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Abstract
Global wind profiles provided by the satellite mission Aeolus are an important
recent supplement to the Global Observing System. This study investigates the
impact of Aeolus horizontal line-of-sight wind observations in the operational
global assimilation and forecasting system of Deutscher Wetterdienst that is
based on the Icosahedral Nonhydrostatic (ICON) model. For this purpose, an
observing system experiment was conducted and evaluated for a 3-month period
from July 2020 to October 2020. The Aeolus Rayleigh clear and Mie cloudy data
quality and consistency were derived from observation minus background statis-
tics. To correct for an altitude-dependent bias, a model-based bias correction
scheme has been implemented. Comparisons of the systematic changes in the
analysis and the respective forecasts provide an overview of the overall impact of
the Aeolus horizontal line-of-sight wind assimilation in ICON. Increased influ-
ence of Aeolus wind profiles is found in jet regimes (e.g., amplification of the
zonal wind component), around large-scale circulation systems, and convec-
tively active areas in the Tropics. The reduction in forecast error is largest in the
tropical upper troposphere and stratosphere, as well as in the mid and upper
troposphere of the Southern Hemisphere. The Northern Hemisphere shows a
somewhat smaller but still beneficial impact of Aeolus observations. The verifi-
cation with other conventional observations shows a mean relative reduction in
short-range forecast error between 0.1% and 0.6% in the Northern Hemisphere
and up to 1.6% in the Tropics and the Southern Hemisphere. When verifying
against the European Centre for Medium-Range Weather Forecast Reanalysis
v5, forecast errors of zonal wind, temperature, and geopotential up to 5 days lead
time are reduced by 2–4% on global average and up to 5–8% around the tropical
tropopause.
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1 INTRODUCTION

Knowledge of the three-dimensional (3D) global wind
field is fundamental for describing the physical state of
the atmosphere. Winds occur on a wide range of tem-
poral and spatial scales, associated with weather sys-
tems, storms, or fronts that are of great importance for
meteorological forecasting (Goody and Walker, 1972). To
advance the understanding of dynamic wind systems and
improve the quality of operational weather forecasts at
all scales and latitudes, the highest priority is given to
observing wind profiles at the global scale (WMO, 1996).
The current Global Observing System (GOS) is heavily
biased towards mass observations, mainly provided by
passive satellite instruments (Baker et al., 2014). Informa-
tion about the wind field can only be derived indirectly
from these observations using the geostrophic approxi-
mation. However, this approximation is particularly lim-
ited at all scales in the Tropics, and at the mesoscale in
the extratropics. Direct measurements of wind profiles
from radiosondes, wind profilers, or commercial aircraft
ascents and descents are relatively accurate but mainly
concentrated on the continents of the Northern Hemi-
sphere. Only few wind profiles are available over the
oceans and on the Southern Hemisphere. Nearly glob-
ally distributed single-level winds can be derived from
tracking cloud and water vapor structures in consecutive
satellite images (atmospheric motion vectors [AMVs]), but
they exhibit significant systematic and correlated errors
due to uncertainties in their height assignment (Bormann
et al., 2003; Folger and Weissmann, 2014). The European
Space Agency’s (ESA’s) Doppler wind lidar (DWL) satel-
lite mission Aeolus, launched in August 2018, provides
a novel dataset of wind profiles with quasi-global cover-
age that are an important recent supplement to the GOS.
The atmospheric laser Doppler instrument (ALADIN)
onboard the Aeolus satellite is the first DWL in space and
should pave the way for future operational meteorologi-
cal satellites dedicated to observing the atmospheric wind
fields (ESA, 2008). Several theoretical and campaign-based
studies investigated the potential impact of spaceborne
DWL observations for NWP (e.g., Horányi et al. (2015a);
Horányi et al. (2015b); Marseille et al. (2008b); Pu
et al. (2010); Stoffelen et al. (2006); Tan et al. (2007); Tan
and Andersson (2005); Weissmann et al. (2012); Weiss-
mann and Cardinali (2007); Žagar (2004); Zhang and
Pu (2010)), which showed that improvements are par-
ticularly expected in the initial atmospheric state in the
Tropics and the Southern Hemisphere, in the forecast
quality of the upper tropospheric and the lower strato-
spheric flow, and for short-range forecasts of severe
weather situations and medium-range forecasts for the
extratropical region.

The Aeolus satellite flies approximately 320 km above
the Earth’s surface in a polar sun-synchronous orbit and
is tilted 35◦ towards the night side of the Earth. Within
a repeat cycle of 7 days, which corresponds to 111 orbits,
the satellite covers nearly the whole globe. The Aeolus
direct detection wind lidar ALADIN, which operates in
the ultraviolet spectral region (354.8 nm), probes the low-
ermost 17–25 km of the atmosphere by measuring the
backscattered signals from both molecules (Rayleigh chan-
nel) and particles (Mie channel). This complementarity
allows for broad vertical and horizontal data coverage of
the line-of-sight winds (ESA, 2008; Reitebuch, 2012).

A crucial prerequisite to assimilate these novel mete-
orological observations in NWP data assimilation sys-
tems is a good knowledge of their statistical errors and
the mitigation of systematic observation errors (Martin
et al., 2021). For this purpose, Aeolus level-2B (L2B) winds
have been validated through extensive comparisons with
reference datasets, such as ground-based radar wind pro-
filers (Geiß et al., 2020; Belova et al., 2021), ground-based
lidars (Baars et al., 2020; Khaykin et al., 2020), radioson-
des (Baars et al., 2020; Martin et al., 2021; Liu et al., 2022),
and NWP model equivalents (Martin et al., 2021; Rennie
et al., 2021). Further, airborne validation campaigns were
performed, deploying the ALADIN Airborne Demonstra-
tor and a 2𝜇m DWL as reference (Lux et al., 2020; Witschas
et al., 2020). The results of these studies provided the
basis for an improved processing of the observations that
reduces systematic errors and bias-correction schemes
that can be applied during the assimilation.

