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Rayleigh–Brillouin (RB) scattering profiles for air have been recorded for the temperature range from
255 to 340 K and the pressure range from 640 to 3300 mbar, covering the conditions relevant for the
Earth’s atmosphere and for planned atmospheric light detection and ranging (LIDAR) missions. The
measurements performed at a wavelength of λ � 366.8 nm detect spontaneous RB scattering at a 90°
scattering angle from a sensitive intracavity setup, delivering scattering profiles at a 1% rms noise level
or better. The experimental results have been compared to a kinetic line-shape model, the acclaimed
Tenti S6 model, considered to be most appropriate for such conditions, under the assumption that
air can be treated as an effective single-component gas with temperature-scaled values for the relevant
macroscopic transport coefficients. The elusive transport coefficient, the bulk viscosity ηb, is effectively
derived by a comparing the measurements to the model, yielding an increased trend from 1.0 to 2.5 ×
10−5 kg · m−1 · s−1 for the temperature interval. The calculated (Tenti S6) line shapes are consistent with
experimental data at the level of 2%, meeting the requirements for the future RB-scattering LIDAR
missions in the Earth’s atmosphere. However, the systematic 2% deviation may imply that the model
has a limit to describe the finest details of RB scattering in air. Finally, it is demonstrated that
the RB scattering data in combination with the Tenti S6 model can be used to retrieve the actual gas
temperatures. © 2013 Optical Society of America
OCIS codes: (010.1310) Atmospheric scattering; (290.5820) Scattering measurements; (290.5830)

Scattering, Brillouin; (290.5840) Scattering, molecules; (290.5870) Scattering, Rayleigh.
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1. Introduction

Light scattering in gases can be described in terms
of a wavelength-dependent cross section and a scat-
tering profile. After Rayleigh’s celebrated derivation
from electromagnetism the cross section, exhibiting
its characteristic λ−4 behavior, was understood in
terms of the index of refraction of the gas [1]. In re-
cent years, laser techniques have made it possible
to directly measure the total cross section, also

accommodating small deviations from Rayleigh’s
formula associated with depolarization effects [2,3].
The scattering profile function is, in the Knudsen
approximation of noncolliding particles, governed
by the Doppler effect, adopting a purely Gaussian
shape. However, this approximation only holds for
the lowest pressures, while under realistic atmos-
pheric pressures, collisions and acoustic modes can-
not be neglected [4]. In more general terms, the
Rayleigh–Brillouin (RB) scattering profile is depen-
dent on a dimensionless parameter y, which is the
ratio of scattering wavelength 2π∕k to the mean free
path of the molecules between collisions, hence
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y � p
kv0η

� NkBT
kv0η

; (1)

where p is the pressure, k is the absolute value of the
scattering wave vector k � ks − ki with ki and ks the
wave vector of the incident and scattered light beam,
N is the number density, kB is the Boltzmann con-
stant, T is the temperature, and v0 � �2kBT∕M�1∕2
is the thermal velocity with M being molecular mass
and η the shear viscosity.

While in the Knudsen regime y ≪ 1 holds, in the
opposite hydrodynamic regime with y ≫ 1, the scat-
tering profile can be represented by three distinct
features with two Brillouin side peaks accompanying
the central Rayleigh peak. These Brillouin side
peaks are shifted toward lower (Stokes component)
or higher frequencies (anti-Stokes component) by
an acoustic wave vector jkaj � jkj � 2jkij sin�θ∕2�,
with θ representing the scattering angle. This im-
plies that the shift of the Brillouin side peaks in
the frequency domain f b, given by

f b � 2nf
v
c
sin

�
θ

2

�
; (2)

with n the index of refraction, c the velocity of light
in vacuum, v the velocity of sound, and f the fre-
quency of the incident light, depends on the scatter-
ing geometry. In the intermediate regime, 0.3 < y < 3
(of relevance for practical atmospheric conditions),
the mean free path between collisions is comparable
to the scattering wavelength and the continuum ap-
proach breaks down. In this regime, several success-
ful kinetic models have been designed to describe the
scattering profile, based on approximate solutions of
the linearized Boltzmann equation [5,6]. In the well-
known Tenti S6 model, the collision integrals are
expanded in 6 basis functions, with coefficients deter-
mined by the values of the transport coefficients:
shear viscosity η, bulk viscosity ηb, thermal conduc-
tivity κ, and internal specific heat capacity cint. This
model appears to be the most accurate model to de-
scribe the RB-scattering profile [7]. Not only does it
describe spontaneous RB scattering, but it also cov-
ers the recently discovered coherent RB scattering
phenomenon [8,9].

