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1. INTRODUCTION 
 

Laser remote sensing techniques now provide 
important tools for determining most of the properties of 
aerosols, including their physical and chemical 
characteristics.  Examples are selected to show the types 
of information contained in the optical scattering 
signatures.  Improvements in our understanding the 
distribution of aerosols, their sources, and processes 
controlling their formation and growth are needed for a 
detail understanding of their contributions to the planetary 
albedo and their influence on radiative transfer. These 
are critically important factors for developing accurate 
predictions of changes to be expected in our climate.  

Multi-wavelength backscatter measurements from 
Rayleigh and Raman lidar techniques provide signals 
that are used to profile the properties that govern the 
transmission of radiation through an atmospheric column.  
Rayleigh lidar signals provide backscatter coefficients, 
and Raman lidar signals backscattered from the major 
molecular components provide extinction profiles.  The 
ratio of these simultaneous extinction and backscatter 
measurements are used to describe the aerosol type.  In 
addition, a laser beam can be used to make bistatic and 
multistatic measurements of the polarization ratio of the 
scattering phase function. Analysis of multistatic 
measurements can be used to determine profiles of the 
aerosol number density, size, size distribution, and type. 
These parameters can be measured for spherical 
particles in the size range between about 20 nm and 20 
m.  Analysis of the size distribution requires adopting a 
mathematical function, which is usually taken to be a 
log-normal distribution. Information on aerosol type and 
shape can be supposed from determining the 
approximate refractive index of the scattering aerosols 
and by measuring the depolarization of the scattered 
radiation. 
 
2.  RAYLEIGH AND RAMAN SCATTERING 

 
Rayleigh and Raman lidar measurements of 

scattering by molecules and aerosols provide the profiles 
of optical backscatter and extinction that determine the 
atmospheric optical properties influencing radiative 
transfer. DIAL lidar techniques, hyper-spectral sensors, 
developments of multi-wavelength lidar, and the recent 
supercontinuum techniques provide measurements of 
trace species needed to describe the optical absorption 
properties that also affect the radiation balance.  

 

 
In the troposphere, the direct backscatter optical 

signals of laser beams from the mixture of molecules and 
aerosols provides only limited information on the 
atmospheric properties; primarily  cloud ceiling, a profile 
of relative backscatter coefficient, and an indication of the 
presence of aerosol layers.  However, Raman lidar can 
provide more valuable information, including profiles of all 
major molecular species (N2, O2, H2O), several minor 
species (O3, CO2), temperature from rotational Raman 
scattering, dynamical processes from tracers such as 
water vapor, and aerosol extinction from the gradients in 
the vertical profiles of the molecular constituents (OBrien 
et al. 1996, Philbrick 2002, Li and Philbrick 2002, 
Philbrick 2005).  Analyzing the gradients in the vertical 
profiles of the vibrational Raman signals of N2, O2, and 
the rotational Raman molecular signals, and comparing 
them with the expected hydrostatic profile of the 
molecular atmosphere provides robust profiles of the 
optical extinction at several wavelengths, see Fig. 1. The 
profile of the molecular atmosphere can be obtained 
using the measured rotational Raman temperature profile. 
As expected, the profiles of different wavelengths all 
approach the same value as multiple scattering 
properties begin to dominate (note the layer at 4.5 km). 
Extinction profiles for several wavelengths are quite 
useful for observing changes in the particle size, as a 
function of altitude and time. In the case of shown in Fig. 
1, where different wavelengths are used (250-600 nm), 
we observe changes in time and space of the 
accumulation mode particles.  

 
Figure 1.  Vertical extinction profiles from vibrational Raman 
profiles of N2 at 284 and 607 nm, and rotational Raman profiles 
of the integrated molecular species scattering in a band at 530 
nm are shown (Verghese et al. 2005, Philbrick 2005). 



 Comparison of the ultraviolet and visible wavelength 
extinction profiles as a function of time in Fig. 2 shows the 
evolution of cloud development.  Figure 3 shows the 
water vapor and the optical extinction during the early 
development of a cloud, which in these initial stages is 
sub-visual.  The evolution in a developing cloud is first 
detected as an increase in the water vapor concentration, 
then the aerosols are detected as ultraviolet extinction, 
and later as extinction at visible wavelengths.  Figure 4 
presents a time sequence of optical extinction for the 
ultraviolet and visible wavelengths. Notice the more 
extensive regions of scattering by smaller particles 
observed in the shorter wavelength (UV) plot.  The values 
become comparable within the cloud where multiple 
scattering dominates as observed in Fig. 1.  The 
simultaneous measurements of water vapor and 
temperature shown in left panels of Figure 5 are used to 
calculate the relative humidity shown in the upper right 
panel.  Comparisons of the measurements of optical 
extinction shown in the lower right panel with the relative 
humidity demonstrate the relationship between the 
aerosols occurrence in regions of higher humidity. 

