
18

ISSN 1024-8560, Atmospheric and Oceanic Optics, 2017, Vol. 30, No. 1, pp. 18–32. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © G.P. Kokhanenko, Yu.S. Balin, M.G. Klemasheva, I.E. Penner, S.V. Samoilova, S.A. Terpugova, V.A. Banakh, I.N. Smalikho, A.V. Falits,
T.M. Rasskazchikova, P.N. Antokhin, M.Yu. Arshinov, B.D. Belan, S.B. Belan, 2017, published in Optika Atmosfery i Okeana.

Structure of Aerosol Fields of the Atmospheric Boundary Layer 
according to Aerosol and Doppler Lidar Data During Passage

of Atmospheric Fronts
G. P. Kokhanenko*, Yu. S. Balin, M. G. Klemasheva, I. E. Penner, S. V. Samoilova,
S. A. Terpugova, V. A. Banakh, I. N. Smalikho, A. V. Falits, T. M. Rasskazchikova,

P. N. Antokhin, M. Yu. Arshinov, B. D. Belan, and S. B. Belan
V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, Tomsk, 634055 Russia

*e-mail: kokh@iao.ru
Received February 29, 2016

Abstract⎯The paper presents the results of complex observations of the atmospheric boundary layer dynam-
ics performed at the Fonovaya Observatory of the Institute of Atmospheric Optics, Siberian Branch, Russian
Academy of Sciences, in September 2013, with the use of remote sensing facilities, i.e., aerosol and Doppler
lidars. The structure of aerosol and wind fields in the period of occurrence of internal buoyancy waves and
low-level jet streams in the boundary layer is considered.
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INTRODUCTION
Atmospheric studies especially concentrate on the

planetary (or atmospheric) boundary layer (ABL),
adjoining the Earth’s surface and directly experiencing
its effects [1, 2]. The atmospheric dynamics inside the
ABL is caused not only by interaction of moving atmo-
spheric masses with an inhomogeneous surface, but
also by diurnal cycles, associated with daytime heating
of the surface and development of convective mixing.
Change of air masses determines the sizes of the atmo-
spheric inhomogeneities spanning from a few to several
tens of kilometers corresponding to the mesoscale. In
classic textbooks [1–4], as well as in most works in
which lidar methods were used to study the structure of
the boundary layer [5–9], it was assumed that the
structure of the atmosphere on smaller scales
(microscales measuring from one hundred meters to a
kilometer) is determined by random turbulent mixing.
This is also true for convective flow, considered as a set
of eddies with the scale of the order of the ABL height,
growing with surface warming [9–11].

However, inside the ABL on microscales, there are
also regular structures with the formation mechanism
associated with buoyancy waves (or, in other words,
internal gravity waves, IGWs). These waves are one of
the most general phenomena observed in the atmo-
sphere [12]. The IGW structures on different scales
(from hundreds of meters to kilometers) may have
periods from minutes to hours [13, 14]. They are regu-
larly observed in acoustic [14–16] and laser [5, 17–20]

sensing within the ABL. These waves may serve a
manifestation of dynamical instability of the atmo-
sphere, produced by strong vertical wind shear on the
boundary of the stable layer, and may propagate along
this boundary. The necessary condition for IGW
occurrence is a shear in wind speed and direction at
the boundary of the stable layer.

Micro- and mesoscale phenomena are invariably
manifested in the structure of aerosol fields as well. In
many cases, aerosol can be considered as a passive
tracer, totally entrained by horizontal and vertical
f lows. Aerosol lidars (lidars that record only elastic
backscattering at unshifted wavelengths) allow the
observer to trace the structures of aerosol distribution
in the ABL (and above), because the signal is adjusted
to the square of the distance and is proportional to the
aerosol backscattering coefficient βπ. If the aerosol
microstructure remains constant during the experi-
ment, βπ can be considered to be proportional to aero-
sol volume concentration. Therefore, the lidar-
observed structure of the aerosol field can be used to
visualize the atmospheric stratification and different
atmospheric motions.

IGW observations make it possible to detect devia-
tions from atmospheric stratification, generally stable,
and, as such, are an important subject of research.
A detailed study of the vertical structure of IGW had
first been possible with the advent of radars, followed
by acoustic and laser radars. It is noteworthy that most
valuable results are provided by complex observations,
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accompanied by acquisition of information on atmo-
spheric meteorological parameters, such as tempera-
ture and wind speed and direction at the time of
occurrence of microscale atmospheric structures. In
this regard, a large volume of information is produced
by Doppler lidars measuring the velocity of aerosol
particles [9, 21, 22].

