
Weather Clim. Dynam., 4, 249–264, 2023
https://doi.org/10.5194/wcd-4-249-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Investigation of links between dynamical scenarios and
particularly high impact of Aeolus on numerical weather
prediction (NWP) forecasts
Anne Martin1, Martin Weissmann2, and Alexander Cress3

1Meteorologisches Institut München, Ludwig-Maximilians-Universität, Munich, Germany
2Institut für Meteorologie und Geophysik, Universität Wien, Vienna, Austria
3Referat Datenassimilation und Vorhersagbarkeit (FE11), Deutscher Wetterdienst (DWD), Offenbach am Main, Germany

Correspondence: Anne Martin (anne.martin@physik.uni-muenchen.de)

Received: 24 October 2022 – Discussion started: 3 November 2022
Revised: 9 January 2023 – Accepted: 17 February 2023 – Published: 28 March 2023

Abstract. Global wind profiles from the Aeolus satellite mis-
sion provide an important source of wind information for nu-
merical weather prediction (NWP). Data assimilation exper-
iments show large mean changes in the analysis and a sig-
nificant reduction in forecast errors. At Deutscher Wetterdi-
enst (DWD), a 3-month observing system experiment (OSE),
from July 2020 to October 2020, was performed to evalu-
ate the impact of the Aeolus horizontal line-of-sight (HLOS)
wind observations in the operational data assimilation system
of the ICOsahedral Nonhydrostatic (ICON) global model.
To better understand the underlying dynamics leading to the
overall beneficial impact, specific time periods and regions
with a particularly high impact of Aeolus are investigated.
In this study, we illustrate three examples of atmospheric
phenomena that constitute dynamical scenarios for signifi-
cant forecast error reduction through the assimilation of Ae-
olus: the phase shift of large-scale tropical circulation sys-
tems, namely the Quasi-Biennial Oscillation (QBO) and the
El Niño–Southern Oscillation (ENSO), and the interaction
of tropical cyclones undergoing extratropical transition (ET)
with the midlatitude waveguide.

1 Introduction

The Aeolus satellite mission from the European Space
Agency (ESA) provides a novel dataset of actively sensed
wind profiles with quasi-global coverage intended to com-
pensate for deficiencies of the current Global Observing Sys-

tem (GOS). Besides other scientific and technological devel-
opments, advances in the operational assimilation of satellite
observations have been one of the major contributing fac-
tors to the increase in numerical weather prediction (NWP)
skill over the last decade (Bauer et al., 2015). However,
the information available from satellite instruments is not
always directly related to the fundamental variables of the
model, and the Global Observing System is heavily biased
towards mass observations (Baker et al., 2014). This can be
a strong limitation in regions and for spatial scales where
the geostrophic mass–wind coupling is weak and the atmo-
spheric dynamics are mainly determined by the wind field.
Therefore, direct wind profile information from the Aeolus
satellite is expected to be particularly efficient in NWP for
the understanding of tropical dynamics on all length scales
and the prediction of smaller-scale phenomena at higher lati-
tudes (ESA, 2008). Furthermore, the ESA Mission Advisory
Group highlighted potential benefits from the Aeolus wind
observations for improvements in the characterization of se-
vere and intense storm developments and scale interaction
processes associated with atmospheric wave activity (ESA,
1999, 2008, 2016).

The Aeolus satellite carries a Doppler wind lidar (DWL)
instrument that can receive the backscatter signal from
molecules (Rayleigh channel) and particles (Mie channel) up
to a maximum measurement altitude of about 17–25 km. The
wind product suitable for the use in NWP is the horizon-
tal projection of the horizontal line-of-sight (HLOS) wind
component. In parallel with the technical development of
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the Aeolus mission, several scientific and campaign activi-
ties were carried out to evaluate the potential of the HLOS
observations for NWP. Adding simulated ADM-Aeolus-like
(Atmospheric Dynamics Mission) lidar observations to the
GOS has been found to reduce forecast errors for poorly pre-
dicted severe weather events (Marseille et al., 2008a, b), in
the 500 hPa average medium-range wind forecast over the
Northern Hemisphere (Stoffelen et al., 2006), for the analy-
sis and forecasts over oceans (Tan et al., 2007) and for trop-
ical wave dynamics (Žagar, 2004; Žagar et al., 2008). Fur-
thermore, DWL instruments were used on research flights
during measurement campaigns over the North Atlantic (A-
TReC; Atlantic THORPEX (The Observing System Re-
search and Predictability Experiment) Regional Campaign)
and the Asian Pacific Ocean (T-PARC; THORPEX Pacific
Asian Regional Campaign). Their assimilation into global
NWP models led to a significant impact on the analysis and
forecasts over Europe and around the development of trop-
ical cyclones, as well as their interaction with the midlati-
tude waveguide (Pu et al., 2010; Weissmann and Cardinali,
2007; Weissmann et al., 2012). Since the launch of the Aeo-
lus satellite in August 2018, several observing system exper-
iment (OSE) studies have been conducted to investigate the
impact of the Rayleigh and Mie HLOS wind observations
in various NWP models (Garrett et al., 2022; Laroche and
St-James, 2022; Pourret et al., 2022; Rennie et al., 2021).
Most of these studies concentrated on global forecast error
statistics showing large overall improvements. A particularly
high impact of assimilating Aeolus observations was found
for the 2–3 d wind and temperature forecasts in the tropical
upper troposphere and lower stratosphere and in the South-
ern Hemisphere. In the Northern Hemisphere, Aeolus HLOS
winds were found to have a less pronounced but still a rela-
tively large influence on average compared to other observ-
ing systems.

Martin et al. (2022) performed an OSE for 3 months, from
July 2020 to October 2020, using the global ICOsahedral
Nonhydrostatic (ICON) model from DWD. The study intro-
duced the experimental setup and the data quality and con-
sistency and provided an overview of the systematic changes
in the analysis and impact on forecast error. The results over-
all confirm the promising statistical improvements demon-
strated in the global impact studies of Garrett et al. (2022),
Laroche and St-James (2022), Pourret et al. (2022), and Ren-
nie et al. (2021).

