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Introduction 

The scattering of optical radiation in the visible, ultraviolet and infrared regions of ,e spectrum has a major 
impact on commercial air traffic and on many military system. It has become critically important, with modern 
systems, that the electro-optical environment be properly characterized. Lidar techniques show great promise for 
describing the dectrooptical scattering environment. Most of the past applications of lidar have failed to provide 
satisfactory results because the techniques bave generally focused on "ents of the brackscattered radiation at the 
laser h"ed wavelength. We have been able to demonstrate that the rotational d vibrational Raman backscatter 
can be used to determine the extinction profile through optical scattering regions co- aerosols and cloud layers. 

We have developed a secondary bi-static remote receiver designed to collect scattering angle and polarization 
infwmation from a laser remote sensing system. This instrument collects an image of the radiation sccrttered from the 
first few kilo- of the atmwpheric path to help detemnne ' atmosptLeric particle size distributions. By collecting data 
at difhrat angles from the laser trausmitter, additiod information contained in the scattering angle phase function can 
be obtained. The Raman iidar extinction together with the backscatter phase function and pdsrization provide 
information on the particle size distribution that should allow extension of the extinction a d  transmission calculations 
to a wider range of wavelengths. 

It has been a considerabIe challenge to 
remotely measure the extinction and transmission 
through a cloudless region of the atmosphere. Lidar 
techniques show the best promise for describing the 
eledmoptical envimmmnt. However, most of the past 
applications of lidar have failed to provide satisfactory 
results because the techniques used have generally 
focused on "ents of the backscattered radiation 
at &e laser iimdamental wavelength. The extinction is 
related to the backscattered energy by the equation 
p(r) = C(r)a(r)k, where p(r) is the backscattered 
intensity, a(r) is the extinction and C(r) and k are 
frequenty assumed constant. But C(r) is a function of 
mnge and k is different for each scatterer, so given the 

intensity &), the extinction a(r) can not be 
reliably obtained. This presents a problem for 
techniques relying on the inversion of a singleended 
lidar return to obtain range dependent atmospheric 
extinction coefficients. This technique will only be 
useful for regions of the atmosphere with uniform 
scatterers and small extinction coefficients, like those 
found in stratospheric aerosols [1,2]. 

A more reliable method using lidar to 
measure atmospheric extinction has been developed 

iadependently by M.R. hulson [3] and G.J. Kunz [4]. 
This lidar inversion algoduu uses a double ended lidar 
technique where the datiomhip between the 
backscatter and extinction coefficients is eliminated by 
comparing the backscatter signal returned from a 
volume common to each lidar located at opposite ends 
of the propagation path. Figure 1 shows plots of 
extinction calculated from both single-ended [C(r) 
d c011st~ntl aad double-eaded lidar backscattered 
returns [5].  These data sets show very clearly how 
unreliable standard inversion techniques are at obtaining 
extinction from a single backscattered lidar return. 
However, if the values of C(r) are known as a function 
of range and allowed to vary, standard singleended 
lidar returns could be inverted to reliably obtain 
extktion coe&ients [5]. More information is d e d  
about the scatterers so that C(r) can be calculated for 
each range bin, 7he ratio of the 532 nm to the 355 fun 
backscattered two-color lidar return is theoretically 
proportional to C(r). But this has yet to be used in an 
inversion algorithm to accumtely and uniquely calculate 
extinction [6]. The doubleended lidar technique is a 
proven method for "ing the extinction along a 
path, but it is not a practical solution for instantaneous 
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Figure 1. Comparison of extinction coefficients versus 
range calculated using forward and reverse integration 
on a single-ended lidar return and using the double- 
4 lidar technique. (f" Richter and Hughes, 1991) 
r41 

measurements above altitudes of a few meters and for 
locations where instruments can not be located at each 
of the end points. The scattering properties are much 
too complicated for the simplistic single-ended 
backscattered inversion approach and much more 
information is needed to characterize the processes. 

