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Abstract. The first space-based Doppler wind lidar (DWL)
on board the Aeolus satellite was launched by the European
Space Agency (ESA) on 22 August 2018 to obtain global
profiles of horizontal line-of-sight (HLOS) wind speed. In
this study, the Raleigh-clear and Mie-cloudy winds for pe-
riods of baseline 2B02 (from 1 October to 18 December
2018) and 2B10 (from 28 June to 31 December 2019 and
from 20 April to 8 October 2020) were validated using 33
wind profilers (WPRs) installed all over Japan, two ground-
based coherent Doppler wind lidars (CDWLs), and 18 GPS
radiosondes (GPS-RSs). In particular, vertical and seasonal
analyses were performed and discussed using WPR data.
During the baseline 2B02 period, a positive bias was found to
be in the ranges of 0.5 to 1.7 m s−1 for Rayleigh-clear winds
and 1.6 to 2.4 m s−1 for Mie-cloudy winds using the three in-
dependent reference instruments. The statistical comparisons
for the baseline 2B10 period showed smaller biases, −0.8 to
0.5 m s−1 for the Rayleigh-clear and −0.7 to 0.2 m s−1 for
the Mie-cloudy winds. The vertical analysis using WPR data
showed that the systematic error was slightly positive in all
altitude ranges up to 11 km during the baseline 2B02 pe-
riod. During the baseline 2B10 period, the systematic errors
of Rayleigh-clear and Mie-cloudy winds were improved in
all altitude ranges up to 11 km as compared with the base-
line 2B02. Immediately after the launch of Aeolus, both
Rayleigh-clear and Mie-cloudy biases were small. Within
the baseline 2B02, the Rayleigh-clear and Mie-cloudy biases
showed a positive trend. For the baseline 2B10, the Rayleigh-
clear wind bias was generally negative for all months except
August 2020, and Mie-cloudy wind bias gradually fluctuated.

Both Rayleigh-clear and Mie-cloudy biases did not show a
marked seasonal trend and approached zero towards Septem-
ber 2020. The dependence of the Rayleigh-clear wind bias on
the scattering ratio was investigated, showing that there was
no significant bias dependence on the scattering ratio during
the baseline 2B02 and 2B10 periods. Without the estimated
representativeness error associated with the comparisons us-
ing WPR observations, the Aeolus random error was deter-
mined to be 6.7 (5.1) and 6.4 (4.8) m s−1 for Rayleigh-clear
(Mie-cloudy) winds during the baseline 2B02 and 2B10 pe-
riods, respectively. The main reason for the large Aeolus ran-
dom errors is the lower laser energy compared to the antici-
pated 80 mJ. Additionally, the large representativeness error
of the WPRs is probably related to the larger Aeolus random
error. Using the CDWLs, the Aeolus random error estimates
were in the range of 4.5 to 5.3 (2.9 to 3.2) and 4.8 to 5.2 (3.3
to 3.4) m s−1 for Rayleigh-clear (Mie-cloudy) winds during
the baseline 2B02 and 2B10 periods, respectively. By tak-
ing the GPS-RS representativeness error into account, the
Aeolus random error was determined to be 4.0 (3.2) and
3.0 (2.9) m s−1 for Rayleigh-clear (Mie-cloudy) winds dur-
ing the baseline 2B02 and 2B10 periods, respectively.

1 Introduction

Accurate numerical weather prediction (NWP) is useful for
commercial activities, such as agriculture, fisheries, con-
struction, transportation, and energy development, and for
daily life. Since wind is one of the fundamental meteoro-
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logical variables describing the atmospheric state, it is very
important to understand the evolution and structure of winds
for NWP. Measurement of the three-dimensional global wind
field is crucial for NWP and furthermore also for air quality
monitoring and forecasting, climate studies, and various me-
teorological studies. The wind observations obtained by the
global meteorological observing system, which contains ra-
diosondes, wind profilers (WPRs), and aircraft, are routinely
assimilated in NWP models. The radiosondes, WPRs, and
aircraft during takeoff and landing provide accurate and pre-
cise vertical wind profiles. However, the observational cover-
age is limited from the global perspective. Satellite-borne mi-
crowave scatterometers and radiometers can estimate ocean
surface vector winds using microwave return from the ocean
roughness. Although these instruments capture mesoscale
wind field at the ocean surface well, they do not provide any
profiling information. Atmospheric motion vectors (AMVs)
can be retrieved from cloud and water vapour motions de-
rived from geostationary and polar-orbit satellite images (e.g.
Bormann et al., 2003). AMVs have a large coverage area
and high temporal and horizontal resolutions, but the lim-
ited accuracy of AMV winds is mainly caused by significant
systematic and correlated errors due to uncertainties of their
height assignment (e.g. Folger and Weissmann, 2014).

A space-based Doppler wind lidar (DWL) is a powerful
remote-sensing instrument for global wind profiling. The Eu-
ropean Space Agency (ESA) launched on 22 August 2018
the first space-based DWL on board the Aeolus satellite, for
obtaining global wind profiles (Kanitz et al., 2019; Reitebuch
et al., 2020a). Aeolus carries a single payload, named the At-
mospheric Laser Doppler Instrument (ALADIN). ALADIN
uses a single-frequency UV laser and a direct-detection sys-
tem and provides profiles of a single line-of-sight (LOS)
wind speed on a global scale from the ground up to about
30 km in the stratosphere (ESA, 1999; Stoffelen et al., 2005,
2020; Reitebuch, 2012; Kanitz et al., 2019). The main pur-
pose of Aeolus is to provide global wind profiles with ver-
tical resolution and wind observation accuracy that meet the
World Meteorological Organization (WMO) observation re-
quirements to improve NWP and to fill the gap of the current
global wind observation systems. Its other main purposes
are to contribute to research on the energy balance, atmo-
spheric circulation, precipitation system, southern vibration
phenomenon, and stratosphere–troposphere exchange (ESA,
1999; Ingmann and Straume, 2016).

The new remote-sensing technology and retrieval algo-
rithm requires a careful assessment of the quality and valid-
ity of the generated data products before releasing them to
the user community. ESA released an Announcement of Op-
portunity (AO) in 2007 and 2014 calling for calibration and
validation (CAL/VAL) proposals for Aeolus. The CAL/VAL
activities include a full assessment of all aspects of the DWL
wind measurement performance and stability. The National
Institute of Information and Communications Technology
(NICT) has applied to contribute to CAL/VAL activities for

Aeolus in East Asia and the western Pacific region. Contin-
uous validation of horizontal LOS (HLOS) wind speed af-
ter calibration processes is important in order to contribute
to the L2C product, which results from the background as-
similation of the Aeolus HLOS winds in the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) opera-
tional prediction model. The purposes of the project are to
contribute to reducing uncertainty in Aeolus wind measure-
ments, to validate processes for improving HLOS wind speed
measured by Aeolus, and to assess the quality of wind data.

The aim of this paper is therefore to validate the qual-
ity of the Aeolus HLOS winds over Japan using measure-
ments from WPRs, ground-based coherent Doppler wind li-
dars (CDWLs), and GPS radiosondes (GPS-RSs). The pa-
per is organized as follows. First, an overview of Aeolus and
ALADIN is provided. Section 3 describes the WPR, CDWL,
and GPS-RS instrument setups and measurement procedures.
The procedure of matching the Aeolus measurements with
the reference instruments’ measurements is also described in
Sect. 3. The intercomparison and statistical methods are ad-
dressed in Sect. 4. Section 5 presents statistical comparisons
between the Aeolus measurements and the WPR, CDWL,
and GPS-RS measurements. In Sect. 6, the main findings are
summarized.

2 Overview of Aeolus and ALADIN

Aeolus flies in a sun-synchronous polar orbit (inclination
97◦) at an altitude of about 320 km, with a period of
about 90 min and a 7 d repeat cycle. The typical ground
tracks of Aeolus over Japan are shown in Fig. 1. The red
and blue lines represent the Aeolus ground tracks for as-
cending and descending orbits, respectively. The principal
components of ALADIN are two fully redundant diode-
pumped single-frequency continuous-wave neodymium-
doped yttrium-aluminium-garnet (Nd:YAG) lasers and two
diode-pumped Q-switched Nd:YAG lasers (Flight Model A
(FM-A) and FM-B) with power amplifiers, a 1.5 m diameter
afocal Cassegrain telescope, a direct-detection receiver, and
signal processing devices. The single-frequency Q-switched
Nd:YAG lasers with a 1064.4 nm operating wavelength emit
about 250 mJ output energy with a 20 ns pulse width (full
width at half maximum) operating at a pulse repetition fre-
quency (PRF) of 50.5 Hz. Non-linear lithium triborate crys-
tals are used to generate the UV laser pulses with a 354.8 nm
operating wavelength. The single-frequency Q-switched UV
laser emits about 60 mJ output energy at the PRF of 50.5 Hz
(Lux et al., 2020a) and a laser beam divergence of 20 µrad.
The laser pulses are directed downward to Earth at an off-
nadir angle of 35◦ and enter at an incident angle of about
37.6◦ at the sea and land surfaces due to Earth’s curvature.
The FM-A laser was used until the middle of June 2019,
and the FM-B laser has been used since 28 June 2019. The
direct-detection receiver consists of the Cassegrain telescope,
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Figure 1. Map showing the locations of WPRs (black squares),
Kobe CDWL (magenta circle), and Okinawa CDWL (yellow cir-
cle). Red and blue lines represent the typical Aeolus ground tracks
for ascending and descending orbits, respectively.

three interferometers, and two accumulation charge-coupled
devices (ACCDs). The signal backscattered by moving at-
mospheric molecules (Rayleigh scattering) and aerosol and
cloud particles (Mie scattering) is collected by the afocal
Cassegrain telescope. Two of the three interferometers use
the double-edge technique using two Fabry–Perot interfer-
ometers (Chanin et al., 1989; Flesia and Korb, 1999; Fle-
sia and Hirt, 2000; Gentry et al., 2000), which is mainly
sensitive to atmospheric molecules (Rayleigh channel). The
other one uses a spectrometer based on a Fizeau interferom-
eter (Schillinger et al., 2003; Morancais et al., 2004), which
is sensitive to aerosol and cloud particles (Mie channel).
The signals for Rayleigh and Mie channels are imaged on
each ACCD after passing through relay optics (Weiler et al.,
2021a). The signals imaged on the two ACCDs are converted
to electrical signals and stored.

