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ABSTRACT

Usinp the DIfferential Absorption Lidar (DIAL) technique, two types of approaches, namely, reflection from
retroreflector / topographic target and backscatier from atmosphere, are available for studying remotely the atmos-
pheric NO, concentration. The Argon ion Lidar sysiem at the Indian Institute of Tropical Meteorology (IITM),
Pune, India has been used for the measurements by following both the path—averaged and range—resolved ap-
proaches. For the former, a topographic target (hill) is used for determining path—averaged surface concentration. In
the latter, speciral properties of atmospheric attenuation is used for making range—resolved measurements in the sur-
face layer. The resulis of the observations collected by following both approaches are presented. The average
surface NO, concentration was found to vary between 0.01 and 0.105 ppm and the range—resolved measurements
exhibited higher values suggesting treatment of the lidar data for scatiering and extinction effects due te atmospheric
aerosols and air molecules, and atmospheric wrbulence. Certain modifications that are suggested to the experimental

set—up. datz acquisition and analysis Lo improve the measurements are briefly described.
I. INTRODUCTION

Atmospheric nitrogen dioxide (NO,) constitutes and important gaseous pellutant in the
group of nitrogen oxides (NO,=NO-+NQ,) which are primarily emitted as nitric oxide (NO).
The study of NO, is important as it plays a significant role in producing negative
environmental effects such as acid rain generation and forest damage (NRC, 1977). Urban
environments, where the emissions from vehicles contribute maximum to the production
of NO, , will be affected greatly by these pollutants, and the resultant adverse effects of air
pollution may lead to primary health problems, possible long term changes in the global cli
mate and in UV radiation levels. Also, NO, influences O in the troposphere and strato-
sphere, and it can be used as a convenient indicator for studying the photo—chemistry and
dynamics of those regions (Wang et al., 1986; Sinyakov and spektorov, 1987). Along with the
natura! sources such as stratospheric oxidation of nitrous oxide (N,0), lightning, soil emis-
sions and oceans, anthropogenic production through fossil fuel combustion and biomass
burning appear to be the major sources of NO, while major sinks being wet and dry deposi-
tion (WMOQ, 1985; Singh, 1987).

Of the various optical methods, DIfferential Absorption Lidar (DIAL) has been recog-
nized ro be a versatite method for remote determination of atmospheric NO, (Rothe et al.,
1974; Fredriksson and Hertz, 1984; Galle et al., 1988; Devara, 1989). Other acronyms some-
times encountered in the literature which are nearly synonymous with DIAL are DASE for
‘Differential Absorption and Scattering of Energy’ and DAS for Differential Absorption and
Scaitering’. An Argon ion lidar system has been developed at the IITM, Pune (an urban sta-
tion), India for remote sounding of atmospheric aerosols and trace gases. This lidar has been
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used for making path—averaged DIAL measurements of surface level atmospheric NQ, con-
centration at this location during 1987—1988 (Devara and Ernest Raj, 1989). Subsequently,
attempts have been made to utilize the system for obtaining range—resolved observations
of NO, in the bottom layer of the atmosphere. This paper initially gives a brief review of the
DIAL method for the measurement of atmospheric gas constituents and then presents the de-
tails of the experimental set—up and preliminary results of the range—resolved measurements.
Based on the recent developments in the theory of the DIAL method for the estimation of
atmospheric gas concentrations and the associated systematic and random errors, certain
modifications to the experimental Jarrangement, measurement procedure and data reduction
algorithms are being undertaken for the improvement of results and they are indicalted at the
end of the paper.

1. DIAL METHOD

DIAL is an approach that makes use of absorption in the atmosphere to infer the con-
centration of trace species. In this method laser wavelength is altered between an on—reso-
nance (lgy) and neighbouring offresonance (2gr) for the particular molecule under investi-
gation. Then, lidar—observed surface—reflected energy at the two wavelengths can be inter-
preted interms of column content or path—averaged gas concentration and the lidar—observed
range~-resolved atmospherie backscatter at the two wavelengths can be interpreted interms of
gas concentration profiles.

Figure | demonstrates different types of experimental schemes that are generally em-
ployed for the DIAL measurements of atmospheric NO, . There are two varieties of DIAL
systems commonly in use, which are distinguished from one another by the type of target
used. They are (i) the long path absorption system, in which, by using a distant target
(topographic or retroreflective) the pollutant concentration can be measured as an integrated
absorber amount over a given pathlength (Fig. 1a), and (ii) the range—resolved DIAL system,
in which, by using naturally occurring atmospheric aerosol as a distributed reflector,
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Fig.1. Different experimental schemes for DIAL NO, measurements.
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pollutant concentration can be measured as a function of range (Fig. 1b) or alternately profile
measurements can be made from the difference in absorptions of radiation from two different
range gates (Fig. 1c). Recently, powerful DIAL systems have been constructed and applied in
air quality studies (Zuev, [982; Measures, 1984). The very recently introduced gas—correla-
lion lidar concept provides attractive possibilities for system simplification (Edner et al.,
1984).

