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ABSTRACT Forest fires can be the cause of serious environmen-
tal and economic damages. For this reason considerable effort
has been directed toward forest protection and fire fighting.

The means traditionally used for early fire detection mainly
consist in human observers dispersed over forest regions. A sig-
nificant improvement in early warning capabilities could be
obtained by using automatic detection apparatus.

In order to early detect small forest fires and minimize false
alarms, the use of a lidar system and dial technique will be
considered.

A first evaluation of the lowest detectable concentration will
be estimated by numerical simulation. The theoretical model
will also be used to get the capability of the dial system to con-
trol wooded areas. Fixing the burning rate for several fuels, the
maximum range of detection will be evaluated. Finally results
of simulations will be reported.

PACS 42.68.Wt; 89.60.Ec; 92.60.Mt; 92.60.1q

1 Introduction

Lidar and dial techniques are by now very well es-
tablished technologies to explore atmosphere [1]. They are
often used to acquire information to create or validate several
models relevant to different topics of atmospheric physics, but
they can also be employed in environmental monitoring of
particulate and gas.

In the dial technique the lidar transmitter emits light pulses
at two closely adjacent wavelengths Aon and Aopr into the
atmosphere. Aon denotes the on-line wavelength where the
trace gas absorption causes an additional attenuation of the
radiation during passage through the atmosphere, Aopr is the
associated non-absorbing off-line wavelength. The compari-
son of the backscattered radiation at both wavelengths yields
the trace gas number density as a function of distance along
field-of-view of the receiving telescope [2].

Experimental and theoretical investigations by Andreucci
and Arbolino [3], Lavrov and Vilar [4, 6], Pershin et al. [5] and
Utkin et al. [7, 8] have shown that lidar is a powerful tool to de-
tect the tenuous smoke plumes produced by forest fires at an
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early stage of development and present considerable advan-
tages for early forest fire detection in comparison with passive
methods of fire surveillance. Full automation of the detection
process requires prompt identification of the peaks corres-
ponding to smoke plumes in the lidar return signals, but these
signals may often present other peaks, resulting from various
causes, among which a relevant one is the returning signal due
to the long nitrogen tail of the laser pulse [9].

In previous work the authors presented the realization, use
and characterization of a laser-induced sealed plasma shutter
to clip off this nitrogen tail of the TE-CO, laser [10, 11].

The aim of this work is to underline the role of a CO,
laser based apparatus in revealing forest fire and minimiz-
ing false alarm events. For this purpose, we propose to use
our system in lidar and dial measurements configuration.
The first lidar measurement is executed to evaluate the vari-
ation of the aerosol amount into the atmosphere by means
of a non-absorption water wavelength. If the returned signal
reports a backscattering peak, the presence of a fire will be
probable. To confirm this hypothesis, a second dial measure-
ment is needed to establish the presence of another compon-
ent emitted by combustion process, as water vapor, which is
largely produced at the first combustion stage. This should
be done by sending a second laser pulse at a water ab-
sorbed wavelength. If also in this case an increment with
respect to the standard concentration level is revealed, a sec-
ond fire warning is obtained. In this way, our system is
able to early detect forest fire events and, at the same time,
to reduce the occurrences of false alarms since it operates
with two combined and independent procedures described
before.

2 System description

The lidar system is based on a home-made TEA
CO; source in SFUR configuration [12, 13]. It permits to op-
erate with a TEMgy mode and then a Gaussian pulse shape.
The laser is tuneable over about 60 laser lines in the spectral
range between 9—11 pum. These range compared to the visible
and UV region is in good agreement with the eye-safe con-
ditions that is required when one laser pulse is sent in free
atmosphere.
The energy output is equal to 500 mJ with a giant pulse
width of about 100 ns. As it is well known, this pulse is consti-
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tuted by a main peak followed a long nitrogen tail. In our set
up we clipped the tail by means of a plasma-shutter.

This apparatus is well described in previous works
[10,11].

The results obtained with this device are reported in Figs. 1
and 2. The first one shows the unclipped signal, while the sec-
ond, the clipped one.

