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APPLICATION OF OPTICAL REMOTE SENSING TECHNIQUES
TO AIR QUALITY MONITORING

An analytical methods and techniques are essential for environment monitoring. The measurements
do not improve directly environmental conditions, but they provide information about pollutants. This
paper is a comprehensive and critical review of remote techniques applied to monitoring of air pollutants.
In particular, DOAS and LIDAR methods are described and discussed.

1. INTRODUCTION

Air quality is mainly monitored by point measurements [1]-[4], which means that the
concentrations of air pollutants are measured at a selected point in space. Though this
method of monitoring offers some unique advantages, it still suffers from drawbacks. The
point measurements of air pollutants are inadequate for identification and quantification of
poorly mixed gases over large areas. Such conditions are characteristic of:

B plumes from smoke stacks and hazardous waste landfills,

W fugitive emissions from industrial plants or leakage emissions from chemical

storage tanks,

B exhaust emissions from road traffic (especially during rush hours).

This method cannot be used for the measurements of trace species in remote
points of atmosphere (troposphere and stratosphere) either. Optical remote sensing
techniques are particularly suitable for the analysis of gaseous pollutants over the
areas that are not easily accessible [5].

Generally, in the remote sensing techniques, the analyzing instruments physically
removed from the air region under study are used. Therefore, the measuring procedure
involving these techniques does not require a sample to be taken into the analyzer.
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2. ADVANTAGES AND DISADVANTAGES OF OPTICAL REMOTE METHODS

There are a number of advantages of optical remote methods [6]. They may be
itemized as follows:

remote sensing is particularly advantageous to monitor air pollutants in distinct,
inaccessible, large areas,

it is possible to monitor a number of pollutants simultaneously,

remote sensing provides continuous, rapid, in near-real time data,

the optical remote methods are based on the direct, nonintrusive, contactless
measurements.

Despite important advantages there are also some drawbacks associated with opti-
cal remote sensing of air pollutants:

e Major limitations are spectral interferences caused by atmospheric constituents other
than the target gas. Water vapour, CO,, O, hydrocarbons and many other compounds ab-
sorb electromagnetic radiation. The absorption bands of these species may preclude both
qualitative and quantitative analyses of gases of interest.

e Optical measurements have to be restricted to wavelength ranges of atmospheric
windows.

e Results of measurements depend also on atmospheric conditions. Fog and rain
can preclude data collection. The data are also affected by extremes and fluctuations
of temperature.

e An important drawback is the limitation of path length that can be monitored.

e The lowest detection limit of remote instruments may not be adequate for the
desired application because the concentrations of trace species present in the atmos-
phere are so low that they range from 0.1 ppt to several ppb.

e Another serious problem is the calibration of the remote systems. Traditional cali-
bration methods cannot be applied to remote optical systems because gaseous species of
known concentrations cannot be put into a fixed path length gas cell [7].

e The remote, optical systems have to be supervised by highly qualified staff.

e They are very expensive.

e These instruments do not exist in portable forms. They are too heavy to be
transported by hand. The optical remote systems are usually used in the stationary or
transportable form.

3. PHYSICAL PRINCIPLES OF OPTICAL REMOTE METHODS

Identification and quantification of air pollutants by means of optical remote
methods are based on interactions between radiation and matter. A number of com-
plex, physical processes can occur as a result of an electromagnetic beam transmis-
sion across a volume of measured air. Scattering, fluorescence and absorption are




Optical remote sensing techniques in air quality monitoring 147

considered to be such processes. Information about air pollutants can be obtained
based on all these processes. However, detection of molecular species in the atmos-
phere is possible only as a result of Raman scattering, resonance fluorescence and
absorption phenomena which are atomic or molecular specific. Additionally, the ab-
sorption cross-sections are larger than cross-sections for other optical interactions and
are not affected by quenching. Therefore, in the most sensitive remote techniques we
use absorption to detect and to determine the concentrations of air pollutants. Only
homonuclear diatomic molecules such as N,, O,, H, and atoms such as He, Ar, Kr are
not detectable by absorption measurements.

