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Abstract: The results of long-term lidar studies of the peculiarities of the vertical structure of atmo-
spheric aerosols over Lake Baikal are presented. The paper provides an analysis of data obtained over
the period from 2010 to 2022. The studies were carried out under both the background conditions
and the extreme natural conditions associated with severe wildfires in Siberia. The parameters
of the lidars used in regular summer expeditions to Lake Baikal are briefly described. The data
analysis shows that the vertical structure of the aerosol in the lower troposphere up to 2000 m above
Baikal in summer is often a stable structure of several aerosol layers tens to hundreds of meters
thick. There can be no mixing of layers because the water in the lake is very cold and the aerosol
does not rise to higher layers while the air is warming up during the day. The difference is shown
between the spatiotemporal structures of aerosol plumes from local wildfires within the lake area
and from distant sources. The Angstrom parameter and the aerosol optical depth are calculated
for different atmospheric conditions: ng = 1.57 4= 0.16 and T = 0.09 for background conditions;
ng = 1.41 £ 0.07 and t = 0.64 for the cases of the observation of smoke aerosol from distant wild-
fires; and ng = 1.05 4 0.08 and T = 0.25 for the cases of the observation of smoke aerosol from
nearby wildfires.

Keywords: aerosol; lidar; Lake Baikal, meteorological parameters; Boyarsky stationary site;
shipping; wildfires

1. Introduction

For many years, scientific research has been carried out on Lake Baikal in terms of
global environmental and climate changes [1-10]. The specificity of the Baikal region is the
permanent water-land temperature contrast during the open water period, which affects
the lower part of the atmospheric boundary layer (ABL) and determines the generation
of heat fluxes, primarily during the day. In addition, though the region is located in
the western transport zone, the characteristic regional meteorological conditions, mainly
the wind system and the associated cloudiness and precipitation regimes, are due to the
mountains surrounding the lake [11].

Baikal Lake is surrounded on all sides by high mountain ranges. The Primorsky and
Baikal mountains spread along the western coast of the lake. The highest point of the
Primorsky Ridge is 1746 m. The highest point of the Baikal Ridge is 2588 m. The southern
part of the eastern shore of Baikal Lake is covered by the Khamar-Daban Mountain. Its
maximum height is 2371 m. The highest of the Baikal ranges—Barguzinsky—Ilies to the
northeast of Khamar-Daban. The height of the maximum point of the Barguzinsky range is
2841 m. The average height of the mountains surrounding Baikal Lake is 887 m.

The territory of the Baikal region is remote from oceans and seas and is located at
the latitude of a sharply continental climate, with long, cold winters and a relatively
warm summer period [12]. In winter, the circulation of air masses in the atmosphere is
characterized by high atmospheric pressure (Asian anticyclone) with clear, sunny, and
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frosty weather and the development of cooling processes (temperature inversions). In the
summer season, there is an increase in cyclonic activity with the arrival of continental and
Atlantic air masses from the west, bringing the main amount of precipitation. Central Asian
continental dry and warm air masses come from the south and southwest. In the second
half of summer, there is an activation of southern cyclones, bringing humid air masses
through northern Mongolia. The water area of the lake has a length exceeding 600 km; so,
in different areas the conditions can vary greatly in terms of the distribution of precipitation
and air temperature. The specific features of the climate of this region are caused primarily
by orographic factors. Due to the elongation of the lake from northeast to southwest and
the complex mountainous terrain surrounding the lake on all sides, with many gorges and
intermountain basins, local winds like Sarma, Barguzin, Verkhovik, and Kultuk act here.
They affect the spatial distribution and transport of atmospheric aerosol over the water
area of the lake. A large volume of the lake’s water, which slowly heats up and cools down,
influences the climate of the coastal area. This fact significantly softens the continentality of
the climate compared to that of the neighboring territories and determines the relatively
cold summers and warm winters.

The Baikal water area is large; therefore, a significant amount of aerosol impurities can
enter the lake from the atmosphere. Therefore, the atmospheric aerosol plays a key part in
the formation of the chemical composition of the Baikal water and determines the Baikal
water quality. Due to the gyral circulation in the Baikal mountain basin [13], impurities
which enter the atmosphere can be transported throughout the water area, contributing
to the pollution of the hydrosphere of the region. Moreover, pollutants not only from
local sources but also from the vast territories of Siberia, China, and Mongolia can be
accumulated in the mountain basin. All these processes need to be studied in order to
predict the environmental changes in the region in terms of the negative impact on the
unique natural objects [14].

Every year the anthropogenic impact on the Baikal environment is actively increasing.
One of the main sources of the impurities entering the atmosphere above the lake is
the emissions from the large thermal power plants located in the nearest cities of the
Baikal region and the small boiler houses in the water protection zone that use coal [3].
Industrial enterprises also contribute to the pollution of this region [15]. A serious threat
to the ecological safety of Lake Baikal is the ever-increasing anthropogenic load on the
environment due to the large flow of tourists. During the coronavirus pandemic, due to
the restrictive measures introduced, the number of tourists significantly decreased and,
as shown in [16], in 2022 the background values of aerosol and gaseous impurities were
recorded in the atmosphere. During this period, the main contribution to atmospheric
pollution was made by nearby local sources located near the coastal zone of the lake.