 

 
 
Figure 2.  A time sequence of optical extinction profiles shows 
the development of a cloud moving through the vertical lidar 
beam; (a) visible (530 nm), (b) ultraviolet (284 nm).  These 
measurement were made during the SCOS97 study at Hisperia 
CA at an elevation of 1.2 km (Verghese et al. 2005). 
 
  
 

 

 
Figure 3.  Time sequences of water vapor profiles (a) indicate 
the development of a cloud before it shows up in the UV 
extinction (b) (lines assist in locating corresponding points). 

 
Figure 4. Time sequence  cloud scattering, UV (284 nm) VIS (530 nm), 
(Verghese et al 2005, Verghese 2008). 

(a) 

(b) 

(a) 

(b) 



 
Figure 5.  The parameters measured by the Raman lidar, water vapor and temperature (left side) are used to calculate the relative 
humidity, and this can be compared with the measured extinction to examine the regions of haze and cloud formation (Philbrick 2005). 
 
3.  AEROSOL OPTICAL SCATTERING 

 
We have shown above that the optical extinction profiles 

can be obtained directly from the Raman lidar profile 
measurements of the primary molecular constituents; 
additionally information on the changes in particle size can be 
inferred.  The same laser beam that is used for the vertical or 
horizontal Raman lidar measurements can be bistatic imaged 
to analyze the scattering phase function and determine more 
details regarding the aerosol properties.  Figure 6 shows four 
cases where the angular intensity of the scattered radiation 
increases and the pattern becomes more complex as the ratio of 
the particle size to the wavelength increases. The scattering 
phase function of each polarization of the incident light 
(perpendicular or parallel with the plane containing the beam 
and the imaging device) can be measured from digital images 
of the beam.  Figures 7, 8, 9, and 10 show results from a series 
of tests designed to demonstrate this capability by using 
bistatic lidar measurements to describe aerosol properties.  
Investigations using the intensity of the scattering to study 
aerosol properties was examined earlier (Reagan et al 1982a, 
1982b); however, these more recent investigations are making 
use of the imaging information contained in the polarization 
ratio of the scattering phase function to eliminate uncertainties 
from the extinction along paths to the imaging detectors. 

 

      
Figure 6.  The angular variation of the intensity of the scattering 
phase function is shown for both polarizations and several cases 
of k = 2a/ (a is the particle size and  is the scattering 
wavelength (Born and Wolf, 2002). 



 
Figure 7.  Photographs of a laser beam propagating through a haze that developed during a night with radiation fog (Philbrick).  The 
views of the arrangement, see Fig.7, looking along the beam, back toward the transmitter, and from the side show the classic intensity 
distributions from the scattered intensity. 
 

 
Figure 8.  The arrangement for the bistatic lidar measurements during the CASES project at NASA Wallops in September 1995.  The 
measurements were made using the LAMP Raman lidar which measured optical extinction on the path (Stevens et al. 1996).  



 
 
Figure 9.  Polarization ratio from the measured intensities is 
compared with calculations from the best fit solutions of the 
Mie equations. The solution is shown in Fig. 9 (Stevens and 
Philbrick 1996a and 1996b, Stevens 1996). 
 

 
Figure 10.  The analysis of data shown in Fig.8 resulted in a 
process for fitting these tri-modal distributions to determine 
the density and size (peak and distribution width) for the 
aerosols -- the peak at 9 m contributes most to scattering 
(Stevens and Philbrick 1996a and 1996b, Stevens 1996). 
 
