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The range-dependent overlap between the laser beam and the receiver field of view of a lidar can be
determined experimentally if a pure molecular backscatter signal is measured in addition to the usually
observed elastic backscatter signal, which consists of a molecular component and a particle component.
Two methods, the direct determination of the overlap profile and an iterative approach, are presented and
applied to a lidar measurement. The measured overlap profile accounts for actual system alignment and
for all system parameters that are not explicitly known, such as actual laser beam divergence and spatial
intensity distribution of the laser light. © 2002 Optical Society of America
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1. Introduction

The incomplete overlap between the laser beam and
the receiver field of view significantly affects lidar
observations of particle optical properties in the near-
field range. The effect can considerably influence
vertical profiling up to several kilometers in the case
of coaxial systems with a narrow receiver field of view
of less than 0.5 mrad. Without correction of the
range-dependent overlap characteristics, a proper
study of the important exchange processes of anthro-
pogenic pollution between the sources and the lower-
most layers of the troposphere is not possible.

Several attempts have been made to determine the
profile of the overlap factor �also denoted as geometric
form factor or crossover function in the literature�
analytically,1–3 by the application of a ray-tracing
model,4 or experimentally.5–7 For theoretical ap-
proaches, a good understanding of the actual light
distribution in the laser beam cross section, the beam
divergence, the beam direction, and the characteris-
tics of the receiver unit �telescope optics, detector
channel performance� is needed to obtain an overlap
profile with sufficient accuracy. Our experience
shows that this information is generally not available,
especially during field campaigns. For the proposed
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experimental attempts, a trustworthy determination
is possible under homogeneous aerosol conditions only.
All the methods use the elastic backscatter signal and
must assume range-independent backscattering and
light extinction in the near field, which often does not
hold in the lowermost troposphere.

Here we present a simple technique for determina-
tion of the overlap function, which is based on the
measurement of a pure molecular �nitrogen or oxygen
Raman� backscatter signal in addition to the elastic
backscatter signal performed with an aerosol Raman
lidar.8,9 The method works without the need to
know the above-mentioned lidar system parameters
and under homogeneous as well as inhomogeneous
aerosol conditions. The basic assumption is that the
overlap profiles for both the elastic backscatter and
the Raman channels are identical. The only input
data set that can influence the result significantly is
the profile of the particle extinction-to-backscatter
ratio �lidar ratio�. The lidar ratio effect is minimized
in cases with clear atmospheric conditions. In prin-
ciple, a high-spectral-resolution lidar10 that mea-
sures the aerosol signal and the respective Rayleigh
signal separately can also be used to determine the
overlap according to our method.

2. Method

The lidar equations for the aerosol �elastic backscat-
ter� and the Raman backscatter signals can be writ-
ten as

P0� z� � C0 O0� z� z�2��0,P� z� � �0,M� z��T0� z�2, (1)

P � z� � C O � z� z�2� � z�T � z�T � z�, (2)
R R R R 0 R
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where P is the received power; 0 and R represent the
laser wavelength �0 and the Raman wavelength �R,
respectively; C0 and CR are the system constants for
the elastic and molecular channels, respectively; and
O�z� denotes the overlap factor. O�z� is zero at the
lidar �no overlap� and typically reaches 1 �complete
overlap� for large distances. O0�z� � OR�z� is as-
sumed in our approach. As our experience shows,
this assumption is sufficiently valid for a well-aligned
interference-filter polychromator with approximately
equal optical path lengths between the telescope and
the photomultiplier for both wavelengths. In Eq.
�1�, �0,P and �0,M represent the elastic backscatter
coefficients of particles and molecules at �0, respec-
tively, and �R in Eq. �2� is the nitrogen or oxygen
Raman backscatter coefficient at �R. T0 describes
the atmospheric transmission at �0 between the lidar
and the backscatter region, and TR is the atmospheric
transmission at �R along the way back to the lidar
after Raman scattering.

