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Abstract. In 2018, the European Space Agency launched the first Doppler wind lidar system into space, pro-
viding wind observation profiles from the lower stratosphere down to the surface in two different channels based
on the scene classification: cloudy or clear. A statistical validation campaign of Aeolus wind products has been
performed with a ground-based Doppler lidar system and radiosondes at the Aerosol, Clouds and Trace Gases
Research Infrastructure (ACTRIS)–Andalusian Global ObseRvatory of the Atmosphere (AGORA) facility in
Granada (Spain). The validation activities with the automatic ground-based lidar system lasted from July 2019
to the orbit shift of June 2021. Aeolus data from two different processing baselines (10 and 11) were validated
with 30 min averages of coincident ground-based lidar measurements, using a 100 km horizontal spatial collo-
cation criterion. This resulted in 109 collocations and a mean observation distance from the ground-based lidar
system of ∼ 50 km. The comparison did not raise any significant over- or underestimation of Aeolus horizontal
line-of-sight wind speed during that period for the Rayleigh-clear and Mie-cloudy configurations. However, the
ground-based lidar measurements were limited to the lower 3.5 km of the atmosphere and, consequently, the
obtained results. Multiple analyses were performed varying the criteria of maximum distance and the average
period for the ground-based lidar measurements in order to confirm the reliability of the criteria considered. A
separate study was performed with Aeolus products after the orbit shift (baseline 12) with different collocation
criteria (mean observation distance of ∼ 75 km, to the station), from July 2021 to May 2022. A set of seven
radiosondes were launched with the aim of increasing their coincidence in space and time with the satellite
overpass (∼ 30 min before). The radiosondes could provide full vertical coverage of Aeolus profiles (from the
surface up to∼ 20 km above sea level), and the comparison did not yield any significant over- or underestimation
of the Rayleigh-clear wind speed, while the Mie-cloudy wind speed was significantly overestimated. Multiple
analyses were performed in order to test how the spatiotemporal collocation of the radiosonde affected the re-
sults. Radiosondes not ideally collocated were proven to still be useful for comparison with the Rayleigh-clear
observations but not with the Mie-cloudy observations.
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1 Introduction

Numerical weather prediction (NWP) models need accu-
rate wind profile observations in order to produce accurate
weather forecasts. This is currently limited by the lack of
globally distributed wind profiles in the World Meteorologi-
cal Organization (WMO) Global Observing System (GOS),
as reported by WMO (2004). Therefore, the European Space
Agency (ESA) developed a satellite mission able to provide
worldwide vertically resolved wind information, especially
in poorly monitored regions such as the tropics, the poles
and the oceans (Andersson, 2018; Stoffelen et al., 2020).

Aeolus was launched in August 2018. The satellite, with
a single instrument, the Atmospheric LAser Doppler IN-
strument (ALADIN), was put into a Sun-synchronous orbit
around the Earth. ALADIN is the first Doppler lidar sys-
tem in space and the first system to measure global wind
information in the line of sight (LOS) of the satellite’s laser
beam. ALADIN accommodates two interferometers, which
allow the instrument to detect the Doppler shift caused by
molecules (Rayleigh channel) and particles (Mie channel) in
the backscattered signal (ESA, 2008; Ingmann and Straume,
2016; Rennie et al., 2020; Stoffelen et al., 2020). Since the
satellite launch, the Aeolus on-ground data processing has
been continuously improved, resulting in processor updates
about every 6 months and hence new product versions. The
updated processors contain improved calibration routines,
bug fixes and retrieval algorithm improvements in order to
provide valuable near-real-time information that can be as-
similated by the NWP models. Aeolus provides different
product levels, namely L1B preliminary wind data, L2B fully
processed wind data and L2C wind fields where Aeolus L2B
winds have been assimilated in the weather forecast model
of the European Centre for Medium-Range Weather Fore-
casts (ECMWF), and the 3D wind field from the model has
been stored at the location of the Aeolus observations. Aeo-
lus also provides profiles of atmospheric backscatter and ex-
tinction coefficients along its line of sight, which are stored
in the Aeolus L2A products (Flamant et al., 2020, 2021).

Aeolus performance and product quality have been widely
studied. An operational monitoring of the Aeolus wind prod-
uct quality was set up with the ECMWF, providing near-
real-time information of the wind quality within 3 h of sens-
ing. Additionally, prior to the satellite’s launch, a wide set of
calibration and validation (Cal/Val) activities were planned
by ESA. Cal/Val activities have focused on Aeolus L2B
wind products, which have been validated with NWP models
(Chen et al., 2021; Martin et al., 2021), ground-based instru-
mentation (Khaykin et al., 2020; Belova et al., 2021; Guo
et al., 2021; Iwai et al., 2021; Kottayil et al., 2022; Ratyn-
ski et al., 2023; Wu et al., 2022) and other suborbital in-
strumentation (Baars et al., 2020; Lux et al., 2020b, 2022a;
Witschas et al., 2020, 2022; Bedka et al., 2021; Chen et al.,
2021; Iwai et al., 2021; Martin et al., 2021). Parallelly, some
Cal/Val activities have assessed Aeolus L2A optical prod-

ucts with ground-based instrumentation (Baars et al., 2021;
Abril-Gago et al., 2022; Ehlers et al., 2022; Gkikas et al.,
2023) and other spaceborne instrumentation (Feofilov et al.,
2022). Thanks to these Cal/Val activities, Aeolus wind prod-
ucts have reached a high enough scientific quality and have
already been assimilated by NWP models with positive im-
pact, improving their reliability (Rennie et al., 2021; Rennie
and Isaksen, 2020) and achieving an important mission ob-
jective within the mission’s nominal life of 3 years. Aeolus
nominal life was set to end in November 2021, although it
was extended based on fuel availability.

This work presents Aeolus wind product Cal/Val activities
carried out in Granada, at a facility belonging to the Aerosol,
Clouds and Trace Gases Research Infrastructure (ACTRIS)
and the Andalusian Global ObseRvatory of the Atmosphere
(AGORA), with a collocated Doppler lidar system and ra-
diosonde station. The article is structured as follows: Sect. 2
is devoted to the comparison experimental setup, the satel-
lite and the instrumentation used in the ground-based station;
Sect. 3 explains the methodology, criteria considered in the
activities and quality control applied to the different datasets;
Sect. 4 presents the results and discussion of the comparison
activities; and Sect. 5 states the main findings of the Cal/Val
activities and Aeolus wind product performance.

2 Instrumentation and experimental site

2.1 The Aeolus satellite

The Aeolus satellite is located in a Sun-synchronous orbit, at
320 km from the Earth surface and an inclination of around
97◦. It completes an orbit in around 90 min and provides full
coverage of the Earth every week (orbit repeat cycle of 7 d).
The main Aeolus payload is ALADIN, an instrument based
on the Doppler lidar technique which allows the retrieval
of wind velocity information based on the Doppler shift of
the backscattered radiation. The instrument consists of an
Nd:YAG laser transmitter generating 355 nm pulses and a
dual-channel receiver, which is a Fabry–Pérot interferometer
registering the Doppler shift from the atmospheric backscat-
ter caused by molecules known as the Rayleigh channel
and a Fizeau interferometer registering the Doppler shift of
the atmospheric backscatter caused by particles (clouds and
aerosols) known as the Mie channel (ESA, 2008; Reitebuch,
2012). In clear conditions, the Rayleigh channel provides the
majority of the wind data, while the Mie channel provides
significant wind data under scenarios of optically thin clouds
and thick aerosol layers (Martin et al., 2021).

Aeolus on-ground data processing provides the horizon-
tal projection of the wind velocity information in the LOS
of the laser beam, i.e., the horizontal component of the LOS
(HLOS wind speed), which is a variable able to sufficiently
characterize wind fields (ESA, 2008). Wind speed is mea-
sured in vertical profiles from the surface up to around 30 km,
divided into 24 vertical bins with a variable vertical resolu-
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tion of, nominally, 0.5 km between 0 and 2 km, 1 km between
2 and 16 km, and 2 km between 16 and 30 km (ESA, 2008;
Ingmann and Straume, 2016). However, this vertical reso-
lution is not fixed and has changed for different time peri-
ods through the mission. Additionally, the Mie and Rayleigh
bins’ height grids do not coincide and may shift along the
orbit. To achieve a high enough signal-to-noise ratio (SNR),
each wind measurement corresponds to an accumulation of
20 laser pulses, ∼ 2.9 km horizontally, and 30 measurements
are averaged into a single observation, of around 87 km,
that sets Aeolus’ horizontal resolution. Due to the larger
backscatter caused by particles (i.e., larger SNR), the Mie
channel horizontal resolution was increased to 10 km (Šavli
et al., 2019).

