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Abstract

The development and improvement of techniques to monitor off-normal concentrations of chemicals in the atmosphere are
crucial to guarantee human and environmental health, safety, and security. An interesting technique for use in research activi-
ties is the differential absorption lidar (DIAL); an improvement of the lidar technique able to provide information about the
concentration of chemicals in the atmosphere. This work is focused on the use of DIAL, using a multiwavelength approach to
increase the accuracy of gas concentration measurements in the atmosphere. The authors perform the uncertainty propagation
analysis of this method, and highlight the advantages and the limits of this technique. Then, they applied this multiwavelength
technique to preliminary DIAL measurements of ammonia in the atmosphere using three couples of laser wavelengths. The
measurements are performed over a traffic area and are compared with water vapour measurements. A strong correlation
between ammonia and water has been found a symptom that both chemicals belong to the exhaust gases of vehicles.

1 Introduction

The continuous monitoring of the atmosphere is a key fac-
tor to prevent human diseases and environmental disasters.
The pollution due to human activities led to an increase
in global warming, and the effect of pollution on human
health is proved and clear [1-4]. Several diseases are strictly
correlated to the effect of pollution, such as lung diseases,
Leukaemia (benzene vapours), birth defects, and cardiovas-
cular problems, and the incidence of these diseases usually
increases in industrialised places [5—8]. Moreover, air pol-
lution is not the only risk related to chemicals in the atmos-
phere. Accidental releases of hazardous chemicals threat
all the industries that work with dangerous agents. Some
chemicals normally used in the industries could be fatal for
humans if breathed in large quantities [9-11]. Consider the
accident in Bangladesh happened the 23 August 2016, where
there was an accidental release of ammonia and 25 people
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had fallen in. Furthermore, deliberate chemical releases
should be also considered. Hazardous chemicals may be
released with the intention to cause injuries, deaths, and
panic in a hostile population [11, 12]. Therefore, the role
of monitoring is clear: detect and identify off-normal con-
centrations of chemicals that may cause environmental and
health issues to respond properly to unconventional events
[13-15].

Among the several measurement techniques of chemicals
in the atmosphere, the areal remote sensing applications are
attractive because of their property to measure large area
by means of only one measurement station. An interesting
technique able to detect, identify, and quantify the concen-
tration is the differential absorption LIDAR (DIAL), which
is an evolution of the light detection and ranging (LIDAR)
technique [16, 17]. The LIDAR is applied in different fields,
such as agriculture, biology, meteorology, and military
applications [18-23]. In the field of environmental moni-
toring, LIDAR has been used to detect fires in outdoor envi-
ronments [24, 25], exploiting different optical properties of
smoke with the air. The technique is based on the measure-
ment of the backscattered light emitted by a laser. This light
is a function of the optical properties of the medium crossed
by the laser light. However, the LIDAR is able to detect
some variations in the atmosphere, based on the extinction
coefficient, but is not able to identify and quantify it [16, 17,
26]. Sometimes, it is possible, under specific hypotheses, to
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measure the molecular and particulate backscattering [27].
This limit is overtaken by the DIAL technique that uses two
different wavelengths with which it gives the concentration
of the measured chemical [28—30]. Important advantages of
the DIAL technique are the high sensitivity per laser probe
energy, the variety of measurable chemicals, and the higher
degree of eye safety if far infrared lasers are used [31]. Sev-
eral studies confirm the capability to use the DIAL technique
to monitor the atmosphere. Robinson et al. [32, 33] used an
infrared DIAL to measure the hydrocarbon emissions from
petrochemical and landfill installations. The same techniques
allowed to Rina Sa et al. [28] the measurements of sulfur
dioxide, nitrogen dioxide, and nitric dioxide. Water vapour,
ozone, and carbon dioxide have been measured by means
of DIAL in several works [30, 34-36] during the last years.

The monitoring of ammonia is an important issue in both
environmental and safety fields. The increase of ammonia in
the atmosphere is strictly correlated to eutrophication and
acidification of ecosystems [37, 38]. It also plays a crucial
role in the formation of secondary particulate matter because
of interaction with acidic species [39, 40]. Ammonia emis-
sions belong to agriculture activities, industries, and vehicles
[41-43]. Furthermore, ammonia is a toxic gas. The Occu-
pational Safety and Health Administration (OSHA) has set
a 15-min exposure limit for gaseous ammonia of 35 ppm,
while the 8-h exposure limit is 25 ppm. High exposure to
ammonia can lead to lung damages and death [43, 44].

The DIAL technique is a sensitive method that requires
a deep attention to have an accurate measurement. In fact,
this technique is deeply influenced by each noise source in
the atmosphere and this problem is usually overtaken by
means of simplified hypotheses. Most of them may involve
a systematic error in the DIAL measurement. In this work,
the authors provide a description of some of these noises.
An innovative approach to increase the accuracy of DIAL
technique has been developed by Xiang et al. [45]. They
suggest the use of more “off” wavelengths to minimize the
uncertainty of DIAL measurements. In the present work,
the authors propose a generalization and variation of this
multiwavelength approach, discussing the use of more “on”
and “off” line pairs, to maximize the accuracy of the method.
This work analyses how the systematic error due to differ-
ential extinction coefficients and backscattered coefficients
varies when this approach is adopted. This method is applied
to the measurement of ammonia in the atmosphere, over a
large traffic area.