The purpose of this work was to study the processes
determining the structure of the aerosol field during
passage of IGWs, caused by wind shear at the ABL
boundary during passage of an atmospheric front. In
the paper, we present measurements of diurnal
dynamics of the vertical structure of the ABL by the
example of observations on September 25, 2013, when
three atmospheric fronts had passed through the
observation point during the day. Studies were per-
formed in the framework of the complex experiment,
conducted every year at the Fonovaya Observatory of
the Institute of Atmospheric Optics, Siberian Branch,
Russian Academy of Sciences [23, 24] in Tomsk (near
Akademgorodok). The observations (the structure of
aerosol layers and wind speed and direction) were
based on remote sensing data, obtained with aerosol
and Doppler lidars. The vertical profiles of meteoro-
logical parameters were measured by launching bal-
loon-sondes, an ultrasonic meteorological station
used in ground-based observations. We used the data
on the vertical component of the wind velocity in the
ABL, obtained using acoustic radar. See section 1 for
a more detailed description of the instrumentation.
The general structure of the data obtained, including
the synoptic situation on the day of observations, is
presented in section 2. Section 3 analyzes episodes
associated with the occurrence of IGWs in the bound-
ary layer.

1. INSTRUMENTATION AND METHODS 
OF STUDY

1.1. Aerosol Lidar

The aerosol stratification was studied using multi-
wavelength aerosol-Raman lidar “LOZA-S”, described
in [25, 26]. In this study, we used only the channel of
elastic scattering at a wavelength of 1064 nm, because
molecular scattering contribution is negligibly small in
the IR range and there is a large contrast of aerosol
structures.

The lidar is based on a Nd:YAG laser LS-2137U of
LOTI TII firm and a mirror Cassegrain receiving tele-
scope with diameter of 300 mm.

The main parameters of the “LOZA-S” lidar are as
follows.

Energy per pulse at 1064 nm 700 mJ
Pulse duration 10–12 ns
Pulse repetition rate 10 Hz
Divergence 0.2 mrad

Data after digitization were smoothed using 3.2 s
temporal and 12 m spatial averaging. The lidar com-
prises two telescopes for alternate signal reception
from near-field (from 20 to 1000 m) and far-field
(from 600 m and farther) zones. In processing, sig-
nals are sewn at the level of 800–900 m, making it
possible to cover a large dynamic variability range of
lidar signals in atmospheric sensing. The geometrical
function of the near-field receiver is taken into
account in signal processing in the range of minimal
heights from 40 to 100 m. The method was consid-
ered in more detail in work [26]. In the figures, pre-
sented in this paper, the structure of the aerosol field is
represented using the range-squared-corrected lidar
signal, expressed (on conventional color scale) in units
of the backscattering ratio, i.e., the ratio of the total
(aerosol  plus molecular ) backscattering to molec-
ular backscattering:  Of course,
the extinction coefficient of aerosol medium cannot
be determined from measurements at a single wave-
length. Therefore, the retrieved ratio Rbs does not
account for the attenuation of scattered light in the
atmosphere, and the quantitative value of attenuation is
inaccurate (this is the so-called attenuated backscatter-
ing ratio). The Rbs calibration was performed using the
lidar return from the height H* = 5–7 km, where a min-
imum of aerosol concentration is usually observed; for
this, we assumed that Rbs(H*) = 1.1 ± 0.4 [27].

1.2. Doppler Lidar
In the experiment, we employed the pulsed coher-

ent Doppler lidar Stream Line (developed and manu-
factured by HALO Photonics [28]). In measurements
with this lidar, we used conical scanning by sensing
beam, which allowed us to obtain information on wind
speed and direction from initial lidar data. The eleva-
tion angle (i.e., minimal angle between horizontal
plane at the lidar level and sensing beam axis) was
specified to be 45°. One full conical scanning (with the
azimuth angle varying from 0 to 360°) was performed
for about 5 min. It is noteworthy that the position of
the sensing beam axis was fixed every 3° and a coher-
ent reception of lidar return was performed for 1 s by
accumulating data obtained during this time interval
(according to parameters, presented below, 15000 sens-
ing pulses sent into the atmosphere were used for the
accumulation). The accumulated data with a step of
30 m in range (21.2 m in altitude) were used to esti-

