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Abstract

Aeolus is the first satellite mission to acquire vertical profiles of horizontal
line-of-sight winds globally and thus fills an important gap in the Global Observ-
ing System, most notably in the Tropics. This study explores the impact of this
dataset on analyses and forecasts from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and Deutscher Wetterdienst (DWD), focusing
specifically on the West African Monsoon (WAM) circulation during the boreal
summers of 2019 and 2020. The WAM is notoriously challenging to forecast and
is characterized by prominent and robust large-scale circulation features such
as the African Easterly Jet North (AEJ-North) and Tropical Easterly Jet (TEJ).
Assimilating Aeolus generally improves the prediction of zonal winds in both
forecasting systems, especially for lead times above 24 h. These improvements
are related to systematic differences in the representation of the two jets, with the
AEJ-North weakened at its southern flank in the western Sahel in the ECMWF
analysis, while no obvious systematic differences are seen in the DWD analysis.
In addition, the TEJ core is weakened in the ECMWF analysis and strength-
ened on its southern edge in the DWD analysis. The regions where the influence
of Aeolus on the analysis is greatest correspond to the Intertropical Conver-
gence Zone (ITCZ) region for ECMWF and generally the upper troposphere for
DWD. In addition, we show the presence of an altitude- and orbit-dependent
bias in the Rayleigh-clear channel, which causes the zonal winds to speed up
and slow down diurnally. Applying a temperature-dependent bias correction to
this channel contributes to a more accurate representation of the diurnal cycle
and improved prediction of the WAM winds. These improvements are encourag-
ing for future investigations of the influence of Aeolus data on African Easterly
Waves and associated Mesoscale Convective Systems.
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1 | INTRODUCTION

Launched on August 22, 2018, Aeolus is the second Earth
Explorer core mission of the European Space Agency
(ESA). The main objective of Aeolus is to acquire global
atmospheric coverage with high-quality horizontal wind
profiles from the surface up to 30 km, which are funda-
mental for a better understanding of atmospheric dynam-
ics and predictions of weather and climate (Stoffelen
et al, 2005). As pointed out by the World Meteorolog-
ical Organization, the current Global Observing System
has a large gap in the spatial and temporal coverage of
wind observations, in particular in the Tropics and over
ocean areas, which Aeolus can fill (Baker et al., 2014). Sev-
eral impact studies have demonstrated the urgent need
for additional wind-profile measurements to reduce uncer-
tainties in initial conditions for numerical weather predic-
tion (NWP) systems, especially above regions with a lack
of direct wind observations (Marseille and Stoffelen, 2003;
Zagar, 2004; Stoffelen et al., 2005; Stoffelen et al., 2006;
Weissmann and Cardinali, 2007; Zagar et al., 2008; Weiss-
mann et al., 2012; Baker et al., 2014). These studies also
confirm the particular importance of assimilating wind
information in the Tropics, where the lack of geostrophic
balance requires simultaneous measurements of wind and
mass information.

This study concentrates on impacts of Aeolus data on
representing the West African Monsoon (WAM) during
its peak from June-September in the NWP systems of the
European Centre for Medium-Range Weather Forecasts
(ECMWF) and Deutscher Wetterdienst (DWD). The WAM
was chosen as a study region for the following three rea-
sons. (a) Sparse observations: the conventional station net-
work in tropical Africa is sparse, in particular with respect
to radiosondes (Parker et al., 2008; Knippertz et al., 2017),
and even existing data are sometimes not transferred to
the Global Telecommunication System (GTS) in time for
assimilation in global forecasting systems. Moreover, com-
mercial air traffic is limited over tropical Africa, leading
to relatively few aircraft reports. In recent years, more
satellite observations (e.g. passive microwave sensors and
global navigation satellite system (GNSS) radio occulta-
tion) complement the conventional observing network,
but those observations provide mainly mass information
and no direct measurements of wind profiles. (b) Low
predictability: NWP models are known to have a poor abil-
ity to predict rainfall over West Africa (Fink et al, 2011),
barely outperforming ensemble predictions based on cli-
matology (Vogel et al, 2018; Vogel et al, 2021; Walz
et al., 2021). One reason for this appears to be the great
importance of highly organized mesoscale convective sys-
tems (MCSs), which contribute up to 80% of the annual
rainfall (Bayo, 1985; Mathon et al., 2002; Fink et al., 2006).

It is computationally challenging to achieve the km-scale
horizontal resolution that is required for representing
these systems explicitly over a large enough model domain
(Pante and Knippertz, 2019; Senior et al., 2021), but some
improvements have recently been achieved through a
more sophisticated convective parametrization (Becker
et al., 2021). (c) Socio-economic impact: the West African
population is highly reliant on rainfed agriculture and
is thus vulnerable to weather extremes, threatening local
health, food security, and socioeconomic development
Krishnamurthy et al. (2014). An improvement in rainfall
forecasts may therefore prove beneficial not only for agri-
culture but also for energy production, water supply, and
disease prevention.

