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Detection of warning signal of particulate emission on the
basis of fixed threshold in real-time using a lidar system
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ABSTRACT: Monitoring pollutant emissions in an urban area is of primary importance in order
to guarantee high levels of human health (by reducing the impact of respiratory diseases on
urban inhabitants) and good preservation of objects (such as historical sites or buildings). The
European Environment Agency (EEA) has established that the maximum concentration of PM2.5
concentration for long-term exposure is 10 pg/m3. By measuring the light that has been backscattered
by atmospheric particulates, the lidar technique seems to be a valid method to provide a warning
signal when a particulate concentration threshold is exceeded. In addition, the lidar system can
also provide information about the distance at which the particulate threshold is exceeded. In this
research measurements of traffic-originated particulate in the area near the University of Rome
“Tor Vergata” is analysed at different times on a weekday to obtain continuous monitoring of its
backscattering coefficient, values of particulate concentration and details about time and distance
from the lidar system at which a warning signal is provided. The University of Rome “Tor Vergata”
is in an area where traffic is very heavy, so high pollutant concentration values are to be expected.

Keyworps: Detector modelling and simulations I (interaction of radiation with matter, interaction
of photons with matter, interaction of hadrons with matter, etc); Interaction of radiation with matter;
Simulation methods and programs
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1 Introduction

The beginning of the 21st century has seen a growing awareness that human health goes hand in
hand with environmental protection: monitoring the environment in which a human settlement is
located therefore means monitoring the protection of the settlement itself.

What makes monitoring activities effective are the rapidity of detecting an alarm situation, the
possibility of continuous measurements and the spatial extent of the area that can be monitored.
With reference to these requirements, lidar technology seems to be very suitable to detect anomalies
in the concentration of particulate matter in the atmosphere, particulate matter that could be toxic or
carcinogenic to humans.

In the last decades, environmental monitoring and diagnostic with lidar systems have significantly
grown. For what strictly concerns monitoring of urban pollutant emissions a lot of studies have been
carried out in the investigated time scenario.

The main objectives of the studies concerning this application are to find out the characteristics
([1-3]) main emission sources ([1, 2, 4]) and spatial distribution ([5, 6]) of urban particulate matter.

The aim of the present study is to adopt a methodology to calibrate the lidar system used and
to analyse the preliminary results obtained. The analysis provided in this work only relates to the
notification of an exceedance of the backscattering coefficient threshold. This is because lidar
systems in horizontal applications are not, in the present state of art, able to return an absolute value
for the local atmospheric concentration, but they can only provide variations of signal intensity from
a non-perturbated reference-taken signal. Our goal is to use the measurement of the variation of the
backscattering signal as a concentration change that can provide an alarm. This makes it possible
to have a system that can perform real-time monitoring in different environments (rural, industrial,
forest, oceanic) and that can detect alarm conditions whenever there is an accidental emission of a
gaseous substance or aerosols into the atmosphere without being able to classify the causes (this is
due to the high sensitivity of lidar systems, but their low specificity). An example of use of lidar
systems as alarm detection can be found in two different papers of Bellecci et al. [7] and Vilar et
all [8] where the use of lidar as forest fire detection is has been proposed.

Two days of case study (in spring season) of environmental measurements have been conducted.
Preliminary weather data have been considered for the final evaluation.



2 Materials and methods

2.1 Experimental apparatus

In figure 1 is reported the experimental apparatus used for the measurements.

Figure 1. Experimental apparatus. From top-left clockwise: APD, telescope, laser source, pc, NI-PXI.

It is composed of a transmitter based on Nd: YAG laser source (1064 nm, 400 mJ, 10 Hz) and a
receiver system constituted by a Cassegrain telescope (aperture: 102 mm, focal length: 1200 mm) and
a silicon avalanche photodiode (Si-APD). Finally, the optical signal transduced into an electrical one
is acquired and stored using an NI-PXI and a pc for the data analysis. NI-PXI is 10 bit, 100 Msps/s
analog-to-digital converter. The system is located at a height of 15 m above the street level. The
system was positioned at this height to ensure eye-safe conditions. More details on this aspect are
reported in appendix A.