One of significant sources of pollution of the Baikal atmosphere and hydrosphere
is smoke aerosol emitted during Siberian wildfires, primarily in the Irkutsk region, the
Republic of Buryatia, the Krasnoyarsk Territory, and Yakutia, which causes strong damage
to the regional ecosystem. In the past years, the smoke aerosol over the Baikal water area
has been studied on almost every expedition, primarily because of the climate warming in
the region [17].

Lidars are among the most promising tools for atmospheric research. They allow quick
and remote acquisition of required information with high spatial and temporal resolution.

In this paper, we present the results of long-term experimental lidar studies of features
of the spatiotemporal structure of the atmospheric aerosol over Lake Baikal, under both the
background and the extreme conditions associated with severe wildfires in Siberia. The
results of this work are of great importance for predicting and preventing possible climate
and environmental changes occurring in the world’s largest freshwater body with a many
endemic plant and animal species.
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2. Equipment and Techniques

Figure 1 shows a map of Lake Baikal. Lake Baikal is located in the eastern part of
Russia, on the border of the Irkutsk region (on the western side) and the Republic of
Buryatia (on the eastern side). The length of the lake from south to north is 636 km, and the
width is up to 80 km. The map shows the elevation changes of the surrounding mountains
and the locations of the main administrative centers of the regions adjacent to Lake Baikal
(Irkutsk and Ulan-Ude). Instrumental research on the state of the atmosphere in the
Baikal region was carried out both at the stationary points shown on the map (Listvyanka,
Bolshiye Koty, and Boyarsky) [2,4,5] and from mobile carriers: aircraft, research ships, and
cars [6,18,19]. Ground-based and shipborne lidar studies of the atmosphere over Lake
Baikal were regularly carried out with the participation of the authors of this work using
LOSA lidars (Figure 1) designed at the Institute of Atmospheric Optics, Siberian Branch,
Russian Academy of Sciences [20,21].
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Figure 1. (a) Stationary LOSA-M2 and (b) shipboard LOSA-AZ2 lidars; (c) map of Lake Baikal.

Stationary ground-based studies have been carried out for several years with a mobile
LOSA-M2 multi-frequency Raman aerosol lidar [20] in the southern part of the lake, on the
eastern shore, at the Boyarsky stationary site of the Institute of Physical Materials Science,
Siberian Branch, Russian Academy of Sciences (51.84°N, 106.06°E) (Figure 1c). In 2018,
the mobile LOSA-A2 polarization Raman aerosol lidar [21] was specifically designed for
work in difficult expeditionary conditions (Figure 1b). Complex shipboard research has
been carried out since 2018 on the research vessels of the Limnological Institute, Siberian
Branch, Russian Academy of Sciences, with the use of the LOSA-A2 lidar as one of the
main tools for atmospheric monitoring. The route of the ship may differ in each individual
expedition and is mostly determined by the weather conditions during the experiments.
However, the main measurement points remain constant. Among them are: Listvyanka
village, Bolshie Koty village, Olkhon Island, Severobaikalsk city, Ust-Barguzin city, the
Selenga River delta, Boyarsky village, and Baikalsk city. These are the regions where the
main sources of aerosol emissions are located: industrial enterprises, large power plants,
popular tourist destinations, etc.
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These lidars were mainly used independently in expeditionary studies at different
times and in different Baikal regions. Sometimes, synchronous measurements were carried
out, where one lidar was located onboard a ship, at a distance of less than 1000 m from
the Boyarsky site, and the second lidar was mounted onshore. The purpose of those
experiments was to study the physical processes which determine the transfer of aerosol
inhomogeneities at different altitudes at the water-land interface.

Both lidars were designed according to common principles. The main requirement for
them was to maintain optical settings during transportation and in difficult expeditionary
conditions. Therefore, all the main components of the lidar transceivers are mounted
on both sides of a single platform, which is a rigid frame. The structure is protected
by a thermal and moisture-proof housing, which is also important for round-the-clock
operation under different weather conditions. Nd:YAG lasers with a pulse radiation at
the two wavelengths of 532 nm and 1064 nm are used as transmitters. Backscattered
radiation at a wavelength of 532 nm is recorded by Hamamatsu Photonics photomultipliers
(Hamamatsu City, Japan) [22] in the analog operation mode, and at a wavelength of
1064 nm, it is recorded by an original photodetector module based on a C30956E-TC
avalanche photodiode (Perkin Elemer, Waltham, MA, USA) [23]. At night, a signal of
spontaneous Raman scattering on atmospheric nitrogen molecules is recorded in the photon
counting mode at a wavelength of 607 nm. A LOSA-A2 lidar is capable of performing
polarization measurements at a wavelength of 532 nm due to the use of a Wollaston prism
in the receiving part of this channel. More detailed information about the specifications and
design features of the lidar systems can be found in [20,21]. Here, their main parameters
are given in Table 1.

Table 1. Lidar parameters.