With the advent of Doppler wind light detection
and ranging (LIDAR) techniques to obtain the global
wind profile of the Earth’s atmosphere, such as the
ADM-Aeolus mission of the European Space Agency
[10], a renewed interest has surfaced in experimen-
tally measuring the RB scattering profile functions of
molecular gases, particularly of air, at the highest
possible accuracies [4,11]. In addition, a horizontal
LIDAR experiment was reported to prove the
Brillouin scattering effect in the atmosphere [12].
Since the RB profiles cannot be measured under all
possible conditions (combinations of wavelengths,
scattering angles, pressure, temperature, gas compo-
sition), it is of importance to convert the experimen-
tal content into theoretical line profiles to be used in

satellite retrieval algorithms. Such line profiles
should be tested for an as wide as possible part of
the parameter space of experimental conditions.

To date, no experiments have been conducted to
verify the Tenti S6 model in air for different temper-
atures. Here, we expand on previous work [4,11] re-
cording spontaneous RB-scattering profiles of air at
an ultraviolet wavelength of 366 nm in a tempera-
ture range from 250 to 340 K for various pressures.
For the scattering angle, a choice was made for 90°,
compromising between reasonably pronounced RB
side bands and a not too small free spectral range
(FSR) of the Fabry–Perot analyzing instrument.
The measured scattering profiles are compared with
Tenti S6 model calculations, based on a code pro-
duced by Pan [13], and adapted for comparison to
our experiments [11]. In these calculations the bulk
viscosity, quantifying the relaxation of internal
molecular modes of motion due to collisions, is a
parameter. Because of the absence of internal de-
grees of freedom, it is zero for atomic gases. It is an
essential frequency-dependent quantity, but most
information about its numerical value comes from
experiments at ultrasound frequencies [14], hence
in the megahertz regime. Recently, studies have been
carried out with the intention to derive a value for
the bulk viscosity from light scattering [15], in par-
ticular from coherent RB scattering [9]. Meijer et al.
[16] compared values for ηb for various gases as ob-
tained from coherent RB scattering, acoustic mea-
surements and molecular structure calculations,
showing that there are still many unknowns in the
understanding of the bulk viscosity. In the present
work we follow the path of deriving optimized Tenti
S6 model functions by adapting the numerical values
of the bulk viscosity, ηb.

2. Scattering Profile Modeling in the Kinetic Regime

RB scattering in gases results from density perturba-
tions Δρ, which can be written as a sum of distinctive
contributions [17]. The entropy perturbations of the
medium at constant pressure,

Δρ �
�
∂ρ
∂s

�
p
· Δs; (3)

result in the central Rayleigh scattering peak, while
the pressure perturbations at constant entropy,

Δρ �
�
∂ρ
∂p

�
s
· Δp; (4)

can be regarded as acoustic waves traveling through
the medium (gases in our case), resulting in Brillouin
scattering with the Stokes and anti-Stokes scatter-
ing peaks shifted by the frequency of the acoustic
waves. Contrary to the hydrodynamic regime, where
the gas density perturbations can be sufficiently de-
scribed by Navier–Stokes equations, in the inter-
mediate regime (kinetic regime) the perturbations
should be solved from the Boltzmann equation. Since

1 July 2013 / Vol. 52, No. 19 / APPLIED OPTICS 4641



the collision integral of the Boltzmann equation is
difficult to compute, the Tenti S6 model is based
on theWang–Chang–Uhlenbeck equation [18], which
is used to construct the collision integral from the
transport coefficients.

To compute the scattering profiles of air at differ-
ent temperatures and pressures, the Tenti S6 model
requires values for three transport coefficients, shear
viscosity, thermal conductivity, and bulk viscosity at
the specific conditions as inputs. The assumption is
made that air may be treated as a single-component
gas with an effective particle mass 29.0 u [19], and
effective transport coefficients as obtained from ex-
periment. Shear viscosity and thermal conductivity
are known to be nearly independent of pressure.
For instance, an increase of pressure p from 1 to
50 bar will only result in 10% change of the shear
viscosity [20]. Because in the present study, the pres-
sure remains below 3.5 bar, pressure effects on the
transport coefficients are treated as negligible. On
the other hand, temperature has a significant influ-
ence on the transport coefficients. Values of shear
viscosity η and thermal conductivity κ for air at
certain temperatures can be calculated by [19]:

η � η0 ·
�
T
T0

�
3∕2

·
T0 � Tη

T � Tη
; (5)

and

κ � κ0 ·
�
T
T0

�
3∕2

·
T0 � TA · e−TB∕T0

T � TA · e−TB∕T
; (6)

where η0 � 1.864 × 10−5 kg · m−1 · s−1 is the reference
shear viscosity and κ0 � 2.624 × 10−2 W · K−1 · m−1 is
the reference thermal conductivity, at reference tem-
perature T0 � 300 K; Tη � 110.4 K, TA � 245.4 K,
and TB � 27.6 K are characteristic constants for air.

