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OPEN PATH MEASUREMENT OF ATMOSPHERIC TRANSMISSION SPECTRA
IN THE REGION OF 3000-3450 nm USING TUNABLE MID INFRARED LIDAR
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This paper reports the open path measurement of atmospheric transmission in the spectral region of
3000-3450 nm using a mid infrared tunable lidar in New Delhi (28.7°N, 77.1°E), India. Results on the
measurement of atmospheric transmission in New Delhi are reported for first time, to the best of our
knowledge. A tunable infrared lidar system has been developed in-house, which transmits laser radiation
with the wavelength interval of 1 nm in the above spectral band into the atmosphere. A 200 mm diameter
Cassegrain receiver telescope with mercury cadmium telluride (MCT) detector is used to collect the
backscattered radiation from the atmosphere. The reflected laser radiation received from the tower located
at a distance of 400 m is used to generate the transmission spectrum. Data recorded during the daytime
measurements have been considered in this paper. Transmission spectra measured over several days showed
a similar pattern, which confirmed the repeatability of the system performance. The measured spectra are
also compared with the SkyCalc transmission model generated using the online database. Preliminary anal-
ysis indicated that these spectra had good agreement in general with a small shift in wavelength region. We
have also analyzed the HITRAN database line-by-line and identified the possible major absorbing molecules
in this band. The sources of air pollutants that absorb in this band and also discussed.
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TIposederno mpaccosoe uzmepenue ammocpeprnozo nponyckanus ¢ oonacmu 3000—3450 wm ¢ ucnonvzo-
sanuem nepecmpaueaemozo auoapa cpeoneeo MK ouanazona ¢ Hvio-lenu (28.7° c.aw., 77.1°6.0.), Unous.
Paspabomannasn nepecmpausaemas UK nudapnas cucmema nocwiiaem 8 ammocgepy nazepHoe uziyyeHue
8 YKA3aHHOM Ouanazone Oaun 60aH ¢ unmepganrom 1 wm. Ipuemmnwiti meneckon Kacceepena ouamempom
200 mm ¢ demekmopom HA OCHOBE KAOMUEBO20 PIYMHO20 MELLYPUOd UCHOAb3Yemcsl OJisl cOopa usLyyeHus,
06pammno paccesiHHozo u3 ammocgepul. Jlaseproe usnyueHue, OmpadcenHoe om GbllKU, PACNONONCEHHOU HA
paccmosinuu 400 m, ucnonv3ogano 0 opmupoganus chekmpa nponyckauus. Obcyacoaromes OanHvle,
noJyueHuvie 8 xo0e OHegHbIX usmeperull. Cnexmpsl NPONYCKAHUSL MALO USMEHAIOMCS HA NPOMANCEHUU He-
CKONbKUX OHell, YMo c8UdemenbCmayem o cmabuibHocmu pabomsi cucmemvl. Hmepennvie cnekmpul cpas-
Husaromcs ¢ moodenvio nponyckanus SkyCalc, coz0annoil ¢ nomowwio ounatn-6asel dannwix. Ilpedsapu-
MebHbIL aHATU3 NOKA3bI8AeM, YMO YKA3AHHble CHeKMPbL 8 YeIoM XOPOULO CO2NACYIOMCS, XOMsl UMeemcs
HebobuoUu cosue no onuxam eoax. Ilpoananuzuposana 6asa Ooanuwvix HITRAN u onpedenenvl 0CHOBHblE
B03MOJICHBIE MOAEKYIbI, NO2IOWAIOWUe 8 YKA3auHoM ouanazone yacmom. O6cynrcoaromes UCmoYHUKY 3a-
CPAZHAIOWUX AMMOCpepy 8eujecma, KOMopbvle NO2I0UAIoN 8 pAcCMAMpudaemMom OUanazone Yacmon.

