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Abstract:  In order to investigate the performance of two different algo-
rithms for retrieving temperature from Rayleigh-Brillouin (RB) line shapes,
RB scattering measurements have been performed in air at a wavelength of
403 nm, for atemperature range from 257 K to 330 K, and atmospherically
relevant pressures from 871 hPato 1013 hPa. One algorithm, based on the
Tenti S6 line shape model, shows very good accordance with the reference
temperature. In particular, the absolute difference is always less than 2 K.
A linear correlation yields a slope of 1.01 + 0.02 and thus clearly demon-
strates the reliability of the retrieval procedure. The second agorithm, based
on an analytical line shape model, shows larger discrepancies of up to 9.9 K
and is thus not useful at its present stage. The possible reasons for these
discrepancies and improvements of the analytical model are discussed.
The obtained outcomes are additionally verified with previously performed
RB measurements in air, at 366 nm, temperatures from 255 K to 338 K
and pressures from 643 hPa to 826 hPa [Appl. Opt. 52, 4640 (2013)]. The
presented results are of relevance for future lidar studies that might utilize
RB scattering for retrieving atmospheric temperature profiles with high
accuracy.
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1. Introduction

Temperature measurementsin the Earth atmosphere areimportant both asinput for atmospheric
models and asinput for retrievals of other atmospheric properties such as wind, relative humid-
ity or trace gas concentrations. Currently, lidar (light detection and ranging) instruments enable
the measurement of temperature with high accuracy (=~ 1K), high resolution (=~ 100m) and
long range (from ground up to 105 km) [1]. For temperature profiling between 0 km and 25 km
it is common to make use of rotational Raman scattering on air molecules, whereby the tem-
perature dependence of the intensities of rotational Raman linesis exploited [2, 3, 4]. However,
although it was demonstrated that such lidars can measure temperature during daytime [4] and
in the presence of clouds [2], they suffer from the low Raman scattering cross section. Thus,
powerful lasers, sophisticated background filters or night-time operation are required to obtain
reliable results. In particular, the rotational Raman scattering cross section (considering Stokes
and anti-Stokes branches) is about a factor of 50 smaller than that of Rayleigh scattering [5].
Thismarksthe advantage of deriving atmospheric temperature profilesfrom Rayleigh-Brillouin
(RB) scattering requiring high spectral resolution lidars.

Temperature is ameasure of the average kinetic energy of moleculeswhich hasitsimprint on
the RB spectrum. Thus, atmospheric temperature can be derived by resolving the RB spectrum
with high spectral resolution filters as for instance atomic vapor cells or Fabry-Pérot interfer-
ometers (FPI) and relating the measured spectrum to an appropriate line shape model. The
narrow RB line width of afew GHz additionally enables the application of narrow band filters
to suppress solar radiation and thus allows for daytime operation. This approach was already
suggested and demonstrated in 1971 by Fiocco et al. [6], although their experimental data were
severely contaminated by Mie scattering.
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As further discussed by Young and Kattawar in 1983 [7], the accuracy of deriving tempera-
ture from RB spectrais strongly dependent on the quality of the RB line shape model. In 1974,
Tenti et al. [8] developed amodel - the so-called Tenti S6 model - for describing RB spectra of
light scattered in molecular gases of single species, which is since then considered as the best
model available. In particular, they use macroscopic gas transport properties as shear viscosity,
bulk viscosity and thermal conductivity for describing microscopic fluctuations within the scat-
tering gas and with it the RB spectrum. However, as air is a mixture of gases, the applicability
of the Tenti S6 model to air required validation. Although some laboratory studies on RB scat-
tering have been performed in molecular gases and gas mixtures since the early 1970s, it was
not before 2010 that the first RB measurements in air were published [9, 10]. The investiga-
tions showed that the Tenti S6 model describes the measured RB spectrain air with deviations
smaller than 2% considering air as an “effective” medium, consisting of molecules with an ef-
fective mass whose collisions are parametrized by effective transport coefficients. Recently, the
study was extended by Gu et al. [11, 12] for atemperature range from 255 K to 340 K, leading
to the same result. Thus, the applicability of the Tenti S6 model to RB spectra measured in air
was confirmed with these experiments.

