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The airborne measurement of a temperature profile from
10.5 km down towards ground (≈1.4 km above sea level)
during daytime by means of a lidar utilizing Rayleigh–
Brillouin (RB) scattering is demonstrated for the first time,
to our knowledge. The spectra of the scattered light were
measured by tuning the laser (λ= 354.9 nm) over a 11 GHz
frequency range with a step size of 250 MHz while using
a Fabry–Perot interferometer as a spectral filter. The mea-
surement took 14 min and was conducted over a remote
area in Iceland with the ALADIN Airborne Demonstrator
on-board the DLR Falcon aircraft. The temperature profile
was derived by applying an analytical RB line shape model
to the backscatter spectra, which were measured at different
altitudes with a vertical resolution of 630 m. A comparison
with temperature profiles from radiosonde observations
and model temperatures shows reasonable agreement with
biases of less than ±2 K. Based on Poisson statistics, the
random error of the derived temperatures is estimated to
vary between 0.1 K and 0.4 K. The work provides insight
into the possible realization of airborne lidar temperature
profilers based on RB scattering.
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Temperature is a fundamental quantity that is needed to
describe the state of the atmosphere. Thus, observational data of
temperature profiles are important inputs to numerical weather
prediction and for data retrievals of other atmospheric quantities
such as wind and relative humidity. Therefore, various in situ
and remote sensing technologies have been developed to provide
spatially and temporally resolved temperature profiles [1].

A successful active remote sensing method is lidar, which
can be used to acquire temperature profiles from ground up to
the mesosphere (≈105 km) with adequate accuracy (≈1 K)
and high temporal (≈ a few minutes) and vertical resolution
(≈100 m) [2]. For tropospheric temperature profiling with
lidar, it is common to make use of rotational Raman scattering

on air molecules [3,4], although powerful lasers and long inte-
gration times are needed due to the small Raman scattering
cross section. An alternative method is the usage of high spectral
resolution lidars (HSRLs), which infer temperature from the
shape of the Rayleigh–Brillouin (RB) spectrum. Due to the
larger Rayleigh scattering cross section and the smaller spectral
extent compared to Raman scattering, HSRL measurements
can be performed with low-power lasers, smaller telescopes,
and during daytime [5,6]. Usually, HSRL systems use atomic
vapor cells [7–9] or interferometers [5] to separate the molecular
from the aerosol signal and apply a RB line shape model for
temperature retrieval. A modified approach was introduced
by Witschas et al. [6] who resolved the entire RB spectrum by
tuning the laser over a 12 GHz frequency range and using a
Fabry–Perot interferometer (FPI) as a spectral filter. With this,
tropospheric temperature profiles were measured from 2 km to
15 km with a vertical resolution of 0.3 km to 2.2 km and showed
differences to radiosonde temperatures of<2.5 K in cloud-free
conditions. Recently, Stillwell et al. [10] demonstrated temper-
ature measurements during day and nighttime from ground up
to 4 km with a vertical and temporal resolution of 225 m and
30 min and with an accuracy of better than 3 K, by applying
the differential absorption lidar technique. This reveals that
different tropospheric temperature sounding techniques have
been demonstrated by ground-based lidars. However, measure-
ments from airborne platforms that can provide data at times
and locations that are inaccessible for ground-based systems are
still rare.

To this day, results of only a few airborne temperature lidar
systems have been published. Airborne measurements of tropo-
spheric temperatures are all based on Raman scattering, whereas
temperature profiles in the stratosphere have been measured
by means of Rayleigh scattering [11,12]. Advantageously, as
no aerosols are usually present in the middle and upper strato-
sphere, the number of backscattered photons can be related
to the molecular number density and hence to atmospheric
temperature. However, this approach does not work in the
troposphere, where aerosols are mostly present. In 1996, Heaps
et al. [13] reported on airborne Raman lidar measurements
performed from 6 km altitude, but did not discuss results of
temperature measurements. Later, in 2002, Burris et al. [14]
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showed measurements of their upwards measuring airborne
Rayleigh/Raman lidar providing temperature profiles from
flight level (≈11 km) up to 60 km. Comparisons to radiosonde
and in situ measurements showed excellent agreement with
systematic and random errors of about 1 K. In 2016, Wu et al.
[15] demonstrated airborne temperature measurements in the
troposphere during nighttime by means of a compact rotational
Raman lidar from flight level (≈3 km) down to ground. The
random error was determined to be always better than 3 K.
Lately, Rehky et al. [16] published a feasibility study regard-
ing the opportunity of using filtered Rayleigh scattering to
measure temperature and density profiles below a supersonic
aircraft; however, no information about the accuracy of these
measurements is estimated.