Using the OSE from Martin et al. (2022), this study aims
to further investigate specific dynamical changes and pro-
cesses related to the positive impact of Aeolus observations
and to document dynamical scenarios that lead to particu-
larly high forecast error reduction. In the tropics, 2 weeks of
large improvement in the eastern Pacific west of the Peruvian
coast and about 5 weeks in the global equatorial band in the
stratosphere particularly stand out. These regions and peri-
ods are associated with a change in phase of the large-scale
tropical circulation systems, the El Niño–Southern Oscilla-

tion (ENSO) and the Quasi-Biennial Oscillation (QBO). In
addition, we focus on the midlatitudes, where spatiotempo-
ral surveys show large forecast error reduction following the
extratropical transition (ET) of tropical cyclones and their in-
teraction with the midlatitude waveguide.

The outline of this paper is as follows: details about the
Aeolus observations and the experimental design, including
the quality control criteria and verification methods, are de-
scribed in Sect. 2. Section 3 provides a global overview of the
Aeolus impact in the ICON model and provides motivation
for the further investigation of selected regions and periods.
Section 4 examines the relation of the impact of Aeolus to
specific atmospheric features such as the variability in the
stratospheric jet (QBO), the El Niño–Southern Oscillation
(ENSO) state change in the equatorial eastern Pacific and
the extratropical transition (ET) of tropical cyclones in as-
sociation with synoptic-scale Rossby wave packets (RWPs).
Finally, Sect. 5 summarizes the study’s main conclusions.

2 Data and methods

2.1 Aeolus HLOS observations

The Doppler wind lidar (DWL) on board the Aeolus satel-
lite consists of a dual-channel receiver analyzing the Doppler
shift from the narrowband Mie and the broadband Rayleigh
backscatter separately. The signals are detected and binned
into 24 range bins that can be varied along orbit from a min-
imum vertical resolution of 250 to 2000 m and thus be ad-
justed to the needs of science applications and NWP. Typ-
ically, the uppermost measurement altitude is about 17–
25 km. Horizontally, a minimum along-track resolution of
2.9 km (temporal resolution of 0.4 s) is achieved by accu-
mulating 20 laser pulses and referred to as one “measure-
ment”. The operational on-ground processing of the differ-
ent Aeolus products is performed in near real time (NRT) at
the European Centre for Medium-Range Weather Forecasts
(ECMWF). The Aeolus Level-2B (L2B) wind product con-
tains the HLOS wind observations used for NWP. To con-
trol the horizontal resolution and achieve a sufficient signal-
to-noise ratio, the measurements are grouped according to
a scene-classification procedure into a “clear” or “cloudy”
type (Tan et al., 2008). Therefore, measurement-scale opti-
cal properties, e.g., scattering ratio or particle extinction co-
efficient, are used to determine how much particulate and
molecular backscatter contributes to the signal of an accu-
mulated measurement bin. Four wind observation types are
available: Rayleigh clear and Rayleigh cloudy with a hor-
izontal average length of about 90 km and Mie clear and
Mie cloudy, representing a horizontal mean of 10 km. A key
step within the L2B processing chain is the correction for
temperature and pressure-dependent Doppler broadening in
the molecular backscatter signal (Rayleigh–Brillouin correc-
tion). This uses a series of auxiliary files containing infor-
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mation about, e.g., geolocation, calibration and error esti-
mates for several variables, as well as a priori (AUX_MET)
data of atmospheric temperature and pressure from a short-
range forecast (Šavli et al., 2021). The L2B processor pro-
vides several additional output data, such as uncertainty es-
timates or quality flags for the wind observations, which are
useful for data assimilation systems. The Aeolus data pro-
cessing of the OSE period includes an NRT bias correction
method. During the first part of the mission, validation stud-
ies showed large systematic differences, which vary season-
ally, spatially and with orbital phase and are particularly pro-
nounced for the Rayleigh wind observations (e.g., A. Mar-
tin et al., 2021; Rennie et al., 2021). These detected bias
dependencies were found to be related to longwave and so-
lar radiation fluctuations and the radiative response to which
the spectrometers of the DWL are very sensitive. The oper-
ationally implemented bias correction is based on a multi-
ple linear regression method of ECMWF observation minus
background (O−B) statistics and the thermistors of the tele-
scope M1 mirror, eliminating most parts of the bias (Weiler
et al., 2021).

2.2 Model and experimental design

This section provides a brief description of the model and
the experimental setup. For further information please refer
to Martin et al. (2022). In this study, the impact of the Ae-
olus L2B HLOS wind observations is assessed using an ex-
periment with the operational version of the ICON model at
DWD that is based on the nonhydrostatic system of equations
in the global domain (Zängl et al., 2015). In the current oper-
ational version, the atmosphere is resolved by an icosahedral
grid with a 13 km horizontal mesh size and 90 layers in the
vertical direction. The core module of the global data assim-
ilation system is a hybrid variational ensemble Kalman filter
(VarEnKF) combining the flow-dependent background error
covariance matrix from a local ensemble transform Kalman
filter (LETKF) with the static covariance matrix from the
three-dimensional variational (3D-Var) data assimilation sys-
tem (Reinert et al., 2023). This combination allows for the in-
clusion of the time-varying background error structures and
thus a better weighting of observations and background. The
LETKF is based on a 40-member ensemble with a horizontal
resolution of 40 km. The assimilation is carried out with 3 h
cycling (00:00, 03:00, . . . , 18:00, 21:00 UTC). A 3 h short-
term forecast serves as a background field that is adjusted
using all observations within ±1.5 h around the correspond-
ing time step to generate the analysis field from which the
next forecast is initialized.