Section 2 presents the performance of our system to make
measurements of several chemicals compounds changing the
laser wavelength. It discusses how data are analysed, the
uncertainty analysis, and system sensitivity, and it shows
the generalization of multiwavelength approach. Section 3
reports the concentration of temporal map of ammonia
and water diffusion obtained through the measurements
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campaign. To evaluate the goodness of ammonia measure-
ments, the authors also measured the water vapour con-
centration at the same times and in the same area. In fact,
ammonia and water should have a positive correlation in
traffic areas (if water increase, ammonia increases), since
water is a combustion product and ammonia is used in selec-
tive catalytic reduction (SCR). The correlation between
ammonia and water will be shown. The results show a proper
capability of the system to monitor ammonia concentra-
tion in large areas. The DIAL system associated with the
multiwavelength approach is able to measure low ammonia
concentrations (<0.1 ppm). It ensures a good capability of
the system to provide a proper and fast response in case of
off-normal ammonia values in the environment.

2 Materials and methods

This section describes the experimental apparatus devel-
oped to perform DIAL measurements. Then, it discusses
the signal processing and the multiwavelength approach, the
technique introduced by Xiang et al. [45].

2.1 Experimental apparatus

The authors developed an experimental apparatus able
to perform measurement of chemical compounds in the
atmosphere. The system used works into infrared windows
(9-11 um) corresponding to CO, laser emission. The system
is based on DIAL technologies.

Figure 1 shows a schematic layout and a photo of the
experimental apparatus. The transmitter is based on the
CO, laser (MTL-5 mini TEA CO,). It has 50 ns laser
pulse width, a maximum repetition rate of 200 Hz. A
manual grating, mounted into the laser cavity, allows an

Wireless Workstation

Infrared Sensor

Telescope

Step Motor Laser Power-Supply

o

Laser

Equatorial Mount

Fig.1 Schematic representation of the main components of the
experimental apparatus
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output radiation between more than 60 lines. The maxi-
mum energy is 50 mJ per pulse at 10P20 laser line. The
grating is tuned by means of a step motor (Mercury™ II
DC-Motor Controller/Driver) controlled via software that
allows an automatization of the laser tuning. The back-
scattered signal is collected by the Newtonian telescope
(model Ziel GALAXY 2). It is provided with a primary
mirror of the diameter of 200 mm and a focal length of
1000 mm. The backscattered signal is focalised into the
infrared sensor (liquid nitrogen cooled MCT infrared
detectors). It converts the backscattered signal into an
electrical one, digitalised by a Data Acquisition (DAQ)
system National Instrument PXI standard. The PXI is pro-
vided with three NI cards: NI PXI-6509, NI PXI-5122,
and NI PXI-7330. The card NI PXI-6509 is an industrial
digital I/O that is used to send a trigger signal to the laser
power supply. The card NI PXI-5122 is a 14-bit 100 MS/s
Digitizer and it is used to acquire the data at 100 MHz.
The card NI PXI-7330 is used to control the equatorial
mount, which allows the orientation of the laser beam to
perform areal measurements. The acquired data are stored
and downloaded iteratively on a pc, which sends the data
to a workstation through a wireless connection.

Figure 2 shows the main steps done by the PXI and the
workstation. The PXI and the workstation work separately.
The PXI is able to control and acquire the backscattered
signals, while the workstation is used to store concentra-
tion data of each chemical to analyse. The PXI functioning
can be resumed as follows:

1. The step motor tunes the laser grating to the proper line.

2. The PXI sends a trigger signal (card NI PXI-6509) to
enable the laser that sends a second trigger in order to
synchronize the acquisition system (card NI PXI-5122)
with every laser pulse. The card NI PXI-5122 acquires
the backscattered signal. This step is repeated N times,
where N is the number of pulses per line that users
desire.

3. When all the backscattered signals for every laser line
chose are acquired, the system starts with a new scan.

The workstation is provided by a routine able to calculate
the concentration by means of DIAL equation. The number
of pulse per laser line is 100 and the repetition rate is 10 Hz.
The software for the device control, data acquisition, and
analysis are written in LabVIEW.

The measurements shown in the present paper are per-
formed in an urban area near the University of Rome Tor
Vergata. The laser beam is sent over a roundabout, where
vehicular traffic is very high. The measurements have been
effectuated on a typical autumn day from 11:00 to 16:30. A
measurement break has been done due to the lunch break,
i.e., from 1 am to 2 am (13:00 to 14:00). Figure 3 shows the
map area crosses by the laser beam where it is possible iden-
tified four different zones. In the first and second regions,
from O to 100 and from 100 to 175 m, the laser beam crosses
a parking area where the traffic usually is very low, except at
the beginning and at the end of the working time. Therefore,
pollution is expected from 10:45 to 11:30 am, from 1 to
2 pm (lunchtime), and between 15:45 to 16:30. In the third
region, from 175 m to about 300 m, the laser beam crosses
the roundabout, which has usually high traffic at every hour
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l Step Motor tunes the i-th line |
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Fig.2 Flowchart of the functioning of the DIAL system. It shows the main steps done by the PXI and the workstation
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Fig.3 Map representing the direction of measurements and the vari-
ous distance

of the day. In the last region, over 300 m, the laser beam
crosses a grassland.