In order to retrieve temperature from measured RB profiles, they have to be analyzed with
the line shape model in a certain optimization procedure as for instance a least-squares fit with
temperature as free fitting parameter. As for such method it is an important issue how the 2%
model deviation transfers into a temperature error. So as to deal with thisissue, RB scattering
measurementsin air at awavelength of 403 nm, at a scattering angle of 91.7°, for temperatures
from 257 K to 330 K and pressures from 871 hPa to 1013 hPa were performed. After that,
two different temperature retrieval algorithms, one based on the Tenti S6 model, and one on
an analytical line shape model according to Witschas [13, 14], are applied to the measured RB
spectra.

2. Experimental details
2.1. Theinstrumental setup

RB scattering is measured from a laser beam of effectively 4 Watt, due to enhancement in
a cavity, and a wavelength of 403 nm, at a bandwidth of 2 MHz. The experimental setup is
schematically shown in Fig. 1, and for further details we refer to [12, 15]. Details about the
respective measurement conditions are additionally summarized in Table 2.

‘
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Fig. 1. Schematic diagram of the experimental setup. red: Ti:Salaser beam (806 nm), dark
blue: blue beam (403 nm), light blue: scattered radiation, green: reference beam, SC: scatte-
ring cell, PD: photo diode, PZT: piezo-electrical trandator, FPI: Fabry-Pérot interferometer,
PMT: photomultiplier, HCS: Hansch-Couillaud stabilization, DAQ: data acquisition unit.

Ti:Sa == SHG
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The light scattered in the scattering cell (Fig. 1, light blue line) is collected at an angle of
91.7°, with an uncertainty in arange of + 1.2°, determined from geometrical measurement pro-
cedures employing sets of diaphragms and pinholes placed in the optical setup. This scattering
angle range is later (section 3.2) used to estimate the upper limit of the uncertainty of the re-
trieved temperature. Considering that lidar measurements employ scattering angles of 180° by
definition, it would be preferable to have the same angle also for the laboratory measurements.
However, as spurious scattering on optical elements within the experimental setup always lead
to contamination of the measured RB line shape, it was decided to use a scattering angle differ-
ent from 180°.

The frequency spectrum of the scattered light is resolved by means of a scanning FPI. The
FPI isbuilt as a hemispherical version of a confocal etalon, which meansthat it is composed of
one spherical and one plane mirror. In order to scan the FPI plate distance, the spherical mirror
is mounted on a piezo-electrical trandator (Fig. 1, PZT) which is controlled by a computer
(Fig. 1, DAQ). Despite the lower light gathering in comparison to a plane paralel FPI, the
hemispherical configuration was chosen because of its insensitivity to small changesin tilt and
orientation which can occur during scanning. The light that passes through the FPI is detected
using a photomultiplier tube (PMT, Philips-XP2020/Q) that is operated in photon-counting
mode and read out by the data acquisition unit.

In order to measure and monitor temperature and pressure of the gas under investigation,
several measurement devices are mounted within the system. The pressure is measured with a
baratron, in particular an active capacitive transmitter (Pfeiffer-CMR 271) for pressure values
between 100 hPa and 1000 hPa, delivering an accuracy of 0.15% of the measured pressure
value. The temperature is measured with a Pt100 thermo-resistor mounted on top of the scatte-
ring cell and delivering an accuracy of about +0.25 K (class A) for the temperatures measured
within this study. The temperature of the gas sample is set and controlled by four Peltier el-
ements, encased by a temperature controlled water cooling system and mounted below the
scattering cell. This allows temperature settings of the gas sample from 250 K to 340 K.

2.2. Characterization of the instrument function

Theinstrument function of the experiment, whichis principally given by the transmission func-
tion of the FPI, has to be determined accurately to avoid systematic errorsin the dataretrieval.
In order to do so, the FPI is illuminated with light elastically scattered from a copper wire
mounted within the scattering cell which warrants that the scattered light undergoes the same
collecting angle as in RB scattering from the same interaction volume. First, the free spectral
range (FSR) is determined by keeping the FPI plate distance constant and scanning the laser
frequency over several FSR. Subsequently, the instrument function is acquired by keeping the
laser frequency constant and scanning the PZT over several FSR. After that, the nonlinearity
of the piezo extension is corrected and the piezo voltage is converted into a frequency scale
by exploiting that the distance between each transmission peak equals one FSR. Furthermore,
the signal-to-noise ratio of the measured instrument function is increased by averaging sev-
eral transmission peaks. An exemplary measurement of the instrument function is shown in
Fig. 2 (black dots). The step size of the processed datais 35 MHz.