Parameter LOSA-A2 Lidar, Shipboard Version LOSA-M2 Lidar, Stationary Version
Transmitter
Nd:YAG laser LOTIS LS-2131M LOTIS LS-2135
(Belarus) (Belarus)
Energy, mJ, at a wavelength of
1064 nm 240 340
532 nm 120 170
Pulse duration, ns 8 10-12
Pulse repetition frequency, Hz 1-20 10
Collimator
Beam divergence, mrad 0.2 0.5
Beam diameter, mm 50 60
Output polarization Linear linear
Receiver

Receiving telescope
Telescope diameter, mm
Focal length, mm
Field of view, mrad

Two (for visible and IR regions)
110
500
1-10

Two (for near and far zones)
50 and 250
200 and 1000
1

Signal recording

1. Receiving channel 532 nm
Receiving mode

Detector

2. Receiving channel 1064 nm
Receiving mode

Detector

3. Receiving channel 607 nm
Receiving mode

Detector

analog (polarized, cross-polarized)
H11526-20-NF Hammamatsu
(Hamamatsu City, Japan) [22]

analog
photo module based on a C30956E-TC avalanche
photodetector (IAO, Tomsk, Russia) [23]

photon counting (nighttime)
H11706P-40-MOD Hammamatsu
(Hamamatsu City, Japan) [24]

analog (without polarization)
H11526-20-NF Hammamatsu
(Hamamatsu City, Japan) [22]

analog
photo module based on a C30956E-TC avalanche
photodetector (IAO, Tomsk, Russia) [23]

photon counting (nighttime)
H11706P-40-MOD Hammamatsu
(Hamamatsu City, Japan) [24]

Mass of the system

50 kg

60 kg
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The initial interpretations of the atmospheric laser sounding data, based on the analysis
of spatiotemporal 2D maps of the distribution of aerosol impurities in the atmosphere, were
used in the form of color images. The optical characteristics of the aerosol were retrieved
from lidar data using the well-known methods and algorithms [25,26].

The aerosol optical depth (AOD) was estimated using the method of spontaneous Ra-
man scattering from the nighttime signals at a wavelength of 532 nm. Using the Angstrom
power law for AOT [27], the vertical profile of the aerosol backscattering coefficient is
calculated as

1(A1,A2,2) = In[Br(A1,2)/ Br(Az,2)]/ In[Az/Aq] 1)

The backscattering coefficient 775 provides information about the effective radius of
the aerosol particles and weakly depends on their volume concentration.

To measure the meteorological parameters in the surface air layer, an AMK-03 EXME-
TEO (SAP, Tomsk, Russia) acoustic weather station was mounted in the immediate vicinity
of the LOSA-M2 lidar on the territory of the measuring site [28].

The atmospheric aerosol transfer processes were analyzed using a hybrid model of the
integral Lagrangian trajectories of the particles (HYSPLIT, College Park, MD, USA) [29].

3. Results
3.1. Observations in Background Conditions

Daily variations in the spatiotemporal structure of atmospheric aerosol over land are
mainly caused by variations in the thermal conditions of the ABL [30]. Surface air layers
gradually warm up during sunrise; as a result, the aerosol fills higher layers. This daily
variability is one of key characteristics of the ABL and is to be taken into account in climate
and ecological problems.

Changes in the ABL are relatively slow over large water bodies, such as lakes, seas,
and oceans, in contrast to land. The water surface temperature changes slightly during the
day because of its high heat capacity, i.e., it can absorb a large amount of solar heat under a
relatively weak variation in the temperature. Thus, the slowly varying temperature of the
Baikal surface has little effect on the lower part of the ABL.

Therefore, in the conditions of the Baikal mountain basin, most of the changes in the
ABL above the water area are due to synoptic and mesoscale processes. When the synoptic
situation is stable, daily fluctuations in the ABL over the lake can be associated with breeze
circulation [31]. The daytime breeze is quite common in Baikal in summer since the lake
water temperature is very low (+8 °C in July).

When studying the atmospheric aerosol in the Baikal region, it is also important to
take into account the features of the topography. Due to the complex mountainous terrain
around the lake, with many gorges and intermountain basins, such local winds as Sarma,
Barguzin, Verkhovik, and Kultuk [11,12] are observed here; these winds cause the transport
of atmospheric impurities over the water area of the lake.

The above factors are decisive in the formation of the complex vertical structure of
atmospheric aerosol over Baikal and have been observed by the authors in the lidar data for
several years. Figure 2 shows several examples of time-altitude sections of aerosol in the
lower troposphere over Baikal; these were frequently recorded under summer background
conditions in 2015-2019.

The color scale on the right side of the figures corresponds to the magnitude of
the range-corrected lidar signals for the wavelength A = 1064 nm, where atmospheric
aerosols have the strongest contribution to the light-scattering response from air. The
spatial resolution is 6 m, and the temporal resolution is 1.6 s. All the figures show the
results of observations from 9 to 11 am, when the processes in the atmosphere are the
most dynamic due to turbulent exchange. The signal slightly changes with altitude in all
the figures. The patterns are stable layered structures, where the aerosol layers are a few
hundred meters thick. According to the color scale, the following altitude ranges can be
distinguished: 0400, 400-500, 500-1000, 1000-1500, and 1500-2000 m. The height of the
ABL is 2500-3000 m. There is no mixing layer due to the cold water surface.
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Figure 2. Spatiotemporal patterns of atmospheric aerosol observed with the LOSA-M2 lidar at the
Boyarsky stationary site (51.84°N, 106.06°E): (a) on 3 August 2015; (b) 6 August 2016; (c) 23 July 2018;
(d) 2 August 2019. Color scale—range-corrected lidar signals (A = 1064 nm). The vertical lines on the
graphs are matched file data with a duration of 1 h.