Can Aeolus become a game changer for a better rep-
resentation of the WAM in operational systems? Aeolus is
the first satellite that provides direct wind-profile observa-
tions from a Doppler lidar with global coverage. The satel-
lite carries the Atmospheric Laser Doppler Instrument
(ALADIN), which uses the Doppler lidar technique to
measure wind on the basis of light backscattered from air
molecules and particles (Reitebuch, 2012; Lux et al., 2020).
A major strength is that the backscattered signal is sam-
pled into two channels: the Rayleigh channel (double
Fabry-Pérot spectrometer) for the broadband backscat-
tered signal resulting from Rayleigh-Brillouin scattering
by air molecules and the Mie channel (Fizeau spectrome-
ter) for the narrowband backscattered signal from particles
and aerosols. The latter is potentially of great importance
for the WAM region with its multiple cloud features and
aerosol species, such as Saharan dust and smoke from
biomass burning (BB). We expect that a potential positive
impact could come from improvements to the WAM’s most
prominent circulation features, the midlevel African East-
erly Jet North (AEJ-North) and upper-tropospheric Tropi-
cal Easterly Jet (TEJ; Lemburg et al., 2019). The former is
characterized by an easterly wind of about 10-15 m-s~! and
peaks at 700-600 hPa (Burpee, 1972; Thorncroft and Black-
burn, 1999; Nicholson and Grist, 2003; Parker et al., 2005a),
and is generated by the temperature gradient between the
hot Saharan air and the relatively cool monsoon air from
the Gulf of Guinea (Charney and Stern, 1962; Cook, 1999).
The AEJ-North is closely linked to the synoptic variabil-
ity of precipitation, since it supports the formation and
propagation of African Easterly Waves (AEWSs), which
in turn modify moisture transport, stability, and vertical
wind shear and thus convective organization (Mohr and
Thorncroft, 2006; Janiga and Thorncroft, 2016; Schlueter
et al., 2019a,b). The representation of the AEJ-North in
the ECMWF model has undergone significant changes in
response to model updates and improvements, which have
modified the structure and intensity of the jet (Kamga
et al.,, 2000; Tompkins et al., 2005a). The assimilation of
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additional observations taken in the framework of field
campaigns has unveiled remaining issues: for example,
that the AEJ-North is too weak in the ECMWF model over
the eastern Sahel (Tompkins et al., 2005b; Agusti-Panareda
et al., 2010). The TEJ is commonly described as the south-
ern part of the upper-level Asian monsoon anticyclone and
extends from the Indian Ocean to the tropical Atlantic.
An improvement of the representation of the WAM sys-
tem and associated jets may have positive effects on the
prediction of tropical cyclones and hurricanes over the
Atlantic, which are closely related to AEWs (Brammer and
Thorncroft 2015), but also on neighbouring extratropical
regions such as the North Atlantic/European sector (Bielli
etal., 2010; Gaetani et al, 2011; Pante and Knippertz, 2019)
or the Mediterranean basin (Raicich et al., 2003) through
teleconnection effects.

Aeolus data have been assimilated operationally at
ECMWEF since January 2020 and at DWD since May
2020, and a positive impact on the global scale has
been demonstrated (Rennie et al., 2021). To achieve this,
many instrumental challenges had to be overcome and
efforts were made to improve the quality of the data.
For example, several systematic and random sources of
error—mainly affecting the Rayleigh-clear winds—were
identified and corrected, such as biases related to uncor-
rected “hot pixels” (Weiler et al., 2020), decreasing laser
energy, and signal losses in the receiver path (Reitebuch
et al., 2019), as well as seasonal temperature variations
over the M1 mirror of the receiving telescope (Krisch
et al., 2020; Martin et al., 2020; Rennie et al., 2021; Weiler
et al., 2021). Although the largest source of Rayleigh-clear
Horizontal Line-Of-Sight (HLOS) wind bias could be
explained by the telescope mirror temperature-dependent
bias (a bias-correction scheme was implemented in
the operational processing chain in April 2020), some
remaining—not yet fully understood—systematic errors
are expected to be present even after reprocessing. In
this study we will specifically evaluate the impact of
Aeolus HLOS wind observations and the effect of the
remaining residual observation bias on the WAM cir-
culation in both ECMWF and DWD analyses and fore-
casts. The remainder of the study is organized as follows.
Section 2 introduces the different observing-system exper-
iments (OSEs) investigated in this study and the HLOS
wind observation-error modelling and settings, and pro-
vides an overview of the data analyzed and verification
strategy. In Section 3, we discuss the various atmospheric
components and observed circulation features that Aeo-
lus captures and the related error structure. This section
also contains a description of the influence of Aeolus on
the AEJ-North and TEJ, with a thorough evaluation of the
orbital and channel contributions to the observed influ-
ence using background-departure diagnostics. This direct
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assessment is possible because HLOS winds are more sen-
sitive to the zonal wind, as the lines of sight (LOSs) point
around 10° off the zonal direction in the Tropics and can
therefore capture the main characteristics of the zonally
oriented AEJ-North and TEJ. Section 3 also presents the
forecast impact of Aeolus on the WAM winds, using back-
ground verification against radiosondes and forecast com-
parisons of zonal wind against ERAS5 reanalysis. Finally,
Section 4 provides the conclusions and a short outlook on
future work.