In the year 2020, the European Centre for
Medium-Range Weather Forecasts (ECMWF), the
Deutscher Wetterdienst (DWD), Météo-France, and the
UK’s Meteorological Office started to assimilate Aeolus
horizontal line-of-sight (HLOS) winds operationally. Sev-
eral observing system experiment (OSE) studies have
been conducted to investigate the impact of Aeolus
in various NWP models. Garrett et al. (2022); Laroche
and St-James (2022); Pourret et al. (2022), and Rennie
et al. (2021) showed statistically significant improvements
in short-range forecasts verified with other operational
observing systems. Laroche and St-James (2022) found
an enhanced forecast impact of HLOS winds in the Envi-
ronment and Climate Change Canada (ECCC) global
forecast system when AMVs are not assimilated. Overall,
largest forecast improvements are documented for the 2-
to 3-day forecasts for wind and temperature in the trop-
ical upper troposphere and lower stratosphere and the
Southern Hemisphere. In these regions, ECMWF (Ren-
nie et al., 2021) and Météo-France (Pourret et al., 2022)
reported a ∼2% reduction in root-mean-square forecast
error verified against operational analyses. A reduc-
tion of up to 4% was found at the National Oceanic
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and Atmospheric Administration (NOAA) (Garrett
et al., 2022). Further improvements were demonstrated
in polar regions (Rennie et al., 2021; Laroche and
St-James, 2022), with less pronounced improvements in
the midlatitudes of the Northern Hemisphere.

The impact of a specific observational dataset depends
on factors such as the NWP model, data assimilation
method, and experimental set-up. To comprehensively
assess the usefulness of the Aeolus data and future-based
DWL observations, it is therefore important to evaluate
the impact with different NWP systems. In this study,
we performed an OSE for 3 months, from July 2020 to
October 2020, to investigate the impact of Aeolus in
the global Icosahedral Nonhydrostatic model (ICON) of
the DWD. So far, the already published impact studies
have used a model resolution coarser than 20 km and
four-dimensional variational assimilation techniques. The
two experiments of the OSE at DWD (one with and
one without Aeolus) were conducted at the full opera-
tional model resolution (horizontal grid-spacing of 13 km),
applying the 3D hybrid variational ensemble Kalman filter
(VarEnKF) scheme (Rhodin, 2015) with separate ensem-
bles for the two experiments. They are based on the general
operational settings, and all observation systems of the
operational global NWP system of the DWD are assimi-
lated.

The remainder of the study is structured as follows:
Section 2 describes the Aeolus HLOS wind observations,
the DWD assimilation system, the experiments conducted,
and verification methods. Section 3 analyzes the data qual-
ity consistency of the assimilated Rayleigh and Mie HLOS
winds using NWP model equivalents. Section 4 provides
a statistical assessment of the impact of Aeolus on anal-
yses and forecasts. The forecast verification is conducted
using a selection of conventional observation types assim-
ilated in the DWD system as well as the independent
ECMWF Reanalysis v5 (ERA5) that did not assimilate Aeo-
lus. Finally, Section 5 summarizes the main conclusions of
the study.

2 DATA AND METHODS

2.1 The Aeolus L2B data

A comprehensive overview of all Aeolus data products and
scientific data processing is provided in the ADM-Aeolus
Science Report (ESA, 2008). The Aeolus L2B wind prod-
uct, suitable for assimilation in NWP, contains the pro-
files of the HLOS wind observations of the Rayleigh and
Mie channels. Since the ALADIN instrument points per-
pendicular to the relative velocity between the satellite
and the Earth, the HLOS measurements outside the polar

regions correspond mainly to the zonal wind component,
whereas the information about the meridional wind com-
ponent dominates near the poles. A detailed description
of the algorithms developed for the wind profile retrievals
is provided by Tan et al. (2008). As a key step, the algo-
rithms account for temperature and pressure broaden-
ing effects in the molecular backscatter signal by using
NWP estimates of atmospheric temperature and pressure
from a short-range forecast (Rayleigh–Brillouin correc-
tion) (Dabas et al., 2008). Each measurement is derived
from 20 accumulated laser pulse returns, corresponding
to a horizontal resolution of about 2.9 km (Reitebuch
et al., 2020). In order to achieve a sufficient signal-to-noise
ratio and to create representative averages within an
observation, the measurements are grouped according to
a scene-classification procedure (Tan et al., 2008). The
horizontal resolution of the resulting HLOS wind obser-
vations is typically about 90 km for the Rayleigh chan-
nel and 10 km for the Mie channel. The measurements
within an observation are classified into an observation
type, clear or cloudy, using measurement-scale optical
properties; for example, the estimated particle scattering
ratio or cloud information from the Mie channel (L1B
Mie signal-to-noise ratio). Owing to the dual-channel
receiver and the classification performed, four HLOS
wind observation products are available: Rayleigh-clear,
Rayleigh-cloudy, Mie-clear, and Mie-cloudy. In addition,
the L2B processor provides several output data, such as
an observation error estimate and quality flags for the
wind observations that are useful for data assimilation
systems. The accuracy of the Aeolus wind observations
depends mainly on the intensity of the backscattered laser
signal. In the Rayleigh channel, the concentration of atmo-
spheric molecules and the presence of overlying clouds
and aerosols determine the backscattering. In clear-sky
conditions, the Rayleigh wind coverage reaches up to
about 30 km from the surface. The Mie channel analyzes
the particle backscatter signal from clouds and aerosols. It
is strongest within optically thin clouds and on top of opti-
cally thick clouds. Weaker Mie signals come from the plan-
etary boundary layer and from aerosol layers in clear-sky
conditions. Within and below optically thick clouds, the
laser signal is totally attenuated. The Aeolus HLOS wind
observations are accumulated in 24 vertical bins, varying
from 0.25 km near the surface to 2 km in the highest bins.
The range bin settings along the orbit can be adjusted in
order to achieve the best NWP impact or for the investi-
gation of specific atmospheric phenomena; for example,
atmospheric waves (Rennie et al., 2021).

During the mission, the laser instrument performance,
and thus the data quality, varied considerably. Further,
the Aeolus processing algorithms have evolved and were
refined since the satellite launch in 2018. The essential
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changes in the Aeolus L2B dataset for near-real-time oper-
ational processing during the mission up to April 2020 are
described in Rennie and Isaksen (2020). The Aeolus data
used in this study are within the processor baseline 2B10
period. The main improvement in 2B10 with respect to
the original processor baseline is a near-real-time correc-
tion of the HLOS wind bias in the L2B product using a
linear correlation between O − B (observation minus back-
ground) statistics from ECMWF and temperatures from
the telescope primary mirror M1. More details about the
M1-mirror-temperature-dependent bias correction can be
found in Rennie et al. (2021) and Weiler et al. (2021). Ren-
nie et al. (2021) also showed improvements in NWP impact
at ECMWF due to the optimized processor baseline. How-
ever, small residual biases may still occur at the regional
level.

