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Abstract. In 2018, the European Space Agency launched the first Doppler wind lidar system into space, providing 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 ACTRIS/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 collocation criteria. 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 7 radiosondes were launched aiming to increase their coincidence in space and time with the satellite
overpass (~30 minutes before). The radiosondes could provide full vertical coverage of Aeolus profiles (from 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 colocation of the radiosonde affected the results. Radiosondes not ideally collocated were proven to

be still useful for the 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 accurate 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 Meteorological 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; Straume et al., 2020).

Aeolus was launched in August of 2018. The satellite, with a single instrument, the Atmospheric LAser Doppler INstrument
(ALADIN), was put into a Sun-synchronous orbit around the Earth. ALADIN is the first Doppler lidar system to 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 is being continuously improved,
resulting in processor updates about every 6 months and hence new product versions. The updated processors contain both
improved calibration routines, bug fixes and retrieval algorithm improvements, in order to provide valuable near real-time
information that can be assimilated 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 Forecasting (ECMWF), and the 3D wind field from the
model has been stored at the location of the Aeolus observations. Aeolus also provides profiles of atmospheric backscatter and
extinction coefficients along its line of sight, which are stored in the Aeolus Level 2A products (Flamant et al., 2020; Flament
et al., 2021).

Aeolus performance and product quality have been widely studied. An operational monitoring of the Aeolus wind product
quality was set up with the ECMWF, providing near real-time information of the wind quality, within 3 hours of sensing.
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 (Khaykin et al., 2020; Belova et al., 2021; Guo et al., 2021; Iwai et al., 2021; Kottayil
et al., 2022; Ratynski et al., 2022; Wu et al., 2022) and other suborbital instrumentation (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 products with ground-based (Baars et al., 2021; Abril-Gago et al.,
2022; Ehlers et al., 2022; Gkikas et al., 2022) and other space-borne instrumentation (Feofilov et al., 2021). Thanks to these
Cal/Val activities, Aeolus wind products have reached enough scientific quality and have already been assimilated by NWP
models with positive impact, improving their reliability (Rennie et al., 2021; Rennie and Isaksen, 2020), achieving an important
mission objective within its nominal life of three years. Aeolus nominal life was set to end at November 2021, although it has

been extended to December 2022, depending on fuel availability.
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This work presents Aeolus wind product Cal/Val activities carried out at Granada, a facility belonging to the Aerosol Clouds
and Trace gases Research InfraStructure (ACTRIS) and the Andalusian Global ObseRvatory of the Atmosphere (AGORA),
with collocated Doppler lidar system and radiosonde station. The article is structured as follows: Section 2 is devoted to the
comparison experimental setup, the satellite and the instrumentation used in the ground-based station; Section 3 explains the
methodology, criteria considered in the activities and quality control applied to the different datasets; Section 4 presents the
results and discussion of the comparison activities; and Section 5 states the main findings of the Cal/Val activities and Aeolus

wind products 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 a full coverage of the Earth every week (orbit repeat cycle of 7 days). The
main Aeolus’s 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 a Nd:YAG laser
transmitter generating 355 nm pulses and a dual channel receiver, that is a Fabry-Pérot interferometer registering the Doppler
shift from the atmospheric backscatter caused by molecules known as Rayleigh channel, and a Fizeau interferometer
registering the Doppler shift of the atmospheric backscatter caused by particles (clouds and aerosols) known as 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 horizontal 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 measured in vertical profiles from surface up to around 30 km, divided into 24 vertical bins
with a variable vertical resolution 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 resolution is not fixed and has changed for
different time periods through the mission. Additionally, the Mie and Rayleigh bins height grid do not coincide and may shift
along the orbit. To achieve 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 the
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 (Savli et al., 2019).

Aeolus wind products are labelled Level2B (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 processing, L2B

products are processed by the European Centre for Medium-range Weather Forecasts (ECMWF) under ESA contract in order
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to provide improved wind fields (wind vectors), classified as L2C products. Aeolus products are available at Aeolus online
dissemination: https://aeolus-ds.eo.esa.int (last access: 10 February 2023).

The processing chain also provides quality flags and error estimates of the wind data. Additionally, an 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; Reitebuch 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;
Martin 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 ECMWEF near real-time monitoring and validation of Aeolus products and previous Cal/Val activities, critical
malfunctioning was identified and processing improvements 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 of the
primary telescope mirror temperature were detected and reduced, and fluctuations of the dark current signals on the detectors
were characterized (Rennie and Isaksen, 2020; Weiler et al., 2021a, 2021b). With these updates, Aeolus wind products were
included into 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, multiple 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 release longer-term datasets with the same data quality. Baseline
10 (B10, released in October 2020) entailed a reprocessing of a large dataset of Aeolus products (from July 2019 to December
2019 and from April 2020 to October 2020) including the fixing of the detected problems and errors. The Cal/Val community
is encouraged to use versioning B10 and ahead.