2 | DATA AND METHODS

2.1 | The Aeolus Level 2B product

The Aeolus Level 2B (L2B) wind-retrieval software devel-
oped by ECMWF and the Royal Netherlands Meteoro-
logical Institute (KNMI) provides HLOS wind observa-
tions and uncertainty estimates suitable for NWP data
assimilation and research purposes (Rennie et al., 2021).
Among the various steps within the L2B processor (Ren-
nie et al, 2020), the software corrects for the effect of
atmospheric temperature and pressure broadening on the
Rayleigh-clear winds to avoid systematic biases (Dabas
et al, 2008). Since Aeolus does not measure tempera-
ture and pressure, the L2B processor utilizes short-range
forecasts from ECMWF’s Integrated Forecasting System
(IFS). The wind observations are categorized as cloudy
and cloud-free based on the optical properties of the atmo-
sphere (e.g. the estimated particle scattering ratio, cloud
information from the Mie channel) and averaged horizon-
tally over 87 km (Rayleigh-clear) and 12 km (Mie-cloudy)
to achieve a good compromise between spatial resolution
and signal-to-noise ratio. The L2B product mainly dis-
tinguishes between Mie-cloudy and Rayleigh-clear wind
retrievals, to avoid contamination of the Rayleigh chan-
nel by Mie signals and to improve data quality. Most of
the wind data originate from the Rayleigh channel, which
is related to the scattering by air molecules. The inten-
sity of the backscattering depends on the concentration
of molecules in the atmosphere. The Mie signal depends
on the attenuated backscatter of the clouds (Marseille and
Stoffelen, 2003) and is strongest at the top of optically
thick clouds. Furthermore, high relative humidity leads to
a swelling of hygroscopic aerosol particles and therefore an
increase in backscatter intensity (Weissmann et al., 2005).
Wind data are retrieved in vertical bins with a resolution
of 0.25-2 km with profiles having a total of 24 range bins
per channel, which are defined by the range-bin settings
and can be adjusted depending on the regional topogra-
phy or climate zone. Aeolus mainly measures along the
zonal wind direction for the tropical and midlatitude parts
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TABLE 1 Overview of the OSEs used in this study.
L2B data

OSE name Period source
ECMWF2019 July-September Reprocessed
hil4 (Ctrl), hil5 (Exp) 2019
ECMWEF2019BC July-September Reprocessed
hil4 (Ctrl), hldz (Exp) 2019
ECMWEF2020 July-September PDGS NRT
hell (Ctrl), hel4 (Exp) 2020 dataset
DWD2020 July-September PDGS NRT
610 (Ctrl), 600 (Exp) 2020 dataset

of the track. The sign convention of the HLOS wind is
defined to be negative (positive) when the wind is mea-
sured towards (away) the instrument. Because the satel-
lite is in a near-polar, sun-synchronous, dawn-dusk orbit,
the overpass over equatorial latitudes is at 06:00 local
mean solar time for the descending orbit and 18:00 for the
ascending orbit.

For this study, both the reprocessed Aeolus L2B prod-
uct and the ESA Payload Data Ground Segment (PDGS)
Near-Real Time (NRT) operational products are used,
where a bias correction for M1 mirror temperature varia-
tions and additional instrumental drift biases is included.
The processing L2B product baselines are discussed in the
next section. Our study will focus only on the months
of July-September 2019 and 2020, corresponding to the
WAM season of the boreal summer.

2.2 |
(OSEs)

Observing-system experiments

An OSE is awell-established method frequently conducted
at NWP centres to study the added value of a given obser-
vation type (Bouttier and Kelly, 2001; Kelly et al, 2004).
OSE:s are, for example, used to assess data from field cam-
paigns (Agusti-Panareda et al., 2010; Harnisch et al., 2011;
Weissmann et al, 2011; Schindler et al, 2020; van der
Linden et al, 2020) and groups of observations (Cress
and Wergen, 2001), and to estimate the benefit of vari-
ous observation groups (Zapotocny et al, 2002). In an an
OSE, two parallel assimilation and forecast experiments
are performed, one with and one without assimilation of
the observations of interest. The impact of the added data
in an OSE is assessed by comparing the accuracy of the
forecasts. It is usually expected to have a negative impact
when denying a given observation type. In the current
study, four OSEs were conducted to evaluate the impact of

PDGS Data assimilation
baseline system Bias correction
2B10 IFS Cycle: 46R1.2.
TCO399 (Ax ~ 29 km)
2B10 IFS Cycle: 46R1.2. Rayleigh-clear
TCO399 (Ax ~ 29 km) temperature-dependent
2B10 IFS Cycle: 47R1.1.
TCO399 (Ax ~ 29 km)
2B10 ICON deterministic Rayleigh-clear

R3B07 (Ax ~ 13 km) vertically dependent

Aeolus L2B data in the DWD global ICOsahedral Nonhy-
drostatic model (ICON) and the ECMWF IFS covering the
boreal summers of 2019 and 2020. The two 2019 OSEs are
based on the reprocessed L2B product, while the two 2020
OSEs use the PDG NRT product (see Table 1).

