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ABSTRACT Thus, the requirement for the maximum

The first wind lidar in space ALADIN will be
deployed on ESA’s Acolus mission. In order to
assess the performance of ALADIN and to
optimize the wind retrieval and calibration
algorithms an end-to-end simulator was
developed. This allows realistic simulations of
data downlinked by Aeolus. Together with
operational processors this setup is used to assess
random and systematic error sources and perform
sensitivity studies about the influence of
atmospheric and instrument parameters.

1 INTRODUCTION

The European Space Agency (ESA) is currently
implementing a Doppler wind lidar mission
named Atmospheric Dynamics Mission ADM-
Aeolus [1]. It is considered as a technology
demonstrator for future operational wind lidar
missions. The launch of the satellite is currently
planned for 2018. Aeolus will provide profiles of
one component of the horizontal wind vector
along the laser line-of-sight (LOS) from ground
up to the lower stratosphere (20 km to 30 km)
with 250 m to 2 km vertical resolution and a
precision of 1 m/s to 3 m/s depending on altitude
[2]. A wind profile will be obtained from
horizontal averaging over 90 km along track in
order to achieve the precision requirement
(random error). Systematic errors, which cannot
be corrected by a-priori knowledge (e.g.,
calibration, instrumental corrections) — called an
“unknown bias” — are very detrimental for
numerical weather prediction (NWP) models.

“unknown bias” of 0.7 m/s is very stringent and is
further separated into a wind-independent
contribution of 0.5 m/s and a wind-dependent
contribution of 0.7 %.

The lidar ALADIN (Atmospheric LAser Doppler
INstrument) is based on a direct-detection
Doppler wind lidar (DWL) operating at an
ultraviolet (UV) wavelength of 354.8 nm [3]. The
optical receiver consists of two spectrometers to
determine the Doppler shift from the spectrally
broad Rayleigh-Brillouin molecular backscatter
and the spectrally narrow Mie backscatter from
aerosols and cloud particles [4]. Accumulation
charge coupled device (ACCD) detectors are used
for both the Mie and Rayleigh spectrometer. The
minimum vertical resolution of the ALADIN
instrument is limited by the ACCD detector to
250m and only a limited number of 24
atmospheric altitude ranges can be acquired. On
the other hand the vertical resolution can be varied
from 250 m to 2000 m even within one vertical
profile. The number of laser pulse returns
accumulated directly on the detector is a settable
parameter and determines the minimum along-
track horizontal resolution for the raw data, which
is typically 3 km for a number of 20 accumulated
laser pulses (called “measurement”). Both the Mie
and the Rayleigh spectrometer data are stored
with this temporal resolution on-board and
transmitted to the ground via an X-band downlink
every orbit. Further averaging of 600 laser pulse
returns (12 s data, 90 km along-track resolution,
called “observation”) is performed on-ground and
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is needed to achieve the random error requirement
of 1 m/s to 3 m/s.

2 AEOLUS PROCESSING CHAIN

The downlinked data (called Annotated
Instrument Source Packets AISP) from ALADIN
spectrometers, instrument and platform status (e.g.
settings, temperatures) and AOCS (Attitude and
Orbit Control System) are processed on-ground to
obtain several levels of data products (Level 0,
1A, 1B, 2A, 2B, 2C). For Level 1 data products
(processed instrument data) only information from
the Aeolus satellite with the ALADIN instrument
and the AOCS is used. For Level 2 products
additional information from other sources is used,
mainly the atmospheric temperature and pressure
profiles for correcting the winds derived with the
Rayleigh spectrometer from the temperature and
pressure dependent signal bandwidth of the
Rayleigh-Brillouin scattering [5]. Algorithms for
Level 2 data products (derived geophysical wind
and aerosol variables) use also a horizontal and
vertical grouping of measurements to discriminate
clear and cloudy atmospheric scenes [6].

An end-to-end simulator (E2S) was developed for
the Aeolus mission with the following objectives:

= testing the ground segment processor
chain from Level 0 to Level 2

= assessing the performance of ALADIN
with respect to random and systematic
errors

= performing sensitivity studies to optimize
instrument settings, calibration methods
and retrieval algorithms

= validating the Aeolus
launch.

mission after

Thus, the Aeolus E2S is continuously updated
with new functionalities and instrument
parameters arising from characterization of the
ALADIN instrument on-ground and from
experience ~ with the ALADIN airborne
demonstrator (A2D). The A2D was developed in
order to assess the performance of ALADIN and
to optimize the retrieval algorithms with “real”
atmospheric  signals [7]. Several airborne
campaigns with a coherent-detection wind lidar as
a reference and the A2D were performed for pre-
launch validation of Aeolus from 2007-2009 [8],
together with the NASA DC-8 aircraft in 2015 [9]

and recently during NAWDEX (North Atlantic
Waveguide and Downstream Impact Experiment)
in 2016. More than 100 recommendations for
testing and operating the ALADIN instrument on-
ground and in-orbit and for refinement of the
retrieval algorithms and calibration strategy were
derived from the experience with the A2D [10]
and adapted to the modelling of the ALADIN
instrument in the E2S and for the wind retrieval
algorithms in the L1B processor.