2.2 Model and experimental design

The global NWP model ICON at DWD is based on
the non-hydrostatic system of equations in the global
domain (Zängl et al., 2015). In the current operational
version, the atmosphere is resolved by an icosahedral
grid of approximately 13 km horizontal mesh size and 90
terrain-following model levels extending from the surface
to a height of 75 km. The core module of the global data
assimilation system is a VarEnKF, which consists of a local
ensemble transform Kalman filter (LETKF) and a 3D vari-
ational (3DVar) data assimilation system (Rhodin, 2015).
The VarEnKF combines the localized ensemble back-
ground error covariance matrix from the LETKF Pb

EnKF
with the static 3DVar covariance matrix Pb

static used for-
merly in the 3DVar:

Pb = 𝛼Pb
EnKF + 𝛽Pb

static, 𝛼 + 𝛽 = 1. (1)

In the DWD hybrid data assimilation system, the weights
are 𝛼 = 0.7 and 𝛽 = 0.3. This combination consistently
considers temporal background error covariances with the
model dynamics, generating a stable analysis state that
incorporates more information from the observations than
the pure 3DVar could (Reinert et al., 2023). The LETKF is
based on a 40-member ensemble with a lower resolution
of 40 km and a horizontal localization radius of 300 km.
The assimilation is carried out with a 3 hr cycling (0000,
0300, … , 1800, 2100 UTC). A 3-hr short-term forecast
serves as background field that is adjusted using all obser-
vations within±1.5 hr around the corresponding time step
to generate the analysis field from which the next forecast
is initialized.

The zonal and meridional components of the model
background winds u and v are transformed to the Aeolus

T A B L E 1 The assigned observation error 𝜎(𝜖O−ass) in the
observing system experiment for specific pressure levels.

Level (hPa) 𝝈(𝝐O−ass) (m⋅s−1)

1,000 5.50

850 5.00

700 4.50

500 4.50

400 4.75

300 5.00

250 5.00

200 5.25

150 5.25

100 5.50

70 6.00

50 6.50

30 7.00

20 7.50

10 8.00

HLOS wind equivalent using the following observation
operator:

HLOS = −u sin𝜙 − v cos𝜙, (2)

where 𝜙 is the satellite azimuth angle that represents the
laser’s line-of-sight projected onto the horizontal plane,
being typically ∼260◦ for ascending orbits and ∼100◦ for
descending orbits. Vertical averaging is not included in the
observation operator. The model background winds u and
v are interpolated to the Aeolus observation geolocation
point (latitude, longitude, and height). Thus, the HLOS
winds are assumed to be point observations with neglected
vertical velocity. This is a reasonable approach, as the effec-
tive resolution of the global ICON model is between 80
and 100 km in the horizontal and between a few hun-
dred meters (lower troposphere) up to 2 km (stratosphere)
in the vertical, which is similar to the averaging length
scale of Rayleigh HLOS winds but slightly larger than the
averaging length of Mie winds. The assigned observation
error 𝜎(𝜖O−ass)was derived based on the Desroziers method
(Desroziers et al., 2005) and is used in a table-driven format
for specific pressure levels (Table 1). Between these levels
it is interpolated.

In the OSE, two continuous assimilation cycles were
performed based on the operational version of the ICON
model at its full resolution: a “control” run without the
Aeolus but with all other operationally used observation
types assimilated (CTRL), and an experiment with the
Rayleigh and Mie HLOS wind observations assimilated
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in addition to all other observation types (EXP_A). Both
assimilation experiments were conducted with a corre-
sponding cycled LETKF ensemble run. Within the 3-hr
assimilation window, more than 600,000 observations are
operationally assimilated at DWD, the majority being
radiances (∼64% of the total observations). Winds from
scatterometers, satellite imagery, and Global Navigation
Satellite System (GNSS) signals together constitute about
18%. Conventional observations from aircraft reports,
radiosondes, surface stations, buoys, pilot, and wind pro-
filers represent ∼7% of the total number of observations.
For EXP_A, only Rayleigh-clear or Mie-cloudy winds with
a valid confidence flag were used as they are the high-
est quality L2B wind products (from now on, referred to
as Rayleigh and Mie). The proportion of assimilated wind
profiles from the spaceborne lidar of the Aeolus mission
in EXP_A is about 2%. Low-level Rayleigh winds with a
range-bin thickness of 0.25 km were rejected due to noise
and atmospheric attenuation in the boundary layer. Fur-
thermore, specific thresholds of the L2B processor esti-
mated error were chosen to find a compromise between
the quality of the dataset and the number of observa-
tions that pass the quality control. Therefore, Rayleigh
winds with an estimated error greater than 8 m⋅s−1 and
Mie winds with an estimated error greater than 6 m⋅s−1

were excluded. A bias correction was applied to the
Rayleigh and Mie wind observations to remove a sys-
tematic height-dependent error (see Section 3) and thus
optimize the assimilation performance. The bias correc-
tion is a function of latitude and height, with the latter
divided into specific levels: surface–850 hPa, 850–500 hPa,
500–200 hPa, 200–70 hPa, 70–5 hPa. The correcting func-
tion is based on the previous 7 days and applied to
the Rayleigh HLOS winds separately for ascending and
descending orbits. The choice of bias correction gener-
ally differs between the Aeolus OSEs performed at differ-
ent NWP centers. At ECMWF (Rennie et al., 2020) and
ECCC (Laroche and St-James, 2022), no bias correction
was applied in addition to the operationally implemented
M1-mirror-temperature-dependent bias correction. Pour-
ret et al. (2022) used a correction method for the Rayleigh
clear winds developed at Météo-France, which is based
on a temporal and spatial statistical comparison between
good-quality Rayleigh cloudy and Mie cloudy data. At
NOAA (Garrett et al., 2022), a total least-squares regres-
sion analysis of the discrepancies between Aeolus and the
model’s background winds was used to correct for the bias.
Similar to this study, it is based on the winds of the previous
7 days and depends on latitude, altitude, and orbit phase.
The bias correction approach applied within the OSE of
this study is mainly based on a previous study of Aeolus
bias correction approaches (Martin et al., 2021).