Commonly, the intensity transmission .7 (f) of an idea FPI (i.e. axially parallel beam of
rays, mirrors perfectly parallel to each other, mirrors of infinite size and mirrors without any
defects) is described by an Airy function. However, in order to reach higher accuracy it isaso
necessary to consider defects on FPI mirrors [16]. As for instance shown in [17, 18], this can
be adequately done by adding a Gaussian distributed defect term to the Airy function leading
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where I'esr is the FSR, R is the mean mirror reflectivity and oy is the defect parameter. It is

worth mentioning that Eq. (1) without the exp-term just represents the Fourier series of the pure
Airy function.
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Fig. 2. (Top): Measured FPI instrument function (black dots) and best fit of an Airy func-
tion (red line) and an Airy function considering defects according to Eq. (1) (blue line).
(Bottom): Respective residualsin % with respect to the transmission peak intensity.

A least-squaresfit of Eg. (1) is used to characterize the instrument function asit is shown by
the blue linein Fig. 2. For comparison, the best fit of an Airy function isalso indicated (Fig. 2,
red line) showing deviations of 4% with respect to peak intensity, whereas the deviations are
smaller than 0.5% in case defects are considered. Thisdemonstrates the necessity of considering
defectsfor an accurate description of the FPI transmission function. In summary, theinstrument
function of the system is determined by Eq. (1) with R=0.953, oy = 34.2 MHz and I'rsg =
7553 MHz leading to afull width at half maximum (FWHM) of about 146 MHz. Theinstrument
function of the 366 nm experiment is different as a different FPl was used [15]. In particular,

it is determined by Eq. (1) with R= 0.916, oy = 35.7 MHz and I'rsg = 7440 MHz leading to
FWHM =~ 232 MHz.

2.3. Measurement procedure for obtaining Rayleigh-Brillouin spectra

To avoid any contamination from gases of previous measurements, the scattering cell was evac-
uated and flushed with air, before being charged to the desired pressure. While charging the cell,
particles larger than 500 nm were removed by an aerosol filter in the gas inlet line. For each
measurement, the gas scattering cell is charged to a designated pressure pamp first and sealed
at room temperature Tanp. Afterwards, the temperature of the cell together with the gasinside
is set and controlled to a user defined value Tneas by four Peltier elements and a temperature-
controlled water cooling system, and measured with a Pt100 sensor. The actual pressure pPmeas
of each measurement is thus different from theinitial pressure and can be calculated by means
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of the ideal gas law according to

_ Pamb * Tmeas
Prmeas = I
amb

@)
while the number density of the gas molecules in the scattering volume stays the same.

The RB spectrum of the scattered light is resolved by changing the FPI cavity length via ap-
plying avoltage ramp to the PZT on which the curved FPI mirror is mounted. Before detecting
the photons of the scattered light, the PM T is kept optically closed to determineits dark counts,
which have to be subtracted from the detected signal to obtain the desired measurement data.
Apart from the PMT signal and the PZT scan voltage, a signal which is proportiona to thein-
tensity of the laser inside the scattering cell is recorded with a photo diode (Fig. 1, PD) to verify
that no laser power fluctuations disturb the measured spectra. After finishing the measurement,
the non-linearity of the piezo-scan is corrected, and the piezo voltage is converted into arela
tive frequency scale by utilizing that the distance between each measured RB spectrum equals
one FSR. Subsequently, several peaks (20-50) are averaged to obtain a better signal-to-noise
ratio. Furthermore, as the performed light-scattering experiments do not provide an absolute
intensity, the integrated intensity of the RB spectra is normalized to unity after a background
correction has been performed.

Examples of RB spectra measured at 403 NM (Tmeas = 279.6 K, Pmeas = 870 hPa (black),
Trneas = 296.0 K, Prmeas = 1005 hPa (red) and Teas = 330.3 K, Pmeas = 1014 hPa (blue)) and
averaged for frequency intervals of 150 MHz are shown in Fig. 3. The error bars indicate the
standard deviation obtained by the averaging procedure.
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Fig. 3. RB spectrameasured at 403 nm and different temperatures and pressures (see label),
averaged for frequency intervals of 150 MHz and normalized to equal area. The error bars
indicate the standard deviation of the respective data point resulting from the averaging
procedure. Details about the respective measurement conditions can be found in Table 2.