Aeolus wind products are labeled L2B (preliminary Level-
1 products are also available), containing HLOS wind speed
information for the Mie and Rayleigh channels (Rennie et
al., 2020). As part of the Aeolus on-ground data process-
ing, L2B products are processed by the European Centre
for Medium-Range Weather Forecasts (ECMWF) under ESA
contract in order to provide improved wind fields (wind vec-
tors), classified as L2C products. Aeolus products are avail-
able at the ESA Aeolus Online Dissemination System: https:
//aeolus-ds.eo.esa.int (last access: 10 February 2023).

The processing chain also provides quality flags and er-
ror estimates of the wind data. Additionally, a scattering-
ratio-based atmospheric scene classification is available for
the wind products (Rennie et al., 2020). First, the on-ground
processing chain applies a scene classification based on the
backscatter ratio (total-to-molecular backscatter coefficient
ratio) to determine if the measurements correspond to a
cloud or a clear atmospheric region (Tan et al., 2017; Reite-
buch et al., 2018). Then, the measurements are averaged and
processed to yield up to four separate wind configurations,
namely Mie cloudy, Mie clear, Rayleigh cloudy and Rayleigh
clear. However, only the Mie-cloudy and the Rayleigh-clear
configurations are generally used (Lux et al., 2020b; Mar-
tin et al., 2021). For each observation, quality flags address
different parameters related to the measured signal, from
ground echo interference to SNR thresholds.

From the ECMWF near-real-time monitoring and valida-
tion of Aeolus products and previous Cal/Val activities, criti-
cal malfunctioning was identified and processing improve-
ments were achieved. Aeolus on-ground processing chain
updates were released in the form of baseline versions. Two
main error sources were identified. Wind biases caused by
variations in the primary telescope mirror temperature were
detected and reduced, and fluctuations of the dark-current
signals on the detectors were characterized (Rennie and Isak-
sen, 2020; Weiler et al., 2021a, b). With these updates,
Aeolus wind products were included in NWP models and
weather services, allowing the satellite to prove its positive
impact on the accuracy of model forecasts, especially over
the tropics and the poles (Rennie et al., 2021; Rennie and
Isaksen, 2020). Since the start of the Aeolus mission, multi-

ple baseline versions were released. On-ground processing
chain updates are released approximately every 6 months,
improving the product quality by implementing bug fixes and
improved data calibration. About once a year, datasets are
reprocessed under a single processor baseline in order to re-
lease longer-term datasets with the same data quality. Base-
line 10 (B10, released in October 2020) entailed a reprocess-
ing of a large dataset of Aeolus products (from July to De-
cember 2019 and from April to October 2020), including the
fixing of the detected problems and errors. The Cal/Val com-
munity is encouraged to use versioning B10 onwards.

The satellite is constantly checked, and laser sensitivity
tests (and other analysis) are frequently performed. For these
reasons, validity flags have to be taken into account. How-
ever, the instrument regular operation is rarely interrupted
(e.g., in March 2021 due to instrument anomalies). Addi-
tionally, Aeolus regular operation has undergone other major
changes. In June 2019, the Aeolus operating laser changed
from laser FM-A to laser FM-B. After the change, the laser
output energy, directly related to the signal-to-noise ratio
and subsequently to the products’ random noise, steadily de-
creased over time and was regularly readjusted (increased)
in order to ensure the reliability of Aeolus operation. The
switch from laser FM-A to FM-B was described by Lux et
al. (2020a) and Rennie et al. (2021). During the second half
of June 2021, Aeolus orbit setting changed from ANX4.5
(ascending node crossing 4.5, where 4.5 is the longitude of
the reference ascending-node orbit used to set the satellite or-
bit) to ANX2.0. The orbit shift took place in the framework
of upcoming tropical campaigns activities in Cabo Verde
(Fehr et al., 2021; Fehr, 2022; Lux et al., 2022b), the Joint
Aeolus Tropical Atlantic Campaign (JATAC), causing the or-
bit characteristics (e.g., ground track) to significantly shift.

2.2 Granada ACTRIS–AGORA facility

AGORA (Andalusian Global ObseRvatory of the Atmo-
sphere) is an observational platform in the frame of AC-
TRIS in Andalusia (Spain). The ACTRIS–AGORA station
in Granada (37.164◦ N, 3.605◦W; 680 m a.s.l.) is located
in a rather populated region. The city is located in a nat-
ural basin at the foot of Sierra Nevada, with altitudes of
up to 3000 m a.s.l., affecting the diurnal (thermal flow be-
tween the mountain and the basin) and night (katabatic winds
from the mountain) wind regimes (Montávez et al., 2000;
Ortiz-Amezcua et al., 2022a). Historical records yield mean
winds of less than 2 m s−1 at the surface level, generally
coming from the west and northwest (Bosque-Maurel, 1959;
Viedma-Muñoz, 1998). A more detailed and recent descrip-
tion of wind patterns in the city of Granada is given by Ortiz-
Amezcua et al. (2022a).

A wide variety of in situ and remote sensing instruments
are routinely operated at the ACTRIS–AGORA station in
Granada. In particular, a Halo Photonics StreamLine Doppler
lidar system has worked continuously since April 2016. The
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system is able to detect the backscattered signal’s Doppler
shift caused by the movement of the atmospheric compo-
nents along the line-of-sight of the instrument. However, due
to the 1500 nm radiation used by the Halo Photonics Stream-
Line Doppler lidar, the exploitable signal is limited to the one
backscattered by particles (e.g., aerosol particles and clouds),
still in the Mie scattering regime. The instrument, integrated
into ACTRIS Cloudnet (Illingworth et al., 2007), emits ra-
diation at 15 kHz and with a heterodyne detector (Pentikäi-
nen et al., 2020) is able to retrieve wind profiles ranging
from 60 m above ground level (full-overlap height) with a
vertical resolution of 30 m and a tunable temporal resolu-
tion down to 2 s. The vertical wind component is obtained
with the Doppler lidar system vertical stare mode, while the
horizontal wind components, as well as the wind direction,
are obtained through the velocity–azimuth display approach
(Browning and Wexler, 1968), a method through which the
Doppler lidar system scans the atmosphere and forms a cone
with the laser beam, in this case, every 10 min with an eleva-
tion of 75◦. A detailed description of the instrument is given
by Pearson et al. (2009), while Ortiz-Amezcua et al. (2022a)
give more details about this particular instrument and the
processing of the signals to provide different wind and tur-
bulence products. A wide range of topics can be addressed
with Doppler lidar measurements, from atmospheric bound-
ary layer (ABL) characterization (e.g., de Arruda Moreira
et al., 2018) to wind pattern characterization (e.g., Ortiz-
Amezcua et al., 2022a, b), generally limited to the lower tro-
posphere.

In addition to Doppler lidar measurements, lightweight
weather radiosondes (DFM-09, Graw) are occasionally
launched at the station. These radiosondes provide vertically
resolved measurements of horizontal wind speed and direc-
tion, relative humidity, pressure, and temperature with high
accuracy and resolution using in situ measurements. The ver-
tical resolution depends on the ascending speed, which is
around 10 m for a vertical speed of around 5 m s−1. In par-
ticular, for the sensors used in these radiosondes, the wind
speed measurements present a resolution and accuracy of
0.1 and 0.2 m s−1, respectively. However, for many purposes
the use of radiosondes is constrained because of the low
frequency of launches, the equipment costs and the hor-
izontal drift they may suffer (Vaughan et al., 1988). De-
spite these inconveniences, radiosondes are widely used for
ABL characterization (e.g., de Arruda Moreira et al., 2018;
Granados-Muñoz et al., 2012), aerosol hygroscopic growth
(e.g., Bedoya-Velásquez et al., 2018) and instrument valida-
tion (e.g., Navas-Guzmán et al., 2014; Bedoya-Velásquez et
al., 2019), among others.

