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Abstract

In August 2018 the satellite Aeolus with the worldwide first Doppler wind lidar in space on
board was launched. By performing global horizontal wind measurements on molecules and
particles in vertical ranges between 0 km to 30 km it is a promising new technology to improve
the quality of weather forecasts and the understanding of the atmospheric processes. To
quantify the quality, validations and calibrations with weather models and with measurements
of radiosondes, balloons, satellites, aircraft, and ground-based instruments are necessary. In
this thesis unique shipborne validation across the Atlantic Ocean and land-based validation
in Leipzig are performed and analysed, using radiosondes and Polly*" lidars. The validations
show the success of the Aeolus mission, having correlations up to 92.8 % between Aeolus and
radiosonde measurements. Furthermore, reasons of measurement deviations in the validations

are discussed as well as the current challenges of the Aeolus mission.

Zusammenfassung

Im August 2018 wurde der Satellit Aeolus erfolgreich mit dem ersten Doppler Windlidar
an Bord auf seine Umlaufbahn gebracht. Mit der Moglichkeit global horizontalen Wind an
Molekiilen und Partikeln in Hohen bis zu 30 km zu messen, verfiigt der Satellit eine vielver-
sprechende Technologie um Wettervorhersagen zu verbessern und das Verstdndnis der atmo-
sphérischen Prozesse zu erweitern. Um seine Qualitit zu {iberpriifen, sind Validierungen und
Kalibrierungen mit Wettermodellen und mit Messungen von Radiosonden, Ballonen, Satel-
liten, sowie flugzeuggebundenen und bodenbasierten Messgeriten notwendig. In dieser Arbeit
werden einzigartige schiffsgebundenen und bodenbasierte Validierungen mit Radiosonden und
Polly*T Lidars iiber dem Atlantischen Ozean, sowie in Leipzig durchgefiihrt. Sie zeigen den
Erfolg der Aeolusmission, mit Korrelationen zwischen Aeolus- und Radiosondenmessungen bis
zu 92.8 %. Desweiteren werden die Griinde fiir Abweichungen in diesen Validierungen und die

momentanen Herausforderungen der Aeolus Mission diskutiert.
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1 Introduction

On 22 August 2018 the new satellite Atmospheric Dynamics Mission (ADM]) Aeolus was suc-
cessfully launched. Aeolus belongs to the European Space Agency (ESAl) Earth Explorer
Core Mission and has the worldwide first Doppler wind lidar in space on board (lidar: light
detection and ranging), called Atmospheric Laser Doppler Instrument (ALADIN)). Its mission
is to demonstrate the new technology for horizontal wind measurements from space in order
to improve the quality of weather forecasts and to advance the understanding of atmospheric
dynamics and climate processes [I].

For precise weather forecast the Numerical Weather Prediction (NWP)) models rely on the data
assimilation of worldwide meteorological observations. But as shown in Figure the global
observation system lacks in an even in situ wind observation distribution. The Figure shows
the global (a) and vertical (b) direct wind observing system that is assimilated at the European
Centre of Medium-Range Weather Forecasts (ECMWTE]) model from late 2016 [2]. The obser-
vations are mainly made by aircraft, radiosondes, and Atmospheric Motion Vectors .
[AMYV] describe the method of observing the movement of objects (like clouds) from space and
deriving the wind velocity from its movement. But as the [AMV] method provides only wind
information in the troposphere and there are only few aircraft and radiosonde measurements in
the lower stratosphere, the coverage in the lower stratosphere is poor. Furthermore, the main
input of aircraft measurements is in Europe and the USA and not globally distributed. There-
fore the observations are suffering from a shortage, especially on the Southern Hemisphere, in

the lower stratosphere and over the Oceans.

The aim of Aeolus is to fill these gaps by providing global horizontal wind profiles in altitudes
from 0 km to 30 km, ready for data assimilation in [NWP] models.

Within the German initiative Ezperimental Validation and Assimilation of Aeolus observa-
tions (EVAA]) experimental validation for Aeolus are conducted by the Meteorological Insti-
tute of the Ludwig Mazimilian University of Munich (MIM), Leibniz Institute for Tropospheric
Research (TROPOS), Deutscher Wetterdienst (DWDI), and the Deutsche Luft- und Raum-
fahrt (DLR). As part of these activities, the regular participation of on Polarstern
cruises within the project [3, 4, [, [6] offered the opportunity to perform ground-
based validation above the Atlantic Ocean. With no ground station on the Atlantic Ocean, this

was an unique chance to achieve ground-based measurements in this area. The cruise PS116
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Figure 1.1: The global (a) and vertical (b) distribution of the direct wind observations that
are assimilated at the ECMWEF] from late 2016 [2].

from Bremerhaven to Cape Town took place from 10 November 2018 to 11 December 2018
[7]. Starting in the Northern mid-latitudes and ending in the Southern subtropical region at a
latitude of -33.92°, Polarstern passed various wind pattern, typical for the different latitudes
along the cruise. Figure|l.2|illustrates the most important global circulation systems and wind
flows, including the Polar cell, Ferrel cell, the Hadley cell, and the Polar and Subtropical jet
stream [8]. Polarstern started in the Northern mid-latitude region, which has frequently west-
erly winds at ground level. Tt passed the region of the Subtropical jet stream and continued
towards the North-East and South-East trade winds in the tropics, crossing the Inter-Tropical
Convergence Zone ([T'CZ) and finally ended up in the subtropical region in Cape Town.

The validation could be realised with the facility of [TROPOS| including the
portable multiwavelength Raman polarization lidar, called Polly*” [10] and additional ra-
diosondes, provided by the on Polarstern [11].

This thesis will provide an overview and the challenges of the Aeolus mission, the principle
of the Doppler wind lidar and [ALADINE instrumental setup. Furthermore, case studies and
statistics of the shipborne validation for wind and aerosol measurements as well as land-based
wind validation, taken place in Leipzig, are compared to the measurements of Aeolus and will

be analysed and discussed.
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Figure 1.2: A sketch of the atmospheric wind circulation, illustrating the most important
global circulation systems, wind flows and jet streams [9].






2 Overview of Aeolus

This chapter provides an overview of the most important key points of Aeolus, including the

basic concept, the sampling terminology and the ideal mission requirements.

In 1999 [ESAIl chose the [ADM] wind lidar as the 2! Earth Explorer Core mission. The name
Aeolus was inspired by the keeper of the wind in Greek mythology [12]. the instru-
ment on board, is a High Spectral Resolution (HSR)) elastic backscatter lidar with a Nd-YAG
laser operating at a wavelength of 355 nm. The laser pulses are emitted with a frequency of
50.5 Hz and a circular polarization. The wind profiles are obtained from laser light, that is
backscattered at moving air molecules and particles. The signals are separately detected by
two different receiver channels, the Rayleigh channel for molecular and the Mie channel for
particle backscatter. This has the advantage of two independent wind measurements. Fur-
thermore, it gives the possibility to subsequently perform aerosol measurements, providing the

particle extinction and the particle backscatter coefficient independently [13].

The basic concept of Aeolus is shown in Figure It has a weekly repeating polar, sun-
synchronous orbit with an inclination of 97° and a mean altitude of 320 km. One orbit period
has a duration of 90.8 minutes and a ground track velocity of about 7200 ms~!. The line-
of-sight ([LOS) describes the field of view in which the backscattered light from the emitted
laser pulses can be collected by the lidar. It has an angle of 35° versus nadir, to be able to
measure the horizontal line-of-sight wind velocity. It should be mentioned that this

angle changes to 37.6° on the measurement ground point due to the earth curvature [14].

Besides in strong convection cases, the vertical wind velocity is small compared to the horizon-
tal wind, thus the vertical component can be neglected. Furthermore, the [LOS|is orthogonal
to the flight direction to minimize the effect of the satellite velocity on the wind measurements.
The orbit is aligned such that Aeolus flies along the day/night border facing towards the night
side to minimize the solar background radiation. Thus, the overpasses are either in the morn-
ing (descending orbit) at around 6 am or in the evening (ascending orbit) at around 6 pm
local time. Passing from North to South in the morning, Aeolus’s viewing direction has an
azimuth angle of around 100°. This leads to a main measurement of the horizontal west/east
wind component, having a positive sign of east winds along the Consequently the sign

is vice versa for the Aeolus track from South to North, having an azimuth angle of around 260°.
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— Flight direction

Flight altitude
320 km

Figure 2.1: Basis concept of the Aeolus satellite. The line-of-sight indicates the field of
view of the received backscattered signals from the emitted laser pulses [14].

The sampling terminology of the [HLOS wind profiles is shown in Figure The accumulation
of 19 outgoing laser pulses on the instrument is called one measurement and corresponds to
a horizontal length of around ~ 3 km. One observation is the averaging of several measure-
ments. The number of measurements included in one observation can be modified, depended
on the integration length that is wanted. In the output product, the observation is included as
one wind or aerosol profile, having the integration length as horizontal resolution. Each profile
is subdivided in 24 vertical layers between 0 m to 30 km with a vertical resolution between
250 m to 2 km [14].

The most important ideal observational mission requirements of the ADMFAeolus Mission are
listed in Table 2.1 The vertical resolution shall achieve 500 m in the Planetary Boundary
Layer (PBL)), 1 km in the troposphere and 2 km in the lower stratosphere. The requirements
for the horizontal integration length per observation depends on the measurement product and
altitude. 90 km is required for the preliminary [HLOS wind (called Level 1B product and will be
described later on), 100 km is used for the wind accuracy requirement below and 140 km above
an altitude of 14 km [14]. The precision of the [HLOS| component shall be 1 ms™! for the PBI]
2.5 ms~! for the troposphere and 3 ms~! for the lower stratosphere. As the measurement shall
improve the weather forecast by data assimilation, the data must be available within 3 hours
[14].
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Figure 2.2: The Aeolus sampling terminology. The distance lengths differ as the ground
track velocity has changed due to a different flight altitude of the satellite [15].

Parameter Planetary Boundary Layer | Troposphere | Stratosphere
vertical domain 0-2 km 2-16 km 16-20 km
vertical resolution 0.5 km 1 km 2 km
horizontal integration length 90/100/140 km

per observation

precision HLOS component 1 ms! ‘ 2.5 ms™! ‘ 3 ms!
data availability, timeliness 3 hours

Table 2.1: The most important ideal mission requirements of the ADM] Aeolus mission [14].






