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REMOTE MONITORING OF OZONE IN THE TROPOSPHERE USING EARTH 
REFLECTED DIFFERENTIAL ABSORPTION 

By DR. JOHN L. GUAGLIARDO and MR. DONALD H. BUNDY 

Summary.-A method of remotely moni toring the tropospheric concentra
tion of ozone i s proposed. The method uses two lasers, each emitting a 
different wavelength. It i s shown that even though only two laser 
wavelengths are used, the method i s both specific and accurate for oz.one 
concentrations which are encountered i n most urban areas. 

Introduction.-In this paper, is proposed a method which will be a 
true airborne remote sensing method. Two or more wavelengths are emi tted 
from an IR Laser source in a downward direction. These bursts of photons 
strike the ground and are scattered up, back into a telescope receiver. 
Two lasers will be used; the lasers and the telescope receiver are a i med 
at the same spot on the ground. This is seen in Figure 1. One wave
length is tuned to be absorbed by ozone, while the other is not. A 
relati onship exists between intensities of the two scattered beams such 
that the column densi ty of ozone between the aircraft and the ground can 
be inferred. 

The mai n limitation in the active detection of molecular pollutants 
at the present time is the laser source. Consideri ng the parameters of 
power output and state-of-the-art dependability, the carbon dioxide laser 
is the best laser source. Discounting isotopic shifting, the common air 
pollutants whi ci1 have absorption peaks in the CO2 tuning range are 
benzene, ethylene, ammonia, and ozone. One of the more important 
pollutants is ozone. It i s formed in nature in the upper atmosphere and 
is known to be a very important component in photochemical smog. It i s 
known to be toxic to both animal and vegetable tissues. A rapid assess
ment of ozone concentration is valuable information to many areas of 
interest. 

There are many "wet chemi cal" methods for ozone (or total oxidants) 
as well as a numbe r of other contact methods utilizing scrubbing tech
niques, UV absorption, chemilumi nescence or fluorescence. 1• 2,3 There 
have also been studies aimed toward developing a laser coincidence 
method where a number of wavelengths are used and the differential 
absorpti on between the wavelengths is taken as a measure of specific 
pollutants. 4 , 5 In these coincidence methods "cooperative" targets, and 
a long path between source and receiver are required. The logical next 
step in the differential absorption method i s the use of non-cooperative 
targets such as a building, smokestack, or, if the method is to be air
borne, the ground. Some of the ground reflection methods have proposed 
heterodyne detection.6, 7 If it is assumed that heterodyne detection 
might prove difficult in an airborne situation, then direct detection, 
with a necessary increase in source output power, becomes the preferred 
technique. 8 This paper will be limited to the direct detection method. 
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There is no question as to the utility of certain of the contact 
methods in gaining information on 03 concentration that is specific, 
precise and accurate and, in fact, ambient standards are written in terms 
of point measurements (µg/M 3). However, if data are to be obtained over 
a large area, or a quick look or monitoring of a clandestine pollutor is 
required, remote sensing methods have a great advantage over the contact 
methods. It can easily be seen that an airborne long path absorption 
method, using a cooperative reflector, would be very difficult since 
precise alignment of source, reflector and receiver is required. 

Theory. -The CO2. laser emits in the so called "atmospheric window" 
where there is little absorpt ion by the common components of the tropo
sphere, e.g., 02, N2, CO2, and H20. The power which falls on the detector, 
neglecting absorption by the molecular pollutants, can be calculated by9 

Pr={y(:>-)P(:>-)A P /rrR2}exp(-2o R) 
0 SC 

1 

where y (>-) is the efficiency of the collection optics at the laser wave
length, P(A) is the ground reflectivity. A is the area of the receiver 
mirror, P is the laser output power, and R is the range. The term osc 
is the atiospheric extinction coefficient due to scattering. This term 
is due to both Rayleigh and Mie scattering, and is dependent upon the 
visibility. 

The noise from a background limited photodetector can be calculated 
from the equation: 

P =NEP (2t.f) l I 2 
n 2 

where P is the noise power, NEP is the noise equivalent power, and t:.f is 
the ban8width of the amplifier. The NEP is equal to vA/D* where A is 
the detector area and 0* is the detectivity. 

Another source of noise (or background) is the thermal emission from 
the earth which is focused on the detector by the receiver system. An 
indication of the thermal noise power can be gained from the following 
equation. 

P B=T /iA!/RAN (A) 3 

where P8 is the background power, !::.A is the optical bandwidth, QR is the 
field of view, A is the area of the receiver mirror, N(A) is the spectral 
radiance and T is the atmospheric transmission. 