The location of AGORA and the available upward-probing
instrumentation allow the station to contribute to the valida-
tion activities of Aeolus wind products with ground-based
Doppler lidar systems and radiosondes. The satellite over-
passes the station twice per week every Thursday. Prior to
the orbit shift (ANX4.5), the overpasses took place at approx-

imately 06:24 (descending orbit) and 18:04 UTC (ascending
orbit) at around 24 km to the west (nominal predicted min-
imum distance between the satellite and the station). After
the orbit shift (ANX2.0), the overpass times slightly changed
to 06:17 and 17:57 UTC and the overpass distances signifi-
cantly increased to around 70 km to the east, on the opposite
side of Sierra Nevada. The two orbit settings fulfill ESA’s
requirements; i.e., Aeolus products within 100 km of a sta-
tion should be considered in a comparison activity (Straume
et al., 2019). However, this criterion will work smoothly in
large-scale wind field comparisons and might be too coarse
in situations with large wind variability (e.g., in the boundary
layer).

3 Methodology

3.1 Data

In this work, the Rayleigh-clear and Mie-cloudy configura-
tions were analyzed. The Rayleigh-clear products provided
most of the wind estimates, which extended from the sur-
face up to 18 km above sea level (a.s.l.), approximately, while
the Mie-cloudy products were limited to estimates within
clouds (or high-backscatter conditions), generally between
the surface and 12 km a.s.l. The variety of selected spatial
collocation criteria and the accumulation lengths mentioned
in Sect. 2.1 allowed for the consideration of several wind
observations at the same bin height for a single overpass.
This was observed to be more frequent for the Mie-cloudy
observations due to the lower accumulation length. How-
ever, this could also happen for the Rayleigh-clear obser-
vations. Radiosonde vertical coverage depends on the bal-
loon type and can change for each independent launch. In
our case, all the balloons were able to fully cover the tro-
posphere and the lower stratosphere (∼ 20 km a.s.l.). The
ground-based Doppler lidar system is highly dependent on
the ABL conditions, and it rarely provides wind information
above 3 km a.s.l., except in the presence of advected aerosol
layers or cloud conditions. The comparison in this study was
performed using the largest possible vertical range in each
case. Regarding the horizontal spatial collocation of the mea-
surements, the coordinates of each Aeolus observation (inci-
dence angle of the laser beam considered) were used in order
to determine if the different spatial collocation criteria were
fulfilled. Thus, the orbit ground track was not used to apply
these criteria.

Aeolus observations with valid quality flags were used.
Aeolus error estimates were also considered, and initial fil-
tering of Aeolus observations was performed. Thus, Rayleigh
and Mie observations with error estimates larger than 8 and
4 m s−1, respectively, were filtered out of the comparison
(Witschas et al., 2020; Wu et al., 2022). Previous studies have
applied this kind of filtering with similar thresholds for the
Rayleigh and Mie channels, such as 7 and 5 m s−1 (Guo et
al., 2021), 8 and 5 m s−1 (Belova et al., 2021; Iwai et al.,
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2021), and 6 and 4 m s−1 (Martin et al., 2021), respectively.
Around 94.5 % of Rayleigh and 97 % of Mie observations
were available for the comparison in the present work when
the criteria presented by Witschas et al. (2020) were used.
Furthermore, only Aeolus L2B products under B10 and later
versioning (B11 and B12) were considered in this study, fol-
lowing the Cal/Val community recommendations. Regarding
the switch from laser FM-A to FM-B, the dataset considered
in the study covers a period with just laser FM-B operation.
Additionally, the initial filtering of the error estimates will
ensure quality data not affected by the laser output energy.

3.2 Comparison setting

Aeolus observations are compared to analogous measure-
ments from upward-probing instrumentation, which are con-
sidered the ground truth for the comparison. The possible
existing discrepancies could be due to (i) errors in Aeolus
observations, (ii) errors associated with the representativity
of Aeolus observations along the horizontal signal accumu-
lation, (iii) errors associated with the representativity of Ae-
olus observations in the bin’s thickness signal accumulation
and (iv) the differences in the wind fields between Aeolus
observations and the ground truth caused by the wind field
horizontal variability. However, due to the temporal coverage
considered (with different meteorological conditions) and the
statistical methods used, issues (ii), (iii) and (iv) are expected
to be minimal and the differences detected in Sect. 4 are
mainly associated with Aeolus biases.

In the case of the comparison between Aeolus and the
ground-based Doppler lidar system, the temporal coverage
started on July 2019 with B10 and ended in the second half
of June 2021 with B11, when the planned orbit shift occurred
(the period from January to June 2020 was not reprocessed
under B10 and was not used). A total of 144 overpasses were
available for this period. However, 109 overpasses were co-
incident in space and time with ground-based Doppler lidar
measurements. Additionally, a short comparison was made
between Aeolus and ground-based Doppler lidar measure-
ments after the orbit shift, with 85 overpasses (B12), in or-
der to test if the comparison worsens or not. The decision to
stop the comparison after the orbit shift was based mainly
on the facts that (i) the orbit setting changed significantly;
(ii) the average overpass minimum distance increased from
around 24 to 70 km; and (iii) Aeolus overpasses would now
take place on the opposite side of Sierra Nevada, with signif-
icantly different topography and wind regimes especially in
the lower troposphere (the region that mainly measures the
ground-based Doppler lidar system). Finally, a 30 min inter-
val around the overpass time was taken to average ground-
based Doppler lidar measurements in a single profile (Wu et
al., 2022). Other studies have used a 1 h interval (e.g., Belova
et al., 2021; Iwai et al., 2021) or a 2 h interval (e.g., Khaykin
et al., 2020), and these criteria were also tested in multiple
support analyses.

A special validation campaign of Aeolus using radioson-
des was planned after the orbit shift, and only B12 Ae-
olus products could be used. Seven radiosondes were
launched, spatiotemporally matching Aeolus overpasses be-
tween June 2021 and July 2022. In the case of the radioson-
des, it took some time for the sensor to rise. In order to obtain
a fairly acceptable spatial and temporal coincidence, the ra-
diosondes were launched around 30 min before Aeolus over-
passed the station, so that the radiosondes were at around
9 km (generally at around half the altitude of the radiosound-
ing’s vertical coverage) at that moment. This setting sought
to maximize the spatiotemporal collocation of the measure-
ments, which allowed us to properly detect the satellite bias
unlike in previous Cal/Val campaigns in which radiosondes
were launched well in advance or late (e.g., Chen et al.,
2021). In order to test this criterion, five different radioson-
des (not fulfilling the 30 min in advance launch) were con-
sidered in a comparison with Aeolus products. Additionally,
radiosonde horizontal drift was also taken into account in or-
der to consider if measurements were spatially collocated for
each observation.

Furthermore, a distinction between ascending (the satellite
moves northwards) and descending (southwards) overpasses
was considered for the comparison between Aeolus and each
upward-probing instrument.

3.3 Preparatory processing

The comparison was performed with Aeolus HLOS wind
speed measurements, VHLOSAeolus , which is the horizontal
speed component in the line of sight of Aeolus’ laser beam.
Additionally, Aeolus provided the azimuth angle, ϕAeolus,
which is the horizontal projection of the laser-beam-pointing
vector measured clockwise from north and takes approxi-
mate values of 100 or 260◦ for descending or ascending
orbits. Both the wind speed and the azimuth angle profiles
presented the same variable vertical resolution as that men-
tioned in Sect. 2.1. On the other hand, the upward-probing
instrumentation measured the horizontal wind velocity and
its direction (i.e., zonal, u, and meridional, v, wind compo-
nents). Thus, the HLOS wind was extracted from ground-
based Doppler lidar and radiosonde measurements as

VHLOSUP = −uUP · sinϕAeolus − vUP · cosϕAeolus, (1)

where VHLOSUP , uUP and vUP are the HLOS, zonal and
meridional components derived by the upward-probing in-
struments, respectively, and ϕAeolus is the Aeolus azimuth an-
gle. Equivalently, the following expression could be used:

VHLOSUP = VUP · cos(ϕAeolus−ϕUP), (2)

where VUP and ϕUP are the total horizontal speed and di-
rection, respectively, derived by the upward-probing instru-
ments. In order to extract this component, the vertical res-
olution of the upward-probing-instrument profiles had to be

https://doi.org/10.5194/acp-23-8453-2023 Atmos. Chem. Phys., 23, 8453–8471, 2023



8458 J. Abril-Gago et al.: Validation activities of Aeolus wind products

degraded in order to match the much coarser vertical resolu-
tion of the Aeolus profiles.