3 Doppler Wind Lidar ALADIN

In this chapter the principle of a lidar will be explained. It focuses on the function of the
Doppler wind lidar [ALADIN] including the measurement principle of a Doppler lidar and
the optical architecture of ALADIN|I Furthermore, a simulation example of the Aeolus wind

profiles is shown and the aerosol and cloud property measurements are discussed.

3.1 Lidar principle

The acronym LIDAR was first introduced by Middleton and Spilhaus in 1953 [16] and is
nowadays used as an own word, written as lidar. It is used as an active remote sensing system.
Its basic components are shown in Figure in this case for the space lidar ALADINL

Receiver
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Figure 3.1: Basic scheme of a lidar from space [12].

The transmitter laser produces laser pulses that are emitted into the atmosphere. The light,
backscattered from particles and air molecules within the [LOS| is collected by the telescope

and transmitted to the receiver. The analysed signals are used to determine vertical profiles of
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different properties of the atmosphere [14]. Thanks to the rapid development of laser technique
and detecting systems, the lidar has established itself to be a reliable system for remote mon-
itoring of atmospheric properties. The field of application is thereby large. Depending on the
technical setup of the lidar, it is possible to distinguish between ice crystals and water droplets
in clouds, to provide aerosol classification according to size, shape and absorption properties,

to observe trace gases like ozone or water vapour and also to determine wind velocities [16].

The basic lidar equation to describe the detected backscattered signal is thereby [16]:

cr . O(R) R
P(R,\) = POEAn?MR, A) exp {—2/0 a(r, N)dr (3.1)
with
P(R, \) = power received from range R c = speed of light
Py = average transmitted power T = laser pulse duration
during the laser pulse
n = receiver efficiency B(R,\) = atm. backscatter coefficient
A receiver area of the telescope a(R,\) = atm. extinction coefficient
A emitted wavelength O(R) = overlap function
R = range of scattering volume

The measurable quantities, that provide information about the atmosphere are the backscatter
and the extinction coefficient. The first one describes how much light is scattered from the
atmosphere back to the lidar and is mainly responsible for the strength of the lidar signal. In
the atmosphere it results from the scattering at air molecules and particles and can therefore
be written as [16]:

B(R,A) = Bumot (R, A) + Bpar (R, A) (3.2)

The extinction coefficient characterizes how much light is absorbed or scattered in other di-
rections than 180° on the way through the atmosphere. The whole exponential expression
results from the Lambert-Beer-Law and describes the transmission of the atmosphere due to
extinction. The factor 2 appears because of the two-way transmission path. Likewise for
backscatter, extinction in the atmosphere can result from scattering/absorbing at molecules

as well as at particles [16]:

a(R,\) = amol(R, A) + apar(R, N) (3.3)
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The scattering behaviour of the laser light at molecules and particles is described by two dif-
ferent scattering types:

Rayleigh scattering appears on objects which are much smaller than the scattered wavelength.
For the emitted wavelength of [ALADINI this is valid for air molecules.

The second type is called Mie scattering and occurs on spherical objects which have the same

magnitude as the scattered wavelength, like spherical particles in this case.

The molecular backscatter coefficient, (5,01, is derived from the Rayleigh theory and is propor-
tional to the atmospheric density. It depends on the number of molecules per m?® (Ny,01) and

the backscatter cross section per molecule (oy,01) [14] [16]:

Bmol(z) - Nmol(z) * Omol (34)
with
~[273.15K p(2)
Ninai(z) = [ T(2) } ' {1.01325 X 105Pa] N (3:5)
and

[0.55 x 1075m
Omol = |~

4
3 } -5.45 x 10™**m?sr 2 (3.6)

Np = 2.68 x 10%° m~3 is called the Loschmidt’s number and is the number of molecules per m?

for the conditions T'= 273.15 K and p = 1.01325 x 10° Pa. As the formulas and 3.6 show,
the molecular backscatter coefficient only depends on the vertical temperature and pressure
profiles and the emitted wavelength. The wavelength of the lidar is known and the vertical
temperature and pressure profiles can be derived by radiosondes, lidars or atmospheric models.
Thus, it is possible to calculate (,,, independently from the lidar measurements.
Furthermore, the extinction coefficient is proportional to 5. The correlation is called Lidar
ratio (L):

L= (3.7)

@
B

and depends on shape, size and absorption behaviour of the scattered molecule/particle [17].
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The molecular lidar ratio is well known [16]:

mo 8
Qmol _ T g (3.8)

Lmo = 5
l ﬁmol 3

It should be mentioned that in this formula ay,, refers only to the molecular extinction due
to scattering amer,. The molecular extinction due to absorption oy, is assumed to be zero.

That differs when wavelengths are used which are in the absorption range of molecules.

Regarding the lidar equation there are still two unknown variables By, and ap,, within
one equation, correlated by an unknown particle lidar ratio Lp,,. There are several methods
to solve this problem. One is called the Klett method [18], in which the lidar ratio is assumed.
Another possibility is to measure two individual lidar profiles, one with and one without
the particle backscatter coefficient (8. = 0). This is either realised by the Raman method
[19], that measures additionally the inelastic, thus frequency-shifted Raman backscatter of
molecular nitrogen and oxygen, or by the method [20]. The second method uses the
different spectral shapes of the backscattered signal from molecules and particles, which can
be measured separately. This method is used on and will be further explained in the
following sections.

In case of the instrument its two receiver channels are named by the scattering types
that they are able to measure - the Rayleigh channel, focused on molecular scattering and the

Mie channel focused on particle scattering.

3.2 Measurement principle of ALADIN

The idea of wind measurements is to consider the superimposed movement of molecules and
particles in the atmosphere. For this the principle of the optical Doppler effect is used. It
describes the frequency shift of a wave, caused by the relative motion between the source
and the observer of the wave [I4]. In case of wind measurements, the molecule or particle
has a relative velocity along the vrLos to the transmitted laser pulse with a wavelength
Ao. Therefore a frequency shift of the transmitted frequency fy = % occurs on the scattered
molecule /particle. As for the backscattered laser pulse the molecule/particle acts as a moving
source, a second shift occurs on the backscattered light. Consequently, the detected signal on

the lidar receiver has a double frequency shift on top of the transmitted frequency [16]:

f=fot Af = fok 25 (3.9)

Af describes the whole frequency shift which is either positive or negative, depending if the
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particle movement is towards or away from the lidar.

As already mentioned, wind is the superimposition of the individual movement of particles
and molecules. While particles have a higher mass and move slow, molecules have a high
thermal, random movement, called Brownian motion. It strongly depends on the pressure
and temperature and is much faster than the wind velocity. Therefore molecules have a
naturally broad frequency shifted scattered spectra, while particles have a narrow spectra
[14]. However, both spectra are shifted by the same amount due to the wind velocity. Figure
shows the backscattered spectral density with the frequency shift as x-axis. The solid
line describes the spectra at zero wind and the dashed line correspond to a velocity of
vros = 50 ms™! which results in a 282 MHz Doppler shift (that corresponds to a Doppler shift
wavelength of AN ~ 0.118 pm) [I3]. The spectrum is Gaussian line shaped for the molecular

scattering and has a narrow peak on the top caused by the particle scattering.
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Figure 3.2: Sketch of the backscattered spectral spectrum of molecule scattering and
particle scattering at zero wind (solid line) and Doppler shifted at a wind velocity of
vros = 50 ms~! (dashed line) [13].

3.3 Optical architecture

Mie spectrometer

The Mie spectrometer is a Fizeau interferometer consisting of two reflecting plates
formed like a wedge. It is used to detect the particle scattering signal. The interferometer
acts as a filter by transmitting only the narrow bandwidth in the central part of the returned
scattered spectrum, including the particle signal superimposed on the broadband molecule and
background signal [I4]. The Doppler shift is visualized by a shift of the interference pattern
on the detector due to the wedge angle. The useful spectral range (USRI) of the Fizeau
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interferometer, that is imaged on the detector has a range of [USR] = 0.63 pm or 1500 MHz.
The Mie spectrum itself has a Full Width at Half Maximum (FEWHM)]) of FWHM] = 0.067 pm
or rather 159 MHz [I3]. The upper part of Figure [3.3|illustrates the filter function of the Fizeau
interferometer. On the left hand side the situation for zero wind is shown and on the right
hand side for a non-zero wind. The blue line correspond to the combined Mie and Rayleigh
spectra and the red line shall emphasize the small inlet of the Fizeau interferometer. On the
lower Figures the signal change on the detector due to the shift is shown. The detection system

will be explain later.
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Figure 3.3: Illustration of the function of the Fizeau interferometer. Left: Situation with
zero wind. Right: Situation with a non-zero wind [14].

Rayleigh spectrometer

The Rayleigh spectrometer (RSP) consists of two Fabry-Perot interferometers (Filter A and
B), using the double-edge technique [21]. The filters are placed at the edge of the transmission
curve of the molecular scattering, to be affected by the maximum change of the spectra in case
of Doppler shifting. In Figure the basic principle of the Rayleigh spectrometer is shown.

On the upper left hand side the situation of zero wind is illustrated. The red line describes the
Rayleigh spectrum. On its edges, Filter A and B are placed and record the same transmission.
The upper right hand side illustrates the situation with a non-zero wind. Here the spectrum

has moved towards filter B. Consequently it has a higher transmission than filter A. The lower
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Figure 3.4: Principle of a double-edge Rayleigh spectrometer with no wind (left hand side)
and a non-zero wind (right hand side) [14].

Figures show the intensity change of the signals on each filter, due to the shifting.
Calling A and B the number of photons counted after the transmission through the filters, the

following relation for the wind velocity can be derived [16]:

f(vros) = i%g (3.10)

f(vLos) describes a wind depended function. Ideally the Rayleigh wind is independent of
the Mie wind. But the Fabry-Perot interferometers have a small overlap within the centre
of the spectrum. The measured values A and B are contaminated by the background within
this overlap. Furthermore, if a strong Mie peak exists and is shifted towards one filter, the
values within the overlap will increase for one filter and decrease in the other but not with
the same amount. These effects have to be corrected to reach a representative wind velocity.
Additionally, the Rayleigh spectrum has a strong temperature dependency which also needs

to be corrected.

Detection system

For the detection of the lidar signal an Accumulation Charge Coupled Device photo-
detector is used. It consists of an image zone with 16x16 pixels for the spectral resolution and

a memory zone with 25 rows which are equivalent to the vertical resolution [I4]. This means
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the backscattered signal is transmitted through the [MSPl or and detected on the image
zone of the ACCDL From there it is transferred to the memory zone. Then the next signal on
the image zone is transferred to the next row of the memory zone and so on. Each row in the
memory zone stands for one vertical layer. The duration of the transfer limits the minimum
vertical resolution to 250 m.