Furthermore, for each case in Figure 2, a description of the general meteorological
situation is given.

(1) 3 August 2015

On 2-3 August 2015, the territory of Baikal Lake experienced the influence of a cyclone
located to the east. By 3 August 2015, Baikal Lake was on its periphery. The day before,
from 1 to 2 August 2015, it rained at night, after which the background values of the aerosol
content were observed. In the afternoon of 2 August 2015, cloudiness was observed at the
upper boundary of the atmospheric boundary layer at 3000-3500 m. In addition, thin cirrus
clouds were registered on the night of 2-3 August 2015 at an altitude of 10,000 m.

(2) 6 August 2016

At the beginning of August 2016, Baikal was influenced by two air masses. A cyclone
developed to the west of the observation site, while an anticyclone was located to the
south. From 3 to 4 August 2016, low cloudiness and drizzle were registered all the time,
while there was light rain sometimes. On the night of 4-5 August 2016, at about 4:00 a.m.,
cirrus clouds appeared at 8000-10,000 m. At the same time, there was a strong near-water
fog at an altitude of 200-300 m, and the measurements were suspended. On the night of
5-6 August 2016, the sky was covered with low continuous clouds, with a lower boundary
at an altitude of 800-900 m. At about 6:00 a.m. on 6 August 2016, the atmosphere was clear
and cloudless. A multilayer aerosol structure began to form. In the evening, at 9:00 p.m.,
on 6 August 2016, cirrus clouds appeared at an altitude of 9000-10,000 m.
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(3) 23 ]July 2018

There was a cyclone to the north of the observation place. Baikal Lake was on the
periphery of the cyclone on 21 July 2018; so, it rained all day and stopped on the morning
of 22 July 2018. By the evening of 22 July 2018, a layer of clouds was revealed at an altitude
of 5000 m. The ABL after sunset became evenly filled. On 23 July 2018, early in the morning
at the upper boundary of the ABL, the remnants of former clouds were observed at an
altitude of 2500-3500 m until 8 am. Then, on the morning of 23 July 2018, there were no
clouds, and a layered structure appeared. By the evening of 23 July 2018, cirrus clouds
appeared at an altitude of 8000-11,000 m at 8:00 p.m.

(4) 2 August 2019

It was rainy weather till 27-30 July 2019. During this period, a cyclone moved over
the territory of Baikal Lake from west to east. At midnight on 1 August 2019, weak and
broken cirrus clouds appeared at an altitude of 8000-11,000 m. In the afternoon of 1 August
2019, there was heavy fog at an altitude of 250 m. On this day, the atmosphere was heavily
filled with smoke from forest fires up to altitudes of 5000 m. On 1 August 2019, clouds
were revealed at an altitude of 3000-4000 m, while this occurred at an altitude of 2000 m
from 6 am to 8:00 a.m. In the afternoon of 2 August 2019, cirrus clouds were located at an
altitude of 8000-11,000 m.

Therefore, the stratification seen in Figure 2 can persist over Baikal for a long time.
In [32], a good correlation was shown for lidar signals at various altitude levels in the lower
troposphere at an altitude of up to 1000 m (correlation coefficient k > 0.5). This indicates
a single mechanism for the formation of aerosol layers in this altitude range. For an
altitude above 1400 m, a negative relationship had already prevailed (correlation coefficient
k > —0.5). Nine fixed heights were chosen for the calculations: 400 m; 500 m; 600 m; 700 m;
1000 m; 1200 m; 1500 m; 1700 m; and 2500 m, corresponding to the positions of the lower
and upper boundaries of the observed atmospheric aerosol inhomogeneities.

To determine the meteorological conditions under which the formation and transfer
of the observed spatiotemporal aerosol structures happened, we used data on the altitude
changes in the values of the atmospheric meteorological parameters taken from the database
of the University of Wyoming [33]. This database contains information from an aerological
sounding station which is the closest to the place of the lidar measurements. It is located in
the city of Ust-Barguzin on the eastern shore of the lake at a distance of 260 km from the
Boyarsky station. Measurements are taken twice a day, at 8:00 a.m. and 8:00 p.m. (local
time). Figure 3 shows graphs of the altitude variations in the atmospheric meteorological
parameters according to the measurement station in the city of Ust-Barguzin.

The boundaries of the key observed aerosol layers in the atmosphere coincided with
the altitude of visible temperature inversions presented in the graphs (500 m, 1000 m,
1500 m, 2500 m, and 3000 m). Moreover, the air was more humid in the upper part of the
observed aerosol layers at the altitude range of 1000-2500 m. In addition, a significant shift
in the wind direction in the lower one-two kilometer layer was a characteristic feature of
the considered situation. This was obviously due to the orography of the area. Below the
indicated range of heights, local wind currents predominate, while westward transport
was already in effect at the above altitudes.