Diameter of main telescope 300 mm
Focal length 1500 mm
Diameter of near-field telescope 40 mm
Focal length 200 mm
Field of view of telescopes 0.8–1 mrad
Sampling rate 25 MHz
ADC capacity 12

πβa
πβm

π π π= β + β βbs ( ) .a m mR
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mate the radial velocity (projection of wind velocity
onto sensing beam axis). With 3° resolution in azimuth
angle, one full conical scanning resulted in 120 alti-
tude profiles of radial velocity estimates. Therefore,
total time required to receive the lidar return was
2 min, and about 3 min was spent to change the position
of the sensing beam axis (when no reception was per-
formed). The above-described sensing procedure was
sequentially applied in a continuous mode from 08:00
to 23:00 Local Time (LT) on September 25, 2013.

The main parameters of Stream Line lidar are as
follows.

Analysis of radial velocity datasets, obtained in this
experiment, showed that the radial velocity estimates
are unbiased up to a height of about 600 m, and that the
standard procedure of the least-squares method (the
so-called sine wave fitting) can be applied to these
velocity estimates to obtain information about wind
speed and direction. However, above the 600-m level,
owing to a very low signal-to-noise ratio, the probabil-
ity of a bad radial velocity estimate (an estimate, which
may take any values within receiver passband, indepen-
dent of the true radial wind velocity) becomes nonzero.
Therefore, the altitude profiles of wind speed and
direction were retrieved applying the method of filtered
sine wave fitting [29, 30], capable of minimizing the
effect of bad estimates on the final result. The applica-
tion of this method had made it possible to increase the
maximal height of wind profile retrievals by 30% as
compared to the standard processing procedure.

The “LOZA-S” and Stream Line lidars were
installed on the roof of building of the Institute of
Atmospheric Optics (15 m above the ground) 40 m
apart. It should be remembered that, when Doppler
lidar operates in conical scanning mode with the angle
45°, it averages the obtained data over a large scatter-
ing volume, the horizontal extent of which is compa-
rable to the sensing altitude. Therefore, the retrieved
values of horizontal wind speed and direction are
markedly smoothed out and the fine temporal struc-
ture of inhomogeneities (on the scales of the period of
internal waves) is not processed at high altitudes.

The RS92-SGP Vaisala radiosondes were used to
obtain information about the altitude profiles of mete-

Wavelength 1500 nm
Energy per pulse 14 μJ
Pulse duration 170 ns
Pulse repetition rate 15 kHz
Telescope diameter 75 mm
Beam radius at telescope exit 20 mm
Focal length ≥300 m
Minimal measurement range 100 m
Maximal measurement range 500–2000 m
Receiver passband 50 MHz

orological parameters [31]. Helium-filled balloons for
radio sensing were launched from the ground near the
Lidar Station of the Institute of Atmospheric Optics,
at approximately 430 m from the location of the lidars.
Sondes were launched every 6 h and ascended at a
speed of about 5 m/s. In addition, ultrasonic meteoro-
logical station “Meteo-2”, developed in the Institute
of Atmospheric Optics, Siberian Branch, Russian
Academy of Sciences, was used to measure the meteo-
rological parameters at the location of the radars [32].

2. GENERAL PATTERN OF OBSERVATIONS 
ON SEPTEMBER 25

The state of the atmosphere in the period of obser-
vations will be analyzed using a continuous (from
03:00 to 24:00 LT) record of aerosol (Fig. 1а) and
Doppler (Fig. 2) lidars, data of synoptic analysis at the
500-mbar level (Fig. 3) and at the near-ground level
(Fig. 4), and maps of back trajectories (Fig. 5), calcu-
lated according to HYSPLIT model [33, 34]. The
radiosonde-derived vertical profiles of wind direction
for the study period are presented in Fig. 6. Data of
measurements from the ultrasonic meteorological sta-
tion at lidar height are presented in Fig. 1b (tempera-
ture T and pressure P) and Fig. 1c (wind speed V and
direction D). The pressure decreases in the first half-
day and increases in the second. Wind is moderate and
slowly changes from south to north during observa-
tions. The temperature behaves in accordance with the
diurnal cycle and peaks at 15:00 LT; accordingly, the
relative humidity changes in antiphase in the range
from 70% in the morning to 30% at noon (not shown
in the figure). In lidar data (Fig. 1а) we discern a grad-
ual lowering of the tropopause height (upper bound-
ary of cirrus clouds) from 12500 to 12 000 m. The ABL
height is about 1600–1700 m. By 06:00 LT (morning
cooling), two separate layers also appear at heights of
about 300 and 500 m in addition to a pronounced
near-ground layer (150–200 m).