Knroueevie cnosa: ammocgeprnoe nponyckanue, aoap, HITRAN, ciedosvie 2azvl.
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Introduction. Studies on atmospheric transmission in the infrared spectral band are very important to
assess the performance of many electro-optical devices working under various atmospheric conditions.
A large number of electro-optical and laser-based systems work in the infrared band. The quality of the
transmitted beam and received signal gets altered due to the presence of atmospheric trace gases and back-
ground aerosol. The atmospheric trace gases play an important role in many processes, such as the chemistry
of troposphere, biosphere-troposphere interaction, etc. [1, 2]. The increase in concentration of trace gases
due to industrial activities, movement of transport vehicles, smog, etc. alters the atmospheric transmission
properties through the process of scattering and absorption of radiation. They also degrade the quality of air
and health in urban cities [3—5]. In order to understand the optical properties of the atmosphere especially in
the area of long-path laser propagation and optical remote sensing, a reliable calculation and accurate model-
ing is required. Therefore, the monitoring of atmospheric trace gases becomes important for the studies con-
cerned with air pollution, transmission, health effects, and climate change. A large number of air pollutants,
toxic chemicals, chemical warfare agent, etc. absorb in the mid IR region as it coincides with the fundamen-
tal carbon-hydrogen stretch [6]. A tunable infrared differential absorption LIDAR (DIAL) has been exten-
sively used for remote sensing of trace gases and toxic chemicals present in the atmosphere [7—12]. Tunable
lidar systems working in the broad spectral band can be also used to study the property of atmospheric
transmission. A single ended infrared lidar operating in the 1400—4000 nm spectral band has been used earli-
er for remote measurement of atmospheric transmission and trace gases [13].

In this paper, we discuss the results on atmospheric transmission properties measured at a tropical sta-
tion, New Delhi, India, using an optical parametric oscillator (OPO) laser based differential absorption lidar
operating in the spectral region 3000-3450 nm. The reflected laser signal measured at different wavelengths
is used to generate the atmospheric transmission spectra. We have also carried out detailed studies using
HITRAN molecular database to identify the possible molecules that are responsible for absorption in this
band. Our results on atmospheric transmission are in good agreement with SkyCalc model in general. Fur-
ther, we have also discussed the sources of air pollutants, which absorb significantly in this band. Details of
the experimental set up and results are discussed.

System description. A tunable mid infrared laser operating in the spectral band of 3000—3450 nm based
lidar system has been developed for remote sensing applications. A schematic of the experimental set up is
shown Fig. 1. An optical parametric oscillator (OPO) based tunable laser with pulse energy 5 mlJ, pulse
width 6 ns, and 10 Hz pulse repetition frequency is used as transmitter. A 200 mm optical telescope integrat-
ed with thermoelectrically cooled mercury cadmium telluride (MCT) detector and focusing lens is used as
receiver to collect the backscattered radiation from the atmosphere. Laser radiation from the source is folded
using mirrors FM1 and FM2 before transmitting into the atmosphere as shown Fig. 1. The return signal is
digitized using a panel PC based data acquisition system with 30 MSPS sampling rate and 14 bit analog to
digital converter. Signal acquisition and processing software is developed in-house in LabView platform.

The transmitter and receiver are mounted on pan and tilt system, which can scan the atmosphere from 0
to 360° in the azimuth and —10 to 30° in the elevation. The present study uses the data recorded by transmit-
ting laser radiation in the horizontal direction under the topographic configuration.
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Fig. 1. Schematic of tunable mid infrared lidar system;
FM1: Folding mirror; FM2: Firing mirror; L: Focus lens.
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Results and discussion. Firstly, the performance of the system has been calibrated by measuring the
absorption signal of the methane gas. The wavelength of the transmitted laser beam was measured using a
wavelength meter (M/s. High Finesse, Germany). Methane, one of the greenhouse gases present in the at-
mosphere with background concentration of about 2—4 ppm, was used for calibration of the system. Methane
has the most intense vs stretching vibration band, the central Q branch (3315 nm) which falls within the tun-
able range of our system [14, 15]. An absorption cell of 50 cm long with CaF, window in both sides filled
with pure methane was used in calibration testing in the laboratory. The laser radiation in the wavelength
band from 3310 to 3326 nm was allowed to pass through the absorption cell and recorded the output signal.
Methane gas has weak and strong absorption lines in this band. The experimentally measured signal in this
spectral region had been validated with the HITRAN database [11, 16].