We developed a rapidly tuning diffraction grating that as-
sures a misalignment less than 0.1 mrad and a laser tuning
time less than 500 ms. As investigated in previous works [14],
a random error “6” in alignment is determined sending “on”
and “off” pulses of a single laser. In the case of coaxial
lidar configuration, random alignment error gives an abso-
lute error in concentration measurement. If the case of water
vapour measurements with 6 ~ 0.1 mrad, the numerical result
gives an absolute error in concentration measurement of about
100 ppm [14, 15].

The telescope is based on Newtonian configuration. The
primary mirror has a diameter of 400 mm and a focal length of
2400 mm.

The photodetector is a nitrogen-cooled HgCdTe device.
The data control and acquisition system is illustrated schemat-
ically in Fig. 3.
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FIGURE 1 Unclipped laser pulse. Temporal profile
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FIGURE 2 Temporal profile of truncated CO; laser pulse

Transmitter TEA CO, laser

Output energy 500 mJ
Peak power 1MW
Pulse width GSWP : 100 ns; tail:~ 4 ps
Beam divergence 0.77 mrad
Spectral range 9-11 pm
Receiver
Primary ROC 2400 mm
Primary diameter 400 mm
ZnSe lens focal length 50 mm
Total focal length 576.6 mm
FO.V. 0.88 mrad
Detector type HgCdTe
Detector sensitivity D*3.38 (1010 cm Hz!/2 /W)
Detector size 1 mm?

Acquisition system

Lecroy 9350 C 11 bit 1-1 G sample/s

TABLE 1  Set up parameters

PC CONTROL UNIT

PC UNIT

Pl Board

TTL Board
|EEE 488 Board

LASER SOURCE SCANNING MIRROR | |/ACQUISITION SYSTEM
Timing Laser Pulse Read encoder position Acquire Lidar Signal
Tuning grating difraction To check motor unit

FIGURE 3 PC control system scheme

The acquisition system is based on a oscilloscope digi-
tiser Lecroy 9350 C model with a 500 MHz band width, with
vertical resolution up to 11 bits of. All the system is checked
by a computer. Into the PC are inserted a compatible IEEE
488 and 16 channel optical isolated I/O TTL boards. The
first board using a GPIB bus transfer the backscattered data
in the PC memory, the second give TTL pulse for timing the
laser shot and move the two scanning mirror motors. The
same board reads the TTL input from scanner module encoder
to known the exact position where we send the laser radia-
tion. At the end there is another Physics Instruments board to
move the diffraction grating. The program is based on LAB-
VIEW software showing a simple interface between PC and
the operator.

3 Theoretical overview

To evaluate the feasibility and the performances of
a forest fire early detection system, a smoke diffusive model
has been taken into account [16]. The ideal smoke model for
this purpose would consider a large number of variables and
parameters concerning the combustion process, vegetation ty-
pology, ground morphology and climate.

We choose a simplified model, and implemented it to ob-
tain realistic results together with a computational effort as
low as possible. This model includes such aspects that are ex-
plicitly correlated to the infra-red and optical properties of the
smoke plume and it has been developed in the steady state and
unsteady state cases.

The smoke plume model has been subsequently coupled
to a dial sensitivity analysis, in order to estimate the system
efficiency.
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31 Smoke diffusive model

The simplified smoke model is based on three main
variables: the fuel combustion rate M, expressed in kg/min;
the amount of air involved into the combustion of one kilo-
gram of vegetal fuel (taking into account the appropriate air
excess); the smoke source size R (the radius of the ideal cir-
cumference containing the burning fuel at altitude zero).

The reference fuel has been defined by Johnson [17] on the
basis of the following percentage mass composition:

— Carbon, C =0.505;
— Hydrogen, H=0.06;
— Oxygen, O =0.42;

— Ashes, A=0.015.

The moisture fraction usually enclosed in vegetal materials
varies from 15 to 80 mass percent [17]. A value of 40% has
been assumed.

The combustion process is a chemical reaction during
which the carbon and the hydrogen within the fuel are com-
bined with oxygen (both the oxygen already included in the
fuel composition and the oxygen from atmospheric air) and
produce carbon dioxide and water. It is assumed that complete
combustion of fuel occurs, so all the carbon and the hydro-
gen are transformed by combustion; 1 kg of the reference fuel
includes:

— 400 g of H>O equal to 22.22 moles;
— 303 g of C equal to 25.25 moles;

— 36 g of H equal to 36.00 moles;

— 252 gof O equal to 15.75 moles.