2.2 Signal analysis

The differential absorption lidar (DIAL) exploits the shape
of absorption spectra of chemicals to perform quantitative
measurements [17]. An absorption spectrum is characterized
by several peaks at different wavelengths. The density equa-
tion by the DIAL measurement is as follows:

_ 1 d Poff(R ﬁn,off(R
Ny = E{ ar [1“ (Ponue) -l (ﬂ,r,onae )] +hon(R -

1 d Pyi(R)
N = m{@[l“@%n(m)]}‘ @

In this work, the backscattered signals are calculated as
the average of 100 signals. The software routine also com-
putes the standard deviation, which is used for the uncer-
tainty analysis. A symmetric moving average filter is also
applied to the backscattered signals to smooth the high-fre-
quency oscillations, due to random noise and atmospheric
turbulence. The background is removed from each signal.
It is measured how the detector signals in the absence of
the laser beam. The backscattered signal ratio is calculated,
and another moving average filter is applied. The rank of
both moving average filters is 10. The use of these filters
involves a decrease of the spatial resolution, that is reason-
able because of the pulse width of the laser beam [17]. The
logarithm is applied and so the derivative operation. The
derivative of the signal is done using a central finite-differ-
ence method.

The DIAL measurements are affected by a minimum
detectable concentration, which is a function of the chemical
compound measured, experimental apparatus characteristics,
and range. Two different curves limit the minimum readable
concentration. The first curve is a function of the minimum
LIDAR return (AP), usually determined by the noise equiva-
lent power (NEP) [46]:

N NEPzR
MiN® = 2¢,4PAc exp(—2k, R)’ 3

where £ is the detector efficiency, p is the reflectivity, A is the
area of the receiving telescope, and kg is the “off” atmos-
phere extinction coefficient. In our case, these parameters
have been taken as follows: NEP=2.2E-8W; £=0,9; p=0,1;
A=0,031 m% P=1E6W. The extinction coefficient can be
taken equal to 0.12 km™! [46—48].

The other important limit is characterized by the mini-

kon(R } 1)

where N(R) is the concentration of the chemical compound
versus distance (R), Ao is the differential absorption cross
section, defined as o,, minus o,.4; where o, is the absorp-
tion cross section of laser wavelength strongly absorbed,
and o is the absorption coefficient of laser wavelength not
strongly absorbed. P and P, are, respectively, the power
backscattered signal in the two cases. § ¢ and 3, are the
backscattering coefficients, and k4 and k, are the extinction
coefficients at the two wavelengths.

The influence of backscattering and extinction coef-
ficients is usually neglected, and a simplified equation is
achieved:

@ Springer

mum fractional change in the LIDAR return (AP/P ) [46]:

(Poff - Pon)/Poff

2AcR @

Nming) =
Since the first is an increasing function, while the second
curve has a decreasing trend, the minimum and maximum
ranges are strictly limited by both.
The uncertainty of DIAL measurements can be estimated
by different approaches. Here, the authors use the uncer-
tainty propagation theory [16]:
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where 6(A) represents the uncertainty of the general vari-
able A.

If the simplified equation (Eq. 2) is used, correction
terms should be applied. The extinction coefficient is due
to absorption and scattering molecules and particulate. The
total correction due to the scattering of molecules and par-
ticulates can be evaluated as follows:

A]Vscattering(R) = _B/l [uﬁp,off(R) + 4ﬁp,off(R)]’ (6)

where f§, . and f,, . are the scattering coefficient of par-
ticulate and molecules at the “off”” wavelength, u is the Ang-
strom coefficient, and B, is the spectrum factor, which is a

function of the wavelength difference (Al=4,,—4,4) and
the differential absorption cross section:
1
B, =————.
Ao 7
o[ 32] @

The molecular scattering coefficient in function of the
distance is usually calculated assuming a standard profile of
the chemicals, while the particulate scattering is calculated
through a reference line (which may be the “off” line if the
absorption coefficient is negligible).

The absorption correction is usually negligible if there
is not a strong differential absorption cross section of other
chemicals. Thus, the correction can be estimated as follows:

1
A]Vabsorption(R) = _E z Ni(R)AO'i’ (8)

where N; and Ag; are the concentration and the differential
absorption cross section of the ith chemical in the atmos-
phere. Note that this correction requires the measurement or
the assumption of the other chemical concentrations.

The backscattering correction term is a function of the
gradient of the particulate extinction coefficient and it is
found by taking the derivative of the backscatter ratio:

1 Bron(R)
A‘Nbackscattering(R) = ) AcAR [ln <ﬁ” (R+ AR)

,on
I < Pror(R) >] )
Brotf(R+AR) )|~
Since this term is a function of the gradient of the differ-
ential backscattering, this term plays an important role only

when the hypothesis of the homogeneous atmosphere is not
allowed. For example, this term should be used when the

laser beam crosses a cloud or a smoke plume [16]. There-
fore, in this work, this correction term is not considered.

Another source of uncertainty is the wavelength tuning
precision. In this work, the wavelength tuning is achieved
by a step motor with a maximum error of 10 um, which
corresponds to a wavelength error much lower than 1%.
In a previous work, the absorption uncertainty due to the
wavelength tuning error has been evaluated experimentally,
and it was completely insignificant. Thus, in this work, this
uncertainty source has been neglected.

2.3 Multiwavelength approach

Xiang et al. [45] discussed the multiwavelength approach
asserting an increase in the DIAL accuracy. They applied the
method to CO, measurements profiles, showing significant
accuracy improvements. Their method is based on the use of
one “on” wavelength and many “off” wavelengths.