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. However, the instrument regular operation is rarely interrupted (e.g., March 2021
due to instrument anomalies). Additionally, Aeolus regular operation has undergone other major changes. In June 2019, 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 noises, steadily decreased 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 orbit) to
ANX2.0. The orbit shift took place in the framework of upcoming tropical campaigns activities in Cape Verde (Fehr et al.,
2021, 2022; Lux et al., 2022b): Joint Aeolus Tropical Atlantic Campaign (JATAC), causing the orbit characteristics (e.g.,
ground track) to significantly shift.
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2.2 Granada ACTRIS/AGORA facility

AGORA (Andalusian Global Observatory of the Atmosphere) is an observational platform in the frame of ACTRIS 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 natural basin at the foot of Sierra Nevada, with altitude up to 3000 m a.s.l., affecting
the diurnal (thermal flow between the mountain and the basin) and night (katabatic winds from the mountain) wind regimes
(Montalvez et al., 2000; Ortiz-Amezcua et al., 2022a). Historical records yield mean winds of less than 2 m/s at surface level
generally coming from west and northwest (Bosque-Maurel, 1959; Viedma-Mufioz, 1998). A more detailed and recent
description of wind patterns at the city of Granada is given by Ortiz-Amezcua et al. (2022a).

A wide variety of in-situ and remote sensing instrumentation is routinely operated at the ACTRIS/AGORA station in Granada.
In particular, a Halo Photonics StreamLine Doppler lidar system has worked continuously since April of 2016. The system is
able to detect the backscattered signal’s Doppler shift caused by the movement of the atmospheric components along the line-
of-sight of the instrument. However, due to the 1500 nm radiation used by the Halo Photonics StreamLine 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 radiation at 15 kHz and with a
heterodyne detector (Pentik&inen 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 resolution down to 2 s. The vertical wind component
is obtained with the Doppler lidar system vertical stare mode, while the horizontal wind components, and 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 forming a cone with the laser beam, in this case, every 10 min with an elevation of
75°. A detailed description of the instrument is given by Pearson et al. (2009), while Ortiz-Amezcua et al. (2022a) gives more
details about this particular instrument and the processing of the signals to provide different wind and turbulence products. A
wide range of topics can be addressed with Doppler lidar measurements, from atmospheric boundary layer (ABL)
characterization (e.g., de Arruda Moreira et al., 2018) to wind patterns characterization (e.g., Ortiz-Amezcua et al., 2022a,
2022b), generally limited to the lower troposphere.

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 direction, relative
humidity, pressure and temperature with high accuracy and resolution using in-situ measurements. The vertical resolution
depends on the ascending speed, which is around 10 m for a vertical speed of around 5 m/s. In particular, for the sensors used
in these radiosondes the wind speed measurements present a resolution and accuracy of 0.1 and 0.2 m/s, respectively. However,
for many purposes the use of radiosondes is constrained because of the low frequency of launches, the equipment costs and
the horizontal drift they may suffer (Vaughan et al., 1988). Despite these inconveniences, radiosondes are widely used for

ABL characterization (e.g., de Arruda Moreira et al., 2018; Granados-Mufioz et al., 2012), aerosol hygroscopic growth (e.g.,
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Bedoya-Velasquez et al., 2018) and instrument validation (e.g., Navas-Guzman et al., 2014; Bedoya-Velasquez et al., 2019),
among others.

The location of AGORA and the available upwards probing instrumentation allows the station to contribute to the validation
activities of Aeolus wind products with ground-based Doppler lidar systems and radiosondes. The satellite overpasses the
station twice per week every Thursday. Prior to the orbit shift (ANX4.5) the overpasses took place at approximately 06:24
(descending orbit) and 18:04 UTC (ascending orbit) at around 24 km west (nominal predicted minimum 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 while the
overpass distances significantly increased to around 70 km east, on the opposite side of Sierra Nevada. The two orbit settings
fulfil ESA’s requirements, i.e., Aeolus products within 100 km of a station should be considered into 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 configurations were analyzed. The Rayleigh clear products provided most of
the wind estimates, which extended from surface up to 18 km above sea level (asl), approximately, while the Mie cloudy
products were limited to estimates within clouds (or high backscatter conditions), generally between the surface and 12 km
asl. Radiosonde vertical coverage depends on the balloon type and can change for each independent launch. In our case, all
the balloons were able to fully cover the troposphere and the lower stratosphere (~20 km asl). The ground-based Doppler lidar
system is highly dependent on the ABL conditions, and it rarely provides wind information above 3 km asl, except under 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 measurements, the coordinates of each Aeolus
observation (incidence 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 an initial filtering of
Aeolus observations was performed. Thus, Rayleigh and Mie observations with error estimates larger than 8 and 4 m/s,
respectively, were filtered out of the comparison (Witschas et al., 2020; Wu et al., 2022). Previous studies applied this kind of
filtering with similar thresholds for the Rayleigh and Mie channels, such as 7 and 5 m/s (Guo et al., 2021), 8 and 5 m/s (Belova
et al., 2021; lwai et al., 2021) and 6 and 4 m/s (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) was
used. Furthermore, only Aeolus L2B products under B10 baseline and later versioning (B11 and B12) were considered in this

study, following the Cal/Val community recommendations. Regarding the switch from laser FM-A to FM-B, the dataset
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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 the analogous measurements from upwards probing instrumentation, which are
considered as the ground truth for the comparison. The possible existing discrepancies could be due to (i) errors of Aeolus
observations, (ii) errors associated to the representativity of Aeolus observations along the horizontal signal accumulation, (iii)
errors associated to the representativity of Aeolus 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 Section 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 on the second half of June 2021 with B11 (the period from January to June 2020 was not
reprocessed under B10 and was not used), when the planned orbit shift occurred. 144 overpasses were available for this period.
However, 109 overpasses were coincident in space and time with ground-based Doppler lidar measurements. Additionally, a
short comparison was made between Aeolus and ground-based Doppler lidar measurements after the orbit shift, with 85
overpasses (B12), in order 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 km to 70 km and (iii) Aeolus overpasses would now take place at the opposite side of Sierra Nevada,
with significantly 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 interval around the overpass time was taken to average ground-
based Doppler lidar measurements into a single profile (Wu et al., 2022). Other studies used a one-hour interval (e.g., Belova
et al., 2021; Iwai et al., 2021) or a two-hour interval (e.g., Khaykin et al., 2020), and these criteria were also tested in multiple
support analyses.