In case of the Mie channel, the backscattered light of the Mie spectrum is shown on the
[ACCDI The image zone of the corresponds to 16 spectral columns and covers the [USR]
of the Fizeau interferometer with the range of 1500 MHz. This leads to a spectral width for
each column of 93.75 MHz, which corresponds to a velocity of 17 ms™!.
FWHMI = 159 MHz) itself covers 1.7 pixels [13]. The different pattern on the image zone due
to the Doppler shift is shown in the lower part of Figure [3.3]

In case of the Rayleigh channel, the [ACCDI is separated into two halves, 8 columns for filter
A and B each. As shown in the lower part of Figure [3.4] the intensity on each filter and

therefore on the [ACCD] is equal in the case of zero wind. Whereas for a non-zero wind and

The Mie spectrum

thus a Doppler shift, the intensities on the filters differ. The ratio of the different intensities

determines the measured velocity [13].

ALADIN structure

The principal optical architecture of the instrument is shown in Figure On the
left hand side it has two Power Laser Heads (PLHI]), one nominal and one redundant, each
connected to a Reference Laser Head (RLH n, and RLH|r). A Flip-Flop Mechanism (FEM))
switches between both lasers. In the upper right hand side the telescope is shown. It is the
same telescope that transmits the laser beam to the atmosphere and receives the backscattered
signal.

Everything shown in the Figure within the dashed red line belongs to the Optical Bench As-
sembly and includes the Transmit-Receive Optics (TRQOJ), the with the Detection
Front-End Unit Mie (DEU-M) and the with the Detection Front-End Unit Rayleigh
(DEU-R)). Within the several optical instruments are used:

HWDPl half-wave plate
polarising beam splitter
quarter-wave plate
[LCME  laser chopper mechanism
IEE: interference filter

The laser pulses are guided from the [PLH| through the (red beam). On the [Poll they
are reflected towards the telescope. After the beam is expanded, it is transmitted to the at-
mosphere with a circular polarization. The backscattered signal is received by the telescope
and transmitted to the [OBAl This time the [Pollis transmitting the signal towards the optical
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Figure 3.5: The scheme of the [ALADIN] instrument [14].

receivers, but only the parallel component of the backscattered light. There it is first reflected
via another to the to filter the Mie signal and then backscattered to the to
analyse the Rayleigh signal. In the DFU-M] and [DEU-R] the separated signals are detected by
the [ACCDE [14].

3.4 Simulation example

For a better understanding of the wind measurements, a simulation example of the Aeolus
wind profiles is shown in Figure 3.6

The simulation starts at the equator and performs one orbit around the earth. Figure (a)
and (b) are the simulation input from an [ECMWTE] model of the "truth" wind and
the typical cloud properties. The wind input shows the typical global wind structures,
like the Subtropical and Polar jet streams and the Polar vortex. The sign of the wind depends
if the wind is directed towards or away from the and changes with the viewing direction
of Aeolus.

Figure [3.6] (¢) and [3.6] (d) show the simulated output from the Rayleigh channel and the Mie
channel. The vertical resolution is divided into 24 layers and differs between 250 m (at the
PBI)) and 2 km (in the lower stratosphere). The Rayleigh channel measures the wind in the
clear-sky scenario. Without any clouds its measuring range is from 0 km to almost 30 km. But

the simulation shows, that it cannot measure in a cloudy scenario. For this, the Mie channel is
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Figure 3.6: Simulation input of the "truth" [HLOS wind (a) and the typical cloud properties
(b) from the [ECMWTF] model. Simulation output of the Rayleighgje, [HLOS] wind (c) and
the Miecioudy wind (d) [13].

suitable which measures the wind in cloudy/aerosol conditions. However, its range is limited
by the top of thick clouds as it can not penetrate through them. It should be mentioned
that the simulation does not include the aerosol layers. The combination of the Rayleigh jcar
and the Miecouqy wind profiles result in an exhaustive profile, with a maximum possible wind

measurement cover.

3.5 Aerosol and cloud property measurements

Besides wind profiles, Aeolus can provide aerosol and cloud properties. As is a
lidar, having the Rayleigh and Mie channel, it measures the particle extinction and particle
backscatter coefficients independently. From these two properties it is possible to determine
the lidar ratio L (see formula , which depends on shape, size, and absorption properties
of the aerosols and cloud particles [17]. However, has a large disadvantage for

the aerosol and cloud classification. As it has the same telescope for the outgoing and the
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receiving signal (see Figure , only the co-polarized component of the backscattered light
can be detected. At highly depolarizing aerosols, like ice particles, desert dust or ash, the
cross-polarized component can be much higher than the co-polarized. This results in an
underestimation of the particle backscatter coefficient and therefore an overestimation of the
lidar ratio up to 50% to 75% for ice clouds and up to 50% for the appropriate aerosols [13].

For this reason it is necessary also to perform validations for aerosol products to determine the
quality of aerosol and cloud classification by the instrument and to develop respective

corrections.
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4 Challenges of the Aeolus mission [}

Being an explorer mission does not only mean new technical achievements, but also many
unforeseen challenges during the mission. For this, analysis of the Aeolus product qualities
are made to identify problems and improve the Aeolus measurement products. The analysis
are performed in the frame of the Aeolus Scientific Calibration & Validation Team (ACVT]),
the Aeolus Data Innovation and Science Cluster (Aeolus DISC]), and the Aeolus Science and
Product quality Working Group (SAG]). Furthermore, in total 26 calibration and validation
teams of different nations, including the German initiative [EVAAL are validating
the Aeolus products, comparing them to different NWPlmodels, radiosondes, balloon, ground-
based, aircraft, and satellite measurements. The ensuing problems need to be discussed and
examined to learn from them and to improve the technology in further similar missions. This
chapter describes the state of the Aeolus mission, providing informations about the main
challenges, like the decrease in laser energy, the lower receive transmission and the increase of

the dark signal of individual pixels.

Hot pixel

During the commissioning phase of Aeolus it was noticed, that in the memory zone of both
[ACCDI cameras, pixels with an increased dark current signals occurred. Depending on the
position of the pixel, the increased dark current can lead to a bias of individual wind and
aerosol range-bins. These pixels are called hot pizel and have a fluctuated strength over time.
Also the number of hot pixels is growing as every few weeks a new pixel occurs. The reason
why they appear is not yet clearly known. Several assumptions were made but could not be
proved yet. Figure and table shows the actual number and position on the of
the hot pixels for the Rayleigh and Mie channel as valid until the 23 October 2019.

For the characterization and calibration of the hot pixels, a new instrument mode was de-
veloped. The correction was implemented into the operational processor on 14 June 2019.

Besides for the last comparison profile, shown in this thesis, the new correction is not yet

!The presented challenges of the Aeolus mission and the following validation includes preliminary data (not
fully calibrated/validated and not yet publically released) of the Aeolus mission that is part of the European
Space Agency (ESA) Earth Explorer Program. Further data quality improvements, including in particular
a significant product bias reduction, will be achieved before the public data release. The analysis has been
performed in the frame of the Aeolus Scientific Calibration & Validation Team (ACVT), the Aeolus Data
Innovation and Science Cluster (Aeolus DISC) and/or the Aeolus Science and Product quality Working
Group (SAG).
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4 Challenges of the Aeolus mission
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Figure 4.1: Red pixels: Tllustrate the position and number of hot pixels on the Rayleigh and

Mie [ACCDI (The Plot is taken from the internal Aeolus wiki page, accessible for
teams, visited on 23.10.2019).

(a) Mie channel

Range bin | Pixel index | Starttime
16 15 before [OCV]
24 3 before [[OCYV]
13 9 2018-10-21
2 15 2018-10-24
5 13 2019-01-09
20 2 2019-03-31
10 13 2019-04-26
9 13 2019-08-08
5 11 2019-10-03
4 3 2019-10-03

(b) Rayleigh channel

Range bin | Pixel index | Starttime
11 2 2018-09-07
) 2 2018-11-04
15 4 2018-11-24
20 10 2019-01-27
1 7 2019-02-20
11 16 2019-03-17
3 2 2019-05-08
11 8 2019-06-15
20 2 2019-08-01
20 16 2019-08-17
24 4 2019-08-29

Figure 4.2: Listed hot pixels with range bin position, pixel index, and start time (The
data is taken from the internal Aeolus wiki page, accessible for teams, visited on
23.10.2019).
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available for the time of the validation of this thesis, which is why the altitudes of the bins

including hot pixels are excluded in the rest of the comparisons.

Wind measurement biases

Comparisons of Aeolus measurements with models show time-varying biases in the wind
velocity. On the Aeolus workshop in March 2019 [22] several characteristics and
probable causes were discussed: First of all, a global, slowly linear drifting constant bias is
observed. It is caused by a drift in the instrument response, due to laser instrument changes.
Enhancement should be possible by a time-varying calibration strategy. Additionally, a har-
monic bias with orbit phase appears. The reasons are not totally clear, but evidence indicates
that it might be related to changes of the [ALADINI telescope temperature associated with
solar background levels and imperfect correction of the pointing knowledge. By the im-
provement of the correction and a zero wind calibration using ground returns, a mitigation
should be possible. Last but not least, the hot pixel problem discussed before result in a bias

for single range-bins, but a correction algorithm is meanwhile available.

Laser energy development

Another challenge was discovered shortly after the switch on of the first laser. From
pre-launch tests, the emitting ultra violet (UV]) laser energy was expected to be at 80 mJ. But
after the switch on, the [UV] output energy started at a lower value of around 65 mJ. Figure
[.3|(a) shows the[UVland infrared ([R]) energy development for the first laser from the beginning
until 16 June 2019. Since the start it strongly decreased to only 40 mJ in mid June 2019. This
decrease is assumed to be related to temperature sensitivities within the instrument. With
thermal optimizations and sensitivity tests it was tried to counteract, which results in short-
term increases of the energy, but it did not stop the constant downward development. The
lower laser energy influences the random errors of the measurements. Analyseq| presented on
the Aeolus workshop [22] report that even with the highest energy of 65 mJ, the
error is increased by a factor of around 1.14 to 1.26 compared to the one with the original
expected energy of 80 mJ. With further energy decrease, the random error increases more,
which is why it was decided to switch to the second laser on 16 June 2019. It is hoped
that it has a more stable energy than the first one. Figure (b) shows the output energy
development of the second laser until 16 October 2019. It is now higher than 60 mJ and does
not yet show the strong decrease as the first laser. Still, the observation of the development

needs to be continued.

