over all the rays: SNR(hy) =

M A
M! > SNR(Ry, 6). It is seen from the figure that both
m=1
these methods give similar results, except for a layer of 600—

900 m and a layer over 1400 m. Due to the filtration of data,
the FSWF provides more smooth profiles of the wind in the
layers 600-900 and 1400-1500 m than the LSM. This proves
a greater effectiveness of the FSWF compared to the LSM.
The mean noise power is a function of the range R (Man-
ninen et al., 2016). Therefore, at very low signal-to-noise ra-
tios, the estimate SNR (/) has a systematic error (in partic-
ular, SNR can take negative values). This does not allow us
to find an adequate threshold SNR; without the special pro-
cedure of data correction (Manninen et al., 2016). To cor-
rect the measured profile SNR(/;), first we use a smoothing
cubic spline fit to all SNR(4;) < 0.015 and obtain the func-
tion SNRg (4 ) (see green squares in Fig. 2d). Then, assuming

www.atmos-meas-tech.net/9/5239/2016/

1800 1800
16001 1600
1400 1400
1200 12001
g g
.+ 1000 .+ 1000
% 500 2 5001
= o
600+ 600+
400 400-
200 200-
’ @ ®)
1 2 3 4 5 6 50 100 150 200 250 300 350

Wind velocity , m/s

‘Wind direction , deg

C
o | | _©
-1 -0.5 0 05 1
Vertial component , m s™

Figure 2. Height profiles of wind velocity (a), wind direction an-
gle (b) and vertical component the wind vector (c) retrieved from
data measured by the Stream Line lidar, using LSM (red curves)
and FSWF (blue curves); (d): height profiles of signal-to-noise ra-
tio estimates SNR (black curve), SNRg (green squares) and SNR¢
(green solid curve).

that at some heights /g, the true SNR is very close to zero,
we find the minimum of the function SNRg (/) and obtain a
corrected profile of the signal-to-noise ratio in the form:

SNRc (hx) = SNRg () — min{SNR ()} +SNRpin,  (2)

where SNR i, is the unknown true minimal SNR. We note
that in practice the heights of min{SNR (%)} and SNRyi,
can be different.

To avoid needing to determine SNRyin, we proceeded as
follows. From our measurements from the Stream Line li-
dar in Tomsk in September 2015 (focus length was 300 m;
the measurements were carried out in clear weather with-
out clouds) using the raw data (in binary files for correlation
functions of the complex lidar signal), we obtained the fol-
lowing function:

N(R) =[Pn(R) — PN1/Pn, 3)

where Pn(R) is the mean noise power as a function of range
R and Py is the noise power averaged over an interval from 1
to 3 km. An example of the function N (R) is shown in Fig. 3.
According to the figure, in the interval 1-2km the func-
tion N (R) has regular oscillations with amplitude A ~0.001
and range period L ~ 450 m (at elevation angle ¢ = 60° the
height period L sin 9—400 m).

Let us assume that SNRyyij, = 0.001. The result of calcu-
lation by Eq. (2) at SNRyj = 0.001 (—30dB) is shown in
Fig. 2d as a green solid curve. If assumption SNRy,;, = 0.001
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Figure 3. Function N (R).

is correct, then the threshold signal-to-noise ratios can be
set as SNR; =0.005 (—23dB) in the case of FSWF and
SNR; = 0.01 (—20dB) in the case of LSM. These thresh-
olds are found from the profiles shown in Fig. 2a—c and de-
picted in Fig. 2d as blue and red lines, respectively. In the
paper of Péschke at al. (2015) the authors assert that the de-
crease of the threshold SNR from 0.015 down to 0.01 would
increase the data availability by almost 40 %. It corresponds
to the LSM profiles presented in Fig. 2a—c. Since in the ex-
periments on Lake Baikal we used the FSWF for processing
the data, we could use the value SNR; = 0.005 — SNRin =
0.005—0.001 = 0.004 as the SNR threshold. Taking into ac-
count that regular oscillations of SNR of our lidar have max-
imal amplitude A ~ 0.001 (Fig. 3), upon obtaining the results
presented below, we rejected the wind estimates that do not
satisfy the following condition:

SNR; (A1) — min{SNR ()} > 0.005, @)

where information about SNRy, is not required. In colour
figures of this paper, the rejected estimates are shown in
black.

