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Abstract. In August 2018, the first Doppler wind lidar, de-
veloped by the European Space Agency (ESA), was launched
on board the Aeolus satellite into space. Providing atmo-
spheric wind profiles on a global basis, the Earth Explorer
mission is expected to demonstrate improvements in the
quality of numerical weather prediction (NWP). For the use
of Aeolus observations in NWP data assimilation, a detailed
characterization of the quality and the minimization of sys-
tematic errors is crucial. This study performs a statistical val-
idation of Aeolus observations, using collocated radiosonde
measurements and NWP forecast equivalents from two dif-
ferent global models, the ICOsahedral Nonhydrostatic model
(ICON) of Deutscher Wetterdienst (DWD) and the Euro-
pean Centre for Medium-Range Weather Forecast (ECMWF)
Integrated Forecast System (IFS) model, as reference data.
For the time period from the satellite’s launch to the end of
December 2019, comparisons for the Northern Hemisphere
(23.5–65◦ N) show strong variations of the Aeolus wind bias
and differences between the ascending and descending or-
bit phase. The mean absolute bias for the selected validation
area is found to be in the range of 1.8–2.3 ms−1 (Rayleigh)
and 1.3–1.9 ms−1 (Mie), showing good agreement between
the three independent reference data sets. Due to the greater
representativeness errors associated with the comparisons
using radiosonde observations, the random differences are
larger for the validation with radiosondes compared to the
model equivalent statistics. To achieve an estimate for the
Aeolus instrumental error, the representativeness errors for
the comparisons are determined, as well as the estimation

of the model and radiosonde observational error. The result-
ing Aeolus error estimates are in the range of 4.1–4.4 ms−1

(Rayleigh) and 1.9–3.0 ms−1 (Mie). Investigations of the
Rayleigh wind bias on a global scale show that in addition to
the satellite flight direction and seasonal differences, the sys-
tematic differences vary with latitude. A latitude-based bias
correction approach is able to reduce the bias, but a resid-
ual bias of 0.4–0.6 ms−1 with a temporal trend remains. Tak-
ing additional longitudinal differences into account, the bias
can be reduced further by almost 50 %. Longitudinal varia-
tions are suggested to be linked to land–sea distribution and
tropical convection that influences the thermal emission of
the earth. Since 20 April 2020 a telescope temperature-based
bias correction scheme has been applied operationally in the
L2B processor, developed by the Aeolus Data Innovation and
Science Cluster (DISC).

1 Introduction

Aeolus is a European Space Agency (ESA) Earth Explorer
mission, launched on 22 August 2018 as part of the Living
Planet Programme. With an estimated lifetime of 3 years, it is
expected to pave the way for future operational meteorolog-
ical satellites dedicated to observing the atmospheric wind
fields (ESA, 2008). Aeolus is a polar orbiting satellite, flying
in a sun-synchronous dawn–dusk orbit at about 320 km alti-
tude. Within about 7 d, the satellite covers nearly the whole
globe. Aeolus carries only one large instrument, a Doppler
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wind lidar called ALADIN (Atmospheric LAser Doppler IN-
strument) which is the first European lidar and the first ever
Doppler wind lidar (DWL) in space (Stoffelen et al., 2005;
Reitebuch, 2012; ESA, 2008). ALADIN provides profiles of
the line-of-sight (LOS) wind component perpendicular to the
satellite velocity at an angle of 35◦ off-nadir from the ground
up to 30 km.

The Aeolus mission primarily aims to demonstrate im-
provements in atmospheric wind analyses for the benefit
of numerical weather prediction (NWP) and climate studies
(Stoffelen et al., 2005; Rennie and Isaksen, 2019). Despite
the advancement of the Global Observing System (GOS),
there are still major deficiencies, the lack of accuracy be-
ing one of the significant limitations of currently used wind
observation methods (Källén, 2018). Accurate vertical pro-
files of the wind field from radiosondes, wind profilers, and
commercial aircraft ascents and descents are mainly concen-
trated over continents in the Northern Hemisphere, whereas
only a few profiles are available over the oceans and on
most parts of the Southern Hemisphere. Atmospheric mo-
tion vectors derived from tracking cloud and water vapor
structures in consecutive satellite images provide single-level
winds with nearly global coverage but exhibit significant sys-
tematic and correlated errors due to uncertainties of their
height assignment (e.g., Folger and Weissmann, 2014; Bor-
mann et al., 2003). The vast majority of global observations
consist of satellite radiances, mainly providing information
on the atmospheric mass field (temperature, humidity, other
trace gases, and hydrometeors). Wind information can only
be retrieved indirectly from these observations, which is a
particularly strong restriction in the tropics in the absence
of geostrophic balance (Stoffelen et al., 2005). The actively
sensed globally distributed lidar LOS winds are therefore fill-
ing a major gap of the GOS, especially in the upper tropo-
sphere and the lower stratosphere, in the tropics, and over the
oceans (Baker et al., 2014; ESA, 2008). It has been shown
that improvements are to be expected for short-range fore-
casts of severe weather situations, the analysis of tropical
dynamics, and for a better definition of smaller-scale circu-
lation systems in midlatitudes (e.g., Marseille et al., 2008;
Tan and Andersson, 2005; Weissmann and Cardinali, 2007;
Weissmann et al., 2012; Žagar, 2004). A crucial prerequi-
site for the use of meteorological observations in NWP data
assimilation systems is a good knowledge of their statisti-
cal errors and the minimization of systematic observation er-
rors. For this purpose, uncertainty assessment and validation
through extensive comparisons with reference data is an es-
sential requirement to assimilate these novel observations in
NWP models and fully exploit the provided wind informa-
tion.

The Aeolus direct detection wind lidar (ALADIN) is oper-
ating in the ultraviolet spectral region (354.8 nm). The laser
emits pulses of about 60 mJ at a frequency of 50.5 Hz. A
Cassegrain telescope with a diameter of 1.5 m collects the
backscattered signal, and its Doppler shift is analyzed by a

dual-channel receiver to measure backscattered signals from
both molecules (Rayleigh channel) and particles (Mie chan-
nel) (ESA, 2008; Reitebuch, 2012). This complementarity of
the two channels allows for broad vertical and horizontal data
coverage in the troposphere. In preparation for the Aeolus
mission, a prototype of the satellite instrument, the ALADIN
Airborne Demonstrator (A2D), was deployed to test the wind
measurement principles under real atmospheric conditions in
several measurement campaigns, and to provide information
on quality control algorithms (Lux et al., 2018). Two air-
borne validation campaigns with an operation base at DLR
(Deutsches Zentrum für Luft- und Raumfahrt e.V.) Oberpfaf-
fenhofen were already performed within the first 10 months
after the satellite’s launch. Deploying the A2D and a 2 µm
DWL as reference, wind data for the first experimental com-
parisons with the Aeolus wind product and model wind data
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) were provided. Detailed information and re-
sults have been published in Lux et al. (2020) and Witschas
et al. (2020). Further, Aeolus wind observations are com-
pared to the direct-detection Doppler lidar LIOvent at the
Observatoire de Haute-Provence for a time period at the be-
ginning of 2019 (Khaykin et al., 2020) and to wind profiles
obtained from radiosonde launches on board the German RV
Polarstern in autumn 2018 across the Atlantic Ocean (Baars
et al., 2020). Airborne Doppler lidars have been used in sev-
eral case studies of mesoscale phenomena, such as the French
mistral (Drobinski et al., 2005), Alpine foehn (Reitebuch
et al., 2003), the sea breeze in southern France (Bastin et al.,
2005), or the Alpine mountain–plain circulation (Weissmann
et al., 2005). As part of the German initiative EVAA (Ex-
perimental Validation and Assimilation of Aeolus observa-
tions), this paper presents the evaluation of Aeolus winds
using operational collocated radiosonde data from the GOS
as reference. Besides, observation monitoring statistics from
the global ICOsahedral Nonhydrostatic model (ICON) of
Deutscher Wetterdienst (DWD) and the ECMWF Integrated
Forecast System (IFS) model are analyzed to corroborate the
results and investigate dependencies and possible causes of
systematic deviations.