Inot publically accessible



24

4 Challenges of the Aeolus mission

(a) Output energy of laser A

o | . . . . . 170
60k UV output energy les
250+ 460
£ E
> =
g 20r Standby mode 55 g
5 14/01/19 e
5 L i 2
g =0 w 140219 50 &
o o
- 220 45 5
210 40

IR output energy
200 35
1 1 1 L 1 Il 1 L 1 1
01/09/2018 01/10/2018 01/11/2018 01/12/2018 01/01/2019 01/02/2019 01/03/2019 01/04/2019 01/05/2019 01/06/2019
Date
(b) Output energy of laser B

Housekeeping and Laser Performance

290 _1 LI LA UL L L L L L A AL L L L L L L AL AL L L L R | 1 an

280

270 —

260
E 0 E
—_ S
€ 250 o
g 5
= [ =

240[

230 150

201 Jas

210f Jao

| N Y S S S S YT A T [N YT (S YT ST N T NN T ST IS A T [N T Y Y N S |

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100 105 110
Days since 27 June 2019

Figure 4.3: The UV and IR output energy development of the first [ALADIN] laser (a) and
the second laser (b) (The Plots are from the internal weekly data quality reports, accessible

for teams, visited on 23.10.2019).
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Receive transmission

Another unforeseen problem is a lower atmospheric return signal than expected. On the Aeo-
lus workshop [22], comparisons of in-orbit measurements and pre-launch simulation
were shown, in that the Rayleigh returned signals are by a factor of 2.5 to 3.0 lower, assuming
80 mJ in the simulation or rather 1.6 to 2.0 lower, using the actual laser energy. Also the
ground return signals for high-albedo ice is lower than expected for the Rayleigh as well as
the Mie channel. Like the lower emitted energy, the reduced signal leads to an increase of
the random wind errors. In the summary report]] of the first three months and during the
Aeolus workshop [22] several possible reasons were discussed: First of all, the lower
emitted energy lowers also the returned signal. Furthermore, laser beam appears
to have a higher divergence. This leads, together with the non-perpendicular incidence angles,
to a clipping of the backscatter signal at the optical receiver field stop. As the field of view
is limited by the field stop, it lowers the signal that is passing on to the Mie and Rayleigh

spectrometers. Still, further investigations need to be made.

Considering all the different factors that are increasing the random errors of the wind and
aerosol measurements, the random error is estimated in the summary® of the Aeolus
workshop [22] to be =~ 4 ms™! for the Rayleighjea, and ~ 2.5 ms™! for the Mie oy measure-
ments. The values vary with time, especially increasing with the lower emitted energy before

the laser was switched.

Inot publically accessible
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5 Measurement products and data

filtering

In this chapter, the most important measurement products and the Aeolus data filtering used

for the validation will be explained.

The measurements of Aeolus pass several instrument data processing levels and result in the

following products |12} [13]:

AISP, Level 0, Level 1A:
In these products the data preparation is progressed. The raw data Annotated Instru-
ment Source Packet is time ordered (Level 0) and the geolocation of the data as

well as the calibrated house-keeping information is included (Level 1A). This data is not

accessible for [CAL/VAL|teams and other users.

Level 1B:
Preliminary [HLOS wind with basic corrections and calibrations. The temperature and
pressure correction that are necessary for the wind measurements at air molecules are

not yet included. Level 1B is the first product available for the users.

Level 2B:
Fully calibrated and processed [HLOS| wind, ready for data assimilation in models.

Level 2C:
Vector wind data, resulted from [ ECMWE|/model analysis after the assimilation of Level 2B
profiles.

Level 2A:
Additional aerosol/cloud profiles.

For the validation of the Aeolus wind products, the Level 2B product is chosen for comparison
to the radiosonde measurements. The output of the product includes different classifications
and quality parameters which need to be chosen correctly. Beside the exclusion of the hot

pixel range-bins, the following filtering is considered:
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Validity flag

This flag considers the validity of the measurement output. It has either the value 1 (valid
measurement) or 0 (not valid) [23]. E.g. in case of negative range-bins, the validity flag would

be 0. Thus the first filter is to use only measurements with a validity flag of 1.

Atmospheric classification

The atmospheric classification distinguishes between four different types. The Level 2B prod-
uct provides for each type a separate profile [24]:

Rayleighca:
Includes the Rayleigh wind derived from measurements with no particle backscatter,

thus a clear sky.

Rayleighcloudy
The Rayleigh wind derived from measurements with non-zero particle backscatter, thus

a cloudy environment.

Mieclear
The Mie wind derived from molecular backscatter. As in clear sky condition no Mie
wind should be able to detect, this is only possible if the classification failed to detect

particle backscatter.

M Iecloudy

The Mie wind derived from particle backscatter.

To select the different scenarios, each range-bin of the measurements in the observation is
considered individual. First of all, each range-bin within the 90 km of the observation is
sorted to the corresponding atmospheric scenario. The classification can be done by using the
scattering ratio, the particle feature finding or the particle extinction coefficient as criteria
[24]. The current recommended method is using the scattering ratio. For this, predefined
scattering ratio threshold values as a function of altitude are used. If the scattering ratio is
higher than the threshold value, the signal is detected as particle scattering. Staying below the
threshold, molecular scattering is detected. The range-bins in each classification are counted
and assigned with the same weight within the corresponding observation. The accumulation of
the measurements improves the signal-noise ratio and provides a large-scale wind observation,
which is more useful for the data assimilation [24].

For an accurate Mie wind measurement, a strong particle backscatter is required, whereas the
best quality of the Rayleigh measurements is achieved in clear sky conditions. This is why in
this validation the wind results of the Rayleighgea, and the Miecouay types are used, having

the least error and most valid measurements.
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Error threshold

The Level 2B product provides a [HLOS| error estimation for each range-bin in the profiles.
The recommended limits from the Aeolus team are < 8 ms~! for the Rayleighgar
and < 3 ms~' for the Miegoudy €rror. As in this validation the number of comparisons and
therefore the available Miecjouqy measurements is small, the limit for the Miegouay error is raised

to < 5 ms~! to include more measurements.
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6 Aeolus Validation

In this chapter the radiosonde and lidar profiles will be compared to the Aeolus wind and
aerosol profiles and its quality discussed. The first part focuses on the wind and aerosol mea-

surements during the Polarstern cruise and second one on the wind measurements performed

in Leipzig.

6.1 Shipborne validation

The shipborne validation took place during the Polarstern cruise PS116 (10 November 2018
to 11 December 2018) from Bremerhaven to Cape Town [7]. Figure |6.1| shows the track of the
cruise and the positions of each day at 12 UTC (blue dots).
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Figure 6.1: Cruise track PS116 of Polarstern from Bremerhaven to Cape Town between
11 November 2018 and 10 December 2018. The blue dots are the positions of each day at
12 UTC (Plot created by Kevin Ohneiser).
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On board was the portable multiwavelength Raman polarization lidar Polly*T of the[QCEANET]
facility [I0]. With its setup, aerosol and cloud properties can be classified by shape, size,

and absorption behaviour [I7, 25]. Figure gives an overview of the atmospheric condi-

tions during the Polarstern cruise. The upper Plot shows the uncalibrated attenuated particle

backscatter coefficient at 1064 nm and the lower Plot the corresponding volume depolarization

ratio. The measurement gap between 18 November 2018 and 22 November 2018 is caused by

the stay in Gran Canaria, where Polarstern had no permission to perform measurements. The

blue colour in the Plots indicates no particle backscatter signal or rather no volume depolar-

ization, thus spherical or no particles. The green colour in the upper Plot indicates an aerosol

layer, as the lidar receives particle backscatter, but not as much as for cloud layers, which

are recognisable by the strong, white coloured signal. For the depolarization ratio, the green

colour in the Plot indicates stronger depolarization, that occurs for non-spherical particles or

multiple scattering, as in optical thick clouds. The white coloured signals stand for very high

depolarization, which is a typical sign of ice clouds [25] 26].

In the Northern hemispheric atmosphere the cruise was characterized by the occurrence of a

mixture of high ice and lower water and mixed-phased clouds. After crossing the equator on

28 November 2018, the weather in the first few days was characterized by a constant cover of

low clouds, starting at an altitude of 500 m, caused by the trade inversion [§].
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Figure 6.2: The upper Plot shows the uncalibrated attenuated particle backscatter coeffi-
cient at 1064 nm and the lower Plot the volume depolarization ratio from Bremerhaven to
South Africa for the period of 11 November 2018 to 9 December 2018. The red lines show
the points of intersection with the Aeolus overpasses.
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The cloud cover opened up while Polarstern was getting more southwards. Interesting though
is the dust case, which occurred between 25 November 2018 and 27 November 2018. As dust
consists of non-spherical aerosols, it is among other characteristics identifiable in the lower
Plot of Figure by stronger depolarization ratios in the lower three kilometres. As Aeolus
overpassed the Atlantic in the West African area at that time, this case will be discussed more
detailed in the aerosol validation in subsection [6.1.21

For the wind validation, additional radiosondes of the type RS41, produced by the company
Vaisala [27] and provided by the [11], with a vertical range up to 30 km were launched
at every point of intersection with the Aeolus overpasses.

Figure [6.3| shows the ground tracks of Aeolus along the track of the ship. Each colour marks a
different weekday. Along the cruise seven points of intersection with the overpasses of Aeolus

within a 150 km radius around Polarstern were possible (yellow circles).

(a) First part of the PS116 (b) Second Part of the PS116
cruise cruise

Morning 6 am
\ local time

Evening 6 pm
local time

Figure 6.3: Coloured tracks: Ground tracks of Aeolus, each colour represents another
weekday. Yellow circles: Points of intersection within 150 km of Polarstern and the Aeolus
overpass.

The radius was chosen as a compromise between the number of possible points of intersection
and a reasonable limit for significant validation. For Polarstern, it was only possible to reach
the position of three overpasses almost directly in time. As the horizontal resolution of the
wind products of Aeolus at this time was 90 km and the dominant trade wind circulations are
mostly stable above the Ocean, the radius is still in an acceptable range. This radius range
is also the recommended limit for all stations. Still, it is to be expected, that the
deviation of the wind measurements of Aeolus and the radiosondes will increase with further

distance.