3 Observations and analysis

The measurements were conducted over 14-28 August 2015
on the western coast of Lake Baikal (51°50'47.17”N,
104°53'31.21” E) in the area of the Baikal Astrophysical
Observatory of the Institute of Solar-Terrestrial Physics SB
RAS, near the Baikal Solar Vacuum Telescope (BSVT). The
lidar was set at a minimum distance of 340 m from Baikal at
a height of 180 m above the lake level (see Fig. 4). Accord-
ing to Google Maps, the profile of the relief surface of the
earth, starting from the position of the lidar and going in a
northward direction up to 30 km, has 10 local maxima with
heights of 180-420m and the same number of minimums
with heights of 60-250m above the level of Lake Baikal.
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Due to forest fires, the atmosphere often contained greater
amounts of aerosol and, correspondingly, the lidar signal-to-
noise ratio was rather high.

Figure 5 shows the results of lidar visualisation of the wind
field during the longest observations of a gravity wave for
about 4 h starting from 12:00LT 23 August 2015. Two jet
streams were observed simultaneously at heights of about
250 and 750 ma.g.l. The direction of the first jet stream (at
height of 250 m) was from north to south and the direction of
the other one was from east to west.

Figures 6 and 7 show the vertical profiles at 14:31 LT and
temporal profiles at a height of 636.5ma.g.l. of wind taken
from data in Fig. 5. From these figures, we can clearly see
oscillations of the wind speed, direction and vertical compo-
nent in both height and time. They are especially evident dur-
ing the period from 13:30 to 15:30 LT, when the amplitude of
oscillations of the wind direction is maximal and equal to ap-
proximately 45°.

Neglecting the wind turbulence, we use the model of a
plane wave for the component of the wind velocity vector
Ve (subscript o = z for the vertical component, o« = x for the
longitudinal component and « = y for the transverse compo-
nent) in the form (Vinnichenko et al., 1973):

Vy(r,t) = < Vy > + Vo (r,1). 5)

In Eq. (5) r = {z, x, y} is the radius vector in the Cartesian
system with the coordinates of the centre at the lidar position,
t is time, < V,, > and V|, are the regular and wave addends
of the «-th component of the wind velocity, respectively.

Vo (r,1) = Ag(2) sin [ (r) — 271/ T, ] (6)

A, is the wave amplitude, v, is the wave phase and 7, is the
wave period. If the wind direction coincides with the direc-
tion of propagation of the internal gravity wave, then Ay, =0,
Yy =2mx /Ay and ¥, =2mwx /A, + /2 (Vinnichenko et al.,
1973). Here, A, is the wavelength of the wave propagating
with the speed ¢, = 1,/ T.

Models (5) and (6) were applied to the analysis of data
in Fig. 5 for a height of 766.4ma.g.l. (inside the upper
jet stream) and 47 min time interval starting from 14:20LT,
when the amplitude of wind velocity oscillations was max-
imal. From these data, with allowilnce made for the linear
trend, we found the wave addends V,, (r, t) for the three com-
ponents of the wind Velocit)L vector. In Fig. 8, the solid curve
shows the dependence of V, on t. To determine the wave
frequency f, =1/T,, we have used experimental function
V. (¢) and calculated the spectral density, which is depicted
in Fig. 9.

The obtained spectrum has a peak, from which position we
have determined the frequency f, to be equal to 0.00185 Hz.
Consequently, the wave period is T, = 9 min. Using the least-
squares fitting of model (6) for V,(¢) to the wave addend of
the wind velocity component measured by the lidar (solid
curve in Fig. 8), we have determined the phase i, and the
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Lake Baikal