The bulk viscosity, ηb, expressing the resistance of
a gas to rapid compression, is a parameter which is
not well understood. This parameter is effectively a
second macroscopic viscosity parameter depending
on the internal degrees of freedom in the molecular
constituents, and therefore does not play a role
(ηb � 0) in the thermodynamics of monoatomic gases
[21,22]. Here, for themeasurements on air, it must be
considered what degrees of freedom effectively con-
tribute to the bulk viscosity. For light-scattering
experiments, hypersound acoustic frequencies in the
gigahertz range are of relevance; the acoustic fre-
quency f b corresponds to gigahertz frequencies.
Under room temperature conditions, the vibrational
degree of freedom for most gases is frozen due to its
long relaxation time, and can therefore be safely ne-
glected. The dependence on the accessible degrees of
freedom causes ηb to be temperature dependent. The
value of ηb can in principle be measured via sound
absorption and a number of studies have been per-
formed [14] in a variety of gases. However, such mea-
surements yield values for ηb in the megahertz

frequency domain, and they are most likely not di-
rectly applicable to the gigahertz regime of hyper-
sound as is assessed via RB scattering. Pan et al.
[9,23] have proposed to measure the bulk viscosity
through RB-scattering experiments, in particular
for the case of its coherent form.

The RB profile depends on the macroscopic trans-
port coefficients, the shear viscosity η, the heat con-
ductivity κ, the internal specific heat capacity cint, and
the bulk viscosity ηb, as well as the temperature T,
pressure p of the gas, the mass of the particle con-
stituents, and the wavelength λ or the frequency f of
the incident light beam, and the scattering angle θ.
While the laser and scattering parameters can be
measured and cint and particle mass readily calcu-
lated, the transport coefficients η and κ are known
from literature to be high accuracy. Hence the final,
more elusive transport coefficient ηb can be derived
from RB scattering if a model is established that
links the scattering profile to the transport coeffi-
cients. By this means, Pan et al. found large discrep-
ancies, up to orders of magnitude, between values for
ηb as measured by light scattering compared to pre-
vious measurements via sound absorption [9,23] for
the specific example of CO2. In this work, we deter-
mine the effective bulk viscosity as the value which
provides the best fit between the measured line pro-
files (at high pressures) and the one computed from
the Tenti S6 model. It remains a question whether
this approach is adequate. As a test, the temperature
dependence of the bulk viscosity will be determined,
and the obtained values will be further verified with
low pressure data, assuming the pressure depend-
ence of ηb is negligible (similar to the shear viscosity).

3. Experimental Setup

Details of the experimental setup and methods for
measuring RB scattering profiles have been reported
in [24]. A narrow bandwidth frequency-doubled tita-
nium:sapphire laser delivers a collimated beam of
500 mW of continuous wave ultraviolet light at
366.8 nm. This intensity is further amplified by an
order of magnitude in an enhancement cavity. In a
beam focus inside the enhancement cavity, a gas
scattering cell is mounted, designed to permit a con-
trolled and stable temperature setting between 250
and 340 K and a pressure setting between 0 and
4 bar. RB scattered photons are collected at a scatter-
ing angle of 90° and subsequently analyzed spec-
trally by a home-built, planoconcave Fabry–Perot
interferometer (FPI) with an instrument linewidth
of 232 MHz, and an effective FSR of 7440 MHz.
A high-gain photomultiplier tube (PMT) is used for
detection and to record the scattered light passing
through the FPI. A typical recording period is around
3 h, during which a typical frequency span of
400 GHz (corresponding to some 50 FSR) is covered.
Procedures are followed that correct for drift of the
laser frequency and the FPI during data recording,
and then all data collected in a 3-h scan are averaged
and normalized to area unity. The scattering profiles
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are finally compared with the numerical calcula-
tions, performed for the exact measurement condi-
tions, and convolved with the instrument function
of the FPI (referred to as convolved Tenti S6 model
afterward).

Although the dark counts of the PMT, and the
background of the Airy function corresponding to the
overlap of consecutive FSRs, have already been
taken into account in the calculations, the back-
ground of the measurements is always higher than
the background of the calculations. This phenome-
non had been ascribed previously [11] to broadband
fluorescence of the cell windows. However, fluores-
cence is unlikely to play a role here, because non-
coated windows are used for the laser beam to pass
through the cell and bare fused silica exhibits a fluo-
rescence spectrum longward of 400 nm [25], while
this part of the spectrum is filtered before detection.
Raman scattering, amounting to ∼2.5% of the total
cross section, is another possible source of back-
ground. The rotational Raman scattered light, with
a large number of individual components of width
∼3 GHz distributed over several nanometer, is effec-
tively spread over many modes of the FPI, resulting
in a broad, structureless background. This additional
background, which amounts to ∼2% of the central
Rayleigh peak intensity, is corrected by using the
same method as in [11]. In addition, stray light from
the cell and optics might play a role, but this would
result in a narrow frequency window at the central
frequency (see below).