A fragment of the synoptic chart for the 500-mbar
level at 06:00 LT (UTC + 6) is presented in Fig. 3.
Before the measurement session, considered here, the
atmospheric sensing site (indicated by a triangle in
Fig. 3) was located in the peripheral zone of the ridge
of a vast Asian anticyclone. All layers in the free tropo-
sphere throughout Western Siberia were encompassed
by near-western air mass transport, confirmed by data
of aerologic sensing at World Meteorological Organi-
zation (WMO) stations in Novosibirsk and Kolpa-
shevo, as well as by local radiosonde launches (Fig. 6).

From the ring chart for 09:00 LT (03:00 UTC,
Fig. 4а) it can be seen that a tropical occluded front
passed through Tomsk at that time; this front was
poorly defined because a ridge was present in the tro-
posphere over the study region. The air masses within
the boundary layer were transported predominately
from a south-south-west direction, which changed to
the western direction as the height increased up to the
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Fig. 1. Vertical structure of aerosol field on September 25, 2013: (а) lidar return at a wavelength of 1064 nm on color scale of back-
scattering ratio Rbs; and data from meteorological station: (b) temperature T and pressure P; (c) wind speed V and direction D.
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level of the free atmosphere (Fig. 6). The wind speeds
were minor and stayed within 1–2 m/s; and almost
full calm occurred by midday on September 25 (see
Fig. 1c), when the region of sensing had been in the col
of the pressure systems with unstable and poorly
defined frontal divides between western and eastern
cyclones and the Arctic and southern anticyclones.

From Fig. 1a (lidar data) it can be seen that the
passage of an occluded front is characterized by a
rapid descent (starting from 05:00 LT) of cloud layers
from the level of cirrus clouds (10 000 m) to a height
of 3500 m by 09:00 LT, followed by the occurrence of
residual aerosol structures (fog or over-wetted aero-
sol), merging with near-ground layers (500 m) by
10:00 LT. During rapid descent of the cloud layer in
the interval 07:00–08:00 LT there occur pronounced
pressure variations within ±0.5 torr with a period of
20 min, accompanied by synchronous oscillations of
the height of near-ground layers with an amplitude
of ± 50 m. At 08:00 LT, high-frequency IGWs with
periods of about 3-5 min occur at the levels of 300-
and 500-m stable layers.

Two more fronts passed through the observation
point from noon to the morning of the next day. On
the ring chart for 03:00 LT on September 26 (Fig. 4b)
the polar front is now southward of Tomsk, and the
next Arctic front approaches the city. The temperature
of near-ground layers on the rear of cold (first polar
and then Arctic) fronts decreased in less than a day by
20°: from +22°С at 15:00 LT to +2°С in morning of
September 26. It was raining on September 26. During
passage of the polar front, the descent of clouds for the
second time in the day was apparent in the lidar signal
after noon (Fig. 1а) against a background of increasing
pressure. Clouds become stable at heights of 3000–
3500 m. Simultaneously, an increase in wind speed to
3–4 m/s and a change to a northerly wind regime
became apparent by 00:00 LT on September 26 (see
Fig. 1c).

A change in the direction of air mass transport
during the day at different heights is clearly seen from
analysis of back trajectories (Fig. 5, calculated accord-
ing to HYSPLIT model). Five trajectories are presented
in this figure for each level (3000, 1000, and 400 m) with
an interval of 4 h, starting from 08:00 UTC (14:00 LT).
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Whereas almost no change in transport direction occurs