A special validation campaign of Aeolus using radiosondes was planned after the orbit shift and only B12 Aeolus products
could be used. Seven radiosondes were launched spatiotemporally matching Aeolus overpasses between June 2021 and July
2022. In the case of the radiosondes, it took some time for the sensor to rise. In order to obtain a fairly acceptable spatial and
temporal coincidence, the radiosondes were launched around 30 min before Aeolus overpassed the station, so that the
radiosonde were at around 9 km (generally around half altitude of radiosounding’s vertical coverage) at that moment. This
setting sought to maximize the spatiotemporal colocation of the measurements, which allowed us to properly detect the satellite
bias unlike 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, 5 different radiosondes (not fulfilling the 30-min in advance launch) were considered in a
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comparison with Aeolus products. Additionally, radiosonde’s horizontal drift was also taken into account in order 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 upwards probing instrument.

3.3 Preparatory processing

The comparison was performed with Aeolus HLOS wind speed measurements, Vyos,.....» Which is the horizontal speed
component in the line-of-sight of Aeolus’ laser beam. Additionally, Aeolus provided the azimuth angle, @4.,5,5, Which is the
horizontal projection of the laser beam pointing vector measured clockwise from north and takes approximate 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 mentioned in Section 2.1. On the other hand, the upwards probing instrumentation measured the horizontal
wind velocity and its direction (i.e., zonal, u, and meridional, v, wind components). Thus, the HLOS wind was extracted from
ground-based Doppler lidar and radiosonde measurements as:

Virosyp = —Uup * SN Qacotus — Vup "COS Pacolus 1)
where Vy,0s,,» Uup @nd vyp are the HLOS, zonal and meridional components derived by the upwards probing instruments,
respectively, and @405 1S Aeolus azimuth angle. Equivalently, the following expression could be used:

Virosyp = Vup +€0S (Paeotus — Pup) 2
where V;» and ¢, are the total horizontal speed and direction derived by the upwards probing instruments, respectively. In
order to extract this component, the vertical resolution of the upwards probing instrument profiles had to be degraded in order

to match the much coarse vertical resolution of the Aeolus profiles.

3.4 Statistical analysis

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

4 = VHLOSAeoluS - VHLOSUP 3)
Thus, A > 0 (A < 0) yielded an overestimation (underestimation) of HLOS wind speed by Aeolus. In order to get the vertical
distribution of this parameter, the mean A between Aeolus and the upwards 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 radiosondes, respectively.
These vertical intervals should not be confused with the original Aeolus bin height grid described in Section 2.1. Thus, the

mean A between Aeolus and the instruments of each vertical interval was calculated as:

A(r) = % Z(VHLOSAEOW_S(Z) = Vhrosyp (Z)) 4
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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:

1 2
RMSE () = 2 (V05,0 = Vitosye () —40)) ©)
Furthermore, a linear fitting of Vy,05,, against Vy,os,, ... 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 developed with all the available overpasses from July 2019 until the
orbit shift of June 2021. Then, two independent comparisons 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 chosen criteria for the comparison were valid.

4.1 Evaluation of Aeolus’ general performance

144 overpasses were available for the evaluation of Aeolus’ general performance, from July 2019 until June 2021 orbit shift.
101 overpasses were B10 products while 43 were B11 products, from which half of them 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 versioning was released with the orbit shift
of June 2021 and no B12 overpasses were considered in this subsection. Considering Aeolus observations within a 100 km
distance to the station, 6410 (1416) Rayleigh clear (Mie cloudy) observations were available. From these, 5.6 % (2.8 %) of the
available Rayleigh clear (Mie cloudy) observations exceeded the error threshold of 8 m/s (4 m/s) that was mentioned in Section
3.1. Atotal 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) observations. Meanwhile, the mean
distance (x 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 for the Rayleigh clear (Mie cloudy)
configuration, while the mean HLOS wind speed error estimate (£ SD) was 4 £ 1 (1.8 £ 0.7) m/s. 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) m/sand 5 + 13 (1.9 £ 0.9) m/s, respectively, for the Rayleigh clear (Mie cloudy) configuration. Figures 1a and 1b
present the histogram of the HLOS wind speeds and its error estimates for the Rayleigh clear and Mie cloudy configurations.
Figures 1c and 1d present the HLOS wind speed error estimates versus HLOS wind speeds for the 144 overpasses without
filtering the error estimates values. It can be seen that the Rayleigh clear configuration presented observations with large and
improbable HLOS wind speed values (maximum value of around 244 m/s) and equivalently improbable error estimates
(maximum value of around 655 m/s). In the case of the Mie cloudy configuration, some observations presented improbable