Lake Baikal

Figure 4. Map of lidar wind measurements over 14-28 August 2015.
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Figure 5. Spatio-temporal distributions of the wind speed (a), the wind direction angle (b) and the vertical component of the wind vector (c)
obtained from measurements with the Stream Line lidar on 23 August 2015.
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Figure 6. Vertical profiles of the wind speed (a), the wind direction angle (b) and the vertical component of the wind vector (c) taken from
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Figure 8. Time dependence of the wave addend of the longitudi-
nal wind velocity: (solid curve) measurements by the Stream Line
lidar starting from 14:20LT on 23 August 2015 at a height of
766.4ma.g.l. (the data of Fig.5a were used); (dashed curve) result
of least-squares fitting of sine-wave dependence (6) for the wave
addend \7x () to the measured data shown by the solid curve.
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Figure 9. Normalised spectrum of the wave addend of wind velocity
calculated from the data shown by the solid curve in Fig. 8.

amplitude A,. The amplitude of wave addend for the longi-
tudinal component of the wind velocity vector turned out to
be 0.96 ms~!. The model temporal profile V, (¢) calculated
by Eq. (6) with the use of experimental values of Ay, ¥, and
T, is shown as a dashed curve in Fig. 8.

Parameters of the wave addend of the vertical wind veloc-
ity V. (¢) were found in the same way. The estimates of pe-
riods of the internal wave for the longitudinal and vertical
components coincided fully (7, = 9 min), amplitude A, =
0.3ms~! is approximately 3 times smaller than the ampli-
tude of wave addend of the longitudinal component of the
wind velocity vector and ¥, — ¥, = 7 /2. Since the amplitude
Ay # 0 (see Figs. 5b and 7b), the direction of propagation of
the internal wave did not coincide with the wind direction.

To estimate the wind turbulence strength during obser-
vation of the AIW, we used the array of radial velocities
measured from 14:20 to 15:20LT on 23 August 2015 and
retrieved a vertical profile of the turbulent energy dissipa-
tion rate ¢ in the layer 200-500 m a.g.l. using the method
described in paper by Smalikho et al. (2015c). Obtained
values ¢ are rather small and decrease with height from
3% 107> m? s~ 13 at 200 m to approximately 107> m?s~!3 at
500 m. To calculate the contribution of the turbulence into
variation of lidar estimates of the wind velocity, it is nec-
essary to know, at least, the integral scale of the longitudi-
nal wind velocity correlation Ly. Unfortunately, the measure-
ment geometry used in the experiment did not allow us to ob-
tain estimation of Ly from the measured lidar data. Due to the

www.atmos-meas-tech.net/9/5239/2016/
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signal-to-noise ratio (d) obtained from measurements of the Stream Line lidar on 14 August 2015 starting from 19:24 LT.

filtration (see Sect. 2) the instrumental error of the wind ve-
locity estimate, obtained at M = 180 and with a SNR thresh-
old 0.005 (Eq. 4), does not exceed 0.1 ms~!. In our exper-
iment for heights 7 <500 ma.g.1., it did not usually exceed
0.05ms~!. For the vertical wind component the instrumen-
tal error is approximately 3 times smaller.

Figures 5-7 illustrate the long time AIW in the case of
weak wind, when wind velocity averaged over the period T,
is 1-2.5ms™!. Figure 10a shows an example of the spatio-
temporal distribution of wind velocity, where the atmo-
spheric internal wave was observed since 05:30 LT for about
40 min and the averaged wind velocity was about 5.5ms™ .
According to the data in Fig. 10b, the period and amplitude

www.atmos-meas-tech.net/9/5239/2016/

of the wave were, respectively, 9 min and 0.9 ms~!. Two jet
streams were also observed for 5 h; one at a height of approx-
imately 200 ma.g.l. and another at a height of 500 ma.g.l.
and higher.

Figure 11 depicts the spatio-temporal distributions of wind
and the signal-to-noise ratio in the evening of 14 August
for about 45 min. Here we see one jet stream at a height
~730ma.g.l. and an atmospheric internal wave. In the layer
of 100-500 ma.g.l., the oscillations of the wind speed, di-
rection and vertical component are accompanied by periodic
variations of the signal-to-noise ratio SNR. It is known that
SNR is proportlonal to the attenuated backscatter coefficient