The main problem is the insufficient density of aerological stations on the territory
of Baikal Lake; so, this makes it difficult to conduct a deeper analysis. Additional mea-
surements of the atmospheric meteorological parameters directly above the lidar location
during the experiments are required. In addition, balloon-probe measurements cannot
detect temperature microinversions in the atmosphere (with a length of several meters or
several tens of meters).

Another feature pronounced in the lidar data, which can be associated with the
temperature and wind regimes of the lake basin, is the daily variation in the altitudes of the
aerosol layers in the atmosphere over Baikal, including the maximal filling altitude. That is,
the aerosol does not rise from the ABL to higher layers as the air is warming up in daytime.
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On the contrary, due to a change in the wind direction, the aerosol gradually descends to
the ground under the action of breeze circulation (Figure 4). Cold air coming from the lake
does not allow the aerosol to rise higher. The intensity of turbulent mixing decreases. The
speed of aerosol descent is ~100-200 m/h at different altitudes.
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Figure 3. Altitude variations in atmospheric meteorological parameters [33]: (a) 8:00 a.m., 3 August
2015; (b) 8:00 a.m., 6 August 2016; (c) 8:00 a.m., 23 July 2018; (d) 8:00 a.m., 2 August 2019.

Furthermore, for each case in Figure 4, a description of the general meteorological
situation is given.

(1) 8 August 2016

On the eve of the moment of the lidar observations, a cyclone moved over the region to
the east. On 7 August 2016, it began to rain in the evening. On 8-9 August 2016, according
to the data, no large air masses were observed over the Baikal territory. On the morning of
8 August 2016, at 11:00 a.m., the measurements were resumed. There was a heavy fog at an
altitude of 200 m. There were no clouds. Very weak cirrus clouds appeared in the afternoon
at an altitude of 8000 m. By evening, the cloudiness lowered to an altitude of 4000 m.
On the night of 8 August 2016, another layer of cirrus clouds appeared at an altitude of
10,000-11,000 m.

(2) 5 August 2017

To the south of Baikal Lake, there was a cyclone that moved from west to east. On
2 August 2017, it began to rain in the afternoon. On 4 August 2017, cirrus clouds were
observed all day long at an altitude of 8000-11,000 m and by the evening of 4 August 2017.
Until 11:00 a.m. on 5 August 2017, there were small clouds at an altitude of 2500-4000 m.
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In the afternoon, the atmosphere was cloudless, while separate faint clouds appeared only
by 20:00 on 5 August 2017 at an altitude of 10,000 m.
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Figure 4. Spatiotemporal patterns of atmospheric aerosol observed with the LOSA-M2 lidar at the
Boyarsky stationary site (51.84°N, 106.06°E): (a) on 8 August 2016; (b) 5 August 2017; (c) 8 August
2017; (d) 18 July 2018. Color scale—range-corrected lidar signals (A = 1064 nm). The vertical lines on
the graphs are matched file data with a duration of 1 h.

(3) 8 August 2017

On the night of 7 August 2017, at 1:00 am, clouds appeared at an altitude of 4000 m
and gradually gained strength, and it began to rain by 4:00 a.m. on 7 August 2017. For
this reason, the measurements had to be suspended. We continued them on the night
of 7-8 August 2017, when the clouds were located at an altitude of 3500-4000 m; they
disappeared by 8:00 a.m. in the morning. Cirrus clouds had already appeared at an altitude
of 10,000-11,000 m by 9:00 a.m.

(4) 18July 2018

As in most of the cases described above, a cyclone operated to the west of Baikal Lake
and moved eastward. At 11:00 p.m. on 17 July 2018, it rained. On the morning of 18 July
2018, there was heavy fog and multi-layered clouds at altitudes of 1500 m, 2500, and 4000 m.
After 2:00 p.m., no clouds were evident.

The analysis of the weather data from the AMK-03 “EXMETEQO” acoustic weather
station, located on the Boyarsky site in the immediate vicinity of the LOSA-M2 lidar, for the
period from 2010 to 2022 showed a change in the wind direction during the day. From the
set of meteorological data for that long-term period, we selected only the data for the time
periods when the lidar observations were carried out. Figure 5 shows the daily variation in
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the wind direction in the surface air layer. Each point was derived by averaging over an
hour. According to the results, the wind direction gradually changed from 220° (along the
coast) to 270° (from the lake) during the daytime.
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Figure 5. Daily variations in the wind direction according to observations at Boyarsky site; the red
curve shows the average values. Each point (triangle) was derived by averaging over an hour.

Thus, the meteorological data considered confirm the decisive effect of breeze circula-
tion on the formation of atmospheric aerosol over Baikal in the daytime in summer.

3.2. Observations under Wildfire Conditions

The results of the annual complex ship expeditions on Lake Baikal aimed at air
pollution monitoring reliably show an increase in the content of gas and aerosol impurities
in the air in recent years as a result of large-scale wildfires in the Irkutsk region, the Republic
of Buryatia, Krasnoyarsk Territory, and the Republic of Sakha Yakutia [6,7].

As smoke aerosol is a good tracer, lidars allow the tracing of the transport of atmo-
spheric aerosol impurities that fill the atmosphere in the mountainous surroundings. As an
example, Figure 6 shows two different situations with smoke plumes from wildfires with
the sources located at different distances from the observation site.