At first, the method is generalised to the use of not only
many “off” wavelength, but also use of many DIAL cou-
ples of laser lines. Therefore, consider m “on” and “off”
DIAL couples and let us write a DIAL equation for each
combination:

_ 1 fa Pyt (R)
M = s [ (72|}
! d Py 2(R)
3 M®) =2 { dR [ln ( Poua(R) )

|
I} )
]

_ 1 [ d [y [ Pan®
N,(R) = B Ao’{ dR [ln <Pon,m(R) ) }

Through the least square method, they arrived at the final
equation that computes the chemical concentration as the
weighted average of the measurements, where the weight is
the square of the differential absorption cross section:

m AO'Z

Nipa(R) = Z Zm—;gzNi(R). (11)
i=1 Lij=1 20;

Different “on” and “off” lines could be used to smooth
out systematic errors of single lines. On the other hand, the
use of different couples, and not only the change of only the
“off” line, makes sense only if the differential absorption
cross sections have the same order of magnitude.

Therefore, the uncertainty of multiwavelength method
can be estimated using again the uncertainty propagation
theory:

@ Springer
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12

where ON represents the uncertainty of N variable. The
uncertainties of differential absorption cross sections
have been neglected. This equation highlights that multi-
wavelength approaches could have uncertainty larger and
smaller than some DIAL couples. Therefore, the conveni-
ence of multiwavelength approach should be validated for
each couple combination of laser lines. The authors want to
underline that the multiwavelength method is based on the
minimization of the least squares. It represents the best com-
bination of couples and if there are a couple which worsens
the uncertainty, they should be removed.

The multiwavelength DIAL equation showed before

Then, it follows the same procedure of the Xiang et al.’s
work [45], which consist in the minimization of the least
squares (LSM). At first, Eq. 15 can be written in matrix form:

BN.(R)=L+V. (16)

The least squares can be written as VTV. Then, their mini-
mization implies that their derivative must be zero:

avh

avTy) P
INc(R)

INc(R)

V =2B"(BN-(R)—L)=0. (17)

The resolution of the above equation leads to:

N¢(R) = (B"B)"'B"L. (18)
It represents the concentration measured by means of the
complete DIAL equation. It can be written as follows:

(Eq. 11) is computed using the approximated DIAL equa- N (r) = m;z Z Ac?

tion (Eq. 2), where the differential extinction coefficients and i Ao 5

the backscattering coefficient influences are neglected. The { N — 1 [ 4 <ln <ﬂoff.i(R) )> ko (R) — kon,i(R)] } _
complete multiwavelength DIAL equation can be achieved by 2 Ac; | dR Poni(R)

Eq. 1. Then, the error can be calculated if the simplified equa-
tion is used. If the complete DIAL equation is considered, the
system in Eq. 10 must be modified as follows:

19)
Then, the error committed using the simplified equation is
computed in this way:

( _ 1 d [ Poff,l(R) ﬁoff,l(R) ]
M= 5 8, { aw|" (Pon,l(m) - (ﬂon,l(R) ) * Kot (R = Kon, (B) }
1 d [ [ Poi2(R) Boia(R)\ ]
= it G (5 )~ (e )| ot ket a3
1 d| P off,Z(R) ﬂoff,z(R) ]
®= 240, { ax|" <Pon,z<R>> - <ﬂon,2(R) ) a2 = Kono(®) }

Introduce the error € and let us write the system as follows:

dlf P 1 (R) Bor 1 (R)\ ]
2AaN(R)=—ln< ’ —In ’ +k o (R)—k.. (R)+ e
1 1 dR | Pon’l (R) ﬂon!l (R) ] Oﬁ,l 01'1,1 1
dlf Py (R) Bora(R)\ |
<2A6N(R)=—1n< ’ —In : + koo (R) = ko »(R) + €5 . (14)
21¥2 dR i Pon,Z(R) ﬂon,2(R) | off,2 on,2 2
d [, [ PoinR) Botin(R)\ |
2 Ao,N,(R) = — |In < ‘ —In ' + ko, (R) — kg, (R) + €,
dr [\ P,,,(R) Bona® )] 7T ’
Let us call:
d Py (R) Bosi1 (R)
; igl dr [ln (P‘m,](m ) ~In (ﬂ(,“l(R) )] Koty (R) = Kon, 1 (R) €1
_ 0, | a Para® \ 1 [ BoraR) 3 | &
B=| "7 L=| 4 [m sz<R>> In (ﬂmae) )] + ko2 (B) = koo ®) [V =| 2| (15)
d Py, (R) Bosin(R)
2 Ao, x [m ( o ) —1In (ﬁm(m )] + ko n(R) = kop o (R) e,
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1 - Ac; [ d ﬁoﬁ'i(R)>> ]}
Error (R) =N_.(R) - N(R) = ———— —|—=In{ —/—— +kyp (R) =k, (R)] ¢. (20)
(R) = N(R) = N,(R) Z;’;Ao?;]{ > [dR< <ﬂmi(R) i R) = Ko,

This result shows that also the systematic error due to the
single couple may be strongly decreased when the multiwave-
length approach is used. Furthermore, systematic error with
opposite signs decreases the global error. Thus, if all the cou-
ples are affected by the systematic errors with the same signs,
the error does not change in significant ways.

