Influence of molecular scattering models on aerosol
optical properties measured by high spectral
resolution lidar
Bing-Yi Liu,1,2,* Michael Esselborn,2 Martin Wirth,2 Andreas Fix,2
De-Cang Bi,1 and Gerhard Ehret2
1

2

Key Laboratory of Ocean Remote Sensing, Ministry of Education of China,
Ocean University of China, 5 Yushan Road, Qingdao 266003, China

Deutsches Zentrum für Luft- und Raumfahrt, Institut für Physik der Atmosphäre,
Oberpfaffenhofen, 82234 Wessling, Germany
*Corresponding author: liuby@orsi.ouc.edu.cn

Received 17 February 2009; revised 1 September 2009; accepted 2 September 2009;
posted 2 September 2009 (Doc. ID 107689); published 11 September 2009

The influence of molecular scattering models on aerosol optical properties measured by high spectral
resolution lidar (HSRL) is experimentally investigated and theoretically evaluated. The measurements
analyzed in this study were made during three field campaigns by the German Aerospace Center
airborne HSRL. The influence of the respective theoretical model on spaceborne HSRL retrievals is also
estimated. Generally, the influence on aerosol extinction coefficient can be neglected for both airborne
and spaceborne HSRLs. However, the influence on aerosol backscatter coefficient depends on aerosol
concentration and is larger than 3% (6%) at ground level for airborne (spaceborne) HSRLs, which is
considerable for the spaceborne HSRL, especially when the aerosol concentration is low. A comparison
of the HSRL measurements and coordinated ground-based sunphotometer measurements shows that
the influence of the model is observable and comparable to the measurement error of the lidar
system. © 2009 Optical Society of America
OCIS codes:
010.1280, 010.3640, 280.1100, 290.5870.

1. Introduction

Atmospheric aerosol is an important climate factor
and has inherent influence on the Earth’s radiative
fluxes and climate change [1]. The quantitative measurements of aerosol optical properties are important for the estimation of the aerosols’ radiative
impact. Spaceborne backscatter lidars have been developed to measure the global distribution of aerosols
and clouds. The Geoscience Laser Altimeter System
(GLAS) [2] aboard the Ice, Cloud and land Elevation
Satellite (ICESat) [3] and the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) [4] of the
Cloud-Aerosol Lidar and Infrared Pathfinder Satel0003-6935/09/275143-12$15.00/0
© 2009 Optical Society of America

lite Observation (CALIPSO) mission [5] are two
current systems with the ability to derive aerosol
extinction and backscatter coefficients by assuming
an extinction-to-backscatter ratio (lidar ratio) [6,7].
However, in this method, the quantitative measurements of aerosol optical properties are limited by the
highly variable value of the lidar ratio. High spectral
resolution lidar (HSRL) utilizes a narrowband optical filter to separate the aerosol contribution from
molecular scattering, so that the extinction coefficient can be directly measured without the assumption of the lidar ratio [8–13]. Airborne HSRLs at
532 nm using iodine vapor filters to reject aerosol
scattering have been successfully developed and demonstrated by the NASA Langley Research Center
[14,15] and the German Aerospace Center (DLR)
[16–19], respectively. In the near future, the Doppler
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wind lidar Atmospheric Laser Doppler Instrument (ALADIN) [20,21] of the European Space
Agency’s (ESA) Atmospheric Dynamics Mission
(ADM) [22,23], which uses a Fabry–Perot interferometer and a Fizeau interferometer at 355 nm for
Rayleigh and Mie detection, respectively, will be
the first HSRL in space [24,25]. As part of ESA’s
Earth Clouds, Aerosols, and Radiation Explorer
(EarthCARE) mission [26], the HSRL Atmospheric
Lidar (ATLID) at 355 nm is planned to be employed
for direct aerosol extinction measurements with a
Fabry–Perot interferometer [27]. These two spaceborne HSRLs will offer the opportunity for quantitative measurements of aerosol and cloud properties on
a global scale.
The information of molecular scattering can be obtained by using iodine vapor filters [11–13] or Fabry–
Perot interferometers [24,25,27]. With an iodine
vapor filter, the narrowband aerosol Mie scattering
can be suppressed by a factor of 10−6 − 10−5 [17],
while the wings of the molecular scattering can pass
through the iodine vapor filter. In this way, the molecular scattering and the aerosol scattering can be
determined separately from a portion of the molecular scattering and the total scattering signals
measured independently. In order to retrieve the
aerosol optical properties, the amount of molecular
scattering blocked by the filter has to be calculated
using the measured filter transmission function and
the calculated molecular backscatter spectrum. The
molecular Rayleigh scattering [28,29] consists of a
central peak, termed Cabannes scattering [28–30],
and sidebands, termed (pure) rotational Raman scattering. Since the rotational Raman scattering can
usually be rejected by a narrowband optical filter in
the HSRL, only the Cabannes scattering is taken into
account. However, the backscatter spectrum of Cabannes scattering can theoretically be described by
different approaches; one approach assumes that the
velocity distribution of the air molecules follows that
of an ideal gas, thereby leading to a Doppler spectral
broadening of the backscatter signal. The other
approach accounts for density fluctuations induced
by acoustic waves traversing the scattering medium,
thereby leading to Brillouin scattering (see Section 2
for details). Since, with different theoretical models,
different values of the filter attenuation factor can be
obtained, the values of aerosol optical properties also
vary with the theoretical models.
The intent of this paper is to investigate the dependence of the aerosol optical properties on the theoretical model of molecular scattering. It is well known
that kinetic models are well researched in the case of
pure gases but not yet for the atmospheric gas composition. The model has been applied on lidar applications by some authors [31–34]. However, the
Gaussian model is a commonly used model in some
conditions when the accuracy is not very important,
but the quantitative analysis of the model’s influences on HSRL aerosol measurements has not been
demonstrated for both airborne and spaceborne sys5144
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tems. The main purpose of this paper is to give the
quantitative analysis of the influence and to show
when the Tenti model must be used and when the
Gaussian model can also be used. With the data measured by the DLR airborne HSRL, the aerosol optical
properties are retrieved based on the six moment
(S6) model, the seven moment (S7) model, and the
Gaussian model and, thereby, the deviations induced
by the scattering models are analyzed. In addition,
according to the HSRL retrieval method, the models’
influences are theoretically calculated using different reference atmospheres without HSRL measurements and then compared with the result obtained
from airborne measurements to make sure the
theoretical calculation can be used for spaceborne
HSRLs. The major factors influencing aerosol optical
properties in both airborne and spaceborne HSRLs
are described. In addition, to provide an example
of the influence of backscatter models on the aerosol
optical properties, a comparison of the aerosol optical
thickness measured with an airborne HSRL and a
sunphotometer is presented.
2.