Raman lidar extinction 

We have been able to demonstrate that the 
Raman molecular profile can be used to determine the 
extinction profile through optical scattering regions 
such as clouds. Figure 2 shows an example of a retum 
from a Raman shifted signal through a cloud. The 
backscattered signal from the Raman shifted retum 
contains only extinction information. As long as the 
amount of extinction is significant, like that through a 
cloud, an extinction coefficient can be calculated by 
using the Beer-Lambert law and looking at the change 
in signal strength through the cloud in the Raman 
channel. The signals from either the N,channel shifted 
from 532 nm to 607 mn or shifted from 355 nm to 387 
MI can be used for this calculation. Our strongest 
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Figure 2. Example of how extinction can be calculated 
through clouds using the Rpman shifted return. 

signals come from the rotational Raman channels of 
528 and 530 nm, both shifted from 532 nm to obtain 
temperahe. "'he two channels are added together to 
reduce the temperature dependence before calculating 
an extinction coefficient. "he Beer-Lambert law is 
used in the following form, 

I In- 
? 

a = .- =Extinction coefficient 
2r 

Where x equals the range bin size in meters. Because 
the Ramanlidarrehvn is compared to the US Standard 
Atmosphere, only large amounts of extinction can be 
calculated. We first tie the lidar signal to the US 
Standard Atmosphere above 10 km, where we can 
expect molecules to be the dominant scatterers. The 
R" lidar si@ is then normalized by dividing it by 
the US Standanl Atmosphere. This resultant s i g d  is 
then used in the above Beer-Lambert equation to 
calculate the extinction coefficient point by point. 

Figure 3 shows data obtained with the Penn 
State LAMP (Lidar Atmospheric Measurement 
Pmgram) lidar at State College, Pa. on September 13, 
1994 [7]. A large cloud with a peak just before 8 km 
can be seen in the RayleighIMie 532 nm channel. At 
the altitude the rotational Raman channel's signal 
decreases by about an order of magnitude. This 
amount of extinction is clearly large enough that any 
variation in the molecular atmosphere will have little 
effect on the total calculated extinction. Figure 4 
shows a plot of the extinction coefficient versus altitude 
calculated from the Raman profile in Figure 3. This 
type of range resolved profile can be most valuable in 
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Figure 3. Data collected with the Penn State LAMP 
lidar on September 9, 1994 at State College, PA. The 
cloud at 8 km is seen as a strong peak in the 532 nm 
smgle, a d  as strang extinction in the rotational Raman 
channels. 

describing cloud layers. and their effect on the 
propagation of electro-magnetic fields at visible 
wavelengths. However, if we are to determine the 
optical properties over a wide range of wavelengths, 
and through a "clear" atmosphere a different method 
must be used. 

Bi-static lidar extinction 

A bi-static receiver can be used to collect 
angle and polarization scattering by imaging the 
1.adiation scattered from the first few kilometers of the 
atmospheric path. This will help to determine the 
a b m j h i i c  partide size distributions. It is our belief 
that important information needed to describe the 
scatterers is contained in the phase function and 
polarhtion of the backscatted lidar signal. 
Ultimately the knowledge gained from this type of 

would allow abmqknc  tra"ission and 
extinction to be calculated over a range of wavelengths 

alone. 
Figure 5 shows the geometry For the two 

modes of operation for the lidar and bi-static receiver. 
Data is collected by positioning the receiver at least 10 
meters away from the laser source and imaging the 
laser beam onto the CCD a m y .  Horizontal 
meaSurementS will be collected when the aerosol 
distribution is uniform and the wind is calm. This wiil 
provide a range of angles as a function of pixel 
number. The receiver will them be moved either 
further from or closer to the lidar to image the same 
atmospheric volume, but DOW at a different angle. This 

from lidar and meteorological conditions 
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Figure 4. Extinction coefficient calcdated directly 
from the rotational Raman data in Figure 3. A simple 
point-to-point calculation using the Beer-Lambert will 
give reasonably Bccurate results for large extinction 
values, iike those in clouds. 

will be done repeakdy to collect results at several 
angles over a range of a few degrees. A plot of the 
phase distribution versus intensity can thus be 
constructed. Two "ents will be taken at each 
position, one for each polarkation. Figure 6 shows a 
plot of scattering phase function and percent 
polarization versus scattering angle for two indices of 
refraction and three effective size parameters (x, = 
2 d h ) .  'a' is the parameter of the size distribution 
given by, 

n - constant r (1-3bYb e+'* 
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Figure 5. The lidar aad Bi-strrtic receiver will be operated 
both vertically and horizontally. By operating a receiver 
with a linear array off-axis from the laser beam, phase 
information cam be collected about the scatterers. 
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Figure 7. The extinction efficiency plotted as a 
function of the effective size parameter for the values 
of e k t i v e  variance b. (f" Hansen and Travis, 1974) 
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