The impact of an existing observation network in an NWP
model can be estimated by conducting OSEs. In an OSE,
two continuous assimilation cycles are performed: a control
run which typically uses the operational model and obser-
vation dataset and an experimental run in which the obser-
vation type of interest is either added or removed. Compar-

isons of the resulting analyses and corresponding forecasts
then serve as the basis for impact studies. As described in
Martin et al. (2022), the control run (CTRL) was performed
without Aeolus but with all other operationally used obser-
vation types assimilated. The observations assimilated oper-
ationally are mainly radiances that account for ∼ 64 % of the
total observations. Winds from scatterometers, satellite im-
agery and global navigation satellite system (GNSS) signals
together constitute about 18 %. Conventional observations
from aircraft reports, radiosondes, surface stations, buoys,
pilots and wind profilers represent ∼ 7 % of the total num-
ber of observations. The proportion of assimilated wind pro-
files from the spaceborne lidar of the Aeolus mission is about
2 % (∼ 20 500 HLOS wind observations per assimilation cy-
cle). In the experimental run (EXP_A), the Rayleigh and Mie
HLOS wind observations have been assimilated in addition
to all other observation types. Both assimilation experiments
were conducted with a corresponding cycled LETKF ensem-
ble run to provide individual background error covariance
estimates for the experiments. For EXP_A, the model back-
ground winds u and v have been interpolated to the Aeolus
observation geolocation point (latitude, longitude and height)
and transformed to the Aeolus HLOS wind equivalents using
the azimuth angle φ, which is defined as the angle of the
LOS pointing vector of the laser projected onto the horizon-
tal plane measured clockwise from north:

HLOS=−usinφ− v cosφ. (1)

φ is provided as part of the observation geolocation informa-
tion by the L2B product, typical being ∼ 260◦ for ascend-
ing and ∼ 100◦ for descending orbits. Assuming the HLOS
winds as point observations with neglected vertical velocity
is a reasonable approach since the averaging length scale of
the Rayleigh HLOS winds is approximately the same size
as the effective model resolution of ICON (between 80 and
100 km in the horizontal direction and between a few hun-
dred meters in the lower troposphere up to 2 km in the strato-
sphere). The Mie winds’ averaging box is about a factor of
10 smaller, but no thinning is applied. The assigned observa-
tion error for EXP_A was derived based on the Desroziers
method (Desroziers et al., 2005) and provided in a table-
driven format (Martin et al., 2022). It is the smallest in the
middle troposphere and largest in the lower troposphere and
the stratospheric levels.

2.2.1 Quality control settings for the OSE

To optimize the use of the L2B wind observations in the
ICON model, the following quality control criteria were ap-
plied before the assimilation:

– Only observations with valid overall confidence flags
have been used.
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– Only the observation types Rayleigh clear and Mie
cloudy were used, as they are generally of better quality
than the other two observation types.

– Rayleigh winds with range bin thicknesses of 250 m
were rejected because of excessive noise.

– Rayleigh winds with a horizontal accumulation length
< 60 km and Mie winds with horizontal accumulation
length < 5 km were rejected due to a large number of
outliers in observation departure statistics.

– Rayleigh winds with an L2B processor-estimated obser-
vation error > 8 m s−1 were excluded.

– Mie winds with an L2B processor-estimated observa-
tion error > 6 m s−1 were excluded.

These quality control criteria were found to be reasonable in
a preceding validation study (A. Martin et al., 2021). The
OSE for this study covers the Northern Hemisphere sum-
mer of July–October 2020. Although the operationally im-
plemented telescope primary-mirror M1 bias correction is
very effective, the DWD system still shows a small resid-
ual bias that depends on altitude for the Rayleigh wind ob-
servations. Therefore, a model-based bias correction scheme
has been applied to the Rayleigh and Mie wind observations.
The bias correction is a function of latitude and conducted
for specific pressure levels: surface–850, 850–500, 500–200,
200–70 and 70–5 hPa. The bias correction values are derived
from the previous 7 d and separately for ascending and de-
scending orbits. More details can be found in Martin et al.
(2022).

2.2.2 Verification data and method

In general, forecast errors are defined as the differences be-
tween the forecast provided by a NWP model and the true
atmospheric state. To assess the systematic impact of the Ae-
olus HLOS wind observations in the OSE, we compare the
forecast errors in the CTRL and EXP_A experiment. There-
fore, ERA5 reanalyses are used as the verification dataset.
The ERA5 output is produced using the 4D-Var data assimi-
lation of the ECMWF Integrated Forecasting System (IFS) at
a horizontal resolution of 31 km and with 137 vertical model
levels up to the height of 80 km (from 1000 to 1 hPa, with
40 levels below 5 km) (Hersbach et al., 2020). As ERA5 re-
analyses are based on a different model with a different res-
olution compared to the OSE, they provide a relatively inde-
pendent data source. The higher vertical resolution of ERA5
allows for finer details of atmospheric phenomena to be re-
solved, such as a more realistic representation of atmospheric
waves and their interaction with the mean flow, which is es-
pecially crucial for the study of QBO in Sect. 4.1. Further-
more, ERA5 assimilates a partly different set of observa-
tions than the global data assimilation system in the ICON
model (e.g., more satellite radiances) and does not use the

Aeolus observations. It is well known that NWP models in
the stratosphere are typically subject to large uncertainties.
ERA5 was found to have a cold bias in the lower stratosphere
and a warm bias near the stratopause (Hersbach et al., 2020).
However, the increased number of assimilated GPSRO (GPS
radio occultation) bending angles in ERA5 since 2006 has
significantly reduced this model bias, increasing confidence
in using the stratospheric reanalyses for verification (Laloy-
aux et al., 2020).

The methods applied in this study are described according
to Martin et al. (2022). The forecast error in an assimilation
experiment X is calculated as

eXi = forecastXi − reanalysisERA5
i , (2)

with X being either the CTRL or the EXP_A run and i rep-
resenting the time step when the forecast and analysis are
valid, respectively. The root-mean-squared error (RMSE) of
the experiment X determines how strongly the forecast devi-
ates from the verification data:

RMSE(eX)=

√(
eXi

)2
, (3)

where the overline is the mean over the requested dimen-
sion/dimensions – time, pressure level, latitude or longi-
tude. Improvement or degradation of the forecast quality
through the assimilation of Aeolus observations can then
be assessed by the differences between RMSE

(
eEXP_A) and

RMSE
(
eCTRL). Because the RMSE depends on the magni-

tude of forecasts and observations, the results are additionally
verified by calculating the normalized RMSE differences:

ediff =
RMSE

(
eEXP_A)

−RMSE
(
eCTRL)

RMSE
(
eCTRL

) . (4)

3 Global forecast error reduction

The selection of particular regions of pronounced forecast
error reduction due to the Aeolus observations, which are ex-
amined in the subsequent section (Sect. 4), is motivated by
Fig. 1 (according to Martin et al., 2022).