The text is structured as follows. First, an overview and de-
scription of the data sets used for the evaluation of the Aeo-
lus winds are provided. Collocation criteria are specified and
the statistical methods for the comparison are described. Sec-
tion 3 presents a time series of the validation, focusing on the
temporal evolution of systematic and random differences be-
tween the Aeolus observations and the reference data sets.
The derivation of error estimates for the Aeolus instrumen-
tal error includes the determination of representativeness er-
rors which is based on analysis data from the regional model
COSMO (Consortium for Small-scale MOdeling) of DWD
and high-resolution ICON large eddy model (LEM) simula-
tions. In Sect. 4, the Aeolus Rayleigh channel bias is investi-
gated in more detail and two bias correction approaches are
evaluated. Finally, the results are discussed and summarized.
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2 Data and method

The Aeolus Level 2B (L2B) product is evaluated using col-
located radiosonde observations of the GOS and short-term
model forecast equivalents (first-guess departure statistics) of
the global model ICON of DWD and the ECMWF model as
reference.

2.1 Aeolus L2B wind product

The Aeolus L2B product contains the Horizontal LOS wind
component (HLOS) observations suitable for NWP data as-
similation (Rennie et al., 2020). The majority of wind data
are provided by the Rayleigh channel. In clear conditions, the
Rayleigh wind coverage is from the surface up to 30 km. The
Mie signals are strong within optically thin clouds and on top
of optically thick clouds and cover the atmospheric boundary
layer as well as aerosol layers for clear-sky conditions. Each
Aeolus measurement is an accumulation of 20 laser pulses,
which corresponds to a horizontal resolution of about 2.9 km.
To achieve a sufficient signal-to-noise ratio to comply with
the stringent wind accuracy requirements, observations are
processed by averaging up to 30 individual measurements.
The resulting HLOS wind observation therefore represents
a horizontal average over 86.4 km. For the Mie channel, the
horizontal integration length of the wind measurements was
decreased to approximately 10 km after 5 March 2019, taking
advantage of the higher signal-to-noise ratio of cloud returns
(Šavli et al., 2019). In addition to HLOS observations, the
Aeolus L2B processor developed by ECMWF and the Royal
Netherlands Meteorological Institute (KNMI) provides an
observation instrument noise estimate. Furthermore, to re-
duce systematic errors, corrections for the temperature and
pressure dependence of the Rayleigh winds are performed
using a priori information from the ECMWF model inter-
polated along the Aeolus track (Dabas et al., 2008). The
measurements within an observation are classified into an
observation type, clear or cloudy, using measurement-scale
(2.9 km) optical properties, such as scattering ratio. Wind
retrievals are performed for both channels resulting in four
observation products (Rayleigh clear, Rayleigh cloudy, Mie
clear and Mie cloudy). The vertical resolution varies from
0.25 km near the surface to 2 km in the highest bins, with a
total of 24 bins. The processing at ECMWF is performed in
near-real time; thus measurements are delivered within 3 h.
More detailed information about the L2B processor retrieval
algorithm can be found in Rennie et al. (2020). As Aeo-
lus is a novel mission, the processing algorithms have been
evolving since launch. Different processor baselines (in this
study 2B02–2B07) and various updates led to different obser-
vation quality in different time periods. A consistent repro-
cessed data set with unique processor settings is not available
yet. Furthermore, the instrument performance varied over the
time period assessed in this study, which includes the mis-
sions Commissioning Phase (CP) from launch until the end

of January 2019, the late Flight Model A (FM-A) laser pe-
riod until mid-June 2019, and the FM-B laser period until
the end of December 2019. Information about the actual per-
formance of the Aeolus wind lidar and a discussion of the
systematic and random error sources can be found in Reit-
ebuch et al. (2020) and Rennie and Isaksen (2020). For the
validation, the following quality control criteria are applied.
Only valid Rayleigh clear and Mie cloudy winds (from now
on referred to as Rayleigh and Mie) between 800 and 80 hPa
are used. A distinction is made between the ascending or-
bital pass, when the satellite moves north, and the descend-
ing orbital pass, when the satellite moves south. Based on a
compromise between the quality of the data set and the num-
ber of observations that pass the quality control, Rayleigh
winds with an estimated error greater than 6 ms−1 and Mie
winds with an estimated error greater than 4 ms−1 are ex-
cluded. Thus, on average over the validation period about
70 % of the Rayleigh and 76 % of the Mie winds are avail-
able for the analysis. On 14 June 2019 a correction scheme
for dark current signal anomalies of single pixels (hot pix-
els) on the accumulation-charge-coupled devices (ACCDs)
of the Aeolus detectors has been implemented into the Ae-
olus operational processor chain (Weiler et al., 2020). All
measurements before 14 June 2019 affected by hot pixels are
excluded from the validation statistic.

2.2 Radiosonde data and collocation criteria

Radiosonde observations generally provide very accurate in-
formation on the true wind conditions. Given that radiosonde
wind data are direct in situ measurements, the inherent er-
rors (e.g., instrument errors) are small compared to errors of
satellite-based instruments. That makes them well suited to
serve as a reference data set for the true atmospheric state for
the validation of Aeolus HLOS winds. Furthermore, the ob-
servation errors can be assumed to be uncorrelated between
different radiosondes. At ECMWF, radiosonde feedback files
are created from the Observational DataBase (ODB) at the
end of the IFS analysis and archived in the Meteorological
Archival and Retrieval System (MARS). For stations where
ECMWF is assimilating BUFR (Binary Universal Format
for the Representation of meteorological data) data, the bal-
loon drift is taken into account by splitting data into groups
of 15 min. Radiosonde feedback files from alphanumeric re-
ports only contain the time and position of the radiosonde’s
launch, but not the time and position of the individual wind
observations. Due to the radiosonde drift during the sound-
ing and the ascent time, additional errors arise. Seidel et al.
(2011) evaluated characteristic values of average drift dis-
tances to be 5 km in the mid-troposphere, 20 km in the upper
troposphere, and 50 km in the lower stratosphere, tending to
be larger in midlatitudes than in the tropics. A few individual
radiosondes are found to drift up to 200 km. Estimates of the
ascent time of the balloon range from 5 min, when it reaches
850 hPa, up to 1.7 h at 10 hPa. These values should be taken
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into account when defining collocation criteria for compar-
isons with radiosondes. In this study, all radiosonde obser-
vations that are within 120 km horizontal, 90 min temporal,
and 500 m vertical distance from the Aeolus measurements
are used for the validation statistics. For each location, the
radiosonde HLOS wind component is computed as a linear
function of the zonal wind component u and the meridional
wind component v as

HLOS=−u · sin(φ)− v · cos(φ), (1)

where φ is the L2B azimuth angle, which is defined clock-
wise from north of the horizontal projection of the target
to the satellite pointing vector. Since radiosonde observa-
tions are rare in the Southern Hemisphere and polar regions,
the analysis concentrates on the midlatitudes of the North-
ern Hemisphere (23.5–65◦ N). To achieve a sufficiently large
data set, statistics for 1 d are based on a running mean over
7 d.