2.2.1 Verification data and method

To assess the impact of the Aeolus observations, analysis
fields and forecast errors of the CTRL and EXP_A exper-
iment are compared. A forecast error is the difference
between the forecast and the true atmospheric state. Typi-
cally, either NWP analyses at the time the forecast is valid
or a statistically significant sample of observational data
of other observation types are used to represent a reliable
proxy for the “truth”. However, it should be noted that
these proxies contain their own errors depending on the
choice of the verification data. For example, the error of
short-range forecasts up to 36 hr is likely correlated with
that of the analysis leading to potential systematic errors
in such a verification, especially if the same modeling
system is used (Geer et al., 2010). In this study, we veri-
fied short-term forecasts up to 36 hr against measurements
from a selection of other observation types (radiosondes,
aircraft, GNSS radio occultations [GNSS-ROs], and AMVs)
by comparing the root-mean-squared error (RMSE) of O −
B values. These observations are, to a large extent, indepen-
dent of the evaluated forecasts. In the case of biases, how-
ever, the verification results may be influenced by them.
For the verification of longer forecast lead times, ERA5
data are used as independent analyses. ERA5 is produced
using the four-dimensional variational data assimilation
and model forecasts of the ECMWF Integrated Forecasting
System (IFS) with a horizontal resolution of 31 km. Besides
the different model and resolution, ERA5 also assimilates a
different set of observations compared with the ICON sys-
tem; for example, a larger number of satellite observations.
Furthermore, ERA5 is entirely independent of Aeolus, as
those data were not assimilated therein.

The forecast error of an experiment X is calculated as

eX
i = forecastX

i − truthY
i . (3)

For this study, X is either the CTRL or the EXP_A run,
Y is the verification data representing the “truth” (obser-
vation or ERA5 data), and i is the time step when the
forecast and analysis are valid. The RMSE of the experi-
ment X determines how strongly the forecast deviates from
the verification data:

RMSE(eX ) =
√
(eX

i )2. (4)

Depending on the quantity of interest, the mean – denoted
by the overbar in Equation (4) – is either calculated over
time, pressure level, latitude or longitude, or over several
dimensions. The normalized differences in RMSE between
EXP_A and CTRL then provide the improvement/degra-
dation in forecast quality due to the Aeolus observations
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by negative/positive values respectively:

ediff =
RMSE(eEXP_A) − RMSE(eCTRL)

RMSE(eCTRL)
. (5)

3 DATA QUALITY AND
CONSISTENCY OF THE AEOLUS
HLOS WINDS

3.1 Systematic observation errors

To evaluate the error characteristics of the Aeolus data
in the OSE time period, first, the HLOS wind observa-
tions O are compared with the short-range forecast model
equivalent HLOS winds B. Averaged over large spatial and
time scales, the model bias is generally small compared
with that of the Aeolus observations, so that the sys-
tematic observation errors can be estimated by the mean
O − B departures (innovations). Figure 1 shows the mean
O − B departures on a global scale as a function of alti-
tude for both Rayleigh and Mie HLOS winds for the
period July 1, 2020, to September 30, 2020, for ascend-
ing and descending orbits. Despite the operational tele-
scope M1-mirror-temperature dependent bias correction
(Section 2.1), which leads to a large improvement in the
HLOS wind data quality (Rennie et al., 2021), a remaining
bias with negative values in the troposphere and positive

values around the tropopause and in the lower strato-
sphere is apparent for the Rayleigh wind observations
(Figure 1a,b). The height dependency is assumed to be
related to the atmospheric background temperature used
for the Rayleigh–Brillouin correction (Šavli et al., 2021).
The investigation of this effect is, however, still ongoing. In
total, the magnitude of the mean O − B departure is small
(< ±1 m⋅s−1), indicating that the M1-mirror-temperature
dependent bias correction performs reasonably well. To
further optimize the Aeolus HLOS winds for their assim-
ilation in the ICON model, an additional model-based
bias correction was applied for the OSE (Section 2.2).
For levels below 500 hPa and above 200 hPa, this bias
correction reduces the differences between Aeolus winds
and NWP model background winds to almost zero, thus
eliminating the height dependency of the bias. On aver-
age, the residual absolute systematic deviations are about
0.2 m⋅s−1; that is, half as large as without the model-based
bias correction. The Mie bias is not as much related to
the atmospheric background temperature and is therefore
not as sensitive to temperature variations with altitude.
After the M1-mirror-temperature-dependent bias correc-
tion, the additional model-based bias correction did not
improve the Mie HLOS winds further. Whereas the Aeolus
Rayleigh wind bias does not differ significantly between
ascending and descending orbits, the Aeolus Mie bias
(Figure 1c) exhibits a dependence on the orbit phase. A
similar pattern has been seen in the weekly monitoring

F I G U R E 1 Mean observation O minus background B departures (bias) as a function of pressure (hPa) of the Aeolus horizontal
line-of-sight (HLOS) Rayleigh winds for (a) ascending and (b) descending orbits for July 1, 2020, to September 30, 2020 – without bias
correction (purple dashed line) and with bias correction (orange solid line) – and (c) for the Aeolus HLOS Mie winds separately for ascending
(cyan) and descending (blue) orbits. [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 2 Random error estimates of the Aeolus horizontal line-of-sight (a) Rayleigh and (b) Mie winds as a function of pressure (hPa)
for July 1, 2020, to September 30, 2020, including the background error 𝜎(𝜖b) (green), the level-2B (L2B) estimated observation error 𝜎(𝜖O−L2B)
(purple), the assigned observation error 𝜎(𝜖O−ass) (black), the standard deviation of the observation O minus background B departures 𝜎(O − B)
(orange), and the random error estimate when combining 𝜎(𝜖O−ass) and 𝜎(𝜖b) (red). [Colour figure can be viewed at wileyonlinelibrary.com]

routine at ECMWF (ECMWF, 2023), suggesting that these
systematic errors are Aeolus and not model biases. Accord-
ing to Marseille et al. (2022), the systematic Mie errors are
due to imperfections of the data in the absolute instru-
ment calibration tables, which serve as input for the
on-ground wind-processing algorithms. An updated cali-
bration table for the Mie channel based on NWP model
winds that reduces the bias and has become part of the
operational processing chain since July 1, 2021. However,
the processor baseline used for the OSE is an older ver-
sion, and the magnitude of the bias of the assimilated
Mie winds is between −0.8 and +1.2 m⋅s−1 for descend-
ing orbits and between −0.5 and +0.7 m⋅s−1 for ascending
orbits. The absolute systematic error of Mie winds is about
0.2 m⋅s−1 for ascending orbits and 0.3 m⋅s−1 for descending
orbits.