Results of the OSE impact statistics evaluated by Mar-
tin et al. (2022) show the largest reduction in the zonal-
wind RMSE in the upper troposphere and lower stratosphere.
Within the tropical band, the forecast errors in forecast lead
times from 24 to 120 h are reduced by 2 % up to almost 5 %
on average (Table 1). The spatial distribution of the rela-
tive RMSE reduction (Fig. 1a) reveals that above the tropical
tropopause, the beneficial impact is primarily located around
the equatorial band. On large scales, this area is affected
by the Quasi-Biennial Oscillation of the zonal wind (QBO).
Typically, the equatorial zonal wind between 70 and 10 hPa
alternates between easterlies and westerlies, with the partic-
ular phase of the oscillation propagating downward over a
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Figure 1. The mean relative differences in 24–120 h forecast RMSE between the EXP_A and the CTRL run (%) for 1 July to 30 September
2020: (a) 50 hPa zonal-wind component (U ), (b) 300 hPa zonal-wind component (U ) and (c) 500 hPa geopotential (Z).

Table 1. Mean relative difference in 24–120 h forecast RMSE between the EXP_A and the CTRL run (%) averaged over the polar, midlatitude
and tropical region in the Northern Hemisphere and Southern Hemisphere for the 50 hPa zonal-wind component (U ), the 300 hPa zonal-wind
component (U ) and 500 hPa geopotential (Z).

[−90◦, −65◦) [−65◦, −23.5◦) [−23.5◦, 23.5◦] (23.5◦, 65◦] (65◦, 90◦]

U 50 hPa −0.78 −1.05 −4.84 −0.26 −0.54
U 300 hPa −1.16 −1.72 −2.64 −0.47 −1.43
Z 500 hPa −0.10 −1.71 −1.87 −0.74 −1.56

period of 22 to 34 months. During the OSE period in sum-
mer 2020, the QBO cycling evolved as a westerly jet between
50 and 30 hPa, which was found to be largely strengthened
by the Aeolus observation (Martin et al., 2022). In Sect. 4.1,
we evaluate the hypothesis that there is a relation between
the QBO phase change and the high impact of Aeolus.

Furthermore, large forecast error reduction can be found
in the 300 hPa zonal wind in the midlatitudes in the Southern
Hemisphere and the tropics with an average improvement
of 1.7 %–2.6 %. The midlatitudes in the Southern Hemi-
sphere overall show a fluctuating impact pattern. However,
the most pronounced forecast error reduction appears around
the storm track region downstream of South America. In
the tropics, a striking forecast error reduction is located
around the eastern Pacific Ocean and the subtropical jet
over South America at 300 hPa. The large-scale dynamics
there are mainly dominated by the coupled circulation sys-
tem ENSO, which is characterized by the interaction between
surface temperatures and upper-level winds. Large system-

atic changes in the analysis over the eastern Pacific due to the
assimilation of Aeolus observations in the OSE were found
by Martin et al. (2022) in the form of a strengthening of east-
erly winds. The OSE covers the onset of a shift in ENSO
conditions which is generally associated with modifications
in the zonal Walker circulation. This change in the wind pat-
tern is expected to be the dynamical source of the large Ae-
olus impact and is discussed in more detail in the following
section (Sect. 4.2).

Further north, at 500 hPa geopotential, large forecast error
reduction occurs near the Tropic of Cancer (∼ 23◦ N) in the
western Pacific and Atlantic. These are regions of tropical cy-
clone activity in the experimental period. Furthermore, large
improvement can be seen in the Southern Hemisphere storm
track areas, such as the Indian Ocean, the eastern side of Aus-
tralia and the region near 30◦ S over South America. On aver-
age, forecast errors are reduced by 1.9 % in the tropics and by
1.7 % (0.7 %) in the Southern Hemisphere (Northern Hemi-
sphere) midlatitudes. Overall, the mean impact pattern in the
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Northern Hemisphere is characterized by large variability
likely related to fluctuations in the polar jet and the associated
midlatitude circulation that partially obscures the mean er-
ror reduction. Large forecast error reduction over continents
occurs over the Himalayan region, India and eastern Asia.
Moreover, both the zonal wind at 300 hPa and geopotential
at 500 hPa show large improvements of 1.4 %–1.6 % in the
polar region in the Northern Hemisphere. Aeolus’s impact in
these regions may be investigated further in future investi-
gations. In this study, we further examine the spatiotemporal
evolution of forecast error reduction in midlatitudes to bet-
ter understand the impact of Aeolus in relation to the general
midlatitude circulation and to identify associated specific ex-
tratropical weather systems with a particular focus on the ET
of tropical cyclones (Sect. 4.3).

4 Dynamical scenarios leading to pronounced forecast
improvements

4.1 Impact on tropical stratospheric wind variations
(QBO)

Systematic changes in the analysis field (Martin et al., 2022)
and improvements in forecast quality of the stratospheric
zonal-wind field (Fig. 1) indicate an impact of the Aeolus ob-
servations on the QBO phase change from easterly to west-
erly that took place in summer 2020. In order to better mon-
itor the QBO in 2020, the vertical range bin setting of Aeo-
lus was adjusted to also allow for measurements up to 25 km
in the tropics. This advanced setting was active in the trop-
ical belt ±10◦ once a week for 24 h only, from Wednesday
at 01:00 UTC until Thursday at 01:15 UTC. After an un-
usual disruption of QBO cycling in winter 2019/20 (Anstey
et al., 2021), the regular oscillation in that stratospheric layer
emerged again as an eastward jet around 20 August. Figure 2
focuses on the impact of Aeolus HLOS observation between
30 and 50 hPa around the Equator, showing the time evolu-
tion. The Aeolus observations affect the change in zonal-
mean wind from easterly to westerly in the way that the
evolved westerly winds are strengthened. The forecast er-
rors in the CTRL run are fairly constant in time, only slightly
varying between 4 and 6 m s−1. On the other hand, the fore-
cast errors in EXP_A noticeably decrease with time. The rel-
ative differences in RMSE between EXP_A and CTRL al-
ready show improvements in the quality of the zonal-wind
forecast between 30 and 50 hPa by the Aeolus observations
at the beginning of the OSE period. The reversal of the zonal-
wind direction is then accompanied by a marked reduction in
the RMSE for all lead times. Towards the end of September,
improvements of 10 % to over 15 % occur.