2.3 Model data for the validation

For a more comprehensive global assessment, the validation
results of Aeolus winds with radiosondes are supplemented
by a comparison to model equivalents from the global model
ICON of DWD and the ECMWF IFS model. Due to the in-
homogeneous spatial and temporal distribution of radioson-
des, the model data continue to serve as a basis for further
investigations of longitudinal and latitudinal bias dependen-
cies. The global NWP system of DWD combines a three-
dimensional variational technique (3D-Var) with a local en-
semble transform Kalman filter (LETKF) to produce consis-
tent initial states for an ensemble forecasting system using
the ICON model. The first-guess forecast of the determinis-
tic ICON with approximately 13 km horizontal grid spacing
is used to calculate the observation first-guess departures (O-
B). In contrast to the ECMWF data assimilation system (4D-
Var) with a grid spacing of approximately 9 km, the obser-
vations are not used at their actual time, but all observations
within an observation window (±1.5 h around the analysis
time) are assumed to be valid at the analysis time. The Aeo-
lus observational feedback files of the ECMWF IFS model,
as well as the monitoring files of the ICON model used for
this study, include all observations that were screened by the
data assimilation system but did not influence the analysis.
At ECMWF, the Aeolus HLOS winds have been assimilated
operationally since 9 January 2020; at DWD the operational
assimilation started on 19 May 2020.

To ensure comparable data sets for the radiosonde and the
ECMWF and DWD model validation of the Aeolus winds,
only the nearest O-B value per radiosonde collocation is used
for the model validation statistics. To put the regional vali-
dation results in a global context, a global statistic with the
ECMWF O-B values is calculated, additionally. For this, a
similar approach of limited regions and limited time peri-
ods is chosen. O-B statistics are calculated for regions of

10◦ latitude× 10◦ longitude and over periods of 7 d before
they are averaged for the whole globe, to reduce the influence
of horizontal and temporal fluctuations of systematic errors
on the random errors.

2.4 Representativeness errors for the Aeolus wind
validation

The knowledge of representativeness errors is a key to deter-
mine the Aeolus wind instrumental error. Firstly, representa-
tiveness errors arise due to different measurement geometries
of the compared data sets. While the Aeolus HLOS wind ob-
servations correspond to line measurements, the NWP mod-
els are treating the Aeolus HLOS winds as point measure-
ments. Also, the radiosonde observations can be regarded as
point measurements. For the estimation of the representative-
ness error for the comparison of radiosonde and Aeolus data,
three further error sources need to be taken into account: the
spatial and temporal difference resulting from the collocation
criteria, the spatial and temporal difference resulting from the
displacement during the radiosonde ascents when radiosonde
data from alphanumeric reports are assimilated (13 % of the
radiosonde data), and the temporal offset value for the group-
ing time interval when accounting for balloon drift in BUFR
data (87 % of the radiosonde data).

The different error components are evaluated using anal-
ysis data of the regional COSMO-DE model of five 7 d pe-
riods (February, April, June, October, and December 2016).
The COSMO-DE model covers Germany, Switzerland, Aus-
tria, and parts of other neighboring states and has a horizontal
grid spacing of 2.8 km and 50 levels in the vertical. The data
are only used up to 12 km to avoid influences of large model
errors and uncertainties of the simulation in the stratosphere.
To determine the effect of unresolved scales in the COSMO-
DE analyses, the results are compared to a 3 d (3 to 6 June
2016) large-eddy simulation with the ICON model centered
over Germany with 150 m horizontal resolution and 150 lev-
els in the vertical. This way, an offset value is calculated,
which is added to the representativeness errors. A more de-
tailed description of the estimation of the Aeolus instrumen-
tal error is provided in Sect. 3.2.

2.5 Statistical metrics

The following outlines the applied statistical metrics. Using
the forecast of NWP models as reference, the bias estimate is
described by the mean first-guess departure:

BIAS=
1
N

N∑
i=1
(vdiffHLOS)=

1
N

N∑
i=1
(yi −H(xb,i)), (2)

where i represents the time step andN is the number of com-
pared data points. y is the Aeolus HLOS wind observation,
xb is the state vector of the short-term model forecast (back-
ground), and H(.) is the observation operator. Given that the
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model bias for long validation periods and large scales is usu-
ally small in comparison to that of Aeolus observations, the
mean difference between the Aeolus observations and the
reference data can be referred to as bias. In certain condi-
tions, such as in jet stream regions, the tropical upper tropo-
sphere, and the stratosphere, however, Aeolus HLOS bias es-
timates based on NWP monitoring statistics should be treated
with caution (Rennie, 2016).

The bias using the radiosonde measurements as reference
is calculated according to

BIAS=
1
N

N∑
i=1
(vdiffHLOS)

=
1
N

N∑
i=1
(HLOSL2B,i −HLOSRadiosonde,i). (3)

For quantifying random deviations, the standard deviation

σ =

√√√√ 1
N − 1

N∑
i=1
(vdiffHLOS −BIAS)2, (4)

as well as the scaled median absolute deviation (MAD)

scaled MAD= 1.4826

×median(|vdiffHLOS −median(vdiffHLOS)|), (5)

is determined for the three reference data sets. The MAD is a
very robust measure for the variability of the Aeolus HLOS
winds, being more resilient to single outliers compared to
the standard deviation. In case of a normally distributed data
set, the MAD value multiplied by 1.4826 (scaled MAD) is
identical to the standard deviation (Ruppert and Matteson,
2015).