3.2 Random observation error
estimates

Figure 2 displays the random error estimates as a function
of altitude, including the observation error provided by
the L2B processor 𝜎(𝜖O−L2B), the observation error assigned

in the assimilation 𝜎(𝜖O−ass) (Section 2.2), and the stan-
dard deviation of the O − B departures 𝜎(O − B). The latter
consists of the random error estimate of the Aeolus winds
𝜎(𝜖O) and the background error 𝜎(𝜖b):

𝜎(O − B) ≈
√
𝜎(𝜖O)2 + 𝜎(𝜖b)2. (6)

Together with the assigned observation error, the back-
ground error determines how closely the analysis field is
drawn to the Aeolus observations compared with the back-
ground. Low assigned observation errors and large model
errors allow Aeolus wind observations to have a more
significant impact. Overall, the Aeolus random errors
are relatively large and beyond the mission requirements
(ESA, 2016). In the OSE, the assigned observation error
is the same for both Rayleigh and Mie observations and
generally increases with altitude. The background error
is largest at around 150 hPa for Mie wind model equiva-
lents and around 300 hPa for Rayleigh wind model equiv-
alents. The assigned observation error is generally larger
than the observation error estimated by the L2B proces-
sor, which does not include the uncertainties due to rep-
resentativeness. These differences are more pronounced
for Mie winds than for Rayleigh winds. However, the
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increase of 𝜎(𝜖O−ass), 𝜎(𝜖O−L2B), and 𝜎(O − B) with height
agree relatively well, indicating a higher precision of Aeo-
lus observations in the midtroposphere compared with
upper levels. Both the Rayleigh estimated L2B error and
the standard deviation of O − B departures appear to be
increased at pressure levels between 300 and 400 hPa (the
large values near the surface are due to the small sam-
ple size in the bottom bin). In summer 2020, the general
tropical range-bin setting in the Tropics ±30◦ latitude
and the range-bin setting in the extratropics >30◦ N and
between −30◦ and −60◦ S was adjusted by increasing the
vertical sampling around the jet stream between 5 and
10 km. Improvements from the optimized range-bin set-
ting are mainly expected from the higher number of Mie
observations, since clouds usually generate high levels
of noise at these altitudes. Since the random errors of
the Rayleigh winds depend on the atmospheric path sig-
nal and are therefore affected by the signal accumulation
(vertical and horizontal), the increased values between
300 and 400 hPa are probably related to these smaller
range bins.

For a consistency check on how well the assigned
observation error represents 𝜎(𝜖O) in the assimilation sys-
tem, it is combined with the background error as follows:

𝜎consistency−check =
√
𝜎(𝜖O−ass)2 + 𝜎(𝜖b)2. (7)

Ideally, this corresponds to the standard deviation of
the O − B departures. The profiles of 𝜎(O − B) and
𝜎consistency−check match quite well for Rayleigh winds, except
for small discrepancies in the discussed levels with
increased vertical resolution and above the tropopause,
where either the assigned observation error or the ensem-
ble spread is too small. The Mie winds show deviations
of about 1 m⋅s−1, indicating that slightly too low a weight
is assigned to them. Usually, the Mie observations tend to
be more precise than Rayleigh observations because the
backscatter signal from clouds is about an order of mag-
nitude larger than during clear-sky conditions, and Mie
observations are not affected by Doppler broadening due to
Brownian motion. A variational quality control (VarQC),
as included in the DWD assimilation system, can partly
compensate for inconsistencies of the assigned observation
error. VarQC operates during the iterative minimization
as part of the solution of the variational problem and
reduces the weight of observations with large deviations
compared with the statistical expectation. It is more active
for observations with low assigned errors and less active
in the case of large assigned errors. Therefore, the result-
ing VarQC weight of Rayleigh winds was smaller than
that of Mie winds (not shown). Overall, the data quality
and monitoring statistics are fairly constant throughout

the OSE period, which is why time series are not
displayed here.

4 ASSESSMENT OF NWP IMPACT
OF AEOLUS HLOS WINDS

4.1 Systematic changes in the analysis

Figure 3 shows the systematic changes in the analysis
of the zonal wind component due to the assimilation of
Aeolus observations (EXP−A − CTRL) for 100, 250, and
600 hPa. Positive values indicate that Aeolus observations
tend to make the zonal wind component more west-
erly. Negative values indicate a strengthening of easterly
flow. Additionally, the absolute mean analysis differences
between the CTRL run of the OSE and ERA5 are shown,
providing a qualitative estimate of the structure of sys-
tematic analysis uncertainties. Altogether, the most pro-
nounced systematic influence of the Aeolus observations
occurs around key atmospheric circulation systems, strong
large-scale wind regimes, and convectively active areas in
the Tropics, where uncertainties in the analysis are sys-
tematically larger, and the background forecast does not
represent the associated atmospheric phenomena well.

In the midtroposphere, the trend of making the zonal
wind more westward is strongest around the Indian Ocean
and slightly less above the West Pacific and the East Pacific
Ocean south of the Equator. West winds are accelerated
in the equatorial East Pacific. The strengthening of east-
erlies around the west coast of Africa is probably related
to the mid-level African easterly jet, which was found
to be strongly influenced by the Aeolus HLOS winds,
especially the northern part (Borne et al., 2022). Uncer-
tainties in the Indian Ocean are likely to be associated
with the synoptic-scale monsoon circulation system in
the lower troposphere, which typically lasts from June to
September.

At 250 hPa, the Aeolus observations largely influence
the zonal wind field in the East Pacific, where systematic
analysis uncertainties are also increased. Changes in the
analysis due to the assimilation of HLOS winds occur as
strengthening of easterlies. These changes in the upper
level are presumably related to modifications in the zonal
Walker circulation, which in turn is connected to the
state of El Niño–Southern Oscillation (ENSO). The state of
ENSO switched during the OSE period, so we assume that
associated changes in the convective pattern at the coast
of South America and Indonesia are the dynamical source
of the strong influence. Furthermore, enhanced influence
of Aeolus observations in the upper troposphere is found
in the mid-Atlantic Ocean and the polar regions, but with
fluctuations in sign of the mean differences.
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2970 MARTIN et al.

F I G U R E 3 Mean analysis difference (EXP−A − CTRL) of (a, c, e) the zonal wind component U and (b, d, f) absolute mean difference
of the zonal wind component between the CTRL analysis and the European Centre for Medium-Range Weather Forecasts Reanalysis v5
(ERA5) at (a, b) 100 hPa, (c, d) 250 hPa, and (e, f) 600 hPa for July 1, 2020, to September 30, 2020. Note different color scales for 100 hPa
compared with 250 and 600 hPa. [Colour figure can be viewed at wileyonlinelibrary.com]

At the level of the tropical tropopause, the mean zonal
wind analysis is particularly modified around the Equa-
tor (note that the color scale is different from the lower
levels; Figure 3c,e). There, the strengthening of westerlies
dominates. Only at the edge of the Tropics and above the
Indian Ocean are easterly winds accelerated when includ-
ing the Aeolus observations. The analysis changes in the
surrounding of the Indian Ocean probably represent an
amplification of the upper level tropical easterly jet that
develops in the upper atmosphere during the Asian mon-
soon. Compared with the ERA5, the tropical easterly jet
region is characterized by large systematic analysis uncer-
tainties. Besides the Tropics, an influence of the Aeolus
observations is again visible in the Southern Hemisphere’s
polar region.