Figure 6a shows the case of a powerful aerosol plume from wildfires in the Krasnoyarsk
Territory and Yakutia, which are far from Lake Baikal. This is confirmed by satellite
monitoring data [34] and the trajectory analysis performed with the HYSPLIT model [29]
(Figure 6b). The smoke plume was observed while the ship was moored near the town
of Severobaikalsk, in the northern part of the lake. Note that the Baikal Mountains, the
prevailing heights of which are 1900-2200 m, extend to the west of the experiment location.
The night before, 21 July 2018, it rained, and the ABL was cleared. On the night of
22-23 July 2018, at approximately 1:00 a.m., smoke aerosol appeared in the form of two
separate layers 200-300 m thick at the height of the observed clouds (Figure 6a).
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Figure 6. Spatiotemporal structures of aerosol in the troposphere observed with the LOSA-A2 lidar
during ship expeditions: (a) on 22 July 2018 and (c) 27 July 2019; (b,d) back trajectories calculated
using the HYSPLIT model [29] for these two cases, respectively. Color scale—range-corrected lidar
signals (A = 532 nm). There is a gap in data on 27 July 2019, from approximately 10:00 to 12:00, caused
by a failure in the system synchronization. The vertical lines on the graphs are matched file data with
a duration of 20 min. The star symbol on (b,c) indicates the place of measurements.

Later, at 2:30 am, another layer appeared at an altitude of 1500 m (Figure 7a). All
three layers exhibited the same depolarization (~5%). The layers expanded gradually in
the vertical direction. The introduced layers of smoke were obviously warmer than the
surrounding air above the observation point; this was the reason for their rising. At the
same time, the observations showed that an aerosol at 1500 m could not exceed a height
of 2000 m, where the temperature inversion layer was probably located. A characteristic
feature of the measurements carried out was that the temperature inversion at a height
of 2000 m persisted throughout the entire observation period. Below the inversion layer,
condensation sometimes occurred on the smoke aerosol particles and a weak cloudiness
formed (the degree of depolarization increased up to 10% due to multiple scattering on the
watered particles). Larger aerosol particles in the lower layer gradually began to sediment
(Figure 7b). In the morning, the lower boundary of the aerosol plumes got down below
1000 m. The set of gas—aerosol equipment located directly on the ship did not register any
significant excesses of soot or gas impurities.

Figure 6¢ shows the case of a “short-range” transported smoke plume. By about
01:00 on 27 July 2019, two aerosol plumes were observed at altitudes of 1500-1500 and
2000-2500 m, with approximately the same depolarization (Figure 7c). The ship passed
northward along the western shore of the lake at that time and stopped near Elokhin Cape
(from 4:00 to 11:24 on 27 July 2019). In that case, according to the satellite data for 26 July
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2019, a wildfire’s focus was on the eastern shore opposite the ship’s mooring point, near
Sosnovka Bay. The back trajectory analysis (Figure 6d) showed that the smoke from the
wildfire was spreading northwestward over the lake by the time the ship passed along the
western shore. As can be seen from Figure 7c,d, the smoke aerosol gradually descended
into the underlying layers. By the morning, the lower layer at 750 m was more strongly
depolarized, which indicated the presence of larger aerosol particles in the layer. At the
same time, the two-layer structure of the aerosol in the atmosphere was kept.
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Figure 7. Spatiotemporal structures of aerosol in the troposphere observed with the LOSA-A2 lidar at
a radiation wavelength of A = 532 nm during ship expeditions, and the vertical profile of the degree
of depolarization (blue lines) at night and in the morning: (a,b) on 22 July 2018 and (c,d) on 27 July
2019. Color scale—range-corrected lidar signals (A = 532 nm).

3.3. Calculations of AOD and Angstrom Parameter

In addition to studying the spatiotemporal characteristics of aerosols in the mountain
basin, we calculated the optical and microphysical parameters of the atmosphere under dif-
ferent observation conditions (background and extreme situations associated with wildfires)
on the basis of long-term lidar observations in summer, including the optical characteristics
of the smoke aerosol brought to Lake Baikal from wildfires at different distances from the
observation site.

In [35], the authors revealed a trend towards an increase in AOD by 0.013 per year
based on the analysis of photometric observations at Lake Baikal from 2010 to 2020. The
maximal turbidity of the atmosphere was observed in the period from 2018 to 2020, when
the AOD varied from 0.22 to 0.27. Strong wildfires occurred in Siberia during those years.

Figure 8 shows two cases of lidar observations at Lake Baikal in 2019 during the most
extreme atmospheric situations associated with strong wildfires.
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Figure 8. Spatiotemporal patterns of aerosol in the troposphere according to data of: (a) shipboard
LOSA-A2 lidar on 29 July 2019 and (c) stationary LOSA-M2 lidar on 30 July 2019. AOD profiles at
A =532 nm on 29 July 2019: (b) at 00:00 (blue line) and at 24:00 (red line). AOD profiles at A = 532 nm
on 31 July 2019: (d) at 00:00 (blue line) and at 24:00 (red line). The vertical lines on the graphs are
matched file data with a duration of 20 min for lidar LOSA-A2 (a) and 1 h for lidar LOSA-M2 (c).