In this study, we used three different periods during the
processor baseline 2B02 and 2B10 periods to assess L2B
data products: 1 October 2018 to 15 May 2019 (2B02), 28
June to 31 December 2019 (2B10), and 20 April to 8 Oc-
tober 2020 (2B10). The first period with baseline 2B02 was
within the commissioning phase, which was from the launch
of Aeolus to the end of January 2019. The L2B data prod-
ucts with the 2B10 baseline include a bias correction for
ALADIN’s telescope primary (M1) mirror temperature vari-
ation (Rennie and Isaksen, 2020; Weiler et al., 2021b) and
have been available for new observations since April 2020.
A hot-pixel correction has also been improved in the 2B10
baseline processor version. The L2B winds from 28 June to

31 December 2019 are a homogeneous reprocessed data set
using also the 2B10 processor version. We mainly discuss the
measurement performance of Aeolus for Rayleigh-clear and
Mie-cloudy winds during the baseline 2B02 and 2B10 peri-
ods. The baseline 2B10 period is composed of the M1 mir-
ror and hot-pixel bias-corrected observations and the repro-
cessed data set. Rayleigh-clear winds refer to wind observa-
tions in an aerosol-free atmosphere. Mie-cloudy winds refer
to winds acquired from Mie backscattered signals induced by
aerosols and clouds (Witschas et al., 2020). The quality of the
Aeolus wind data is indicated by validity flags. The validity
flag (de Kloe et al., 2016) considers the validity of the prod-
ucts. Several different technical, instrumental, and retrieving
checks account for this flag, for example, checking for signal
and background radiation levels. It has the value 1 (valid) or
0 (not valid). We only used Aeolus products with a validity
flag of 1. We also used HLOS-estimated errors (theoretical)
of the L2B data products. The estimated error is a theoretical
value that is estimated on the basis of measured signal levels
as well as the temperature and pressure sensitivities of the
Rayleigh channel response (Dabas et al., 2008).

3 Overview of reference instruments

3.1 Wind profilers

In April 2001, the Japan Meteorological Agency (JMA)
started the operation of a wind profiler (WPR) network,
WInd profiler Network and Data Acquisition System (WIN-
DAS; Ishihara et al., 2006). WINDAS consists of 33 1.3 GHz
band wind profilers as of August 2021 (black squares in
Fig. 1). The specifications of WPR are listed in Table 1.
WINDAS can operate continuously, acquiring vertical pro-
files of horizontal wind speed, wind direction, vertical ve-
locity, and signal-to-noise ratio (SNR) over the wind pro-
filers using five beams (one vertical beam and four oblique
beams). The horizontal wind speed and wind direction are
calculated from radial wind speeds by the four-beam method
under strict data quality control (Adachi et al., 2005). WIN-
DAS provides a profile of wind data with high accuracy. In
operational mode, the temporal and vertical resolutions of
WINDAS data are 10 min and 291 m, respectively. The mini-
mum and maximum detection heights are 294 m and 11.6 km
above the wind profiler, respectively. There are 40 range bins
for one wind profile. The wind measurement accuracy of the
WPRs was evaluated by comparisons with winds forecasted
by the NWP model and radiosondes (Tada, 2001). From the
comparisons, the wind measurement accuracy of the WPRs
was comparable to that from radiosonde observations. The
random error (root mean square error) σWPR of zonal winds
was determined to be about 3 m s−1. The comparison of wind
data between Aeolus and the WPRs is useful for assess-
ing wind measurement performance and the spatio-temporal
variation in the wind field.
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Table 1. Specifications of WPRs.

Transmitter

Frequency (GHz) 1.35
Peak power (kW) 4.8
Pulse repetition frequency (kHz) 5, 10, 15, 20 10 (Operation)
Pulse width (µs) 0.67, 1.33, 2, 2.66, 4
Beam width (◦) 3.9
Beam elevation angle (◦) 76, 90
Beam azimuth angle (◦) 0, 90, 180, 270
Number of beams Five

Receiver

Antenna Active phased array antenna
Observation altitude range (m) 294 to 11 600
Range solution (m) 100, 150, 200, 300, 400, 600
Vertical resolution (m) 291 (Operation)
Temporal resolution for wind measurement (min) 1
Temporal resolution for averaging (min) 10

Considering the different spatial and temporal resolutions
of the WPRs and the Aeolus, data-matching procedures are
necessary before comparing the data obtained by the two sen-
sors. First, the WPR data and Aeolus data need to be matched
in both space and time. To achieve geographical matching,
the distance between the mean positions of an Aeolus mea-
surement and the WPR was set to be less than 100 km. To
achieve temporal synchronization, we used averages of WPR
wind data from 30 min before to 30 min after the passage of
Aeolus. There is also a difference in the vertical resolution
between Aeolus measurements and WPR measurements. The
horizontal wind speed and wind direction measured by the
WPRs were averaged to the Aeolus bin using the top and
bottom altitudes given in the Aeolus L2B data product. After
temporal and spatial collocation, the Aeolus L2B wind prod-
uct closest to each WPR measurement was adopted for com-
parison. The horizontal wind speed and wind direction mea-
sured by the WPRs during the periods from 1 October 2018
to 15 May 2019 (baseline 2B02) and from 28 June to 31 De-
cember 2019 and from 20 April to 8 October 2020 (baseline
2B10) were used to compare Aeolus HLOS wind data.

3.2 Coherent Doppler wind lidars

NICT has installed 1.54 µm CDWLs (WINDCUBE 400S
manufactured by LEOSPHERE; Cariou et al., 2006) in Kobe
(34.66◦ N, 135.16◦ E; magenta circle in Fig. 1) and Okinawa
(26.50◦ N, 127.84◦ E; yellow circle in Fig. 1). The specifi-
cations of the CDWLs are listed in Table 2. The CDWL in
Kobe was placed on the rooftop of a building managed by
Kobe City. The CDWL in Okinawa was placed on the fifth
floor (25.1 m a.m.s.l.) of the steel tower in Okinawa Electro-
magnetic Technology Center of NICT (hereafter, NICT Ok-
inawa). In this experiment, their range bins had a length of

150 m, with the centre of the first bin at 300 m. With 159
range bins per beam, adjacent range bins were overlapped
by 83.1 m, and the maximum range was about 13.4 km de-
pending on the aerosol load and/or cirrus clouds present. The
vertical profiles of horizontal wind speed and wind direc-
tion were acquired by the Doppler beam swinging (DBS;
Röttger and Larsen, 1990) technique from four inclined
beams (north, east, south, and west) with an elevation an-
gle of 70◦. The Doppler velocity spectra for all range bins
of each beam were obtained 100 000 times on average. Since
the PRF was 10 kHz, the accumulation time of each beam
was 10 s. The Doppler wind speed at each bin was estimated
from the averaged Doppler-shifted frequency spectra using
the maximum likelihood estimator (Levin, 1965). We evalu-
ated the bias and random error for wind measurements of the
CDWLs using the methods described by Iwai et al. (2013).
Bias was estimated at 0.02 m s−1 using measurements from
a stationary hard target for single LOS measurements. Ran-
dom errors were 0.02 to 0.10 m s−1 from −10 to −30 dB
wideband SNR and the CDWLs operated near a theoreti-
cal Cramer–Rao lower bound (Aoki et al., 2016; Rye and
Hardesty, 1993). On the basis of the comparison with collo-
cated radiosonde data, the systematic error and random error
(root mean square error) σCDWL of horizontal wind speed ac-
quired by the DBS technique were determined to be about 0.2
and 2 m s−1, respectively (Aoki et al., 2015). Therefore, the
CDWL measurements act as a reference owing to their low
systematic and random errors that result from the coherent
measurement principle of the system. As for the WPR data,
the CDWL data and Aeolus data need to be matched in both
space and time. To achieve geographical matching, the dis-
tance between the mean position of an Aeolus measurement
and the CDWL should be less than 100 km. As mentioned
earlier, we averaged Doppler velocity spectra for all range
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Table 2. Specifications of CDWLs.

Transmitter

Wavelength (µm)/frequency (THz) 1.543/194
Average power (W) 1.8
Pulse repetition frequency (kHz) 10
Pulse width (ns) 800
Laser beam elevation angle (◦) −10 to +190
Laser beam azimuth angle (◦) 0 to 360
Number of beams Five

Receiver

Telescope diameter with two-axis scanning device (m) 0.12
Observation altitude range (m) 300 to 13 400
Range resolution (m) 150
Temporal resolution for wind measurement (s) 10
Temporal resolution for averaging (min) 60

bins of each beam from 30 min before to 30 min after the
passage of Aeolus, and then the vertical profiles of horizon-
tal wind speed and wind direction were acquired by the DBS
technique. As with the WPR, the horizontal wind speed and
wind direction measured by the CDWLs were averaged to
the Aeolus bin. In Okinawa, the vertical profiles of horizon-
tal wind speed and wind direction measured during the peri-
ods from 18 October 2018 to 11 May 2019 (baseline 2B02)
and from 28 June to 31 December 2019 and from 20 April to
8 October 2020 (baseline 2B10) were obtained to compare
Aeolus HLOS wind data. In Kobe, the vertical profiles of
horizontal wind speed and wind direction measured during
the periods from 16 October 2018 to 15 May 2019 (baseline
2B02) and from 3 September to 31 December 2019 and from
20 April to 15 July 2020 (baseline 2B10) were obtained to
compare Aeolus HLOS wind data.