The overlap profile can be determined either di-
rectly or iteratively. By rearranging Eq. �2�, we ob-
tained O�z� � OR�z� directly from the measured
signal PR�z�, according to

O� z� �
PR� z� z2

CR�R� z�T0� z�TR� z�
, (3)

after correction of the range dependence of the mo-
lecular signal �z2�, after correction of the molecular
and particle transmission contributions to T0 and TR,
and after accounting for the air-density decrease,
which determines the change of �R�z� with range z.
The nitrogen or oxygen Raman backscatter cross sec-
tion �per molecule� is range independent. The un-
known constant CR was finally selected such that the
maximum values of the corrected, noisy signal profile
varied around 1. These maximum values are usu-
ally found in the far-field range for a well-adjusted
lidar.

The air-density decrease and the molecular trans-
mission properties can be calculated with sufficient
accuracy from model temperature and pressure pro-
files or respective data of a nearby radiosonde ascent.
The particle transmission properties are estimated
from the particle backscatter-coefficient profile that
was obtained from the profile of the signal ratio of the
aerosol signal �Eq. �1�� to the molecular signal �Eq.
�2�� by application of the Raman lidar method.9
Since the calculation is based on signal ratios and
O0�z� � OR�z� is assumed, the solution is not affected
by the overlap effect. To calculate the contribution
of particle extinction to the atmospheric transmis-
sion, the backscatter-coefficient profile must be con-
verted into a particle extinction-coefficient profile by
means of an assumed profile of the extinction-to-
backscatter ratio �lidar ratio�. A good guess of the
lidar ratio in the near-field range is often available
from the �same� Raman lidar measurement at
greater distances. However, to avoid considerable
uncertainties caused by the lidar ratio estimates, li-
dar measurements performed under clear conditions
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�particle transmission 	0.9� are preferable for deter-
mination of the overlap profile.

The iterative approach makes use of the fact that
the deviation between the Klett solution,11 �Klett�z�,
for the backscatter coefficient, which is calculated
from the elastic backscatter signal, and the Raman
lidar solution, �Raman�z�, contains information about
the incomplete overlap. Here, the lidar-ratio profile
is needed as input for the Klett procedure. This it-
erative method is of practical use because computer
codes for the determination of �Klett�z� and �Raman�z�
are usually available if elastic backscatter and Ra-
man signals are measured. Thus, the computation
of Eq. �3� and of the terms in Eq. �3� is not necessary
to obtain the overlap profile.

The basic idea behind the iterative approach is that
the aerosol signal, after correction of the range and
overlap dependencies, is proportional to the total
backscatter coefficient �see Eq. �1��:

P0� z�O� z��1z2 
 �Raman� z� � �0,M� z�, (4)

with �0,P�z� � �Raman�z�, whereas the aerosol signal,
corrected for the range dependence only, is mainly a
function of the combined effect of total backscattering
and the range-dependent overlap. This dependency
is expressed by means of the Klett solution,

P0� z� z2 
 �Klett� z� � �0,M� z�. (5)

The relative difference between the Klett and the
Raman lidar solutions �see relations �4� and �5��,

�Raman� z� � �Klett� z�

�Raman� z� � �0,M� z�



P0� z�O� z��1z2 � P0� z� z2

P0� z�O� z��1z2


 1 � O� z�, (6)

is used in the following to reduce the overlap effect on
the aerosol signal iteratively.

In the first step �i � 1� the Klett method is applied
to the uncorrected elastic backscatter signal.
�Klett,i�1�z� is used to solve the expression

�Oi� z� �
�Raman� z� � �Klett,i� z�

�Raman� z� � �0,M� z�
. (7)

With �O1�z� the elastic backscatter signals are cor-
rected as follows:

P0,i�1� z� � P0,i� z��1 � �Oi� z��. (8)

By reapplying the Klett method �step i � 2�, now to
the improved signal profile P0,2�z�, we obtained an
improved backscatter coefficient profile �Klett,2�z�.
After inserting �Klett,2�z� into Eq. �7� and �O2�z� into
Eq. �8� we further corrected the signal profile for the
overlap effect. Approximately 10–12 iterations are
sufficient to remove the overlap effect completely as
shown by our simulations. By comparing the mea-
sured signal profile with the corrected signal profile



we obtained the overlap profile. This profile is iden-
tical to the one determined directly with Eq. �3�.