for the level of the free atmosphere (3000 m, Fig. 5а),

a change from western transport at midday to northern

transport toward night is apparent for the level of

1000 m (Fig. 5b). There is a change to the opposite

direction of arrival of air masses during the day in the

near-ground layers (400 m, Fig. 5c); at the same time,

we clearly see that cold Arctic air masses descended

(Fig. 5c, lower panel) from the free atmosphere to the

boundary layer, which had led to a decrease in the

Fig. 3. Synoptic chart at 500-mbar level for 06:00 LT on September 25, 2013.
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Fig. 2. Simultaneous record of (а) aerosol lidar return and Doppler lidar data: (b) wind speed V and (c) direction D.
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near-ground temperature. A change in the wind

during the day is also clearly seen from radiosonde

measurements (Fig. 6). A change in the wind direction

encompasses only lower 1000–1500 m (ABL height),

whereas changes in the overlying layer are minor. As a

result, a wind shear occurs at the boundary between

the ABL and the free troposphere at morning (before

08:00 LT) and evening (after 18:00 LT) hours. From

lidar data, it can be seen that internal waves in the
atmospheric boundary layer occur at approximately
20:00 LT.

Figure 2 compares data of aerosol and Doppler
lidars for the period from 08:00 to 23:00 LT for the
lower 1-km atmospheric layer. Standard meteorologi-
cal conditions in the boundary (Ekman) layer are
characterized by increasing wind speed with height

Fig. 4. Ring chart (near-ground analysis) for (а) September 25, 2013, at 09:00 LT (03:00 UTC) and (b) September 26, 2013, at
03:00 LT (21:00 UTC).
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and a slow veering to the right until coincidence with
the geostrophic wind direction [1, 4]. In the given
case, the wind shows a more complex pattern, starting
to correspond to the above-indicated rule only at mid-
day. In the morning hours (08:00–11:00 LT) at heights
of 300–400 m, there is a clearly discernible jet stream,
characterized by elevated (to over 14 m/s) wind speed
and wind direction turned to the right relative to the
underlying layers. Another, more vertically extensive
jet stream occurs after 20:00 LT at heights of about
400 m. These time periods, as already indicated above,
are associated with a frontal passage and change in wind
direction in the boundary layer, accompanied by occur-
rence of internal waves inside and at the boundary of the
ABL. In the next section, we will consider the two time
intervals in more detail, employing data on atmospheric
stratification and wind profile in the ABL.

3. STRUCTURE OF ATMOSPHERIC LAYERS 
IN THE PERIOD OF IGW PASSAGE

3.1. Morning Hours on September 25

Figure 7 shows data of Vaisala radiosonde sensing
in the layer up to 1400 m; the balloon was launched at
08:30 LT. In Fig. 8, for the same layer, we compare
data of aerosol lidar and wind speed and direction,
retrieved from the data of the Doppler lidar.

Temperature gradients in the ABL are clearly
apparent, with inversions at heights of 150, 300, and
500 m. Local maxima of Väisälä frequency correspond
to these boundaries, between which there is near-
indifferent stratification. The relative humidity also
markedly differs between the near-ground layer (0–
150 m) and the layer of 150–300 m, and then decreases
even more strongly up to the boundary of the 500-m
layer. Wind speed reaches a maximum at a height of

300 m, while the wind veers through maximal angle (at
400 m) between two aerosol layers. As already indi-
cated above (see Fig. 1), around 08:30 LT there were
oscillations of near-ground pressure within the range
±0.5 torr with a period of 20 min, accompanied by
synchronous oscillations of the height of the mixing
layer (500 ± 50) m. From Fig. 8b, it can be seen that at
this time the wind speed at the upper boundary of the
300-m layer “strikingly” increases to over 16 m/s.
Simultaneously, the jet stream appears at a height of
400 m (at the level between two aerosol layers with the
upper boundaries at 300 and 500 m), characterized by
wind veering through 70° to the right relative to the
near-ground layer, and return veering through 50° to
the left above this layer. This instability leads to occur-
rence of high-frequency IGWs, discernible in the aero-
sol record at the boundaries of the 300- and 500-m lay-
ers. By 09:30 LT, signatures of the near-ground layer
(0–150 m) disappear, and oscillations fill all the
300-m mixing layer. Oscillations at the boundary of
the 500-m layer exist with the same period and phase,
and their effect is traced up to the height of the upper
boundary of the intercepting layer at 700 m.

The jet stream exists between two layers until
10:40 LT, and then it breaks down under the impact
of descending aerosol (or fog?) layers; accordingly,
waves also decay, first in the 500-m layer and then
below.