It should be taken into account that both the ERA5 reanal-
ysis used for verification and the global model ICON exhibit
large uncertainties in the tropical stratosphere, probably con-
tributing to the pronounced impact of Aeolus observations.

The QBO is mainly driven by a combination of upward-
propagating low-frequency equatorial waves and inertia–
gravity waves from the troposphere that dissipate and de-
posit momentum to the upper-level zonal-mean zonal winds
(Shepherd et al., 2018). However, a realistic representation of
the wave–mean flow interaction behind the QBO is typically
limited by insufficient vertical model resolution, uncertain-
ties in parameterized processes such as tropical convection
and the sparseness of direct wind measurements in the trop-
ics. Given the lack of direct wind observations in the area,
the models there could be prone to biases.

Due to QBO teleconnections with other parts of the atmo-
spheric system such as the polar vortex (Anstey and Shep-
herd, 2014; Baldwin et al., 2001; Gray et al., 2018) or trop-
ical oscillations such as, e.g., the Madden–Julian Oscillation
(MJO) (Z. Martin et al., 2021) and ENSO (Anstey et al.,
2021), accurate prediction of the QBO by an additional ob-
serving system might also provide a meaningful source of
longer-term predictive skill outside the tropics. Furthermore,
several statistical studies showed that besides or in interac-
tion with the ENSO, the QBO could also modulate the trop-
ical cyclone activities over various oceans (Baldwin et al.,
2001; Gray, 1984; Gray et al., 1992; Jury et al., 1999) and
that the QBO western phase is usually associated with en-
hanced deep convection on both sides of the Equator.

Both accurate Aeolus wind measurements in the strato-
sphere and a good capture of upward-propagating waves
from the lower levels can cause the strong positive impact
on the QBO phase change. To exclude the influence of the
extended special QBO range bin setting, which amplifies
the effect of the stratospheric Aeolus observations, another
experimental run, with a shorter period of 14 d, was per-
formed. For this, the Aeolus observations between Wednes-
day at 01:00 UTC and Thursday at 01:15 UTC were not used
in the assimilation. Figure 3 displays the relevant time se-
ries from 18 to 31 August 2020 of the analysis differences
and the relative differences in RMSE for the tropical belt
±10◦ latitude between 30 and 50 hPa. The experiment with
and without the QBO range bin setting are compared. On the
right, in Fig. 3 the distribution of the general tropical range
bin setting VENUS (VErtical momeNtum flUxeS) and the
advanced QBO setting is illustrated. The experiment’s start
covers the time when the QBO western phase manifested
again. Whereas the Aeolus experiment with the QBO range
bin setting shows a large influence on the analysis in the form
of an intensification of the western winds, the exclusion of
the high-resolution stratospheric Aeolus observations leads
to a weakening of the western jet after a few days. Strik-
ing differences also appear in terms of forecast error for lead
times from 24 to 120 h. Initially, both experiments show ben-
eficial effects in the equatorial stratosphere, but with time the
forecast error reduction in the experiment without the QBO
range bin setting decreases up to degradation of 2 %. As the
stratosphere is characterized by large model uncertainties,
a longer OSE would be useful to draw robust conclusions.
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Figure 2. Time series for the tropical belt ±10◦ latitude between 30 and 50 hPa. (a) The mean zonal wind (black line) and the mean analysis
differences in the zonal wind between EXP_A and CTRL (shaded grey). (b) The RMSE for forecast (FC) lead times from 24 to 120 h for
the CTRL (solid line) and the EXP_A (dotted line) run. (c) Relative differences in RMSE between EXP_A and CTRL for forecast lead times
from 24 to 120 h.

Figure 3. Time series for the tropical belt ±10◦ latitude between 30 and 50 hPa. (a) The mean zonal wind (black line) and the mean analysis
differences in the zonal wind between EXP_A and CTRL (shaded grey), with (dotted line) and without (solid line) the QBO range bin setting.
(b) Relative differences in RMSE between EXP_A and CTRL for forecast lead times from 24 to 120 h, with (dotted line) and without (solid
line) the QBO range bin setting. The distribution of the general tropical range bins (VENUS) and the advanced QBO setting is illustrated in
panel (c), with the black rectangle highlighting the 30–50 hPa level.

However, it is noteworthy that even within 14 d, the elimina-
tion of observations during 2 d of higher-resolution Aeolus
observations can have significant effects. This underscores
the importance of the range bin settings for the Aeolus mis-
sion.

4.2 Impact on change in the ENSO state in the eastern
Pacific

In the equatorial region, the ENSO is another important trop-
ical oscillation pattern whose interannual tropospheric vari-
ability influences both weather and climate on a global scale.
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It is characterized by irregular periodic fluctuations through
a neutral phase between warm (El Niño) and cold (La Niña)
extremes in sea surface temperature (SST) across the equa-
torial Pacific Ocean. In summer 2020, the state of the ENSO
changed from neutral to the La Niña state. The ENSO phases
relate to the zonal Walker circulation that is strengthened
during La Niña events as the eastern Pacific is colder and
the western Pacific is warmer than on average, leading to an
enhanced rise in warm moist air over Indonesia and South
America and an enhanced downward branch over the mid-
Pacific. Figure 4 displays the time evolution of relative differ-
ences in the 48 h forecast RMSE of the zonal-wind compo-
nent averaged over the equatorial eastern Pacific (5◦ S–5◦ N,
90–160◦W) as a function of altitude. The shift in the ENSO
conditions is associated with a major change in the wind
patterns of the tropical belt that appear to be strongly influ-
enced by the assimilation of Aeolus wind observations. The
3-month average equatorial Pacific SST anomaly (Oceanic
Niño Index, ONI) is a common measure and NOAA’s pri-
mary indicator for monitoring the state of the ENSO. Around
8 August 2020, the SST anomaly, determined as the differ-
ence from the average ERA5 reanalysis of 1985 to 2015, ex-
ceeds the −0.5 K threshold, indicating the presence of La
Niña conditions. This point in time is the beginning of a
large forecast error reduction for upper-level zonal wind.
The reduction in forecast error increases over the 14 d after
the La Niña onset and extends into the middle troposphere.
Enhanced improvements continue to occur afterwards and
are also apparent for a shorter period before the onset. The
largest error reduction in the 48 h forecast occurs about 48 h
after the strongest negative increase in the SST anomaly,
which corresponds to the time of initialization.