3 Validation results – time series characteristics and
error estimation of Aeolus HLOS wind comparisons

3.1 Systematic and random differences

For the time period from the first available L2B data after the
satellite’s launch up to January 2020, systematic and random
differences between the Aeolus HLOS winds, radiosondes,
and model fields are calculated. Figure 1 compares valida-
tion results for the latitudinal band 23.5–65◦ N using collo-
cated radiosonde observations (blue) and O-B statistics of
the global NWP models of ECMWF (orange) and DWD
(green), separated for Rayleigh clear and Mie cloudy winds,
and for the two orbit phases of the satellite. With the defined
quality control and collocation criteria about 4500 Aeolus
Rayleigh wind observations and about 2300 Mie wind obser-
vations per 7 d period are used for the validation statistics.
Table 1 provides an overview of the mean absolute differ-
ences and the mean scaled MAD of the whole period for

the areas around the radiosonde locations on the Northern
Hemisphere and for a global statistic using the ECMWF (O-
B) values. The Rayleigh wind mean absolute bias using ra-
diosonde observations and O-B statistics of the ICON and
the ECMWF IFS model differs only in a range of about
0.40 ms−1; the Mie wind mean absolute bias differs in a
range of about 0.64 ms−1. The smallest mean absolute bias
estimate is found for the ECMWF first-guess departures.
The mean scaled MAD constantly shows larger values for
the validation using the radiosonde data as reference com-
pared to the model O-B statistics. This can be explained by
the larger representativeness errors associated with radioson-
des, which can be regarded as in situ point measurements.
Besides the higher spatial resolution of a radiosonde obser-
vation compared to the resolution of a global NWP model,
representativeness errors arise from the chosen collocation
criteria and the spatial and temporal displacement during
the radiosonde ascents. These error sources are considered
in the Aeolus HLOS wind error estimation in the follow-
ing Sect. 3.2. Comparing the two NWP models, the mean
scaled MAD calculated with the ECMWF model is on av-
erage about 0.14 ms−1 smaller than when using O-B statis-
tics of the DWD global model. This is likely to be mainly
the result of neglecting the temporal evolution within the
assimilation window in the DWD system. The globally de-
rived Rayleigh wind mean absolute bias estimates, which
are based on ECMWF first-guess departures of limited areas
(10◦ latitude× 10◦ longitude) and periods (7 d) are slightly
smaller compared to the model validation results of the re-
stricted areas on the Northern Hemisphere. For the Mie
winds, the global statistic shows values in the range of the
three local validation statistics around the radiosonde collo-
cations.

Assessing the temporal development of the Aeolus wind
bias, it is apparent that the quality of the observations varies
over time. To some extent, this is caused by six different pro-
cessor baselines, and several updates of the calibration files
during the selected time period, which makes the data partly
inconsistent and incompatible. Right after the Aeolus launch,
the Rayleigh wind ascending phase exhibits a negative bias,
whereas the descending phase is positively biased. With time,
the Rayleigh bias increases for both orbits. In January 2019,
there was a reboot anomaly on the GPS unit on the satel-
lite which led to the ALADIN instrument being in a stand-by
mode for around 1 month (grey shaded area). Right after the
standby period, the Rayleigh ascending bias reaches its max-
imum. For the descending orbit, the maximum occurs later
in April 2019. The Mie winds’ mean differences also show
a positive trend within the first 8 months, but the values are
smaller compared to the Rayleigh bias. The higher fluctua-
tions in bias compared to the Rayleigh winds might be linked
to the sparser coverage of the Mie winds and the higher vari-
ability and larger model error when clouds are present. Re-
lated to an update of the processor setting file at the end of
May (Rennie and Isaksen, 2020), the estimated bias shows
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Figure 1. Time series from September 2018 to the end of December 2019 of the bias, standard deviation, and scaled MAD of Aeolus HLOS
winds for the Northern Hemisphere (23.5–65◦ N), using collocated radiosonde observations (blue) and model equivalent statistics (O-B)
around the collocation points of the ECMWF IFS model (orange) and the ICON model of DWD (green). (a) Rayleigh clear winds, ascending
orbit phase; (b) Rayleigh channel descending orbit phase; (c) Mie cloudy winds, ascending orbit phase; (d) Mie channel, descending orbit
phase. The background colors indicate the different processor baselines.
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Table 1. Overview of the Aeolus HLOS wind mean absolute bias estimates and mean scaled MAD values from September 2018 to December
2019 for the Northern Hemisphere (23.5–65◦ N), restricted to the radiosonde collocation areas (three top-most rows), and for a global statistic
using the ECMWF model (bottom row).

Rayleigh ascending Rayleigh descending

BIAS 1.4826×MAD BIAS 1.4826×MAD

Radiosondes 1.98 ms−1 5.07 ms−1 2.26 ms−1 4.95 ms−1

ECMWF 1.75 ms−1 4.18 ms−1 1.86 ms−1 4.18 ms−1

DWD (ICON) 1.84 ms−1 4.25 ms−1 2.07 ms−1 4.27 ms−1

ECMWF global 1.40 ms−1 4.33 ms−1 1.63 ms−1 4.25 ms−1

Mie ascending Mie descending

BIAS 1.4826×MAD BIAS 1.4826×MAD

Radiosondes 1.41 ms−1 4.00 ms−1 1.90 ms−1 3.92 ms−1

ECMWF 1.31 ms−1 2.70 ms−1 1.26 ms−1 2.79 ms−1

DWD (ICON) 1.58 ms−1 2.86 ms−1 1.88 ms−1 3.04 ms−1

ECMWF global 1.45 ms−1 2.53 ms−1 1.55 ms−1 2.52 ms−1

a sharp decline for both channels and orbit phases. For the
Rayleigh winds, the decrease is about 4 to 5 ms−1, result-
ing in a negative bias, while the Mie wind biases fluctuate
around zero. Due to the decrease in the FM-A laser UV out-
put energy, ESA switched to the second flight laser (FM-B)
in June 2019. Therefore, a second period without data occurs
between 16 and 28 June 2019. The validation study continues
on 1 August 2019, when the new FM-B calibration files have
been implemented. After the laser switch, the Mie wind bias
fluctuations are reduced. The mean differences show quite
constant and very small values for the late summer and au-
tumn months. The Rayleigh winds of the descending orbital
phase exhibit a positive bias between 2 and 3 ms−1 in Au-
gust 2019, tending to negative during the respective proces-
sor baseline period. The Rayleigh ascending wind bias varies
between −3 and 0 ms−1. Towards the end of the year 2019,
when the Rayleigh bias is negative for both orbit phases, a
sharp increase occurs in mid-December. This is caused by
a manual L2B processor bias correction of +4 ms−1 in the
Rayleigh wind product to compensate for a global average
bias drift. The Mie wind mean differences are only slightly
increasing. All three independent reference data show very
good agreement for the bias estimation, raising confidence
that the results are not determined by model biases. Besides
the temporal changes in Aeolus Rayleigh and Mie wind qual-
ity, the discrepancies between the ascending and descending
orbit, mainly for the Rayleigh channel, are a challenging is-
sue for using these data in NWP models. Significant differ-
ences occur especially in late summer and autumn. Assess-
ing the mean absolute values, the bias is larger for the de-
scending than for the ascending orbit for both channels. For
a more detailed analysis of the Rayleigh bias, see Sect. 4.
The Rayleigh wind random differences calculated based on

model O-B statistics vary between 3 and 6 ms−1 within the
considered validation period. For the comparison with ra-
diosonde observations, the mean random difference ranges
from 4 up to 7 ms−1. The Mie wind random differences show
smaller values in total, but stronger fluctuations. Overall, a
slight increase in standard deviation and scaled MAD until
summer 2019 is visible. This is likely associated with the en-
ergy decrease in the FM-A laser over time. The laser switch
led to reduced random differences for the Rayleigh channel.
The Mie wind random differences do not exhibit such clear
changes, because the Mie return signal does not only depend
on the laser energy but also on the presence of aerosols or
hydrometeors. Since mid-October 2019, the Rayleigh wind
random differences again show a small increase. Compar-
ing the standard deviation and scaled MAD, no striking dif-
ferences appear. On average, the standard deviation is about
0.20 ms−1 larger than the scaled MAD, implying a few out-
liers in the statistics. To derive error estimates of the Aeolus
HLOS winds, the representativeness errors of the compar-
isons and errors resulting from the radiosonde measurements
and the NWP models also have to be taken into account (see
Sect. 3.2).