Theory

The HSRL method for the retrieval of aerosol optical
properties [13,17] is described here for the sake of
consistency. For the iodine-vapor-filter-based HSRL,
the attenuation factor f m of the Cabannes spectrum
through the filter can be written as
Z
f m ðT; pÞ ¼

Z
FðνÞ

Rðν0 ; T; pÞlðν − ν0 Þdν0 dν;

ð1Þ

where lðνÞ is the transmitting laser profile with a
bandwidth of less than 90 MHz. FðνÞ is the iodine
vapor filter transmission function normalized to the
maximum transmission rate and can be obtained
from measurement by continuously tuning the frequency of the laser transmitter over the frequency
range of the iodine absorption line and measuring
the transmission of laser pulses through the iodine
filter. Rðν; T; pÞ is the normalized temperature- and
pressure-dependent Cabannes scattering spectrum.
The Cabannes scattering, associated with elastic
scattering, has features that reflect the translational
motion of the air molecules. In the low-pressure or
high-temperature regime, the velocity distribution of
the air molecules is thermally dominated and is recognized as a Gaussian distribution. The frequency
of the scattered light is shifted by the Doppler effect
associated with the thermal motion and, therefore,
the spectral profile of the backscattered light has the
same shape as the velocity distribution and can be
described by a Gaussian model. However, at high
pressure or low temperature, the mean free path of
molecules becomes shorter. If this mean free path is
comparable with the scattering wavelength, density
fluctuations caused by the propagation of acoustic
waves will be observable. Since the velocity distribution of the air molecules is changed by the traveling
acoustic waves, the spectral distribution of scattered

light changes and the acoustic sidebands (termed
Brillouin scattering) appear [35]. The Tenti S6 model
[31] takes into account the acoustic sidebands and
provides a kinetic model of Cabannes scattering from
molecular gases in all regimes. It assumes the gas is
composed of a single monatomic or diatomic species.
For the calculation in this study, the atmosphere is
assumed to be composed of a single diatomic species
with a molecular mass of 28:8 kg=kmol for air molecules. The ratio of shear viscosity to bulk viscosity
(1.407) and the ratio of shear viscosity to thermal
conductivity (0.198) of nitrogen are used due to the
lack of data for air molecules [34]. A copy of Tenti’s
FORTRAN program from Forkey [36] is utilized. The
main difference between the S7 model and the S6
model is that the S7 model has one more physical
quantity in the derivation [32]. A FORTRAN program of the S7 model was provided by Shneider
[37]. Figure 1 shows two examples of molecular backscatter spectra at both low altitude and around
10 km. Additionally, the iodine absorption spectrum
is shown. The molecular backscatter spectra before

Fig. 1. (Color online) Measured iodine absorption line (thick solid
curve) at 563:244 THz (532:26 nm) together with the normalized
molecular backscatter spectrum per gigahertz before (upper
curves) and after (lower curves) filtering. The thin solid curves,
the thick dashed curves, and the thin dashed curves are calculated
with the S6 model, the S7 model, and the Gaussian model, respectively. (a) For standard air (1000 hPa, 0 °C), the attenuation factors
of molecular backscatter are 0.395, 0.397, and 0.369 for the S6
model, the S7 model, ,and the Gaussian model, respectively.
(b) At an altitude of 10 km (250 hPa, −50 °C), the attenuation factors of molecular backscatter are 0.332, 0.333, and 0.325 for the S6
model, the S7 model, and the Gaussian model, respectively.