The sample gas, air, is cooled to −40°C to freeze out
the water content to 128 ppm, and then reheated be-
fore using. While charging the cell, particles larger
than 500 nm were removed by an aerosol filter in the
gas inlet line. For eachmeasurement, the gas scatter-
ing cell is charged to a designated pressure first and
sealed at room temperature. The uncertainty of the
pressure meter is calibrated to be 0.5% of the read-
ing. The temperature of the cell together with the gas
inside is varied and kept constant by four Peltier

elements and a temperature-controlled water cooling
system, and simultaneously measured by two Pt-100
elements, leading to a 0.5 K uncertainty. The actual
pressure of each measurement is thus different from
the initial pressure and calculated according to the
ideal gas law, while the number density of the gas
molecules in the scattering volume is the same.
Therefore, the measurements are separated into
three measurement sets by the number density in
Table 1, with the actual p − T conditions listed.

The value of the scattering angle was previously
determined via assessment of the geometrical layout
of the experimental setup, with an uncertainty of 0.9°
[11]. This value can be further verified from the ac-
tual scattering data, as the RB-scattering profile is
rather sensitive to the scattering angle [24]. A com-
plicating factor is that, for data Set III, both the bulk
viscosity ηb and the scattering angle θ influence the
RB profile, with ηb value having a larger impact.
Moreover, the scattering angle θ mainly affects the
total width of the RB-scattering profile, where the
bulk viscosity ηb determines the pronounced occur-
rence of Brillouin side features; hence the two
parameters are not strongly correlated. For this rea-
son, a procedure is adopted to determine an initial
value for the bulk viscosity ηb, and then subsequently
perform a fit to the scattering angle, minimizing the
residual between model and experiment. The χ2

residual is defined as [16]

χ2 � 1
N

XN
i�1

�Ie� f i� − Im� f i��2
σ2� f i�

; (7)

where Ie� f i�and Im� f i�are the experimental andmod-
eled amplitude of the spectrum at frequency f i, and
σ� f i� is the statistical (Poisson) error. An example of
such a least-squares minimization to angle θ, for an
experimental RB scattering profile of air at 337.7 K
and 3.30 bar, is presented in Fig. 1. Figure 1(a)
shows the residuals between the measurement

Table 1. Conditions and Values of Transport Coefficients for the RB Scattering Measurementsa

p (mbar) T (K) η �10−5 kg · m−1 · s−1� ηb �10−5 kg · m−1 · s−1� κ �102 W · K−1 · m−1� y

Set I 643 254.8 1.624 0.97 2.265 0.427
704 276.7 1.734 1.34 2.441 0.418
726 297.1 1.832 1.68 2.601 0.396
777 317.8 1.929 2.03 2.761 0.390
827 337.3 2.017 2.36 2.908 0.382

Set II 858 254.8 1.624 0.97 2.265 0.574
947 276.7 1.734 1.34 2.441 0.564

1013 297.3 1.832 1.68 2.603 0.550
1013 318.3 1.931 2.04 2.765 0.505
1017 337.8 2.020 2.36 2.912 0.470

Set III 2576 255.0 1.625 0.96 2.267 1.718
2813 278.0 1.740 1.34 2.451 1.681
2910 297.6 1.835 1.92 2.605 1.589
3128 319.3 1.936 1.87 2.773 1.562
3304 337.7 2.019 2.36 2.911 1.537

aValues of η and κ are calculated by Eqs. (5) and (6), from [19]. Values of ηb for data Set III are obtained directly from a least-squared
fit, while those for data Sets I and II are calculated by Eq. (9). The y parameter for each measurement is indicated in the last column.
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(black dots) and the modeled scattering profile (red
line), when three different scattering angles, 89.2°,
89.8°, and 90.4°, are used for modeling. The χ2 values
calculated from the residuals are 2.55, 1.68, and 2.44
for these three angles. In Fig. 1(b), values of χ2 are

plotted as a function of scattering angles θ employed
in the S6 model. The χ2 fit, represented by the full
(green) line, yields an optimized scattering of θ �
89.8° with a 1σ standard deviation less than 0.1°.
This agrees well with the direct geometrical assess-
ment of the angle 90� 0.9°. The determined scatter-
ing angles for all the five temperatures in data Set III
are plotted in Fig. 1(c), indicating that the scattering
angles for the same temperature settings (hence
number densities) are the same. It is noted that
the two leftmost points in (c) pertain to data recorded
with time intervals of several months; after such
down time, a full alignment of the optical system
had to be performed, explaining the 0.4° scattering
angle deviation.