Since the pattern of changes in the mean zonal wind
analysis due to Aeolus is quite constant with time in
the troposphere, we concentrated on the mean over

the whole OSE period. The picture looks different at
the stratospheric levels. Figure 4 shows the same as
Figure 3a,c,e, but separately for (a) July to mid-August
and (b) mid-August to September at 50 hPa. Between 70
and 10 hPa, typically, the quasi-biennial oscillation (QBO)
of the equatorial zonal wind between easterlies and west-
erlies takes place by downward propagation of the suc-
cessive wind regime with a period of 22–34 months. In
winter 2019–2020, the QBO phase change from west-
erly to easterly winds was disrupted, and an eastward
zonal-mean jet subsequently emerged above the shallow
westward layer (Anstey et al., 2021). In 2020 the nor-
mal QBO cycling manifested again as a westerly jet. The
OSE period covers the alternation between 50 and 30 hPa,
where the QBO westerly phase evolved mid-August. In
the time before the emergence of the westerly jet at
50 hPa (Figure 4a), the Aeolus observations tend to accel-
erate the easterlies around the Equator. However, the
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MARTIN et al. 2971

F I G U R E 4 Mean analysis difference (EXP−A − CTRL) of the zonal wind component U at 50 hPa for (a) July 1, 2020, to August 15,
2020, and (b) August 15, 2020, to September 30, 2020. [Colour figure can be viewed at wileyonlinelibrary.com]

, ,

, ,

F I G U R E 5 The relative mean differences in root-mean-squared error (%) between the EXP_A and the CTRL run along the forecast
ranges between 3 and 36 hr as functions of altitude for July 1, 2020, to September 30, 2020, verified against (a) radiosonde (TEMP) and (b)
aircraft report (AIREP) for the zonal U and meridional V wind components and the temperature T, against (c) atmospheric motion vector
(AMV) for U and V and against (d) Global Navigation Satellite System radio occultation (GNSS-RO) observations for the bending angle (BA),
separately for the Tropics, the Northern Hemisphere (NH), and Southern Hemisphere (SH). Filled circles indicate significant differences
(95% confidence range, Student’s t-test), empty circles indicate non-significant differences. The gray lines in the subplots alongside present
the number of observations. [Colour figure can be viewed at wileyonlinelibrary.com]

magnitude of the influence is much weaker than in the
second half of the OSE period, during the QBO west-
erly phase (Figure 4b). Those equatorial west winds
are strengthened to a large extent by the Aeolus obser-
vation. The ability of Aeolus to measure this reversal
is investigated in more detail elsewhere (Martin et al.,
2023).

4.2 Short-range forecast impact:
Observation-based verification

The impact of the Aeolus HLOS winds on the quality of
short-range forecasts up to 36 hr is verified by the fit to
observations from radiosondes (TEMP), aircraft (AIREP),
GNSS-ROs, and AMVs. The relative mean differences in
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2972 MARTIN et al.

T A B L E 2 Averaged values of differences in
root-mean-squared error (%) between the EXP_A and the CTRL
run along the forecast ranges between 3 and 36 hr for July 1, 2020,
to September 30, 2020, from Figure 5.

Variable
Northern
Hemisphere Tropics

Southern
Hemisphere

TEMP U −0.30 −1.20 −1.05

V −0.25 −0.70 −1.21

T −0.25 −0.69 −1.12

AIREP U −0.14 −1.07 −0.48

V −0.08 −1.57 −1.59

T −0.15 −0.99 −0.54

AMV U −0.46 −0.51 −0.70

V −0.12 −0.51 −0.75

GNSS-RO BA −0.59 −0.77 −1.36

Abbreviations: AIREP, aircraft report; AMV, atmospheric motion vector;
BA, bending angle; GNSS-RO, global navigation satellite system radio
occultation; T, temperature; TEMP, radiosonde; U, zonal wind component;
V , meridional wind component.

RMSE of O − B values between EXP_A and the CTRL
run as functions of altitude are shown in Figure 5, sepa-
rately for the Tropics, the Northern Hemisphere, and the
Southern Hemisphere. The size of each compared sam-
ple is presented by the gray line in the subplots alongside.
Additionally, the average values of the changes in forecast
error are listed in Table 2. Beneficial impact (represented
by negative values) for radiosonde wind and temperature
observations is largest in the Tropics and the Southern
Hemisphere, with a maximum around the tropopause (up
to 3.5% improvement). The Northern Hemisphere, where
the number of radiosonde observations is highest, shows
a smaller impact, but on average, up to 0.3% improve-
ment is found that also peaks at heights of the extratropical
tropopause. The fit to wind and temperature observations
from aircraft, which are most frequent at flight levels, are
also mainly improved in the Tropics (up to 1.6%) and to
a lower extent in the Northern Hemisphere (up to 0.2%).
The impact evaluation with respect to aircraft observations
in the Southern Hemisphere suffers from a low number of
measurements and is not significant for most levels. Thus,
these results should be treated with caution. AMVs and
GNSS-RO observations, in contrast, are quite abundant in
the Southern Hemisphere. On average, the impact is 0.7%
relative to AMV winds and 1.4% relative to bending angles
from GNSS-RO measurements. The largest improvements
for AMVs are found in the lower troposphere and midtro-
posphere, where the number of observations compared
is highest. Around 400–500 hPa, the maximum impact
in the Tropics is 1.2%. In the Northern Hemisphere,
improvements of∼1% occur. GNSS-RO impact is strongest

in the mid- and lower stratosphere. At 30 hPa, the maxi-
mum is reaching 8% or even more. At lower levels, where
the sample of observations compared is larger, the impact
reaches up to 3% in the Tropics. In general, the changes in
the short-range forecast errors resulting from assimilating
Aeolus HLOS winds consistently show positive impact ver-
ified with radiosonde, aircraft, AMV, and GNSS-RO obser-
vations. The largest improvements are mainly found in
upper atmospheric levels in the Tropics and the Southern
Hemisphere, also depending on the number of measure-
ments. Despite the good coverage of observations in the
Northern Hemisphere, Aeolus HLOS winds nevertheless
still have a comparably large impact on the short-range
forecast there.