3. Dataand data analysis
3.1. Thetemperature retrieval algorithms

The goal of the retrieval algorithm is to obtain the temperature from measured RB spectra as
accurately as possible. This is done by analyzing and comparing the measured spectra with
an appropriate RB line shape model. In recent studies [9, 10, 11] it was shown that the best
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model for describing RB line shapes obtained in air isthe Tenti S6 model [8]. In particular, itis
shown that the deviation between model and measurement is less than 2% with respect to peak
intensity. However, the Tenti S6 model appears in a mathematically complex, non-analytical
closed form, which makes the application in on-line retrieval procedures for RB spectra time
consuming and complicated. For that reason, Witschas [13, 14] developed an analytical image
of the Tenti S6 model which consists of three superimposed Gaussians and which is shown to
mimic the Tenti S6 model with deviations of smaller than 0.85% with respect to peak intensity
for atmospherically relevant temperatures and pressures. Due to its analytical form, this line
shape model can be applied to measured spectrain ordinary fit procedures.

In this study, both the Tenti S6 as well as the analytical line shape model are used for tem-
perature retrieval to verify their level of performance. Before being applied to the measured
spectra, further details are considered.

Basically, the measured line shape .# is the convolution of the the instrument function .7
according to Eq. (1) and the spectral distribution of the scattered light .7

M=T(F)x7(T,p,f) (3)

where x denotes a convolution, f the optical frequency, and T and p the gas temperature and
pressure.

In our experiments, the spectrum of the RB scattered light is mainly determined by the
RB line shape grs(T, p, f). However, it aso contains an additional spectral component due
to particle scattering or spurious reflections from optics and cell walls o (), which appears
as an additional central peak as can be seen in the measured RB spectra shown in Fig. 3. Al-
though the particle-scattering contribution is less than 1% of the intensity of the molecular
scattered light for all measurements (see also Table 2) it is necessary to consider it in order to
avoid systematic errorsfor the temperature retrieval. As only negligible spectral broadening oc-
cursfor particle scattered or reflected light, .“pa () can be described by a Dirac-delta function
Opar @nd the spectrum of the scattered light is calculated according to

y(Tapaf):IRB'yRB(Tapaf)_FIDaT'&par(f) (4)

where Irg and Iy are the RB signal intensity and the signal intensity of light scattered on
particles or spurious reflections, respectively.

Equation (3), together with Eq. (1) and Eq. (4) is now applied to the measured RB spectrain
two different ways. On the one hand, #grg (T, p, f) is calculated with the Tenti S6 model [10]
and considering air as an “effective’” medium, consisting of molecules with an effective mass
whose collisions are parametrized by effective and temperature dependent transport coefficients
as summarized in Table 1.

Subsequently, Eq. (3) is numerically calculated and compared to the measured line shape for
several combinations of T and Iy, Which are the remaining two free parameters considering
that p isknown (Eq. (2)) and Ipar + Irs €quals unity as the measured spectra are normalized to
unity before they are analyzed. It is worth mentioning that even for atmospheric measurements
the pressure can be taken from the standard model atmosphere as simulations show that devia-
tions between model pressure and real pressure of +10 hPalead to systematic errors of lessthan
0.1 K. The combination of T and Ipa leading to optimum agreement between measured . neas
and modeled spectrum .#inoga 1S determined in aleast-squares agorithm evaluating

XZZZ(ymea&,i_ymodel,i)z (5)

The result isillustrated in Fig. 4, which shows in color-coding the calculated x? according to
Eq. (5) for several T and lpa 0N the left, and the comparison of the best-fit spectrum with the

#221756 - $15.00 USD Received 26 Aug 2014; revised 9 Oct 2014; accepted 9 Oct 2014; published 19 Nov 2014
(C) 2014 OSA 1 December 2014 | Vol. 22, No. 24 | DOI:10.1364/0OE.22.029655 | OPTICS EXPRESS 29661