Figure 2. Map of the monitored zone. Maps Data: Google ©2023.

The monitored zone, reported in figure 2, can be schematically represented by an imaginary line
connecting the Industrial Engineering department and the parking of the School of Economics. A
further analysis has been carried out for a specific distance (170 m from the system) that corresponds
to Via Cambridge: a heavy-traffic street between the School of Engineering and the School of
Economics.



The entire acquisition for the lidar system is described by the well-known elastic lidar equation
of the backscattered power, which is reported here in equation (2.1)
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C is a system constant, here evaluated using the algorithm proposed by Stelmaszczyk et al. in [9], R
[m] is the range variable, 5, [m™'] is the backscattering coefficient, A is the wavelength of the laser
beam, k [m~'] is the extinction coefficient.

2.2 Preliminary data

To operate an inversion of the acquired data some preliminary information is required such as
visibility, relative humidity and wind direction and intensity. These weather data are necessary
because they behave as input parameters for reference values of backscattering coefficient and
extinction coefficient proposed in [10] to be used in the inversion method, which will be described
in section 2.3. Visibility gives us information about the extinction of a collimated light beam
in a particular environment (by the definition of visibility given by the World Meteorological
Organisation). From visibility, the extinction coefficient could be evaluated by equation (2.2) (as

reported in [11])
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Where k is the extinction coefficient [km™'], V is the meteorological visibility [km™'], A is the
wavelength of the light beam [pm] and q is an empirical coeflicient depending on the range of
visibility (0.585V"1/3if 6km < V, 1.3 if 6km < V < 50km and 1.6 if V > 50 km).

Relative humidity directly influences the optical properties of atmospheric particles because, as
a result of the deposition of water on their surface, it increases their geometric cross-sectional area.
These preliminary data have been downloaded from a weather forecast database and are reported in
tables 1 and 2.

Table 1. Wind, relative humidity, and visibility for day 1 of the measurements for the hours of interest.

Day 1

wind RH [%] VIS
9 | NNE+4 66 good
10 | NNE-+4 57 good
11 | NNW-3 50 good
12 | WNW-7 44 good
13 | WNW-5 62 good
14 | WNW-8 62 good
15 W-7 62 good
16 W-4 71 discrete
17 | SSw-4 76 good
18 S-4 81 good




Table 2. Wind, relative humidity, and visibility for day 2 of the measurements for the hours of interest.
Day 2

wind | RH[%] | VIS

9 W-12 62 good
10 [ W-15 61 good
11 W-6 57 good
12 | NW-11 22 good
13 | W-17 47 good

Visibility and relative humidity are dependent variables for the reference model of the aerosol
optical properties of the lower atmosphere [10].

2.3 Methods

An experimental campaign has been conducted with the lidar system introduced in section 2.1. Once
the raw data has been transferred from NI-PXI to the PC, they have been analysed. The analysis
algorithm could be summarised as follows:

» Data normalisation and preprocessing operations (background subtraction, filtering)
* Evaluation of u (range corrected signal) and SNR (signal-to-noise ratio)

* Assumption of 8, and k, optical reference value, from [10]

 Evaluation of 3, with Klett’s method for the inversion

* Normalisation of the results obtained by the reference value of the backscattering coefficient
to get percentage values of the threshold (taken as the reference value) exceeding.

Preliminary notes on calibration are necessary at this point in the discussion:

* The lidar system does not require quantitative calibration because the signal, via the PXI, is
read in volts. In addition, a general quantitative calibration would not be necessary for the
inversion method, which is based on relative values, considering that the lidar equation is an
integral equation.