HLOS wind speed values (maximum value of around 106 m/s) but not improbable error estimates (maximum value of around
7 mfs). After applying the filtering, the maximum HLOS wind speed detected with the Rayleigh clear (Mie cloudy)
configuration was around 77 (47) m/s, which might correspond to outlier but feasible winds. Thus, the application of the chosen
285  criteria (Witschas et al., 2020) is plausible in order to filter out invalid wind estimations. Moreover, it is worth mentioning that
the number of filtered out observations increased when the altitude decreased, as the signal-to-noise ratio decreased. On the
other hand, the mean error estimates of the Mie cloudy configuration were significantly lower than those of the Rayleigh clear
configuration. This can be explained with the larger signal-to-noise ratio of the backscattered signal coming from the clouds,

which results in lower error estimates (Rennie et al., 2021).
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Figure 1: Histograms of the 144 overpasses (considering the error estimates filtering) for Aeolus estimations for: (a) HLOS wind
speed and (b) HLOS wind error estimates. Scatter plot of error estimates versus HLOS wind speeds for the 144 overpasses without
considering the error estimates filtering for: (c) Rayleigh clear and (d) Mie cloudy. The red (yellow) area indicates the Rayleigh clear

10



295

300

(Mie cloudy) observations valid according to the error estimate filtering (Witschas et al., 2020). Note the different scales in the x-

axis.

Additionally, the unused configurations Mie clear and Rayleigh cloudy provided 7 and 2350 observations, respectively. This
number of points was reduced to 0 and 270 observations, respectively, after considering the error estimates filtering, so the
100 % and the 86 % of these observations were filtered out, corroborating that these configurations are not useful for Cal/Val
activities (Lux et al., 2020b).

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, while SE stands for standard error.

ground signal mean obs. .
. obs. max. - intercept = SE A%SD |A] + SD
orbit dist. (km) temp. obs. dist. £ SD slope + SE (mfs) R (mls) (mls)
average (km)
104 54 + 27 12+0.2 04+09 0.43 09 75
@ ANX4.5 163 5127 13+0.1 0304 0.72 147 5+5
(b) ANX4.5 100 30 min 61 57+ 26 1.0+04 14+13 0.31 1+9 75
ascen. mode 79 52 + 26 1.1+0.2 0.7+05 0.61 -1+3 2+2
© ANX4.5 43 51+28 12+03 -05+1.3 0.48 1+8 65
descen. mode 84 49 + 29 13101 0.1+£0.6 0.71 -1+£10 9+6
() 1h 86 54 + 27 13+03 -0.1+1.0 0.40 09 75
128 51 +27 13+0.1 -0.2+05 0.70 -1+9 66
ANX4.5 100
© oh 80 54 + 27 15+04 06+1.1 0.41 09 75
119 51 +27 14+0.2 -0.2+05 0.65 0+£10 86
® 90 76 49 £ 25 12+03 -0.2+0.9 0.50 0+8 75
158 4524 12£01 03204 071 17 5t5
© 80 54 43 +21 1.3+£03 -05+1.0 0.56 0+8 65
9 146 41 +21 1.2+0.1 02+£04 0.72 -lx7 55
" ANX4.5 60 30 min 31 34+16 1503 07+14 0.64 1+8 645
113 32+15 1.2+0.1 00+£04 0.74 2%7 56
0 50 25 28+ 12 16+04 12+15 0.69 217 65
98 27+13 11+01 -0.1+04 0.71 2+8 56
0 110 137 59 + 30 1.1+£0.2 -0.1+0.8 0.38 09 7+5
180 55+ 30 1.3+0.1 0.2+0.3 0.72 17 55
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) 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+03 0.74 1+7 5+5
0 30 min 46 7517 08+04 1+1 0.31 -1+9 8+6
87 74+£15 06+0.1 21 0.42 5+11 9+7

ANX2.0 100
(m) oh 34 75+17 0.2+0.6 3+1 0.06 4+8 7+6
66 74+15 01+0.3 1+1 0.06 2+11 10+6

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 ascending modes of Aeolus overpasses and half to descending overpasses. 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 representativeness. The mean minimum distances between the Aeolus ground track to the
station were the same as the ones obtained at the general performance analysis, as well as the mean distances between Aeolus
observations and the station. However, only 104 (163) Rayleigh clear (Mie cloudy) observations were coincident with ground-
based Doppler lidar measurements, 2.3 % (14 %) of the initially available observations. From the Rayleigh clear (Mie cloudy)
observations coincident with ground-based measurements, the 40 % (48 %) corresponded to descending overpasses. In the
case of the Rayleigh clear configuration, the fewer number of coincident observations during descending overpasses was
generally associated to the ABL dynamics, typically less developed early morning (~06:24 UTC) than in late evening (~18:04
UTC), restricting the vertical coverage of the ground-based Doppler lidar measurements with enough SNR. It is important to
note, as it will be discussed later, that these results and the following ones are valid only for altitudes lower than 3.0 km asl, as
most of the available observations fell below this altitude.