Table 1. Gas transport coefficients for air at temperature T used for Tenti S6 model calcu-

lations[19].
Mass number [gmol 1] 28.970
Bulk viscosity np, [kgm s np=161-107.-T—-31-10"° [11]
L 3/2
Shear viscosity 7 [kgm1s Y n=no- (%) : ?LT:
o 3/2 expl—
Thermal conductivity k'  [Wm—21K™ 1] k=Ko <Tlo) : %m
Heat capacity ratio y 14
Internal specific heat cjp 1.0

Here, no = 1.846 x 10~ kg m1s71 is the reference shear viscosity and ko = 26.24 x 1073 W m~1K 1 is the
reference thermal conductivity at reference temperature To = 300 K; T, = 110.4 K, Ta = 245.4 K, and Tg = 27.6 K
are characteristic constants for air [19].

measurement on the right (blue line). The purple areain the middle of the color-plot indicates
that the value of best accordance is for T = 294.6 K and Ipy = 0.41% of Irg. The reference
temperature was Tpr00 = 295.5 K (see also Table 2). On the other hand, &g (T, p, f) is calcu-
lated by an analytical line shape model according to Witschas [13, 14] which is composed of
the superposition of three Gaussians. Again, the contribution of particle scattering is considered
by adding an additional Dirac-deltafunction before convolving with the instrument function as
depicted in Eq. (3). Using this procedure, the measured signal can be calculated completely
analytically according to

_ IR - 2rk(f — fo) 2m2K? (ng + O'RZ)
M= B ld <1+ Zglecos<rFSR) exp <_

T'esr Trsr?

- oo . 2712K2 (542 2
! ﬂ<1+22RkCOS(2nk(f fo fB)>eXp<_ T (cg+cB))>

k=1 1—‘FSR FFSRZ

2
P <1+2i#cos<2”k(f — fo+ fB))exp (_2n2k2 (092—1—052)))]
k=1

2 I'rsr Tesr?
<1+ zi chos(znk(f - fo)) om (_27172k26g2>)]
k=1 Irsr Trsr?
(6)

where fq is the center frequency of the RB spectrum, and <7(x,y), fs(X,y), or(x,y) and
os(X,y) are quantities used to parameterize the line shape model and are given in [13, 14].
x = 2nf/(v/2kvp) and y = p/(v/2kvon) represent dimensionless parameters commonly used
for parameterization in gas kinetic theory [8], wherek = |ks —ko|=47m/A sin(0/2) isthe mag-
nitude of the interacting wave vector (with kg and ks being the wave vectors of the incident
and scattered light), A is the wavelength of the incident light, 0 is the scattering angle, and
Vo = (kg T/m)¥/2 the thermal velocity. Thus, Eq. (6), which is an analytical representation of
Eg. (3), can now be applied to the measured spectra in a least-squares fit procedure, with fo,
lpar, IR @A T (via 27 (X,y), fe(X,¥), or(X,y) and og(X,y)) being the free fit parameters and p
is considered to be known. An example of a best-fit of Eq. (6) to a RB line shape measurement
isshown in Fig. 4, right (red dashed line). The derived temperature is Taqna. = 292.8 K and the
reference temperature was Tp100 = 295.5 K.

par

+
Iesr
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As mentioned, the effect of particle scattering needs to be considered for both retrieval al-
gorithms although the contribution to the signal from RB scattering is less than 1%. For real
atmospheric measurements, the amount of particle scattering (e.g. from the aerosol-rich bound-
ary layer or sub-visible cirrus clouds) can be much larger. The effect of light scattering on
particles and aerosols on the temperature retrieval might be systematically investigated by at-
mospheric high-spectral resolution lidar measurements and in future RB-scattering studies by
deliberately adding aerosols at predetermined sizes and concentrations to the scattering cell and
therewith mimicking their effects.

298 0.35

X measurement
—— Tenti model
— = Analytical model

T, =2955K
[T, =2946K
Ty = 2928 K

o
w
S

297 0.25

0.20

296
0151

intensity/(arb. units)

9 0.10 -
5 295 560€-
2 7506 .
§ 294 s 3
[ 2 A
§ 20 s ’ M’\ T
g .'r’\v/ll A NAA A VAl '} dj\:mﬁvwv A
c A A i 7
g oL R R
3 2 |
©
91 ; 0 y : I R S— 0 1 2 3
020 025 030 035 040 045 050 0.55 0.60

. . . . . A frequency/(GHz)
particle contribution/(% wrt RB-intensity)

Fig. 4. (Ieft): Squared deviation between measured and model RB line shape depending on
temperature and particle concentration calculated according to Eq. (5). (right, top): Meas-
ured RB spectrum (Tppgp = 295.5 K, p= 1010 hPa, black crosses) and best-fit according to
the Tenti S6 model calculation (Trent = 294.6 K, Ipar = 0.41% of Irg, blue solid line) and
the analytical model calculation (Tang, = 292.8 K, lpar = 0.34% of Igg, red dashed line).
(right, bottom): Deviation between measured and model RB line shape in % with respect
to peak intensity.