4.3 Medium-range forecast impact:
Analysis-based verification

To evaluate the impact of the Aeolus HLOS winds on
forecasts with lead times of 24–120 hr, these forecasts are
verified against ERA5. An overview of the forecast error
reduction in terms of relative differences in RMSE between
EXP_A and the CTRL run for the Tropics, the midlat-
itudes, and the polar region of both hemispheres as a
function of altitude is provided in Figure 6. The relative
reduction of forecast error is shown for the zonal wind
component (U), geopotential (Z), temperature (T), and rel-
ative humidity (RH). The impact on the meridional wind
component (not shown) is similar to that for U. The veri-
fication with analyses can involve larger uncertainties for
short lead times, as forecast errors strongly correlate with
the analysis uncertainty, especially in data-sparse areas
(Geer et al., 2010). Therefore, results for 24 hr should be
treated with caution.

As expected, and similar to the observation-based ver-
ification (Figure 5), Aeolus wind observations lead to the
largest error reduction in the Tropics, where winds are
not constrained by geostrophic balance. This is evident for
all four variables and for all forecast lead times. For the
zonal wind component, the forecast quality in the Trop-
ics is improved by at least 2% and up to 8%, peaking at
the tropopause height around 100 hPa. For temperature,
the largest improvements in the Tropics are in the upper
troposphere, for RH between 500 and 850 hPa. Overall,
the gain in lead time in the Tropics is up to 6 hr (not
shown here). Besides the Tropics, the forecast is, on aver-
age, also improved in polar regions and the midlatitudes
of both hemispheres. In the Southern Hemisphere, signif-
icant beneficial impact of Aeolus is predominantly below
the tropopause around the jet level and then decreases
with altitude for forecast lead times of 24 to 72 hr. Only
RH exhibits a second peak in the Southern Hemisphere in
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F I G U R E 6 The mean relative differences in root-mean-squared error (RMSE; %) of zonal wind component (U), geopotential (Z),
temperature (T), and relative humidity (RH) as function of pressure (hPa) for the Tropics, the midlatitudes (NH midlat, SH midlat), and polar
region (NH polar, SH polar) for July 1, 2020 to September 30, 2020, as a function of altitude for forecast lead times from 24 hr up to 120 hr.
Filled circles indicate significant differences (95% confidence range, Student’s t-test), empty circles indicate non-significant differences.
NH: Northern Hemisphere; SH: Southern Hemisphere. [Colour figure can be viewed at wileyonlinelibrary.com]
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2974 MARTIN et al.

50 hPa (m·s−1)

300 hPa (m·s−1)

500 hPa (gpdm)

F I G U R E 7 The mean differences in 24- to 96-hr forecast root-mean-squared error between the EXP_A and the CTRL run as function
of pressure (hPa) for July 1, 2020, to September 30, 2020: (a) 50 hPa zonal wind component U, (b) 300 hPa zonal wind component U, and (c)
500 hPa geopotential Z. [Colour figure can be viewed at wileyonlinelibrary.com]
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the stratosphere. Presumably, the impact on RH is mainly
caused by improved winds leading to improved advec-
tion of humidity and a resulting relative reduction in the
humidity RMSE up to 2%. In the midlatitudinal tropo-
sphere of the Southern Hemisphere, the RMSE is reduced
up to 3% for the zonal wind and temperature and even up
to 6% for geopotential. In the midlatitudes of the North-
ern Hemisphere, Aeolus observations lead to an average
improvement of up to 1%, which is again consistent with
the changes in forecast errors verified against wind and
temperature observations from radiosondes, aircraft, and
AMVs (Section 4.2). Towards the polar regions, the dif-
ferences in impact between forecast lead times shorter
and longer than 3 days become larger. Especially in the
Southern Hemisphere, differences in the sign of the impact
occur with increased degradation in forecast quality for
the 96 and 120 hr forecasts. This may be due to the gener-
ally larger model errors in the polar regions, especially in
the Southern Hemisphere, and the strong systematic dif-
ferences between ERA5 based on the IFS model and the
ICON experiments in these regions (Figure 3). However,
statistically significant effects in the polar regions arise
mainly for shorter forecast lead times.

Figure 7 provides an overview of the spatial distri-
bution of the impact. The mean changes in the analysis
field of zonal wind due to Aeolus HLOS winds and the
global impact statistics showed a particularly pronounced
structural influence in the upper atmospheric levels of
the Tropics. Figure 7a,b displays the spatial distribution of
RMSE reduction of the 24- to 96-hr zonal wind forecast
for the stratospheric and tropospheric jet levels, indicat-
ing that the beneficial impact is mainly located around
the equatorial band at 50 hPa that is affected by the QBO
pattern and around the eastern Pacific at 300 hPa, where
the interaction between surface temperatures and upper
level winds (ENSO) dominates the large-scale dynamics.
Thus, the strong influence on the analysis in the lower
stratosphere shown in Figures 3a and 4 is associated with
overall improvements in the forecast. Large uncertainties
in the analysis and a pronounced influence of the Aeo-
lus observations had also previously been shown in the
eastern Pacific region around the tropospheric jet levels
(Figure 3c,d). As the OSE period covers the changes in the
circulation state of these two atmospheric phenomena, we
assume that the large error reduction is related to errors in
the phase change of these circulation systems.

Besides the Tropics and the poorly observed South-
ern Hemisphere, the relative impact statistics showed a
significant impact of assimilating Aeolus winds for the
short-range forecast lead times in the Northern Hemi-
sphere. The medium-range impact pattern demonstrated
in Figure 7c for the 500 hPa geopotential shows a lot
of variability in the Northern Hemisphere. In particular,

there are fluctuations in the flow regime of storm track
regions (e.g., the North Atlantic and West Pacific), which
are likely to obscure the mean error reduction. During the
development of the Aeolus mission, several scientific and
campaign activities found that DWL wind observations
benefit the poorly predicted severe storm events (Marseille
et al., 2008a), such as tropical cyclones and their interac-
tion with the midlatitude dynamics (Pu et al., 2010; Weiss-
mann et al., 2012). Further investigation of these effects
and dynamical interpretation of the spatial and temporal
evolution of the forecast error reduction can be found in
Martin et al. (2023).