In order to obtain complete combustion, 26.375 moles of O,
are required in additional to the oxygen already included in the
fuel.

The smoke produced by combustion becomes more and
more mixed with cold atmospheric air with increasing height
above the source level. It is assumed that the gas, in an el-
ementary volume, consists of smoke for a fraction g5 < 1,
and for the remaining fraction g, = 1 — g5, by atmospheric
gases. Once the function ¢gs(x, y, z) and the composition of
the atmospheric air are known, it is possible to calculate the
composition of the smoke plume.

It has been also assumed that the concentration of the com-
bustion products, gs, is maximum and equal to 1 at altitude
zero and time zero.

The smoke diffusion process is governed by the continuity
equation:

0
div(gsv) = %N ,

” (1)

where v represents the velocity field which components are
the diffusion rate, the mean wind velocity (horizontal com-
ponent only) and the buoyancy rate (in the vertical direction
only) [16].

This kind of problem must be resolved through the simul-
taneous computation of the g, function values over a 3D grid.
If the vertical diffusion velocity component is neglected, the
problem becomes two-dimensional; thus, the continuity equa-
tion is much more simple to handle for numerical integration.

It is assumed that the smoke volume produced by the
source in the unit time, its chemical composition and its tem-

perature are not time-dependent, so the right hand term of (1)
is null. Moreover, the smoke is considered divided in infinitely
thin disks. Each one is produced at a given time, moves up-
wards with a buoyancy rate v, and does not interact with the
smoke disk produced at different times.

Itis useful to transform (1) in cylindrical coordinates:

K10 g, 0
—-Z (xi)——ws), )

Up X 0X ax ) oz

where K = 0.1 m?/s represents the constant diffusion coeffi-
cient and v, = 1 m/s the buoyancy rate [18]. The solution of
(2) can be obtained by using numerical methods [19,20]. In
this manner we studied the behavior of the combustion prod-
ucts into the atmosphere, considering only 1 kg of vegetal fuel
burning (Fig. 4).

The most important parameter, in the early fire detection,
is the time factor. Operating during the combustion develop-
ing phase allows one to limit the subsequent damages. This
phase induces a situation of great instability within the instan-
taneous established energetic flows; moreover, the tempera-
ture raise produces an increment of the combustion rate, from
0.4kg/min to 0.9 kg/min [21, 22].

Figures 5 and 6 describe the conformation of the smoke
plume (in terms of all combustion products) at two different
times, the first after 15 min and the second after 60 min.
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FIGURE 6 Distribution of combustion products at = 3600 s

3.2 Dial sensitivity analysis

The basic concept of the laser remote sensing of
atmospheric constituents using by dial system involves the in-
tensity measurement of the backscattered radiation as a func-
tion of the transmitted frequency. For density profiles meas-
urements, two laser frequencies (Aox and Aopr) are selected,
such that Aon and Aopr are on-resonance and off-resonance,
respectively, with an absorption transition of the molecular
specie which is begin measured. The concentration of the ab-
sorbing species may be deduced from the differential absorp-
tion of the backscattered signal at Aon wavelength compared
to that at Aogr.

The instantaneous power of the backscattered lidar radia-
tion, P, may be given approximately by:

R
A() CcT , ,
POL R) = Pz BOL R)—-exp | =2 [ kG, RYAR' |, (3)
0

where P, is the output laser power, R the distance of the in-
coming radiation, ¢ the speed of light, Ay the area of primary
mirror telescope, T the temporal width of the laser pulse, § is
the backscattered coefficient and k the atmospheric extinction
coefficient [23].

Using (3) for the two different wavelength, one sees that
it is easy to obtain the path average concentration n of the ab-
sorbing molecule, namely

n(R) = 1 |:i {IH[P()\offaR)}
2 (Oon —0off) | AR P (Aon, R)

B (Aons R) . B
- [m} } +ko (Rofi, R) —ko (hon, R):| ,
4)

where the index “on” (or “off”’) indicates the value referred to
the absorption band (or to the detuned wavelength), P is the
power received by the detector, o the differential absorption
cross-section, B the backscattered coefficient and k¢ the total
atmospheric extinction exclusive of the quantity relating to the
absorption due to the substance that is being studied [24].

The average minimum concentration that can be revealed
by the dial system, ny,, can be evaluated using two different
approaches depending on the considered distance R between
the laser source and the target molecule [25].