3.2 Estimation of the Aeolus HLOS wind error

The total variance of the difference between radiosonde ob-
servations and Aeolus HLOS winds σ 2

val (squared scaled
MAD) is the sum of the variance resulting from the Ae-
olus wind instrumental error σ 2

Aeolus, the variance result-
ing from the radiosondes wind observational error σ 2

RS, and
the variance caused by the representativeness error σ 2

r_RS
(Weissmann et al., 2005) (see Eq. 6a). For the comparison
with model equivalents, the model representativeness error
σ 2

r_model is used, and σ 2
RS is replaced by the model error σ 2

b
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(see Eq. 6b).

σAeolus =

√
σ 2

val_RS− σ
2
r_RS− σ

2
RS (6a)

σAeolus =

√
σ 2

val_model− σ
2
r_model− σ

2
b (6b)

As no model error estimate is available in the monitoring files
of the ICON model, the Aeolus HLOS wind error is only
assessed for the validation with the ECMWF model and the
radiosonde observations.

3.2.1 Representativeness error σr

To achieve an estimate of the representativeness error,
COSMO-DE analyses of different seasons of the year 2016
are used. The model representativeness error σr_model is cal-
culated comparing the point-like measurement geometry of
the HLOS wind model equivalents with the measurement ge-
ometry of the Aeolus observations. An Aeolus observation
can be regarded as an averaged value of a 90 km line for the
Rayleigh winds and Mie winds until 5 March 2019, and as
an averaged value of a 10 km line for the Mie winds after
5 March 2019. As the Aeolus HLOS winds mainly corre-
spond to the zonal wind component, only the differences in u
between a single point and a horizontal line average is deter-
mined. The calculation is performed for the whole COSMO-
DE model domain, and the values are averaged over the
height levels corresponding to the Aeolus range bin setting
and weighted by the mean number of Aeolus wind measure-
ments for the Rayleigh and the Mie channel (Fig. 2b and c).
The resulting σr_model is 0.50 ms−1 for the Rayleigh winds,
0.52 ms−1 for the Mie winds with 90 km horizontal resolu-
tion, and 0.12 ms−1 for the Mie winds with 10 km horizontal
resolution.

For the estimation of the radiosonde representativeness er-
ror σr_RS, error sources caused by spatial and temporal dis-
placements need to be considered, additionally to the differ-
ent measurement geometries of the radiosonde and the Aeo-
lus observations. Therefore, it is necessary to make a distinc-
tion between radiosondes for which the drift is assimilated
(87 %) and those reports which only contain the launch po-
sition and time (13 %). For both cases, the temporal and the
spatial part of the representativeness error, resulting from the
collocation criteria, has to be considered. The error due to
the spatial displacement is assessed by determining the dif-
ferences between a point and a line measurement as weighted
mean over distances up to 120 km in east–west and north–
south directions, and calculating the weighted average over
altitude. To account for the temporal displacement, a time-
offset value is estimated by assessing the representativeness
error of the appropriate spatial displacement. The mean wind
velocity over the validation period (15.27 ms−1) and the tem-
poral collocation criteria of 90 min results in a spatial dis-
placement of 82 km, which corresponds to a representative-
ness error of 1.26 ms−1 for both channels with 90 km hor-
izontal resolution and 1.40 ms−1 for the Mie winds with

10 km horizontal resolution. For the 13 % of the radiosonde
data without the drift information, additionally an error com-
ponent due to the spatial displacement up to 50 km and an
error component due to the temporal displacement during
the radiosonde ascents up to 90 min has to be considered.
For the 87 % of the radiosondes with the drift information, a
temporal offset value for the 15 min time interval, into which
the data are grouped, has to be taken into account. Those
parts of the representativeness error are calculated accord-
ingly to the parts resulting from the collocation criteria, using
the COSMO-DE analyses. To determine the overall contribu-
tion, the variances of the three different error components are
summed up. As a last step, the effect of unresolved scales in
the COSMO-DE analyses has to be assessed by using the
high-resolution ICON-LEM simulation. Figure 2a shows the
differences between a point and a line measurement aver-
aged and weighted over distances up to 200 km as a function
of altitude for the ICON-LEM and COSMO-DE data of the
same date. The COSMO-DE model underestimates the rep-
resentativeness error compared to the ICON-LEM simula-
tion. On average, the offset value between the two models is
0.20 ms−1. This offset value is added to the sum of the vari-
ances of the different error components, resulting in a rep-
resentativeness error of 2.48 ms−1 for the Rayleigh winds,
2.49 ms−1 for the Mie winds with 90 km horizontal resolu-
tion, and 2.66 ms−1 for the Mie winds with 10 km horizontal
resolution.

3.2.2 Model error σb and radiosonde wind
observational error σRS

The ECMWF model error is derived from the ensemble data
assimilation first-guess error, stored in the ODB. It provides a
good measure for spatial and temporal variation of the back-
ground error. Table 2 displays the values of σb as mean over
the validation period for the Rayleigh winds, and as mean
over the time periods before and after the change of the hori-
zontal resolution for the Mie winds. They are determined for
the latitudinal band between 23.5 and 65◦ N, and globally.
The values taken for the model error are only valid at the start
of the 4D-Var window. They are increasing during the 12 h
window. As NWP models in general tend to exhibit higher
uncertainty in cloudy than in clear-sky areas, σb is larger for
the Mie winds with 90 km horizontal resolution. After the
decrease in the horizontal integration length of the Mie wind
measurements to approximately 10 km in the L2B product,
the number of Mie wind observations increased, leading to a
reduction in model error.

The radiosonde observational error σRS is assumed to
be 0.7 ms−1, according to the estimated GCOS (Global
Climate Observing System) Reference Upper-Air Network
(GRUAN) measurement uncertainty (Dirksen et al., 2014).
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Figure 2. (a) Representativeness error estimated with differences between a point and a 90 km line measurement as a function of altitude for
an ICON-LEM simulation (dotted line) and COSMO-DE analyses (dashed line). (b, c) The height profile of the mean number of measure-
ments for the Rayleigh and the Mie channel.

Table 2. Overview of the estimated Aeolus wind instrumental error σAeolus (bold font) and the single components of the calculation (rep-
resentativeness errors σr_RS and σr_model, radiosonde observational error σRS, ECMWF model errors σb, and random differences from the
validation σval_RS and σval_model) for the Rayleigh and Mie winds for the ascending and descending orbital pass for the Northern Hemisphere
(23.5–65◦ N), restricted to the radiosonde collocations, and for a global statistic using the ECMWF model.