The last term of Eq. 20 is the differential extinction coeffi-
cient (Ak), which is a function of the molecular and particulate
scattering and absorption. Then, it follows:

The authors performed an analytical study using the
uncertainty propagation equation (Eq. 12) and they show that
large uncertainties may involve a final uncertainty larger than
the most accurate couple, as it is shown in Fig. 4. In the first
figure (a), the authors suppose to use only two couples. The
characteristics (uncertainty and differential absorption cross
section) of couple 2 are fixed. Its absorption cross section is
10 m~! atm™! and its uncertainty is 0.1 ppm. The values of
the first couple vary. The three lines in the image represent
the output uncertainties of the multiwavelength approach

L-1 L-1 -1
Ak = ko = kof Z OoniNi = Z OotiiVk = Z Aoy N;,
k=1 k=1 k=1

where L is the number of each chemical in the atmosphere,
and L — 1 represents all the chemicals excluded the analysed
one. This dependence is considered in the estimation of error
in the section result.

3 Results and discussion
3.1 Analytical study

Here, the authors discuss the conditions that rend a multi-
wavelength approach advantageous.

0.40 a a1 T T T 1
Ac,=10 [m”ppm”]

035+~ - - Ac,=20 [m"'ppm’’] ]

----- - -1 -1 ."
0304 Ac,=30 [m ppm™] ]

0.25 -

0.20

SN, [PPm]

0.15 4

0.10

T T 5 T

' 0.120 ' 0.25
3N, [ppm]

(@)

T
0.15

Fig.4 Multiwavelength uncertainty in a function of couple uncertain-
ties and cross-sections. The graph on the left (a) is achieved using
only two couples, while the other graph (b) uses three couples. Graph
a has one couple with a fixed cross section, equal to 10 ppm, and
fixed uncertainty, equal to 0.1 ppm. The other couple cross section

versus the uncertainty of the first line. Each graph line is
obtained by varying the absorption cross section of the first
couple (10, 20, and 30 m~! ppm™"). The green area represents
where the multiwavelength approach is convenient in this
case. Note that larger is the cross section of the “bad” couple
and larger is the uncertainty of the multiwavelength profile.

The figure (b) shows the same parameter but using
three couples, where the couple 2 and 3 have equal fixed
uncertainties and cross sections. Their relative uncertain-
ties are equal to 0.1 ppm, while three values are analysed
for the differential absorption cross sections: 10, 20, and
30 m~! ppm™'. The figure shows that the output uncertainty
decreases, and it is less influenced by the “bad” couple.
Thus, there still exist values where the output uncertainty
may be larger than 0.1 ppm.

0.40 3 =T B R A B
—— Ac,=10 [m”ppm”]

0.35+4- - - Ac,=20 [m"'ppm™] .

030 Ac,=30 [m"'ppm™] ]
E 025 R
o o -
2 LT e

5 0.20 e <

=z L |
Z=] . -

0.15 e 4

000 T T T T T T T

000 005 010 045 020 025 030 035 040
SN, [ppm]
(b)

and uncertainty vary as described in the figure. b Two fixed couple
with the same values of the graph (a). The green region shows the
area where the multiwavelength approach involves an increase of the
accuracy compared to the fixed couple uncertainty
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The previous analysis has been done neglecting the total
measurement time. However, it is an important parameter
to consider when the two measurements are compared.
Neglecting the line switching time, the single and the mul-
tiwavelength DIAL approaches have the same measurement
time when each measurement performs the same number of
laser shots. Suppose to use a number n of shots to perform
the one-pair DIAL measurement (one pair of lines). If a
multiwavelength approach with two pairs of lines is used,
the number of shots per pair must be n/2. Thus, the final
uncertainty of the one-pair DIAL will be:

oN,
\/n
where 6N, is the expected uncertainty of one measurement.

In case of a multiwavelength approach where two pairs are
used, Eq. 12 becomes:

aNﬁnal, Ipair — (2 1)

1 Ac?5N?
2 2
Aoy + Aoy

2o n72
A0'2 5N2

5Nﬁnal,MW = n

n
2 2

-1 \/2 \/ACTSN? + AcZ6N?.
Aoy + Aoy V 1

In general, calling m the number of pairs used in the
multiwavelength approach, the general uncertainty equa-
tion becomes:

m
1 m 2
ONgnamw = W\ / - 2 (Ac?6N,)".
i=1 A0;

i=1

(22)

(23)

0.40
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0.30 | 4 i
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Fig.5 Multiwavelength uncertainty in a function of couple uncertain-
ties and cross sections, considering the same total averaging time.
The graph on the left a is achieved using only two couples, while
the other graph b uses three couples. Graph a has one couple with
a fixed cross-section, equal to 10 ppm, and fixed uncertainty, equal
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Thus, an efficiency factor of the multiwavelength
approach can be obtained as follows:

_ 6Nﬁnal, Ipair _ Z:il AO_IZ 5N1

Vi [y (as2en)

When 7 is larger than 1, it means that the multiwave-
length approach leads to a smaller uncertainty of the one-
pair DIAL.