3.2. Estimation of the uncertainty of the retrieved temperature values

In order to quantitatively evaluate the performance of the temperature retrieval algorithms, the
uncertainties of the derived temperatures Tmoge S Well as the one of the reference temperature
Trr00 have to be determined and considered.

The reference temperature Tprigo, Which is considered as the actual temperature of the air
inside the scattering cell, was measured with a Pt100 sensor (class A) whose permissible de-
viation ATpgo IS caused by the resistance uncertainty and which is calculated according to
ATpri00 = 0.15K + 0.002 x |Tprigo — 273.15K| (DIN IEC 751). Considering the temperature
range of 255 K to 340 K used for the RB line shape measurements, ATpigp Varies between
0.19K t0 0.28 K.

For calculating the uncertainty ATmoge Of the retrieved temperature values Troge, tW0 main
contributors are considered within this study, namely the noise on the measured data points and
the uncertainty of the scattering angle caused by the geometrical layout of the optical setup. The
noise contribution is estimated by applying a maximum likelihood estimator (MLE), consider-
ing solely Poisson noise on the measured data points, and assuming for simplicity the RB spec-
trum to be Gaussian as it would be for very low pressures (Knudsen regime). As explicitly
discussed by Hagen et al. [20], the width wy (wg = FWHM /(8In2)%/?) of a Gaussian including
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Poisson noise can be determined with a standard deviation Gy, = g x (2N) /%, where N is

the number of detected photons. Asthe RB spectrum is considered to be aGaussian, itswidthis
equivalently described according to wg = 2/ x (kg T/m)*/2, where A is the wavelength of the
scattered light, T isthe air temperature, kg isthe Boltzmann constant, and mthe mass of asingle
air molecule. Using this relation, AT, is calculated to be ATnoise = T x (2/N)¥2 by means
of the partial derivative (dwg/dT). Within the presented measurements, N varied between
1 x 108 — 5 x 106 photons, and T was between 255 K — 338 K, thus, ATpise = 0.2 K —0.5K (1-
sigma uncertainty).

The influence of the scattering angle uncertainty can be transferred to a temperature uncer-
tainty by means of the x parameter used to parameterize RB line shapes and given before (sec-
tion 3.1). Additionally, the RB spectrum is again assumed to be a Gaussian, and thus, they pa-
rameter to be zero. As the x parameter depends on 6 as well as on T, the partial derivatives
(dx/d8) and (dx/JdT) can be used to calculate the temperature uncertainty caused by the scat-
tering angle according to

ATangle = tan?Be/Z) T~002-T (7)
with 6 = 1.60 rad (91.7°) and 06 = 0.02 rad (1.2°). Now, both contributions are quadratically
added yielding the overall uncertainty ATmoqe Of the retrieved temperature values as they are
indicated by the error barsin Fig. 5

ATrode = \/ (AThoise)2 + (A-rangle)2 (8)

It can be seen that ATage varies from 5.1 K to 6.8 K, and thus, it is the main contributor to
the overall uncertainty ATmnogel. However, it has to be mentioned that the estimate of 96 =
0.02 rad (1.2°) is quite conservative and gives the maximum possible error. As the laser beam
was only slightly re-aligned between each measurement, it is very unlikely that the principally
possible scattering angle range of +-1.2° was exhausted. Thus, both 96 and with it also ATage
are assumed to be smaller in reality. Anyway, this estimation demonstrates that RB spectra as
well as the temperature retrieval from them are quite sensitive to the scattering angle itself.
Regarding lidar measurements, which are usually restricted to a scattering angle of 180° and a
small field of view of several hundred urad, the scattering angle uncertainty will only play a
minor role for atemperature retrieval from RB profiles.