A linear fitting was performed for the pairs of values. The results are presented in Figures 2a and 2b. The slope, intercept (+
standard error, SE) and Pearson correlation coefficient were 1.2 £ 0.2 (1.3 £0.1), 0.4 £ 0.9 (0.3 £ 0.4) m/s and 0.43 (0.72),
respectively, for the Rayleigh clear (Mie cloudy) observations. The slopes were similar for both configurations, 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 uncertainties than for the Rayleigh
clear configuration. Additionally, positive intercept values were obtained for both configurations. These values could be due
to the effects of local geographical conditions or to existing biases in Aeolus measurements. 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 less than 100 km.
Meanwhile, the obtained intercepts are slightly higher, i.e., -0.88 (0.22) m/s and -1.2 (-0.33) m/s, respectively. It is worth
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mentioning that the mentioned studies by Iwai et al. (2021) and Wu et al. (2022) were performed in different locations with
particular geographical features. Moreover, the telescope temperature bias correction (Weiler et al., 2021b) is tuned to
minimize the global biases, but local biases can still be present and detected in individual validations (Rennie et al., 2021).
Figure 2c presents the distribution of the observations’ differences between Aeolus and the ground-based Doppler lidar system,
considered as the ground truth. The mean difference (z SD) of the distribution (which can be taken as Aeolus HLOS wind
speed bias) was 0 £ 9 (-1 £ 7) m/s for the Rayleigh clear (Mie cloudy) configuration, which yields that Aeolus overestimated
(A > 0) and underestimated (A < 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) m/s and -1.15 (-0.25) m/s, respectively, for the Rayleigh clear
(Mie cloudy configuration). On the other hand, the mean value (x SD) of the absolute difference (JA]) was 7 £5 (5 £ 5) m/s
for the Rayleigh clear (Mie cloudy) configuration, which yields the mean disagreement between Aeolus and the ground-based
Doppler lidar.

Figures 2d and 2e show Aeolus error estimates versus the obtained 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 (nor for the numerical difference). Additionally, it could be confirmed that the error estimates thresholds were
efficient for the filtering of large absolute differences (associated to SNR issues and not to instrumental biases), especially for
the Rayleigh clear configuration. The error limit threshold for the Mie cloudy observations could be increased, e.g. to 5 m/s.

However, similar statistical results were obtained.

13



Ray clear Mie cloudy

20 -
a) x . b) .
x{ x x P
2 P /
£ 10 xx;‘ ’: 7
x %77
2 x T %,
; %
0 0 %
2 « K
ﬁ 3 x;“;éx x
/-’I xx x X
S Xl T x X
@ -10 AT
< 7 % ¥ x x% x
/n x ’
,/' x g x
-20
-20 -10 0 10 20 -20 -10 0 10
groundbased HLOS wind (m/s) groundbased HLOS wind (m/s)
C) s Ray clear
50 [ Mie cloudy
40
£ 30
[=
>
o
(]
20
=
10 I
|
o Ml —_
-24 -18 -12 -6 0 6 12 18 24
A (m/s)
Ray Clear Mie cloudy
40 ®
. d) = . . o e)
°
oo o ®
:(D\ 20 (-] ) ® @
E @ % ° ®
— o
= o™ 00 &
10 o8 939 o o °
@
& ® o ®
0 %8 o o b9 &
0 5 10 15 20 25 0 1 2 3 4 5
350 error estimates (m/s) error estimates (m/s)

14



355

360

365

370

375

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 black dashed line, while the light gray dashed line marks the 1:1 relation. (c) Histogram of the
differences between Aeolus and the ground-based Doppler lidar measurement. Scatter plot of Aeolus error estimates versus absolute
difference between Aeolus and ground-based Doppler lidar measurements for the: (d) Rayleigh clear and () Mie cloudy
configurations. The red (yellow) area indicates the Rayleigh clear (Mie cloudy) observations valid according to the error estimate
filtering (Witschas et al., 2020).

An analysis of the differences and RMSE per 0.5 km vertical steps is presented in Figure 3. Most of the available observations
were constrained between approximately the station’s altitude (~0.68 km asl) and 3.0 km asl. The Rayleigh clear configuration
(Figure 3a) did not present any specific behavior between 0.5 and 3.0 km asl (values between -1 and 0.3 m/s), except between
1.5 and 2.0 km asl where the satellite significantly overestimated the HLOS wind speed (~3 m/s). The RMSE (Figure 3b) was
significantly large for the lowermost observations (~12 m/s), while the rest of vertical intervals presented a similar lower value
(between 7 and 8 m/s), except the interval between 2.5 and 3.0 km asl where the RMSE was lower (~5 m/s), contrary to the
statistical error. The Mie cloudy configuration (Figure 3c) seems to significantly overestimate the HLOS wind speed for the
lowermost observations (~4 m/s), while it did not present any specific performance (values between -1.6 and 0.9 m/s) for upper
intervals. On the other hand, the RMSE (Figure 3d) presented a higher value for the 2.0 to 2.5 km asl interval and the lowermost
interval (~6 m/s) observations, while the middle ranges present a similar lower value (~4 m/s) along with the intervals higher
than 2.5 km asl (values between 1.3 and 2 m/s). The significant discrepancies obtained for the lowermost vertical interval can
be attributed to multiple effects such as (i) the lower number of observations considered, (ii) the horizontal averaging of the
signals (specially for the Rayleigh observations), (iii) the large variability of 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 imperfect removal of the ground
return contamination of the lowest 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 induced errors would be minimized and the

differences could be attributed mainly to Aeolus biases.
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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.