The oscillations are quite synchronous at the
boundaries of the 300- and 500-m layers. The period
of oscillations is about 3 min, the correlation coeffi-
cient between the heights of the waves (determined
according to the maximum of backscattering gradient)
on a 40-minute time interval of 9:50–10:30 LT (more
detailed fragment of lidar record is presented in Fig. 9)
is 0.4 for a zero lag of the cross-correlation function.
However, the aerosol layers differ in shape. At a height

Fig. 5. Map of back trajectories for September 25, 2013, at heights of (а) 3000, (b) 1000, and (c) 400 m.
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of 500 m, we clearly see the boundary of the layer,
identified from increased backscattering and oscillat-
ing with an amplitude of 100–150 m. There is no oscil-
lating boundary at a height of 300 m. Instead, there are
periodic vertical structures with increased backscatter-
ing (“columns”) in phase with the maxima of the wave
height and gaps (with decreased backscattering), reach-
ing the near-ground level. Backscattering increases in
“columns” by 13–14%. Similar “columns” can also be
seen in the mixing layer above the 500-m boundary
(this layer gradually grows and reaches the height of
720 m by 10:20 LT); however, the backscattering
increases by no more than 7–8% in this region. These
structures may originate from alternating upward and
downward air motions, encompassing simultaneously
the entire mixing layer. To identify these motions, it is
useful to consider data on the vertical component of the
wind velocity during measurements.

In our experiment, data on vertical wind, obtained
with Doppler lidar, had insufficient accuracy and low
time resolution in view of the chosen operation mode,
with lidar circumscribing a wide cone with a period of
5 min. Therefore, we used the vertical component of
the wind velocity, measured with the Doppler sodar
“Volna-4”. Information on sodar can be found in
[35, 36]. The sodar was located near “LOZA-S” lidar
at a distance of 10 m; therefore, the volumes, sensed by
lidar and sodar, can be considered almost coincident.

Figure 9, on a large scale, presents the lidar record,
on which we superimposed the sodar-measured vertical
component of wind velocity w (m/s). The figure is bor-
rowed with permission from the author [37], using data
previously published in [38]. The w(t) data are averaged
over altitudes of the layers indicated in the figure. The
wind speed increases with the height of the layer and,
most important for our consideration, the upward
motion changes to downward motion simultaneously
throughout the height of the mixing layer. We should
note that the maxima of the vertical wind and wave
maxima at the boundary of the mixing layer are sub-
stantially (by about 1 min) separated in time. Similar
mismatches in acoustic measurements were also
observed before [14, 39] for reasons unclear to the
authors yet.

The origin of the observed “columns” in zones of
updrafts and downdrafts can probably be explained by
the well-known dependence of the aerosol scattering
coefficient on relative air humidity. The hygroscopic-
ity of particulate material under the background con-
tinental atmospheric conditions is known to cause
moisture uptake by the particulate material. In most
cases, changes in the scattering coefficient can be
described by simple empirical dependence of the scat-
tering coefficient μ on the relative humidity f, sug-
gested in works of Kasten [40] and Hanel [41]:

, where μd is the scattering coefficient

caused by the dry base of particles; and γ is the param-
eter of condensation activity, which determines the

γμ = μ –

d(1 – )f

dynamics of the optical characteristic as a function of
humidity. As the relative humidity increases to a cer-

tain (critical) value , a phase transition takes place,
and the particle is converted to saturated salt solution,
leading to a rapid spontaneous growth of particle size

[42–44]. A specific  value at the critical point may
change from 15 to 81%, depending on aerosol chemi-
cal composition [45].

The systematic studies of the condensation activ-
ity on the territory of western Siberia [46–48] show
that the most probable value of the critical relative

humidity  is 70%, and that the phase transition
outside the range of 55–80% is very rare occurrence.

At this  value, the scattering coefficient μ may
increase by 30–70%.