4. Experimental resultsand discussion

In the following, RB line shape measurements performed at a wavelength of 403 nm in air
(T =257 K t0 330K, p= 871 hPato 1013 hPa) are used to verify the performance of the two
temperature retrieval algorithms explained in section 3.1. Furthermore, previously performed
RB line shape measurements (A = 366 nm, T = 255 K to 335 K, p = 643 hPa to 826 hPa)
published by Gu et al. [11] are used for additional verification. A summary of the respective
experimental conditions for the measurementsis given in Table 2.

In Fig. 5, the retrieved temperatures Tynoge are plotted as a function of the reference tem-
perature Tpr100. The left and right graph indicates the results for measurements performed at
a wavelength of 366 nm and 403 nm, respectively. The blue dots denote the results from the
temperature retrieval using the Tenti S6 model, the red dots the results obtained by using the
analytical line shape model. The shown error bars indicate the uncertainty of the reference
temperature ATpripo and the one of the derived temperature ATnoqe @ccording to Eg. (8), re-
spectively. The gray line represents the Tmode = Tprioo line.

For both data sets it is obvious that there is very good accordance between temperatures
retrieved with the Tenti S6 model and reference temperature. In particular, the absolute dif-
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ference is less than 2 K for all measurements. A linear correlation of retrieved- and refer-
ence temperature (Fig. 5, blue dashed lines) yields a slope of 1.00 + 0.03 (A = 366 nm) and
1.01 + 0.02 (A = 403 nm), and thus clearly demonstrates the reliability of the retrieval proce-
dure. The second algorithm using the analytical line shape model shows larger discrepancies of
up to 9.9 K and is thus not useful at its present stage. The linear correlation of retrieved- and
reference temperature (Fig. 5, red dashed lines) yields a slope of 0.89 + 0.03 (A = 366 nm)
and 0.87 + 0.02 (A = 403 nm), and thus indicates that the model leads to larger discrepancies
at higher temperatures. The statistical uncertainty of the retrieved temperature values varies
between 5 K and 7 K. However, it is worth mentioning that the uncertainty caused by Poisson
noise only varies between 0.2 K and 0.5 K. The larger contribution comes from the scattering
angle uncertainty associated with the present experimental setup. As already explained, this
estimation is conservative and gives the maximum uncertainty that can be caused due to avary-
ing scattering angle. Considering that lidar measurements have scattering angles of 180°, only
the Poisson noise uncertainty (0.2 K to 0.5 K) would contribute to such kind of atmospheric
measurements.
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Fig. 5. Temperature values retrieved from RB spectra measured at 366 nm (left) and
403 nm (right) by using the Tenti S6 model (blue) and the analytical line shape model (red)
compared to reference temperature measured with a Pt100 sensor. Detailed values are given
in Table 2. The gray lineindicates Trode = Tpr100 line.

The results shown above demonstrate that absolute temperatures can be derived from
RB spectra obtained in air with an accuracy better than 2 K by utilizing the described tem-
perature retrieval based on the Tenti S6 model. The retrieval based on the analytical model
leads to larger deviations especially at higher temperatures. This behavior can be explained by
apoor temperature-parameterization method within the analytical line shape model [13, 14]. In
particular, the analytical model is parameterized by the x- and y parameter which themselves
depend on pressure and temperature. However, in order to obtain different line shapes with dif-
ferent x and y parameters for the parameterization process, the temperature was kept constant
at 250 K and only the pressure val ues have been varied. Thus, the entire model is actually only
valid for atemperature of T = 250 K. No temperature dependency of the gas transport coeffi-
cients (see Table 1) is considered. This explanation is also confirmed by the derived values at
low temperatures which are Ty, = 257.0 K at areference temperature of Tpygo = 256.6 K (at
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403 nm) and Tng. = 254.5K at areference temperature of Tprigo = 255.2 K (at 366 nm). In both
cases the deviation between derived- and reference temperature is less than 1 K. This means
that the analytical model needs further devel opment, in particular, the consideration of different
temperature values before it is useful for realistic temperature retrievals. For an improvement
concerning the parameterization process it is foreseen to utilize several Tenti S6 line shapes
calculated for different wavelengths, scattering angles and temperature- and pressure valuesin
order to find improved values for the parameters needed to evaluate Eq. (6). In case that this
approach leads not to an improvement, a new approach can be explored based on deriving the
analytical model for a fixed wavelength and scattering angle, just depending on temperature
and pressure.