and after filtering are calculated with the S6 model,
the S7 model, and the Gaussian model. At a pressure
of 1000 hPa and a temperature of 0 °C [Fig. 1(a)], due
to the contribution of the acoustic sidebands, the
spectra of the S6 and S7 models have broader profiles
(FWHM ¼ 2:98 and 3:01 GHz) but lower maximum
intensities compared with the spectrum of the
Gaussian model (FWHM ¼ 2:48 GHz). Therefore,
the spectra of the S6 and S7 models have higher
transmission factors (f m ¼ 0:395 and 0.397) through
the iodine absorption line compared to the Gaussian
model (f m ¼ 0:369). This difference leads to deviations or errors in the retrieved aerosol optical properties. With the increase of altitude, the decreases of
temperature and pressure have opposite contributions to the intensity of the acoustic sidebands, but
actually the change of pressure contributes more.
Therefore, at high altitude with low pressure, the
translational motion of the air is thermally dominated, which makes the spectral lineshapes of the
models more similar. Figure 1(b) shows the example
at 10 km with a pressure of 250 hPa and temperature
of −50 °C. The linewidth of the backscatter spectrum
and the attenuation factor f m are 2:43 GHz and 0.332
for the S6 model, 2:45 GHz and 0.333 for the S7 model, and 2:24 GHz and 0.325 for the Gaussian model.
Figure 2 shows the absolute errors of the attenuation
factors of molecular backscatter from applying the
Gaussian model. The temperature and pressure
profiles used for analysis are from the Air Force Geophysics Laboratory (AFGL) atmospheric constituent
profiles [38], which consist of the six most-used reference atmospheres: tropical, midlatitude summer,
midlatitude winter, subarctic summer, subarctic winter, and U.S. standard atmospheres. The error bars
show the maximum error range due to different atmospheres. The model’s influence decreases with altitude and, therefore, the differences of the retrieved
aerosol optical properties decrease with altitude (see
Section 4 for details).

Fig. 2. (Color online) Absolute error of the attenuation factors of
molecular backscatter from applying the Gaussian model calculated based on the six reference atmospheres. The error bars show
the maximum error range due to different atmospheres.
20 September 2009 / Vol. 48, No. 27 / APPLIED OPTICS
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ηm Et ðrÞ
f ðrÞ;
ηt Em ðrÞ m


ηm Et ðrÞ
f ðrÞ − 1 βm ðrÞ:
βa ðrÞ ¼
ηt Em ðrÞ m

In the HSRL systems using iodine filters [13,17],
the received energy in the integration time from distance r in the total scattering channel Et and the molecular channel Em can be written as
Et ðrÞ ¼ ηt E0
Em ðrÞ ¼ ηm E0

A
Δr½βm ðrÞ þ βa ðrÞτ2 ðrÞ;
r2

ð2aÞ

A
Δr½βm ðrÞf m ðrÞ þ βa ðrÞf a τ2 ðrÞ; ð2bÞ
r2


 Z
r
½αm ðr0 Þ þ αa ðr0 Þdr0 ;
τ2 ðrÞ ¼ τ2m ðrÞτ2a ðrÞ ¼ exp −2
0

ð2cÞ
where η is the channel efficiency that includes the efficiencies of optical components such as telescope,
mirrors, and, for the molecular channel, the maximum transmission of the filter. E0 is the energy of
transmitting laser pulses summed over the integration time, A is the area of the receiving telescope, Δr
is the range resolution, and τ2 ðrÞ is the two-way atmospheric transmission, composed of a molecular
τ2m ðrÞ and an aerosol τ2a ðrÞ contribution, over range
r from the lidar transmitter to the position of scattering. βm and βa (αm and αa ) are molecular and aerosol
volume backscatter (extinction) coefficients, respectively. f a is the attenuation factor of the aerosol
signal through the iodine filter. Under normal conditions, because of the low transmission of aerosol scattering through the iodine filter, the product of βa and
f a approaches zero in the case of the molecular channel; then it can be neglected in Eq. (2b). For simplification in the following analysis, the temperature- and pressure-dependent attenuation factor
f m ðT; pÞ in Eq. (1) is converted to range-dependent
parameter f m ðrÞ by substituting the temperature
and pressure profiles, TðrÞ and pðrÞ, into f m ðT; pÞ.
The temperature and pressure profiles can be obtained from either radiosonde measurements or
reference atmospheres. It should be noted that, although the range-dependent attenuation factor f m ðrÞ
appears to be variable only with range r, the fundamental cause for the variation is the change of the
Cabannes backscatter spectrum Rðν; T; pÞ due to
temperature and pressure.
From the measurement in the molecular channel
as shown in Eq. (2b), the aerosol extinction coefficient αa ðrÞ can be derived as


1d
Em ðrÞr2
− αm ðrÞ;
ln
αa ðrÞ ¼ −
βm ðrÞf m ðrÞ
2 dr

ð3Þ

where βm and αm can be calculated using the given
atmospheric temperature and pressure.
The backscatter ratio Rb ¼ ðβm þ βa Þ=βm and the
aerosol backscatter coefficient βa can be determined
from the ratio of the total scattering channel and the
molecular channel as
5146
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Rb ðrÞ ¼