The signai incident on the detector including the effects of the 
absorbing pollutant species in the atmosphere is given by 

4 

where P is from equation l, P;, is the received power after atmospheric 
absorption, and Ac is the absorption coefficient of pollutant Cat wave
length A . The a~sorption coefficient is given by the equation : 

A~=2a (A)[c]R' 
" C C 

s 

where a (A) is the extinction coefficient of pollutant C, at wavelength 
>-, [c] fs the concentration of pollutant C, and R' is the thickness of the 

C pollution layer in which C is contained. 



Combining equations 4 and S, if two laser wavelengths are used, t hen 
two equations of the form 

n n n 
PA =P exp{-2o [03]R' -2oc H [C6H6]Rc~ H - 2oc

2
H,. [C2H4]Rc

2
H,.-

n rn 03 03 6 6 6 6 ., ., 
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are obtained for 0 3, C6H6 , C2Hti and NH3 • If t he two equations generated 
above are rearranged as 

P.>-/1 
ln --- = 

P>-/2 

it is then seen that if the terms (o~-ot) for benzene, ethylene, and 
ammonia are small compared to that for ozone, then the quantity 

PA P2 
ln --2- is a measure of relative concentrations of ozone. This is, 

P.>-/2 

~f C )~~(!t o~)n~~:i:~~ ~~ the magnitude of the other factors in Mc: 
C C C 

i.e., 

P.>-/1 
ln --- = 

PA1P2 
6A +6Ac H +6Ac H +6A__H o3 6 6 2 4 -N 2 

the concentration [c], and the pollutant cloud thickness R' . 
C 

System Parameters.-Considering equation 2, using the val ues of 
A=lo - ZcmZ, D*=2x10IOcm Hzl/2watt - l, and 6f=l07Hz; a noise power of 
approximately 1.sx10- 8watts is obtained. 

It is seen from equation 3 that the apparent thermal background is 
dependent upon the field of view and the area of the receiver. If all 
the terms in this equation are considered fixed, except the area, and 
the thermal back~round is adjusted to equal the detector noise background 
then for valuesl of 6\'.:3x1Q- l micrometers, nR=lO- fsteradians, N(.>-) = 
1.2x10-3 watt cm-2u-lsr 1 the receiver area where P =PB is 2.32 centimeters 
in diameter . A system with a collection mirror larfer than 2.32 cm will 
be limited by the thermal background (of the earth). If a ten inch 
diameter collection mirror is used, then P

8
=1.3xl0-6 watts is obtained . 

Considering Equation 1, if it is assumed a visibility of 5 kilometers 
then the values of the extinction coefficients are 4. 3xl0-2km- 1 and 
10-8km- 1 at 10 micrometers for the Rayleigh and Mie components, 
respectively. 11 For values of o(>-)=0.5, P=O.l , A=(n)(l.4xl0- 2W 2), 
Po=l06 watts, and R=!0 3 meters, a power of approximately 7x10- 4 watts is 
obtained. 

It has been found, that by using a CO 2 laser as a source, it 
can be seen that the absorption spectrum of ozone has a much more 
pronounced dip at 9.58 micrometers than that seen by conventional spec
trometers. The low resolution absorption spectrum, together with the 



CO2 laser gain curve is shown in Figure 2. This can be taken advantage 
of, in that two lines differing very little in wavelength can be used 
as the detection and reference lines. Two lines which might be used in 
this fashion are the Pl4(9.505 µm's) and P24(9 .586µm's) of the 00°1 - 02°0 
carbon dioxide laser transition. For the Pl4 and P24 lines M 

03 

l.7xio-1, AAC
6
H

6 
= Sxio- 3, AAC

2
H

4 
-8xlo-4, AANH = o using best 

current data available on concentration profiles. 1 ~ 
To arrive at the AA values, average concentration height profiles 

have to be assumed. Tho~e used in these calculations were 10-2atm cm for 
0 3 , l.8x10- 4atm cm for NH3 , 10- 3 atm cm for Cii4, and 6x10- 4 atm cm 
for benzene. It must be also remembered that the high resolution 
extinction coefficients were used for ozone and the low resolution data 
in Figure 2 were used for the other molecules. 

It can be seen from the !!>Ac's that 97% of the signal 
PA P1 

(ln -f2p) 
A 2 

1 

is due to ozone and that only very low ozone concentration and very high 
hydrocarbon concentration, above the ambient urban levels, can introduce 
gross inaccuracies in the method. It can further be seen that the signal 
to noise ratio (reflected laser signal to thermal background) is greater 
than 10 2 for both laser lines used. 