3.4 Statistical analysis

Two independent one-to-one comparisons were performed
between Aeolus HLOS winds and each upward-probing in-
strument’s HLOS winds, which were considered the ground
truth. For each of these comparisons, the differences between
each Aeolus channel and the upward-probing instruments
were calculated as

1 = VHLOSAeolus − VHLOSUP . (3)

Thus, 1 > 0 (1 < 0) yielded an overestimation (underesti-
mation) of HLOS wind speed by Aeolus. In order to get the
vertical distribution of this parameter, the mean 1 between
Aeolus and the upward-probing instruments derived from the
comparison was averaged in fixed vertical intervals of 0.5
and 2 km for the ground-based Doppler lidar and radioson-
des, respectively. These vertical intervals should not be con-
fused with the original Aeolus bin height grid described in
Sect. 2.1. Thus, the mean 1 between Aeolus and the instru-
ments of each vertical interval was calculated as

1 (r)=
1
N

∑(
VHLOSAeolus (z)− VHLOSUP (z)

)
, (4)

where r is the vertical interval of 0.5 or 2 km, z is the bin’s
altitude (z lies within r), and N is the number of bins whose
z lies within r . Additionally, the root-mean-square error was
calculated as

RMSE(r) =

√
1
N

∑(
VHLOSAeolus (z)− VHLOSUP (z) −1(r)

)2
. (5)

Furthermore, a linear fitting of VHLOSUP against VHLOSAeolus

was performed, and the slope, intercept and Pearson linear
correlation coefficient R were obtained.

4 Results and discussion

First, a general analysis of the Aeolus performance was de-
veloped with all the available overpasses from July 2019 until
the orbit shift of June 2021. Then, two independent compar-
isons were performed: one between Aeolus and the ground-
based Doppler lidar system and another one between Aeolus
and the radiosondes. Additional analyses were performed in
order to verify that the criteria chosen for the comparison
were valid.

4.1 Evaluation of Aeolus’ general performance

A total of 144 overpasses were available for the evaluation of
Aeolus’ general performance, from July 2019 until the orbit
shift in June 2021. A total of 101 overpasses were B10 prod-
ucts and 43 were B11 products, of which half corresponded

to ascending orbits and the other half to descending orbits.
The distinction between the orbit phase was motivated by
previous studies that found orbit-phase-dependent biases in
Aeolus wind products (Rennie et al., 2021). B12 version-
ing was released with the orbit shift of June 2021, and no
B12 overpasses are considered in this subsection. Consid-
ering Aeolus observations within a 100 km distance of the
station, 6410 (1416) Rayleigh-clear (Mie-cloudy) observa-
tions were available. From these, 5.6 % (2.8 %) of the avail-
able Rayleigh-clear (Mie-cloudy) observations exceeded the
error threshold of 8 m s−1 (4 m s−1) that was mentioned in
Sect. 3.1. A total of 358 (40) observations were filtered out.
The mean minimum distance (± standard deviation, SD)
from the Aeolus ground track to the station was 19± 10
(14± 9) km, for the Rayleigh-clear (Mie-cloudy) observa-
tions. Meanwhile, the mean distance (± SD) from all Aeolus
observations to the station was 54± 17 (51± 27) km.

For all observations, the mean HLOS wind speed value (±
SD) was 1± 17 (2± 17) m s−1 for the Rayleigh-clear (Mie-
cloudy) configuration, while the mean HLOS wind speed er-
ror estimate (± SD) was 4±1 (1.8±0.7) m s−1. If no filtering
had been applied to the error estimates, the mean HLOS wind
speed and mean HLOS wind speed error estimate would have
been 2±18 (0±25) and 5±13 (1.9±0.9) m s−1, respectively,
for the Rayleigh-clear (Mie-cloudy) configuration. Figure 1a
and b present the histogram of the HLOS wind speeds and er-
ror estimates for the Rayleigh-clear and Mie-cloudy config-
urations. Figure 1c and d present the HLOS wind speed error
estimates versus HLOS wind speeds for the 144 overpasses
without filtering the error estimate values. It can be seen
that the Rayleigh-clear configuration presented observations
with large and improbable HLOS wind speed values (maxi-
mum value of around 244 m s−1) and equivalently improba-
ble error estimates (maximum value of around 655 m s−1). In
the case of the Mie-cloudy configuration, some observations
presented improbable HLOS wind speed values (maximum
value of around 106 m s−1) but not improbable error esti-
mates (maximum value of around 7 m s−1). After applying
the filtering, the maximum HLOS wind speed detected with
the Rayleigh-clear (Mie-cloudy) configuration was around
77 (47) m s−1, which might correspond to outlier but feasible
winds. Thus, the application of the chosen criteria (Witschas
et al., 2020) is plausible in order to filter out invalid wind es-
timations. Moreover, it is worth mentioning that the number
of filtered out observations increased when the altitude de-
creased, as the signal-to-noise ratio decreased. On the other
hand, the mean error estimates of the Mie-cloudy configura-
tion were significantly lower than those of the Rayleigh-clear
configuration. This can be explained by the larger signal-
to-noise ratio of the backscattered signal coming from the
clouds, which results in lower error estimates (Rennie et al.,
2021).

Additionally, the unused configurations Mie clear and
Rayleigh cloudy provided 7 and 2350 observations, respec-
tively. These numbers of points were reduced to 0 and
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Figure 1. Histograms of the 144 overpasses (considering the error estimate filtering) for Aeolus estimations for (a) HLOS wind speed and
(b) HLOS wind error estimates. Scatterplot of error estimates versus HLOS wind speeds for the 144 overpasses without considering the error
estimate filtering for (c) Rayleigh clear and (d) Mie cloudy. The red (yellow) area indicates the Rayleigh-clear (Mie-cloudy) observations
that are valid according to the error estimate filtering (Witschas et al., 2020). Note the different scales on the x axes.

270 observations, respectively, after considering the error es-
timate filtering, so 100 % and 86 % of these observations
were filtered out, corroborating the claim that these con-
figurations are not useful for Cal/Val activities (Lux et al.,
2020b).

4.2 Aeolus and the ground-based Doppler lidar
comparison

The main statistical results of this section are gathered in
Table 1. From the 109 Aeolus overpasses coincident with
Doppler lidar measurements, half corresponded to ascend-
ing modes of Aeolus overpasses and half to descending over-
passes. A total of 4585 (1169) Rayleigh-clear (Mie-cloudy)
observations were available. For both configurations half
of the observations corresponded to descending overpasses
(∼ 06:24 UTC) and the other half to ascending overpasses (∼
18:04 UTC), so both datasets present the same statistical rep-
resentativeness. The mean minimum distances between the

Aeolus ground track and the station, as well as the mean dis-
tances between Aeolus observations and the station, were the
same as the ones obtained with the general performance anal-
ysis. However, only 104 (163) Rayleigh-clear (Mie-cloudy)
observations were coincident with ground-based Doppler li-
dar measurements, 2.3 % (14 %) of the initially available
observations. From the Rayleigh-clear (Mie-cloudy) obser-
vations coincident with ground-based measurements, 40 %
(48 %) corresponded to descending overpasses. In the case of
the Rayleigh-clear configuration, the lower number of coin-
cident observations during descending overpasses was gener-
ally associated with the ABL dynamics, which were typically
less developed in the early morning (∼ 06:24 UTC) than in
the late evening (∼ 18:04 UTC), restricting the vertical cov-
erage of the ground-based Doppler lidar measurements with
a high enough SNR. It is important to note, as will be dis-
cussed later, that these results and the following ones are
valid only for altitudes lower than 3.0 km a.s.l., as most of
the available observations fell below this altitude.
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Table 1. Statistical results of the comparison between Aeolus wind products and ground-based Doppler lidar measurements. For each cell,
the upper result refers to the Rayleigh-clear configuration, while the lower result refers to the Mie-cloudy configuration. SD stands for
standard deviation, and SE stands for standard error. Obs. stands for observed, dist. stands for distance, ascen. stands for ascending mode and
descen. stands for descending mode.