The DWD OSE was performed using the operational
version of the global ICON model (Zédngl et al, 2015)
with a horizontal grid spacing of 13km (R3B07 grid),
90 vertical levels, and a six-hourly output at 0000, 0600,
1200, and 1800 UTC. The assimilation system is based
on a hybrid approach, using a local ensemble trans-
form Kalman filter (LETKF: Hunt et al, 2007; Schraff
et al., 2016) to estimate the background uncertainty with
an ensemble state, and a three-dimensional variational
(3D-VAR) algorithm to achieve a deterministic analysis.
This is realized by minimizing a cost function iteratively to
fit the model background with observations at their actual
time. Additionally to the M1 temperature-dependent
bias-correction scheme implemented operationally at
DWD, a vertical-latitude-dependent correction based on
the previous seven days was applied to the Rayleigh-clear
observations before assimilation.

The ECMWF system uses a hybrid ensemble of incre-
mental four-dimensional variational (4D-VAR) assimila-
tion technique (Rabier et al., 2000; Bonavita et al., 2012),
which assimilates all observations within a 12-h window.
This method ensures that the observations are used in a
way dynamically consistent with the model physical pro-
cesses. Three ECMWF OSEs were conducted using the
IFS cycles 46R1.2 and 47R1.1 for the 2019 and 2020 OSEs,
respectively, with a 4D outer loop resolution of TCO399,
corresponding to a grid spacing of 29 km with 137 ver-
tical layers. In contrast to the DWD OSEs and the oper-
ational ECMWF system, only the deterministic analysis
was conducted for the OSEs, while the model error esti-
mates were taken from the operational ensemble of data
assimilation. The ECMWF2019 OSE was rerun with an
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Summary of the observation-error parameters and error thresholds of the OSEs used in this study. The listed assigned

observation errors of DWD are given for the following pressure levels (in hPa): 1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70,

TABLE 2
50, 30, 20, 10.
NWP centre Channel
ECMWF Rayleigh-clear 8.5 > 200 hPa
12 < 200 hPa
0 > 850 hPa
Mie-cloudy 5
DWD Rayleigh-clear 7
Mie-cloudy 5

additional bias correction for Rayleigh-clear data as a func-
tion of atmospheric temperature from the ECMWF IFS
model, while the two other ECMWF OSEs do not include
any bias correction (2019 and 2020). Further descrip-
tion of the ECMWEF2019 and ECMWEF2020 OSEs can be
found in Rennie et al. (2021). The systematic comparison
between all four OSEs thus allows evaluating the effects
of different bias-correction methods in the two different
models. Generally, the weight given to an observation
in data assimilation is based on the uncertainty associ-
ated with its measurement and representativity. Observa-
tion minus background (O—B) statistics and Desroziers
diagnostics (Desroziers et al., 2005; Rennie et al., 2021)
were mainly used to determine the assigned observation
errors in the ECMWF and DWD OSEs. The ECMWF OSEs
used the following assigned HLOS wind observation-error

modelling:
Oass = V (azdiznstr + O-rzepr)7 (1)

with a the L2B processor instrument-error estimate scal-
ing factor, which accounts for important noise terms
that are missing in the L2B estimated error, oj,gy the
L2B processor reported instrument-error standard devi-
ation, which has the advantage of capturing drifting
signal levels in the range-bin thickness, and oy, the
representativeness-error standard deviation. In contrast,
the assigned observation error in the DWD OSE is esti-
mated using a lookup table for specific altitude levels and
interpolation between levels. An important step in prepro-
cessing the data is the quality control of the L2B prod-
uct, which verifies the validity of the measurement and
corresponding errors. Only Rayleigh-clear or Mie-cloudy
winds with a valid confidence flag and below a spe-
cific error threshold are assimilated. More information
about the assigned observation-error parameters and error
thresholds can be found in Table 2.

Error threshold (m-s1)

Assigned observation error (m - s71)

L40insy

(1.25%2 _+2%)

instr

5.50; 5.00; 4.50; 4.50; 4.75; 5.00; 5.00; 5.25
5.25; 5.50; 6.00; 6.50; 7.00; 7.50; 8.00
3.50; 3.00; 3.50; 4.00;4.50; 4.75; 5.00; 5.25
5.25; 5.50; 6.00; 6.00; 6.00; 6.00; 6.00

2.3 | Verification strategy
A common tool for assessing observation quality is the use
of departures between observations (O) and short-range
forecasts (B). They can be used to estimate systematic and
random errors in the observation, background, and anal-
ysis fields, and are an essential part of quality control in
NWP centres (Hollingsworth et al., 1986). This procedure
can also be applied to forecast ranges beyond 12 h, which
are considered sufficiently independent of the observation
against which they are verified.