The lidar reflected laser signal was collected by transmitting laser radiation in the direction of topo-
graphic targets during daytime. The transmitted laser wavelengths and their respective pulse energies were
measured independently. The reflected laser signals were normalized with respect to transmitted pulse ener-
gies at each wavelength. Signals were averaged over a period of 10 seconds to improve the signal to noise
ratio and reduce the noise fluctuation. The reflected signal (peak value) received from the hard targets locat-
ed at distance of 400 m was used for generating the relative intensity at each wavelength to create the atmos-
pheric transmission spectra in the spectral band from 3000 to 3450 nm. We have transmitted all the wave-
lengths with an interval of 1nm along the horizontal path up to distance of 400 m (two-way path is 800 m).
The transmission spectrum is specific to the experiments carried out at a tropical station, New Delhi. It is the
capital of India located in the northern part of India. It is a cosmopolitan city having lots of industrial activi-
ties. The lidar laboratory is situated in the central part of the city and near to the outer ring road in which
motor vehicle traffic is very high. They emit various air pollutants like methane, carbon dioxide, carbon
monoxide, nitrogen dioxide, etc. The recorded data were used for understanding the influence of atmospher-
ic trace gases in the transmission spectra. Data were recorded during the summer months of the season. Figu-
re 2 shows the relative intensity versus the wavelength recorded in spectral band 3000-3450 nm with an in-
terval of 1 nm. The relative intensity measured along the horizontal beam path is considered as the atmos-
pheric transmission. Dark regions of the figure show the wavelengths which have high transmission, whereas
transparent region shows the absorption due to background molecules. The wavelength region 3000—
3450 nm contains absorption bands of many gases that are present in the atmosphere. The observed meteoro-
logical parameters were atmospheric temperature ~35°C, pressure ~1005 mb, and relative humidity ~26%.
The observation period was from 1200 to 1800 h. Based on our data we have identified four regions of inter-
est as mentioned in the Fig. 2. These four regions have strong absorption due to the background molecules.
Region 1 has a trough in the region of 3055-3075 nm. Region 2 has two wider troughs in the region
3115-3120 and 3125-3130 nm. Wider troughs are observed in region 3, which extends from 3220 to
3250 nm, in addition to a dip in 3265-3270 nm. Region 4 has a trough in the 3310-3318 and 3330-3338 nm
bands. In addition to this, we also observed a trough near the 3015-3055 and 3415-3430 nm bands.
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Fig. 2. Relative intensity received for different wavelengths from a target located
at distance of 400 m at New Delhi.
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We have also simulated the atmospheric transmission spectra in the band of 3000-3450 nm using
SkyCalc sky model calculator [17] as shown Fig. 3. The reported simulated transmission values are higher
compared to experimentally measured values. However, the pattern over the given wavelength region is sim-
ilar to that of experimentally measured spectra using lidar. In some region, a minor shift in the wavelengths
also observed. Nevertheless, the general agreement of both traces in Figs. 2 and 3 confirms the usefulness of
this system for spectroscopic applications. Byer and Endermannt [13] have reported the use of infrared lidar
operating in the spectral band 14004000 nm for remote measurements of atmospheric trace gases and at-
mospheric transmission. Return signal measured under cooperative target condition was used to generate the
transmission spectra. The reported transmission property in the 3030-3448 nm band is similar to that of our
results. Byer and Endermannt have also derived the background concentration of some of the trace gases
using their system. Theriault et al. [18] reported results on atmospheric transmission measurements made
over a 5.7 km path in the 2800-5500 nm region under a wide range of temperatures and humidities using
Fourier interferometric transmissometer (FIT). Our observed results agree well with the reported transmit-
tance in 3000-3350 nm region.
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Fig. 3. Simulated atmospheric transmission spectra using SkyCalc model.

Further, we have also analyzed the HITRAN database to identify the possible absorbing molecules
in 3000—3450 nm band. The common absorbers of radiation in this band are carbon dioxide (CO), ethylene
(C2H4), nitrogen dioxide (NO3), nitrous oxide (N>O), ozone (O3), methane (CH4), and water vapor (H20).
Figure 4 shows the absorption region of the molecules, namely C,Hs, NO,, and H>O, as an example. The
water vapor shows the absorption at 3000-3450 nm with the maximum absorption cross section of about
6.1x1072 m?, whereas NO, shows the absorption predominantly at 3400-3450 nm with the maximum ab-
sorption cross section of about 2.8x102* m?, and C>Hs shows dense absorption at 3100-3400 nm with the
maximum absorption cross section of about 4.4x1072* m?. Further analysis, revealed that NoO molecule had
absorption near the 3000-3050 nm region with the maximum absorption cross section of about 2.1x1072° m?.
Ozone has absorption at 3320-3340 nm with the maximum absorption cross section of about 1.5x1072> m?.
This region is totally masked by ethylene with a stronger absorption feature. CO; has weaker absorption over
the entire band (maximum absorption cross-section ~8.2x1072% m?). Methane has prominent absorption lines
at 3260, 3290, 3300, 3350, and 3420 nm with the maximum absorption cross section of about 1.5x1072? m?.
It is also noticed that methane has dense absorption lines at 3310 to 3330 nm with the maximum absorption
cross section of about 8x1072 m?. Based on the background concentration levels, molecules such as methane
and water vapor are found to be the potential absorbers at 3000-3450 nm. Table 1 shows the list of absorb-
ing molecules in this wavelength band.