Figure 8a shows an example of the vertical section of an aerosol in the troposphere on
29 July 2019, derived from the data of the LOSA-A2 lidar mounted on board a ship moving
in the northeastern part of Baikal. One can see the appearance of a smoke plume, which
was transported from the north with anticyclonic air masses and filled the ABL above
Baikal up to 2000 m. The spatial structure of this aerosol plume was obviously complex
and was broken at the beginning of its entry into the lake basin.

Figure 8b shows a vertical section of an aerosol on 30 July 2019, derived from data of
the LOSA-M2 lidar located further south at the Boyarsky stationary site. As can be seen, a
day later, on the night of 31 July, the smoke plume reached the southeastern shore of Lake
Baikal and homogeneously filled the ABL up to an altitude of 2000 m.

The AOD profiles are shown on the right. The main contribution to the AOD of the
smoke plume was made by the aerosol contained inside the ABL within 2000 m. The AOD
in this layer was T =~ 1.6 on July 29, and it attained ~4 on 30 July. The latter value was
obtained under the threshold conditions of the lidar operation when photodetectors were
overloaded due to high-power lidar signals from the dense aerosol formations and the
experiment had to be stopped.

Table 2 shows the Angstrom parameter and AOD calculated for different atmospheric
conditions (background; smoke plumes transported to the atmosphere over the lake from
different regions) and averaged over the ABL.

The conditions on 2 August 2015 were considered as a typical background situation
for Lake Baikal in summer. The AOD value was equal to 0.09, which corresponded to the
observation period average values obtained by photometric methods in warm seasons [35].
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Table 2. ABL average values of the Angstrom parameter for different atmospheric conditions.

Date Altitude Range, m Angstrom Parameter AOD
Clear air

2 August 2015 150-2500 1.57 £0.16 0.09

9 September 2021 150-12,000 1.58 £ 0.15 0.10
Short-range smoke transport

3 August 2015 150-3000 1.05 £ 0.08 0.25
Long-term smoke transport

14 August 2015 150-3750 1.13 £0.12 0.26

Far-range smoke transport
7 August 2013 150-2250 1.41 £ 0.07 0.64

In the situation of “long-range smoke transfer” (7 August 2013), the Angstrém parame-
ter overlapped with the background value for 2 August 2015, within the standard deviation,
which indicated the homogeneous particle size distribution of the aerosol, although the
AQOD differed by ~7 times. The fine aerosol fraction dominates in the size distribution
of aerosol particles in these atmospheric situations. The only difference in the case of
the long-range transport of smoke aerosol is that the aerosol particles are finer and their
distribution is shifted towards larger sizes. These aerosol particles were transported to Lake
Baikal from large-scale wildfires in the forest tundra of Yakutia in July-August 2013. By the
morning of 7 August, with a northern cyclone, air masses with maximal concentrations of
smoke aerosol reached the lidar observation site in southern Baikal. The trajectory analysis
showed that the aerosol was transported by air masses to 1500-2000 m in 4-5 days.

The particle size distributions of the smoke aerosol from the wildfires in the coastal area
of Lake Baikal were similar in the atmospheric situations of “short-range smoke transport”
(3 August 2015) and “long-term smoke transport” (14 August 2015). This follows from
the equal median values of the Angstrom parameter on 3 and 14 August 2015, which
were retrieved from measurements under these conditions, with equal standard deviations.
The values of the Angstrom parameter indicated the presence of the coarse fraction in the
particle size spectrum of the smoke aerosol. The vertical profiles of the Angstrom parameter
showed similar trends in these situations: the aerosol particles showed a layer-by-layer
decrease in size from the surface layer, where the largest particles were detected, to the
free atmosphere, where the aerosol particles were finer. This trend was kept, though the
spatiotemporal structure of the aerosol in the troposphere was layered in this period, with
different aerosol densities in the layers.

The similarity of the vertical profiles of the Angstrom parameter and of the aerosol
particle size distributions under different atmospheric conditions in August 2015 was due
to the common origin of the smoke aerosol, that is, the emission from burnt coniferous
forests in the coastal areas of Lake Baikal. In August 2013, the smoke aerosol was emitted
by burnt forest tundra in the Yakutia region.

4. Discussion

A general analysis of the meteorological situation in the area of Lake Baikal was carried
out using several open sources. The analysis of the synoptic situation was carried out on the
basis of the data of the Federal State Budgetary Institution “Arctic and Antarctic Research
Institute” (Russia) [36]. The data on the altitude changes in the values of the meteorological
parameters of the atmosphere were taken from the database of the University of Wyoming
(USA) [33]. Also, when studying the processes of atmospheric aerosol transfer, backward
trajectories were calculated using the hybrid single-particle Lagrangian integrated trajectory
model (NOAA HYSPLIT, College Park, MD, USA) [29].
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Thus, it can be concluded that for almost all the observation cases presented in
Figures 2 and 4 the general synoptic situation was similar. The layered structure of the
aerosol in the atmosphere was observed when Baikal Lake was located on the periphery of
a cyclonic air mass that passed over the region the day before, bringing rainy and cloudy
weather. The atmosphere was cleansed by the passing rains. Then, there came the gradual
filling of the ABL with aerosol due to regional and local sources. Due to the relatively
cold surface of the lake, there was no noticeable turbulent mixing of the aerosol in the
atmosphere, due to which the aerosol layers at different heights retained their structure for
a long time.