3. Experiment

Figure 1 shows an observation of the 532-nm particle
backscatter coefficient obtained by use of the Raman
lidar method �532-nm laser wavelength, 607-nm ni-
trogen Raman wavelength� together with the Klett
solution calculated from the uncorrected 532-nm sig-
nal. The comparison of the two profiles clearly
shows the overlap effect. The measurement was
performed in a clean marine environment on the Por-
tuguese coast. A coaxial lidar system12 with a laser
beam divergence of approximately 0.1 mrad and a
receiver field of view of approximately 0.3 mrad was
used. The lidar pointed to a zenith angle of 60°.
The backscatter profile indicates the marine bound-
ary layer with a top height of 500 m. The tropo-
sphere above 500-m height was almost aerosol free.
The particle optical depth and the particle transmis-
sion were approximately 0.08 and 0.92, respectively,
at 532-nm wavelength.

Figure 2 presents the corresponding overlap profile
determined from Eq. �3�. A typical lidar ratio for
maritime particles of 25 sr is assumed in the estima-
tion of the particle transmission �see Eq. �3��. The
Klett solution, �Klett, is equal to the Raman lidar
solution, �Raman, in Fig. 1, if the overlap profile in Fig.
2 is applied to the measured aerosol backscatter sig-
nal.

The consequence of overlap correction in the deter-
mination of the particle extinction-coefficient profile
is demonstrated in Fig. 3. The extinction coefficient
was calculated with the Raman lidar method.9 The
overlap function in Fig. 2, which was observed on 26
June 1997, was applied to a lidar measurement that

Fig. 1. Klett solution �curve A, overlap effect is ignored� and
Raman lidar solution �curve B� for the particle backscatter coeffi-
cient. The lidar observation was in clean, maritime air. For the
Klett procedure we assumed a lidar ratio of 25 sr, which is typical
for maritime aerosols.
 was performed several weeks later on 18 July 1997 at

a zenith angle of 60°. On that day, a layer with
continental particles was present above the marine
boundary layer.13 In the data analysis, the Raman
lidar signal was first divided by the overlap factor.
Then the corrected molecular signal profile was
smoothed with vertical window lengths of 300 m
�
1200-m height�, 600 m �1200–2400-m height�, and
1200 m �	2400-m height�. From this smoothed sig-
nal profile we calculated the extinction values.

Figure 3 clearly shows the importance of the over-
lap correction. As can be seen, the measurements
are useless for heights below approximately 1500 m if
the overlap effect is ignored. It would not be possi-
ble to investigate the interaction between the marine

Fig. 2. Overlap profile that we determined by applying the direct
method �Eq. �3��.

Fig. 3. Particle extinction coefficient determined from the nitro-
gen Raman signal profile when we ignored the incomplete overlap
�curve A� and when we considered the overlap profile �shown in
Fig. 2� in the data analysis �curve B�.
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boundary layer and the continental plume in terms of
the extinction profile.

The method presented here has been extensively
tested and successfully applied to experimental data
obtained during several international aerosol field
campaigns in Europe13,14 and Asia.15–17 However,
problems often occurred at distances of 
1000 m,
which is mainly caused by the fact that the actual
overlap characteristics differ slightly from those that
are assumed in the data analysis and that were de-
termined several days or weeks before or after the
actual observation. This effect has the most influ-
ence on the results at the shortest distances �lowest
heights�. Furthermore, errors in the overlap profile
determination caused by the basic assumption of the
method �identical overlap profiles for both receiver
channels� cannot be excluded, although comparisons
with airborne lidar observations of the backscatter
profile indicated proper alignment of the two chan-
nels. Good agreement was also found between star-
photometer observations of the optical depth and the
lidar-derived optical depth based on the column-
integrated backscatter coefficients,13 which under-
lines the reliability of the Raman lidar solutions for
the backscatter coefficient and thus the proper align-
ment of the system. Finally, the input-lidar ratio
profile can also lead to uncertainties that affect the
extinction profiling in the near-field range.

References
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