Orbit Obs. max Ground Obs. Mean obs. Slope ± SE Intercept R 1± SD |1|± SD
dist. (km) signal dist. ± SD ± SE (m s−1) (m s−1)

temp. (km)
average

(a) ANX4.5

100 30 min

104 54± 27 1.2± 0.2 0.4± 0.9 0.43 0± 9 7± 5
163 51± 27 1.3± 0.1 0.3± 0.4 0.72 −1± 7 5± 5

(b) ANX4.5 61 57± 26 1.0± 0.4 1.4± 1.3 0.31 1± 9 7± 5
ascen. mode 79 52± 26 1.1± 0.2 0.7± 0.5 0.61 −1± 3 2± 2

(c) ANX4.5 43 51± 28 1.2± 0.3 −0.5± 1.3 0.48 1± 8 6± 5
descen. mode 84 49± 29 1.3± 0.1 0.1± 0.6 0.71 −1± 10 9± 6

(d)

ANX4.5 100
1 h

86 54± 27 1.3± 0.3 −0.1± 1.0 0.40 0± 9 7± 5
128 51± 27 1.3± 0.1 −0.2± 0.5 0.70 −1± 9 6± 6

(e)
2 h

80 54± 27 1.5± 0.4 −0.6± 1.1 0.41 0± 9 7± 5
119 51± 27 1.4± 0.2 −0.2± 0.5 0.65 0± 10 8± 6

(f)

ANX4.5

90

30 min

76 8 49± 25 1.2± 0.3 −0.2± 0.9 0.50 0± 8 7± 5
158 45± 24 1.2± 0.1 0.3± 0.4 0.71 −1± 7 5± 5

(g) 80 54 43± 21 1.3± 0.3 −0.5± 1.0 0.56 0± 8 6± 5
146 41± 21 1.2± 0.1 0.2± 0.4 0.72 −1± 7 5± 5

(h) 60 31 34± 16 1.5± 0.3 0.7± 1.4 0.64 1± 8 6± 5
113 32± 15 1.2± 0.1 0.0± 0.4 0.74 −2± 7 5± 6

(i) 50 25 28± 12 1.6± 0.4 1.2± 1.5 0.69 2± 7 6± 5
98 27± 13 1.1± 0.1 −0.1± 0.4 0.71 −2± 8 5± 6

(j) 110 137 59± 30 1.1± 0.2 −0.1± 0.8 0.38 0± 9 7± 5
180 55± 30 1.3± 0.1 0.2± 0.3 0.72 −1± 7 5± 5

(k) 120 157 64± 33 1.2± 0.2 0.1± 0.9 0.36 0± 9 8± 6
190 60± 33 1.3± 0.1 0.1± 0.3 0.74 −1± 7 5± 5

(l)

ANX2.0 100
30 min

46 75± 17 0.8± 0.4 −1± 1 0.31 −1± 9 8± 6
87 74± 15 0.6± 0.1 2± 1 0.42 5± 11 9± 7

(m)
2 h

34 75± 17 0.2± 0.6 −3± 1 0.06 −4± 8 7± 6
66 74± 15 0.1± 0.3 1± 1 0.06 2± 11 10± 6

A linear fitting was performed for the pairs of values.
The results are presented in Fig. 2a and b. The slope, inter-
cept (± standard error, SE) and Pearson correlation coeffi-
cient were 1.2±0.2 (1.3±0.1), 0.4±0.9 (0.3±0.4) m s−1 and
0.43 (0.72), respectively, for the Rayleigh-clear (Mie-cloudy)
observations. The slopes were similar for both configura-
tions, while the intercept was slightly higher (in absolute
values) for the Rayleigh-clear configuration. However, the
correlation coefficient was significantly higher for the Mie-
cloudy configuration, along with lower coefficient uncertain-
ties compared to the Rayleigh-clear configuration. Addition-
ally, positive intercept values were obtained for both config-
urations. These values could be due to the effects of local
geographical conditions or to existing biases in Aeolus mea-

surements. The obtained slopes are significantly larger than
those reported by Iwai et al. (2021) and Wu et al. (2022) of
0.98 (1.02) and 0.96 (0.92), respectively, for B10 and B11
Rayleigh-clear (Mie-cloudy) observations and ground-based
Doppler lidars separated by less than 100 km. Meanwhile,
the obtained intercepts are slightly higher, i.e., −0.88 (0.22)
and −1.2 (−0.33) m s−1, respectively. It is worth noting that
the aforementioned studies by Iwai et al. (2021) and Wu et
al. (2022) were performed in different locations with partic-
ular geographical features. Moreover, the telescope temper-
ature bias correction (Weiler et al., 2021b) is tuned to min-
imize the global biases, but local biases can still be present
and detected in individual validations (Rennie et al., 2021).
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Figure 2c presents the distribution of the observations’ dif-
ferences between Aeolus and the ground-based Doppler li-
dar system, considered the ground truth. The mean differ-
ence (± SD) of the distribution (which can be taken as Ae-
olus HLOS wind speed bias) was 0± 9 (−1± 7) m s−1 for
the Rayleigh-clear (Mie-cloudy) configuration, which yields
the result that Aeolus overestimated (1 > 0) and under-
estimated (1 < 0) approximately equally the HLOS wind
speed. These values agreed with the results reported by Iwai
et al. (2021) and Wu et al. (2022), that is −0.81 (−0.16)
and −1.15 (−0.25) m s−1, respectively, for the Rayleigh-
clear (Mie-cloudy) configuration. On the other hand, the
mean value (± SD) of the absolute difference (|1|) was
7± 5 (5± 5) m s−1 for the Rayleigh-clear (Mie-cloudy) con-
figuration, which yields the mean disagreement between Ae-
olus and the ground-based Doppler lidar.

Figure 2d and e show Aeolus error estimates versus the ob-
tained absolute difference between Aeolus and ground-based
Doppler lidar measurements. In the case of the Rayleigh-
clear configuration, significant absolute differences were
more frequent for larger error estimates, but no linear or
non-linear relation could be fit for this configuration or the
Mie-cloudy configuration (or for the numerical difference).
Additionally, it could be confirmed that the error estimate
thresholds were efficient for the filtering of large absolute
differences (associated with Aeolus SNR and not with in-
strumental biases), especially for the Rayleigh-clear config-
uration. The error limit threshold for the Mie-cloudy obser-
vations could be increased, e.g., to 5 m s−1. However, similar
statistical results were obtained.

An analysis of the differences and RMSE per 0.5 km verti-
cal step is presented in Fig. 3. Most of the available observa-
tions were constrained between approximately the station’s
altitude (∼ 0.68 km a.s.l.) and 3.0 km a.s.l. The Rayleigh-
clear configuration (Fig. 3a) did not present any specific be-
havior between 0.5 and 3.0 km a.s.l. (values between −1 and
0.3 m s−1), except between 1.5 and 2.0 km a.s.l., where the
satellite significantly overestimated the HLOS wind speed
(∼ 3 m s−1). The RMSE (Fig. 3b) was significantly large for
the lowermost observations (∼ 12 m s−1), while the rest of
the vertical intervals presented a similar lower value (be-
tween 7 and 8 m s−1), except the interval between 2.5 and
3.0 km a.s.l., where the RMSE was lower (∼ 5 m s−1) and
contrary to the statistical error. The Mie-cloudy configuration
(Fig. 3c) seems to significantly overestimate the HLOS wind
speed for the lowermost observations (∼ 4 m s−1), while it
did not present any specific performance (values between
−1.6 and 0.9 m s−1) for upper intervals. On the other hand,
the RMSE (Fig. 3d) presented a higher value for the 2.0-to-
2.5 km a.s.l. interval and the lowermost interval (∼ 6 m s−1)
observations, while the middle ranges, along with the in-
tervals higher than 2.5 km a.s.l. (values between 1.3 and
2 m s−1), present a similar lower value (∼ 4 m s−1). The sig-
nificant discrepancies obtained for the lowermost vertical in-
terval can be attributed to multiple effects such as (i) the

lower number of observations considered, (ii) the horizontal
averaging of the signals (especially for the Rayleigh obser-
vations), (iii) the large variability in the wind fields closer to
the surface within the 100 km radius, (iv) the lower strength
of the signal closer to the surface and (v) possible imper-
fect removal of the ground return contamination of the low-
est observations. However, it is worth mentioning that it is
not possible to conclude whether the observed differences in
the wind speed between Aeolus observations and the ground-
based Doppler lidar measurements are due to measurement
errors only or also due to multiple representativeness errors.
Nevertheless, due to the significant temporal coverage of the
study and the statistical methods applied, the different in-
duced errors were minimized and the differences could be
attributed mainly to Aeolus biases.

