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Abstract. An overview is given of the laser remote sensing of atmospheric
aerosols and related processes over the Sofia area performed in the Institute of
Electronics, Bulgarian Academy of Sciences, during the last three years. Results
from lidar investigations of the optical characteristics of atmospheric aerosols
obtained in the frame of the European Aerosol Research Lidar Network, as well
as from the lidar mapping of near-surface aerosol fields for remote monitoring
of atmospheric pollutants are presented and discussed in this paper.

PACS codes: 42.68.Wt, 42.62.-b, 42.79.Qx

1 Introduction

Atmospheric aerosols emitted by various natural and anthropogenic sources have
been the objective of intensive research in recent decades [1,2] due to their sig-
nificant influence on the climate, air quality, and human health [3,4]. Charac-
terization of the aerosol optical properties could be best done integrating mea-
surements obtained with different active and passive methods, as well as com-
plementary in-situ sensors.

In order to investigate successfully atmospheric aerosol processes, vertical
and/or horizontal profiling of aerosol optical parameters is needed. Laser radars
(lidars) are widely adopted instruments for active remote sensing of the atmo-
spheric aerosols with high spatial and temporal resolution, high sensitivity and
accuracy, covering large distances and observation areas [5, 6].

In this paper we present results obtained in the Laser Radars Laboratory at the
Institute of Electronics, Bulgarian Academy of Sciences (LRL-IE) during the
last several years, using elastic backscatter lidars for measuring the vertical, hor-
izontal, and temporal distribution of atmospheric aerosols. Lidar remote sensing

*This article is based on a talk given at the 3rd National Congress on Physical Sciences, 29 Sep. —
2 Oct. 2016, Sofia.
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investigations are performed on days of specific aerosol loadings in the atmo-
sphere, caused by occasionally occurring events such as long-distance trans-
border transport of dust from the Sahara desert and forest fires. Results on lidar
mapping of near-surface atmospheric aerosol fields over the city of Sofia and
surrounding areas, by scanning in horizontal and vertical directions, are also
reported.

2 Sofia Lidar Station

The fast spread of lidar systems contributes to their organizing in lidar net-
works. The joint analysis of lidar observations in different locations is a useful
approach for better understanding and interpretation of some regional aerosol-
related events and their influence on the environment. The first aerosol lidar
network, established in 2000, with the main goal to provide a comprehensive,
quantitative, and statistically significant data base for the aerosol distribution
on a continental scale is the European Aerosol Research Lidar Network (EAR-
LINET) [7, 8]. Over the years, the number of EARLINET stations increased
from 17 (in 10 countries) in 2000 to 28 stations (in 17 countries) (see Figure 1).

The only lidar station in Bulgaria is located at LRL-IE (42.65N, 23.38E; 590 m
above the sea level) in the southeast part of Sofia. Since 2003, it has been in-
volved (as Sofia lidar station) in regular and synchronized lidar measurements of
the atmospheric aerosol within the framework of EARLINET, performing sys-
tematic lidar monitoring of atmospheric processes [9, 10], unusually high con-

EARLINET

Figure 1. Map of the EARLINET stations currently active. Retrieved October 30, 2016,
from https://www.earlinet.org/index.php?id=121.
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centrations of aerosols in the troposphere [11], transport of mineral dust from
Sahara desert [12], volcanic eruptions [13], formation of smoke layers resulting
from forest or industrial fires [14].

Elastic backscatter lidar systems of the Laser Radar Laboratory, as a part of
the EARLINET network, have accomplished tasks of the ACTRIS Research In-
frastructure (Aerosols, Clouds, and Trace gasses Research Infra Structure) in the
frame of projects supported by the European Commission in the Seventh Frame-
work Programme (project ACTRIS, 1 May 2011 — 30 April 2015) and the Hori-
zon 2020 Research and Innovation Framework Programme (H2020-INFRAIA-
2014-2015) (project ACTRIS-2, 1 May 2015 — 30 April 2019).

2015/05/27

(©)

Figure 2. Cu-Au-vapor laser (a) and Nd: YAG laser (b) based aerosol lidars at EARLINET
Sofia lidar station. Scanning aerosol lidar system employing Cu-vapor laser, used in the
investigations of the near-surface aerosol fields (c).
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The lidar systems performing measurements of the aerosol optical parameters
are based on CuBr-vapor laser (generating at 510 nm and 578 nm) and Nd: YAG
laser (emitting at 532 nm and 1064 nm). Detailed features of these systems
(shown in Figure 2) have been described elsewhere [9].