In this Letter, we report on the first tropospheric temperature
profile measurement during daytime from a flight altitude of
11 km down towards the ground by means of a lidar utilizing
RB scattering. The instrumental architecture and the applied
measurement principle are explained in detail by Witschas et al.
[6] based on ground-based measurements. Here, the method
was applied to a temperature profile measurement in flight to
demonstrate its feasibility even in the harsh environment of an
airborne platform and particularly at daylight conditions as well
as in a region that is difficult to access from ground.

During the North Atlantic Waveguide and Downstream
Impact Experiment (NAWDEX), conducted in Sep/Oct 2016
[17] from Keflavik, Iceland, the German Aerospace Center
(Deutsches Zentrum für Luft- und Raumfahrt, DLR) deployed
two airborne wind lidar systems aboard their Falcon aircraft
[18]. Besides providing accurate wind speed measurements of
the North Atlantic jet stream, another goal was the preparation
of the first spaceborne wind lidar mission, Aeolus, launched
on August 22, 2018, by the European Space Agency. The DLR
Falcon aircraft was equipped with a prototype of the Aeolus
satellite instrument, the ALADIN Airborne Demonstrator
(A2D) [19,20], as well as with a coherent detection wind lidar
used as a reference instrument [21]. The same payload was used
in later campaigns after launch to validate the Aeolus wind data
product [20,22].

A detailed discussion about the optical architecture of the
A2D can be found in [18,19]. Here, only the components that
are important for this study are revealed. It is worth adding
that the A2D was optimized for wind measurements but
also provides the capability to measure temperature based
on RB scattering. The laser consists of an injection-seeded,
frequency-tripled, diode-pumped and pulsed Nd:YAG laser
with an output energy of 60 mJ/pulse, a pulse repetition rate
of 50 Hz, and a linewidth of 50 MHz (FWHM) at 354.9 nm
(844.754 THz). A seed laser enables single frequency operation
and tuning the laser frequency with high frequency stability
(0.3 MHz RMS) over a range of 12 GHz, which is needed to
sample the RB spectrum. The backscattered light is collected
with a Cassegrain telescope with a 20 cm primary mirror diam-
eter and directed to the optical receiver that consists of a field
stop that limits the field of view to 100 µrad and several inter-
ferometers that are usually used for wind measurements. Here,
only one of the two FPIs is used to sample the RB spectrum. The
plates of the FPI are separated by 13.68 mm, leading to a free
spectral range of 10.95 GHz, and the FWHM of the transmis-
sion curve is about 1.78 GHz. The light passing through the FPI
is detected with an accumulation charge-coupled device.

Performing an accurate wind retrieval with the A2D requires
instrument calibration measurements [18,23] that allow estab-
lishing the relationship between the Doppler frequency shift,
and the corresponding response of the spectrometers. To deter-
mine this relationship, a frequency scan of the laser is carried
out, thus simulating well-defined Doppler shifts of the radiation
backscattered from the atmosphere. During the calibration, the
contribution of the actual atmospheric wind along the line of
sight of the instrument has to be eliminated. For this purpose,
the calibration is carried out with nadir pointed lidar beams
accomplished by flying curves at a roll angle of 20◦, to compen-
sate for the fixed off-nadir angle of the A2D instrument while
assuming negligible vertical winds.