34 6 Aeolus Validation

The radiosondes were launched one hour before the overpass. It should be mentioned, that no
radiosonde could be launched at the first point of intersection, as Polarstern was already too
close to Gran Canaria and had no permission to launch radiosondes. For the same reason no
lidar measurement could be done at the last point of intersection, as Polarstern was already

in the waters of South Africa.

6.1.1 W.ind validation

Case studies

For the first case study, the point of intersection on 29 November 2018 (number 3 in Figure
6.3(b)) is chosen. Tt could be reached within a distance of ~ 30 km. At that moment,
Polarstern had just recently passed the equator. Figure [6.4] shows the range corrected lidar
signal at 1064 nm for the time of the overpass. An optical thick cloud layer at around 2 km
is indicated here by the white colour, which the lidar signal cannot penetrate. Looking at the
signals with no cloud layer, an aerosol layer up to around 4 km is visible, recognisable by the
stronger less noisier signal. It will be further discussed in subsection [6.1.2]

Figure shows wind velocity profiles measured by the radiosonde (red) and the two closest
Aeolus Rayleighgjea, (green and blue) and the Miegouay profiles (magenta and cyan). Plot
(a) shows the radiosonde profile with its highest vertical resolution. In Plot (b) the
vertical resolution of the radiosonde measurements is adjusted to the same of the Aeolus range-
bins. As Aeolus measures only the wind along the [LOS] which is mainly the west-east wind
component, the radiosonde measurements are projected to the (VRs,os) Side, using the

following formula:

URSL0s = URS * COS(PAcolus — PRS) (6.1)

vgs describes the original wind velocity of the radiosonde and ¢gg its measured wind direction.
Y Aeolus 18 the azimuth angle of Aeolus, which is obtained from the Level 2B data and differs

depending on range-bin and global position.

The uncertainty estimation of the radiosonde wind velocity profile is referred to the calculations
of the Global Climate Obsvering System (GCOS]) Reference Upper-Air Network (GRUAN]),
which estimates an uncertainty between 0.4 ms™* to 1 ms~! for the wind velocity and 1° for
the wind direction [28]. Even though the paper is considering the Vaisala radiosonde type
RS92 [29] and not RS41 [27], which was used on Polarstern, there is no significant difference
in the uncertainty, as both radiosonde types are based on the same technique to derive wind

velocity and direction [30].
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Figure 6.4: The range corrected lidar signal at 1064 nm around the time of the Aeolus
overpass (red rectangle) on 29 November 2018.
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Regarding the Miecouay profiles in Figure only measurements at the altitudes of the cloud
layer between 1.2 km to 3 km are provided. Below the cloud cover, [ALADINI couldn’t receive
any signal, as the cloud layer is optically too thick. In Figure (a) the Miecouay measure-
ments are in good agreement with the radiosonde measurements. In the Plot with the low
resolution of the radiosonde wind profile though, a deviation of the Mie o4y measurement at
the altitude of 2.5 km is observed. As for the low resolution the radiosonde wind velocity is
averaged along the complete vertical range of the Aeolus bin, the short and rapid decrease
of the wind velocity, which is seen in the profile shown in high resolution, is also included.
This results in a lower wind velocity in this altitude for the radiosonde profile in low resolution.
Regarding the Rayleigh ., measurements, a positive bias in the region between 7.5 km to 12 km
is observed. Correcting this bias, it would fit the shape of the radiosonde profile. As discussed
in chapter [ a varying bias of the Aeolus measurements is constantly observed. At the Aeo-

lus [CAL/VAL| workshop [22], independent comparisonﬂ of several [CAL/VALJ teams showed

global biases in the range of < 1 ms™! up to 3.3 ms™!, using different observation periods and
NWTP] models.

While the wind profiles show the, for the inner tropics typical, east trade winds in the lower
and mid troposphere, the wind changes to the westerly anti trade wind in the high troposphere,
having its maximum wind velocity just below the tropopause at around 15 km [8]. The high

! whereas the

resolved radiosonde profile shows a maximum wind velocity higher than 25 ms™
high wind velocity of the anti trade wind is not recognized by the Rayleigh e, wind mea-
surements of Aeolus. This is caused by the low resolution of the Aeolus measurements in the
higher troposphere/low stratosphere. At that time the Aeolus range-bins had a resolution of
250 m up to 2 km height to perform ground echo characterizations. Above, the resolution is
raised to 1 km up to the altitude of 13 km and then to 2 km for higher altitudes. To confirm
the problem of the low resolution in the altitude of 15 km, the radiosonde wind measurements
are plotted in the same resolution as the Aeolus profiles in Figure (b). Here it gets obvious,
that the resolution is too low to recognize the strong wind velocity, as the radiosonde profile
shows a wind velocity almost 8 ms™! lower than using the high resolved profile. This problem
was due to the Commission Phase settings, in which many range-bins near the surface were
needed. On 26 February 2019, the range-bins were changed to a resolution of 1 km up to an
altitude of 19 km.

The given distance in the legend of Figure is the mean distance regarding all vertical bins.
As the radiosonde drifts along the wind direction, the distance to Aeolus changes during the
measurements. Figure (a) shows the trajectory of the radiosonde during the ascent. Re-
garding the trajectory, the clear change between predominant easterly wind in the low and
mid troposphere to the predominant westerly wind in the upper troposphere is seen. When

reaching the tropopause, it changes to easterly wind again. In Figure (b), the distance

Inot publically accessible
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Figure 6.6: Trajectory of the radiosonde on 29 November 2018 (a). The radius is the
distance, given in km. The distance between the radiosonde and the Aeolus position along
the vertical range (b).

between radiosonde and the Aeolus position is shown. While the distance to the Miecouay pro-
files varies quite large in the lower 5 km, the distance to the Rayleigh ., profile above 5 km
has only minor changes. The distance changes are not only caused by the radiosonde drift,
but in particular because of the Aeolus measurement grouping algorithm for the measurement
selection. As explained in chapter [2| and |5, each profile is one observation with a horizontal
length of 90 km, consisting of individual measurements with a horizontal length of about 3 km.
Within the observation, the measurements are grouped into the four different classifications,
namely Rayleighcioudy, Rayleighcicar, Mi€cioudy and Miegear. As the cloud and aerosol situation
is usually not homogeneous within the 90 km, only the measurements which are useful for the
respective classification are taken into account. If, for example a cloud layer exists in the first
20 km of the observation, the classification of Miecouqy considers only the measurements of
these 20 km. This procedure is not only used for each classification, but is repeated also for
each vertical bin. This means, the coordinates of the Aeolus measurements can jump, depend-
ing on classification and vertical bin as the centre (middle) of the classification range is given as
coordinate. While e.g. at 3 km altitude a cloud is observed for the first 20 km, another one is
observed at 7 km altitude in the last 30 km of the 90 km path. Then the coordinates given for
3 km are the mean of the first 20 km, while for 7 km height, the mean of the last 30 km is used.

For the second case study, the point of intersection on 6 December 2018 is chosen, which was
west of Namibia (number 6 in Figure [6.3). The radiosonde was launched around 50 km away

from the Aeolus overpass, during clear-sky conditions. As the lidar signal in Figure [6.7] shows,
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Figure 6.7: The range corrected lidar signal at 1064 nm around the time of the Aeolus
overpass (red rectangle) on 6 December 2018.

only a thin aerosol layer existed in the lower 800 m. For this reason, Miecouqy measurements
are only expected in low altitudes. Figure shows again the radiosonde and Aeolus wind
velocity profiles with a high resolved and a low resolved radiosonde profile. As assumed, the
Miegoudy measurement only exists for two bins below 930 m, but shows a good agreement
with the radiosonde profile. Again, one can see the problem with the low resolution at higher
altitudes. Even though the low resolved radiosonde measurements fit with the Aeolus one, the
high resolved profile shows much more and stronger changes in wind velocity and direction.

It is interesting in case of the Rayleigh,, measurements, that the profile with further distance
(blue line) show a better agreement with the radiosonde measurements, than the closer one. It
is especially between 7 km to 12 km very similar to the radiosonde profile. However, the mean
distance of the two Rayleigh .., profiles differs only by ~ 6 km, which is small compared to the
90 km integration length. Nevertheless, the green profile was measured more southward along
the Aeolus track than the blue profile. As it will be described in the following, the overpass
was just at the edge of the influence from the Subtropical jet stream, which might be a reason

for the stronger west wind component of the more southern Aeolus profile.

As Aeolus overpassed the Polarstern track in the evening, the positive values in the Figure
indicate westerly winds. Therefore, the profile shows a strong west wind, having its maximum
at an altitude of around 10.5 km. Looking at the global atmospheric circulation in Figure
the point of intersection (number 6 in Figure is in the area of the Subtropical jet
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Figure 6.8: Wind velocity profiles measured by the radiosonde (red) with the two closest
Aeolus Level 2B (L2B) Rayleighciear (green and blue) and Miecioudy profiles (magenta and
cyan) on 6 December 2018. The radiosonde profile is shown in its highest resolution (a) and
with an adjusted resolution to the Aeolus range-bins (b). The radiosonde measurements are
projected on the of Aeolus.

stream. To verify this, the Rayleigh jear Level 1B wind of the complete orbit of Aeolus,
with a length of 90 minutes, is shown in Figure The colours indicate whether the wind
goes towards (bluish) or away from Aeolus (yellowish). The orbit start just before crossing
the North Pole, visible by the strong wind of the Polar vortex in the stratosphere [31]. From
the North Pole, Aeolus flies towards the Equator and the South Pole, crossing the Polar and
Subtropical jet streams, which are visible by strong negative wind velocities, indicating the
west wind. At the South Pole, the colour of the jet streams changes, as Aeolus changes the
direction. The light blue line in the Plot presents the time, when Aeolus passed the point
of intersection. It is just at the edge of the Subtropical jet.