Despite of the good results obtained during the years, scientific and technolog-
ical progress leads to the necessity of the respective hardware and software im-
provements of the lidar systems. In 2015, the CuBr-vapor laser of the first system
was replaced by a Cu-Au-vapor laser that significantly expanded the opportuni-
ties for a multiwavelength sounding of the atmosphere up to heights of above 15
km, due to the higher average power for each of the generated laser wavelengths
(510.6 nm, 578.2 nm and 627.8 nm) and the lower repetition rate of the laser
pulses. Lidar measurements performed at two or more wavelengths provide
opportunities for better characterizing the optical and, particularly, the micro-
physical properties of the atmospheric aerosols. This change led to a general
transformation of the mechanical construction and the receiving system of the
lidar, at the aim to detect simultaneously the backscatter of the three laser wave-
lengths. The new mechanisms for lidar telescope mounting and adjustments are
shown in Figure 2(a).

In 2015, large experimental campaign has been carried out on lidar mapping of
near-surface atmosphere over the Sofia urban area. Two scanning lidar systems
were used in the aerosol lidar mapping experiments - the Nd:YAG laser-based
system shown in Figure 2(b) and Cu-vapor laser-based lidar emitting pulses with
a duration of 10 ns at a repetition rate of 5 kHz and wavelengths of 510.6 nm
and 578.2 nm, given in Figure 2(c).

3 Lidar Measurements of atmospheric Aerosol Load above Sofia
during Saharan Dust Intrusion on 7 April 2016

Every year extremely large amounts of mineral dust (nearly 200-300 million
tons) are transported from North Africa to Europe [15, 16]. The basic source of
this type of aerosols is the Sahara Desert having an area comparable to that of the
European continent and the deepest atmospheric boundary layer (ABL) reach-
ing 5-6 km [17-19]. The atmospheric dust transport is seasonally dependent,
exhibiting highest intensity during the spring and summer [20,21].

Lidar measurements of the atmospheric aerosol loading during Saharan dust in-
trusions is a basic part of the LRL-IE activities in the last decade, conducted
in the frame of the working program of the European Aerosol Lidar Network
[22,23]. In this Section, we describe experimental results obtained on 7 April
2016 by using simultaneous sounding of the atmosphere with two lidars of the
laboratory. The measurements are carried out in the approximate time interval
17:00-18:20 UTC (20:00-21:20 local time).

The information provided by the BSC-DREAMS8b and HY SPLIT models is used
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Figure 3. BSC-DREAMS8b model forecast of Saharan dust load and cloud cover above
Bulgaria on 7 April 2016. The Sofia region is marked by red circles on the maps.

to determine the origin of the registered aerosol layers. According to the BSC-
DREAMS8b model, a Saharan dust intrusion had taken place above Bulgaria (see
color map on Figure 3; the Sofia region is denoted by a red circle). The model
forecast for the vertical distribution of the Saharan dust concentration in the
atmosphere above Sofia is presented at the left-hand side plot in Figure 3. As
this plot shows, dust aerosols have extended mostly within the height interval
1-4 km. Cloud cover over Bulgaria near the time of measurements can be seen
on the black-and-white map in Figure 3.

The temporal evolution of the registered aerosol field mass distribution during
the measurements, is displayed as color maps of range-corrected lidar signals
(RCS) at the wavelength of 510.6 nm (Figure 4), 532 nm and 1064 nm (Figure 5),
respectively.
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Sofia, 07.April.2016, wi=510.6 nm RCS,a.uy 10"
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Figure 4. RCS color map of vertical aerosol-density temporal evolution above Sofia, as
measured at wavelengths 510.6 nm; height resolution 30 m; temporal resolution 3 min.
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Figure 5. RCS color maps of vertical aerosol-density temporal evolution above Sofia, as
measured at wavelengths 532 nm (a) and 1064 nm (b); height resolution 7.5 m; temporal
resolution 5 min.

The RCS color maps show that on 7 April 2016 several aerosol layers are de-
tected — a thick one extended from the ground up to 4 km, a thin aerosol layer at
a height of about 5.5 km, and an aloft layer in the altitude range 8—10 km.

We calculated and analyzed a number of HYSPLIT backward trajectories
throughout the troposphere in order to explain the aerosol vertical distribution.
Some of them are shown in Figure 6. Trajectories delineate the air mass trans-
port pathway prior to reaching Sofia at the time of measurements.

Trajectories ending above Sofia at heights of 1000, 2300, 4000, calculated for
a 200-hour period are presented in Figure 6(a). These were chosen so as their
endpoints over Sofia to be located nearly uniformly in the range 1-4 km, where
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Figure 6. HYSPLIT-backward trajectories ending above Sofia during the measurements
on 7 April 2016.

the Saharan dust concentration has been considerable, according to the BSC-
DREAM forecast (see the left-hand side of Figure 3).