Together with the results of Sect. 4.1, this suggests that
Aeolus particularly reduces uncertainty in the model repre-
sentation in the beginning of variations in the large-scale cir-
culation systems. The better representation of the ENSO pat-
tern as provided by the HLOS winds in the ICON model is
expected to have a variety of further beneficial impacts. The
fluctuations in the ENSO pattern can, for example, greatly af-
fect the location of tropical rainfall and wind patterns. More-
over, influences on the extratropics are possible via the inter-
action with Rossby wave trains (Hoskins and Karoly, 1981),
the North Atlantic Oscillation (NAO) phase (Rogers, 1984)
or the Pacific–North American (PNA) pattern (Horel and
Wallace, 1981), as well as through planetary wave activity
into the stratosphere (Iza et al., 2016).

4.3 Dynamical impact in the midlatitudes

Hovmöller diagrams are a common way of plotting data in
meteorology to display both the change over time and the
spatial variability of a variable. In particular, they serve to
highlight the behavior of atmospheric waves. To identify dy-
namical sources of the extratropical influence of Aeolus in
the Northern Hemisphere, Fig. 5 represents the latitudinal av-

erage between 25 and 60◦ N of the 250 hPa meridional wind
field and the convective precipitation as a function of longi-
tude and time from 8 to 19 July 2020. The dashed black con-
tour lines display the largest error reductions in the 48 h fore-
cast of 500 hPa geopotential. At the beginning of the time pe-
riod shown here, Cyclone Fay, which originally formed from
a surface low over the northern Gulf of Mexico, emerged
into the western Atlantic Ocean. The storm intensified while
moving northward, reaching its peak intensity on 10 July.
Later that day, Cyclone Fay made landfall over New Jer-
sey and interacted with the midlatitude upper-level flow. The
Hovmöller diagram shows pairs of green–blue and orange–
red patches that form a clear banded pattern from 70–80◦W
around 10 July all the way to Europe on 15 July, represent-
ing individual troughs and ridges of an RWP. The contour
lines related to the reduction in the 48 h forecast error in the
500 hPa geopotential are associated with this wave structure.

ET typically involves a complex interaction with the mid-
latitude baroclinic environment, which causes considerable
changes in the characteristics of the cyclone (Grams et al.,
2013). Interactions with the midlatitude waveguide can lead
to increased forecast uncertainty, mainly associated with
upper-level divergence, vertical wind shear and cirrus clouds
(Jones et al., 2003). We, therefore, expect potential for a ben-
eficial impact from good Mie wind coverage with a com-
parably high resolution. In general, there is no commonly
accepted definition of ET, but various classification factors
have been proposed for a typical ET event. In Jones et al.
(2003), a definition of a two-stage classification of ET based
on Klein et al. (2000) can be found. Typically, when the cy-
clone is affected by vertical wind shear associated with the
baroclinic zone, the axisymmetric structure of the tropical
cyclone around the core is distorted, resulting in an asym-
metry in the wind and thermal structures and consequently
in the moisture, cloud and precipitation fields. The upper-
tropospheric divergent outflow, which appears as a cirrus
cloud shield, may directly impact the large-scale midlatitude
flow by interacting with the upstream trough of the midlat-
itude jet. Due to the tropical origin, low potential vortic-
ity (PV) is advected by the divergent flow, which leads to
a strengthening of the meridional PV gradient. This results
in an amplification of the jet streak and the development of
a ridge–trough couplet downstream of the transitioning cy-
clone, which marks the generation of a new RWP or the mod-
ification of an existing one (Wirth et al., 2018). The RWP
then disperses further downstream and can contribute to the
development of strong cyclogenesis or atmospheric block-
ing anticyclones (Riboldi et al., 2019). Therefore, ET asso-
ciated with amplification of RWPs may also lead to high-
impact weather in distant downstream regions (Keller et al.,
2019). The many different atmospheric processes involved in
ET events pose a major challenge for NWP models and can
considerably reduce the skill of the medium-range forecasts
downstream of the tropical cyclone (Jones et al., 2003).
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Figure 4. Relative differences in 48 h forecast RMSE of the zonal-wind component (%) between EXP_A and CTRL (5◦ S–5◦ N, 90–160◦W)
as function of forecast time and pressure (hPa). The black dotted line is the sea surface temperature (SST) anomaly from the ERA5 reanalysis
of 1985 to 2015.

Figure 5. Hovmöller diagram of the 250 hPa meridional wind (color
shading, in m s−1) for 4 to 24 July 2020 and the convective precip-
itation averaged between 25 and 60◦ N. The black contours are the
largest differences in the 48 h forecast error in 500 hPa geopotential
between EXP_A and CTRL (dashed: negative, solid: positive). The
magenta circles mark the position of Cyclone Fay; the stars high-
light the onset of the ET and interaction with the midlatitude flow.

It is suggested that the evolution of the reduction in the
48 h forecast error displayed in the Hovmöller diagram is re-
lated to the interaction of Cyclone Fay undergoing ET with
the midlatitude waveguide. The downward propagation of
the forecast error reduction seems to be similar to the group
velocity of the RWP. This picture fits the theory described by
Keller et al. (2019), in which uncertainties regarding the abil-
ity to predict ET events typically first manifest as uncertain-
ties in the prediction of the strengthening of the downstream
ridge and then propagate with the evolving RWP.