Asan alternative, an analytical RB line shape model, recently developed by Maet al. [21, 22]
and based on the superposition of three Voigt-functions, was shown to deliver improved per-
formance in temperature retrieval over the three-Gaussian model, especially at pressure values
larger than 1000 hPa[21]. The temperature in this V3-model are directly derived from the Bril-
louin shift asit is usually done with RB spectra measured in the hydrodynamic regime (e.g. in
gases with pressures larger than 5 bar, liquids or solid states). However, as discussed in [21],
the temperature derived from a simulated reference RB spectrum at a pressure of 1000 hPaand
temperature of 292 K has an offset of 8.4% with respect to the reference value. Thus, aso this
V3 analytical model needs further improvement before it can be used for temperature retrievals
from RB spectra at atmospheric conditions.

In caseit turns out that analytical models do not deliver the desired accuracy for the tempera-
ture retrieval, a Tenti S6 line shape based |ook-up table might be used to end up with a faster
processing time while keeping the accuracy demonstrated here.

Table 2. Overview of experimental conditions and retrieved temperature values.

Traoo  Trenti  lparTenti  TPuoo-Trenti  Tara.  lparana.  TPt100-Tanal. p A
(K)  (K) (%) (K) (K) (%) (K) (hPa)  (nm)
296.0 296.1 0.66 -0.1 292.5 0.68 +3.5 1005 402.987
256.6 254.7 0.41 +1.9 257.0 0.35 -04 880  402.995
2955 294.6 0.41 +0.9 292.8 0.34 +2.7 1010 402.985
309.2 3111 0.41 -1.9 305.5 0.38 +3.7 1011 402.995
330.3 3284 0.75 +1.9 3204 0.82 +9.9 1014 402.993
284.7 284.0 0.34 +0.7 282.6 0.41 +2.1 955  402.997
279.6 279.7 0.48 -0.1 279.7 0.43 -0.1 870  402.997
320.3 320.9 0.27 -0.6 313.9 0.24 +6.4 1013 402.996
255.2 254.9 0.34 +0.3 254.5 0.16 +0.7 643  366.840
276.8 278.6 0.34 -1.8 278.1 0.27 -1.3 703  366.840
297.2 297.6 0.48 -0.4 2934 042 +3.8 726  366.650
317.7 317.0 0.41 +0.7 3109 0.46 +6.8 776  366.650
338.2 339.1 0.55 -0.9 330.2 0.62 +8.0 826 366.650

5. Summary and conclusion

Rayleigh-Brillouin (RB) scattering measurements in air (A = 403 nm, T = 257 K to 330 K,
p = 871 hPato 1013 hPa) were performed and used to verify the performance of two different
temperature retrieval algorithms, one based on the Tenti S6 line shape model [8], and one based
on an analytical model [13, 14]. Furthermore, previously performed RB measurements (air, A =
366 nm, T = 255K to 335K, p = 643 hPato 826 hPa) [11] were used for additional validation.
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With both data setsit is demonstrated that absolute temperature can be derived from RB spectra
obtained in air at atmospheric conditions with high accuracy. In particular, it is shown that
the accordance of the derived temperature to the reference temperature is better than 2 K in
case of the Tenti S6 model-based retrieval algorithm. This outcome is of great relevance for
future high spectral resolution lidar systemsthat might use RB spectrafor deriving atmospheric
temperature profiles as it was recently shown by Witschas et al. [23]. The retrieval based on
the analytical model |eads to discrepancies between retrieved- and reference temperature of up
t0 9.9 K and is thus not useful at its present stage. It is discussed that these discrepancies are
explained by a poor temperature-parameterization within the model which has to be improved
for successful future use.

The present high-quality experimental data demonstrate that temperatures can be retrieved
from RB line shapes at an accuracy of 2 K. It isworth mentioning that this accuracy is depend-
ing on the instrument resolution and signal-to-noise ratio of the measured RB spectra. Thus,
this has to be considered when estimating the accuracy for realistic atmospheric lidar measure-
ments. Also the effect of aerosol scattering will be decisive under real atmosphere conditions.

While the present study has shown that the Tenti S6 model best describes the line shapesin
RB-scattering, future studies should reveal how accurate temperature retrieval procedures can
become for certain values of resolution, signal-to-noise ratio and aerosol contributions.
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