3.3 Radiosondes

Twelve GPS radiosondes (GPS-RSs) of type RS41-SGP
produced by Vaisala were launched from NICT Okinawa
(26.50◦ N, 127.84◦ E; yellow circle in Fig. 1) from October
to December 2018 (baseline 2B02). The specifications of the
RS41-SGP are listed in Table 3. From September to Decem-
ber 2019 (baseline 2B10), six GPS-RSs were also launched
from NICT Okinawa. An overview of the 18 obtained vali-
dation cases is given in Table 4. The GPS-RSs transmit ob-
served data every 2 s to an MW41 ground receiver unit. The
observed data are processed using Vaisala proprietary soft-
ware (DigiCORA version). The vertical resolution is about
10 m at the typical ascending speed of 5 m s−1. The horizon-
tal wind speed and direction are calculated using changes in
the GPS location. According to the estimated Global Climate
Observing System Reference Upper-Air Network (GRUAN),
the measurement uncertainties of the horizontal wind speed
σGPS-RS and direction are assumed to be 0.7 m s−1 and 1◦, re-
spectively (Dirksen et al., 2014). Although the measurement
uncertainties are derived from the radiosonde of type RS92

Table 3. Specifications of GPS-RSs of type RS41-SGP.

Wind speed

Resolution (m s−1) 0.1
Velocity measurement uncertainty (m s−1) 0.7
Maximum reported wind speed (m s−1) 160

Wind direction

Resolution (◦) 0.1
Directional measurement uncertainty (◦) 1
Wind direction range (◦) 0 to 360

Geopotential height

Resolution (gpm) 0.1
Measurement range (gpm) Surface to 40 000
Accuracy (gpm) 10.0

and not RS41, there is no significant difference in the uncer-
tainty as both radiosonde types use the same technique to ob-
tain wind speed and direction (Jensen et al., 2016; Kawai et
al., 2017). Since the GPS-RS wind data are obtained by direct
in situ measurements, the GPS-RS observations are generally
very accurate, and the instrument errors are small. The GPS-
RS measurements are suitable for use as a reference data
set for the validation of Aeolus HLOS winds. Furthermore,
the observation errors can be assumed to be uncorrelated be-
tween different GPS-RSs. However, other errors arise due to
the GPS-RS drift during its ascent. The averaged ascent time
of the GPS-RSs was about 45 min when they reached an alti-
tude of 25 km. The GPS-RSs launched from NICT Okinawa
drifted by a horizontal distance of up to about 120 km. These
values were considered when defining collocation criteria for
comparisons of Aeolus and GPS-RS measurements. In this
study, the GPS-RS measurements that were within 120 km
horizontal distance and 60 min temporal difference from the
Aeolus measurements were used for the validation. As with
the WPR, the horizontal wind speed and wind direction mea-
sured by the GPS-RSs were averaged to the Aeolus bin.

4 Intercomparison and statistical methods

All valid averaged wind speeds (wsi=WPR, CDWL, GPS-RS)
and directions (wdi=WPR, CDWL, GPS-RS) measured by the
WPRs, CDWLs, and GPS-RSs are projected onto the
HLOS wind speed of Aeolus (HLOSi=WPR, CDWL, GPS-RS)
by means of the Aeolus azimuth angle ϕAeolus, which is ob-
tained from the L2B data product, according to the following
equation (Witschas et al., 2020):

HLOSi = cos(ϕAeolus−wdi) ·wsi . (1)

To validate the quality of Aeolus HLOS winds (HLOSAeolus),
the difference from the corresponding WPR, CDWL, and
GPS-RS winds projected onto the Aeolus viewing direction
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Table 4. Overview of Aeolus validation cases obtained with GPS-RS launched at NICT Okinawa for baselines 2B02 and 2B10. The baseline,
date, GPS-RS launch time, and Aeolus overpass time are given. The last column indicates whether Aeolus had an ascending or a descending
orbit.

Baseline Date GPS-RS launch Aeolus overpass Aeolus orbit
time (UTC) time (UTC) type

2B02 1 November 2018 21:21 21:35 Descending
8 November 2018 21:20 21:35 Descending
10 November 2018 09:08 09:22 Ascending
15 November 2018 21:19 21:35 Descending
24 November 2018 09:07 09:22 Ascending
29 November 2018 21:20 21:34 Descending
1 December 2018 09:07 09:22 Ascending
6 December 2018 21:20 21:35 Descending
8 December 2018 09:07 09:22 Ascending
13 December 2018 21:20 21:34 Descending
15 December 2018 09:07 09:21 Ascending
20 December 2018 21:20 21:35 Descending

2B10 19 September 2019 22:06 21:35 Descending
7 November 2019 21:20 21:35 Descending
9 November 2019 09:07 09:22 Ascending
23 November 2019 09:07 09:22 Ascending
19 December 2019 21:20 21:34 Descending
21 December 2019 09:07 09:22 Ascending

(HLOSWPR/CDWL/GPS-RS) is calculated according to

HLOSdiff = HLOSAeolus−HLOSWPR/CDWL/GPS-RS. (2)

Following Witschas et al. (2020), the difference between Ae-
olus HLOS winds and WPR HLOS winds (HLOSdiff) can be
used to verify the thresholds for the estimated HLOS error
provided in the Aeolus L2B data product during the base-
line 2B02 and 2B10 periods as shown in Figs. 2 and 3, re-
spectively. For the Rayleigh-clear winds (Figs. 2a and 3a),
the lowest estimated HLOS errors are 2.3 m s−1 during both
baseline 2B02 and 2B10 periods. The HLOS differences re-
main reasonably constant until an estimated HLOS error of
about 8 m s−1 and then increase with increasing estimated
HLOS error. The Mie-cloudy winds (Figs. 2b and 3b) show
estimated HLOS errors of as little as 0.2 and 0.4 m s−1 dur-
ing the baseline 2B02 and 2B10 periods, respectively. The
HLOS differences are reasonably constant up to an estimated
error of about 5 m s−1 and then show a considerable increase
for larger estimated HLOS errors. Therefore, only Rayleigh-
clear winds with estimated HLOS errors smaller than 8 m s−1

and Mie-cloudy winds with estimated HLOS errors smaller
than 5 m s−1 are used for the validation. These estimated
HLOS error thresholds are consistent with recommendations
of the Aeolus CAL/VAL teams (Rennie and Isaksen, 2020)
and those adopted in other validation studies (e.g. Baars et
al., 2020; Belova et al., 2021; Lux et al., 2020b; Martin et al.,
2021).

To evaluate the results of comparison between Aeolus
HLOS winds and reference instruments’ HLOS winds, we

Figure 2. Dependence of wind speed difference between the Ae-
olus HLOS and WPR HLOS winds on the estimated HLOS error
given in the L2B product for (a) Rayleigh-clear winds and (b) Mie-
cloudy winds for baseline 2B02. The areas on the right of the ver-
tical dashed lines indicate the data with estimated errors larger than
8 m s−1 (Rayleigh) and 5 m s−1 (Mie), which are considered to be
invalid observations.

use mean differences (bias) and the standard deviation (SD)
of the differences as

Atmos. Meas. Tech., 14, 7255–7275, 2021 https://doi.org/10.5194/amt-14-7255-2021



H. Iwai et al.: Validation of Aeolus Level 2B wind products in Japan 7261

Figure 3. Same as Fig. 2 but for baseline 2B10.

bias=
1
N

N∑
i=1

HLOSdiff(i), (3)

SD=

√√√√ 1
N − 1

N∑
i=1

(HLOSdiff(i)− bias)2, (4)

whereN is the number of available data points. In addition to
the SD, the scaled median absolute deviation (scaled MAD)
is calculated as

scaled MAD= 1.4826×median(|HLOSdiff(i)

−median(HLOSdiff(i))|) . (5)

MAD is used as a very robust measure for the variability of
the Aeolus HLOS winds because it is less sensitive to out-
liers than the SD (Lux et al., 2020b; Witschas et al., 2020;
Baars et al., 2020; Rennie and Isaksen, 2020; Martin et al.,
2021). When a data set follows a normal distribution, the
MAD value multiplied by 1.4826 (scaled MAD) is identical
to the SD (Ruppert and Matteson, 2015). By assuming inde-
pendence between Aeolus measurements and reference in-
struments’ measurements, the total variance of the difference
between them (squared scaled MAD)

(
σ 2

val
)

is the sum of the
variance resulting from the Aeolus random error

(
σ 2

Aeolus
)

and the variance resulting from reference instruments’ ran-
dom error

(
σ 2
i=WPR,CDWL,GPS-RS

)
. Thus, the Aeolus random

error σAeolus is calculated as

σAeolus =

√
σ 2

val− σ
2
i , (6)

where σWPR, σCDWL, and σGPS-RS are assumed to be 3, 2,
and 0.7 m s−1, respectively (see Sect. 3.1, 3.2, and 3.3). Note

that this estimation of σAeolus includes the representativeness
error due to the spatial and temporal mismatch between Ae-
olus and reference instruments’ measurements. In addition
to the bias, SD, and scaled MAD, the correlation coefficient
(R) between Aeolus HLOS winds and reference instruments’
HLOS winds and the slopes and intercepts of the linear re-
gression lines are used to evaluate the results of comparison.