In addition to the midlatitudes, a large impact is also
visible in the polar regions. To some extent, this is assumed
to be related to the dense observational coverage due to
the smaller distance between the Aeolus orbit around the
poles. In the Northern Hemisphere, the weaker and often
meandering polar vortex in the summer months could be
better represented by assimilating the Aeolus observations.
Moreover, both the high latitudes in the Northern and
Southern Hemispheres show some dipole structure, which
was also found in the Aeolus influence on the analysis
(Figure 3). So far, however, it is not clear which dynamical
processes lead to the large influence and spatial distribu-
tion. Future reprocessed datasets that provide longer term
consistent Aeolus wind data will enable OSEs over a longer
period of time, which would significantly contribute to a
better understanding of the Aeolus impact in global NWP.

5 CONCLUSIONS

The Aeolus HLOS wind observations derived from
Rayleigh and Mie scattering on a global scale are expected
to make a valuable contribution to the GOS, filling the
gap of insufficient coverage of wind profiles, especially
over oceans, the Tropics, and the Southern Hemisphere.
This study aims to assess the usefulness of the Aeolus data
and future space-based DWL observations in the global
model ICON from DWD by providing a global statistical
overview of the systematic changes in the analysis and
the impact on forecast errors. Therefore, a 3-month OSE
from July 2020 to October 2020 has been conducted using
the operational setting of the global assimilation system of
ICON with a horizontal resolution of 13 km.

Observation minus background and random error
statistics have served to evaluate the data quality for
the selected experiment period and its consistency with
error assumptions used in the data assimilation system
(Section 3). An investigation of the systematic errors has
revealed a height dependency for the Rayleigh winds,
which could be successfully reduced by a model-based
bias correction as a function of latitude for specific height
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levels, separately for ascending and descending orbits. The
vertical structure of the standard deviation of the O − B
departures, the observation error provided by the L2B pro-
cessor, and the observation error assigned in the assimila-
tion have been found to agree relatively well, indicating a
consistent slightly higher precision of Aeolus observations
in the midtroposphere compared with upper levels. The
assigned observation error was found to be a good proxy
for the measurement error estimate of the Rayleigh winds,
whereas the Mie observations have appeared to be some-
what underweighted in the assimilation system. As the
Rayleigh wind random errors depend on vertical sampling,
the adjustment of the range-bin setting in 2020 has resulted
in increased uncertainties in the levels around the jet
stream. Overall, the Aeolus HLOS winds have shown small
but somewhat complex systematic differences, as well as
random error estimates that are larger than expected at the
start of the mission. However, the error components are
still fairly consistent and stable for the OSE period. Since
the Aeolus observations are a novel data type and technical
problems can constantly affect their quality, the evaluation
and monitoring as performed in Section 3 is a prerequisite
for the assimilation.

The effect of assimilating Aeolus HLOS winds in ICON
has been assessed through the investigation of system-
atic changes in the analysis (Section 4.1), changes in the
short-range forecast quality when verified against conven-
tional observation types (Section 4.2), and changes in fore-
cast quality up to 120 hr using ERA5 as verification data
(Section 4.3). The systematic analysis influence of the Aeo-
lus observations has been found to be most pronounced
in jet regimes, around large-scale circulation systems and
convectively active areas in the Tropics, where the analy-
sis uncertainties are systematically larger, and the coverage
of other observations is poor. In particular, the equato-
rial stratosphere and the upper troposphere in the East
Pacific have shown increased systematic changes in the
zonal wind analysis.

The impact of the Aeolus HLOS winds verified against
observations from radiosondes, aircraft, GNSS-ROs, and
AMVs for short-range forecasts up to 36 hr overall is found
to be clearly beneficial, particularly in the Tropics and the
Southern Hemisphere if the sample size of O − B values
is large enough (on average 0.5–1.6% RMSE reduction). In
the Northern Hemisphere, an RMSE reduction of 0.1–0.6%
is achieved. Impact statistics for forecast lead times from
24 to 120 hr have shown the largest improvements in the
Tropics. The error of zonal wind forecasts around the
tropical tropopause height is significantly reduced by up
to 8% when Aeolus winds are assimilated. In the South-
ern Hemisphere, a positive impact has predominantly
appeared below the tropopause, with the largest improve-
ments of 6% in geopotential and 5% in temperature and

zonal wind. The impact in the Northern Hemisphere is
smaller and only significant for short-range lead times,
with a maximum of 3% in the midtroposphere. Unlike the
midlatitudes and Tropics, the polar regions exhibit some
differences in impact between forecast lead times shorter
or longer than 3 days. This is likely related to larger sys-
tematic differences between ERA5 based on the IFS model
and the ICON experiments above 60◦.

Our study investigates the impact of Aeolus over a
3-month period, and it should be noted that results may
differ in different seasons and depending on the qual-
ity of the Aeolus data, which have changed over time
due to changes in instrument performance and also data
processing. Future studies will be able to conduct longer
experiments with consistently processed data that will
allow one to examine effects such as the seasonal depen-
dence of the Aeolus impact. Compared with already pub-
lished studies about the Aeolus impact studies in the
ECMWF, Météo-France, NOAA, and ECCC global fore-
cast system, the improvements in the global model ICON
of DWD is comparably large with up to 4% error reduc-
tion. These impact studies all used L2B HLOS wind data
based on baseline 2B10, but they differ in data assimi-
lation algorithm, model resolution of the OSE, assigned
observation error, model-based bias correction, and the set
of the other assimilated observations. One major differ-
ence of our OSE compared with the other studies is the
3DVar assimilation system at DWD. Owing to the missing
time component, the system can extract less wind infor-
mation from satellite radiances. Furthermore, for example,
at ECMWF, about 98% of operational assimilated observa-
tions are provided by satellite systems, which is about 15
times more than at DWD. Therefore, at ECMWF, a single
spaceborne lidar instrument has a smaller impact on the
analysis and forecasts. Also, the up to two times higher
horizontal resolution of the OSE investigated in this study
compared with other impact evaluations probably leads to
the larger impact. However, an additional detailed exami-
nation would be necessary to evaluate the contribution of
the specific differences of the Aeolus impact studies.

Regions of particularly large forecast error reduction
in the OSE period are found in the equatorial band in
the lower stratosphere and around the eastern Pacific at
the tropospheric jet levels, indicating the large systematic
changes in the analysis there are, on average, improve-
ments. The overall beneficial impact in the Northern
Hemisphere is likely obscured by large variability in spa-
tial distribution and does not appear systematic at first.
A better understanding of the underlying dynamics lead-
ing to the large mean Aeolus observation impact requires
investigations of the spatiotemporal development of the
forecast error reductions. Therefore, the present study can
be considered a prelude to a more comprehensive study
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focusing on the forecast quality of specific high-impact
events (Martin et al., 2023).
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