Considering an analogous case to the previous one but
taking into account that the measurements are limited by
the same measurement time, and thus, the same number
of lines, it is possible to provide similar graphs to Fig. 4.
The results are the same of the previous case, where the
only difference is that each multiwavelength uncertainty
line is increased by a factor equal to \/7; as shown in
Fig. 5.

n=
oN, finaL MW

3.2 Chemicals analysed

To test the multiwavelength approach proposed, the con-
centration of water vapour and ammonia was made. Since
the authors did not have other ammonia measurement
devices, they chose to use the water vapour to validate the
proposed technique and to compare the water vapour trends
with ammonia, since a strong correlation is expected in a
high traffic area. In fact, a good correlation between water
vapour and ammonia values was expected, since the largest
source of them is exhaust gases from vehicles. The measure-
ments of water vapour are performed through a single couple

—— Ac,=10 [m'ppm™] ' s
035+ - - Ac,=20 [m"'ppm”'] 7 .
----- A6,=30 [m'ppm”] .,

0.30

0.25 4

0.20 1

0.15 4

0.10 +

0054 -7
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020 025 030 035
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(b)

—
0.15 0.40

to 0.1 ppm. The other couple cross section and uncertainty vary as
described in the figure. b Two fixed couple with the same values of
the graph (a). The green region shows the area where the multiwave-
length approach involves an increase of the accuracy compared to the
fixed couple uncertainty
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wavelength approach. The laser lines chosen are the 10R20
(10.246625 um) and 10R18 (10.260381 um). The differential
absorption cross section is 7.7 1072 [m~! atm™'] [49, 50].
The use of other lines is meaningless for water vapour, since
the other couples have a differential absorption cross section
much smaller than the 10R20-10R18. The measurements of
ammonia are performed with three different couples: 9R30
(on) and 9R28 (off), 9R08 (on) and 9R10 (off), and 10R08
(on) and 10R10 (off) [49-52]. The respectively differential
absorption cross sections are listed in Table 1.

The correction terms to apply to the measured concentra-
tions have been also estimated. In fact, the presence of other

chemical compounds could affect the DIAL measurements
when the value of the differential extinction coefficient due
to them is not negligible. The correction term is calculated
evaluating the differential extinction coefficient, equal to the
product of the differential absorption cross section and the
concentration. The correction due to absorption of mole-
cules is negligible for any chemicals, excluded water vapour.
In fact, the concentration of water vapour (see Sect. 3.3) is
enough large to need correction.

Table 1 shows the estimation of water influence in each
couple. The estimation of water is made assuming an
average concentration of water equal to 15,000 ppm. The

Table 1 Differential absorption

. ) Line On Line Off Ao NH; (1/atm cm) Ao H,0 (1/cm) Delta K (ppm/cm) Error (ppm)
cross sections for each line
couple 9R30 9R28 55.98 1.434E-04 2.15E+00 3.84E-02
9R08 9R10 24.49 —1.69E-05 —2.54E-01 —1.04E-02
10R08 10R10 22.13 2.518E-05 3.78E—01 1.71E-02
Z(A(J'_NH3)2 (1/cm?) 4223.2574 Multiwavelength error (ppm) 2.90E—-02

Evaluation of error due to the water presence. Positive errors imply an overestimation of the chemical
measurement, while a negative error means an underestimation of the chemical compound

Table 2 Evaluation of

. Water I0R20-10R18 Ammonia 9R8-9R10 Ammonia 9R30-9R28 Ammonia
molecular and particulate 10RS—10R10
scattering influence in the DIAL
measurements A on (um) 10.24663 9.341758 9.21969 10.3337

A off (um) 10.26038 9.32937 9.22953 10.31842
Ao (1/m atm) 7.70E—-02 2.55E+03 5.58E+03 2.55E+03
B, 0.017412 - 5.2E-07 1.91E-07 — 5.8E-07
Beta p (1/m) 1.20E-04 1.20E-04 1.20E-04 1.20E-04
Beta m (1/m) 1.20E-04 1.20E-04 1.20E-04 1.20E-04
AN gtering (PPM)  -1.67E+01 5.00E-04 -1.83E-04 5.57E-04
1E+06 T T — 1E+01 = T T —
i i =4+ —— Limit 1 (AP/P) } } —— Limit 1 (AP/P)
= = = Limit 2 (NEP) I - — - Limit 2 (NEP)
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Fig.6 Minimum readable concentration curves of water vapour and ammonia (10R08-10R10). The ammonia limit is calculated on the line with
smaller differential absorption cross section (10R08—10R10), for a conservative value
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most influenced couple by water vapour presence is the
9R30-9R28. The correction of water vapour on ammonia
measurements is computed using the measured concentra-
tion profile. Table 1 also shows the error committed in case
of multiwavelength approach if the correction is not applied
(Eq. 18).

Table 2 shows the influence of particulate and molecule
scattering in a worse case. The authors take a large value of
Angstrom constant (4), and they overestimated both the scat-
tering coefficients of molecules and particulate (0.12 km™
is an appropriate value of the total extinction coefficient).
Despite the overestimation, the influence of scattering
coefficients is very low. Therefore, it is neglected in the
measurements.

3.3 Minimum concentration curves and uncertainty
analysis

At first, the graphs report the minimum readable concen-
tration curves. Figure 6 shows the minimum concentration
curves of water vapour (a) and ammonia (b). The lower
distance limit has been chosen considering a minimum
detectable water concentration equal to 1000 ppm that
corresponds to a minimum distance of about 50 m. The
maximum distance is determined not by the minimum
concentration (the “NEP” curves is still low at 2 km) but
by the limit curve equation hypothesis, which imposed
that the product of minimum concentration, distance, and
differential absorption cross section must be much lower
than one (SNR) [46]. The authors decided for a maximum
value of 1E-4 which corresponds to a maximum distance
of 500 m (also, in this case, the minimum value is gov-
erned by water vapour). Therefore, the distance covers
a range from 50 to 500 m. As illustrated in Fig. 3, the
measurements line crosses a parking area (50-175 m),

then the roundabout (175-300 m), and finally a green
area (300-500 m).