ð4aÞ
ð4bÞ

To calculate the profiles of the aerosol backscatter
coefficient and the backscatter ratio from the measured signals with Eqs. (4), the value of ηm =ηt should
be determined by the Rayleigh normalization [17]. In
this process, at a certain height (the normalization
height r0 ) where the aerosol backscatter is negligible,
the value of Rb ðr0 Þ can be obtained either by in situ
measurement as discussed in Esselborn et al. [17] or
by setting Rb ðr0 Þ close to 1. Then, at the normalization height r0 , the value of ηm =ηt can be derived from
Eq. (4a) with the value of Rb ðr0 Þ, the measured signal
Et ðr0 Þ and Em ðr0 Þ, and the calculated value f m ðr0 Þ.
Consequently, the profiles of Rb ðrÞ and βa ðrÞ can be
obtained. The Rayleigh normalization is necessary
for the HSRLs described in Hair et al. [13] and
Esselborn et al. [17], because the absolute channel
efficiency cannot be obtained from internal calibration. For the HSRL described in Hair et al. [15], the
absolute channel efficiency can be determined by the
internal calibration process. The future spaceborne
HSRL EarthCARE will perform the Rayleigh calibration with the return from the aerosol-free area
in the higher atmosphere [39].
The values of both extinction and backscatter coefficients not only depend on the measured energy
Et ðrÞ and Em ðrÞ, but also on the theoretically calculated value f m ðrÞ, which depends on the theoretical
backscatter model, such as the S6 model, the S7
model, and the Gaussian model.
3.

Methods

The data used for this analysis were measured with
the airborne HSRL at 532 nm implemented in the
Water Vapour Lidar Experiment in Space (WALES)
[40] system developed by DLR. The detailed description of the lidar system can be found in Wirth et al.
[19]. The laser transmitter is a high-power, singlelongitudinal-mode, and frequency-stabilized Nd:YAG
laser in a master oscillator/power amplifier configuration followed by a temperature-controlled KTP
crystal for frequency doubling. The received backscatter light is split into its polarized components.
The parallel-polarized component is split again into
a total scattering channel and a molecular channel
to measure the intensity of the combined and molecular backscatter separately. An iodine vapor cell in
dual-pass configuration is used in the molecular
channel to eliminate the aerosol backscatter [17].
The temperature-controlled iodine vapor cell was
operated at a vapor pressure of approximately
50 Pa. The 1109 iodine absorption line [41] was used
for the measurements.
The aerosol extinction and backscatter coefficients
are calculated from the measurements by the total
scattering channel and the molecular channel using

Eqs. (3) and (4). To investigate the impact of the theoretical scattering model on the aerosol optical properties, the value of f m is calculated based on the S6
model, the S7 model, and the Gaussian model. Since
the Tenti S6 theoretical model is generally considered to be the most accurate for diatomic gases [42],
aerosol optical properties retrieved using the S6
model are taken as a reference in this study. Therefore, the errors of aerosol optical properties due to the
Gaussian model and the S7 model can be estimated.
The absolute error Δx and relative error δx are calculated as follows:
Δxi;j ¼ xi − xj ;
δxi;j ¼

ð5aÞ

xi − xj
× 100%;
xj

ð5bÞ

where i; j ¼ S6, S7, or G. xS6 , xS7 and xG are the aerosol optical properties retrieved with the S6, the S7,
and the Gaussian models, respectively.
In addition, the errors can also be theoretically
derived. Actually, there are many potential error
sources related to aerosol retrieval, such as temperature uncertainty, pressure uncertainty, and signalto-noise ratio. In this study, only the errors from scattering models are discussed. Using the profiles of
atmospheric temperature and pressure from a reference atmosphere, the errors that are independent of
the measured values (Et and Em ) can be derived
without HSRL measurements. The absolute error of
the aerosol extinction coefficient Δαa , the relative error of the backscatter ratio δRb , and the relative error
of the aerosol backscatter coefficient δβa are derived
in Appendix A and are expressed as
Δαa;i;j ðrÞ ¼



1 df m;i ðrÞ=dr df m;j ðrÞ=dr
−
;
f m;j ðrÞ
2
f m;i ðrÞ

ð6Þ

δRb;i;j ðrÞ ¼ δf 0m;i;j ðrÞ;

ð7Þ


βm ðrÞ
þ 1 δf 0m;i;j ðrÞ;
δβa;i;j ðrÞ ¼
βa;j ðrÞ

ð8Þ



where i, j ¼ S6, S7, and G stand for the S6 model, the
S7 model, and the Gaussian model, respectively. f 0m is
Table 1.

the normalized f m , which is defined as f 0m ðrÞ ¼
f m ðrÞ=f m ðr0 Þ, where r0 is the normalization height.
δf 0m defined in Appendix A is the relative error of the
f 0m . The parameter δf 0m indicates the difference between the theoretical scattering models and influences the values of δRb and δβa , as shown in
Eqs. (7) and (8). The value of δf 0m is determined by
the atmospheric temperature and pressure together
with normalization height r0 . It can be seen from
Eq. (6) that the absolute error of aerosol extinction
coefficient Δαa depends only on f m . According to
Eq. (1), with the given laser function, filter function,
and the theoretical scattering model, the value of f m
depends only on the atmospheric temperature and
pressure. In the case of the relative error of the backscatter ratio δRb in Eq. (7), it is determined not only
by f m, but also by the normalization height r0 , which
has an impact on δf 0m . In Eq. (8), the relative error of
aerosol backscatter coefficient δβa depends on aerosol
concentration, atmospheric status (temperature and
pressure), and the normalization height, so with given values of these factors, the value of δβa can also
be estimated without HSRL measurements.
4. Influence of Models on Aerosol Extinction and
Backscatter Coefficients