5 Results

5.1 Comparison of Aeolus and WPR wind data

5.1.1 Overall intercomparison

Scatter plots of Aeolus HLOS wind speed against WPR
HLOS wind speed for Rayleigh-clear winds and Mie-cloudy
winds during the baseline 2B02 and 2B10 periods are pre-
sented in Figs. 4 and 5, respectively. Summaries of the statis-
tical parameters retrieved from the scatter plot analyses for
the baseline 2B02 and 2B10 are given in Tables 5 and 6, re-
spectively. During the baseline 2B02 period, the numbers of
data pairs for Rayleigh-clear and Mie-cloudy winds plotted
against WPR winds are 3053 and 2687, respectively. Dur-
ing the baseline 2B10 period, 8443 and 6050 data pairs are
provided for Rayleigh-clear and Mie-cloudy wind validation,
respectively, about 2.5 times the numbers during the baseline
2B02 period. The increased number of data pairs can be ex-
plained by there being about twice as many periods for the
baseline 2B10. The laser energy decrease in the FM-A laser
during the baseline 2B02 period led to fewer Rayleigh-clear
winds that can be used for the comparison. Since 5 March
2019, Aeolus Mie-cloudy winds have been processed with a
smaller horizontal averaging length of down to 10 km, also
leading to more Mie-cloudy winds that can be used for com-
parison during the baseline 2B10 period. The range-bin set-
tings of Aeolus were changed on several occasions (Rennie
and Isaksen, 2020). The number and resolution of the bins
in the lower troposphere increased after 21 October 2019.
Therefore, the number of available Rayleigh-clear and Mie-
cloudy winds for the comparison increased during the base-
line 2B10 period.

During the baseline 2B02 and 2B10 periods, the lin-
ear trend between the Rayleigh-clear (Mie-cloudy) winds
and WPR winds is clearly seen for all data and both orbit
phases (Figs. 4 and 5). Although the Rayleigh-clear winds
for all data and both orbit phases exhibit a positive bias be-
tween 1.63 and 1.76 m s−1 during the baseline 2B02 period
(Fig. 4a–c), no significant wind-speed-dependent bias is ap-
parent. However, the systematic errors (biases) obtained in
this study are higher than those of 0.7 m s−1 stipulated in
the mission requirements (Ingmann and Straume, 2016). The
slopes of the linear regression line of Rayleigh-clear versus
WPR winds are 0.98, 0.96, and 0.90 for all data, the ascend-
ing orbit, and the descending orbit, respectively. High cor-
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Figure 4. Aeolus HLOS wind speed plotted against the WPR HLOS wind speed for (a, b, c) Rayleigh-clear winds and (d, e, f) Mie-cloudy
winds for (a, d) all data and (b, e) ascending and (c, f) descending orbits for baseline 2B02. Corresponding least-square line fits are indicated
by the thick solid lines. The fit results are shown in the insets. The x = y line is represented by the dashed line.

Figure 5. Same as Fig. 4 but for baseline 2B10.
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Table 5. Statistical comparison of Aeolus HLOS winds and WPR HLOS winds for baseline 2B02.

Statistical parameter Rayleigh-clear Mie-cloudy

All data Ascending Descending All data Ascending Descending

N points 3053 1603 1450 2687 1301 1386
Bias (m s−1) 1.69 1.63 1.76 2.42 2.60 2.24
SD (m s−1) 8.08 8.16 7.99 6.83 7.12 6.55
Scaled MAD (m s−1) 7.35 7.49 7.21 5.94 5.75 5.96
σAeolus (m s−1) 6.71 6.86 6.56 5.12 4.91 5.14
Correlation 0.95 0.88 0.84 0.95 0.90 0.89
Slope 0.98 0.96 0.90 0.98 0.96 0.94
Intercept (m s−1) 1.75 2.46 −0.23 2.44 3.22 1.35

Table 6. Same as Table 5 but for baseline 2B10.

Statistical parameter Rayleigh-clear Mie-cloudy

All data Ascending Descending All data Ascending Descending

N points 8443 4294 4149 6050 3085 2965
Bias (m s−1) −0.82 −1.11 −0.51 −0.51 −0.73 −0.29
SD (m s−1) 7.89 7.94 7.83 6.47 6.14 6.79
Scaled MAD (m s−1) 7.08 7.06 7.19 5.66 5.56 5.64
σAeolus (m s−1) 6.42 6.39 6.54 4.80 4.68 4.77
Correlation 0.90 0.83 0.82 0.93 0.90 0.86
Slope 0.94 0.91 0.92 0.96 0.93 0.95
Intercept (m s−1) −0.74 0.07 −1.38 −0.44 0.13 −0.81

relation coefficients are also found: 0.95 for all data, 0.88
for the ascending orbit, and 0.84 for the descending orbit.
That is, the slopes of the fit are not significantly different
from 1, and the correlation coefficients exceed 0.8. The ran-
dom error represented by the scaled MAD is determined
to be 7.21 to 7.49 m s−1 for the Rayleigh-clear winds. Lux
et al. (2020b) compared the Rayleigh-clear winds measured
along the Aeolus LOS with LOS winds measured with the
ALADIN Airborne Demonstrator (A2D) during the Wind-
Val III validation campaign carried out in central Europe
from 17 November to 5 December 2018 (i.e. during the base-
line 2B02 period). They reported a bias of 2.56 m s−1 with
a scaled MAD of 3.57 m s−1, corresponding to HLOS val-
ues of 4.25 and 5.93 m s−1, respectively. It is noted that the
WindVal III flights were conducted for probing the ascend-
ing orbit. Witschas et al. (2020) reported a bias of 2.11 m s−1

with a scaled MAD of 3.97 m s−1 for Rayleigh-clear winds
during the same campaign (WindVal III) using an airborne
2 µm CDWL. They also reported that the slope of the linear
regression line and the correlation coefficient were 0.99 and
0.95, respectively. Thus, the bias, slope, and correlation co-
efficient of Rayleigh-clear versus WPR winds are consistent
with those derived from other Aeolus validation campaigns,
but the scaled MAD is significantly larger. The scaled MAD
leads to a large σAeolus (6.56 to 6.86 m s−1). The Aeolus ran-
dom error of Rayleigh-clear winds is significantly larger than

the 2.5 m s−1 stipulated in the mission requirements at 2 to
16 km altitude (Ingmann and Straume, 2016). Witschas et
al. (2020) estimated a σAeolus of 3.9 m s−1 for Rayleigh-clear
winds by excluding the 2 µm CDWL measurement error dur-
ing the commissioning phase. This discrepancy is probably
related to the large representativeness error due to the large
sampling volume of the WPR.

During the baseline 2B10 period, the biases of Rayleigh-
clear winds are slightly negative (−0.82, −1.11, and
−0.51 m s−1) for all data and both orbit phases (Fig. 5a–c).
The absolute values of the biases during the baseline 2B10
period are about half of those during the baseline 2B02 pe-
riod. The slightly negative biases are generally consistent
with those reported by Guo et al. (2021), who compared the
Rayleigh-clear winds with winds measured with the radar
wind profiler network in China from 20 April to 20 July
2020. The slopes of the linear regression line (correlation
coefficients) of Rayleigh-clear versus WPR winds are 0.94
(0.90), 0.91 (0.83), and 0.92 (0.82) for all data, the ascending
orbit, and the descending orbit, respectively. These values are
almost the same as those of the baseline 2B02 and agree well
with those reported by Guo et al. (2021). The scaled MADs
(7.06 to 7.19 m s−1) are marginally smaller than those of the
baseline 2B02. Although the random error is significantly
large, these results indicate that the Aeolus Rayleigh-clear
winds are broadly consistent with WPR winds over Japan.
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The same statistics are shown for the Mie-cloudy winds
in Figs. 4d–f and 5d–f. The biases of Mie-cloudy versus
WPR winds are positive for all data and both orbit phases
(2.42, 2.60, and 2.24 m s−1) during the baseline 2B02 pe-
riod (Fig. 4d–f). The biases are beyond the mission require-
ments of Aeolus and slightly larger than the Rayleigh-clear
bias (Fig. 4a–c). The slopes of the linear regression line (cor-
relation coefficients) are 0.98 (0.95), 0.96 (0.90), and 0.94
(0.89) for all data, the ascending orbit, and the descending or-
bit, respectively. As with the Rayleigh-clear winds, the slopes
of the fit are not significantly different from 1, and correla-
tion coefficients exceed 0.8. The scaled MAD is determined
to be 5.75–5.96 m s−1 and slightly smaller than that of the
Rayleigh-clear winds. Witschas et al. (2020) reported a bias
of 2.26 m s−1 with a scaled MAD of 2.22 m s−1 for Mie-
cloudy winds during the WindVal III validation campaign.
The slope of the linear regression line (correlation coeffi-
cient) was 0.96 (0.92). Therefore, the bias, slope, and corre-
lation coefficient of Mie-cloudy versus WPR winds derived
in this study are almost the same as the results of Witschas et
al. (2020), but the random error is significantly larger. The
scaled MAD leads to a large σAeolus (4.91 to 5.14 m s−1).
Witschas et al. (2020) estimated a σAeolus of 2.0 m s−1 for
Mie-cloudy winds by excluding the 2 µm CDWL measure-
ment error during the commissioning phase. Again, the dis-
crepancies may be caused by the larger representativeness
error due to the large sampling volume of the WPR.