To assess the impact of Aeolus on WAM circulation fea-
tures, we compute the standard root-mean-square error
(RMSE) according to the following equation:

M
— 1 f 2
RMSE = M;(xm — X%, )

with xf the forecast value, x* the reference value against
which the forecast is verified, and M the number of data
pairs. In both OSEs, forecasts are verified against the ERA5
reanalysis (Hersbach et al, 2020), which is a robust and
relatively independent reference, as Aeolus is not assim-
ilated in this dataset. ERA5 comprises additional satel-
lite and in situ observations not considered in the OSEs.
The ERA5 product is constructed using an older version
of the IFS 4D-var, namely CY41R2 with a resolution of
31km. Output is provided on 37 interpolated pressure
levels. We calculate the RMSE for the zonal wind over
West Africa for both Aeolus and control experiments, and
evaluate the improvement by calculating the relative dif-
ference in RMSE. To characterize the atmospheric con-
stituents that influence the Aeolus measurements, cloud
fraction from ERAS5 and aerosol mixing ratio products
from the Copernicus Atmosphere Monitoring Service
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Latitude-height cross-sections of counts for Aeolus (a) Rayleigh-clear and (b) Mie-cloudy measurements, as well as (c)

ERAS cloud cover, (d) CAMS dust aerosol (0.03-20 ym) mixing ratio, (¢) CAMS organic matter and black carbon aerosol mixing ratio, and (f)

CAMS sea-salt aerosol (0.03-20 ym) mixing ratio. AMR stands for aerosol mixing ratio. The fields are averaged between 30°W and 30°E

during the July-September 2019 period. [Colour figure can be viewed at wileyonlinelibrary.com]

(CAMS) global atmospheric composition and prediction
(Benedetti et al., 2009; Morcrette et al., 2009) are used. The
model employed for the CAMS prediction of global atmo-
spheric composition is the IFS, which uses the CY47R2
4D-var cycle corresponding to a horizontal resolution of
40 km with output on 25 pressure levels.

3 | RESULTS AND DISCUSSION

This section presents the main results of this study in
three subsections. The first one (Section 3.1) examines
the distribution of observations in the Rayleigh-clear and
Mie-cloudy channels, shows the resulting climatologies,
and discusses the assigned observation and background
errors in the different OSEs. Section 3.2 analyzes the
impact of Aeolus data on 3D analysis fields with a special
emphasis on the contributions from the two orbit phases
and the two channels as well as the effect of the bias cor-
rection tested at ECMWF for 2019. Finally, Section 3.3
presents the impact of Aeolus data on 1-4 day forecasts,
with a special emphasis on predictions of the AEJ-North
and TEJ. This analysis is supplemented by a verification of
the model background with radiosondes over Africa.

3.1 | Observed atmospheric features

West Africa during boreal summer is characterized by
many different types of aerosols and clouds that affect
the Aeolus measurements. Figure 1 shows longitudinal

averages between 30°E and 30°W of the number of counts
for both Rayleigh-clear and Mie-cloudy channels from the
ECMWEF2019 OSE, as well as mixing ratios of different
aerosol types from the CAMS and cloud fraction from
ERAS during the boreal summer of 2019. Irrespective of
latitude, the Rayleigh-clear counts (Figure 1a) peak in
the upper troposphere and lower stratosphere with val-
ues around 3000. Counts below 300hPa are markedly
reduced around the cloudy Intertropical Convergence
Zone (ITCZ), which reaches its northernmost position
in August at about 11°N and is often referred to as the
African rainbelt (Nicholson, 2009). There are also indi-
cations for slightly reduced counts at midlevels towards
the subtropical ends of the study domain in both hemi-
spheres. Rayleigh-clear data below 850hPa are rejected
at ECMWEF, as the impact found there was slightly nega-
tive. (see Table 2). The more complex Mie-cloudy signal
(Figure 1b) is shaped by the distribution of clouds and
aerosols. There is a distinct maximum in the upper tropo-
sphere between 300 and 100 hPa over the African rainbelt
around 10°N, corresponding to returns from cumulonim-
bus clouds, their associated anvils, or optically thick cirrus.
The corresponding maximum in cloud fraction can be seen
in Figure 1c. In this area, Rayleigh-clear and Mie-cloudy
counts are of a similar magnitude, exceeding 3000 counts
(cf. Figure 1a,b). During the ascending orbit at 1800 UTC
(not shown here), there is a higher number of Mie-cloudy
counts over this location, caused by the stronger land
convection occurring in the afternoon. Below the promi-
nent high cloud maximum, two smaller peaks are evi-
dent in Figure 1c, likely corresponding to early stages of
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North (STJ-N) and South (STJ-S), as well as the southwesterly monsoon flow, are labelled in (e). HLOS winds from the descending track are
multiplied by —1 to correspond with the sign convention of the model coordinate system. [Colour figure can be viewed at