During one particular flight of NAWDEX, the A2D cali-
bration method was adapted to an extended frequency range
of 11 GHz such that RB spectra were measured with sufficient
spectral coverage, thus allowing to determine an atmospheric
temperature profile. On October 15, 2016, at 15:24 UTC,
the Falcon took off from Keflavik airport heading towards the
Vatnajãkull glacier where one regular A2D calibration was
performed. Due to clouds above the glacier, the aircraft moved
farther north (65.1◦N, 17.9◦W) to perform another two A2D
calibrations, followed by the temperature measurement (Fig. 1,
magenta). The flight altitude was 10.97 km, and the measure-
ment lasted from 18:00 UTC to 18:14 UTC. Afterwards, the
Falcon returned to Keflavik airport and landed at 18:40 UTC.
The corresponding flight track with the characteristic cycloidal
flight pattern due to the drift of the aircraft with crosswind is
shown in Fig. 1.

For the temperature measurement, the A2D laser frequency is
changed in defined steps of 250 MHz over a frequency range of
11 GHz (at 354.9 nm). For each frequency step, one observation
consists of the atmospheric returns from 630 pulses and takes
14 s. It needs an additional 4 s to change the laser frequency to
the next step, a time during which no data are acquired. Thus,
the entire sampling of the RB spectrum takes 14 min. The
measured RB spectra for all altitudes normalized to unit area are
shown in Fig. 2. The given altitudes indicate the center of the
respective range bin, and the lowest valid measurement above
the ground was at 1.84 km. The RB spectra at different altitudes
look similar and are characterized by lower amplitude and larger
width at low altitudes, which suggests higher temperatures in

Fig. 1. Flight track of the aircraft on October 15, 2016, over Iceland
(green). The area of the temperature measurement is indicated in
magenta. Background image: c© 2020 Google.
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Fig. 2. RB spectra for different altitudes measured on October 15,
2016 (18:00 UTC to 18:14 UTC), normalized to unit area.

that region. To retrieve the actual temperature, the retrieval steps
explained in Witschas et al. [6] are performed. In particular,
the convolution of the FPI transmission curve, the spectral
line shape of the laser, as well as the spectral distribution of the
backscattered light is fitted in a least squares procedure to the
measured spectra. Hence, not only an accurate RB line shape
model but also an accurate treatment of the spectral features
of the FPI is important as revealed by Witschas et al. [6]. The
RB spectrum itself is well described by the Tenti S6 model
[24,25], as demonstrated by several laboratory measurements
[26–29] and atmospheric measurements [30]. To enable ana-
lytical fit procedures, a parameterized version of the Tenti S6
model according to Witschas [31,32] is used. Furthermore,
in the presence of aerosols, particle scattering leads to an addi-
tional narrowband spectral component at the center frequency
position, which is also considered in the fit routine.

Since the atmospheric pressure is not measured, it is taken
from the U.S. standard atmosphere [33]. This is a justifiable
approach, as simulations reveal that pressure uncertainties of
10 hPa cause a systematic error in the retrieved temperature
of <0.1 K. The corresponding random error of the retrieved
temperatures is calculated by means of a maximum likelihood
estimator (MLE) method and considering Poisson noise only.
The actual random error is likely to be larger due to the rather
harsh and unstable conditions in the aircraft that may act on
the laser frequency stability [34] and pointing direction, which
in turn can slightly influence the actual transmission through
the FPI. As shown by Hagen et al. [35], the standard deviation
σw of the width w of a Gaussian profile can be estimated using
an MLE according to σw =w · (2N)−1/2, where N is the total
number of detected photo electrons. If the effect of Brillouin
scattering is neglected, the RB spectrum has a Gaussian shape
described by the Maxwell velocity distribution with a width
of wm = 2/λ · (kT/m)1/2, where λ= 354.9 nm is the laser
wavelength, k = 1.38 · 10−23 kg m2 s−2 K−1 the Boltzmann
constant, and m = 4.798 · 10−26 kg the average mass of one
air molecule. Additionally, the FPI transmission curve can
be approximated to follow a Gaussian shape with a width
of wFPI ≈ 723 MHz. Thus, the overall width w is given by
w= (w2

m +w
2
FPI)