Table 1 shows the comparison results under different settings, being the first row (Table 1, row a) the main setting (i.e., ANX
4.5 Aeolus ascending plus descending overpasses, with maximum 100 km difference with the ground-based station and 30-
min averaging of the ground-based measurements). When differentiating between ascending and descending 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
absolute difference itself with the ascending mode dataset. This can 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 one-hour (Table 1, row d) and two-hour (Table 1, row ) averages of the ground-
based Doppler lidar measurements. The agreement between the instruments slightly worsened when the average interval
increased, especially the slope of the linear fitting. The main analysis was also repeated just decreasing the maximum distance
between the considered observations and the station (fixed 30-min average) to 90, 80, 60 and 50 km (Table 1, rows f, g, h and
i). In this case, the slope and intercept significantly increased (slightly decreased) when the maximum collocation distance
decreased, for the Rayleigh clear (Mie cloudy) configuration. Additionally, for both configurations the number of available
observations was significantly reduced, affecting the statistical error, while the A for the Rayleigh clear configuration
significantly increased, indicating larger discrepancies between the observations. Thus, a more restrictive spatial colocation of
Mie cloudy observations slightly improved the comparison results, as cloud spatial inhomogeneities were avoided. However,
the comparison for the Rayleigh clear configuration worsened, as the slope moved further from the ideally 1:1 relation and the

differences increased. A similar examination was performed increasing the maximum distance between the considered
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observations and the station to 110 and 120 km (Table 1, rows j and k). It was observed that when the maximum distance was
increased the slope and intercept for the Rayleigh clear slightly reduced but also did the Pearson correlation coefficient, while
the results for the Mie cloudy remained almost unaffected (only the intercept was slightly reduced). Then, based on the
available dataset and the geographical features of the station region, it is recommended to work with observations within 100
km to the station, following ESA’s requirements.

Another additional analysis was performed with Aeolus overpasses after the orbit shift (Table 1, row I). 85 overpasses matched
with ground-based Doppler lidar measurements from June 2021 to March 2022, half of which correspond 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 available, from which only 46 (87) observations were coincident with ground-based Doppler lidar
measurements, a 1.8 % (16 %). The mean minimum distance (+ SD) between the Aeolus ground track to the station for the
Rayleigh clear (Mie cloudy) observations increased significantly with respect to the previous orbit setting, to 64 + 15 (61 +
17) km for the Rayleigh clear (Mie cloudy) observations, approximately 3 (4) times further. The obtained slope, intercept (+
SE) and Pearson correlation coefficient were 0.8 £ 0.4 (0.6 +£0.1), -1+ 1 (2 + 1) m/s, 0.31 (0.42) for the Rayleigh clear (Mie
cloudy) configuration. On the other hand, the mean A (x SD) was -1 + 9 (5 + 11) m/s and the mean |A| (+ SD) was 8 +6 (9 £
7) m/s, for the Rayleigh clear (Mie cloudy) configuration. The slope of the linear fitting reduced significantly after the orbit
shift, while intercept increased, but most importantly the Pearson correlation coefficient decreased notoriously, 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 to the fact that Aeolus overpasses a completely different region. Under orbit ANX2.0 Aeolus overpasses
the opposite side of Sierra Nevada to the one Granada is located, where the altitude and land inclination are significantly
different and therefore wind patterns associated with surface insolation change considerably. \When this analysis was repeated
taking a two-hour 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.

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).

orbit obs. max. radiosonde obs $§?n+osbé slooe + SE intercept + SE R A+SD |Al £ SD
dist. (km) time launch ' (MW) pe = (m/s) (m/s) (m/s)
. 188 75+£19 0.96 £0.04 0.3+0.5 0.87 07 65
@ ANX2.0 100 ~30min 43 72417 0.84 +0.09 3+1 0.84 7£10 | 107
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®) ANX2.0 138 69+ 20 0.96 +0.06 05407 0.80 0+8 6+5

ascen. mode 38 71417 0.67+0.05 3+1 0.91 7+11 11+7

© ANX2.0 50 92+5 0.77+0.10 442 074 0+6 5+4

descen. mode 5 82+7 -06+1.4 -30+20 0.25 0+10 0+7

@ 110 267 84+21 0.92+0.03 0.1+05 0.88 0+7 6+5

47 75+17 0.81+0.07 2+1 0.85 7410 10+7

. 279 85+ 22 0.93 + 0.04 0.1+05 0.87 0+8 6+5

® ANX2.0 120 =30 min 53 79+21 0.84 +0.07 241 0.84 5+10 9+7

0 140 312 90 + 25 0.93 +0.04 02204 0.87 0+8 6+5

63 87 +27 0.79 +0.09 1+1 076 4+10 10+7

@ <12h 329 77+17 0.95 + 0.04 0.1+05 0.81 0+8 6+5

9 (&<30min) | 69 74+15 0.58 0.06 09207 078 4+10 8+7
ANX2.0 100

) <12h 141 81+11 0.97 +0.09 0.6+09 0.68 149 7+6

& = 30 min 26 77+13 -0.1+0.1 8+2 0.14 -4+ 4 4+4

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, 2 of them correspond to descending modes of Aeolus overpasses and 5 to
ascending overpasses. 1 radiosonde was launched during a clear-sky day of autumn, 1 in a densely cloudy day of winter, 3 in
partly cloudy days of spring and 2 in clear-sky days in summer. A total of 191 (43) Rayleigh clear (Mie cloudy) observations
were available for the comparison. 26 % (11 %) of the Rayleigh clear (Mie cloudy) observations correspond to descending
overpasses (~06:17 UTC). This inhomogeneity might be associated with the few descending overpasses available (29% of
overpasses), and also to the reduced dataset of overpasses. The mean minimum distance (+ SD) between the Aeolus ground
track to the station for the Rayleigh clear (Mie cloudy) observations was 64 + 14 (61 + 16) km, while the mean distance (x
SD) between the observations and the station was 75 £ 19 (72 + 17) km. Aeolus observations within 100 km were taken into
the comparison.