Table 1 shows the comparison results under different set-
tings, with the first row (Table 1, row a) being the main set-
ting (i.e., ANX4.5 Aeolus ascending plus descending over-
passes, with maximum 100 km difference from the ground-
based station and 30 min averaging of the ground-based mea-
surements). When differentiating between ascending and de-
scending orbits (Table 1, rows b and c), reasonably different
results were obtained for each mode. The ascending mode
presented slopes slightly closer to 1 than the descending
mode, along with a significantly lower Pearson correlation
coefficient. The slopes were notoriously different between
each orbit mode. The mean difference and mean absolute
difference were similar for the Rayleigh-clear configuration,
while the Mie-cloudy configuration presented significantly
lower uncertainties for both parameters and the mean abso-
lute difference itself with the ascending-mode dataset. This
could be due to the fact that the Mie winds are sampled at
smaller horizontal and vertical scales and, consequently, with
higher representativity.

An analogous analysis was performed taking 1 h (Table 1,
row d) and 2 h (Table 1, row e) averages of the ground-based
Doppler lidar measurements. The agreement between the in-
struments slightly worsened when the average interval in-
creased, especially the slope of the linear fitting. The main
analysis was also repeated while just decreasing the maxi-
mum distance between the considered observations and the
station (fixed 30 min average) to 90, 80, 60 and 50 km (Ta-
ble 1, rows f, g, h and i). In this case, the slope and in-
tercept significantly increased (slightly decreased) when the
maximum collocation distance decreased for the Rayleigh-
clear (Mie-cloudy) configuration. Additionally, for both con-
figurations the number of available observations was signif-
icantly reduced, affecting the statistical error, while 1 for
the Rayleigh-clear configuration significantly increased, in-
dicating larger discrepancies between the observations. Thus,
a more restrictive spatial collocation of Mie-cloudy obser-
vations slightly improved the comparison results, as cloud
spatial inhomogeneities were avoided. However, the com-
parison for the Rayleigh-clear configuration worsened, as
the slope moved further from the ideal 1 : 1 relation, and
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Figure 2. Pairs of Aeolus and ground-based Doppler lidar system values for the (a) Rayleigh-clear and (b) Mie-cloudy configurations. The
linear fitting is marked by the dashed black line, while the dashed light-gray line marks the 1 : 1 relation. (c) Histogram of the differences
between Aeolus and the ground-based Doppler lidar measurement. Scatterplot of Aeolus error estimates versus the absolute difference be-
tween Aeolus and ground-based Doppler lidar measurements for the (d) Rayleigh-clear and (e) Mie-cloudy configurations. The red (yellow)
area indicates the Rayleigh-clear (Mie-cloudy) observations that are valid according to the error estimate filtering (Witschas et al., 2020).
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Figure 3. Vertically resolved analysis of the (a) difference and (b) RMSE for the comparison between Aeolus Rayleigh-clear products and
the ground-based Doppler lidar. Panels (c) and (d) are analogous to (a) and (b) for the Mie-cloudy products.

the differences increased. A similar examination was per-
formed increasing the maximum distance between the con-
sidered observations and the station to 110 and 120 km (Ta-
ble 1, rows j and k). It was observed that when the maximum
distance was increased, not only the slope and intercept but
also the Pearson correlation coefficient slightly decreased for
Rayleigh clear, while the results for Mie cloudy remained
almost unaffected (only the intercept was slightly reduced).
Therefore, based on the available dataset and the geographi-
cal features of the station region, working with observations
within 100 km of the station, following ESA’s requirements,
is recommended.

Another additional analysis was performed with Aeolus
overpasses after the orbit shift (Table 1, row l). A total of
85 overpasses matched ground-based Doppler lidar measure-
ments from June 2021 to March 2022, half of which cor-
respond to descending overpasses (∼ 06:17 UTC) and the
other half to ascending ones (∼ 17:57 UTC). A total of 2424
(534) Rayleigh-clear (Mie-cloudy) observations were avail-
able, from which only 46 (87) observations were coincident
with ground-based Doppler lidar measurements, a propor-
tion of 1.8 % (16 %). The mean minimum distance (± SD)
between the Aeolus ground track and the station for the
Rayleigh-clear (Mie-cloudy) observations increased signifi-
cantly with respect to the previous orbit setting to 64± 15
(61± 17) km for the Rayleigh-clear (Mie-cloudy) observa-
tions, which is approximately 3 (4) times further. The ob-
tained slope, intercept (±SE) and Pearson correlation coef-
ficient were 0.8± 0.4 (0.6± 0.1), −1± 1 (2± 1) m s−1 and
0.31 (0.42) for the Rayleigh-clear (Mie-cloudy) configura-
tion. On the other hand, the mean 1 (± SD) was−1±9 (5±
11) m s−1 and the mean |1| (± SD) was 8± 6 (9± 7) m s−1,
for the Rayleigh-clear (Mie-cloudy) configuration. The slope
of the linear fitting reduced significantly after the orbit shift,
while the intercept increased, but most importantly the Pear-
son correlation coefficient decreased significantly due to the

larger distances between the observations. The differences
between Aeolus and the ground-based Doppler lidar slightly
increased. These differences could be due to the gradual and
constant decrease in the Aeolus lidar performance caused
by the laser decay, which may have affected Aeolus biases.
However, these differences might not be associated with the
new versioning B12 but with the fact that Aeolus overpasses
a completely different region. Under orbit ANX2.0, Aeolus
overpasses the opposite side of Sierra Nevada to the one
where Granada is located, where the altitude and land in-
clination are significantly different and therefore wind pat-
terns associated with surface insolation change considerably.
When this analysis was repeated taking a 2 h average of the
ground-based Doppler lidar measurements, the results of the
comparison (Table 1, row m) worsened considerably as a
consequence of the wind variability.

4.3 Aeolus and radiosonde comparison

The main statistical results of this section are gathered in
Table 2. Seven radiosondes were launched during Aeolus
overpasses under the defined criteria. From these cases, two
of them correspond to descending modes of Aeolus over-
passes and five to ascending overpasses. One radiosonde
was launched during a clear-sky day of autumn, one on a
densely cloudy day of winter, three on partly cloudy days of
spring and two on clear-sky days of summer. A total of 191
(43) Rayleigh-clear (Mie-cloudy) observations were avail-
able for the comparison. Of the Rayleigh-clear (Mie-cloudy)
observations, 26 % (11 %) correspond to descending over-
passes (∼ 06:17 UTC). This inhomogeneity might be asso-
ciated with the few descending overpasses available (29 %
of overpasses) and also with the reduced dataset of over-
passes. The mean minimum distance (± SD) between the
Aeolus ground track and the station for the Rayleigh-clear
(Mie-cloudy) observations was 64± 14 (61± 16) km, while
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Table 2. Statistical results of the comparison between Aeolus wind products and radiosonde measurements. For each cell, the upper result
refers to the Rayleigh-clear configuration, while the lower result refers to the Mie-cloudy configuration. SD stands for standard deviation,
while SE stands for standard error. Overpasses considered in (a) are not considered in (h), while overpasses considered in (a) and in (h)
are jointly considered in (g). Obs. stands for observed, dist. stands for distance, ascen. stands for ascending mode and descen. stands for
descending mode.