1/2. To convert σw from Hertz to Kelvin, the
derivative ∂w/∂T is equalized withσw to finally get

σw =
w2
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where the first term is the contribution of the instrument func-
tion and thus independent of T, and the second term is the
contribution of the spectrum of the scattered light. It is worth
mentioning that for typical tropospheric temperatures (220 K
to 320 K), the contribution of the measured spectrum to the
random error [second term in Eq. (1)] is a factor of three to four
larger than the one of the instrument function [first term in
Eq. (1)]. For the measurement performed on October 15, 2016,
the random error of the retrieved temperatures varies between
0.1 K and 0.4 K. From Eq. (1), it is also deduced that a random
error below 1 K can be obtained with a quarter of the detected
photons, meaning that both measurement time as well as the
vertical bin size of the measurements can in principle be further
reduced.

The retrieved temperatures are shown in Fig. 3 (left, red
curve), while the corresponding random errors estimated from
Eq. (1) are shown in Fig. 3 (left, error bars). The temperature
profiles measured by a radiosonde at a distance of 250 km
from the actual measurement location (65.1◦N, 17.9◦W) at
12:00 UTC is shown in green. The black curve represents the
temperature obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) operational analysis that
was spatially interpolated to the measurement location. The
corresponding differences are plotted in the right panel.

The temperatures retrieved from the lidar measurements
are in reasonable accordance with both the temperature pro-
files measured by the radiosonde and the one modeled by the
ECMWF. The gray areas mark regions of invalid temperatures.
Temperatures derived within the first 2.5 km from the instru-
ment are affected by an incomplete telescope overlap and are
thus considered to be unreliable. Though the laser is transmitted
coaxially to the optical axis of the telescope, the backscattered
light close to the instrument is obscured by the secondary mir-
ror such that full overlap is reached about 3 km away from the
instrument [36]. The measurement closest to the ground is
likely to be affected by ground return, which considerably alters
the backscatter spectrum and is hence also treated as invalid.
The valid temperature values cause biases of less than ±2 K
compared to radiosonde and the model. Further, the deviation
to model temperatures exhibits an altitude dependency, i.e., the
lidar yields a warm-bias for lower altitudes and a cold-bias for
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Fig. 3. Left: temperature profiles measured by the lidar (red) and
radiosonde (green) as well as simulated ECMWF analysis (black).
Right: temperature differences and error bars considering the random
error of the lidar measurements [Eq. (1)]. The gray areas mark regions
with invalid lidar measurements.



Letter Vol. 46, No. 17 / 1 September 2021 /Optics Letters 4135

higher ones, a characteristic that was already observed from
the ground-based measurements [6]. This behavior could
be explained by an altitude-dependent illumination of the
FPI, which means that the backscattered light from different
altitudes has a different effective illumination angle, which
in turn leads to a slightly different FPI transmission func-
tion. Consequently, a bias-free temperature retrieval could be
implemented considering a range-dependent FPI transmission
function. With the derivation of Eq. (1), it can be shown that
a FWHM change of the FPI of 6.7 MHz changes the retrieved
temperature by1 K.

In this Letter, it was demonstrated for the first time that
tropospheric temperature profiles can be acquired during day-
time from an airborne platform by means of lidar making use of
RB scattering. The comparison with radiosonde and ECMWF
model data reveals biases of smaller than ±2 K between 2 km
and 8.5 km altitude. The corresponding random error varies
between 0.1 K and 0.4 K.

To be less sensitive to varying atmospheric conditions
during measurement, to be able to further shorten the mea-
surement time, and to be more flexible in the post processing,
it is suggested to use an imaging Fizeau interferometer with a
multi-channel photomultiplier tube detector in the future [37].
Such a system makes no use of laser frequency or interferometer
scanning procedures and is currently under development at
DLR. First successful ground-based measurements have been
performed, and first results were recently published [38]. In
addition, it is foreseen to investigate the possibility of combin-
ing the suggested temperature lidar approach with a Raman lidar
that can retrieve temperature more accurately in aerosol-rich or
cloudy areas.
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