The same statistics are shown for the baseline 2B10 in
Fig. 5d–f. For all data, the slope of the linear regression line
and the correlation coefficient for the Mie-cloudy winds are
0.96 and 0.93, respectively. These values are almost the same
as those of the Rayleigh-clear winds. The slopes of the lin-
ear regression line (correlation coefficient) are 0.93 (0.90)
and 0.95 (0.86) for ascending and descending orbits, respec-
tively. These results indicate that the performance of Aeolus
for Mie-cloudy winds is reliable over Japan. The biases of
Mie-cloudy versus WPR winds are slightly negative for all
data and both orbit phases (−0.51,−0.73, and−0.29 m s−1),
but these values are smaller than those of the Rayleigh-clear
winds. As with the Rayleigh-clear winds, the absolute bias is
slightly larger for the ascending orbit than for the descend-
ing orbit. The small bias, slope close to 1, and high cor-
relation coefficient agree well with those reported by Guo
et al. (2021). The scaled MADs are relatively large (5.56
to 5.66 m s−1), but the values are smaller than those of the
Rayleigh-clear winds.

To summarize, the systematic and random errors of
Rayleigh-clear (Mie-cloudy) versus WPR winds for the base-
line 2B10 are improved as compared with those for the base-
line 2B02. In contrast to the baseline 2B02, the systematic er-
ror of Mie-cloudy winds is superior to that of Rayleigh-clear
winds during the baseline 2B10 period. During the baseline
2B02 period, the systematic error is significantly larger than
the strict mission requirement of 0.7 m s−1 specified for Ae-
olus HLOS winds. During the baseline 2B10 period, both

Rayleigh-clear and Mie-cloudy winds generally meet the
mission requirements on systematic errors. The reduced bias
of the baseline 2B10 period compared to the baseline 2B02
is most likely due to the M1 mirror bias correction (Rennie
and Isaksen, 2020; Weiler et al., 2021b) and the improve-
ment of the hot-pixel correction. However, the Aeolus ran-
dom error of Rayleigh-clear and Mie-cloudy winds is consid-
erably larger than the required precision of 2.5 m s−1 in the
free troposphere during the baseline 2B02 and 2B10 periods.
The main reason for not yet achieving the mission require-
ment for random errors is the lower laser energy compared
to the anticipated 80 mJ (Reitebuch et al., 2020a, b). Addi-
tionally, the large representativeness error due to the large
sampling volume of the WPR is probably related to the larger
Aeolus random error. Although, from the statistical compar-
isons, there is no significant difference between the ascend-
ing and descending orbits with respect to the Rayleigh-clear
and Mie-cloudy winds during the baseline 2B02 period, the
absolute biases of the Rayleigh-clear and Mie-cloudy winds
are slightly larger for the ascending orbit than for the de-
scending orbit during the baseline 2B10 period.

5.1.2 Vertical distribution of wind differences

The vertical distributions of the bias and standard deviation
of the differences between Aeolus and WPR HLOS winds
for baseline 2B02 are shown in Fig. 6. The vertical distribu-
tions of the number of compared data points are shown in
Fig. S1 in the Supplement. The values are binned into bins
of 1 km height. The bias uncertainties estimated at 90 % con-
fidence level for all data are reasonably small up to about
9 km altitude (Fig. 6a). But there are very few paired data
points in 10 km altitude (Fig. S1e and f), and thus the bi-
ases in 10 km altitude are not reliable. For all data, the biases
of Rayleigh-clear and WPR HLOS winds are significantly
positive in all altitude ranges and less than 3.53 m s−1 up to
10 km. Although there is a local maximum at 6 to 7 km alti-
tude, Rayleigh-clear biases tend to get more negative with al-
titude. The larger standard deviations at 0 to 2 km altitude for
ascending and descending orbits (Fig. 6b and c) are caused
by fewer paired data points (Fig. S1a and b). For Mie-cloudy
winds, the biases for all data are also significantly positive
in all altitude ranges except for 10 to 11 km (Fig. 6d). The
biases are almost constant below 2 km, but they show a neg-
ative trend with altitude above 4 km. Although the biases are
also positive below 8 km during ascending and descending
orbits, the vertical distributions of bias are opposite to each
other above 8 km (Fig. 6e and f). The mission requirement
of 0.7 m s−1 is not achieved by both Rayleigh-clear and Mie-
cloudy biases in all altitude ranges.

The same statistics are shown for the baseline 2B10 in
Fig. 7, and the vertical distributions of the number of com-
pared data points are shown in Fig. S2. As with the base-
line 2B02, the bias uncertainties estimated at 90 % confi-
dence level are reasonably small up to about 11 km altitude.
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Figure 6. Vertical profiles in 1 km bins of the HLOS wind speed differences between the Aeolus and WPR HLOS winds for (a, b, c) Rayleigh-
clear winds and (d, e, f) Mie-cloudy winds for (a, d) all data and (b, e) ascending and (c, f) descending orbits for baseline 2B02. Thick black
lines show the bias, with the blue shaded areas corresponding to the 90 % confidence interval. The red shaded areas represent 1 standard
deviation on each side of the bias.

Figure 7. Same as Fig. 6 but for baseline 2B10.

For all data, the biases of Rayleigh-clear and WPR HLOS
winds are slightly negative in all altitude ranges and less
than−1.60 m s−1 up to 11 km (Fig. 7a). The systematic error
is less than that of the baseline 2B02 due to the M1 mir-
ror bias correction (Rennie and Isaksen, 2020; Weiler et al.,

2021b) and the improvement of the hot-pixel correction (see
Sect. 5.1.1). Below 2 km altitude, the Rayleigh-clear winds
meet the mission requirements for systematic errors. Al-
though there are some local maxima and minima, Rayleigh-
clear biases tend to get more negative with altitude above
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2 km altitude. The bias and standard deviation in the altitude
range of 0 to 1 km (atmospheric boundary layer) are almost
the same as those in the upper level. However, this result is
different from that in the other validation studies conducted
during the baseline 2B10 period (Guo et al., 2021). Guo et
al. (2021) reported a large bias of 3.23 m s−1 with a stan-
dard deviation of 17 m s−1 for the Rayleigh-clear winds in
the altitude range of 0 to 1 km. The vertical distributions of
bias during ascending and descending orbits are opposite to
each other in the altitude range of 3 to 11 km (Fig. 7b and
c). For all data, the biases of Mie-cloudy and WPR HLOS
winds are also slightly negative in all altitude ranges except
for 3 to 4 km (Fig. 7d). As with the Rayleigh-clear winds,
the systematic error is improved as compared with that of the
baseline 2B02. Below 5 km altitude, Mie-cloudy winds meet
the mission requirements on systematic errors. As with the
Rayleigh-clear winds, the vertical distributions of bias during
ascending and descending orbits are opposite to each other in
the altitude range of 3 to 11 km. As with the baseline 2B02,
both Rayleigh-clear and Mie-cloudy biases show a negative
trend with altitude for all data and descending orbit, whereas
they show a positive trend for ascending orbit.

5.1.3 Time series variation of wind differences

The time series variation of the bias and standard devia-
tion of the differences between Aeolus and WPR HLOS
winds during the baseline 2B02 period are shown in Fig. 8.
Immediately after the launch of Aeolus, the biases of the
Rayleigh-clear and Mie-cloudy winds are small for all data
and both orbit phases. With time, the Rayleigh-clear and
Mie-cloudy biases increase for all data and both orbit phases.
The Rayleigh-clear bias reaches its maximum in January
2019. For the Mie-cloudy winds, the maximums occur in
January and February 2019 for ascending and descending or-
bits, respectively. The Rayleigh-clear and Mie-cloudy biases
tend to get more positive until April 2019, whereas they show
a negative trend at the end of the baseline 2B02 period.

For the baseline 2B10, the same statistics are shown in
Fig. 9. For all data, the biases of Rayleigh-clear and WPR
HLOS winds are generally negative for all months except
August 2020, but the biases do not show a significant sea-
sonal trend (Fig. 9a). The standard deviations of Rayleigh-
clear and WPR HLOS data gradually increase with time
(from 6.34 to 8.77 m s−1). A possible reason is the decrease
in the level of the received signal after passing through the
telescope (Reitebuch et al., 2020a, b). The higher range-bin
resolution in the lower troposphere after 21 October 2019
can also lead to an increase in the random error. The abso-
lute biases are generally larger for the ascending orbit than
for the descending orbit (Fig. 9b and c). For all data, the bi-
ases of Mie-cloudy and WPR HLOS winds gradually fluctu-
ate and do not show a significant seasonal trend (Fig. 9d).
The bias and standard deviation of Mie-cloudy winds are
generally smaller than those of Rayleigh-clear winds. There

is no significant increase in the standard deviations of Mie-
cloudy winds with time because the Mie return signal does
not only depend on the laser energy, but also on the presence
of aerosols or clouds (Martin et al., 2021). It is interesting
to note that the fluctuation of the bias is stronger for the de-
scending orbit than for the ascending orbit in 2019 (Fig. 9e
and f). However, the biases for both orbit phases approach
zero towards September 2020.

5.1.4 Rayleigh-clear wind bias dependence on
scattering ratio

The scattering ratio on the Rayleigh channel is defined as the
ratio of the total scattering signal (particles and molecules)
to the molecular scattering signal. When the scattering ra-
tio is large, a strong narrowband Mie return signal partly
enters the Rayleigh spectrometer, changing the sensitivity
of the Rayleigh channel (Witschas et al., 2020). Using the
L2B products within the commissioning phase, Witschas et
al. (2020) reported that the scattering ratio has a consider-
able influence on the bias of Rayleigh-clear winds. The de-
pendence of the Rayleigh-clear wind bias on the scattering
ratio given in the L2B product is shown in Fig. 10. It can
be seen that the scattering ratio varies between 1.1 and 1.4
for baseline 2B02 and between 1.05 and 1.65 for baseline
2B10. This means that the determination of the scattering ra-
tio and the threshold for classifying the Rayleigh-clear winds
changed between the baselines 2B02 and 2B10. During the
baseline 2B02 period, the biases of Rayleigh-clear and WPR
HLOS winds are positive in the range of 1.38 and 2.21 m s−1

(Fig. 10a). Since there is no significant bias dependence on
the scattering ratio, the influence of the crosstalk of narrow-
band Mie return signals to the Rayleigh channel is not con-
firmed. This result is different from that obtained in Witschas
et al. (2020). During the baseline 2B10 period, the Rayleigh-
clear winds exhibit a slightly negative bias, and there is no
significant bias dependence on the scattering ratio (Fig. 10b).
This means that the correction scheme of the scattering ratio
was improved in the L2B processor.