The signal, recorded by laser radar (lidar), is deter-

mined by the backscattering coefficient ,

where L is called the lidar ratio. For a typical atmo-
spheric aerosol, observed by different authors, the
L values lie in the range 20–80 sr [49]. Like the scat-

*f

*f

*f

*f

πβ = μ L

Fig. 6. Changes in the vertical profile of wind direction D
during September 24–25, 2013, from radiosonde data
(local time).
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tering coefficient μ, the lidar ratio depends on particle
size and refractive index of the particulate material,
and varies with changes in relative humidity. Calcula-
tions [50] and direct measurements [51–53] show that
the lidar ratio in many cases either does not depend on
the relative humidity [54], or grows more slowly than
the scattering coefficient [55, 56]. As a result, the
above-mentioned works lead us to conclude that back-
scattering grows (more or less rapid) with increasing
humidity. This behavior is indirectly confirmed by
numerous lidar observations of the atmospheric
boundary layer, which show a strong correlation
between water vapor content (expressed via both rela-
tive and specific humidities) and the backscattered
signal [21, 24, 30, 54–57]. This effect is especially
apparent in observations of thermals in the convective
mixing layer [6, 8, 11]: turbulent mixing leads to a
gradual air ascent, the relative humidity grows due to
adiabatic expansion, and tops of thermals exhibit
much larger backscattering than near-ground layers.

Our pattern differs from the usual behavior of the
convective boundary layer in that all the layer is
affected by a passing IGW. This effect is superposed

on turbulent mixing, causing a simultaneous ascent of
the layer throughout the height, suggesting that adia-
batic cooling and increase in relative humidity take
place in the entire layer during air ascent.

The relative humidity , where e is the

partial pressure of water vapor and E(T) is the satura-
tion pressure at temperature T. During adiabatic
expansion, e decreases proportionally to the atmo-
spheric pressure P in accordance with the adiabatic

equation  [4], with temperature T
during air ascent to the height Н decreasing accord-

ing to the linear dependence  (γa =

0.98 °С/100 m is the adiabatic gradient). The satura-
tion pressure E can be calculated from formula [58]:

E(T) =  where T is

in °С.

The calculation from the formulas above gives an
increase in the relative humidity at an initial tempera-
ture of 10°С (which is the temperature in the morning
hours, see Fig. 1b) by 5.5% during ascent by 100 m,
which is the average IGW amplitude in the 500-m
layer. At an initial humidity of 60%, the scattering

= ( )f e E T

= 0.286

0 ( )T T P P

= − γaT T H

[ ]+6.112 exp 17.62 (243.12 ) ,T T

Fig. 7. Radiosonde sensing data (balloon launched at 08:30 LT): (а) wind speed V and direction D; (b) relative humidity f and

water vapor mixing ratio r; (c) temperature T and virtual potential temperature ΘV; (d) Väisälä frequency  1/s2;

(e) fragment of aerosol lidar record (time and Rbs scales are as in Fig. 8).
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coefficient in this case (considering the fact that the

probable value of the parameter γ for midlatitude air

masses is γ = 0.4 [48]) will increase by 4%, less than

observed in our measurements. Undoubtedly, an

important role in our case is played by phase transition

in the particulate material, very probable at a relative

humidity of 60% in the lower mixing layer, so that

backscattering increases by 10–13% in updrafts. In the

upper layer at 500–700 m, the relative humidity is

lower (20%), the phase transition at this humidity rare

occurs, explaining why scattering in columns increases

more weakly, by about 5–7%.

3.2. Atmospheric Dynamics during Evening 
of September 25

The situation in the period 21:00–00:00 LT is shown
in Figs. 10 and 11, where data are presented similarly to
Figs. 7 and 8. Figure 10 presents data of Vaisala radio-
sonde sensing in the layer up to 2500 m; the balloon was
launched at 22:30 LT. The lidar record reveals a few
aerosol layers, the boundaries of which coincide with

local maxima of frequency N2. These layers are difficult
to discern on the potential-temperature profile. A max-
imum wind speed is observed at a height of 200 m (the
lowest mixing layer), as well as veering of wind direction

Fig. 8. (а) Record of aerosol lidar returns on Rbs scale and (b) wind speed and (c) direction, retrieved from Doppler lidar data.
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Fig. 9. Fragment of aerosol lidar record, with superimposed vertical component of wind velocity w (m/s), measured with sodar at
different heights.
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Fig. 10. Radiosonde sensing data (balloon launched at 22:30 LT): (а) wind speed V and direction D; (b) relative humidity f and

water vapor mixing ratio r; (c) temperature T and virtual potential temperature ΘV; (d) Väisälä frequency  1/s2;

(e) fragment of aerosol lidar record.
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to the left at heights from 500 to 1300 m (upper bound-
ary of the ABL).