The backward trajectories displayed on Figure 6(a) indicate that, prior to reach
Sofia region, the air-masses at the specified altitudes have been moving contin-
uously low above or close to the Sahara Desert surface, whereupon they have
passed through dust containing atmospheric domains over the Mediterranean.
Therefore, a conclusion can be derived that the observed aerosol loading of the
atmosphere in the altitude range 1-4 km above Sofia on 7 April 2016 results
mostly from a long-range transport of Saharan mineral dust.

Figure 6(b) presents trajectories ending above Sofia at heights of 5500, 7800
and 9000 m calculated for a 100-hour period. These are chosen because their
endpoints nearly correspond to the heights of the observed aerosol layers above
4km, as can be seen on the RCS maps in Figures 4 and 5. The obtained back-
ward trajectories show that the air-masses at these altitudes have passed consec-
utively over the Atlantic Ocean, Sahara Desert, dust-rich atmospheric regions
over the Mediterranean, descending during the transport down to a height of
about 5 km. Taking into account the presented backward trajectories and the
mentioned above high top boundary of the Saharan ABL, one can presume that
the air-masses at the regarded altitudes above 4 km have contained considerable
amounts of humid air, other type general aerosols, and, possibly, some small
amounts of Saharan dust. This is in accordance with the BSC-DREAMS8b model
dust concentration profile shown in Figure 3, indicating absence or very low con-
centration of dust above 4 km at the time of measurements. If present, some dust
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particles at the regarded altitudes could serve as condensation nuclei in forming
the clouds above 4 km.

4 Lidar Mapping of Urban Aerosols

The aerosol mapping by means of scanning elastic-scattering lidars is a fast and
effective approach to detecting polluting aerosol loads over broad densely pop-
ulated or industrial areas, as well as to determining aerosol density, spatial dis-
tribution, and temporal dynamics [24-26]. Results on lidar mapping of near-
surface atmospheric aerosol fields over the city of Sofia and surrounding areas,
by scanning in horizontal and vertical directions, will be shortly presented in
this Section. An extensive lidar data set is obtained during a seven-month ex-
perimental campaign in 2015, carried out in the frame of a common project with
Sofia Municipality. A more detailed presentation of the results has been reported
elsewhere [27].

Two types of lidar scanning measurements have been performed: vertical scan-
ning at a fixed azimuth angle, changing at the same time continuously the el-
evation angle, and horizontal scanning at a fixed elevation angle, changing the
azimuth angle. The aerosol mapping in North and North-West (N-NW) direction
(toward Stara Planina mountain and the central parts of Sofia) by using the lidar
equipped with a Cu-vapor laser (located on the top of the building of the Institute
of Electronics) can be accomplished at an elevation angle of 0°. For the mea-
surements in South - South-West (S-SW) direction (toward Vitosha mountain),
performed by using the Nd: YAG laser-based lidar, a low elevation angle (6-7°)
was used because of the presence of high buildings and trees in this direction.

Range profiles of the aerosol backscattering and extinction coefficients are the
aerosol parameters derived from raw lidar data on the basis of so-called lidar
equation describing the relation between the received range-resolved backscat-
tered optical radiation power and atmospheric and system parameters [5, 6]. At
the next step of processing the aerosol backscatter profiles resulting from hor-
izontal or vertical scanning, two-dimensional color-coded sector maps of the
near-surface aerosol density are obtained. Red coloring corresponds to higher
aerosol density, while the blue one — to lower aerosol density. In the next fig-
ures, the obtained color maps are presented overlaid onto a Google map of the
investigated area.

The vertical lidar scanning is used to acquire information about the vertical struc-
ture of the aerosol concentration. Figure 7 shows a range-height color map con-
structed using lidar profiles (averaged over five individual scans) obtained along
a fixed azimuth (326° with respect to the North clockwise) at different elevation
angles (0-10°), with an increment of 1°. A well pronounced vertical layer near
ground surface (close to a thoroughfare with intense traffic) was observed in the
height range 500-700 meters. Aerosol formations were detected at a height of
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Figure 7. Vertical distribution of the aerosol backscattering coefficient obtained along a
fixed azimuth of 326° with respect to the North.

~ 1-2 km above ground, with a density higher than that of the surrounding at-
mosphere, probably low clouds. This vertical map demonstrates the capability of
such a type lidar measurements to determine quickly and precisely the location
of the sources of anthropogenic particular matter emissions in the atmosphere.
On the other hand the horizontal-scanning lidar measurements, provide signifi-
cant information about the air pollution by near-ground surface aerosol fields.