wileyonlinelibrary.com]

cumulonimbus, cumulus congestus, or altocumulus lay-
ers just below 500 hPa and boundary-layer clouds below
800hPa (Johnson et al., 1999). These, however, are less
prominent in Mie-cloudy counts (Figure 1b) due to atten-
uation effects. Higher counts at midlevels extend north-
wards from the rainbelt region into the Sahara. These
appear to be partly related to midlevel clouds (Figure 1c)
and to the high dust content of the dry and warm Saharan
Air Layer (SAL: Figure 1d; Dunion and Marron, 2008). The
SAL is mainly sampled in its upper parts by Mie-cloudy
scattering (Figure 1b). To the south of the African rain-
belt, a distinct low-level maximum is evident stretch-
ing from 30°S to 5°N (Figure 1b). The southern part
is restricted to levels below 700hPa, but around 8°S
enhanced counts reach up to about 550 hPa. This max-
imum is likely due to a combination of sea-salt aerosol
in the shallow marine boundary layer (Figure 1f, below
900 hPa), low mostly stratiform clouds at the top of the
boundary layer (Figure 1c, below 800 hPa) as described,
for example, in Knippertz et al. (2011) and Schrage and

Fink (2012), and a relatively deep plume of BB aerosol, as
indicated by enhanced levels of black carbon and organic
matter (Figure le, around 10°S: Reid et al, 2005; Levin
et al, 2010; Zuidema et al, 2016; Carter et al, 2021).
This plume originates from agricultural and forest burning
(Barbosa et al., 1999; Haslett et al., 2019), with some parts
getting thermally lifted above the low-level clouds. Taking
Rayleigh-clear and Mie-cloudy signals together, most parts
of the WAM region show a satisfactory level of sampling
such that the main circulation features should be captured
by Aeolus measurements.

Since the WAM region is located around the Greenwich
meridian, the Aeolus descending and ascending observa-
tions are included in the 0600 UTC and 1800 UTC assimi-
lation windows, respectively.

Figure 2 compares the HLOS winds for ascending and
descending orbits with the zonal wind of the analysis
field of the ECMWF2019 OSE where Aeolus is assimilated.
The Rayleigh-clear HLOS wind observations (Figure 2a,b)
can represent all important wind features well above
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between 30°W and 30°E and smoothed using a latitudinal moving average of 2° grid size for the period July-September 2019. Regions for which
no wind data were collected are shown in white. The grey and black contours correspond to 1500 and 500 measurement counts, respectively.
The lines in panels (a) and (b) here correspond to the shading in Figure 1a,b. [Colour figure can be viewed at wileyonlinelibrary.com]

850 hPa, i.e. the TEJ around 5°N and the subtropical jets
of both hemispheres in the upper troposphere, as well
as the AEJ-North (10-15°N, between 700 and 500 hPa)
and AEJ-South (5°S, ~800 hPa) in the midtroposphere (see
labels in Figure 2e). Rayleigh-clear winds are generally
consistent between ascending (Figure 2a) and descending
(Figure 2b) orbits, although some differences in the inten-
sity of the TEJ and AEJ-North are visible, and can possibly
be attributed to either diurnal cycle effects between dusk
(1800UTC) and dawn (0600UTC) or orbit-dependent
biases. The Mie-cloudy observations (Figure 2c,d) have too
few measurements in the usually cloud- and aerosol-free
areas of the subtropical jets (see Figure 1), but can capture
the TEJ, the AEJ-North, and partially the AEJ-South, as
well as the westerly component of the monsoon flow
between 0 and 15°N at 900 hPa. Differences between the
orbits are again noteworthy, with the intensity of the
AEJ-North and the TEJ stronger near 100 hPa at 0600 UTC
(Figure 2c) compared with 1800 UTC (Figure 2d). Fur-
thermore, Mie-cloudy winds have a much larger TEJ jet
core with respect to Rayleigh-clear winds. According to
Lemburg et al. (2019), cloud-related processes such as con-
vection and the change in diabatic heating/cooling due to
radiation have an influence on the TEJ. In general, the TEJ
is expected to strengthen a few hours after a large-scale
convective event, mainly southwest of the convection,
which is consistent with the stronger TEJ observed in
Mie-cloudy winds. Finally, the HLOS Rayleigh-clear winds
(Figure 2a,b) seem to have the best agreement with the

analysis field (Figure 2e,f) in terms of the pattern and
intensity of the different jets, while Mie-cloudy seems
to have a stronger TEJ compared with the analysis. The
largest impact of Aeolus data on analysis fields is expected
in regions with high data density, low assigned observation
errors, and large background errors.