Figure 7a shows the uncertainties profiles of water
vapour and ammonia concentration in function of the
distance R. The authors report only the uncertainty meas-
ured at 11:00 am for brevity; however, no significant dif-
ferences have been observed with other measurements.
Two important remarks could be done through this figure;
first, the increase in uncertainty with the distance. Since
the backscattered signals decrease with the distance, the
relative uncertainty of the signal increases and it directly
affects the concentration uncertainty (Eq. 4). This issue
is another limit to the maximum range of the measure-
ment. A second remark is about the hump of uncertainty
trend between 200 and 300 m, that corresponds to the
roundabout. In this case, the increase in uncertainty is
due to the natural variability of the concentration. In fact,
several vehicles cross this area during the measurement
and it implies a high variable signal. Figure 7b compares
the uncertainty of multiwavelength approach with the
three couple of ammonia. The figure shows that the mul-
tiwavelength approach involves a significant decrease in
uncertainty (25%), if compared with the most accurate
couple (9R30-9R28). Then, the use of multiwavelength
approach is proper in this case.

3.4 Water-ammonia measurements and their
correlation

Figure 8 shows the results of the concentration of water
vapour and ammonia in function versus range and time.
Between the 12:30 am and the 14:00, there are not meas-
urements available. On the day of measurement campaign,
the maximum temperature in Rome was 27 °C, the minimum
12 °C, and the mean was 22 °C. Maximum humidity was

0.70 T

— 3500 - —— Water Vapour 9R30-9R28 !
£ a000] 0851 9R08-9R10 U ]
o S o T 0¥%—10roz-10r10 | | o \ Al vlﬂ. “\ i
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£ 2000 S 050 4I‘ ”., f
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Fig.7 Experimental uncertainties of water and ammonia measurements in function of distance (a) and ammonia uncertainties of DIAL couples

and multiwavelength approach (b)
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Fig.9 Mean concentration and uncertainty band of water and ammonia along the measurement area (a) and the correlation between water

vapour and ammonia concentration measurements (b)

100%, the minimum 34%, and the mean 58% [53]. Using a
psychrometric chart, a mean value of 15,000 ppm of water
vapour has been evaluated.

Water vapour map shows large increments in the region
between 150 and 300 m, corresponding to the roundabout.
An increase of water is expected over a high traffic area,
since water vapour is a product combustion process. Water
vapour also increases in the region between 75 and 125 m at
11:00 and 16:00. In this case, the increase of water vapour
corresponds to the beginning and the end of the working
time which led an increase of the traffic in the parking
region. The ammonia map shows the concentration field
obtained through the multiwavelength approach. The map
shows a significant increase of ammonia in the same region
of water vapour map in correspondence of area with a large

traffic. The increase of ammonia over a high traffic region is
expected [54-56]. The maximum value reached was lower
than 1.2 ppm and the mean value in the traffic region was
1 ppm.

Figure 9a shows the average trend of water vapour and
ammonia versus range, while Fig. 9b shows the correla-
tion between these data. The correlation is quite strong
(R*>=0.7). The increase of water vapour concentrations
corresponds to an increase of ammonia and it implies that
both chemical compounds are closely related to exhaust
gas emissions from vehicles. A better fit is not reached
because of several remarks to consider. At first, the water
vapour and ammonia signals are not taken simultaneously,
but there are several minutes between the measurements
and natural variations which imply different instantaneous
profiles. This is the reason why instantaneous data have
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a lower correlation (R*<0.5). Furthermore, the emission
of water vapour is not linearly correlated to the ammo-
nia one. Water vapour is a product of combustion, while
ammonia is used in selective catalytic reduction (SCR)
to reduce NOx emissions. Moreover, vehicles use differ-
ent combustibles and different amount of ammonia in the
SCR [54-56]. The last remark to consider is the possi-
ble production of water vapour and ammonia from other
sources which are not correlated. All these issues worsen
the water—ammonia fit.

3.5 Discussion

The use of a multiwavelength method for DIAL measure-
ments may involve interesting improvements in the tech-
nique accuracy. The generalization of the multiwavelength
method led to the possibility of using different wavelength
couples. The uncertainty reduction achieved with this
method has been calculated and shown previously. The
uncertainty obtained is 25% less of the most accurate cou-
ple. However, the multiwavelength method requires caution
when used. At first, a proper evaluation of extinction and
backscattered coefficients influence should be done. A large
error on one couple may involve an increase of the multi-
wavelength error major than some single couple, nullifying
the aim of this approach. Uncertainties of couples should be
evaluated, as well.