Figure 6 focuses on the time around the onset of the ET
of Cyclone Fay. The contour lines are the minimum surface
pressure showing Cyclone Fay making landfall. Pronounced
values in the divergent wind field of the upper troposphere
(Fig. 6b) occur northwest of the cyclone center, representing
the poleward-expanding and anticyclonically rotating out-
flow. Characteristic for ET events are the regions of signif-
icant precipitation embedded in the cloud shield apparent in
Fig. 6a. The rain field tends to be located to the west of the
cyclone center. The Mie wind observations from Aeolus as-
similated at this time cover the area of the diverging flow
very well, which could be the origin of the forecast improve-
ments in the Hovmöller diagram right at the beginning of the
RWP development. The differences in zonal wind at 300 hPa
(Fig. 6c) exhibit an increased influence of Aeolus observa-
tions in terms of both western and eastern wind acceleration
around the region of the interaction of the cyclone with the
large-scale flow.

The forecast impact in the course of the downstream de-
velopment following the ET event is displayed in Fig. 7 by
the differences in forecast errors in the 500 hPa geopotential
between EXP_A and CTRL for lead times from 24 to 144 h.
All forecasts are initialized on 10 July 2020 at 12:00 UTC.
Figure 7a shows the analysis differences at this time, when
Cyclone Fay is located ahead of the upstream trough of the
jet and the Aeolus track passes directly over the cyclone and
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Figure 6. (a) Precipitation, (b) 300 hPa divergent wind (vectors) and velocity potential, and (c) the analysis differences in 300 hPa zonal wind
between EXP_A and CTRL for 10 July 2020 at 12:00 UTC for the region around Cyclone Fay (35–45◦ N, 80–70◦W). The black contours
represent the minimum surface pressure.

Figure 7. Downstream impact of Aeolus at 500 hPa geopotential from forecast start on 10 July 2020 at 12:00 UTC for the region (20–70◦ N,
110◦W–70◦ E). (a) Differences in analysis between EXP_A and CTRL for 10 July 2020 at 12:00 UTC: the white line is the Aeolus track; the
black contours are the minimum surface pressure. (b) Differences in 24 h forecast error (EXP_A−CTRL) for 11 July 2020 at 12:00 UTC.
(c) Differences in 48 h forecast error for 12 July 2020 at 12:00 UTC. (d) Differences in 72 h forecast error for 13 July 2020 at 12:00 UTC.
(e) Differences in 96 h forecast error for 14 July 2020 at 12:00 UTC. (f) Differences in 120 h forecast error for 15 July 2020 at 12:00 UTC.
(g) Differences in 144 h forecast error for 16 July 2020 at 12:00 UTC. The box highlights the area of interest associated with the ET event;
the grey contour lines represent the 500 hPa geopotential from the ERA5 reanalysis in 5 gpdm (geopotential decameter) steps.
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trough front. Larger analysis influence is visible in the areas
around the cyclone, especially at the trough axis. The evolu-
tion of the Aeolus impact described in the following is be-
lieved to be related to better coverage of upper-troposphere
outflow associated with the latent heat release of Cyclone Fay
or/and reduction in uncertainties in the dry baroclinic upper-
level flow dynamics. In the 24 h forecast (Fig. 7b), only small
effects of the Aeolus observations on the midlatitude flow
are visible in the region around the amplifying ridge, pre-
sumably related to the outflow. However, due to the assim-
ilation cycling, the effects cannot be clearly assigned, but it
is assumed that previous measurements and the cycling lead
to differences in the cyclone as well as in the jet environ-
ment. The improvements become more distinct in the 48 h
forecast (Fig. 7c), where the area of forecast error reduction
moved towards the deepening trough downstream; 1 d later
(Fig. 7d), a distinct RWP with a ridge–trough couplet and cy-
clogenesis over the northern Atlantic Ocean developed. This
cyclogenesis and the region of the jet streak above are as-
sociated with a large reduction in 72 h forecast error. Sub-
sequently, the impact propagated downstream over the east-
ern Atlantic (Fig. 7e). Figure 7f shows a clear wave structure
in the 500 hPa geopotential, from the eastern coast of North
America to Europe. The 120 and 144 h forecast error differ-
ences (Fig. 7f, g) highlight the area of increased error re-
duction spreading eastward across the whole of Europe. This
spatial perspective of the individual forecast times along the
wave packet further supports the assumption that the down-
stream forecast improvement is related to the Aeolus obser-
vations in the area of the ET of Cyclone Fay and preceding
nearby observations.

The data denial experiment period includes a large part of
the tropical cyclone season, and we detected additional ET
cases associated with forecast error reduction by the assim-
ilation of Aeolus observations. Figure 8 shows three further
examples of Hovmöller diagrams for ET and the spatiotem-
poral evolution of RWPs as well as differences in 500 hPa
geopotential forecast error covering the time period of Hur-
ricane Laura (Fig. 8a), Hurricane Paulette (Fig. 8b), and
Typhoon Bavi and Typhoon Maysak in the western Pacific
(Fig. 8c). As in Fig. 5, wave-like structures in the merid-
ional wind component that form or intensify around the be-
ginning of the ET are visible. However, the RWPs are not
as pronounced as in Cyclone Fay’s ET event. Furthermore,
the correspondence between the propagation velocity of the
impact structures and the RWP does not seem to be as clear.
But it was found that the area around the upper-level diver-
gent outflow of the ET examples in Fig. 8a–c was well cap-
tured by the Aeolus Mie observations during the onset of the
transition (not shown here). Therefore, some impact on the
downstream development of the RWPs can be assumed. We
also investigated the impact of Aeolus observations on trop-
ical cyclone tracks. However, no significant improvements
were found. This may be related to the lack of observations
beneath clouds and consequently within and nearby the cy-

clone, but it could also be due to the need for a large sample
size when evaluating tropical cyclone tracks.