For the experimental comparison of the models’
influence on the aerosol extinction and backscatter
coefficients, the airborne HSRL measurements during the Saharan Mineral Dust Experiment (SAMUM) 2008 are used. During the SAMUM 2008,
the DLR Falcon research aircraft equipped with the
nadir-viewing HSRL was stationed in Praia, the capital of Cape Verde, and performed airborne measurements from 19 January to 6 February. Among
a total of nine flight missions, seven flight legs over
Praia performed in four days (Table 1) are selected
for the comparison of the aerosol properties retrieved
from both the Gaussian and the S6 models. The profiles of atmospheric temperature and pressure are
taken from the radiosondes launched from the SAMUM ground station at the Praia airport. Altogether, four radiosonde measurements are used for
the seven overflights. The spatial and temporal differences of lidar and radiosonde are kept within
33 km and 105 min. Considering the ascent time
and the horizontal movement of the radiosonde, the
maximum spatial and temporal differences at 7 km

Flight Legs Used for the Analysis of the Model Influences on the Aerosol Extinction and Backscatter Coefficients

Date

Time (UTC)

Averaging Time (s)

Δt at 0 km (min)a

Δd at 0 km (km)b

Δt at 7 km (min)a

Δd at 7 km (km)b

25 Jan. 2008
25 Jan. 2008
28 Jan. 2008
29 Jan. 2008
29 Jan. 2008
6 Feb. 2008
6 Feb. 2008

15:56
16:12
17:28
19:36
20:01
14:45
16:28

25
60
150
150
150
150
80

3
19
18
78
53
2
105

3.8
9.1
15.2
3.0
3.3
7.2
32.9

36
20
24
121
96
39
56

13.0
13.5
18.1
6.1
5.9
10.0
28.9

a

The time interval between HSRL measurement and the launch of radiosonde.
The horizontal distance between HSRL measurement and radiosonde launch positions.

b
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altitude are approximately 29 km and 121 min,
respectively. The profiles of the aerosol optical properties are averaged over 25–150 s during the overflights to keep spatial atmospheric variations small.
An example of the aerosol extinction coefficient
measured with airborne HSRL on 25 January 2008
is shown in Fig. 3. The temperature and pressure
profiles are obtained from the nearby radiosonde
measurements. The profiles are calculated with the
S6 model, the S7 model, and the Gaussian model, respectively, to show the influence of the models. As expected, the S6 and S7 models yield identical profiles
of the aerosol extinction coefficient (thin solid curve
and thick dashed curve), while the Gaussian model
leads to a profile with smaller values (thin dashed
curve) compared to those of the S6 and S7 models.
To compare the results from the Gaussian model
and the S6 model in detail, profiles of the absolute
errors of the aerosol extinction coefficient from applying the Gaussian model are shown in Fig. 4. The solid
curve is calculated from Eq. (6) using the averaged
temperature and pressure profiles of the radiosondes
over seven HSRL flights to show the trend of the
altitude-dependent errors. The other profiles show
the errors from HSRL measurements by applying the
corresponding individual radiosonde profiles of temperature and pressure. It can be seen from Fig. 4 that
the profiles from HSRL measurements (different
symbols) and theoretical calculations (solid curve)
have the same trend. The fluctuations in both the
experimental and theoretical results are due to
the structures in the temperature and pressure profiles measured by each radiosonde. Within the
altitude of 0–7 km, the absolute error of aerosol extinction coefficient ranges from approximately
0.003 to 0:002 km−1 , which is less than the molecular
extinction coefficient in the same altitude range
(∼0:013 –0:007 km−1 ).
As shown in Eq. (6), the absolute error of aerosol
extinction coefficient Δαa ðrÞ depends only on the
value of f m ðrÞ, which is independent of the aerosol

Fig. 3. (Color online) HSRL-measured profiles of the aerosol extinction coefficient (15:56, 25 January 2008, Praia) retrieved using
the S6 model, the S7 model, and the Gaussian model.
5148
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Fig. 4. (Color online) Absolute errors of the aerosol extinction
coefficient from applying the Gaussian model calculated using
the averaged radiosonde profile (solid curve) and retrieved from
the HSRL measurements (different symbols).

concentration and normalization height. According
to Eq. (1), with a fixed spectrum of iodine absorption
line, f m ðrÞ can be calculated from atmospheric temperature and pressure profiles. Therefore, the absolute error of the aerosol extinction coefficient can be
evaluated in the high altitude by Eq. (6) without
HSRL measurements. The atmospheric temperature
and pressure profiles are from the six reference atmospheres. To calculate the numerical derivative of
the attenuation factor f m ðrÞ in Eq. (6), a Savitzky–
Golay filter [43] of the first order is used. The theoretical results derived from six different models from
ground to 30 km are shown in Fig. 5, with different
curves and the error bars showing the maximum error range due to different models. The value of 30 km
is selected according to the calibration height of
30–34 km in the case of CALIOP [4] and the higher
calibration height of 30 km (the lower calibration
height is between 8 and 15 km) in the case of GLAS
[44]. Figure 5(a) shows the comparison of the aerosol
extinction coefficient retrieved from the Gaussian
model and the S6 model. The negative values of the
errors mean the results retrieved from the Gaussian
model are less than those from the S6 model. With a
maximum value of near 0:003 km−1 in the lowaltitude, the errors decrease with altitude and are
less than 0:001 km−1 above 15 km. Below 12 km, the
lower (right) and higher (left) sides of the error bar
result from the tropical and subarctic winter atmospheres, respectively. However, the situation is the
opposite above 12 km. Figure 5(b) shows the theoretical comparison of the aerosol extinction coefficient
retrieved from the S7 and S6 models. The positive
values of the errors mean the results retrieved from
the S7 model are larger than those from the S6
model. Compared with the Gaussian model, the S7
model results in smaller errors, which are approximately 10% of those from Gaussian model as shown
in Fig. 5(a). Since the errors are independent of the