Rayleigh Mie (90 km) Mie (10 km)

Ascending Descending Ascending Descending Ascending Descending

Validation with σr_RS 2.48 ms−1 2.48 ms−1 2.49 ms−1 2.49 ms−1 2.66 ms−1 2.66 ms−1

radiosonde σRS 0.70 ms−1 0.70 ms−1 0.70 ms−1 0.70 ms−1 0.70 ms−1 0.70 ms−1

observations σval_RS 5.07 ms−1 4.95 ms−1 3.78 ms−1 3.67 ms−1 4.09 ms−1 4.05 ms−1

σAeolus 4.37 m s−1 4.23 m s−1 2.76 m s−1 2.60 m s−1 3.03 m s−1 2.97 m s−1

Validation with σr_model 0.50 ms−1 0.50 ms−1 0.52 ms−1 0.52 ms−1 0.12 ms−1 0.12 ms−1

ECMWF model σb 0.80 ms−1 0.81 ms−1 1.02 ms−1 1.05 ms−1 1.15 ms−1 1.11 ms−1

σval_model 4.18 ms−1 4.18 ms−1 2.19 ms−1 2.43 ms−1 2.96 ms−1 2.99 ms−1

σAeolus 4.07 m s−1 4.07 m s−1 1.87 m s−1 2.13 m s−1 2.72 m s−1 2.77 m s−1

Global statistic σr_model 0.50 ms−1 0.50 ms−1 0.52 ms−1 0.52 ms−1 0.12 ms−1 0.12 ms−1

with ECMWF σb 0.83 ms−1 0.84 ms−1 1.23 ms−1 1.21 ms−1 1.32 ms−1 1.30 ms−1

model σval_model 4.33 ms−1 4.25 ms−1 2.05 ms−1 2.08 ms−1 2.85 ms−1 2.82 ms−1

σAeolus 4.22 m s−1 4.14 m s−1 1.56 m s−1 1.62 m s−1 2.52 m s−1 2.50 m s−1

3.2.3 Aeolus wind instrumental error σAeolus

The Aeolus wind instrumental error is calculated using
Eqs. (6a) and (6b). Table 2 shows the values of σAeolus for the
validation with radiosonde observations and ECMWF model
equivalents for the latitudinal band between 23.5 and 65◦ N
for the Rayleigh and Mie winds, separated for the ascending
and descending orbit phase. Additionally, σAeolus is derived
for the global statistic using the ECMWF O-B values.

The Rayleigh wind error estimate is 4.37 ms−1

(4.23 ms−1) for the ascending (descending) orbit using

radiosonde observations as reference data, and 4.07 ms−1

for the ascending and the descending orbit for the com-
parison with model equivalents of the ECMWF model.
The estimated error of the Mie winds with 90 km (10 km)
horizontal resolution is around 2.68 ms−1 (3.00 ms−1) for
the radiosonde validation and around 2.00 ms−1 (2.75 ms−1)
for the model validation. For both channels σAeolus shows
good agreement between the ascending and descending orbit
phase. The differences between the model and radiosonde
validation are at most 0.31 ms−1, except for the Mie winds
with 90 km resolution. Because the estimation of the repre-
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sentativeness error is based on averaged values of analyses
which only cover the area around Germany at certain time
periods, the values are affected by small uncertainty factors.
As the model error estimates are associated with uncertainty,
it is assumed that the discrepancies between the radiosonde
and model validation are due to uncertainties in the calcula-
tion of the different error sources. Comparing the globally
derived Aeolus wind instrumental errors with the results of
the validation statistics of the Northern Hemisphere, smaller
values occur for the Mie winds, whereas the Rayleigh
wind instrumental errors show good accordance. It has
to be taken into account that the representativeness error,
considered for the global statistics, is based on a domain
only covering central Europe. The results for the radiosonde
and the model validation are found to correspond well to
the results of Witschas et al. (2020) for comparisons with a
2 µm DWL during the validation campaigns WindVal III and
AVATARE (Aeolus Validation Through Airborne Lidars in
Europe) over Europe in late autumn 2018 and early summer
2019. By excluding the 2 µm DWL measurement error a
Aeolus instrumental error of 3.9–4.3 ms−1 (2.0 ms−1) for
the Rayleigh (Mie) winds is determined (Witschas et al.,
2020). Rennie and Isaksen (2020) estimate the Aeolus
instrumental error using the ECMWF model on a global
base by subtracting a background u wind error of 1.6 ms−1,
resulting in a σAeolus of 4–5 ms−1 (3 ms−1) for the Rayleigh
(Mie) winds. The slight discrepancies are probably related
to the small selected regions around radiosonde collocation
points, from which the validation results in Table 2 are
derived. The global statistic in this study is based on a
similar approach using restricted regions and short time pe-
riods. These limited areas are used in particular to avoid the
estimate of the random error being influenced by horizontal
and temporal fluctuations of the bias.

4 Investigation of the Aeolus L2B HLOS Rayleigh
wind bias

The following part concentrates on the Aeolus L2B HLOS
Rayleigh wind bias. On a global scale, bias dependencies are
investigated for different time periods, and accordingly, cor-
rection schemes are tested.

4.1 Rayleigh wind bias dependence on latitude and
orbit phase

Figure 3 displays the Rayleigh wind bias as a function of
latitude for the ascending and descending orbit phase. The
values are binned into 10◦ latitude bins. Results are shown
for March 2019 (Fig. 3a) and August 2019 (Fig. 3b). As in
the validation statistics for the Northern Hemisphere, shown
in Sect. 3, the two NWP models correspond very well along
the climate zones. The largest differences appear in the trop-
ics and subtropics. The comparison of Aeolus winds with in-

homogeneously distributed radiosonde measurements over-
all shows good agreement as well. Outliers, such as those
around 20◦ S or 80◦ N, are mainly related to small sample
sizes.

Representative for winter and spring, Fig. 3a shows that
the bias is quite constant with latitude in that period. Small
differences between the orbital passes occur in the South-
ern Hemisphere and in the subtropical region of the Northern
Hemisphere. From 40◦ N up to the North Pole, almost no de-
viation between ascending and descending orbit is visible.

In August 2019 (Fig. 3b), the bias varies with latitude with
an amplitude of 4–5 ms−1. As seen in Sect. 3 for the sum-
mer and autumn season, large differences between the or-
bit phases exist, in particular outside of the tropics. Around
the Equator, the sign of the bias is positive for the ascending
and descending orbit. Between the subtropical region and the
poles, the descending orbit bias is still positive, whereas the
bias of the ascending orbit has a negative sign.

The results suggest that the satellites orbit phase and lat-
itude position as well as the season seem to influence the
Aeolus Rayleigh wind bias. As the formulation of most
data assimilation schemes assumes unbiased incoming ob-
servations, the correction of systematic differences is crucial.
Thus, a test is first made to see if a bias correction approach
as a function of latitude based on first-guess departures of the
preceding week, separately for ascending and descending or-
bit, can remove the systematic differences for the validation
period.