Most DIAL systems use single laser which is alternately tuned to the ON and OFF wave-
lengths. The return signals are usually so weak that the concentration profile calculated from
a few measurements is very noisy, and temporal averaging Is necessary to improve the
signal—to—moise ratio which otherwise leads to unrealistic and sometimes to negative concen-
trations. Usually many pairs of return signals are summed up for one concentration
measurement. Generally two nearby wavelengths are selected in DIAL method so thal the
volume aerosol and molecular scattering coefficients can be regarded as identical for both ON
and OFF wavelengths at the same clock time. But in real situations, these assumptions cause
errors in measurements and they can be broadly classified into three groups: (1) errors intro-
duced by the atmosphere, {2) speciral errors, and (3) instrument errors. Detailed analysis of
errors in DIAL measurements and suitable solutions have been enumerated in the literature
(Schotland, 1974; Gibson and Thomas, 1975; Zuev, 1982; Pelon and Megie, 1982; Browell et
al., 1985; Staehr et al., 1985; Browell, 1989).

IIL LOCATION AND EXPERIMENT

In order to minimise the backscattered noise due to city lights, the complete lidar set—-up
has been installed on the terrace of the Institute’s building which is about 13 m above ground
level. The positions of the lidar site and other surrounding activities in the experimental area
are shown in Fig. 2. The orientation of the laser beam chosen for the path—averaged
NO, measurements is shown with a dotted lipe in the figure. The lidar site is located at an el-
evation of about 570 m above mean sea level (AMSL) and the nearby hillocks (hatched areas
represent elevation>610 m AMSL) are elevated as high as 760 m AMSL. These hillocks are
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Fig.2, Map showing the location of Jidar and its surroundings.
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believed to be affecting the transport / dispersion of gaseous pollutants particularly in the
lower levels of the atmosphere. Also, the stone quarries (east side) and brick kilns (west side)
which are situated at a distance of about 1 km on either side of lidar are considered to be the
major local anth—ropogenic sources influencing the NO, observations at the
experimentalsite. Apart from the above, contribution is expected also due to the major urban
activity fromeastern part of the lidar site and western side is a sparsely populated area.

The lidar system used in the experiment mainly consists of a continuous wave (CW)
Argon ion laser which can emit light at different wavelengths {at discrete steps) from near UV
to IR. Also, the laser can be operated either in single wavelength mode in which it can be
tuned to any desired wavelength or in multi—wavelength mode in which all the wavelengths
are present simultaneously. The multiline {total) output power of the laser is 4 watts and it de-
livers different cutput powers at different wavelengths. In the present experiment, the laser
was operated in the single wavelength mode at an output power of 30—50 mw which is ade-
quate for the measurement of NO, concentration in the lowest layer of the atmosphere. The
return signal strengths at ON and OFF wavelengths were recorded with the receiver com-
prising Newtonian telescope equipped with light detection and data acquisition systems.
These recordings involve simultaneous tuning of the laser and corresponding interference fil-
ter change at the receiver. This is accomplished manually and it takes less than half a minute.
The NO, absorption coefficients reported by O'Shea and Dodge (1974) for Argon ion laser
wavelengths are used in the computation of NO, concentration. The detailed description of
the lidar system has been published clsewhere (Devara and Ernest Raj, 1987) and characteris-
tics of the DIAL system are summmarized in Table 1,

Table 1. NO, DIAL Parameters

TRANSMITTER RECEIVER
Laser Argon ion (Lexel Model 95—4) Telescope type Wewtonian (astronomical quality)
Power 30-50 mw Diameter 25 cm
Aon 4%6.5 nm Area 0.05 m*
Aopr 501.7 nm or 488.0 nm Field of view 0.5-6.5 mrad

Photomultiplier tube
(RCA Model C31034A)

Beam divergence 0.6 mrad Detector . .
with cooler housing
{PFR Model TE-206 TSRF)
Fon 1.11% 107 ppm ' m™ Filter 1 am (FWHM)
Tramsient | TROWR Counter (EMT Model C—-10) /
SorE 0.543% 1073 or 0.875 % 107> ppm ' m™! Recorder Multipen Recorder
cor (Yokogawa Model 3063—61)