Fig. 6. (Color online) HSRL-measured profiles of the aerosol
backscatter coefficient (15:56, 25 January 2008, Praia) retrieved
using the S6 model, the S7 model, and the Gaussian model.

Fig. 5. (Color online) Absolute error of the aerosol extinction coefficient after Eq. (6) from applying (a) the Gaussian model and
(b) the S7 model calculated based on the six reference atmospheres. The error bars show the maximum error range due to different models.

normalization height, for both airborne and spaceborne HSRLs, the situations are the same.
Figure 6 shows an example of HSRL-measured
aerosol backscatter coefficient profiles on 25 January
2008 retrieved from the S6 model, the S7 model, and
the Gaussian model. The temperature and pressure
profiles are obtained from the nearby radiosonde.
Like the example of aerosol extinction coefficient
in Fig. 3, the S6 and S7 models result in identical profiles, while the Gaussian model yields a profile with
smaller values. However, the deviation of the Gaussian profile increases with aerosol concentration but
decreases with altitude.
As shown in Eq. (8), the relative error of the aerosol
backscatter coefficient δβa depends not only on altitude and normalization height, but also on the aerosol concentration, which can be described by the
backscatter ratio Rb . The situation for an airborne
HSRL with a fixed normalization height is shown
in Fig. 7. The experimental results, retrieved from
seven HSRL measurements by applying the corresponding individual radiosonde profiles of tempera-

ture and pressure, have the same normalization
height of 7 km. The experimental data are classified
according to the measured backscatter ratio Rb . The
solid lines, which are theoretically calculated using
Eq. (8) and the averaged radiosonde data during
the HSRL measurements, agree well with the experimental results (different symbols) based on the airborne HSRL measurements. Obviously, the relative
errors, which vary significantly in Fig. 7(a), are in inverse proportion to the aerosol concentration as
shown in Figs. 7(b)–7(f) . In addition, with given aerosol concentrations, the errors decreasing with altitude are actually determined by the atmospheric
temperature and pressure. As shown in Fig. 7(f),
at ground level with high aerosol concentration,
the minimum value of the errors is approximately
3%. However, when the aerosol backscatter ratio is
less than 1.2, the relative error near ground is more
than ∼20%, as shown in Fig. 7(c).
The results shown in Fig. 7 suggest that the theoretical calculations are correct in case of various
flights, aerosol concentrations, and altitudes. Therefore, it can be used for both airborne and spaceborne
HSRL analysis. Based on the temperature and pressure profiles of the reference atmospheres, with given backscatter ratios, the relative errors of the
aerosol backscatter coefficient induced by the Gaussian model are theoretically calculated using Eq. (8),
as shown in Fig. 8. The normalization heights are
7 km in Fig. 8(a) and 30 km in Fig. 8(b), which stand
for the cases of airborne and spaceborne HSRL, respectively. It can be seen from Fig. 7, when the normalization height is 30 km, the errors at ground level
and 5 km are approximately 2 and 4 times larger, respectively, than those with a normalization height of
7 km. The results show that the relative errors of
aerosol backscatter coefficient caused by the Gaussian model are greatly influenced by the normalization height. With a higher normalization height, the
errors become larger. The theoretical comparison of
the aerosol backscatter coefficient retrieved from
20 September 2009 / Vol. 48, No. 27 / APPLIED OPTICS
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Fig. 7. (Color online) Relative errors of the aerosol backscatter coefficient after Eq. (8) from applying the Gaussian model retrieved from
seven HSRL measurements classified by the backscatter ratio. The normalization height is 7 km for the HSRL retrieval. The solid curves
are errors theoretically calculated using Eq. (8) from averaged radiosonde data during the HSRL measurements.

the S7 model and the S6 model is shown in Fig. 9.
The normalization heights are 7 km in Fig. 9(a)
and 30 km in Fig. 9(b), respectively. The trend of
the errors is similar to that in Fig. 8, but the values
are approximately 1 order of magnitude smaller. For
both airborne and spaceborne systems, when the
aerosol concentration is low, the errors are observable at low altitude.
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5. Example of Aerosol Optical Thickness Retrieved
from Different Models

To provide an example of the influence of backscatter
models on the aerosol optical properties, a comparison of the aerosol optical thickness measured with
airborne HSRL and the sunphotometer is presented.
The values of aerosol optical thickness are retrieved
from HSRL measurements with different models,

Fig. 8. (Color online) Relative errors of the aerosol backscatter
coefficient after Eq. (8) caused by the Gaussian model calculated
based on the U.S. standard atmosphere (curves) with given backscatter ratios (Rb ). The error bars show the error range due to the
six different reference atmospheres. The normalization height is
(a) 7 km and (b) 30 km for the calculation.