Rayleigh wind bias correction approach as function of
latitude

Based on the previous results, a bias correction approach is
evaluated and tested with the ECMWF IFS and the ICON
model monitoring data sets. For latitude bins of 10◦, the first-
guess departures from the previous 7 d are averaged using the
following weights:

wi =

1
1+i

7∑
j=1

(
1

1+j

) , i = 1, . . .,7, (7)

with i = 0 being the current day. The resulting correction val-
ues are subtracted from the first-guess departure of the con-
sidered day and the residuals are averaged for each month
of the validation period (Fig. 4). Considering the effect of
the orbit phase differences, this is done separately for the
ascending and descending satellite pass. To estimate if the
model bias matters three different configurations are tested,
which differ regarding the correction values: the bias correc-
tion values are based on the same model (dark filled mark-
ers); the bias correction value is calculated with the other
NWP model (unfilled markers); the bias correction value is
an average value of the two NWP models (light filled mark-
ers).
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Figure 3. Aeolus HLOS wind bias as a function of latitude for ascending (dotted line) and descending (dashed line) orbit, calculated with
model equivalents of the ECMWF (orange) and the ICON model (green). In blue (point markers: ascending; cross markers: descending)
comparison results with collocated radiosonde observation are shown. Values are binned into latitude bins of 10◦. (a) March 2019; (b) August
2019.

Figure 4. Residual after a latitude-dependent bias correction, separately for Rayleigh ascending (a) and descending (b) orbit averaged over
1 month. On the left (violet) the ECMWF model residuals, on the right side the ICON model residuals (cyan) are displayed. The correction
values are either based on the previous week of the model equivalents of the same model (dark filled markers) or the other NWP model
(unfilled marker) or on an average value of both models (light filled markers).

After applying the bias correction, a temporal variation as
seen in Sect. 3 for the systematic differences is still appar-
ent in the residuals. At the beginning of the Aeolus mission,
the correction is quite efficient. In spring 2019, when the lat-
itude dependence is comparably weak and the bias compa-

rably high, a residual up to over 1 ms−1 remains. After the
processor update in May 2019, when the Rayleigh ascending
wind bias tends to be negative, the residual bias also exhibits
a negative sign. Differences between the two models regard-
ing the sign of the remaining bias are visible in September
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2018 for the ascending orbit and in December 2019. In total,
the correction is able to clearly decrease the systematic dif-
ferences, but there is a remaining bias, in particular in phases
with large temporal changes of the bias. The seasonal varia-
tion of the bias and the influence of the latitudinal position of
the satellite suggest a link to temporal and spatial variations
in long-wave and solar radiation. Including the longitudinal
component, the spatial bias dependence for different time pe-
riods is examined in more detail in the following Sect. 4.2.

Table 3 presents the mean absolute residual bias averaged
over the validated time period for the three applied latitude-
dependent correction values. In total, the bias is reduced by
almost 1 ms−1 for the DWD global model and even more
than 1 ms−1 for the ECMWF model. A correction based on
the previous 7 d of the same model yields a comparable mean
absolute residual bias for the ECMWF IFS and the ICON
model. Correcting the ECMWF IFS model with the correc-
tion values calculated with the ICON model gives overall
the smallest remaining bias and largest reduction. The ICON
model O-B statistic in contrast shows worse results when
applying information of the ECMWF IFS model to correct
for the latitude-dependent error. Overall, the bias correction
approaches show a statistically significant reduction in bias.
However, no significant differences between the individual
methods were found (following a Student’s t distribution),
which again indicates that model biases do not have a domi-
nant effect on the bias assessment.

Altogether, these results show that a temporally varying
latitude-dependent bias is present for the L2B Rayleigh wind
product. Results from the evaluation with the two indepen-
dent NWP models and in situ observations are overall in good
agreement. A latitude-dependent bias correction successfully
reduces the bias, but on average, a bias of 0.37–0.59 ms−1 re-
mains. The remaining bias is related on one hand to phases
with temporal changes of the bias and on the other hand to
longitudinal differences that are investigated further in the
subsequent section.

4.2 Rayleigh wind bias dependence on longitude,
latitude, and orbit phase

Figure 5 shows two-dimensional plots of the Aeolus
Rayleigh HLOS wind bias for January, May, and September
2019 for the ascending and descending satellite orbit. In Jan-
uary, when the orbit phase dependence is less pronounced,
small fluctuations with longitude and latitude are visible in
the tropical and subtropical regions. Large positive bias val-
ues occur between 30 and 90◦ N, mainly for the ascending or-
bital pass, and in the tropics, more present for the descending
orbital pass. The band of larger systematic differences found
in the tropics seems to match with the Intertropical Con-
vergence Zone (ITCZ), which moves further south from the
Equator during the southern summer. In May, the orbit phase
dependence of the systematic differences is more distinct.
For the ascending orbit, longitude fluctuations of large neg-

ative bias values over land appear in the temperate and po-
lar areas of the Northern Hemisphere. Variability is also still
present in the equatorial region. When the satellite moves
from north to south these tropical fluctuations are less con-
spicuous. Except for the polar region of the Northern Hemi-
sphere, the bias is mostly positive with the highest values
between 30 and 90◦ S. The three gaps on the Southern Hemi-
sphere around 60◦ S are due to a technical issue at ECMWF.
In autumn, when latitude and the satellite’s orbit phase influ-
ences the systematic error most, a significant longitude de-
pendence is also apparent. The land–sea fluctuations for the
ascending orbital pass on the Northern Hemisphere and in the
tropical region are more pronounced. For the descending or-
bit, variability is mainly present in the Southern Hemisphere
and it is not clear whether this is linked to the land–sea dis-
tribution. The positive bias band in the ITCZ region is still
present for both orbits.

Furthermore, the results of the ECMWF IFS model
are again compared to the ICON model O-B statistics
(Fig. 6), showing overall no statistically significant differ-
ences. Larger differences only emerge in the tropics, the area
where NWP models in general differ the most, and in the
midlatitudes of the summer hemisphere.

Figure 5 highlights that in addition to the satellite’s flight
direction, latitude, and seasonal variations, longitudinal fluc-
tuations also affect the Aeolus measurements systematically,
supporting the assumption that radiative effects play an im-
portant role. To examine the extent of the influence of the
longitude component, the bias correction approach outlined
in Sect. 4.1 is repeated taking both geographical dimensions
into account.

Rayleigh wind bias correction approach as function of
latitude and longitude

For the ECMWF model, a two-dimensional bias correction
approach is tested using the previous 7 d of Aeolus HLOS
O-B statistics as a function of latitude and longitude aver-
aged and weighted (Eq. 7). Bin sizes are chosen to be 10◦

for both latitude and longitude. To also consider the seasonal
variation, Fig. 7 displays the residuals (rose cross markers)
averaged for each month for the whole validation period for
the ascending and descending orbit. To get an impression of
how strong the longitudinal bias variation is, the results are
compared to the one-dimensional latitude-dependent correc-
tion approach from Sect. 4.1. The mean absolute remaining
bias for both correction formulations is provided in Table 4.
Altogether, the residual has been decreased by almost 50 %
when considering the longitude dependence for both satel-
lite orbit passes. The main improvements occur for the bias
correction in late winter and early spring 2019, where a one-
dimensional correction approach is not that effective. Right
after the mission’s start, in May 2019, and at the end of the
year the remaining bias is increased when taking the longi-
tudinal dimension into account. In these months, the one-
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Table 3. Mean absolute residual bias of the ECMWF and the ICON model after a latitude-dependent bias correction for three different
configurations for the time period from September 2018 to the end of December 2019.