Another important issue must be considered. The use
of a DIAL technique is based on the “instantaneous”
measurement hypothesis. It means that the “on” and the
“off” wavelengths should be acquired with a time differ-
ence small enough to assume that nothing has changed in
the measurements area. This hypothesis is the reason why
atmospheric turbulence is one of the major sources of error
in the DIAL measurements. Several researchers solved
the problem using two lasers: one for the “on” signal and
one for the “off”. This natural turbulence also affects the
multiwavelength method, since the measured concentra-
tion profiles are not taken simultaneously. However, it is
fundamental to separate the two different cases: the meas-
urement of the instantaneous values and the measurement
of the average values. In the first case, the measurement
time must be lower than the turbulent constant time of
the atmosphere. Thus, a system with multiple lasers is
required, where each laser perform the measurement of
one line, since the switching line is too low (the time delay
between each line measurement should be lower than 100
us). Contrariwise, the measurement of average values
may not require multiple lasers, if the average value is
statistically stable. It means that the average value during
the measurement time can be considered constant. In this
case, the approach used in this work can be used. In fact,
averaging a lot of signals allows obtaining the average
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signal, which represents the average information at this
wavelength.

The average value of gas concentrations in the atmos-
phere can be considered statistical steady only in some
conditions, as a function of the weather and gas sources.
Consider the following two examples: a roundabout
crossed by one car every 1 min and a roundabout crossed
continuously by several cars. Suppose that the DIAL meas-
urement needs 2 min. In the first case, this DIAL appara-
tus cannot be used, since the emission of gas is related
to a single event which happens with a low statistic and
influence in significant ways the average values to meas-
ure. In this case, the fluctuations are of the same order
of the measurement time. In the second case, there are
several sources of chemicals with large frequency, to large
to imagine the gas source like one continuous emission.
In this case, the average values remain statistically con-
stant, because the fluctuation due to one source of gas is
balanced by the fluctuations of the other gas sources. In
the second case, the DIAL apparatus with only one laser
source can be used.

To verify that steadiness, it is possible to approach the
problem with different techniques:

1. theoretical evaluation of the phenomenon;
2. numerical simulations;
3. experimental analysis.

The experimental analysis of the statistical steadiness of
the phenomenon could be done by analysing how each line
signal evolves during a time At. Now, divide the LIDAR
signals into sub-groups, obtained during a time At1, Af2...
Atn, where Atl + Ar2-+ Atn= At. If the average of each
sub-group is statistically equal to each other, it is possible
to affirm that the phenomenon is statistical steady in this
time interval. This analysis should be performed with all
the wavelengths used by the multiwavelength DIAL. In our
case, the steadiness of the LIDAR signals has been proved.

In this work, the statistical steadiness has been tested and
validated. The authors found that, between two following
scan (3 min), the average variation of the signals was lower
than 1%, while the mean relative standard deviation of the
signal was larger than 15%. After three scans, this value
becomes 4% and it reaches unacceptable values (> 15%)
only after 20 min.

The use of a multiwavelength approach led to a decrease
in the uncertainty of 25% (relative to the most accurate cou-
ple). The systematic error has been also evaluated and it
remains much smaller (<0.1%) than the ammonia meas-
ured in the atmosphere. These measurements of ammonia
showed large values over the traffic area and the data have
been correlated with the water vapour measurements. The
correlation is high considering the phenomenon and all the
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limits discussed before. The minimum concentration curves
showed that the limit for ammonia is small if compared with
the limit of breathable ammonia, 25 ppm for 8 h and 35 ppm
for 15 min. Therefore, this system may be eligible to monitor
area subjected to high risk of ammonia release (accidental
or not).

4 Conclusions

In this work, the authors showed the multiwavelength
approach in DIAL measurements, a technique based on the
use of many “on” and “off” signals to obtain the concentra-
tion of one chemical compound. The aim of a multiwave-
length approach is to improve the accuracy of the meas-
urement. The analytical study of uncertainty propagation
has been discussed. Then, they tested the method with the
measurement of ammonia in a traffic area and they used the
water vapour measurements to validate them.

The main difference with the Xiang work is about the
line combinations, since this work extends the technique to
a more generalised method. Furthermore, the multiwave-
length equation when the complete DIAL equation is used
has been obtained, highlighting the effect of extinction and
backscattering coefficients.

The authors quantified the uncertainty of multiwave-
length method through the uncertainty propagation theory
and found that there are cases where the method is not
recommended. In fact, a couple with large uncertainty may
involve a multiwavelength uncertainty larger than some
single couples. The propagation of the effect of extinction
and backscattered coefficient has been evaluated, since it
may disturb the measurements in significant ways.

The main limit of multiwavelength approach could be
the measurement time, due to the switching line delay and
the large number of lines to perform. This limit has been
highlighted and discussed in the text, showing two pos-
sible cases: measurement of average and instantaneous
(turbulent) values. In the first case, the device shown in
this work can be used. Otherwise, a more complex multi-
laser-based apparatus should be built.

The measurements of ammonia and water vapour have
been taken through our new DIAL system. It is an infrared
CO,-based apparatus able to perform measurement of sev-
eral lines (more than 60). The system has also equatorial
motors to perform areal measurements. Ammonia concen-
tration profiles are according to the water vapour trends.
There are mainly two areas where water and ammonia are
present in large amounts. One is over the roundabout. In
this area, the presence of ammonia and water vapour is
always present, and it was expected, since the roundabout is
trafficked the entire day. The other region is over the park-
ing of the engineering departments, especially during the

starting and finishing of the working time (11:00-11:30 and
16:00-16:30). A correlation between ammonia and water
vapour has been found. The correlation degree is enough
large, and it means that the water vapour and ammonia
measured mainly due to emission from vehicles.

The capability of the system to read small values of
ammonia in atmosphere confirms that the capability of this
system is capable to monitor ammonia over large areas and
provides a proper and fast response before that concentra-
tion of pollutants reaches a dangerous level.
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