ﬂﬂ = Brexp[—2 fo dR' B,(R")], where B, is the backscatter

Atmos. Meas. Tech., 9, 5239-5248, 2016
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coefficient at range R and g, is the radiation extinction coef-
ficient due to absorption and scattering by air molecules and
aerosol particles. For range R < 250 m, the effect of turbulent
pulsations of the refractive index of air on the intensity of the
laser beam focused at a distance of 800 m (see Table 2) can
be neglected. Therefore, for such ranges, the SNR also does
not depend on turbulent pulsations of the refractive index.
We used the data of Fig. 11d for a height of 220.8 m ag.l. and
calculated the relative variations of the attenuated backscatter
coefficient n(t) = [Br (t)— < Br>T1]/ < Eﬂ >7 as

n(t) = [SNR(t)— < SNR>7]/ < SNR>7, 7

where the operator < ...>r denotes the time averaging for
the period of 45 min.

Since the SNR oscillates within the height (a.g.l.) range
100500 m in Fig. 11d, it is evident, that the backscatter
coefficient §; should vary with time too. These attenuated
backscatter coefficient (SNR) variations can be caused by os-
cillations of the vertical component of the wind velocity vec-
tor, with a relatively high amplitude. To test it, we compared
V. (t) with n(z).

Figure 12 shows the temporal profiles V,(¢) and n(z) ob-
tained from the data depicted in Fig. 11 for a height of
220.8 ma.g.l. From the analysis of the curve in Fig. 12a, it
follows that the period of oscillations T;, of the vertical com-
ponent of wind velocity is 6.5 min. The same period of os-
cillations is also observed for other components of the wind
vector, with a phase that is shifted by 90° about the phase of
V. (t). According to Fig. 12b, n(¢) is characterised not only
by periodic variations with time, but also by non-stationarity
within the considered time interval. It follows from the rough
estimates that the period of oscillations of the backscatter co-
efficient is close to T, = 6.5 min,~while the phase is shifted
by 90 degrees about the phase of V_(¢).

In addition to these three cases of AIW occurrence, we
succeeded in observing this phenomena 3 times more for the
period of measurements. Thus, on 25 August before dawn
(04:30-05:06 LT), two jet streams and AIW with the period
T, =9 min and the amplitude A, ~ Ims~!ata height of
402.7ma.g.l. were observed in the atmospheric boundary
layer. The next day (26 August 2015), the internal wave with
the period T, ~ 18 min and the amplitude A, ~0.7ms™!
at the same height 402.7ma.g.l., passed from 16:22 to
19:00 LT. On the same day, the AIW with the halved pe-
riod (7, ~ 9min) and the amplitude A, =~ 0.4ms~! at the
height 402.7ma.g.l. was observed 50 min later from 19:50
to 20:35LT.

4 Summary

Thus, the results of the experimental campaign in the coastal
zone of Lake Baikal on August 2015 show that the raw data
from measurements by the Stream Line lidar allow us to vi-
sualise the spatio-temporal structure of the wind field in the
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Figure 12. Time dependence of the vertical component of the wind

vector (a) and relative variations of the attenuated backscatter coef-

ficient (b) obtained from the data depicted in Fig. 11c, d at a height

of 220.8 ma.g.l.

atmospheric boundary layer and reveal the presence of low-
level jet streams and atmospheric internal waves. The distin-
guishing feature of the atmospheric conditions of the Lake
Baikal is the occurrence of the stable thermal stratification in
the ABL during the daytime. The low-level jet streams were
observed during day and night while none of the AIWs events
were observed at night-time.

A total of six cases of AIW formation have been revealed,
which always occurred in the presence of one or two (in
five out of six cases) narrow jet streams at heights of about
200 and 700 m a.g.l. When two jet streams were formed, the
period of oscillations of the wave addend of the wind vec-
tor components was 9min. In only one case it was about
18 min. In the presence of a single jet stream (at a height
of 730 ma.g.l.), the period of oscillations of the wind vector
components during AIW was about 6.5 min. The amplitude
of oscillations of the horizontal wind components was most
often about 1 ms~!, while the amplitude of oscillations of
the vertical velocity was 3 times smaller. In most cases, the
internal waves were observed for 45 min (5 oscillations with
the period 7, = 9 min). Only once the lifetime of the atmo-
spheric internal wave was about 4 h.

5 Data availability

All the data presented in this study are available from the
authors upon request.
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