Figure 3 shows both the Rayleigh-clear and Mie-cloudy
assigned observation errors for the three OSEs without bias
correction. The assigned observation error in the ECMWF
OSEs is mainly derived from the instrument-error esti-
mate of the L2B processor, while in the DWD OSE it is
determined by a predefined lookup table (see Table 2).
For ECMWF2019, the assigned Rayleigh-clear observation
error has minima around 2.8 m-s~! in the free troposphere
in the southern and northern parts of the study domain
(Figure 3a). Errors increase markedly in the area of the
African rainbelt (around 10°N), where they exceed 5 m-s~!
at lower levels. Here, the number of counts is reduced,
as indicated by the grey line in Figure 3a (see full field
in Figure 1c). The increase in error can be attributed
to the lower signal-to-noise ratio in broken cloud scenes
(see Figure 1c). In addition, there is a general increase
in the upper troposphere above 200-150 hPa, which is
likely related to cirrus clouds, and below 600 hPa in areas
where clouds and aerosol are abundant (see Figure 1c-f).
The corresponding analysis for 2020 (Figure 3b) shows
some similarities in terms of the overall pattern but gen-
erally much higher values exceeding 5m-s~! in large parts
of the domain. This may be attributed to the decreasing
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atmospheric path signal and thinner range-bin settings,
increasing the Rayleigh-clear wind random error (Reite-
buch et al., 2020). As indicated by the grey and black lines
in Figure 3b, this also leads to an overall reduced num-
ber of counts. The DWD experiment for 2020 (Figure 3c),
in contrast, assumes a much smoother error pattern that
reveals the height dependence of the assigned error. The
error is generally lower and does not exceed 5m-s~! any-
where in the domain. DWD does consider data from below
850 hPa, but overall fewer observations than in ECMWF
pass the initial quality control, as indicated by the grey and
black lines in Figure 3c.

The corresponding observation errors for Mie-cloudy
winds show a different and generally more noisy struc-
ture for both ECMWF experiments (Figure 3d,e). Errors
are larger in regions dominated by aerosols (i.e., BB
and SAL) than in regions dominated by clouds (see
Figure 1c-f). Mie-cloudy backscatter from ice particles
and cloud droplets generally has a stronger signal level,
while backscatter from aerosol layers is weaker, thus
increasing the wind errors. The representativeness error
of Mie-cloudy winds may also depend on the spectral
properties and concentration of the various atmospheric
constituents. As for the Rayleigh signals, the assigned error
for DWD and the number of counts used (Figure 3f) are
overall smaller than for ECMWF. The error is dominated
by the height dependence, giving overall similar values for
Mie-cloudy and Rayleigh-clear winds (cf. Figure 3c,f).

3.2 | Influence on analysis fields
3.2.1 | Mean and root-mean-squared
differences

To investigate the influence of Aeolus on the representa-
tion of WAM wind subsystems such as the AEJ-North and
TEJ in the analysis fields, mean differences (MDs) and
root-mean-square differences (RMSDs) in the zonal wind
component were computed for all four OSEs (see Table 1)
with four times daily data. Figure 4 shows these quantities
as latitude-height cross-sections averaged between 30°W
and 30°E, while Figure 5 shows corresponding horizontal
maps at levels characteristics of the AEJ-North (700 hPa)
and TEJ (200 hPa). To locate the position of the jets, grey
and black lines are drawn in both figures for zonal wind
speeds of 6 and 9 m-s™!, respectively.

For the ECMWF OSEs, the largest MD and RMSD
(top three rows in Figure 4) correspond to the convec-
tive ITCZ and the cumulonimbus outflow region, where
the background forecast error is largest (not shown),
while for the DWD2020 OSE (bottom row in Figure 4)
even more significant differences are present in the upper
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tropical troposphere centred on the Equator south of the
cumulonimbus outflow region. The ECMWF2019 OSE
shows a strengthening of the central region of the TEJ
(Figures 4a, 5b) by up to 0.4m-s~' and a weakening
of the same magnitude south of the AEJ-North, corre-
sponding to the region where Mie-cloudy captures con-
gestus and altocumulus clouds (see Figure 1b,c). These
changes are accompanied by large random changes in
wind (Figure 4b) when Aeolus is assimilated. These fea-
tures are also evident in Figure 5, with maximum weak-
ening occurring south of the AEJ-North between 25°W
and 15°E at 10°N, notwithstanding a strengthening of the
AEJ-North towards the eastern part of the Sahel (~ 20°E:
Figure 5a). The strengthening of the northern part of the
AEJ-South (Figures 4a, 5a), associated with a change in
wind direction between the monsoon layer and the mean
easterly winds, is also striking. For the TEJ, the strengthen-
ing is apparent across the entire jet (Figure 5b). In compar-
ison, the ECMWF2019BC OSE shows an almost identical
influence of Aeolus on the analysis (Figures 4a-d, 5a-h),
implying that the temperature-dependent bias correction
of the Rayleigh channel does not contribute noticeably to
the analysis differences averaged at four times per day.
The influence of Aeolus on the ECMWF2020 OSEs is sim-
ilar to that of the ECMWF 2019 OSEs, with a comparable
strengthening of the TEJ of ~0.4m-s~! but a less pro-
nounced weakening of the southern edge of the AEJ-North
of only ~0.2m-s! and no obvious strengthening of the
AEJ-North over the eastern Sahel (Figures 4e, 5ij). It is
noteworthy that the maximum RMSD in the ECMWF
2019 OSEs affects the upper part of the TEJ between 200
and 100 hPa and between 700 and 300 hPa (Figure 4b-d),
while in the ECMWZF2020 OSE it spans the entire ITCZ
region between 700 and 100 hPa (Figure 4f), thus explain-
ing the weaker RMSD at 200 hPa in 2019 (Figure 5d-h)
compared with 2020 (Figure 51). Moreover, the influence
in the DWD2020 OSE is much larger, with a slowdown
of the southern edge of the TEJ of more than 0.5m-s™!
and a less pronounced acceleration of ~0.2m-s™! of the
northern part of the TEJ (Figures 4g, 5m-n). The strong
deceleration is accompanied by more significant random
changes in the zonal wind fields due to Aeolus compared
with the ECMWF OSEs (Figures 4h, 50-p). Furthermore,
the DWD2020 OSE does not show a significant change
in the structure of AEJ-North, likely due to a relatively
low background forecast error in the domain, which gives
more weight to the background in the analysis.