 Our approach for most bistatic measurements is to 
make use of the high power Raman lidar beam.  
Research campaigns have used horizontal paths with 
end-points on hard targets, like the one shown in Fig. 8, 
and vertical measurements using several receivers to 
resolve layered structures.  Vertical measurements of 
the Raman lidar provide an ideal configuration for 
making multi-static measurements of the aerosol 
properties. It was found that vertical measurements 
require simultaneous data at two or more angles to 
resolve the aerosol properties. The system uses 
imaging detectors to measure the intensity as a 
function of angle, and the detectors are placed along 
radials on the planes of the parallel and perpendicular 
polarization of the laser transmitter. If one radial is used, 
the polarization plane can be flipped 90o by inserting a 
polarization rotator. Measurements of the two 
components of polarization are normally obtained 
within a period of a few seconds (optical shutter times 

are a fraction to a couple of seconds), and fresh data 
sets are typically obtained about once per minute.  
 An example from the bistatic measurements from 
the CASES experiment is shown in Fig. 9 and 10.  In 
Fig. 9, the polarization ratio formed from the intensities 
of each pixel of the imaging array is plotted versus 
angle.  The data for angles near 180o does not contain 
significant information. The analysis uses an array 
calculated from the Mie equations of aerosol scattering 
for spherical particles to find the best match for a 
tri-modal distribution of particles. The free parameters 
to be fit are the size and distribution of sizes, and the 
number densities for the three modes.  In addition to 
the assumption of spherical particles, an assumption 
for the size distribution function is necessary; we have 
selected the log-normal distribution. Another 
parameter that can be estimated from the analysis is 
the index of refraction. Figure 10 shows the solution for 
data in Fig. 9. The result of integrated extinction 
caused by the scattering particles can be calculated for 
any wavelength. The optical extinction values at 532 
and 607 nm corresponding to the solution in Fig. 10 are 
shown in the inset of Fig. 9; also shown are the values 
obtained from the Raman lidar measurements. The 
extinction values differ by about 5% and are within the 
measurement errors. 

The development of the vertical profile analysis 
showed the approach to resolve the profiles of the 
vertical structure of aerosol layers.  The key to 
obtaining accurate results is to over-determine the 
solution by making measurements at several different 
angles simultaneously in overlapping the field-of-view 
(fov) from several imagers; four or five locations along 
the radial are preferred.  The angles can be determined 
accurately in the case when the end-point of the 
vertical beam is contained in the fov; also the star field 
can be imaged at night.  The imagers are fitted with 
band filters for the laser wavelength (532 nm was used 
in this case), but the bandwidth cannot be narrow or the 
angular acceptance is too small. Future configurations 
will make use of confocal optics to allow use of narrow 
band filters and permit measurements in higher 
backgrounds. 
 
4.  SATELLITE REMOTE SENSING OF AEROSOLS 
 
 Multistatic lidar measurements of aerosol 
backscatter have proven quite useful for studying 
aerosols. We have also examined the forward scatter 
angles, which do not contain as much detail; however, 
the same properties can be obtained. We have 
proposed the idea of using measurements of a ground 
based laser from a satellite. This approach could 
provide an important data base on the aerosol optical 
properties.  The cost of putting a laser in space caused 
our attention to focus on using a number of ground 
based laser/lidar systems combined with a satellite 
receiver to provide a unique approach for studying the 
complex atmospheric optical properties. Figures 11-14 
show the basic concept. 



 
Figure 11.  A schematic representation of the concept of using a vertical lidar, a  
laser step-pointed at a few locations along the satellite track, and low-power multi- 
diode lasers pointed at the satellite to record the atmospheric optical properties  
(Philbrick and Hallen,2009). 

 

 
Figure 12.  The angular distribution of the scattering intensity parallel and perpendicular  
to the laser polarization for 1 m mono-dispersed aerosols when illuminated with 355, 532,  
1064, and 4000 nm wavelengths (Philbrick and Hallen,2009). 

 
 

 
 

Figure 13.  The scattering intensity shown in Fig. 11 for the 0-20o region is enlarged of  
1 m particles (Philbrick and Hallen,2009). 

 
 



 
 

 
Figure 14.  The forward scattering intensity for 10 mm aerosols can be compared with  
Fig. 11 and 12 to see the change in information contained in the signal.  In practice,  
the signature is due to a distribution of particle sizes and often includes more than one  
mode (Philbrick and Hallen,2009). 