This approach of optimizing scattering angles is
further applied to the other two data sets, yielding
an averaged θ of 90.2° for data Set I, 90.4° for data
Set II, and 89.7° for data Set III. Therefore, all the
derived values of θ were found in the range
90� 0.9°. The slight deviations are attributed to
realignment of the laser beam path through the scat-
tering cell. The number density variation inside the
cell causes the index of refraction to change and
therewith the angle of the laser beam with respect
to the Brewster windows; note that, outside the cell,
atmospheric pressure is maintained [24]. In order to
keep the enhancement cavity at optimized circulat-
ing intensity, angular variations of a few 0.1° have
to be imposed consequently.

4. Measurements and Analysis

In the present study, the relevant pressure and tem-
perature parameter space for RB scattering in air is
mapped. A choice was made for three different initial
charging pressures (725, 1000, and 3000 mbar), com-
bined with five different temperature settings at 255,
277, 297, 318, and 337 K, at intervals of ∼20 K.While
the superatmospheric pressure of 3 bar is not rel-
evant in an Earth atmospheric context, its data are
important for a stringent test of the Tenti S6 model,
in view of the higher signal-to-noise ratio obtained
and the more pronounced Brillouin side peaks occur-
ring at higher pressures. The experimental data,
plotted in black dots in Figs. 2–4, present the central
scientific content of this study. Note that the temper-
ature settings are not exactly reproduced for differ-
ent data sets; actual values of p and T are given
in the figures and in Table 1. The RB data were an-
alyzed adopting values for the scattering angle θ as
discussed in the experimental section.

The present data on spontaneous RB scattering
were used to assess the effect of the bulk viscosity
in air. The bulk viscosity is related to the damping
of sound; thus, the Brillouin side peaks, which be-
come more pronounced at large pressures. Therefore
the data recorded at 3 bar (data Set III) are used to
determine ηb in a least-square procedure. Figure 5
shows an example of a least-squares fit for the
measurement at 337.7 K and 3.30 bar. Beside the
measurement (black dots), three typical model

Fig. 1. Graphical representation of the procedure for verifying
the scattering angle θ; (a) Residuals between the experimental
RB-scattering profile, measured for 337.7 K and 3.30 bar,
and the Tenti S6 calculations for three selected scattering
angles: 89.2°, 89.8°, and 90.4°; note that a value of ηb �
2.36 × 10−5 kg · m−1 · s−1, a result of the present study, was adopted
to produce the theoretical curve. (b) Values of χ2, calculated accord-
ing to the residuals, as a function of scattering angle used for Tenti
S6 modeling. The green line is the parabolic fit to the χ2 values,
giving a minimum at 89.8°. The estimated error (1σ) for this angle
determination is less than 0.1°. (c) Optimized scattering angles to-
gether with their standard errors for all the measurements in data
Set III.
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calculations are plotted in Fig. 5(a), for ηb at 1.3 ×
105 kg · m−1 · s−1 (green), 2.4 × 105 kg · m−1 · s−1 (red),
and 3.5 × 105 kg · m−1 · s−1 (yellow). Figure 5(b) indi-
cates the residuals between the measurement and
the three calculations. Figure 5(c) shows the χ2 plot
versus the bulk viscosity, and provides insight into
the significance of the optimized value for ηb. The
statistical error of this determination is calculated
according to [11,16]

σηb �
�
N 0

2
d2χ2

dη2b

����
~ηb

�
−1∕2

; (8)

with N 0 the number of the independent samples in
the spectrum and ~ηb the location of the minimum
of χ2. Accordingly, the statistical error in this case
is 0.6 × 10−6 kg · m−1 · s−1. The uncertainty of mea-
sured temperature (∼0.5 K) and of measured pres-
sure (0.5% of the reading), propagate as errors in
the bulk viscosity determination, because both tem-
perature and pressure are input parameters for the
Tenti S6 model calculation. By allowing the pressure

and temperature to vary at their uncertainty
ranges, the derived bulk viscosity changes by
1.1 × 10−6 kg · m−1 · s−1. Therefore, the total esti-
mated error is 1.7 × 10−6 kg · m−1 · s−1.

This fitting procedure for ηb was applied to the
other measurements in data Set III. The resulting
values obtained for ηb are plotted in (black) rectangu-
lar dots in Fig. 6. In view of the observed monotonic
increase, a first-order phenomenological model is
adopted in terms of a linear dependence to which
the results are fitted:

ηb � a� b · T: (9)

This functional form represents the temperature
effect on the bulk viscosity (black dashed line).
This approach yields an intercept a �
�−3.33� 0.60� × 10−5, and a slope b � �1.69� 0.21� ×
10−7, with ηb expressed in kg · m−1 · s−1, T in K, and
the proportionality constants a and b in the corre-
sponding units.