To be noted is the appearance of cirrus clouds in the moments before and after the
aerosol structures, as can be seen in Figures 2 and 4. Cirrus clouds are almost always
observed in cyclones and thus can be a criterion for predicting the appearance of a layered
aerosol structure in the atmosphere over Baikal Lake.

However, as the long-term lidar observations on Lake Baikal show, the global model
for predicting changes in atmospheric meteorological parameters under the conditions of
the Baikal basin is poorly applicable and provides only a qualitative idea of the synoptic
situation on the scale of the entire region. This is primarily due to the fact that such models
do not take into account the specific features of the wind regime in the mountain basin, due
to the complex orography of the area. For more accurate forecasting of environmental and
climatic changes in this region, it is necessary to have more information about the nature of
the local air currents and the processes of interaction between the atmosphere and the cold
underlying surface of the lake.

As was shown by the authors of [13], according to the results of aircraft observations
over Baikal, the effect of internal hollow air circulation was discovered. This effect is not
associated with the main western transport and is manifested in the movement of air along
the western coast from north to south and along the eastern coast from south to north. The
vertical length of such circulation cells is 1400 m (Figure 9). The lower boundary is located
at a height of 300 m, and the center of the cell is located in an area of 800 m. The basin
circulation in Baikal is quite stable over time.
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Figure 9. Wind circulation cell model [32].

A physical process similar to that of the internal basin circulation is the action of the
breeze circulation. According to [31], the vertical scales of the breeze cells are determined as
follows: up to 600 m, the direction of transfer from the lake to land; from 700 m to 1000 m,
the transition layer, where the transfer can be equally probable in both directions; and
above 1100 m, where the direction of transfer changes to the opposite direction, from land
to the lake. The two main mechanisms described above determine the transport of aerosol
layers in the altitude range of 0-1500 m.
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Above 1500-2000 m, the main western transport begins to operate, and the aerosol
layers may be the result of transport from neighboring regions. In addition, a possible
mechanism for the appearance of aerosols at these altitudes is the inversion distribu-
tion of atmospheric temperature, followed by the filling with aerosols under inversion.
In particular, such filling at altitudes of 2000-2500 m often leads to the appearance of
cloud formations.

The paper also shows the results of observations under wildfire conditions.
Figures 6 and 7 show two different situations with smoke plumes from wildfires, with the
sources located at different distances from the observation site. Similar patterns of aerosol
distribution, obtained on the basis of lidar data, once again confirm the complex processes
of formation and transport of atmospheric aerosols in the conditions of a mountain basin.
Due to the cold water surface, the aerosol often does not rise to the overlying layers as it
warms up during the day into the overlying layers.

5. Conclusions

The high spatial resolution of the mobile ground-based lidars used in our experiments
allowed the study of the finer spatial structure of aerosols over Baikal, which cannot be
determined from, for example, photometric measurements or satellite lidar observations.
The long-term ground-based lidar measurements over the period from 2010 to 2022 showed
the complex vertical structure of aerosols in background summer conditions, with the
layered distribution of the aerosol content in the altitude range of 0-2000 m. The following
ranges were distinguishable in the altitude stratification: 0-400, 400-500, 1000-1500, and
15002000 m. The ABL height was 2500-3000 m. Because of the high temperature contrast
between the Baikal water surface and the land, the aerosol does not rise to high layers
under the action of convective currents. Therefore, the layer structure persists for a long
time, and aerosol layers are usually “pressed down” by cold air from the lake and descend
to the ground at a rate of 100-200 m/h in the afternoon due to the breeze circulation.

We studied the transport of aerosols in the Baikal mountain basin in the cases when
Siberian wildfires were the main source of smoke aerosol. Smoke aerosol plumes enter
into the mountain basin and become part of a complex altitude-time structure due to the
topography features and under the action of local winds. The smoke impurities gradually
settle on the lake surface and thus pollute it.

The complex spatiotemporal structure of atmospheric aerosols over Baikal confirms
a need to consider the local features associated with the mountain surroundings and the
temperature and wind conditions when predicting climate and environmental changes in
the region for more reliable results. To do this, it is necessary to have a more developed net-
work of stations for high-altitude measurements of atmospheric meteorological parameters
and lidar measurements; this network is currently poor.

We estimated the optical characteristics of the smoke aerosol brought to Lake Baikal
from the wildfires which take place at different distances from the observation site. The
difference was shown between the microstructure of the smoke aerosol plumes from the
local wildfires within the coastal area of the lake and that from distant wildfires.

The Angstrom parameter and the aerosol optical depth were calculated for different
atmospheric conditions: ng = 1.57 & 0.16 and T = 0.09 under background conditions;
ng = 1.41 & 0.07 and T = 0.64 for the case of smoke aerosol from distant wildfires; and
ng = 1.05 £ 0.08 and T = 0.25 for the case of smoke aerosol from local wildfires.
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