The water vapor is quite uniformly mixed inside
the ABL (see the profile of the mixing ratio r(H) in

Fig. 10b); however, the profile of the relative humidity

f(H) exhibits minor maxima (such as at heights of 350,

500, and 1200 m), obviously associated with tempera-

ture drops. This, in turn, leads to minor increases of
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backscattering at the upper boundaries of the mixing
layers, whereby separate layers on the record of aerosol
lidar returns are easily discernible (Figs. 10e and 11а).
Data of the Doppler lidar (Figs. 11b, 11c) show the
presence of jet stream at heights of 300–400 m. The
wind speed exceeds 12 m/s in this height interval and
decreases to 3 m/s at a height of 900 m. Wind veering
to the right relative to the near-ground layer (Fig. 11c)
occurs at 22:00 LT, somewhat later than the increase
in stream speed; and the wind again veers to the left in
overlying layers. This shear of wind speed and direc-
tion in the presence of a few stable layers leads to the
occurrence of IGWs through the entire ABL depth,
starting from the height of the near-ground layer (150 m

at 22:00 LT) to the ABL upper boundary at 1600 m.
The most pronounced IGW at 22:10 reaches the
amplitude of 200 m and is traced without phase shift
up to the aerosol layer at height of 1800 m. At 23:00 LT,
the wind speed shear in the jet stream decreases, lead-
ing to the elimination of conditions favoring the exis-
tence of buoyancy waves and to decay of oscillations at
the boundary of the ABL and inside it.

CONCLUSIONS

We presented the results of the complex observa-
tions of the atmospheric boundary layer dynamics
using remote sensing facilities. Data on scattering

Fig. 11. (а) Aerosol lidar record and (b) wind speed and (c) direction, retrieved from Doppler lidar data.
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properties of the atmosphere, meteorological parame-
ters, wind speed and direction, obtained simultane-
ously at different heights with a good time resolution
made it possible to comprehensively study the atmo-
spheric boundary layer structure and dynamics, com-
pare the distribution of aerosol layers with data on
temperature stratification of the atmosphere, on shear
of wind speed and direction at the boundary of stable
layers inside ABL, and, in particular, to trace the pro-
cess of occurrence of internal waves at the boundary of
mixing layers.

Two episodes of internal buoyancy waves in the
atmospheric boundary layer, presented here, are asso-
ciated with the passage of a few (tropical and polar)
atmospheric fronts through the observation point
during the day. It is shown that the reason for IGW ori-
gin and persistence had been the occurrence of a low-
level jet stream at the boundary of the mixing layer,
accompanied by a shear of wind speed and direction.
In the morning episode, the synchronous oscillations
of the levels of stable layers in the IGW field with a
period of about 3 min are traced from the near-ground
layer to a height of 700–750 m. In the evening, the jet
stream at heights of 300–400 m gave rise to slower
waves, encompassing the layer 1800 m in height.

The aerosol layers with enhanced backscattering,
present in the ABL, are well explained by specific fea-
tures of temperature stratification of the atmosphere.
At the same time, under the conditions of IGW pas-
sage, the structure of lidar-observed aerosol backscat-
tering markedly differs from the pattern of well-mixed
turbulent convective layer. Usually, the turbulent
flows lead to a complete mixing in the lower part of the
convective layer, and only tops of thermals exhibit an
elevated backscattering. In the case of IGW passage,
air simultaneously ascends through the entire height of
the mixing layer, relative humidity increases through
the entire ABL height as a result of adiabatic expan-
sion of air masses during upward motion, and, there-
fore, increases aerosol backscattering. The fact that
relative humidity plays quite an important role in the
lower mixing layer leads to exceeding the “critical
point” of phase transition in the particulate material,
explaining why backscattering increases much more
strongly (by 10–13%) in the lower layer than in the
upper layer above 500 m, where the relative humidity
is low and the phase transition has low probability. On
the aerosol lidar record, this looks like the appearance
of vertical structures (“columns”) with height encom-
passing the entire mixing layer and considerably
exceeding the IGW amplitude, existing at the upper
boundary of the layer. This pattern, with the appear-
ance of vertical “columns”, was also often observed
before [38, 59]; but firm conclusions had to await
meteorological support.

The results of the work demonstrate that such com-
plex experiments are promising for studying the atmo-
spheric boundary layer structure and variations.
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