Finally, the convolved Tenti S6 model is calculated
for all the experimental conditions pertaining to the

Fig. 2. Data Set I: normalized RB scattering profiles of air recorded at λ � 366.8 nm for pressures ∼725 mbar and temperatures as
indicated. The scattering angle for this data set was determined as θ � 90.2° in the previous section. Experimental data (black dots)
are comparedwith the convolved Tenti S6model calculations (red line), with the input parameters listed in Table 1. Values of ηb at different
temperatures are calculated from Eq. (9).
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data sets I, II, and III. A parametrization of the Tenti
S6 model, as presented in [11], is used. Values for the
scattering wavelength λ � 366.8 nm, scattering an-
gle θ as discussed above, instrument function with
linewidth Δν � 232 MHz, particle mass 29.0 u, and
values for the macroscopic transport coefficients
are invoked in the model. Values for the shear viscos-
ity and thermal conductivity are calculated accord-
ing to Eqs. (5) and (6). While values for the bulk
viscosity for the RB data of data Set III are directly
obtained from a least-squared fit to the experimental
spectra, the data of sets I and II do not permit such
a direct determination of bulk viscosity since, at
low pressures, the Brillouin side peaks are less
pronounced. Assuming that ηb is independent of
pressure, values for ηb for data sets I and II are de-
rived through the temperature dependency found
in Eq. (9).

All information on the measurement conditions
and values of the transport coefficients are listed
in Table 1. In the last column, the values of the y
parameter are also indicated. The convolved Tenti
S6 model calculations (red line) are compared with
the measurement at each condition in Figs. 2–4, with

the residuals in percentage of the peak amplitude of
each measurement shown below. Two conclusions
can be derived from the residuals: first, the rms
noise, which is the standard deviation of the noise
distribution, are at or below the 1% level; second,
the deviation between each measurement and the
modeling calculation seems systematic but within
2%.

Due to the small scattering cross section of the gas
molecules, any RB detection setup is sensitive to
stray light from cell walls, cell windows, and from
the beam-steering optics. Stray light typically exhib-
its the same bandwidth as the incident laser beam
(2 MHz), and should not be frequency shifted. There-
fore, stray light will appear as a Lorentzian line
located exactly in the center of the RB scattering pro-
file with 232 MHz bandwidth, corresponding to the
FWHM of the FPI. It is noted that Mie scattering in-
duced by aerosol particles in the scattering cell would
result in a similar frequency profile; precautions
were taken to avoid aerosol scattering. Because there
is a systematic structure of the residuals for nearly
all measurements (see Figs. 2–4), with the measured
central Rayleigh peak slightly higher than the

Fig. 3. Data Set II: normalized RB scattering profiles of air recorded for pressures ∼1000 mbar and temperatures as indicated. The
scattering angle for this data set was determined as θ � 90.4° in the previous section. Values of ηb at different temperatures are calculated
from Eq. (9).
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calculation and the Brillouin peaks lower, this may
be interpreted as evidence for stray light contribut-
ing to the scattering profile in the present
measurements. The fact that the deviations are most
apparent at the low-pressure measurements sup-
ports this hypothesis: the relative contribution of
stray light should be largest at low pressures. How-
ever, it is worth noting that the additional residuals
at the central Rayleigh peak always have a FWHM
much larger than 232 MHz. This may imply that
the increased intensity is not just attributable to
stray light.

In order to test the stray light hypothesis, we
added a spectral contribution Sδ� f i� for stray light
to the modeled amplitude function Im� f i�, thus yield-
ing a total amplitude of I0m� f i� � Im� f i� � Sδ� f i�.
After replacing the amplitude function Im� f i� by
I0m�f i� in the analysis, the entire modeling procedure
was repeated using the least-squares procedure of
Eq. (7). Via this means, in most cases, an improved
fit to the scattering profile was obtained, for stray
light intensities of S � 0–0.4%. Figure 7 shows four
residuals of profiles with and without stray light
being included. Some cases, Figs. 7(a) and 7(c), were

selected, where indeed deviations were obviously
present, and better fits are obtained if a stray light
contribution is added. The χ2 are reduced from 2.15
to 1.93 when S � 0.33% for Fig. 7(a), and the χ2

decreases from 5.67 to 4.00 when S � 0.44% for
Fig. 7(c). However, in several exceptional cases such
as Fig. 7(b), although the χ2 is reduced from 2.65 to
1.80, this stray light subtraction procedure may lead
to overfitting, resulting in a conspicuous dip for the
residuals Ie� f i� − I0m� f i� at f i � 0, with a systematic
deviation around �1 GHz remaining, at the posi-
tions of the Brillouin peaks. For a few cases, Fig. 7(d)
for example, the stray light does not play a role: a
minimum of χ2 is found when S � 0%.