The four remaining radiosonde wind comparisons with Aeolus of the shipborne validation
are shown in Figure The numbers in the titles refer to the numbered points of inter-
section in Figure 6.3l On 27 November 2018 (Figure [6.10] (a)) the mean distances between
134 km to 149 km are just at the very limit of the 150 km radius, which is the threshold
value of the distance between radiosonde and Aeolus profile position. It should be mentioned,
that the distance of a few range-bins of the Miecouay and Rayleighce., profiles are even larger
than 150 km. Furthermore, the point of intersection was exactly inside the [TCZl where en-
hanced vertical turbulences can occur due to quick changes in local weather. These vertical

turbulences cannot be recorded by Aeolus. The Mieg,,qy measurements in altitudes higher
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Figure 6.9: Rayleighcear Level 1B wind along the whole orbit of Aeolus from
16:40 UTC to 18:12 UTC on 6 December 2018. Negative (bluish) values showing the wind
coming towards Aeolus and positive (yellowish) values the wind going away from Aeolus
along its The light blue line shows the time when Aeolus overpassed Polarstern (The
Plot was created with the provided VirES interface for Aeolus teams [32]).

than 10 km show the existence of high clouds. Due to the large horizontal distance between
the radiosonde and Aeolus profiles as well as the strong change in local weather with vertical
turbulences, it is not surprising, that the Miego.q, measurements differ stronger than in the
two case studies. Also one of the Rayleigh., bins at 14 km is totally out of range. With the
given information it is not possible to prove, if the wind really changes that strong or if Aeolus
measures the wind incorrectly at that bin.

Also the next point of intersection, that took place on 2 December 2018 (Figure [6.10] (b)),
has high mean distances between 100 km to 122 km. The radiosonde profile shows a stronger
fluctuation of the wind velocity and direction than in the already discussed case studies. Fig-
ure [6.11] shows the wind direction of the radiosonde for that profile. It shows large and fast
changes and between 5 km to 16 km no strong east or west component of the wind. Besides the
horizontal distance, this might be an additional reason for stronger deviations of the Aeolus
profiles.

While the mean distances during the point of intersection on 3 December 2018 (Figure (¢))
have for all Aeolus profiles less than 100 km, the last point of intersection on 10 December
2018 (Figure [6.10] (d)) was again more than 100 km away. Like in the second case study, the
Rayleigh ., profile, which was further away is partly in better agreement with the radiosonde

profile, than the closer one.
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(d) 10 December 2018, Nr. 7
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Figure 6.10: Wind velocity profiles measured by the radiosonde (red) with the two closest
Aeolus Level 2B (L2B) Rayleigh jcar (green and blue) and Miegoudy profiles (magenta and
cyan) of all remaining comparisons during the Polarstern cruise. The numbers in the titles
refer to the numbered points of intersection in Figure
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Wind direction of the radiosonde on 02.12.2018
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Figure 6.11: The wind direction measured the radiosonde on 2 December 2018.

Statistics

In this subsection, the performed comparisons are analysed statistically. Of special interest are
the biases and coefficients of determination and correlations for the Rayleigh e, and Miecioudy
profiles, as these parameters were mainly discussed during the first Aeolus workshop
[22] and are used as performance indicator of Aeolus.

Starting with the Rayleigh.e., wind, all measurements of each range-bin are plotted against
the low resolved values of the radiosondes in Figure[6.12] (a), to obtain a reasonable evaluation
with respect to the instrument performance. Figure [6.12] (b) shows the normalized frequency
distribution of the deviation between the Rayleigh.., and radiosonde wind measurements. As
it is not clear if the wind value at 14 km of 27 November 2018 represents the actual wind
situation, this measurement is excluded from the calculations. The trend line has a gradient of
0.97 with a bias of 1.77 ms™!. The calculated bias confirms the observation made in the first
case study. On the Aeolus workshop [22], other teams reported biases
in the same range between < 1 ms™! to 3.3 ms™—!. Global biases of around 2 ms™*
for example at comparisond!| with the Météo-France NWPl model as well as with the ECMWT]

model.

were found

Furthermore, the calculated coefficient of determination is R? ~ 0.862. Its square root results

in the correlation coefficient:

r=+vR2=~0.928 = 92.8% (6.2)

Inot publically accessible
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Figure 6.12: The Rayleighcjear wind vs. the radiosonde measurements (a) of all measure-
ments made during the shipborne validation. Only the Rayleighjeay bin with the extreme
deviation of 27 November 2018 is excluded. The normalized distribution of the deviation

(b).

For November and December a correlation coefficient between 95% to 96% with the ECMWTE]
model for all global observations was calculated, as reported on the Aeolus work-
shop [22]. Considering the small number of measurements in this validation, the correlations
are still in good agreement.

For the normalized frequency distribution of the difference between the Aeolus and the ra-
diosonde measurements in Figure [6.12b), the low resolved radiosonde data were used. In
most cases, the Plot shows a deviation below 7 ms™!. Even though it seems to be quite large,
this is a reasonable result, taking the following aspects into account: First of all, this validation

1

considers all Aeolus measurements with an uncertainty lower than 8 ms™". Furthermore the

! which increases the deviation. Last but not

Aeolus measurements have the bias of 1.77 ms™
least, Aeolus has a horizontal resolution of 90 km, while the radiosonde is only a point mea-
surement and the deviation caused by the horizontal distance between radiosonde and Aeolus

profile must be considered as well.

The results of the Miegouay comparisons are shown in Figure Plot (a) and (b) consider

all measurements, Plot (c) and (d) exclude the 27 November 2018.

Iand a correlation

The statistics of all measured Miecouay profiles have a bias of 1.77 ms™
coefficient of 79.2 %. If one exclude the 27 November 2018, the correlation increases strongly.
Then, the measurements correlate with 91.5%, having a bias of only 0.52 ms—!. Also the fre-

quency distribution shows a better result, by excluding that day. While Figure [6.13] (b) shows
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Figure 6.13: All Mieoudy wind measurements vs. the radiosonde measurements from the
shipborne validation and the normalized distribution of their deviation with the comparison
of 27 November 2018 (a, b) and without it (c,d).
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deviations higher than 12 ms™!, all deviations are below 6 ms™! in Figure [6.13] (d). In this
statistic it is clearly shown that the comparison on 27 November 2018 does not represent the
quality of the Miegouqy measurements. This is caused by the high horizontal distance, which
has especially large effects inside the [TCZl having strong upward drifts and quick changes in
local weather.

Considering the frequency distributions, the Miegouqy profiles show less deviation than the
Rayleigh s profiles. This tendency fits with the reported random errors of the Rayleigh car
(~ 4 ms™') and the Miegouay measurements (=~ 2.5 ms™'), as discussed in chapter 4f On the
Aeolus workshop [22] and in internal summary reportsﬂ the reasons for the differ-
ent errors were assumed to be the lower measured Rayleigh return signal and the lower laser
energy. As the Rayleigh scattering is orders of magnitude lower than the Mie scattering, the

lower laser energy affects the Rayleigh measurements stronger.

To summarize, the statistics fit with the internal reported observations of other
teams and gives a good insight into the performance of Aeolus. The appearing differences
are caused by the different validation conditions, like a small number of comparisons in this
statistic, a large tolerated horizontal distance between radiosonde and Aeolus as well as the

spatial limitation on the Atlantic Ocean in the tropical and subtropical regions.

6.1.2 Aerosol validation

As additional spin-off product, Aeolus delivers also aerosol properties. Thus comparisons with
respect to these properties are shown. During the Polarstern cruise, two cases were available
for comparisons. One was during the days of 25 November 2018 to 26 November 2018 in the
area of West Africa, where Polarstern passed a dust layer and the other one was at the point
of intersection on 29 November 2018. For the comparisons, the Level 2A aerosol prototype-
product (see chapter [5)) of Aeolus is used. The Aeolus aerosol product is compared to the

measurements, performed with the Polly*T lidar on board of Polarstern.

Figure [6.14] shows the near field of the uncalibrated attenuated particle backscatter coefficient
for the wavelength of 532 nm (upper Plot), measured by the Polly*" lidar. The lower Plot
shows the volume depolarization ratio for the wavelength of 532 nm between 23 November 2018
and 27 November 2018. As one can see in the lower Plot, the depolarization ratio increases
strongly on 25 November 2018 and decreases slowly again during the 27 November 2018. The
predicted dust concentration in that area for the 25 November 2018 at 12 UTC is shown in
Figure The dust prediction is provided by the SKIRON weather forecast system of the
Atmospheric Modeling and Weather Forecasting Group from the University of Athens [33] 34].

The red triangle illustrates the position of Polarstern at that time. Aeolus had two overpasses

Inot publically accessible
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Figure 6.14: Measurements of the Polly*T lidar. Near field of the uncalibrated attenuated
particle backscatter coefficient (upper Plot) and the uncalibrated volume depolarization ratio
(lower Plot) for the wavelength of 532 nm and between 23 November 2018 and 27 November

2018.
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Figure 6.15: Predicted dust concentration near ground [ugr/m?®| on 25 November 2018 at
12 UTC. The red triangle shows the position of Polarstern at that moment (The prediction
was taken from the provided SKIRON forecast system of the University of Athens [33], 34]).
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in that area, one on Sunday morning the, 25 November 2018 and one on Monday morning,
26 November 2018. Unfortunately, Polarstern couldn’t reach the overpasses within a 150 km
radius, which is why no radiosonde was launched. But as seen in the predicted dust concen-
tration and the depolarization ratio, the dust layer covers a large area of the West African
coast. For the comparison, the overpass of Aeolus on 25 November 2018 is compared with the
Polly*T lidar analysis on 26 November 2018 between 00 UTC to 06 UTC. Even though the
position is not the same, Aeolus should measure a similar dust layer as the Polly*™ lidar.

For the comparison, the particle backscatter coefficient (Figure [6.16] (a)), the particle extinc-
tion coefficient (Figure[6.16] (b)), and the lidar ratio (Figure [6.16] (c)) of the Polly*T lidar and
the Aeolus measurements are plotted. The Aeolus Level 2A product provides amongst others
two different profiles. The red one is called Standard Correct Algorithm (SCAJ), containing all
variances of products per range-bin and the green is called mid bin, made from two
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Figure 6.16: Comparison of Aeolus and PollyXT particle backscatter coefficient (a), the
particle extinction coefficient (b) and the lidar ratio (c) on 25 November 2018 (Plots created
by Holger Baars).
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halves of neighbouring Rayleigh range-bins [I3, 35]. The Polly*" lidar measurements are sub-
divided into the particle backscatter coefficient and lidar ratio of the total Raman signal (black
solid line) and only the co-polar Raman signal (black dotted line) at 355 nm. The particle
extinction coefficient is calculated one time with the Raman method (solid line) and the other
one by multiplying the particle backscatter coefficient with an assumed lidar ratio of 50 sr
(dotted line), which is the typical range of lidar ratios for dust layers [I7]. As has
the same transmitter and receiver telescope, it can measure only the co-polar component of
the backscattered light (see section , which is why also only the co-polar component of the
Polly*T lidar measurements is plotted.