For the greater values of R, the minimum concentration
can be evaluated setting the difference in the return signals
A P; produced by the differential absorption of the absorbing
species equal to the noise equivalent power (NEP) of the de-
tector. In this case it may be shown that [25]:

(NEP)7R

~ 2K0APy(Ao) exp(—2BR) ©)

Nmin

where K is the receiver efficiency, o is the reflectivity of the
topographic target, A is the area of the receiving telescope, Py
is the output power of the laser beam, exp(—28R) is the atmo-
spheric attenuation and Ao is the difference in the absorption
coefficients of the pollutant at the two wavelengths.

At shorter ranges a more restrictive limitation may occur
due to the inability of the measurement system to distin-
guish between the fractional change in the lidar return signal
(A P/ P;) due to real variations of the species concentrations
and random fluctuations caused by atmospheric turbulence
and other perturbations. For this case, it was shown that

5x 103(AP,/P,)
nmin = £

(AO)R ©

where the value of (AP;/P;) is a function of both, the dial
system parameters and atmospheric effects.

4 Results and discussion

The early combustion phase of the vegetable mat-
ter causes a great amount of water vapor emission. Thus the
water molecule behavior has been studied to obtain a fire de-
tection system, which is ready and efficient also before the
flame propagation. Measuring the water concentration peak
after a revelation of the aerosol density increment (referred
to the standard mean atmospheric value) represents a good
method to reduce false alarms occurrence employing a dial
system.
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FIGURE 7 Combustion products concentration as a function of the dis-
tance x
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As shown in Fig. 7, the combustion products concentra-
tion has been reported as a function of the altitude z and the
distance x in the steady state case hypothesis. The first graph
confirms that the 0.45% mass-fraction is present at the alti-
tude of 40 m, assuring the presence of a sufficient water vapor
concentration without reaching the system sensitivity limit.
This is in agreement with the simulated lidar returned signal
(Fig. 8) which reports remarkable water peaks at different li-
dar system—smoke plume distances at the reference altitude
(30—40 m).

In order to quantify the increment in water vapor con-
centration, it is necessary to evaluate the light absorption of
the two different wavelengths by this molecule (as seen in
Sect. 3.2). The choice of these wavelengths has been made
on the basis of our experimental results shown in previous
works [26-28]. So the “on” and “off” lines are, respectively,
10R20 and 10R18 in the branch at 10 pwm. The 10R20 cor-
responds to 10.591 um (944.198cm™!) and the 10RI18 to
10.571 um (945.984 cm™'). At these wavelengths the differ-
ence in the absorption coefficients of the water molecule (Ao)
isequal to 7.7 x 10~*cm~'atm™! and the value of attenuation
coefficient («) is 0.05 km ™! [29].

Referring to the combustion of 1 kg of vegetable matter
burning in steady conditions, Fig. 9 brings out how the con-
centration reported by the system during a forest fire, is per-
fectly inside the region bordered by the two dial limit curves
for a dial system—forest fire distance, which varies from 200 m
to 10 km (the dial detector sensitivity is limited by the differ-
ential return (A P,/ P;) at short ranges and by detector noise
(NEP) at the longer ranges).

Asregards the unsteady state case, the simulation has been
set up in order to reproduce the conditions within an hour
from the ignition, in the hypothesis that the fuel burns at
0.4 kg/min. This low value has been chosen to reproduce the
worse condition for the detection system; therefore if the dial
system is able to early reveal a fire burning in these condi-
tions, then it will surely succeed at greater combustion rates.
Numerical computations lead to the estimated minimum time,
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FIGURE 8 Water concentration peaks measured at 5 and 10 km
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elapsed since the ignition stage, to obtain a valid fire report by
the dial system. The system succeeds in revealing the fire after
60 seconds from its ignition, as it can be seen from the graphs
reported in Figs. 10 and 11.

In conclusion, the obtained results demonstrate that the
employment of a dial system offers considerable advantages
for early forest fire detection due to its higher sensitivity, abil-
ity to accurately locate the fire with very low false alarms
occurrence and the high relative degree of eye safety provided
by lasers operating in the infrared compared to the visible and
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UV region. These are the main prerogatives for implementing
an efficient, ready and inexpensive system.
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