Furthermore, Fig. 8d shows an example of an RWP de-
veloping in the region over southern South America, which
is expected to be related to the clear structure of the largest
forecast error reduction in 500 hPa geopotential. Typically,
in the Southern Hemisphere winter season, cyclogenesis is
associated with the subtropical jet in the lee of the Andes
in South America (Hoskins and Hodges, 2005). Berbery and
Barros (2002) discussed the strong moisture transport in win-
ter and spring from the tropics into the La Plata River basin
on the eastern side of the Andes and the importance of associ-
ated latent heat release for subtropical cyclogenesis process.
The increased beneficial impact of the Aeolus observations in
this region along the subtropical waveguide on the Southern
Hemisphere has already been shown in the mean forecast er-
ror reduction in 500 hPa geopotential in Sect. 3 (Fig. 1). This
might be related to good Mie wind observations in moist ar-
eas associated with cyclogenesis, capturing the onset or mod-
ification of orographically excited RWPs. Overall, there is
significantly less knowledge available for the storm tracks in
the Southern Hemisphere than in the Northern Hemisphere,
which has been observed and examined more comprehen-
sively in the past.

The importance of upscale error growth from convective to
larger atmospheric scales limiting the predictability in NWP
is discussed in several recent studies (e.g., Hohenegger and
Schär, 2007; Rodwell et al., 2013; Selz and Craig, 2015;
Selz et al., 2022). Selz et al. (2022) found that latent heat
release in convective systems and the divergent component
of the atmospheric flow dominate the error growth with re-
spect to physical processes. It is assumed that accurate ob-
servations of the divergent wind field as expected from the
Aeolus winds can reduce the uncertainty in the initial con-
ditions around mesoscale convective ET events, as well as
in cyclogenesis regions in other parts of the world. Overall,
the results of this section show potential for further inves-
tigation of the dynamical effects of the assimilation of the
Aeolus wind observations for the higher latitudes in the both
Northern Hemisphere and Southern Hemisphere.

5 Conclusions

The observations of the DWL satellite mission Aeolus pro-
vide wind profiles in the troposphere and the lower strato-
sphere with quasi-global coverage. A 3-month OSE from
July to October 2020 was conducted to evaluate the impact
of the Aeolus horizontal line-of-sight (HLOS) wind observa-
tions in the ICON system’s operational global data assimila-
tion system. In a preceding study (Martin et al., 2022), it was
shown that the Aeolus observations improve both analyses
and forecasts, with the highest impact in the tropics around
the tropopause level. However, a relatively large forecast er-
ror reduction of up to 2 % was also found from global statis-
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Figure 8. Same as Fig. 5 for the ET event of (a) Hurricane Laura, (b) Hurricane Paulette, and (c) Typhoon Bavi and Typhoon Maysak and
(d) an RWP development around the cyclogenesis region over South America.
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tics in the midlatitudes. So far, the dynamical processes re-
sponsible for improving the forecast have only been given lit-
tle consideration. Therefore, the main objective of this study
is to highlight indications of atmospheric features and dy-
namical changes constituting pathways for significant impact
of the Aeolus observations for future research studies. Based
on the global statistical analysis, regions of enhanced fore-
cast error reduction were chosen to discuss the underlying
dynamics.

Two important large-scale tropical circulation systems –
the QBO and ENSO – appear to be very well measured by
Aeolus during the time that is associated with a shift in the
oscillatory phase. The change in the stratospheric jet from
easterly to westerly in August 2020 was found to be related to
the high positive impact of the Aeolus winds. Further inves-
tigation suggests that the impact of 10 %–15 % in the equa-
torial band around 50 hPa is largely amplified by a special
QBO range bin setting that has been adjusted to account
for atmospheric winds up to altitudes of 25 km on a single
day per week. This would mean that the improvements are
mainly due to good measurements of the upper atmosphere
rather than improved detection of propagating waves from
the troposphere. However, a longer accompanying experi-
ment would be necessary for a precise assessment, especially
since the stratosphere generally exhibits large uncertainties
in NWP models. Furthermore, in August 2020, the tropical
troposphere in the Pacific Ocean was characterized by large-
scale dynamic variability. The El Niño–Southern Oscillation
state changed from the normal to the La Niña phase. The
associated strengthening of upper-tropospheric and midtro-
pospheric wind patterns in the region of the eastern Pacific
related to the zonal Walker circulation is advantageously cap-
tured by Aeolus. The QBO and ENSO are typically charac-
terized by teleconnections with other atmospheric systems
through, e.g., other oscillation phenomena in the extratropics
or wave activity. Therefore, the variability in the tropics can
lead to large uncertainties in many parts of the world. In addi-
tion to short- and medium-range NWP, seasonal and subsea-
sonal forecasts can benefit from the potential of the Aeolus
observations to better represent the initial state of fluctuations
in such large-scale circulation systems.

In addition to the tropics, the influence of Aeolus observa-
tions on midlatitude dynamics was investigated. Although es-
pecially continents are already comparably well observed by
other observation types, the HLOS winds have, on average, a
relatively high beneficial impact. However, the spatial distri-
bution shows that the effects appear to be partially masked by
fluctuations in the 3-month mean flow. Systematically posi-
tive impact particularly stands out in storm track regions in
the Southern Hemisphere, but some average improvements
are also seen in the Northern Hemisphere. Furthermore, it
was found that the development of an RWP likely associated
with cyclogenesis in the lee of the Andes in South America
may be related to the reduction in large forecast errors.

For future studies, we recommend long-term experiments
in combination with feature-based diagnostics to further
investigate the influence of HLOS winds on tropical cy-
clones and the upscale interaction and representation of er-
ror growth. Since tropical cyclones are not common events, a
long integration period is necessary to achieve a sufficiently
large sample and thus robust results. A longer OSE would
also be required to further study the impact on other large-
scale convective circulation systems, such as the Madden–
Julian Oscillation (MJO), that affect weekly to monthly fore-
cast skills. Besides the Northern Hemisphere and tropical dy-
namics, a better assessment of the large impacts found in
the southern parts of the world would be an interesting re-
search focus, especially since the causes of forecast busts in
the Northern Hemisphere are much better understood.
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