The Polly*T lidar measurements show in Figure m (a) an increase of the particle backscatter
coefficient up to an altitude of 4 km. The increase is caused by the dust layer in this area.
Furthermore a cloud layer is measured, indicated by the strong particle backscatter coefficient
between the heights of 8 km to 10 km. While Aeolus receives a very noisy particle backscatter
signal in the range up to 2 km, it measures a similar particle backscatter coefficient between
2 km and 4 km, like the Polly*T lidar. Above the 4 km, the measurements are mainly negative,
besides two more increases of the particle backscatter coefficient in the heights of 6 km to 8 km
and of 10 km to 16 km. This disagrees with the Polly*T lidar measurements, but is not sur-
prisingly, as the measurements were made at different times and positions. Thus, the cloud
layers differ. Important is, that the Polly*T lidar as well as Aeolus measures both a layer
between 2 km and 4 km.

Regarding the particle extinction coefficient in Figure m (b), the Aeolus measurements are
again very noisy in the first 2 km. Between the altitudes of about 2.8 km and 4.2 km, Aeolus

measures a particle extinction coefficient of about 80 Mm™! to 85 Mm™!.

The signal seems
to be shifted upwards compared to the particle extinction coefficient measured by the Polly*™
lidar.

For the lidar ratio in Figure m (c), the signals of Aeolus are very few and rather noisy up to
the height of 4 km. While the mid bin has only one very high measurement of more than
140 sr between the height of 3 km to 4 km, the profile shows at least one measurement
at around 50 sr in this range. This value is lower compared to the co-polar measurement of
the Polly*T lidar, which has a lidar ratio at about 75 sr.

In summary, the comparison shows, that Aeolus could recognize an aerosol layer in the same
altitude as the Polly*T lidar. However, it is not possible to characterize the observed layer
from the measured optical properties and shows that the aerosol products of Aeolus are not

yet fully exploited.

For the second case study the measurement on 29 November 2018 was chosen. Polarstern
could reach the point of intersection with the Aeolus overpass within a radius of about 30 km.

Figure [6.17 shows an extract of the measured aerosol product along the Aeolus track, using
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the extinction product from the Mie channel algorithm (MCA]). This algorithm provides only
particulate extinction and needs therefore priori information on the lidar ratio. It is taken from
the auxiliary climatological datasets, which are based on other space-borne lidar measurements
|13, 23]. However, this is only a crude estimation of the lidar ratios and leads to highly biased
profiles. Still, it gives a good overview of the existing aerosol and cloud layers. The red
triangle marks the position of Polarstern at the time of the overpass. Looking at the stronger
signals in the extract, a layer in the lower range-bins is observed around Polarstern. Turning
more to the continent, more signals in the higher altitudes appear, which is an indication for

cloud occurrence.

Figure 6.17: Extract of the measured Level 2A [MCAl extinction coefficient along the track
of Aeolus, overpassing the Polarstern cruise on 29 November 2018. The red triangle marks
the position of Polarstern (The Plot was created with the provided VirES interface for Aeolus

toams [32)).

Zooming to the point of intersection, Figure shows the comparison of the Polly*" lidar
and the Aeolus measurements up to an altitude of 8 km. For the lidar signal, a cloud free time
period is chosen between 03:10 UTC to 03:50 UTC to cover the complete height of the aerosol
layer. The particle backscatter coefficients of the Aeolus measurements in Figure [6.18 (a) is
very high in the lower 2 km. As seen before in the lidar signal of that day (Figure, a cloud
layer existed at the time of the overpass at 2 km. The high particle backscatter coefficient
might indicate the cloud. Above, between 2 km to 5 km the coefficient is in good agreement
with the Polly*" lidar measurements. Both are measuring a similar particle backscatter co-
efficient in that altitude. Regarding the particle extinction coefficient (Figure (b)), the
Aeolus measurements show very high values in the first 2 km. It is either caused by the cloud
or is in general very noisy. Above, especially the profile have a higher coefficient in the
same altitude as the PollyXT lidar measurements, but a large estimated error bar. The lidar
ratio (Figure [6.18] (c)) has between the altitudes of 2 km and 4 km values at 15 sr to 60 sr

for the Aeolus profiles, while the Polly*" lidar measures a ratio of around 75 sr for the co-
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Figure 6.18: Comparison of Aeolus and Polly*T lidar particle backscatter coefficient (a),
the particle extinction coefficient (b) and the lidar ratio (c¢) on 29 November 2018 (Plots
created by Holger Baars).

polar component and for the total signal. Like in the first case study, Aeolus does recognize a
layer in the same altitude as the PollyXT lidar measurement, showing both a similar particle
backscatter coefficient. Even though measurements of the particle extinction coefficient and
the lidar ratio are better than in the first comparison, it is still not possible to characterize

the layer clearly.

In general, several reasons complicate the characterization: Due to the instrumental setup of
only the co-polar component is measurable. This leads to an underestimation of
the particle backscatter coefficient and therefore an overestimation of the lidar ratio for high
depolarizing aerosol/ice particles (see section[3.5). Besides this limitation, the algorithm of the
Level 2A aerosol product assumes furthermore a homogeneous particle filling of the range-bins

[13]. But the aerosol and cloud layers are rarely homogeneous within the 90 km observation
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length of the Aeolus profiles. Furthermore, high cloud layers are influencing the measurements
below the cloud, as the signals attenuate caused by multiple scattering within the cloud.

The focus of this Master thesis lies on the wind validation, but these two case studies shall
give an insight of the aerosol products of Aeolus. For a proper statement and statistic of its
quality and problems, more comparisons with high and clear characterized aerosol layers need
to be done. For this the PollyNET ground stations of TROPOS] [36], especially the ones that

are in dust areas, are useful for Aeolus validation and calibration.

6.2 Land-based validation

Besides the shipborne wind and aerosol validation, a supplementary land-based wind validation
was performed, using Leipzig as ground station. Aeolus is overpassing Leipzig twice a week,
one time on Friday evening with a distance of about 20 km and one time on Sunday morning
with a distance of about 40 km. For the validation of the wind profiles, radiosondes are
launched each Friday, starting in mid May 2019. The launches are performed at
with the Vaisala sounding system MW41 [37], using the radiosonde types RS92 and RS41
|29, 27]. The different radiosonde types do not differ in the quality of wind measurements, as
both are using the same technique to derive wind velocity and direction [30]. As performed
in the shipborne wind validation, the radiosondes wind profiles are compared to the Aeolus
Rayleighgiear and Miecouay wind profiles. In this thesis only the overpasses between 17 May
2019 and 14 June 2019 are considered. This is because the laser was switched to the second
laser of [ALADINl on 16 June 2019, due to the strong decrease of the emitting laser energy of
the first laser. As it takes a while, until all Aeolus products are correctly calibrated with the

new laser, measurements with the second laser are not included here.

Case studies and statistics

During the validation period between 17 May 2019 and 14 June 2019, five radiosondes could
be launched. As case study the comparison, measured on 31 May 2019 is chosen and shown in
Figure Plot (a) shows the wind velocity of the high resolved radiosonde profile with the
Aeolus profiles along the and Plot (b) the wind direction of the radiosonde profile during
the ascent. The wind measurements of Aeolus and the radiosonde differ much more, compared
to the discussed cases of the shipborne validation. They do not only deviate stronger in wind
velocities, but have also different signs, which means they also disagree in the wind directions.
Furthermore the error bars are large, especially for the Rayleigh e, profiles. They are close to
8 ms™!, which is the error threshold in this thesis, as defined in the data filtering (see chapter
5).

For the explanation of the declined quality of the Aeolus wind measurements, several reasons

need to be considered: First of all, the variation of wind velocity within a horizontal resolution
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Figure 6.19: Wind velocity profiles measured by the radiosonde (red) with the two closest
Aeolus Rayleighciear (green and blue) and Miegoudy profiles (magenta and cyan) on 31 May
2019 in Leipzig (a). The wind direction of the radiosonde profile (b). The radius of the
circles in (b) denotes the altitude in kilometre.

of 90 km is in general stronger above the land compared to the open ocean, as the wind is
influenced by the orography along the [LOS| having more turbulences, primary in the [PBTl
Though it should be mentioned, that the horizontal resolution of the Mie channel was increased
to around 10 km on 5 March 2019. Also the vertical resolution was increased compared to the
one of the Rayleigh measurements, having now a vertical resolution of 250 m up to ~ 1.32 km,
500 m between ~ 1.32 km and ~ 5.35 km and 1 km between ~ 5.35 km to ~ 16.5 km.

The Miegjoudy profiles have two cyan and one magenta coloured wind measurements in Figure
6.19| (a). They show better results than the Rayleigh e, wind values, but only the magenta
measurement is in really good agreement with the radiosonde wind profile.

Furthermore the weekly data quality reportF_-] for the teams records an observed
Observation minus Background standard deviation (with background a reference mea-
surement is meant, that uses the short-range forecast from the [ECMWTF] model) of more than
7 ms~! for the Rayleigh., measurements for the measurement period of the land-based val-
idation. During the period of the Polarstern validation the standard deviation of the

1 as it is reported in the Aeolus sum-

Rayleigh ear measurements were still at around 4.5 ms™
mary reportl of the first three months. The reason for the high value is assumed to be a
combination of increased solar background noise in the Northern Hemisphere, an increase in
hot pixel associated noise, as well as the decrease in laser energy with time. At the time of the

overpass, the laser energy was only at 42 mJ. During the shipborne validation, the emitted

Inot publically accessible
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laser energy was still about 55 mJ.

Another reason is the wind direction on that day. Plot (b) shows that the wind had a
strong northerly component between 5 km to 13.5 km. This leads to a projected wind velocity
along the close to 0 ms™!. In other words, at small wind velocities the Aeolus wind
direction can change, but stays in the range of the standard deviation. Another point is that
the random and systematic error stays constant compared to high west-east wind velocities.
With a high range of wind velocity, the measurements have a better correlation with the same
error estimation than having a low range of wind velocity at around 0 ms~!, where the error

estimation has the same range or even higher than the wind velocity itself.