5.2 Comparison of Aeolus and CDWL wind data

Scatter plots of Aeolus HLOS winds against CDWL HLOS
winds for Rayleigh-clear and Mie-cloudy winds during the
baseline 2B02 period are presented in Fig. 11. Summaries
of the statistical parameters retrieved from the scatter plot
analysis for the baseline 2B02 and 2B10 are given in Ta-
ble 7. While Okinawa is located at the southern edge of
the subtropical jet stream, Kobe is located just below the
subtropical jet stream. Thus, the CDWL at Kobe sampled
a higher wind speed of the subtropical jet stream. It can
be seen that the acquired HLOS wind speed range is wider
for Kobe than for Okinawa in Fig. 11. Both Rayleigh-clear
and Mie-cloudy winds exhibit a slightly positive bias. The
different colours indicate whether Aeolus had an ascend-
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Figure 8. Monthly averaged values of wind speed differences between the Aeolus and WPR HLOS winds for (a, b, c) Rayleigh-clear winds
and (d, e, f) Mie-cloudy winds for (a, d) all data and (b, e) ascending and (c, f) descending orbits for baseline 2B02. Thick black lines show
the bias, with the blue shaded areas corresponding to the 90 % confidence interval. The red shaded areas represent 1 standard deviation on
each side of the bias.

ing orbit (red) or descending orbit (blue). There is no sig-
nificant difference between the ascending and descending
orbits. The slopes of the linear regression lines are 1.05
(Rayleigh) and 1.05 (Mie) at Kobe and 0.99 (Rayleigh) and
1.01 (Mie) at Okinawa. The correlation coefficients are 0.98
(Rayleigh) and 0.98 (Mie) at Kobe and 0.93 (Rayleigh) and
0.97 (Mie) at Okinawa. That is, the slopes of the fit and
the correlation coefficients of Rayleigh-clear and Mie-cloudy
winds are not significantly different from 1 at Kobe and Ok-
inawa. The intercepts of the linear regression lines are de-
termined to be 0.61 m s−1 (Rayleigh) and 1.76 m s−1 (Mie)
at Kobe and 1.07 m s−1 (Rayleigh) and 2.37 m s−1 (Mie)
at Okinawa. A similar finding is obtained from the biases
that are 0.46 m s−1 (Rayleigh) and 1.63 m s−1 (Mie) at Kobe
and 1.08 m s−1 (Rayleigh) and 2.38 m s−1 (Mie) at Okinawa.
Both Rayleigh-clear and Mie-cloudy winds exhibit a slightly
positive bias. Except for Rayleigh-clear winds measured at
Kobe, the systematic error does not achieve the mission re-
quirement of 0.7 m s−1. This result is similar to that in the
comparisons of Aeolus and WPR measurements, which pro-

vides biases of 1.69 m s−1 (Rayleigh) and 2.42 m s−1 (Mie).
The systematic error of CDWL observations is smaller than
0.2 m s−1 (see Sect. 2.3) and thus does not significantly con-
tribute to the biases here. The random errors represented by
the scaled MADs of Rayleigh-clear (Mie-cloudy) winds are
4.92 (3.55) m s−1 at Kobe and 5.68 (3.76) m s−1 at Okinawa.
The values are smaller than the scaled MADs of Rayleigh-
clear (Mie-cloudy) versus WPR winds. The main reason for
the difference is probably related to the random error being
larger for the WPR (3 m s−1) than for the CDWL (2 m s−1).
The σAeolus of Rayleigh-clear (Mie-cloudy) winds is deter-
mined using Eq. (5) to be 4.49 (2.93) m s−1 at Kobe and 5.31
(3.19) m s−1 at Okinawa. Witschas et al. (2020) determined
σAeolus of 3.9 m s−1 for Rayleigh-clear winds and 2.0 m s−1

for Mie-cloudy winds by excluding the airborne 2 µm CDWL
measurement error during the commissioning phase. The dis-
crepancies are probably caused by the smaller representative-
ness error due to the spatial and temporal displacements be-
tween Aeolus and airborne CDWL measurements.
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Figure 9. Same as Fig. 8 but for baseline 2B10.

Table 7. Statistical comparison of Aeolus HLOS winds and CDWL HLOS winds.

Baseline 2B02 2B10

Site Kobe Okinawa Kobe Okinawa

Rayleigh/Mie Rayleigh Mie Rayleigh Mie Rayleigh Mie Rayleigh Mie

N points 59 57 74 119 204 136 232 220
Bias (m s−1) 0.46 1.63 1.08 2.38 −0.81 0.16 −0.48 −0.26
SD (m s−1) 6.17 4.80 6.57 3.64 5.69 5.15 6.53 4.74
Scaled MAD (m s−1) 4.92 3.55 5.68 3.76 5.21 3.92 5.58 3.86
σAeolus (m s−1) 4.49 2.93 5.31 3.19 4.81 3.37 5.21 3.30
Correlation 0.98 0.98 0.93 0.97 0.96 0.97 0.79 0.86
Slope 1.05 1.05 0.99 1.01 0.98 1.02 1.03 0.86
Intercept (m s−1) 0.61 1.76 1.07 2.37 −0.88 0.22 −0.52 −0.04

Figure 12 shows the correlation plots of the Aeolus HLOS
winds against CDWL HLOS winds for Rayleigh-clear and
Mie-cloudy winds at Kobe and Okinawa during the baseline
2B10 period. As with the baseline 2B02 period, a linear trend
between Aeolus and CDWL measurements is clearly seen
from the linear regression. At Kobe, the correlation coeffi-
cients are 0.96 and 0.97 for Rayleigh-clear and Mie-cloudy

winds, respectively, and close to 1. At Okinawa, the corre-
lation coefficients are 0.79 and 0.86 for Rayleigh-clear and
Mie-cloudy winds, respectively, and are smaller than those
at Kobe. At Okinawa, 47 % and 62 % of the data pairs for
Rayleigh-clear and Mie-cloudy winds versus CDWL winds
are obtained below 2 km altitude, respectively. This result is
suggested to be linked to the strong convection in the atmo-
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Figure 10. Dependence of wind speed differences between the Aeo-
lus Rayleigh-clear and WPR HLOS winds on scattering ratio during
the baseline (a) 2B02 and (b) 2B10 periods.

Figure 11. Aeolus against CDWL HLOS winds for (a, b) Rayleigh-
clear winds and (c, d) Mie-cloudy winds at (a, c) Kobe and
(b, d) Okinawa for baseline 2B02. Corresponding least-square line
fits are indicated by the thick solid lines. The fit results are shown
in the insets. The x = y line is represented by the dashed line. Red
circles represent measurements of an ascending orbit, whereas blue
circles represent measurements of a descending orbit.

spheric boundary layer at Okinawa, especially in summer.
The intercepts of the linear regression lines are determined to
be−0.88 m s−1 (Rayleigh) and 0.22 m s−1 (Mie) at Kobe and
−0.52 m s−1 (Rayleigh) and −0.04 m s−1 (Mie) at Okinawa.
The biases are −0.81 m s−1 (Rayleigh) and 0.16 m s−1 (Mie)

Figure 12. Same as Fig. 11 but for baseline 2B10.

at Kobe and −0.48 m s−1 (Rayleigh) and −0.26 m s−1 (Mie)
at Okinawa. The absolute bias of Rayleigh-clear and Kobe
CDWL winds is slightly larger than that for the baseline
2B02, the reason for which is unclear. Except for Rayleigh-
clear winds measured at Kobe, the systematic error achieves
the mission requirement of 0.7 m s−1. The scaled MADs of
Rayleigh-clear (Mie-cloudy) winds are 5.21 (3.92) m s−1 at
Kobe and 5.58 (3.86) m s−1 at Okinawa. In contrast to the
comparisons of Aeolus and WPR measurements, the random
errors are almost the same as those for the baseline 2B02,
and no improvement of the random error is evident. As with
the scaled MADs, the estimated σAeolus of Rayleigh-clear and
Mie-cloudy winds at Kobe and Okinawa is almost the same
as that for the baseline 2B02.

5.3 Comparison of Aeolus and GPS-RS wind data

For the validation of the Aeolus wind products, we launched
12 and 6 GPS-RSs from NICT Okinawa during the baseline
2B02 and 2B10 periods, respectively (Table 4). The GPS-
RSs obtained wind profiles with a vertical range up to 25 km.
Thus, the GPS-RSs could measure winds of the upper tropo-
sphere and lower stratosphere, which cannot be measured by
the WPRs and CDWLs.