Various research groups have reported that air polluting chemicals are steadily increasing over Delhi
due to industrial activities and transport. Delhi is the largest commercial hub of north India by nature of its
geographical location, availability of infrastructure facilities, etc. Based on the nature of activities, a lot of
commercial activities take place. The movement of heavy transport vehicles and use of diesel generator sets
for power back-up are the major source of polluting gases in these areas. Ghosh et al. [19] reported the total
column density and surface level concentration of the greenhouse gases (CO2, CO, CHy4, H>0, O3, and N>O)
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Fig. 4. Absorption lines of HO, NO,, and C,Hj4.

TABLE 1. List of Potential Trace Gases Absorbing in the Wavelength Band 3000-3450 nm

Molecule | Wavelength band, nm Maximum absorption cross section, m

N0 3000-3050 2.4x107%

0s 3320-3340 1.5x10°%
H>O 3000-3450 6.1x107%
NO; 3400-3450 2.8x107%
CyH4 3100-3400 4.4x107%
CH4 3310-3330 8.2x107%
3200-3450 1.8x10°%

measured over Delhi since 1992. Typical concentration levels are CO, ~355-361 ppm, CO ~2—4 ppm,
CH4 ~1.7-2.7 ppm, O3 ~30-50 ppb, and H,O ~1.7-2.7 g/cm?; these values tend to increase in summer
months. However, one of the recent studies by Sahay and Ghosh [20] mentions that the average daytime am-
bient concentration of CO» varied from with an average of 541427 ppm, and CH4 concentration varied with
an average of 3.2+1.0 ppm. Gurjar et al. [21] reported a comprehensive emission inventory for megacity
Delhi, India, for the period 1990-2000. It is reported that SO, is largely emitted by thermal power plants,
while the transport sector contributes most to NO,, CO, and non-methane volatile organic compound
(NMVOC) emissions. Though the power plants largely emitted CO, in the past, the contribution by the
transport sector is also increasing steadily. Two decades old trucks nearly 80000 in number flit in and out of
the city at night. Many of these, run on a mixture of kerosene and diesel, which release a lot of pollutants.
An increase in air pollution level will result in more attenuation of laser radiation in the respective wave-
length band. Hence, the transmission property in this wavelength band gets altered due to this. Based on the
experimentally measured spectral transmission data, one can also detect and deduce the background concen-
tration of the atmospheric trace gases such as methane, water vapor, NO,, etc. A large number of lines exist,
which makes it possible to select one with the ideal cross section for a specific measurement. The large
number of water vapor lines leads to interference problems in the measurements of many other pollutants.
Hence, one has to choose the selection of wavelengths very carefully to avoid interference from other mole-
cules. We are also analyzing the selection of line pairs and measurement of ambient concentration of atmos-
pheric trace gases mentioned above using a differential absorption method. The results of this work will be
discussed in a future work.

Conclusion. A tunable mid infrared differential absorption lidar system has been designed and devel-
oped for remote sensing applications. The reflected laser signal collected over the entire spectral band from
topographic targets was used to derive the atmospheric transmission property. We have also compared our
results with simulated atmospheric transmission spectra in the 3000-3450 nm band using SkyCalc model.
The pattern is similar to that of experimentally measured spectra. The absorption regions are more or less
similar with a minor shift in the wavelengths. Nevertheless, the general agreement of both traces confirms
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the usefulness of this system for spectroscopic applications. Weaker transmission lines in the spectra were
indentified and molecules are found, which are absorbing these lines using the HITRAN database. We have
also indentified molecules such as methane, water vapor, etc. whose background concentration can be meas-
ured in ambient conditions. In the future, we are planning to conduct systematic studies to understand the
humidity, temperature, and visibility dependence of atmospheric transmittance in the above band during dif-
ferent seasons.
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