Ascending Descending

ECMWF DWD (ICON) ECMWF DWD (ICON)

Without bias correction 1.41 ms−1 1.28 ms−1 1.64 ms−1 1.54 ms−1

Correction value based on ECMWF model 0.43 ms−1 0.53 ms−1 0.44 ms−1 0.59 ms−1

Correction value based on DWD (ICON) model 0.37 ms−1 0.43 ms−1 0.42 ms−1 0.48 ms−1

Correction value based on (ECMWF, DWD ) 0.39 ms−1 0.48 ms−1 0.43 ms−1 0.52 ms−1

Figure 5. Aeolus Rayleigh HLOS wind bias determined with O-B statistics of the ECMWF model as a function of latitude and longitude
for January 2019 (a, b), May 2019 (c, d), and September 2019 (e, f) for the ascending orbit and for the descending orbit – please note that a
different wind speed range is used for the color scales.
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Figure 6. Absolute differences between the ECMWF IFS and the ICON model O-B for May 2019 for the ascending orbit (a) and the
descending orbit (b).

Table 4. Mean absolute residual bias after a latitude and a latitude–
longitude bias correction approach using the ECMWF model for the
time period from September 2018 to end of December 2019.

Type of bias correction Ascending Descending

Latitude 0.43 ms−1 0.44 ms−1

Latitude–longitude 0.25 ms−1 0.23 ms−1

dimensional latitude-dependent correction approach almost
removes the systematic differences already.

A discussion on possible reasons for the systematic bias
variations and a summary of the findings in this study are
presented in Sect. 5.

5 Summary and discussion

This study provides an overview of validation activities to
determine the Aeolus HLOS wind errors and to understand
the biases by investigating possible dependencies. To ensure
meaningful validation statistics, collocated radiosondes and
two different global NWP models, the ECMWF IFS and the
ICON model of DWD, are used as reference data.

Overall, the determined mean wind differences of the com-
parisons with all three reference data sets show good concor-
dance. This confirms that the detected bias is due to Aeolus
L2B systematic wind errors and not the reference data set.
A time series demonstrates that the Aeolus wind systematic
differences vary considerably during the time period from the
satellite’s launch until the end of December 2019 (Sect. 3.1).
Further, there are differences in bias between the ascend-
ing and descending orbit phase, which mainly occur for the
Rayleigh channel in late summer and autumn. Whereas the
Rayleigh descending phase winds are positively biased in
these months, the ascending phase shows negative bias val-
ues. The Mie winds are less biased in total, but more fluctu-
ating. The mean absolute bias is found to be approximately

1.8–2.3 ms−1 for the Rayleigh winds and 1.3–1.9 ms−1 for
the Mie winds. These values are beyond the mission require-
ments of Aeolus, which state that the bias should be smaller
than 0.7 ms−1 (ESA, 2016). However, it is demonstrated that
the bias can be reduced to values lower than the mission re-
quirement through calibration with observations and model
fields of the preceding week.

The random differences of the Rayleigh winds show tem-
poral changes that are mainly related to changes in the laser
output energy. The Mie wind random differences are less in-
fluenced by the laser energy and quite constant with time.
The mean scaled MAD of the comparisons shows the high-
est values when using the radiosonde observations as ref-
erence, which is caused by representativeness errors. The
NWP model scaled MAD is larger for the ICON model O-B
statistics than for the ECMWF first-guess departures, likely
due to the neglection of temporal changes within the assim-
ilation window in the DWD assimilation system. The Ae-
olus instrumental wind error σAeolus is estimated by deter-
mining the representativeness error for the ECMWF model
validation and the radiosonde comparison, and by taking the
ECMWF model error and the radiosondes measurement er-
ror into account. For the Rayleigh winds σAeolus is in the
range of 4.1–4.4 ms−1, for the Mie winds with 90 km hori-
zontal resolution in the range of 1.9–2.8 ms−1, and for the
Mie winds with 10 km horizontal resolution in the range
of 2.7–3.0 ms−1. Given that the representativeness and the
model error estimates exhibit large uncertainties and the sub-
tracted bias varies a lot with latitude and longitude, these
differences are probably within the range of the uncertainty
of the estimates. A global statistic using the ECMWF O-B
values of limited areas (10◦ latitude× 10◦ longitude) shows
only slightly smaller values for the Mie wind instrumental
errors, whereas the global Rayleigh wind instrumental errors
are in good agreement with the validation results based on
the Northern Hemisphere.

The second part (Sect. 4) of the results of this study further
investigates the Rayleigh wind bias and its dependencies. Be-
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Figure 7. Residual after a latitude-dependent bias correction (magenta diamond marker) and a two dimensional latitude–longitude-dependent
bias correction (rose cross marker) averaged over 1 month, using the ECMWF model equivalents. Rayleigh (a) ascending and (b) descending
orbit phase.

sides the satellite’s flight direction and seasonal differences,
latitude and longitude also influence the systematic differ-
ences. Again, the good agreement between the different val-
idation data sets raises confidence that the results are not in-
fluenced by issues of the reference data sets. The latitude bias
dependence and differences between the orbit phases mainly
occur in late summer and autumn in the subtropics and tem-
perate climate zone. A one-dimensional latitude-dependent
correction approach, based on the previous 7 d, is able to re-
duce the bias, but still, a temporal trend of remaining bias
values of 0.37–0.59 ms−1 occurs. It turned out that addition-
ally, a longitude-dependent bias component is present that
should be taken into account. When the satellite moves north,
longitudinal variations are especially found in the tropics and
between 20 and 60◦ N, while for the descending orbit phase
systematic differences mainly occur between 20 and 60◦ S.
These variations suggest correlations with land–sea distribu-
tion and tropical convection. A latitude–longitude correction
approach using the ECMWF model equivalents is able to re-
duce the systematic error to 0.23–0.25 ms−1. As the bias cor-
rection approach is essentially a temporal and spatial smooth-
ing, it is suggested that fast changes in systematic errors are
one source of the bias residuals.

At ECMWF, as part of the Aeolus Data Innovation and
Science Cluster (DISC), the dominant source of the Rayleigh
wind bias issues have been explained. It was found that the
bias is correlated with the temperature gradients across the
ALADIN primary mirror M1 of the telescope (Rennie and
Isaksen, 2020). The M1 mirror temperature variation in turn
is related to varying short- and long-wave radiation of the top
of the atmosphere and the mirror’s on-board thermal control
in response to this, which explains the seasonal differences
and the connection to features like convection and variations
between land and sea. Since 20 April 2020 a M1 bias correc-
tion scheme has been applied operationally in the L2B pro-
cessor, using a multiple linear regression method of all M1
telescope thermistors developed by the Aeolus DISC (Rennie
and Isaksen, 2020). A re-processed data set including a M1
bias correction will be available in the near future. This data
set should decrease the Aeolus instrumental error estimate

and differences between the model and radiosonde compar-
isons.

Data availability. Since May 2020, Aeolus data have been publicly
available at the ESA Aeolus Online Dissemination System (https:
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data can be found on the official Aeolus website from ESA (https:
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