Iv. RESULTS AND DISCUSSION

With an aim to demonstrate the performance of the lidar system for remote sensing of
atmospheric NO, concentration, both path—averaged and range—resolved DIAL experi-
ments have been conducted. In view of large background noise due to sunlight during
daytime, observations have been made during clear night sky conditions and the results are
presented below.

l. Path—averaged Measurements

For these measurements, the long—path absorption method was followed in which a
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tunable transmitter and receiver are located together and a Lopographic target is located at a
distance of several hundred metres. The two laser lines, 496.5 nm and 501.7 nm are chosen as
ON and OFF wavelengths, respectively. A topographic target (hill} located at a distance of
3787 m (total pathlength = 7574 m) north of the lidar site was used for reflecting the laser re-
turn signals at Aoy and JAgpr - The path—averaged atmospheric NQ, concentration, C is
computed by using the following equation.

- 1 P 1 ory P » orm)
¢ 2L{ogy —UOFF)I“{PR w©ny Pr orp } ' o)
where Py and P, are the transmitted and received powers; ooy and gops are NO,;
absorption coefficients for ON and OFF wavelengths, respectively and L is pathlength. Here
the scallering effects due to atmospheric aerosols and molecules, and the effects due to
changes in the refractive index of the medium are considered to be identical at both the
probed wavelengths for the reasons explained above.

The experiment was conducted on the nights of 24 April, 4 December, 1987; 26
February, 18 April, 1988 between 1930 and 0430 h LT. The received signal strengths at ON
and OFF wavelengths were recorded for every 30 min on each night. The NO, concentra-
tion, computed using the above equation, on the four nights are averaged and their mean va-
riation is shown in Fig. 3. The vertical bars in figure indicate the scatter at each average ob-
servation. The results show marked temporal variations. The minimum average NO, con-
centration was around 0.01 ppm and maximum was around 0.105 ppm while the observations
of individual nights showed minimum concentration of <0.01 ppm and maximum of 0.125
ppm. These variations could be expected due to changes in air mass characteristics resulting
from natlural and anthropogenic activities, and fluctuations in meteorological parameters
such as temperature and wind, which influence the dynamical and photo—chemical processes
involved in the production of NO, (Gelllbwachs, 1973; Wang et al, 1986; Sinyakov and
spectorov, 1987; Galle et al., 1988}. Also, the topographic larget selected for the experiment is
located almost in the north—west direction of the lidar site and thus the laser beam passes
through the brick kilns and villages as shown in Fig. 2. In this contexi, the variations
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Fig.3. Mcan temporal variations of path—averaged NO, concentration as seen from the observations col-
lected on 24 April, 4 December 1987; 26 February, 18 April 1988.
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in NO, concentration observed in the present study are considered partly due to varied activ-
ities of the anthropogenic sources around the lidar site. The NO, measurements made at
pune by khemani et al., (1987) using poini monitoring instrumenis during 1981—1984 showed
an average value of 0.93 ppb. This could be explained by the fact that the DIAL results are
the concentrations integrated over a pathlength of 7574 m. Also, increase in NQO; concentra-
tion observed in the present experiment could be due to real changes in the atmosphere due to
more pollution activities. However, more meaningful comparison between these two experi-
ments is possible when they are conducted simultaneously by installing a series of point moni-
tors along the pathlength of the lidar experiment. The results of such comparisons have been
reported in the literature {Baumgartner et al., 1979).

2. Range-resolved Measurements

By utilising naturally available atmospheric aerosols as tracers, the aforementioned DI-
AL system has been used for making range—resolved measurements of NO, . In this experi-
ment, the laser wavelengths, 496.5 nm and 501.7 nm (or 482.0 nm) are used as Agy
and Agpp , respectively. The laser beam is sent vertically up into the atmosphere. The return
signal strengths at ON and OFF wavelengths were recorded for different elevation angles of
the receiver which is placed at a distance of 60 m from the laser. Thus backscattered signals
from different altitudes up to 500 m were collected by using a photon counting system. The al-
titude variations of the received power recorded at ON and OFF wavelengths on a typical
night of 9 February 1989 are shown piotted in Fig. 4. The general DIAL equation adopted by
many workers (for example, Uchino et al., 1979; Browell et al., 1985), is used for computing
the profile of atmospheric NO, concentration (C) in the range interval from R, to R, ,and
is given as
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Fig 4. Typical altitude profiles of received power (Pg} at ON and OFF wavelengths observed on 9 February
1989,

<oy




No.1 P.C.8. Devara and P. Ernest Raj 79

100~ J —_— 212 -88
. ----02-02-89

......... - 20-03-89

ALTITUDE, m
o ~ ©
o =] =
T T 1

-_ W
o Q
I T

/Py

PR(‘OFF) {ON)

Fig.5. Vertical distribution of received power ratio (Pg opr /Py o) observed on 21 December 1988: 2 Feb-
ruary and 20 March 1989.
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where Ao=ogy—oger (difference between absorption coefficients at the ON and OFF wave-
lengths), P, ony(R;) and Py orr (R} are the return signal powers received from range R,
at the ON and OFF wavelengths, respectively, B is the volume backscattering coefficient, and
« is the average extinction coefficient between the ranges 8, and R, .