Table 2.

Fig. 9. (Color online) Relative errors of the aerosol backscatter
coefficient after Eq. (8) caused by the S7 model calculated based
on the U. S. standard atmosphere (curves) with given backscatter
ratios (Rb ). The error bars show the error range due to the six different reference atmospheres. The normalization height is (a) 7 km
and (b) 30 km for the calculation.

Flight Legs Used for the Comparison of the Aerosol Optical Thickness Measured with Airborne HSRL and Sunphotometer

Date

Time (UTC)

Location

Averaging Time (s)

Δt (min)a

Δd (km)b

19 May 2006
27 May 2006
28 May 2006
28 May 2006
3 Jun. 2006
4 Jun. 2006
4 Jun. 2006
4 Jun. 2006
25 Jan. 2008
25 Jan. 2008
28 Jan. 2008
29 Jan. 2008
29 Jan. 2008
6 Feb. 2008
6 Feb. 2008
6 May 2008
8 May 2008
21 May 2008

11:02
10:21
10:42
12:18
07:34
09:47
10:48
11:07
15:56
16:12
17:28
19:36
20:01
14:45
16:28
16:15
14:49
16:45

Quarzazate
Cabo da Roca
Quarzazate
Quarzazate
Quarzazate
Quarzazate
Quarzazate
Quarzazate
Praia
Praia
Praia
Praia
Praia
Praia
Praia
Leipzig
Cabauw
Cabauw

30
60
30
30
60
60
60
60
25
60
150
150
150
150
80
30
30
30

7
0
1
8
2
5
6
5
1
5
3
44
69
178
75
18
4
8

2.9
6.6
1.6
1.2
4.5
0.8
0.6
0.7
2.0
6.7
10.9
3.6
3.6
8.4
31.9
9.9
34.1
23.9

a

Time interval between HSRL and sunphotometer measurements.
Distance between HSRL and sunphotometer measurements.

b
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and compared to the Aerosol Robotic Network
(AERONET) sunphotometer measurements. The experimental data of the DLR airborne HSRL during
the SAMUM 2006, SAMUM 2008, and the European
Integrated Project on Aerosol Cloud Climate Air
Quality Interactions (EUCAARI) 2008 field campaigns are used in this analysis. The flight legs of
the HSRL measurement used for comparison are
shown in Table 2. The aerosol optical thickness of
the HSRL is obtained from the measured profile
by averaging the last five range bins above ground.
The standard deviation of the five range bins is considered as the measurement error. For comparison
purposes, the sunphotometer aerosol optical thickness at 532 nm is determined from the measurements at 440, 675, and, if available, 500 nm by
interpolation.
Figure 10 shows the scatter plot of the aerosol optical thickness measured with airborne HSRL and
sunphotometers. To show the influence of the model,
the HSRL results are retrieved using the Gaussian
model and the Tenti S6 model. The difference of
the models leads to almost constant deviations of
aerosol optical thickness, as shown in Fig. 10, which
agrees with the theoretical analysis shown in
Eq. (A4). The average value of the deviations is comparable to the measurement errors of the airborne
HSRL, which are indicated by error bars in Fig. 10.
Furthermore, there are several origins for the deviations between airborne HSRL and sunphotometer
measurements, such as viewing angle, and temporal
and spatial difference. Therefore, the advantage of
the S6 model over the Gaussian model cannot be validated only from the scatter plot of the aerosol optical thickness based on the limited data base. For both

Fig. 10. (Color online) Comparison of the aerosol optical thickness measured by airborne HSRL and the sunphotometer at 18
aircraft overpasses during the SAMUM 2006, the SAMUM
2008, and the EUCAARI 2008 field campaigns. The HSRL measurements are retrieved using the S6 model and the Gaussian
model. The error bars indicate the measurement error of the airborne HSRL. The solid curve and the dashed curve show the linear
least-squares fit for the results from the S6 model and the Gaussian model, respectively.
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the Gaussian and the S6 models, a linear leastsquares fit of 18 data points results in a similar slope.
However, in the case of using the S6 model, the average bias between HSRL and sunphotometer data,
which is −0:0035, is much smaller than the value
of −0:0185 in the case of the Gaussian model.
6.