Although the fitted stray light contribution (S) is
always small (less than 0.5%), it is questionable
whether this contribution may significantly influ-
ence the values of bulk viscosity. Therefore, the val-
ues of bulk viscosity are derived again with a stray
light contribution included. The newly derived val-
ues are plotted as red circular dots in Fig. 6. Indeed
the ηb values are changed, but by less than 0.05 ×
10−5 kg · m−1 · s−1 for all the temperatures, much
smaller than the error margins.

Fig. 4. Measurement Set III: normalized RB scattering profiles of air recorded for pressures ∼3000 mbar. The scattering angle for
this data set was determined as θ � 89.7° in the previous section. Values of ηb at different temperatures are directly obtained from
the least-squared fit.
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5. Discussion

The method of extracting ηb values from RB-
scattering profiles was applied by Vietez et al. [11]
both for coherent RB scattering and for spontaneous
RB scattering. Meijer et al. [16] have further detailed
the coherent RB scattering studies, and at the same

time performed model calculations for ηb in various
gases, while they also reviewed the literature on
available quantitative information on bulk viscosity
in gases.

At room temperature, Prangsma et al. [14] had
made measurements on sound absorption in N2,
yielding ηb � 1.28 × 10−5 kg · m−1 · s−1; in their study
they reviewed a survey of 14 independent sound
absorption data for near room temperature N2,
finding all values in the range �0.75–1.5�×
10−5 kg · m−1 · s−1. In comparison, light scattering
yields ηb � �2.6� 0.5� × 10−5 kg · m−1 · s−1 for coher-
ent RB scattering [16] and ηb � 2.2 × 10−5 kg · m−1 ·
s−1 for spontaneous RB scattering [11]. Pan et al.
[9] and Cornella et al. [26] used a value of ηb � 1.28 ×
10−5 kg · m−1 · s−1 for N2 at room temperature in
their modeling of RB profiles. So for N2 at room tem-
perature, differing values for ηb are found for low and
high frequencies, but the difference is only a factor
2–3, much less than in the case of CO2, where orders
of magnitude discrepancies were obtained [23].

In the study by Prangsma et al. [14], temperature
effects on the bulk viscosity were also investigated,
for N2 and other singular molecule gases. Values
for ηb�N2� were obtained from 77 to 300 K, yielding
linearly increasing values ηb � �0.2–1.3� × 10−5 kg ·
m−1 · s−1 [14]. Recently, a similar linearT dependence
of bulk viscosity for N2, with the values from 0.7 ×
10−5 kg · m−1 · s−1 at 255 K to 2.0 × 10−5 kg · m−1 · s−1
at 337 K, has been reported by our group [27]. To the
authors’ knowledge, no T dependence of the bulk
viscosity has been investigated for air, which is a
mixture of gases.

In the present study, ηb is derived from spontane-
ous RB scattering in air for various temperatures,

(a)

)

Fig. 5. (a) Experimental RB scattering profile in air for 3.30 bar
and 337.7 K (black dots), and convolved Tenti S6 calculations for
bulk viscosity being 1.3 × 105 (green line), 2.4 × 105 (red line), and
3.5 × 105 (yellow line) kg · m−1 · s−1, respectively. (b) Residuals
between measured and theoretical scattering profiles for three
values of the bulk viscosity. The vertical dotted lines indicate
the frequency where the Brillouin side peaks occur. (c) Plot of the
χ2 as a function of bulk viscosity. The optimized value of bulk
viscosity is found at the minimum of χ2 � 1.68. The statistical
error for this fit is 0.6 × 10−6 kg · m−1 · s−1.

Fig. 6. Bulk viscosities ηb for air plotted as a function of tem-
perature (black rectangular symbols) as determined from RB-
scattering measurements around 3 bar air pressure and at
λ � 366.8 nm. The black straight line represents a linear fit to
the experimental ηb values (see text). A comparison is made with
values for the shear viscosity η (blue upper triangles) calculated
by Eq. (5) in [19]. The blue dashed line is a linear fit to the η values.
The (red) circular dots represent the values of derived bulk viscos-
ity when stray light is taken into account. Note that the red dots
are offset to the right by 2 K to circumvent overlap of data points.
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results of which are displayed in Fig. 6. At 297.2 K,
the result is ηb � �1.9� 0.2� × 10−5 kg · m−1 · s−1.
This is in reasonable agreement with the values
established for the atmospheric constituents:
ηb�N2� � �2.6� 0.5�× 10−5 kg ·m−1 · s−1 and ηb�O2� �
�2.3� 0.3� × 10−5 kg · m−1 · s−1 [16]. In the analysis
the assumption was made to treat air in a Tenti
S6 model as a single-component gas with transport
coefficients as measured for air. The present outcome
shows a quantitative outcome in correspondence
with findings for N2 and O2. While the uncertainties
are rather large, the data nevertheless demonstrate
a clear example of a bulk viscosity increasing with
temperature. Assuming that all rotational degrees
of freedom are accessible, the temperature depend-
ence of ηb owes to the collisional velocity dependence
of the rotational relaxation time. For hard-sphere
collisions, this would imply ηb ∝ T1∕2, which is not ob-
served. A similar temperature dependence η ∝ T1∕2