Figure 5 displays the vertical distribution of the ratic between P, orr, and Pgion
observed on the nights of 21 December 1988, 2 February and 20 March 1989. Significant
day—to—day variations in the return signal strength profiles are evident. In general, the DIAL
measurements of average gas concentration are made by using the first term in Eq. (2), assum-
ing the atmospheric backscatlering and extinction effects (second and third terms) are same at
both on— and off-resonance wavelengths and hence neglected. The NO, concentrations
computed from the present experiment by considering the fivst term are found to be high. For
example, the data of Fig.5 show NO, concentration of 3.85 ppm betweea the altitudes 20
and 100 m on 21 December 1988. It directly suggests the treatment of observational data for
the effects due to scattering and extinction of atmospheric aerosols and air molecules. This
correction to the observed NO, concentration at different altitudes is felt important in view
of the behaviour of the height variation of aerosol number density at the lidar site due to ter-
rain effects particularly in the lowest air layers {Devara and Raj, 1991). Also,it is noticed that
the observations sometimes indicate negative NO, concentrations which is unphysical. Asa
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sample computation, the scattering and extinction effects due to atmospheric aerosols
andmolecules in the probed region have been estimated for the DIAL measurements made on
20 March 1989 using the radiometersonde observations from India Meteorological Depart-
ment, Pune and the scattered signal strength observations obtained with the lidar at the
off—resonance wavelength. These corrections, particularly due to the variations in aerosol
particle distribution are found to be improving the NO, concentration measurements when
the scatlering variations are small. In order lo improve the above results certain changes in
the experimental set—up, data archival and retrieval methods are proposed and they are brief-
Iy described in the following section.

3. On—line Control and Data Acquisition

The main reasons for the higher and occasionally negative NO, concentrations ob-
served in the present study could be due to (i) long time separation between the on— and
off-resonance wavelengths and (ii) insufficient observations of return signal strength at the
DIAL wavelengths in the estimation of individual concentrations. By taking these aspects in-
to consideralion certain modifications to the experimental design are being catried out by
augmenling the lidar with an on—line control and data acquisition system. They include (i)
operation of the laser in multiwavelength mode to emit both on— and off—resonance wave-
lengths simultaneously, and addition of an electronic chopper at the laser output to allow re-
cording of (S+N) and N at each filter of the receiver and (ii) incorporation of a filier wheel in
front of the face of the PMT to alternate (at faster rate) between the interference filters corre-
sponding io the on— and off-resonance wavelengths of the laser.

The main peripheral devices of the on—line control and data acquisition system are fast
transient digitizer (8 bit Analog to Digital Converter at a sampling rate of 20 MHz),
compulercontrolled stepper motors to govern the motion of chopper, filter wheel and the tele-
scope. The other peripheral devices are alphanumeric control terminal, two floppy disk
drives, a graphic display, a printer and a plotter. The transient digitizer converts the analog
signals from the range—resolved measurements into digital form at high sampling rate and
transfers to computer memory, The IBM compatible micro—computer sends commaad sig-
nals for on—line detection and conirolling of parameters of the laser and receiver at the
pre—set experimental requirements, and also stores all individual digital signals for off-line -
data processing, graphic display and plotting of concentration profiles. For measurements in
the regions of low level concentration of gaseous pollutants, spatial averaging technique sug
gested by stachr et al., (1985) will be adopted to remove negative concentrations in the data.

V. CONCLUSIONS

The Argon ion lidar system at the Indian Institute of Tropical Meteorology, Pune has
been used for determining the path—averaged and range—resolved atmospheric NO, concen-
tration in the surface layer. These measurements are the first such results obtained in India us-
ing the DIAL technique. Although the present observations of path—averaged NO, concen-
trations showed reasonable values, the range—resolved observations indicated higher concen-
trations and suggest some modifications ic the experimental set—up, data recording and
retrieval procedures, and treatment of DIAL data for the effects due to atmospheric spectral
parameters. 1t is explained how the proposed on—line control and datz acquisition system
would help in sclving the problems that are encountered in the experiment. It is hoped that
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the proposed changes in the design of the experiment will improve the data quality to obtain
more realistic values of range—resolved N, concentration.

We express our gratitude to prof. D.R. Sikka and Dr. A.S.R. Murty for their encouragement. We are indebted to
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