Orbit Obs. max Radiosonde Obs. Mean obs. Slope ± SE Intercept ± SE R 1± SD |1|± SD
dist. (km) time dist. ± SD (m s−1) (m s−1) (m s−1)

launch )

(a) ANX2.0

100 ∼ 30 min

188 75± 19 0.96± 0.04 0.3± 0.5 0.87 0± 7 6± 5
43 72± 17 0.84± 0.09 3± 1 0.84 7± 10 10± 7

(b) ANX2.0 138 69± 20 0.96± 0.06 0.5± 0.7 0.80 0± 8 6± 5
ascen. mode 38 71± 17 0.67± 0.05 3± 1 0.91 7± 11 11± 7

(c) ANX2.0 50 92± 5 0.77± 0.10 −4± 2 0.74 0± 6 5± 4
descen. mode 5 82± 7 −0.6± 1.4 −30± 20 0.25 0± 10 0± 7

(d)

ANX2.0

110

∼ 30 min

267 84± 21 0.92± 0.03 −0.1± 0.5 0.88 0± 7 6± 5
47 75± 17 0.81± 0.07 2± 1 0.85 7± 10 10± 7

(e)
120

279 85± 22 0.93± 0.04 0.1± 0.5 0.87 0± 8 6± 5
53 79± 21 0.84± 0.07 2± 1 0.84 5± 10 9± 7

(f)
140

312 90± 25 0.93± 0.04 0.2± 0.4 0.87 0± 8 6± 5
63 87± 27 0.79± 0.09 1± 1 0.76 4± 10 10± 7

(g)

ANX2.0 100

. 12 h 329 77± 17 0.95± 0.04 −0.1± 0.5 0.81 0± 8 6± 5
(and . 30 min) 69 74± 15 0.58± 0.06 0.9± 0.7 0.78 4± 10 8± 7

(h) . 12 h 141 81± 11 0.97± 0.09 −0.6± 0.9 0.68 −1± 9 7± 6
(and & 30 min) 26 77± 13 −0.1± 0.1 8± 2 0.14 −4± 4 4± 4

the mean distance (± SD) between the observations and the
station was 75±19 (72±17) km. Aeolus observations within
100 km were included in the comparison.

From the available dataset, 188 (43) Rayleigh-clear (Mie-
cloudy) observations were coincident with radiosounding
measurements, which comprise 98 % (100 %) of the initially
available observations. Thus, in the case of the radioson-
des, most of the available Aeolus observations were coin-
cident with radiosounding measurements. This is due to the
radiosonde’s wide vertical coverage, providing wind infor-
mation up to the lower stratosphere, unlike the ground-based
Doppler lidar system which is mainly restricted to the bound-
ary layer.

A linear fitting was performed for the pairs of observa-
tions. The results are presented in Fig. 4a and b. The slope,
intercept (± SE) and Pearson correlation coefficient were
0.96± 0.04 (0.84± 0.09), 0.3± 0.5 (3± 1) m s−1 and 0.87
(0.84), respectively, for the Rayleigh-clear (Mie-cloudy) ob-
servations. The slope for the Rayleigh-clear configuration
was very close to the 1 : 1 relation, while the Mie-cloudy
slope deviated from unity. Moreover, the slopes and Pear-
son correlation coefficients of these results were much bet-
ter than the ones obtained with the ground-based Doppler
lidar measurements, which were limited to altitudes below
3 km a.s.l., where Aeolus encountered more difficulties in re-
trieving wind information compared to at higher altitudes due

to the lower SNR and because the spatiotemporal variabil-
ity in the wind may affect the comparison. The results ob-
tained for the Rayleigh-clear configuration agreed with those
reported by Chen et al. (2021) and Iwai et al. (2021) with ra-
diosondes and B10 Aeolus products, that is slopes of 0.97
and 1.01 and intercepts of −0.05 and 0.38 m s−1, respec-
tively. The slope obtained for the Rayleigh-clear configura-
tion was similar to the one reported by Baars et al. (2020)
for previous baseline Aeolus products and radiosondes over
the Atlantic, while their obtained intercept was significantly
larger, that is 0.97 and 1.57 m s−1, respectively. In the case of
the Mie-cloudy results, the derived slope was lower and the
intercept significantly larger than those obtained by Baars et
al. (2020), Chen et al. (2021) and Iwai et al. (2021), that is
0.95, 0.95 and 0.92 and 1.13, −0.01 and −0.22 m s−1, re-
spectively. However, it should be noted that the studies were
performed in different locations with particular geographical
features.

Figure 4c presents a histogram of the observations’ dif-
ferences between Aeolus and the radiosoundings, consid-
ered the ground truth. The obtained mean difference (±
SD) was 0± 7 (7± 10) m s−1 for the Rayleigh-clear (Mie-
cloudy) configuration. Thus, the Rayleigh-clear configura-
tion did not present any significant over- or underestimation
of the HLOS wind speed, while the Mie-cloudy configura-
tion seemed to overestimate the HLOS wind speed. The value
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for the Rayleigh-clear configuration agreed with the one re-
ported by Iwai et al. (2021) for B10 Aeolus products and
radiosondes (0.45), while it was slightly lower than the one
reported by Baars et al. (2020), Iwai et al. (2021) and Mar-
tin et al. (2021) for previous baseline Aeolus products and
radiosondes (1.52, 1.00 and ∼ 2, respectively).

On the other hand, the mean value (± SD) of the absolute
difference (|1|) was 6± 5 (10± 7) m s−1 for the Rayleigh-
clear (Mie-cloudy) configuration, which resulted in the av-
erage discrepancy between Aeolus and the radiosondes. The
mean |1| for the Mie-cloudy configuration was significantly
large, probably because of the larger distance between Ae-
olus observations and the radiosondes’ measurements. The
wind conditions measured within the cloud by Aeolus might
be different to the ones measured by the radiosondes, so the
horizontal wind captured by each instrument could be differ-
ent.

Figure 4d and e show Aeolus error estimates versus the ob-
tained absolute difference between Aeolus and the radioson-
des. In the case of the Rayleigh-clear configuration, signifi-
cant absolute differences related to large error estimates were
observed. However, no significant relationship was identified
between the error estimates and the absolute differences for
either the Rayleigh-clear or the Mie-cloudy configurations.
Additionally, Fig. 4d and e confirm that the error estimate
thresholds were efficient for the filtering of large absolute dif-
ferences, especially for the Rayleigh-clear configuration. A
larger error estimate threshold could be set, e.g., 13 (6) m s−1,
for the Rayleigh-clear (Mie-cloudy) configuration. However,
the statistical results would not change significantly.

An analysis of the differences and RMSE per 2 km verti-
cal interval is presented in Fig. 5. The Rayleigh-clear config-
uration significantly underestimated the HLOS wind speed
between the ground and 2 km a.s.l. (1 of ca. −15 m s−1

and RMSE of ca. 14 m s−1). This could be related to
the fact that Aeolus overpassed the east side of Sierra
Nevada, while radiosondes were launched on the west side,
so the lowermost observations (closer to the surface) pre-
sented the largest disagreement. However, this interval pre-
sented a low statistical significance. The Rayleigh-clear
and radiosonde observations agreed well between 2 and
12 km a.s.l., with biases ranging around zero (1 between
−0.9 and 0.6 m s−1). Furthermore, the Rayleigh-clear con-
figuration significantly overestimated the HLOS wind speed
between 12 and 18 km a.s.l. (1 between 2.7 and 2.9 m s−1).
The RMSE values were similar between 4 and 18 km a.s.l.
(between 7.6 and 5.7 m s−1). On the other hand, the Mie-
cloudy configuration seemed to significantly overestimate
the HLOS wind speed between 4 and 12 km a.s.l. (1 between
2.6 and 7.0 m s−1), with the overestimation increasing with
altitude. This overestimation of the Mie-cloudy configuration
observed in Fig. 5c and d could be associated with cloud sce-
nario inhomogeneities rather than with Aeolus biases. The
discrepancies obtained for the Rayleigh-clear lowermost ver-
tical intervals can be attributed to multiple effects such as

(i) the lower number of observations considered, (ii) the hor-
izontal averaging of the signals, (iii) the large variability in
the wind fields closer to the surface within the 100 km radius
and (iv) the lower strength of the signal closer to the surface.

The results of the analysis differentiating between ascend-
ing and descending overpasses are presented in Table 2 (rows
b and c). The results obtained for the Rayleigh-clear configu-
ration with ascending-mode overpasses were similar to those
obtained considering both settings together, while the Mie-
cloudy configuration presented significantly worse agree-
ment with radiosonde measurements with a higher Pearson
correlation coefficient. Only two overpasses corresponded to
the descending mode, and the results obtained for this set-
ting were significantly worse than those obtained consider-
ing both settings together and were not statistically signifi-
cant, especially for the Mie-cloudy configuration. Thus, the
large differences obtained for the descending mode could not
be associated with orbit mode biases but most probably with
the limited dataset. Therefore, a more substantial database is
required in order to thoroughly examine Aeolus performance
in descending-mode orbits.