3 AEOLUS END-TO-END SIMULATOR

The E2S is not only a simulator for the lidar
instrument ALADIN interacting with the
atmosphere, but also includes modules for the
satellite orbit, the AOCS and allows to couple a
Digital Elevation Model (DEM) and spatially
resolved global information about the surface
albedo [11]. DEM and albedo information is
important for a correct simulation of the range and
intensity of the surface return, which is used for
ALADIN calibration and bias correction schemes.

In order to be able to use the E2S for testing the
complete chain of processors, the output data are
provided in the same format and temporal and
spatial resolution as it will be downlinked from
the satellite as AISP.

In order to use the E2S for performance
assessment, sensitivity studies and optimization of
retrieval algorithms it allows for the:

= use of atmospheric vertical profiles (e.g.
backscatter and extinction of aerosol and
clouds from climatology or earlier lidar
missions as LITE or CALIPSO, wind
profiles from radiosondes or ECMWF
model) with high vertical and temporal
resolution, e.g. to simulate atmospheric
inhomogeneities  equivalent to the
measurement data resolution of Aeolus of
3 km; for some sensitivity studies the
atmospheric profiles were even varied per
laser shot with a pulse repetition rate of
50 Hz

= simulation of spectrally resolved
atmospheric backscatter signal of Mie
scattering from aerosol and cloud
particles and Rayleigh-Brillouin
scattering from molecules [12]
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= simulation of surface returns using input
from a DEM (ACE2 with 9" resolution)
and global maps of surface reflectance in
the UV (ADAM [11] with 0.1° resolution)

= simulation of spectrally broadband solar
background signal

= simulation of total instrument optical
transmission for transmit and receive
paths and spectrally resolved transmission
and reflection functions for the Fizeau
interferometer and sequential
implementation of two Fabry-Pérot
interferometers [13]

= simulation of charge transfer and
detection on the accumulation CCD
including offsets, non-linearity and noise
sources (e.g. dark current noise, read-out
noise, Poisson detection noise) and
subsequent analog-to-digital conversion
with 16 bit

= simulation of accumulated signal returns
on the Mie and Rayleigh spectrometer
ACCD’s from the atmospheric returns
and from each transmitted laser pulse,
which is used as frequency reference

= simulation of all ALADIN instrument
modes including wind measurements with
35°  off-nadir  pointing,  response
calibration with 0° nadir pointing, use of
the ACCD in imaging mode for telescope
focus adjustment, and several internal
modes without atmospheric return, e.g.
characterization of dark charges, Fizeau
and Fabry-Pérot interferometer spectral
transmission, or monitoring of laser beam
properties.

The simulation of the ALADIN response
calibration in nadir mode and the internal modes
for characterizing the spectral transmission of the
interferometers are especially relevant for
assessing the systematic errors. Also several
instrument imperfections are included in the E2S,
which are relevant for the instrument performance
and which were spotted by means of A2D
measurements.

4 AEOLUS WIND
ALGORITHMS

The wind retrieval algorithms are described in
detail in the respective Algorithm Theoretical

RETRIEVAL

Basis Document (ATBD) [14] and an overview is
provided in [6]. The main product from Aeolus
will be LOS winds projected to the horizontal
plane — called HLOS winds. The L1B algorithms
will use only information provided from Aeolus
itself (AOCS data, ALADIN wind mode data,
ALADIN response calibration mode data) to
derive L1B HLOS wind profiles averaged over 1
observation derived from both the Mie and
Rayleigh spectrometer data. Thus, the LI1B
Rayleigh HLOS winds will exhibit a significant
bias due to non-correction of the actual
atmospheric temperature profile and of the cross-
talk of spectrally narrowband Mie returns to the
broadband molecular return in case of aerosol and
cloud layers. Both effects are corrected for the
L2B winds [5, 6].
Offset and

/ALADIN foes I\
Mie and l

Instrument
Response

_

Frequency Shift
Determination

Af=ff,
—/

¥

Rayleigh

Response
Calibration

. : LOS-Wind
Doppler Lidar equation Bv=0F*A/2
I

AOQCS Satellite Velocity

p latform Processing Correction
Grouﬂd Ground Return

goecton Correction

and Velocity

! v )
vamenicos || e
Estimator HBE B

Correction

I
Y

LOS / HLOS
Wind

Figure 1 Wind retrieval algorithm up to Level 1B using
information from ALADIN Mie and Rayleigh
spectrometer data (blue), AOCS and platform data
(green) and bias correction (red)

5 CONCLUSIONS

The first wind lidar in space ALADIN will be
deployed on ESA’s Aeolus mission and will be
operational in 2018. It is not only the first time
that the space hardware of a high power UV laser
and a Doppler wind lidar was developed, but also
the on-ground processors for wind retrieval,
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calibration and bias correction schemes are novel,
i.e. without heritage from earlier space missions.
In order to develop, test and optimize the retrieval
algorithms before launch, significant effort was
undertaken in developing a representative E2S
and chain of processors from Level 0 to Level 2 as
well as in pre-launch campaigns with the A2D.
Nevertheless all algorithm teams and also data
product users should be prepared for surprises and
serendipity.
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