Absorption measurements are based on the well-known Beer—Lambert extinction
law according to which the transmitted radiation intensity (A, L) at wavelength A is

related to the incident intensity Zo(4, 0):
[()v, L) = [o (/L O) ' e—La(/l)’ 0= O molecular s & aerosol + CO'(/%) 5 (1)

where O pmotecular 1S related to the molecular (Rayleigh) scattering, o ,es01 describes
scattering on aerosols particles (Mie scattering), o(A) indicates the absorption cross-
section, L is the length of optical path and c is gas concentration. Typical Raman
scattering and fluorescence are not taken into account because they can be neglected
in total extinction. The absorption cross-section is a characteristic property of any
species and can be measured in laboratory. Having known the shape and value of
o(A) it is possible to determine the concentration of an unknown gas inside a cell or
along an atmospheric optical path.

Various methods can be used to monitor pollutants remotely. DOAS and DIAL
attract marked attention because they have some unique features.

4. DOAS METHOD

DOAS (Differential Optical Absorption Spectroscopy) method bases on the measure-
ments of transmission in the function of wavelength along optical path [5]. The
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Fig. 1. Principles of DOAS method
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transmission spectrum investigated over broad region (typically from near IR to
UV) consists of two parts. One part varies slowly with wavelength, while the
other, which is weaker, varies much faster (figurela). Only absorption can cause
fast changes. The slow changes are due to scattering (Mie and Rayleigh), trans-
mission factor of the optics and unknown measurement errors. Therefore, the
natural way to obtain absorption from such a spectrum is to subtract the slowly
varying part. After this operation differential absorption spectrum can be ob-
tained (figurelb).

The DOAS method is commercially available in the OPSIS system. OPSIS is
a registered trade mark of Opsis Aktiebolog for the ABB systems. It is manufactured
by OPSIS Inc. of Furulund, Sweden, and Old Greenwich, Connecticut [8]. The meas-
urement principle of OPSIS is presented in figure 2.

Monitaring Path

Receiver Light Source
Optical Fiber Czerny-Turner
Spectrometer
Detector
Computer
and
A/D Converter — Data Storage

Fig. 2. OPSIS system

The transmitter with a high-pressure xenon lamp generates a concentrated beam of
light that consists of wavelengths from short-wave UV to long-wave IR. The beam of
light from the source is emitted along a chosen path. The signal collected at the re-
ceiver is sent over a fiber (optic cable) to the Czerny—Turner spectrometer in which
the light is broken up into spectra by a grating. The spectra are converted to digital
signals and stored in the computer’s memory. The scan is repeated a hundred times
per second. The calculations carried out by the computer are based on library spectra
recorded under controlled laboratory conditions in the computer memory at 1000 dif-
ferent wavelengths.

The OPSIS system can monitore such pollutants as sulphur oxide, oxides of nitro-
gen, hydrochloric acid, formaldehyde, mercury vapours, ozone and several hydrocar-
bons including methane, styrene, benzene, toluene and xylene.
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OPSIS system allows the distance between the transmitter and receiver to range
from 200 meters up to a few kilometres. This is a standard system. The detection lim-
its for most components are of the order of ug/m’.

The application of the OPSIS systems is focused on:

measurements of urban pollution and road traffic pollutants,

monitoring of airport areas, industrial environments, dumping sites,

fence line monitoring.

Table
OPSIS systems in Poland
Measurement City Path length Pollutants Year

Traffic pollutants Warsaw 328.8 m NO,, SO,, O;, formaldehyde, 1992

benzene, toluene, p-xylene
1442 m NO

Traffic pollutants Poznan 328.0m NO,, SO,, O;, formaldehyde, 1992
benzene, toluene, p-xylene

Traffic pollutants Torun 426.0 m NO,, SO,, Os, formaldehyde, 1994
benzene, toluene, p-xylene

Traffic pollutants Tarnobrzeg variable NO,, SO,, O3, CS,, benzene, 1994
toluene, p-xylene

Traffic pollutants Bydgoszcz 5933 m NO,, SO,, O3, formaldehyde, 1994
benzene, toluene, p-xylene, phenol