would be expected for the shear viscosity [28]. That
the assumption of hard-sphere collisions is too
simple is already implicit in Eq. (5) for the shear
viscosity.

It has been argued that there should exist a fixed
ratio between shear viscosity and bulk viscosity, in-
dependent of temperature and pressure [29]. This
assumption, however, was questioned, because the
bulk viscosity should exhibit a frequency dependence
due to the competition between the internal

relaxation time of molecules and the period of sound
waves [21]. Moreover, the velocity dependence of mo-
mentum exchange collisions can be different from
those for the relaxation of rotational modes. The
present results on the temperature-dependent bulk
viscosities in air, in comparison with literature data
on the shear viscosity (see Fig. 6), show that the in-
crease in ηb is more rapid than for η. This was also the
case for previous studies [14,27].

6. Temperature Retrieval from Spontaneous
RB-Scattering Profiles

Besides determining wind velocities, retrieval of
temperatures of the atmosphere with RB LIDAR
methods is another interesting target for aeroscient-
ists [29]. However, due to the low RB scattering cross
section and complicated scattering profile calcula-
tions for air, the accuracy is limited [7]. Therefore,
Brillouin LIDAR techniques have only been applied
to measure the temperature of water [30,31]. Here
we demonstrate that with the RB scattering method,
in comparison with the Tenti S6 model, it is possible
to measure the temperature of air under atmospheric
pressures.

Figure 8 shows the comparisons between the mea-
sured temperatures (with the PT-100 temperature
sensors in the experimental setup) and derived
temperatures for data Set I and data Set II. The
derived values are obtained by fitting T to a minimal

without
stray light

without
stray light

with
stray light

with
stray light

Fig. 7. Comparison of residuals for four selected sample measurements of RB scattering profiles in air for (p, T) conditions without and
with stray light included.
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χ2, when the other parameters are fixed to the
values used in the Tenti S6 calculations. Note that
under these pressure conditions the bulk viscosity,
for which we used the simple linear temperature
dependence shown in Fig. 6, does not play a signifi-
cant role. The solid black lines represent the
condition where the derived and measured tempera-
tures are equal. It is obvious that the derived tem-
peratures agree well with the real (measured)
temperatures for all the conditions: the maximal
difference is 0.4 K.

An accuracy of less than 0.5 K can be obtained, pro-
vided that all the other conditions (p, θ) and the
transport coefficients (η, ηb, and κ) are known to a
high accuracy.

7. Conclusion

In conclusion, RB scattering profiles of air at 15
different pressure–temperature combinations have
been recorded. From a quantitative analysis of the
data at higher pressures, values for the bulk viscosity
of air are determined. Values obtained for ηb at
different temperatures provide evidence for the
temperature-dependent effect of this gas transport
coefficient in air: ηb tends to increase toward higher

temperatures. With these newly derived values, all
experimental RB scattering profiles in the param-
eter space p � 0.6–3.3 bar and T � 255–340 K can
be reproduced by the Tenti S6 model within 2%
deviation. The persistence of the systematic devia-
tions between measured spectra and the model, even
after allowing for the instrumental effects (scattering
angle and elastic scattering), may suggest that either
the Tenti model does not adequately describe our
experiment, or our method to treat air as a single
component gas with effective values for its molecular
mass and transport coefficients leads to deviations.
Also, the additionally detected background, which
may be due to rotational Raman scattering, is still
not fully understood. Nevertheless, the 2% deviation
with the Tenti S6 model for a wide parameter space
bears prospect of using the model for future LIDAR
missions employing RB scattering in the Earth’s
atmosphere. The results of temperature retrieval
suggest that the Tenti S6 model could accurately
predict the temperature of air within 0.5 K if all
the other experimental conditions and the transport
coefficients are known.

This work has been funded by the European Space
Agency (ESA) contract ESTEC-21396/07/NL/HE-
CCN-2 under the supervision of Anne Grete Straume
and Olivier Le Rille. The code for computing the
Tenti S6 model was obtained from Xingguo Pan.
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