* For small distances, the geometric compression factor of the signal (which in the lidar equation
is found in the constant C) turns out to be of paramount importance. Calibration of this
parameter was carried out numerically by using the algorithm proposed by Stelmaszczyk et al.
in [9].

* For the other acquisition parameters, however, which more properly concern the experimental
setup, numerical simulations were first carried out to identify the range of visibility of the
signal, then validated with experimental measurements prior to the campaign presented here.



The inversion method used is the one proposed by Klett in [12] for a non-homogeneous atmosphere.
It assumes that a certain reference value is known at a fixed point, and it is used as a boundary
condition. In our case, the reference value has been taken as 8 at the reference distance of 1,5 m
(This assumption is not highly simplifying because, if I fix the reference point close enough to the
system, I can observe for myself whether or not there are anomalous conditions with respect to the
unperturbed conditions whose constants have been tabulated in [10]). By applying this method, the
backscattering coefficient is evaluated as follows:
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Where new variables introduced, R and P are, respectively, the reference distance (1.5 m) and the
ratio of extinction coefficient and backscattering coefficient calculated at the reference distance.

Since lidar gives back non-absolute values, but the possibility to quantify a comparison between
the observed value and a threshold (here assumed as the non-perturbated value taken from [8]), all
the results will be presented as a ratio between the backscattering coefficient obtained as an output
from the Matlab code and the reference one for an urban environment with a specific RH (Relative
Humidity). This normalization, by evaluating the ratio between the backscattering coefficient
obtained with the inversion algorithm and the reference value of a non-perturbated atmosphere
scenario, is useful to underline the level of threshold exceeding. This exceeding could be easily
referred as a signal ‘alarm’ condition.

Lidar is not able to clearly define the phenomenon that originated a variability in the local
atmospheric concentration, but since we were observing a street, we can say with a certain level of
confidence that the anomalies on the lidar signal are due to urban traffic.

At the end, we compared information about the wind and the fluid dynamics of the plume.

Uncertainty analysis was conducted by evaluating the percentage standard deviation of 100 pulses
for the same measurement. The error committed in this way is approximately 15%.

3 Results and Conclusions

The results are presented in two different ways: a contour map of a time evolution along the special
range of the normalised backscattering coefficient (figure 3) and a time evolution at a fixed distance
for the same parameter (figure 4).

The first type of graph proposed is interesting because it is able to show a graphical relationship
between the area where the atmospheric density is locally altered and the wind direction and intensity.
With lidar technology, we are not able to derive the nature of the local variation in atmospheric density
from the measurements. Considering a source of particulate matter emitting into the atmosphere, a
local density change is observed in the region where this occurs. This region, when crossed by a
laser beam, gives rise to a visible increase in the lidar signal. The sensitivity of lidar technology
to local density variation is very high, but, due to what has just been said, not very specific. To
understand the cause of the observed variation, it is therefore necessary to integrate the lidar system
with other technologies (such as chemical sensors implemented on mobile devices).



The intended use of systems such as the one preliminarily studied in this paper concerns
continuous monitoring capable of providing alarm detection. The alarm is thus given when the
quantity under consideration exceeds a value set as a threshold value.

This type of graph gives information on the portion of the monitored area affected by the local
variation in atmospheric density.

The second type of graph, on the other hand, is interesting because, by limiting the representation
of the ratio trend in question to a single fixed distance (equal to the centreline of Via Cambridge),
it gives an indication of the extent to which the value obtained for the backscattering coefficient
exceeds the value taken as a reference.

Br

In figure 3 is presented the time evolution map of the ratio B and the information for the wind

direction. On the x axis it is reported the time [hh:mm] of measurement, while on the y axis the
distance [m]. The intensity of the colour map (whose legend is reported on the side of each graph)

represents the intensity value of the ratio.
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Figure 3. Time evolution map for the ratio during A) the morning of the first day of measurements, B) the
afternoon of the first day and C) the morning of the second day. Schematic representation of the wind direction
is reported under the time axis.