Figure 13a shows HLOS wind speed profiles measured by
the GPS-RSs with the Rayleigh-clear and Mie-cloudy pro-
files on 8 November 2018. The Mie-cloudy winds are avail-
able below 4.5 km and at high altitudes of 9 to 11.5 km owing
to the occurrence of cirrus clouds. A cirrus cloud layer was
also observed by the CDWL during the overpass of Aeolus

https://doi.org/10.5194/amt-14-7255-2021 Atmos. Meas. Tech., 14, 7255–7275, 2021



7270 H. Iwai et al.: Validation of Aeolus Level 2B wind products in Japan

(not shown). There are large deviations between Mie-cloudy
and GPS-RS winds below 2 km. Since the horizontal distance
between the Mie-cloudy measurements and the GPS-RS is
about 100 km in this height region, one can assume that the
reason for the large deviations is the spatial heterogeneity
of the horizontal wind in the atmospheric boundary layer.
The Rayleigh-clear winds show good coverage and closely
follow the shape of the wind profile at altitudes higher than
2 km, but there are large deviations between Rayleigh-clear
and GPS-RS winds at 3 and 8 km. The scattering ratio on
the Rayleigh channel is 1.15, and the relative humidity ob-
tained from the GPS-RS is about 30 % at 3 km. Although
there is a valid Mie-cloudy wind at 3 km, it is filtered out
due to the HLOS error threshold of 5 m s−1. This suggests
that the atmospheric classification in the Rayleigh channel
was not working properly, and the crosstalk of Mie signals in
the Rayleigh channel could have led to the large deviation.
At 8 km, there is no valid Mie-cloudy wind. The scattering
ratio and relative humidity are 1.13 and about 20 %, respec-
tively. This suggests that the crosstalk has a small influence
on the large deviation. The reason for that is unclear. Since
the horizontal distance between the Rayleigh-clear measure-
ments and the GPS-RS is about 80 km in this height region,
large horizontal wind gradients in this height region poten-
tially have an influence on the deviation. The subtropical jet
stream with westerly winds can be seen in the GPS-RS and
Rayleigh-clear observations at around 14 km. A maximum
absolute wind speed higher than 50 m s−1 was observed in
this height region according to the high-resolution GPS-RS
profile. Despite the coarse range resolution (2 km) of the Ae-
olus measurements in this height region, the Rayleigh-clear
winds are able to detect the high wind speed.

The second case discussed in this study is from 1 Decem-
ber 2018 (Fig. 13b). The Mie-cloudy winds are available be-
low 4 km. As compared with the previous case (8 November
2018), the Mie-cloudy winds agree with the GPS-RS winds
in the lowermost 2 km. The reason for the agreement is that
the Aeolus ground track was relatively near the radiosonde
launching position (about 50 km). The Rayleigh-clear winds
are available at altitudes higher than 2 km. The occurrence of
cloud was sporadically detected by the CDWL, and the rela-
tive humidity obtained from the GPS-RS was about 90 % at
3 to 4 km altitude (not shown). It is assumed that the clouds
were partly existent in the Aeolus observational domain. The
Rayleigh-clear wind shows a large bias at 3 to 4 km altitude,
but the scattering ratio on the Rayleigh channel is 1.15. This
suggests that there was an issue with the crosstalk correction
of Mie signals in the Rayleigh channel. As with the previous
case, the subtropical jet stream with westerly winds is seen
in the GPS-RS and Rayleigh-clear observations at around
12 km altitude. The Rayleigh-clear wind measurements can
detect the high wind speed, but they are slightly overesti-
mated; the reason for that is unclear. Potentially, large hor-
izontal wind gradients in this height region have an influence
on the differences.

Figure 13. (a) HLOS wind speed profiles measured by the GPS-
RS (thin black line) with the Rayleigh-clear (red) and Mie-cloudy
(blue) profiles for the descending orbit on 8 November 2018.
(b) Same as panel (a) but for the ascending orbit on 1 December
2018. (c) Rayleigh-clear and (d) Mie-cloudy HLOS winds versus
the radiosonde measurements for baseline 2B02. Red circles repre-
sent measurements of an ascending orbit, whereas blue circles rep-
resent measurements of a descending orbit.

Figure 13c and d show the correlation plots of the
Rayleigh-clear and Mie-cloudy HLOS winds against GPS-
RS HLOS winds during the baseline 2B02 period, respec-
tively. Summaries of the statistical parameters retrieved from
the scatter plot analysis for the baseline 2B02 and 2B10 are
given in Table 8. A linear trend between Aeolus and GPS-RS
measurements is clearly seen from the linear regression. The
linear regression line has a slope of 0.99 (0.97), with an in-
tercept of 1.00 (2.07) m s−1 for the comparison of Rayleigh-
clear (Mie-cloudy) and GPS-RS winds. Both Rayleigh-clear
and Mie-cloudy winds exhibit a slightly positive bias. The
different colours indicate whether Aeolus had an ascending
orbit (red) or a descending orbit (blue). No significant dif-
ference is found between the ascending and descending or-
bits. The biases of Rayleigh-clear and Mie-cloudy winds are
1.00 and 2.15 m s−1, respectively. These values are almost
the same as the intercept of the linear regression line. The
random error represented by the scaled MAD of Rayleigh-
clear winds (4.77 m s−1) is slightly larger than that of Mie-
cloudy winds (4.14 m s−1). Baars et al. (2020) compared
the Rayleigh-clear and Mie-cloudy winds with winds ob-
tained from the radiosonde launches on board the German
RV Polarstern during cruise PS116 carried out in the Atlantic
Ocean west of the African continent from 17 November to
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Table 8. Statistical comparison of Aeolus HLOS winds and GPS-
RS HLOS winds.

Baseline 2B02 2B10

Rayleigh/Mie Rayleigh Mie Rayleigh Mie

N points 126 59 92 43
Bias (m s−1) 1.00 2.15 0.45 −0.71
SD (m s−1) 4.55 4.52 4.43 5.81
Scaled MAD (m s−1) 4.77 4.14 3.97 3.99
σAeolus (m s−1) 4.71 4.08 3.91 3.92
Correlation 0.99 0.97 0.99 0.95
Slope 0.99 0.97 1.01 0.92
Intercept (m s−1) 1.00 2.07 0.38 −0.22

10 December 2018 (i.e. during the baseline 2B02 period).
They reported biases of 1.52 and 0.95 m s−1 with random
errors of 4.84 and 1.58 m s−1 for Rayleigh-clear and Mie-
cloudy winds, respectively. The slope and intercept of the
linear regression line were 0.97 (0.95) and 1.57 (1.13) m s−1

for the comparison of Rayleigh-clear (Mie-cloudy) and ra-
diosonde winds, respectively. Therefore, the slightly posi-
tive bias of Rayleigh-clear versus GPS-RS winds obtained
in this study is almost the same as that obtained by Baars et
al. (2020). The bias of Mie-cloudy versus GPS-RS winds is
larger than that from Baars et al. (2020). The result that the
random error of Mie-cloudy winds is much smaller than that
of Rayleigh-clear wind contrasts with our results. The dis-
crepancies are probably caused by different observation lo-
cation, meteorological conditions, and distance between the
measurements.

Figure 14a and b show HLOS wind speed profiles mea-
sured by the GPS-RS with the Rayleigh-clear and Mie-
cloudy profiles on 19 and 21 December 2019, respectively.
The range-bin settings of Aeolus were changed to a resolu-
tion of 1 km up to an altitude of 19 km on 26 February 2019.
Owing to the high range resolution, the Rayleigh-clear wind
measurements of Aeolus can detect the rapid changes in the
wind speed profiles in the subtropical jet stream. On 19 De-
cember 2019, the CDWL observed a cloud layer at around
1 km under rainy conditions during the overpass of Aeolus
(not shown), and the Mie-cloudy winds were detected above
the cloud layer. On 21 December 2019, the CDWL observed
multiple cloud layers up to about 9 km during the overpass of
Aeolus (not shown), and the Mie-cloudy winds were detected
at these cloud layers.

Figure 14c and d show the correlation plots of the
Rayleigh-clear and Mie-cloudy HLOS winds against GPS-
RS HLOS winds during the baseline 2B10 period, respec-
tively. As with the baseline 2B02, a linear trend between Ae-
olus and GPS-RS observations is clearly seen from the lin-
ear regression. The linear regression line has a slope of 1.01
(0.92) with an intercept of 0.38 (−0.22) m s−1 for the com-
parison of Rayleigh-clear (Mie-cloudy) and GPS-RS winds.

Figure 14. (a) HLOS wind speed profiles measured by the ra-
diosonde (thin black line) with the Rayleigh-clear (red) and Mie-
cloudy (blue) profiles for the descending orbit on 19 December
2019. (b) Same as panel (a) but for the ascending orbit on 21 De-
cember 2019. (c, d) Same as Fig. 13c and d but for baseline 2B10.

The intercepts of Rayleigh-clear and Mie-cloudy winds are
smaller than those for the baseline 2B02. As with the baseline
2B02, no significant difference is found between the ascend-
ing and descending orbits. The biases of Rayleigh-clear and
Mie-cloudy winds are 0.45 and −0.71 m s−1, respectively.
Both Rayleigh-clear and Mie-cloudy winds generally meet
the mission requirements on systematic errors. These val-
ues are almost the same as the intercept of the linear regres-
sion line and are smaller than those for the baseline 2B02.
The scaled MAD of Rayleigh-clear winds is 3.97 m s−1 and
smaller than that for the baseline 2B02. On the other hand,
the scaled MAD of Mie-cloudy wind is 3.99 m s−1 and al-
most the same as that for the baseline 2B02.