Pollution of Czgstochowa 648.0 m NO,, SO,, Os, formaldehyde, 1992

background benzene, toluene, p-xylene, phenol

in suburbs

Pollution of Lublin 280.0 m NO,, SO,, Os, formaldehyde, NO, 1994

background 142.0 m NH;

in suburbs

Pollution of Bielsko-Biata 505.0 m NO,, SO,, O3, benzene, toluene, 1995

background in phenol

suburbs

Pollution of Gdansk 531.5m NO,, SO,, Os, formaldehyde, 1994

background benzene, toluene, p-xylene

in urban agglo-

meration

Pollution of Ptock 340.0 m NO,, SO,, benzene, toluene, phenol 1995

background in urban

agglomeration

Pollution of Wioctawek 384.5m NO,, SO,, O;, formaldehyde, 1995

background in urban benzene, toluene, p-xylene

agglomeration

Pollution of Czechowice- 486.0 m NO,,S0,,0;,formaldehyde, ben- 1996

background in urban Dziedzice zene, toluene, p-xylene, phenol

agglomeration
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The OPSIS systems have been applied to measurements of ambient air pollutants
at 13 places in Poland [9]. They are used to conduct the following air quality moni-
torings:

monitoring of urban air quality at street level, monitoring of background levels in
suburbs,

monitoring of urban air quality at roof-top level.

In the table, a list of the OPSIS systems working in Poland is presented.

The advantages of remote systems with the long-open path lie in the fact that they
increase their sensitivity with the increase in range. However, they have also the dis-
advantages of being double-ended and lacking spatial resolution. The latter problem is
partly solved by remote optical systems described later on.

5. LIDAR SYSTEMS

LIDAR is an acronym of Light Detection and Ranging. The LIDAR works simi-
larly to RADAR (Radio Detection and Ranging) [10]. The transmitter of the LIDAR
produces the pulses of light and sends them to the atmosphere (figure 3). When the
pulse is travelling through the medium it is scattered and absorbed. The part of the
radiation, which is scattered in backward direction, is collected and registered by re-
ceiver as a time-dependent signal.

Typically the transmitter is a high-power laser, which produces pulses of radiation
of nanosecond duration time. The time width of the pulse is very important because it
is related to spatial resolution of measurements. Spatial resolution is equal to half
time of pulse duration. The receiver consists of an optical telescope, light detector,
signal acquisition system and computer.

Distributed aerosol
Transmitter - or molecular target

Pulsed Laser j\
—»

EE
- « I\

Receiver

g

Fig. 3. Principles of the LIDAR

As it was mentioned earlier, light attenuation processes in the atmosphere are de-
scribed by the extinction coefficient ¢ (1). Since the part of extinction coefficient is
absorption, which changes from one molecule to the other, it is possible to detect se-
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lectively the concentration of the chosen gas. LIDAR technique based on this idea of the
measurements of gas concentration is called DIAL (Differential Absorption Lidar).
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Fig. 4. Absorption spectrum of SO,. DIAL ‘on’ and ‘off * wavelength are marked

In order to get information about molecular absorption only from extinction coef-
ficient, in the DIAL system the pulses of light at two different wavelengths are used.
One of the wavelengths is tuned in to the absorption line of the investigated species
(the so-called A,,), while the other (A.) is slightly detuned (figure 4). For small dif-
ference between the two wavelengths (within a few nanometers) the coefficients
Ol molecular ANA O aerosol fOr the respective ‘on’ and ‘off * pulses are almost equal. There-
fore the difference between ‘on’ and ‘off ’ signals is only due to the difference in the
well-known absorption cross-sections Oups for Ao, and A.r multiplied by a concentra-
tion for which we are looking:

0(Zon) = A(Aor) = €[ Tabs(Aon) — Tabs(Zom)]- )

It’s clear from the above that the idea of DIAL is very similar to DOAS except
that the measurement is performed for two chosen wavelengths, and the results are
distance-dependent.

Under real conditions, because of very small ratio of signal to noise for a single
‘on’,’off > measurement, return signal is averaged over a few hundred laser pulses.
Then the signal is processed with a proper inversion algorithm by a computer in order
to get the concentration as a function of distance from the instrument.