 
 

The aerosol experiment uses the angular distribution 
of the scattered intensity, the polarization phase function 
measurements, and the path extinction at four 
wavelengths (355, 532, 1064, 4000 nm) to characterize 
aerosol properties. Scattering information is most useful 
when applied to a range of particle size versus 
wavelength values with ratio between 0.1 and 10.  Thus, 
we expect the selected wavelengths are most useful for 
characterizing aerosols in the size range between 30 nm 
and 40 m. Fig. 12 shows the scattering intensities in the 
back and forward scatter directions for a 500 nm light 
beam scattering from 1 m spherical aerosol particles.  
Fig. 12 shows the intensity as a function of angle for the 
several wavelengths between UV and MWIR. 

The calculations shown in Fig. 12 describe the full 
range of scattering angles for the case of 1 m 
monodispersed water vapor aerosols. In Fig. 13, the 
scales are expanded to show the forward scatter intensity 
in the 0 to 20o range for 1 m aerosols and Fig. 14 shows 
10 m aerosols. In the case of satellite measurements, 
only the forward scattering intensity is measured. Of 
course the backscatter signal should be simultaneously 
measured at the ground level for analysis of the near-field 
aerosol properties. The approach is to point to a location 
on the orbit path about 15 to 20o ahead of the satellite and 
make measurements as the satellite motion scans 
through the angles. After the satellite passes the nearest 
coincidence point, then the beam is repositioned to a 
location another 20 to 30o ahead on the satellite path.  
This procedure should provide several independent path 
measurements during the satellite pass, and thus allow a 
measurement of spatial variations.  Of course, the 
analysis must take into account the changing path and 
the fact that the aerosols are not mono-dispersed.  We 
have been able to separate three simultaneously present 
aerosol size groups while using a single scattering 
wavelength, and expect that multiple wavelengths will 

over determine the situation to provide an accurate 
solution, even in the case of aerosol layers. 

Aerosol measurements from satellites are difficult to 
interpret as evidenced from the fact that different groups 
have retrieved different aerosol properties from the same 
data because of different assumptions used in the 
analysis process. A 2007 workshop in Bremen, Germany 
has begun the process of addressing these problems 
(Kokhanovsky et al 2009).  An additional problem that 
does not appear to have received sufficient attention is 
the difference in the processes for radiation transfer 
through different particle size distributions of aerosols. 
The radiative transfer is quite different through layers of 1 
m and 10 m aerosols as is quickly evident from 
examining Fig. 13 and 14. Another factor which needs 
attention is the contribution of the sub-visual aerosols that 
are present at the edges of clouds, and in the regions 
where clouds are in their growth and dissipation phases.  
These small aerosols do participate in scattering of the 
short wavelength solar radiation; however, they are not 
detectable with currently used sensors and are not 
mapped as part of the cloud cover parameter. Haze 
layers are also difficult to measure, but their effect should 
be considered as a contribution to the overall radiative 
forcing.  These factors, haze layers and edges of clouds, 
can be better observed and described by using the 
wavelength range and sensors described here. 

The approach of using a number of ground-based 
laser transmitter sites that are co-located with the Raman 
lidar for standard meteorological measurements will 
result in a valuable data set.  The implementation of this 
approach should provide a cost effective way to measure 
the optical, chemical, and aerosol scattering properties 
that are needed for the model and simulation 
developments.  The measurements from space with a 
well defined reference source have major advantages 
compared with the hyper-spectral measurements, which 
rely on reflected sunlight. The complications associated 



with convolving the variable optical backgrounds 
affecting source transmission into and through the 
atmosphere with the surface reflectance and the 
properties of the backscattered path to the satellite 
instrument require that several assumptions be made. 
The type of measurement parameters suggested here 
provide results that are more directly applicable and 
should be more useful for developing models and testing 
simulations used in climate change predictions. 

A major advance in our use of the scattering 
information resulted from the work of Novitsky (2002 and 
Novitsky and Philbrick 2005), when he developed the 
multistatic lidar system. The technique has been 
extended to the case of aerosol multiple scattering and 
resulted in useful experimental and theoretical advances 
(Park and Philbrick 2006 and Park 2008). A solution for 
the full range of angles of scattering phase function for 
the case of multiple scattering is now available; 
previously, the region near 0o and 180o was available. 
The next advances are underway by making use of 
multi-wavelength scattering using several laser 
wavelengths simultaneously; even the case of using a 
supercontinuum laser is studied (Wyant et al 2009). The 
investigations of aerosols are being combined with 
measurements of other meteorological parameters from 
Raman lidar and from Differential Absorption 
Spectroscopy (DAS) to examine the optical properties 
through the optical spectrum (Philbrick et al 2009). 
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