From the available dataset, 188 (43) Rayleigh clear (Mie cloudy) observations were coincident with radiosounding
measurements, a 98 % (100 %) of the initially available observations. Thus, in the case of the radiosondes, most of the available
Aeolus observations were coincident with radiosounding measurements. This is due to the radiosonde’s wide vertical coverage,
providing wind information up to the lower stratosphere, unlike the ground-based Doppler lidar system mainly restricted to
the boundary layer.

A linear fitting was performed for the pairs of observations. The results are presented in Figures 4a and 4b. 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 and 0.87 (0.84), respectively,

for the Rayleigh clear (Mie cloudy) observations. The slope for the Rayleigh clear configuration was really close to the 1:1
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relation, while the Mie cloudy slope was slightly further. Moreover, the slopes and Pearson correlation coefficients of these
results were much better than the ones obtained with the ground-based Doppler lidar measurements, which were limited to
altitudes below 3 km asl, where Aeolus encountered more difficulties to retrieve wind information than for higher altitudes
due to the lower SNR and where the spatiotemporal variability of the wind may affect the comparison. The results obtained
for the Rayleigh clear configuration agreed with those reported by Chen et al. (2021) and Iwai et al. (2021) with radiosondes
and B10 Aeolus products, that is slopes of 0.97 and 1.01, and intercepts of -0.05 and 0.38 m/s, respectively. The slope obtained
for the Rayleigh clear configuration 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 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,
respectively. However, it should be noticed that the studies were performed in different locations with particular geographical
features.

Figure 4c presents the histogram of the observations’ differences between Aeolus and the radiosoundings, considered as the
ground truth. The obtained mean difference (+x SD) was 0 = 7 (7 £ 10) m/s for the Rayleigh clear (Mie cloudy) configuration.
Thus, the Rayleigh clear configuration did not presented any significant over- or underestimation the HLOS wind speed, while
the Mie cloudy configuration seemed to overestimate the HLOS wind speed. The value for the Rayleigh clear configuration
agreed with the one reported 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 Martin 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 (JA[) was 6 + 5 (10 + 7) m/s for the Rayleigh clear (Mie
cloudy) configuration, which resulted in the average discrepancy between Aeolus and the radiosondes. The mean |A| for the
Mie cloudy configuration was significantly large, probably because of the larger distance between Aeolus 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 different.

Figures 4d and 4e show Aeolus error estimates versus the obtained absolute difference between Aeolus and the radiosondes.
In the case of the Rayleigh clear configuration, significant absolute differences related to large error estimates were observed.
However, no significant relationship was identified between the error estimates and the absolute differences, either for
Rayleigh clear or the Mie cloudy configurations. Additionally, Figures 4d and 4e confirm that the error estimate thresholds
were efficient for the filtering of large absolute differences, especially for the Rayleigh clear configuration. A larger error
estimate threshold could be set, e.g. 13 (6) m/s for the Rayleigh clear (Mie cloudy) configuration. However, the statistical

results would not change significantly.
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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 black dashed line, while the light gray dashed line marks the 1:1 relation. (c) Histogram of the differences between
Aeolus and radiosonde measurement. Scatter plot 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 valid according to the error estimate filtering (Witschas et al., 2020).

An analysis of the differences and RMSE per 2 km vertical intervals is presented in Figure 5. The Rayleigh clear configuration
significantly underestimated the HLOS wind speed between the ground and 2 km asl (A of ~ (-15) m/s and RMSE of ~14 m/s).
This could be related to the fact that Aeolus overpassed the east side of Sierra Nevada, while radiosondes were launched at the
west side, so the lowermost observations (closer to the surface) presented the largest disagreement. However, this interval
presented a low statistical significance. The Rayleigh clear and radiosonde observations agreed well between 2 and 12 km asl,
with biases ranging around zero (A between -0.9 and 0.6 m/s). Furthermore, the Rayleigh clear configuration significantly
overestimated the HLOS wind speed between 12 and 18 km asl (A between 2.7 and 2.9 m/s). The RMSE values were similar
between 4 and 18 km asl (between 7.6 and 5.7 m/s). On the other hand, the Mie cloudy configuration seemed to significantly
overestimate the HLOS wind speed between 4 and 12 km asl (A between 2.6 and 7.0 m/s), with the overestimation increasing
with altitude. As commented before, the Mie cloudy configuration was highly affected by the clouds itself, so the
overestimation seen in Figures 5c and 5d could be associated with cloud scenario inhomogeneities rather than with Aeolus
biases. The discrepancies obtained for the Rayleigh clear lowermost vertical intervals can be attributed to multiple effects such
as (i) the lower number of observations considered, (ii) the horizontal averaging of the signals, (iii) the large variability of the

wind fields closer to the surface within the 100 km radius and (iv) the lower strength of the signal closer to the surface.
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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.
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The results of the analysis differentiating between ascending and descending overpasses are presented in Table 2 (rows b and
c). The results obtained for the Rayleigh clear configuration with ascending mode overpasses were similar to those obtained
considering both settings together, while the Mie cloudy configuration presented significantly worse agreement with
radiosonde measurements with a higher Pearson correlation coefficient. Only 2 overpasses corresponded to the descending
mode and the results obtained for this setting were significantly worse than those obtained considering both settings together
and were not statistically significant, 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 increasing the maximum distance between the considered observations and the station
to 110, 120, 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 correlation coefficient decreased. Thus, a less restrictive spatial colocation slightly
worsened the comparison results. Then, it is recommended to work with observations within 100 km to the station, following
ESA’s requirements.