Martin et al. (2021) estimated the radiosonde representa-
tiveness error σr_GPS-RS by considering spatial and tempo-
ral displacements and the different measurement geometries
of the radiosonde and the Aeolus observations. They deter-
mined that the radiosonde representativeness error σr_GPS-RS
is 2.48 m s−1 for the Rayleigh-clear winds, 2.49 m s−1 for the
Mie-cloudy winds with 90 km horizontal resolution (corre-
sponding to the baseline 2B02), and 2.66 m s−1 for the Mie-
cloudy winds with 10 km horizontal resolution (correspond-
ing to the baseline 2B10) based on the radiosonde and the
Aeolus observations. The Aeolus random error σAeolus con-
sidering the representativeness error σr_GPS-RS in addition to
the radiosonde observational error can be calculated as fol-
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lows:

σAeolus =

√
σ 2

val− σ
2
r_GPS-RS− σ

2
GPS-RS. (7)

σAeolus is determined using the Eq. (7) to be 4.01 m s−1

for Rayleigh-clear winds and 3.24 m s−1 for Mie-cloudy
winds during the baseline 2B02 period. During the base-
line 2B10 period, σAeolus is determined to be 3.02 m s−1

for Rayleigh-clear winds and 2.89 m s−1 for Mie-cloudy
winds. Martin et al. (2021) estimated σAeolus using the ra-
diosonde observations in the mid-latitudes of the Northern
Hemisphere (23.5 to 65◦ N), resulting in σAeolus of 4.23 to
4.37 m s−1 for Rayleigh-clear winds, 2.60 to 2.76 m s−1 for
Mie-cloudy winds with 90 km horizontal resolution, and 2.97
to 3.03 m s−1 for Mie-cloudy winds with 10 km horizon-
tal resolution. Given that estimates of the representativeness
error exhibit large uncertainties (Martin et al., 2021), the
Rayleigh-clear and Mie-cloudy wind random errors during
the baseline 2B02 period are consistent with the validation
results of Martin et al. (2021). During the baseline 2B10
period, the Mie-cloudy wind random error is also in good
agreement with the validation result of Martin et al. (2021),
whereas the Rayleigh-clear wind random error significantly
decreases. Both Rayleigh-clear and Mie-cloudy wind ran-
dom errors are close to the mission requirement of 2.5 m s−1

in the free troposphere.

6 Summary

We validated the Aeolus L2B data product for Rayleigh-clear
and Mie-cloudy winds using operational WPRs, ground-
based CDWLs, and GPS-RSs in Japan during the periods of
the baseline 2B02 (from 1 October to 18 December 2018)
and 2B10 (from 28 June to 31 December 2019 and from
20 April to 8 October 2020). Statistical analyses based on the
three independent reference instruments were performed to
validate the Rayleigh-clear and Mie-cloudy wind data. Over-
all, the systematic errors of the comparisons with the three
reference data sets showed consistent tendency. During the
baseline 2B02, both Rayleigh-clear and Mie-cloudy winds
exhibited positive systematic errors in the ranges of 0.5 to
1.7 and 1.6 to 2.4 m s−1, respectively. The statistical com-
parisons for the baseline 2B10 period showed smaller bi-
ases, −0.8 to 0.5 m s−1 for the Rayleigh-clear and −0.7 to
0.2 m s−1 for the Mie-cloudy winds. This suggests that the
derived systematic errors are due to Aeolus Rayleigh-clear
and Mie-cloudy wind systematic errors and not the reference
data sets. The reduced bias of the 2B10 period compared to
2B02 is most likely due to the M1 mirror bias correction and
the improvement of the hot-pixel correction.

In the comparisons of Aeolus and WPR measurements,
the vertical distribution of wind difference, the wind bias de-
pendence on orbit phases, the time series variation of wind
differences, and the Rayleigh-clear wind bias dependence

on the scattering ratio were investigated in addition to the
statistical analyses. For the baseline 2B02, the systematic
error was determined to be 1.69 m s−1 for Rayleigh-clear
winds and 2.42 m s−1 for Mie-cloudy winds. For the baseline
2B10, the systematic error was determined to be−0.82 m s−1

for Rayleigh-clear winds and −0.51 m s−1 for Mie-cloudy
winds. The systematic error for the baseline 2B10 was less
than that for the baseline 2B02. For the baseline 2B02,
σAeolus was determined to be 6.71 m s−1 for Rayleigh-clear
winds and 5.12 m s−1 for Mie-cloudy winds. For the baseline
2B10, σAeolus was determined to be 6.42 m s−1 for Rayleigh-
clear winds and 4.80 m s−1 for Mie-cloudy winds. The main
reason for the large Aeolus random errors is the lower laser
energy compared to the target of 80 mJ. Additionally, the
large representativeness error due to the large sampling vol-
ume of the WPR is probably related to the larger Aeolus ran-
dom error. The vertical distributions of differences between
Rayleigh-clear or Mie-cloudy winds and WPR winds showed
that both Rayleigh-clear and Mie-cloudy biases in all altitude
ranges up to 11 km were positive during the baseline 2B02
period. During the baseline 2B10 period, the systematic er-
rors of Rayleigh-clear and Mie-cloudy winds were improved
as compared with those during the baseline 2B02 period.
The time series of wind speed differences between Aeolus
and WPR HLOS winds varied considerably during baseline
2B02 period. Immediately after the launch of Aeolus, both
Rayleigh-clear and Mie-cloudy biases were small. With time,
the Rayleigh-clear and Mie-cloudy biases increased. Within
the baseline 2B02, the Rayleigh-clear and Mie-cloudy bi-
ases showed a positive trend. For the baseline 2B10, the bi-
ases of Rayleigh-clear HLOS winds were generally nega-
tive for all months except August 2020, but the biases did
not show a clear seasonal trend. The biases of Mie-cloudy
and WPR HLOS winds gradually fluctuated and did also not
show a clear seasonal trend. The Rayleigh-clear and Mie-
cloudy wind biases were close to 0 m s−1 towards September
2020. The dependence of the Rayleigh-clear wind bias on the
scattering ratio was investigated, showing that the influence
of the crosstalk of Mie signals to the Rayleigh channel was
not confirmed during the baseline 2B02 period. As with the
baseline 2B02, there was no significant bias dependence on
the scattering ratio during the baseline 2B10 period.

The statistical analyses based on the ground-based CD-
WLs at Kobe and Okinawa during the baseline 2B02 and
2B10 periods showed that the agreement between the Aeolus
winds and CDWL winds is generally good. For the baseline
2B02, the systematic error was determined to be 0.46 m s−1

(Rayleigh) and 1.63 m s−1 (Mie) at Kobe and 1.08 m s−1

(Rayleigh) and 2.38 m s−1 (Mie) at Okinawa. Except for the
Rayleigh-clear winds measured at Kobe, the systematic er-
ror did not achieve the mission requirement. σAeolus was de-
termined to be 4.49 m s−1 (Rayleigh) and 2.93 m s−1 (Mie)
at Kobe and 5.31 m s−1 (Rayleigh) and 3.19 m s−1 (Mie) at
Okinawa. The Aeolus random errors were larger than those
from the validation study using the airborne 2 µm CDWL
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(Witschas et al., 2020). The discrepancies were probably
caused by the smaller representativeness error due to the
spatial and temporal displacements between Aeolus and air-
borne CDWL measurements. For the baseline 2B10, the sys-
tematic error was determined to be −0.81 m s−1 (Rayleigh)
and 0.16 m s−1 (Mie) at Kobe and −0.48 m s−1 (Rayleigh)
and −0.26 m s−1 (Mie) at Okinawa. In contrast to the base-
line 2B02, the systematic error decreased except for the
Rayleigh-clear winds measured at Kobe. σAeolus was deter-
mined to be 4.81 m s−1 (Rayleigh) and 3.37 m s−1 (Mie) at
Kobe and 5.21 m s−1 (Rayleigh) and 3.30 m s−1 (Mie) at Ok-
inawa. In contrast to the comparisons of Aeolus and WPR
measurements, the Aeolus random errors were almost the
same as those for the baseline 2B02, and no improvement
of the Aeolus random error was evident.

With the analyses of results obtained from GPS-RSs
launched from NICT Okinawa, it was shown that Aeolus can
measure wind profiles accurately with a vertical range up to
25 km and capture the rapid changes in the wind speed pro-
files such as the subtropical jet stream. The statistical anal-
yses based on the GPS-RSs also revealed the good perfor-
mance of Aeolus during the baseline 2B02 and 2B10 periods.
For the baseline 2B02, the systematic error was determined
to be 1.00 m s−1 for Rayleigh-clear winds and 2.15 m s−1 for
Mie-cloudy winds. For the baseline 2B10, the systematic er-
ror was determined to be 0.45 m s−1 for Rayleigh-clear winds
and−0.71 m s−1 for Mie-cloudy winds. Both Rayleigh-clear
and Mie-cloudy winds generally met the mission require-
ments on systematic errors. By taking the radiosonde rep-
resentativeness error into account, σAeolus was determined to
be 4.01 m s−1 for Rayleigh-clear winds and 3.24 m s−1 for
the Mie-cloudy winds during the baseline 2B02 period. Dur-
ing the baseline 2B10 period, σAeolus was determined to be
3.02 m s−1 for Rayleigh-clear winds and 2.89 m s−1 for the
Mie-cloudy winds. The random errors of the Rayleigh-clear
and Mie-cloudy winds during the baseline 2B02 period were
in line with the other validation results. During the base-
line 2B10 period, the Aeolus random errors of the Rayleigh-
clear and Mie-cloudy winds were improved as compared
with those during the baseline 2B02 period.

To summarize, our validation results obtained from the
comparison with the WPRs, CDWLs, and GPS-RSs revealed
the quality of the Aeolus Rayleigh-clear and Mie-cloudy
HLOS winds over Japan. The systematic errors for the base-
line 2B10 were not greater than 1 m s−1 and improved as
compared with those for the baseline 2B02. The results con-
firm the necessity to validate the quality of the Aeolus HLOS
winds and help to use the Aeolus wind products in NWP data
assimilation. Now, we continue to conduct the validation of
the Aeolus HLOS winds using measurements from WPRs
and CDWLs. As with this study, the validation activities will
provide new insights into the quality of the Aeolus HLOS
winds over Japan.
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