The DIAL technique allows us to measure the concentrations of ozone (O;) [11]-[13],
[34], sulphur dioxide (SO,) [11], [12], [14], [34], nitrogen monoxide (NO) [15], [16], ni-
trogen dioxide (NO,) [15], [17]-{19], [34], methane (CH,) [20], carbon dioxide (CO,)
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[20], water vapour (H,O) [21]-{26], mercury (Hg) [27],[28], hydrogen chloride (HCI)
[29],[30], chloride (Cl,) [31], ethylene (C;H,) [32], toluene (CsHsCH) [33], [34], benzene
(CsHe) [34], and other VOC’s [34]. The detection limit is within the range of few ppb
(hundreds ppb) and the measurement distance varies from a few hundred meters up to 40
kilometers. Both parameters strongly depend on the kind of investigated species and at-
mospheric conditions.

Main Telescope ~ Fower Supply + Electronics

Fig. 5. Mobile DIAL system used by IFD UW Lidar Group

In Poland, a mobile DIAL system has been used by the group from the Institute of
Experimental Physics of Warsaw University. The group developed in last years an
advanced system constructed by Elight Laser System GmbH, Germany. This is one of
few such systems operating in Europe. Figure 5 presents general view of the setup,
and figure 6 shows block scheme which is also typical of other DIAL systems. Their
basic parts are as follows:

transmitter containing tuned Ti:Saphire laser and accompanying optics with a ro-
tating periscope,

receiver with a 40 cm diameter mirror collecting backscattered radiation, detector
which is photomultiplier (PMT) used as a detector, digital oscilloscope for signal
acquisition and a computer for data evaluation and storage.

More detailed description of the setup can be found elsewhere [35]. Using this
system it is possible to investigate such species as ozone, nitrogen dioxide, sulphur
dioxide, benzene and toluene with detection limit of about 5—10 ppb in the range up to
2.5 km. The time of measurement in one direction is 0.5-3 minutes. The periscope
allows us to perform measurements in different directions. The time necessary for
two-dimensional scan (10 directions) varies from 5 to 30 minutes, depending on the
species being investigated and atmospheric conditions.
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Fig. 6. Scheme of DIAL system
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Fig. 7. SO, concentration over Hagenverder Power Plant, Germany.
Measurement performed from Radomierzyce village, Poland
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Fig. 8. Ozone concentration over Szklarska Porgba
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Fig. 9. Map of NO, concentration in the smoke stack cross-section.
Data collected over Turéw Power Plant in Turoszéw
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Figures 7, 8, 9 show some selected results of measurements performed by the sys-
tem described above. The solid black lines in the pictures indicate directions of meas-
urements. The curves on the right-hand side in figures 8 and 9 are vertical profiles of
concentrations obtained by averaging values from a map along the horizontal direc-
tion. The shadows around curves show measurement error.

Figure 7 illustrates an obvious advantage of LIDAR system over other remote
systems. The map shows concentration of sulphur dioxide in horizontal cross-section
over Hagenverder Power Plant, Germany. The measurements were done from Ra-
domierzyce, Poland, in September 1997. The strongest plums in the center of the pic-
ture are plums from a cooling towers which act as sources of SO,. Another example is
the imission measurement of ozone (figure 8).

The map presents vertical distribution of ozone concentrations over Szklarska
Poreba town in the Karkonosze Mountains. Measurements were also done in July
1997. The average concentration approaches 25 ppb. Figure 9 shows the emission
measurement again. In this case, the smoke plum containing nitrogen dioxide from
one of the chimneys of Turéw Power Plant in Turoszéw was investigated. It is
worth noticing that the rate of emission from such measurements can easily be
calculated.

6. CONCLUSIONS

The optical remote methods such as DOAS and DIAL have proved to be very suc-
cessful during recent years. A commercial DOAS instrument manufactured by OPSIS
Inc. has been accepted in Europe for urban pollution measurements. DIAL method is
now in operation for many pollutants, and several mobile system using this method
has been developed.
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ZASTOSOWANIE ZDALNYCH OPTYCZNYCH TECHNIK POMIAROWYCH
DO KONTROLI JAKOSCI POWIETRZA

Metody i techniki analityczne sa istotne w monitorowaniu srodowiska. Pomiary nie polepszaja bez-
poérednio stanu Srodowiska, lecz dostarczaja informacji o jego zanieczyszczeniu. W artykule przedsta-
wiono obszerny i krytyczny przeglad zdalnych metod optycznych stosowanych do pomiaru zanieczysz-
czen powietrza. W szczegélnosci opisano metody DOAS i LIDAR.