We observe an higher value of the ratio during three different time windows of the day: between
9.15 and 9.30 (which is just before the time start of first classes in the morning either in Economics
School either in Engineering School), just before 11.00 a.m. (starting time of second classes and
is approximately the most common hour at which university workers start their day) and between
16.30 and 17.30 (which is the finish time either for classes either for workers).

For what concerns information given by the wind we observe that in the E-W direction (which
is perpendicular to the laser beam of the system presented here) we don’t have influences on the
backscattering coefficient all along the distance range analysed. While, for what concerns wind point-
ing to the south we have a spread of the plume all along the range direction and the anomaly is detected
for almost 300 m and it is clearly represented by the rising in intensity of the red colour in the map.

In figure 4 is reported the time evolution of the ratio g;‘ at a fixed distance (170 m) from the
system corresponding to Via Cambridge.

Figure 4 is a focus on what happens on Via Cambridge during the period investigated. Time
evaluations made for figure 3 are validated in figure 4: we have stronger exceeding of the reference
threshold before the beginning of the working or lesson time and after its end. In this case, by
referring to a fixed distance (which means a fixed point by considering that the entire range of
analysis has been, in first approximation, described as a line), wind information gives no further

interpretation of the phenomenon observed.
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Figure 4. Time evolution at a fixed distance for the ratio into account during A) the morning of the first
day of measurements, B) the afternoon of the first day and C) the morning of the second day. Schematic
representation of the wind direction are reported under the time axis.

In conclusion, results presented in this work regarding preliminary tests with a lidar system as
the one described in section 2 in terms of alarm detection of a backscattering threshold exceeding
are based on the assumption that reference values for both backscattering and extinction coefficient
are taken from [10] and only depends on relative humidity and visibility. By considering that our
reference method is based on observation conducted in 1975 and that urban environment is supposed
to have become significantly different in last fifty years, the accuracy of the reference values for
backscattering and extinction coefficients must be increased. It should be interesting also to express
a correlation between the two optical coefficients and temperature: this is because local variation
of temperature is strongly related to a local variation of density which is exactly what lidar system
is able to observe. Further studies will be conducted to collect more data, to create a database for
reference values and to correlate different weather data to backscattering and extinction coeflicient
to have, depending on weather condition, a prediction on the value to be used as a reference one in

the inversion equation.

A Demonstration of eye-safety conditions for current application

In this appendix eye-safety conditions under which the experimental campaign has been operated
will be demonstrated.

The centreline of the laser head is positioned 15 m over the street level. At the exit, the spot of
laser beam has a dy (5 mm) diameter and it’s characterized by a divergence & equal to 5 mrad. The
aim of this appendix is to show that, although the laser beam can reach, due to its strong divergence,
the eye level of human beings in transit on the road, the energy (and, most of all, the fluence)
possessed by the beam in the conditions in which it intercepts human eyes and skin, is well below
the limits sanctioned by law (in Italy D. Lgs 81/2008 and D.Lgs 106/2009). The quantity of interest,
therefore, turns out to be the energy (normalised per unit area), absorbed by the biological matter (in
this specific case the ocular retina since there is no danger to the skin).

By considering the divergence of the laser beam, the limit condition for fluence H [J/m?] and
for irradiance E [W/m?] given by Italian law (respectively equal to 0,02 J/m2 and 23,64 W/m?2 for a
train of pulses) is reached at a horizontal distance of 300 m from the laser source. At this distance
the laser beam has a fluence of 0,019 J/m? and an irradiance of 0,39 W/m?2. At such a distance from



the laser head, we have no interaction between laser beam and people walking on the street (laser
beam diameter is 5 m).

It is necessary to underline that such a system presented in section 2 is a prototype, but our aim

is to develop a system with a laser beam with less pulse energy (0,05 J). This data influences the
eye-safety distance by reducing this parameter to 170 m.
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