Conclusion

The spectral distribution of the Cabannes scattering
from air molecules can theoretically be described by
different models, which may induce errors in the
aerosol optical properties retrieved by HSRL. In this
paper, the influence of three theoretical models of
molecular scattering on the retrieval of aerosol
optical properties observed by airborne HSRL was
experimentally investigated and theoretically calculated. The aerosol optical properties are retrieved
from HSRL measurements with the S6 model, the
S7 model, and the Gaussian model, and the deviations induced by the models are analyzed and quantified. The errors are calculated using the six mostused reference atmospheres, which include the typical profiles of temperature and pressure from tropic
to subarctic, so the influence of the scattering models
for the spaceborne HSRL can be evaluated over a global range. The results suggest the following. (a) The
S6 and S7 models yield identical aerosol optical properties with almost unobservable deviations, which,
theoretically, are approximately 1 order of magnitude less than that of the deviations caused by the
Gaussian model. (b) The absolute errors of the aerosol extinction coefficient induced by the Gaussian
model are less than the molecular extinction coefficient at the same altitude and can generally be
neglected. (c) The relative errors of the aerosol backscatter coefficient from applying the Gaussian model
are in proportion to the normalization height but decrease with both altitude and aerosol concentration.
For an airborne HSRL with a normalization height of
7 km, the errors at ground level are 3%–20% when
the backscatter ratio is larger than 1.2. The errors
at ground level for a spaceborne HSRL with a normalization height of 30 km are approximately 2
times larger than those of the airborne HSRL, which
are considerable, especially when the aerosol concentration is low. (d) The comparison of the HSRL
aerosol optical thickness with sunphotometer measurements shows that the influence of the Gaussian
model is observable and the average bias of the Gaussian results is larger than that of the S6 results.
However, the statistics are limited by the amount
of the data. In brief, this study shows that, in the case
of an airborne HSRL, the errors are not too high, but
that, in the case of a spaceborne HSRL, the errors of
the aerosol backscatter coefficient are quite high.
It should be noted that the Tenti S6 model was developed and experimentally validated for pure gases
with single species, so the effort to investigate the
spectral distribution of molecular scattering in the
case of air composition is needed for both the model
study and the lidar applications.

Appendix A: Retrieval Errors of the Aerosol Optical
Properties due to the Models

By using different theoretical backscatter models,
the calculation of the attenuation factor f m results
in a different value. The deviations of the f m derived
from the Gaussian or S7 model and the S6 model are
considered as errors to investigate the influence of
the Gaussian and the S7 models on the aerosol optical properties. The relative error of the normalized
attenuation factor is defined as
δf 0m;i;j ðrÞ ¼

f m;i ðrÞ=f m;i ðr0 Þ − f m;j ðrÞ=f m;j ðr0 Þ
;
f m;j ðrÞ=f m;j ðr0 Þ

ðA1Þ

where r0 is the normalization height where the
Rayleigh normalization is performed. At the normalization height r0 , with the measured or assumed
backscatter ratio Rb ðr0 Þ, the received signal Et ðr0 Þ
in the total scattering channel and Em ðr0 Þ in the molecular channel, and the calculated molecular transmission factor f m ðr0 Þ, the channel efficiency ηm in the
molecular channel can be expressed as
Em ðr0 Þ Rb ðr0 Þ
;
Et ðr0 Þ f m;i ðr0 Þ

i; j ¼ S6; S7; G;

ðA2Þ

where S6, S7, and G stand for the S6 model, the S7
model, and the Gaussian model, respectively. It
should be noted that molecular transmission factor
f m ðr0 Þ is determined by the molecular scattering
model, so the channel efficiency ηm in the molecular
is dependent on the scattering model and the normalization height r0 . That is why the errors of the
aerosol optical thickness, the backscatter ratio, and
the aerosol backscatter coefficient depend on the normalization height r0 .
From the measurement in the molecular channel
as shown in Eq. (2b), the aerosol optical thickness
ta ðrÞ can be derived as


1
Em ðrÞr2
;
ta ðrÞ ¼ − ln
2
ηm E0 AΔrβm ðrÞf m ðrÞτ2m ðrÞ

ðA3Þ

where the constant ηm E0 AΔr can be obtained by substituting Em ðr0 Þ, f m ðr0 Þ, and τ2 ðr0 Þ ¼ 1 into Eq. (2b).
Then the absolute error Δta ðrÞ follows from Eq. (A3):


f m;j ðr0 Þ
f m;i ðr0 Þ
1
− ln
Δta;i;j ðrÞ ¼ − ln
f m;j ðrÞ
2
f m;i ðrÞ
1
¼ ln½f 0m;i;j ðrÞ þ 1:
2

ðA4Þ

For the calculation of the absolute error of aerosol extinction coefficient Δaa , since in Eq. (3) only
the term f m ðrÞ depends on the theoretical backscatter model, Δaa defined in Eq. (5a) can be derived as
follows:

ðA5Þ

The relative error of the backscatter ratio, δRb , defined in Eq. (5b) can be obtained with Eqs. (4a)
and (A2) as
δRb;i;j ðrÞ ¼

i; j ¼ S6; S7; G;

ηm;i ¼ ηt



f m;i ðrÞ
1d
ln
2 dr
f m;j ðrÞ


1 df m;i ðrÞ=dr df m;j ðrÞ=dr
−
:
¼
f m;j ðrÞ
2
f m;i ðrÞ

Δαa;i;j ðrÞ ¼

ηm;i f m;i ðrÞ − ηm;j f m;j ðrÞ
¼ δf 0m;i;j ðrÞ: ðA6Þ
ηm;j f m;j ðrÞ

The relative error of the aerosol backscatter coefficient δβa is derived with Eqs. (4b) and (A2) as
Et ðrÞ ηm;i f m;i ðrÞ − ηm;j f m;j ðrÞ
ηt βa;j ðrÞ=βm ðrÞ
Em ðrÞ


β ðrÞ
þ 1 δf 0m;i;j ðrÞ:
¼ m
βa;j ðrÞ

δβa;i;j ðrÞ ¼

ðA7Þ
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