The overview of all remaining radiosonde and Aeolus wind profiles of the land-based valida-

tion in Leipzig are shown in Figure [6.20] Like in the discussed case study, the estimated error
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Figure 6.20: All remaining wind velocity profiles of the land-based validation in Leipzig,
measured by the radiosondes (red) and the two closest Aeolus Rayleighciea, (green and blue)
and Miegoudy profiles (magenta and cyan).
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is much larger than in the comparisons of the wind profiles, measured during the Polarstern
cruise. Furthermore it seems that more outliers with a deviation higher than 10 km exist. This
is verified in Figure [6.21] which shows the wind measurements of Rayleighe., plotted against
the radiosondes (Plot (a)) and the normalized frequency distribution of their deviation (Plot
(b)). The linear regression has a gradient of 1.07 with a negative bias of -4.36 ms™'. As written
in chapter 4] the hot pixel correction was implemented on 14 June 2019, which means it is
already included in the last comparison. But as the Rayleigh .., signal could not penetrate the
high clouds on this day, the correction leads only to one additional Rayleighciear and Miecioudy
range-bin. Still, when considering the additional bin, the Rayleigh ., measurement correla-

tion increases from 77.1% to 78.1%. Conspicuous is, that this time the comparison results in a

(a) Rayleighcjear wind vs. (b) Normalized frequency
radiosonde wind distribution of the deviation
Rayleigh L2B wind vs. radiosonde Frequency distribution Rayleigh_clear

30

201
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Figure 6.21: The Aeolus Rayleighjear wind velocity vs. the radiosonde wind measurements
in Leipzig between the period from 17 May 2019 to 14 June 2019 (a). The normalized distri-
bution of the deviation between the Aeolus Rayleighcjear wind velocity and the radiosonde
wind measurements, that were adjusted to the same resolution as the Aeolus measurements

(b).

negative and larger bias and not in a positive one like in the shipborne validation. This is also
observed and discussed in the weekly quality reportd| for the teams. In the report,
the Rayleigh ea, latitude depending bias of the ascending orbit (upper Plot of Figure|6.22)) and
the descending orbit (lower Plot of Figure for the time period between mid April 2019 to
mid June 2019 is shown. A significant bias change was observed after updating the processing
chain on 16 May 2019. While the global average bias was improved by about 3 ms™!, the bias
of the Northern mid latitudes and polar region started to get negative. The strength of the
bias differs also depending on the descending or ascending orbit. As the land-based validation

started at the 17 May 2019, all comparisons of the land-based statistic include the new bias.

Inot publically accessible
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The normalized frequency distribution in Plot (b) shows several deviations with even more
than 15 ms™! (without subtracting the calculated bias from the Aeolus measurements). The
statistic shows a stronger deviation of the measured values, than in the shipborne validation.
An important reason for this is the low emitting laser energy. With the higher and more stable
energy of the second laser as well as the implemented hot pixel correction, the quality of the
Aeolus wind measurements should increase significantly in future. Furthermore the data will
be further reprocessed and improved in the frame of the [ACVT] the and the
[SAQL also including the results of the continuously validations and calibrations of the different
CAL/VAL| teams.
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7 Summary and conclusion

In this Master thesis, the wind and aerosol products recorded by the recently started satellite
Aeolus were compared to vertical wind and aerosol profiles from radiosonde launches and li-
dar measurements with the Polly*" lidar during the shipborne validation across the Atlantic
Ocean and the land-based validation at Leipzig.

Aeolus enables a completely new dimension for the assimilation of global wind observations
in models. With its new technology, Aeolus is the first Doppler wind lidar operating
from space and providing global horizontal wind measurements within an altitude range of
0 km to 30 km. The instrument on board is a high spectral resolution lidar, called ALADINI
It measures the Doppler shift at moving molecules and particles, separately in two different
receiver channels, the Rayleigh and Mie channel. Besides wind profiles, Aeolus can obtain the
lidar ratio by measuring the particle backscatter and particle extinction coefficient indepen-
dently. However, the aerosol and cloud classification is limited by the fact that Aeolus only
transmits the co-polarized component of the backscattered light.

To control the quality of the wind and aerosol profiles, validations and calibrations are made
with NWD] models and with measurements, performed by radiosondes, balloons, satellites,
aircraft, and ground-based instruments.

An unique opportunity was offered by the Polarstern cruise PS116 in Autumn 2018 to perform
shipborne validation across the Atlantic Ocean. During the cruise seven points of intersection
were possible to reach within a radius of 150 km. Thereof six radiosonde could be launched.
The results of the comparison show a correlation between the Rayleigh.,, and the radiosonde
wind measurements of 92.8%, having a positive bias of 1.77 ms~!. Without the bias correction
the main deviation between Aeolus and radiosondes measurements is within 7 ms~!. Excluding
one non representative comparison, the Miegonay measurements correlate with 91.5%, having
a positive bias of 0.52 ms~—!. The Aeolus wind deviations to the radiosonde profiles are all less

than 6 ms™'.

The highest source of uncertainty in this validation is the horizontal distance
between the radiosonde and Aeolus position and the low horizontal and vertical resolution of
Aeolus, whereas the radiosonde measures only at one place. Nevertheless, the results agree
well with observations presented at the Aeolus workshop [22], having a calculated
global positive bias between <1 ms™! to 3.3 ms™!, that differs in dependence of latitude, orbit
phase, observation period, and Mie or Rayleigh profiles.

For the aerosol product only two comparisons were possible during the cruise. In both, the
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aerosol layer is detected by Aeolus, but the particle extinction coefficient and the lidar ratio
are very noisy and have only few measurements with high error bars. With these results no
specific characterization of the layers is possible. For this, further validations of the aerosol
product need to be done, using ground-based stations ideally in dust areas with homogeneous
aerosol layers, which have a vertical range of several kilometres, to have good comparison
conditions. But it has been already shown and discussed on the Aeolus workshop
[22], that the aerosol products lack still of a quality flag and is not yet perfectly developed.
Besides the shipborne validation, this thesis is considering land-based measurements in Leipzig.
As Aeolus is passes Leipzig every Friday evening, radiosondes were launched since mid May
2019. Due to a strong decrease in emitting laser energy, the Aeolus team switched to the
second laser on 16 June 2019. As after the switch a downtime of the instrument of several
weeks occurred, only the five measurements before that switch are taken into account for
the comparisons. The land-based validation shows much larger deviations up to more than
15 ms~! and a higher error estimation, close to the limit of 8 ms™!, that was defined as the
error threshold for the Aeolus Rayleigh measurements in this thesis. The Rayleigh e, mea-
surement correlate only with 78.1%, having a negative bias of -4.36 ms~!. According to the
internal weekly quality reports for the teams, a negative bias was also observed
in the [ECMWE] model comparison for the Northern Hemisphere for the time period of the
land-based validation, appearing after the update of the processing chain on 16 May 2019. The
reasons for the stronger deviation in the land-based validation is presumably a combination
of: the increase of solar background in the Northern Hemisphere and of hot pixels associated
noise, as well as the decrease in laser energy. And last but not least, some measurements
recorded wind with strong southerly /northerly components, which means wind velocities close
to 0 ms~! along the [LOSl This is lowering the correlation by having the same statistical and
random errors as with high wind velocity.

The main challenges of the Aeolus mission are the occurrence of hot pixels, varying wind mea-
surement biases, the laser energy development, and the lower atmospheric return signal. In
the summary of the Aeolus [CAL/VAL|workshop [22] the Miegouay random error was estimated

I and

to be ~ 2.5 ms™!, which agrees with the mission requirements, that are between 1 ms~
3 ms~! for the precision of the components. Whereas the problems result in a larger
Rayleigheay random error (=~ 4 ms™'). Both estimated errors vary with time, especially in-
creasing before the laser was switched, due to the low emitting laser energy. Nevertheless,
analyses presented at the Aeolus workshop [22], could show a significant impact
of the Aeolus measurements on the NWDP| model forecasts,. Especially in areas with a low
cover in direct wind observing systems, like in the tropical upper troposphere and the South-
ern Hemisphere. The analyses showed also that the impact is comparable to other in-orbit

satellite observing systems.



29

In sum the shipborne and land-based validation is successful. It shows unique validation
measurements across the Atlantic Ocean, which is a necessary contribution to the - until
now - mainly model-based validations in that region. It also points out the change of quality
compared to the later performed land-based validation. Having radiosonde launches before
and after the laser switch, the impact of the higher laser energy on the measurements can be
studied in further investigations.

Last but not least, one has to mention that the Aeolus products will be continuously improved
and several reprocessing steps of the existing data will take place in the future. The obtained
and analysed data set resulting from this Master thesis can be used to analyse the performance

of the new generation of Aeolus products.
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Acronyms

ACCD
ACVT
ADM

Aeolus DISC

AISP
ALADIN
AMV
DFU-M
DFU-R
DLR
DWD
CAL/VAL
ECMWF
ESA
EVAA
FFM
FWHM
GCOS
GRUAN
HLOS
HSR
HWP
IFF
I0CV

IR

ITCZ
LCM
lidar
LOS
MCA
MSP

Accumulation Charge Coupled Device

Aeolus Scientific Calibration & Validation Team
Atmospheric Dynamics Mission

Aeolus Data Innovation and Science Cluster
Annotated Instrument Source Packet
Atmospheric Laser Doppler Instrument
Atmospheric Motion Vectors

Detection Front-End Unit Mie

Detection Front-End Unit Rayleigh

Deutsche Luft- und Raumfahrt

Deutscher Wetterdienst

calibration and validation

European Centre of Medium-Range Weather Forecasts
European Space Agency

Experimental Validation and Assimilation of Aeolus observations
Flip-Flop Mechanism

Full Width at Half Maximum

Global Climate Obsvering System

Reference Upper-Air Network

horizontal line-of-sight

High Spectral Resolution

half-wave plate

interference filter

In orbit commissioning and validation

infrared

Inter-Tropical Convergence Zone

laser chopper mechanism

Light detection and ranging

line-of-sight

Mie channel algorithm

Mie spectrometer
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MIM Meteorological Institute of the Ludwig Maximilian University of Munich
NWP Numerical Weather Prediction

O-B Observation minus Background

OBA Optical Bench Assembly

OCEANET A project of the German Leibniz Programme [4]

PBL Planetary Boundary Layer

PLH Power Laser Heads

Pol polarising beam splitter

QWP quarter-wave plate

RLH Reference Laser Head

RSP Rayleigh spectrometer

SAG Aeolus Science and Product quality Working Group

SCA Standard Correct Algorithm

TRO Transmit-Receive Optics

TROPOS Leibniz Institute for Tropospheric Research

USR useful spectral range

uv

ultra violet
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