Figure 7 illustrates also the operational distance of the lidar measurements per-
formed. The maximum distance exceeded 20 km, limited by the high laser pulse
repetition rate, in the case of Cu-vapor lidar, and by the surface topology of the
observation area in S-SW direction, in the case of Nd: YAG lidar.

Results of horizontal lidar scanning measurements and mapping of the near-
surface aerosols in the atmosphere above Sofia and the surrounding areas are
presented below.

Figure 8 show results of lidar mapping in NW direction, including the central
parts of the city. They were performed by the lidar equipped with a Cu-vapor
laser at the wavelength of 510.6 nm. The near-surface aerosol density distribu-
tion, resulting from measurements carried out on 6 August 2015, in the interval
21:33-22:10 local time (LT), is presented in Figure 8(a).

The investigated azimuth sector of 8.5° covered the central city zones including
and being nearly parallel to one of the main city thoroughfare, reaching distances
of near 22 km. Due to the heavy city traffic, relatively higher values of the
aerosol backscattering, and, respectively, the aerosol density were observed over
the urban areas reaching the city ring road. At distances beyond the ring road,
the aerosol pollution concentration is lower (see the blue-colored areas), so we
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(b)

Figure 8. Horizontal aerosol density distribution as measured on 6 August 2015 in the
time interval 21:33-22:10 LT, at distances of more than 20 km (a) and on 23 July 2015 in
the time interval 21:33-22:10 LT, at distances of up to 10 km (b).

could assume that the aerosol fields observed by the lidar were of anthropogenic
origin.

In Figure 8(b), results are presented of lidar measurements performed in the
time interval 21:36 — 22:09 on 23 July 2015. The lidar sounding was directed
NW to distances of 10 km, covering mainly the central parts of the city. Areas
of relatively higher aerosol pollution were observed, mainly close to the busy
streets, but also over some densely populated residential districts (yellow-brown
colored areas on the map).

Figure 9 demonstrates the capability of lidar scanning methods to determine not
only the aerosol density and spatial distribution, but also the temporal variations
of the aerosol density distribution. On 9 November 2015 four measurements
were performed in the same angular sector of 28° - one daytime over distances
of up to 6 km and three successive nighttime ones over distances of up to 9 km.

The daytime measurement data Figure 9(a) show presence of aerosol fields char-
acterized by relatively high density and nearly homogeneous distribution (pre-
dominantly colored in red-yellow on the map) above the city part close to the
lidar up to the city ring road (distances of up to 3.5-4 km). Over some resi-
dential districts close to the ring road (left-side part of the observation sector),
a zone of low aerosol concentration has been formed, passing farther to one of
even lower aerosol densities when approaching the mountain foot. In that re-
mote part of the lidar-mapped zone, separate spots of higher or lower aerosol
concentration could also be observed.

Juxtaposing the three color maps corresponding to the three successive 1-hour
lasting evening measurements (Figures 9(b-c)) reveals occurrence of highest
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Figure 9. Temporal variations of the aerosol density distribution: Results from the lidar
scanning measurements performed in an azimuth sector of 28° on 9 November 2015
in the time intervals 10:23-11:40 LT (a), 18:12-19:07 LT (b), 19:10-20:10 LT (c), and
20:12-21:01 LT (d).
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aerosol densities in the near to the lidar station zone at distances of 1-2 km,
as well as moderate dynamics of the aerosol distribution picture over the whole
sector of lidar scanning.

5 Conclusions

In this work we briefly presented results of lidar remote sensing of atmospheric
aerosols and related processes over the Sofia region performed in the Laser
Radars Laboratory at the Institute of Electronics, Bulgarian Academy of Sci-
ences. The investigations are caried out mainly in the framework of the Euro-
pean Aerosol Research Lidar Network.

Reported in the paper multi-wavelength lidar observations on long-distance
transport of Saharan dust are confirmed by the BSC-DREAMS8b model dust con-
centration data and the HYSPLIT air-mass backward trajectories. The analysis
of the obtained two-dimensional aerosol lidar maps, as overlaid on the topo-
logical map, shows a good correlation between the aerosol density distribution
and the locations of important sources of aerosol pollution, such as streets with
intense traffic, densely populated areas, etc. The last research was performed
under a contract with a Sofia Municipality.

Summarazing, the lidar remote sensing of the atmosphere, including the lidar
aerosol mapping, appears to be an effective approach to accurate and reliable
determination of the presence of atmospheric aerosols and their density, spatial
distribution, and temporal dynamics.
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