An additional analysis was performed with both Aeolus overpasses from the same day as each radiosounding, even if the
temporal colocation is not maximized (Table 2, row g). If a radiosonde was launched for the descending overpass, its profile
was also compared with the ascending Aeolus products, and the opposite way. Thus, the maximum time difference was around
12 h. 12 overpasses matched radiosonde information with these criteria, including the 7 cases previously used and 5 new cases.
From the 12 overpasses, half corresponded to descending overpasses and the other half to ascending ones. A total of 332 (69)
Rayleigh clear (Mie cloudy) observations were available. The obtained slope, intercept (+ SE) and Pearson correlation
coefficient were 0.95 + 0.04 (0.58 + 0.06), -0.1 £ 0.5 (1.0 = 0.7) m/s and 0.81 (0.78) for the Rayleigh clear (Mie cloudy)
configuration. On the other hand, the mean A (£ SD) was 0 = 8 (4 + 10) m/s and the mean |A| (£ SD) was 6 + 5 (8 + 7) m/s,
for the Rayleigh clear (Mie cloudy) configuration. The results for the Rayleigh clear configuration did not change much, and
only the correlation coefficient was slightly reduced, while the results worsened significantly 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 significantly increased in all of the vertical intervals. When considering only the 5 new overpasses (Table 2, row h),
the results 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 geographical features and the meteorological front scenario. This analysis yielded
the conclusion that Aeolus and radiosonde’s data has to be properly spatiotemporally collocated for the Mie cloudy

configuration. However, spatiotemporal collocation for the Rayleigh clear configuration was not so determinant.
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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 spatiotemporally collocated ground-based Doppler lidar measurements
and radiosoundings at the ACTRIS/AGORA station of Granada, considered as the ground truth throughout the analysis.

It was observed that the error estimate filtering is needed, especially to avoid biases introduced by signal-to-noise (SNR) issues
and improve the comparison between the satellite and the instrumentation. The 8 (4) m/s 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+0.2and 1.3+ 0.1, and intercepts, 0.4 £ 0.9 and 0.3 = 0.4 m/s, showed minor disagreements 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 limited to altitudes lower than 3.0 km asl. The vertical
coverage limitation of the ground-based Doppler lidar system was observed to increase during night-time or early morning
overpasses, 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 lowered under cloudy conditions, when the backscattered signal rises
(higher SNR). Additionally, it was observed that a more restricted or less restricted spatial colocation of Aeolus products did
not significantly improve the comparison. Thus, the 100 km collocation criteria proposed by the European 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 agreement was also worsened for both configurations. When comparing Aeolus products
after the orbit shift (B12), the agreement 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 Aeolus and ground-based Doppler lidar measurements have
to be well spatiotemporally collocated, as the comparison is limited to the ABL, where the wind conditions can vary
significantly. When comparing Aeolus products after the orbit shift (B12) with radiosondes, the Rayleigh clear configuration
did not seem to systematically overestimate or underestimate the HLOS wind speed, while the Mie cloudy configuration
seemed to overestimate the HLOS wind speed. However, this positive difference might be associated with the larger distance
between the Mie cloudy observations and the radiosondes. The slope, intercept and Pearson correlation coefficient showed an
almost perfect agreement for the Rayleigh clear configuration, while the Mie cloudy configuration presented significant
disagreements. In this case, the radiosondes’ vertical coverage was not a drawback, as they reached up to 20 km asl, providing
full coverage of Aeolus products. However, it was proven that radiosondes spatial and temporal collocation is really important
for the Mie cloudy configuration, and not significantly for the Rayleigh clear configuration. Therefore, radiosondes could be

used to successfully perform Cal/Val activities in regions such as Granada.
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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 a full vertical
coverage of Aeolus profiles. A combination of both instruments could provide a full assessment of Aeolus wind products
performance. Aeolus products were proven to provide reliable wind estimations. In the case of the Rayleigh clear configuration,
the vertical coverage was significantly larger, providing information from the surface (with significantly 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 higher SNR, and consequently lower error estimates, than the Rayleigh channel.
Regarding the comparison performed, the Rayleigh clear estimations were validated and proven to be valid estimations, while
the Mie cloudy estimations were also validated but because of the distance between the instruments the differences obtained
could be related to cloud properties differences rather than real Aeolus’ biases. Additionally, for both channels the statistical
differences reported exceeded the systematic errors limit set by the mission requirements (0.7 m/s). From a vertically resolved
approach of the comparison, Aeolus presented larger root-mean-squared error (RMSE) for the lowermost measurements,
especially for the Rayleigh clear configuration (lower SNR), while the RMSE was slightly reduced with the altitude.
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