Equipment.-The lasers which will be used in the airborne ERDA-system 
will be the transverse excitation type operated at atmospheric pressure. 
This will mean that at a high altitude there will be some dimunition in 
the output power. The free-running output (non-tunable) power at one 
atmosphere is two megawatts. The tunable laser head with grating is 
about a meter long, seventeen centimeters in diameter, and weighs about 
100 pounds. The repetition rate is adjustable from 0.2 to 2 pps. The 
laser uses a mixture of helium, nitrogen, and carbon dioxide at a rate 
of about 2 liters per minute. The divergence of the lasers is about 3 
milliradians, so the beams spread sufficiently to avoid any safety hazards 
at ground level. 

The primary mirror in the collection optics is a 12- 1/2" f/4 parabolic. 
The light passes through a background limiting filter and falls on the 
detector. An indication of the physical layout of the lasers and receiver 
can be gained from Figure 3. 

The detector is a lead-tin-telluride type whose characteristics were 
given above. 

The tri-metal detector-preamplifier combination provides a voltage 
proportional to thermal background emission plus laser pulse return 
within the filter band pass wavelength. Since the primary return is only 
100 ns wide, a peak sense and hold is selected to capture and store this 
peak value. Each laser is fired about once a second . A slow decay sample 
and hold will store this signal with minimum decay for the one second 
period (a sample and hold is required because of the trade off of 
acquisition time vs decay or hold time for the peak sense to adequately 
follow the primary return signal). 

A similar network is required for the pyrolectric detector used to 
monitor each output pulse from the lasers. Peak sense and hold is used 
rather than integration of total power to more nearly match the receiver 
characteristics. The above signals in conjunction with timing and control 
circuitry provide the required solution to equation (7) namely 

p ;\ P1 
ln ....'.:...L 

P;i./2 



A block diagram of the network to accomplish the above is shown in 
Figure 4. 

Implementation is by multiplying P>. 
2 

by P1 and PA
1

, by P2 with 

analog module for the desired results. 
PA P1 

Output of ln -~ is available for a slow analog stripchart 
PA/ 2 

recorder. 
Ranging or instantaneous height above ground provides information 

relative to column length. Negat ive slope available from the peak hold 
modules provides a means of sensing the total transit time associated 
with each pulse. A count proportional to height above ground is 
generated, converted to an analog equivalent, and recorded on the 
analog stripchart with the other data. 

The calculations made in this paper all assume that the reflectivity 
of the ground surface remains the same for both wavelengths used. Since 
in thi:, case the two wavelengths arc spectrally very close, the only 
limitation is that the spots on the ground be physically close. 

The timing and control network controls firing and acquisition so 
that return from one laser is received before the second fires. The 
time interval between the firing of Al and A 2 is about fifteen micro
seconds. In this time the distance travelled by an aircraft flying at 
about 260 knots is about 2mm (the diameter of the beam at ground level 
is about 3 meters). 

Some thought has been given to a second generation ~RDA system using 
one Q-switched CO2 laser which emits at a number of different wave
lengths. The development of this system would great ly reduce the power 
and space requirements of the ERDA system. 

Conclusions.-It has been shown that it is theoretically possible to 
measure ozone over wide areas using an Earth Reflected Differential 
Absorption system. Further, it has been shown that the concentration 
thickness product of ozone in the colwnn of air between the ERDA air
craft and the ground can be measured using only two wavelengths . It 
is believed that this method will be an important addition to the 
EPA' s remote monitoring effort. 



FIG. 1.  AIRBORNE ERDA SYSTEM

FIG. 2.  POLLUTANT EXTINCTION COEFFICIENTS AND CO2 LASER
OUTPUT CURVE vs. WAVELENGTH
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FIG. 3.  SOURCE-RECEIVER SYSTEM

1.  Tri-Metal Detector   2.  Filter   3.  Parabolic Mirror
4.  Laser Plasma Tube   5.  Front Mirror   6.  Grating
7.  Pyroelectric Detector (High Speed)

FIG. 4. BLOCK DIAGRAM OF SIGNAL PROCESSING NETWORK

1.  Laser Power Supply   2.  Tri-Metal Detector   3.  Pyroelectric Detector
4.  Timing and Control Network   5.  Preamplifier   6.  Peak Sense and Hold
7.  Store and Hold   8.  Multiplier   9.  Log Ratio   10.  Strip Chart Recorder
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