An analogous analysis was performed while increasing the
maximum distance between the considered observations and
the station to 110, 120 and 140 km (Table 2, rows d, e and
f). It could be seen that when the maximum distance was
increased the slope slightly increased, while the Pearson cor-
relation coefficient decreased. Thus, a less restrictive spatial
collocation slightly worsened the comparison results. Thus,
working with observations within 100 km of the station, fol-
lowing ESA’s requirements, is recommended.

An additional analysis was performed with both Aeolus
overpasses from the same day as each radiosounding, even
though the temporal collocation is not maximized (Table 2,
row g). If a radiosonde was launched for the descending
overpass, its profile was also compared with the ascend-
ing Aeolus products, and vice versa. Thus, the maximum
time difference was around 12 h. A total of 12 overpasses
matched radiosonde information with these criteria, includ-
ing the 7 cases previously used and 5 new cases. From
the 12 overpasses, half corresponded to descending over-
passes and the other half to ascending ones. A total of 332
(69) Rayleigh-clear (Mie-cloudy) observations were avail-
able. The obtained slope, intercept (± SE) and Pearson cor-
relation coefficient were 0.95± 0.04 (0.58± 0.06), −0.1±
0.5 (1.0± 0.7) m s−1 and 0.81 (0.78) for the Rayleigh-clear
(Mie-cloudy) configuration. On the other hand, the mean 1

(± SD) was 0± 8 (4± 10) m s−1 and the mean |1| (± SD)
was 6± 5 (8± 7) m s−1 for the Rayleigh-clear (Mie-cloudy)
configuration. The results for the Rayleigh-clear configura-
tion did not change much, and only the correlation coeffi-
cient was slightly reduced, while the results worsened signifi-
cantly for the Mie-cloudy configuration, especially the slope.
In the vertically resolved study, no significant improvement
of the agreement was seen, and in fact the RMSE signifi-
cantly increased in all of the vertical intervals. When consid-

https://doi.org/10.5194/acp-23-8453-2023 Atmos. Chem. Phys., 23, 8453–8471, 2023



8466 J. Abril-Gago et al.: Validation activities of Aeolus wind products

Figure 4. Pairs of Aeolus and radiosonde values for the (a) Rayleigh-clear and (b) Mie-cloudy configurations. The linear fitting is marked
by the dashed black line, while the dashed light-gray line marks the 1 : 1 relation. (c) Histogram of the differences between Aeolus and
radiosonde measurement. Scatterplot of Aeolus error estimates versus absolute difference between Aeolus and radiosonde measurements for
the (d) Rayleigh-clear and (e) Mie-cloudy configurations. The red (yellow) area indicates the Rayleigh-clear (Mie-cloudy) observations that
are valid according to the error estimate filtering (Witschas et al., 2020).
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Figure 5. Vertically resolved analysis of the (a) difference and (b) RMSE for the comparison between Aeolus Rayleigh-clear products and
the radiosondes. Panels (c) and (d) are analogous to (a) and (b) for the Mie-cloudy products.

ering only the five new overpasses (Table 2, row h), the re-
sults for the Rayleigh-clear configuration were similar to the
ones obtained before, while the results for the Mie-cloudy
configuration worsened considerably. It is worth mentioning
that a time difference of 12 h could lead to a very different
wind regime comparison, depending on the local geographi-
cal features and the meteorological-front scenario. This anal-
ysis yielded the conclusion that Aeolus and radiosonde data
have to be properly spatiotemporally collocated for the Mie-
cloudy configuration. However, spatiotemporal collocation
for the Rayleigh-clear configuration was not as decisive.

5 Conclusions

In this work, Aeolus horizontal line-of-sight (HLOS) wind
speed products from the Rayleigh-clear and Mie-cloudy
configurations have been statistically validated with spa-
tiotemporally collocated ground-based Doppler lidar mea-
surements and radiosoundings at the ACTRIS–AGORA sta-
tion of Granada, which are considered the ground truth
throughout the analysis.

It was observed that error estimate filtering is needed, es-
pecially to avoid biases introduced by signal-to-noise ratio
(SNR) issues and improve the comparison between the satel-
lite and the instrumentation. The 8 (4) m s−1 limit for the
Rayleigh-clear (Mie-cloudy) configuration was proven to be
effective.

When comparing Aeolus products before the orbit shift
(versioning B10 and B11) with the uninterrupted ground-
based Doppler lidar measurements, Aeolus did not seem
to systematically underestimate or overestimate the HLOS
wind speed. The slopes, 1.2± 0.2 and 1.3± 0.1, and inter-
cepts, 0.4±0.9 and 0.3±0.4 m s−1, showed minor disagree-
ments between the instruments for the Rayleigh-clear and
Mie-cloudy configurations respectively. The ground-based

Doppler lidar system proved its effectiveness for validating
Aeolus measurements because of its continuous retrieval of
wind information, but the instrument is limited by its vertical
coverage, from which the results of the comparison are lim-
ited to altitudes lower than 3.0 km a.s.l. The vertical-coverage
limitation of the ground-based Doppler lidar system was ob-
served to increase during nighttime or early-morning over-
passes, when the atmospheric boundary layer (ABL) height
is lower and the region with enough backscattered signal is
thinner (lower SNR). The impact of this limitation is low-
ered under cloudy conditions, when the backscattered sig-
nal rises (higher SNR). Additionally, it was observed that a
more restricted or less restricted spatial collocation of Ae-
olus products did not significantly improve the comparison.
Thus, the 100 km collocation criterion proposed by the Eu-
ropean Space Agency (ESA) was shown to be suitable for
this study. Analogously, when a larger interval of ground-
based Doppler lidar measurements was averaged, the agree-
ment also worsened for both configurations. When compar-
ing Aeolus products after the orbit shift (B12), the agree-
ment significantly worsened, so cases before and after the
orbit shift should not be analyzed together and should be
addressed separately. Therefore, the Doppler lidar system
could be used to successfully perform Cal/Val activities in
regions such as Granada. However, it was proven that Aeo-
lus and ground-based Doppler lidar measurements have to be
well spatiotemporally collocated, as the comparison is lim-
ited to the ABL, where the wind conditions can vary sig-
nificantly. When comparing Aeolus products after the orbit
shift (B12) with radiosondes, the Rayleigh-clear configura-
tion did not seem to systematically overestimate or under-
estimate the HLOS wind speed, while the Mie-cloudy con-
figuration seemed to overestimate the HLOS wind speed.
However, this positive difference might be associated with
the larger distance between the Mie-cloudy observations and
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the radiosondes. The slope, intercept and Pearson correla-
tion coefficient showed an almost perfect agreement for the
Rayleigh-clear configuration, while the Mie-cloudy config-
uration presented significant disagreements. In this case, the
radiosondes’ vertical coverage was not a drawback, as the in-
struments reached up to 20 km a.s.l., providing full coverage
of Aeolus products. However, it was proven that radioson-
des’ spatial and temporal collocation is very important for
the Mie-cloudy configuration and not significantly so for the
Rayleigh-clear configuration. Therefore, radiosondes could
be used to successfully perform Cal/Val activities in regions
such as Granada.

Both instruments were successful when validating Aeolus
products. The ground-based Doppler lidar system measured
uninterruptedly but presented a vertical-coverage limitation,
while the radiosondes were scarcer but provided full verti-
cal coverage of Aeolus profiles. A combination of both in-
struments could provide a full assessment of Aeolus wind
product performance. Aeolus products were proven to pro-
vide reliable wind estimations. In the case of the Rayleigh-
clear configuration, the vertical coverage was significantly
larger, providing information from the surface (with a sig-
nificantly low SNR) to 20 km. The Mie-cloudy configuration
provided fewer wind measurements, which were restricted
to the presence of, generally, clouds. However, by default the
Mie channel presents a higher SNR and consequently lower
error estimates, than the Rayleigh channel. Within this study,
the Rayleigh-clear wind observations were successfully val-
idated. The Mie-cloudy wind observations were also vali-
dated but because of the distance between the instruments
and these observations, the observed differences may not be
representative; i.e., they may be more related to wind field in-
homogeneities caused by clouds than to real Aeolus system-
atic errors. Additionally, for both channels the statistical dif-
ferences reported exceeded the systematic error limit set by
the mission requirements (0.7 m s−1). From a vertically re-
solved approach of the comparison, Aeolus presented larger
root-mean-square error (RMSE) for the lowermost measure-
ments, especially for the Rayleigh-clear configuration (lower
SNR), while the RMSE was slightly reduced with the alti-
tude.
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