Finally, we assess to what extent Aeolus assimila-
tion brings the analyses of ECMWF2020 and DWD2020
together. Figure 6a,b depicts the difference between
ECWMF2020 and DWD2020 analyses with and without
Aeolus, respectively, while Figure 6¢c shows the differ-
ences between Figure 6a and b. The black and red lines
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FIGURE 4 Latitude-height cross-sections of mean difference (MD, left column) and root mean square difference (RMSD, right

column) between the analysis fields of the zonal wind component Aeolus minus Control for the four different OSEs (see Table 1). The fields

are averaged between 30°W and 30°E during July-September. The grey and black contours correspond to zonal wind fields, taken from the

OSE with Aeolus, of 6 and 9 m-s™1, respectively. Solid lines indicate westerlies, dashed ones easterlies. The brown lines mark the 200 and

700 hPa levels. [Colour figure can be viewed at wileyonlinelibrary.com]

represent the wind fields at 9 m-s~! in the ECMWF and
DWD analysis with Aeolus, respectively. In general, the dif-
ferences between ECMWF and DWD analyses are larger
(Figure 6a,b, up to 4m-s~!) than the differences induced
by the assimilation of Aeolus (Figure 6¢, up to 1.5m-s™!
exceeding the colour bar). The most significant differences
between ECMWEF and DWD model analyses are found in
the area of the TEJ, with DWD revealing a stronger TEJ
of up to 4m-s~! compared with ECWMF. The AEJ-North,
however, seems to be relatively consistent between the
ECMWF and DWD. Figure 6¢c shows that the convective
ITCZ above 600 hPa, culminating at the southern edge of
the TEJ, is the region where ECMWF and DWD converge
most when Aeolus is assimilated. Elsewhere, especially
in regions dominated by clear-sky conditions, the analy-
ses diverge by up to 0.2m-s™!. These differences appear
to follow the Rayleigh-clear and Mie-cloudy measurement

regions, with the Mie-cloudy observations in the con-
vective ITCZ seemingly bringing the two model analyses
closer together, while the Rayleigh-clear measurements
pulls them apart. The additional vertical bias correction
included in the Rayleigh-clear channel in the DWD2020
OSE could explain the observed discrepancies in clear-sky
regions.

3.2.2 | Orbital phase and channel
contributions

In this subsection we use statistics of observation minus
background (O—B) departures to disentangle the contri-
butions of the HLOS Rayleigh-clear and Mie-cloudy wind
observations to the analysis differences discussed in the
previous subsection. Data corresponding to ascending and
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Horizontal maps of the July-September mean differences (MD, left two columns) and root-mean-square differences (RMSD,

right two columns) between the analysis fields of the zonal wind component Aeolus minus Control for the four different OSEs (see Table 1).
The black contours show the 9 m-s~! zonal wind isotach from the analysis with Aeolus. Solid lines indicate westerlies, dashed ones easterlies.
The AEJ-North is evident at 700 hPa, while the TEJ and STJs are visible at 200 hPa. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Latitude-height
cross-sections of the mean
difference between the analysis
fields of the zonal wind component
of ECMWF2020 minus DWD2020
(a) with and (b) without Aeolus, as
well as (¢) the difference between
both differences. The fields are
averaged between 30°W and 30°E
during July-September. The black
and red contours correspond to
zonal wind fields, taken from the
OSE with Aeolus at 9 m-s~! for the
ECMWF and DWD OSEs,
respectively. Solid lines indicate
westerlies, dashed ones easterlies.
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Latitude-height cross-sections showing July-September mean differences between the analysis fields of the zonal wind

component Aeolus minus Control from the ECMWF2020 OSE at (a) 0600 UTC and (b) 1800 UTC. Subsequent panels show corresponding
HLOS first guess-departures for (c,d) Rayleigh-clear and Mie-cloudy combined, (e,f) Rayleigh-clear, and (g,h) Mie-cloudy. All fields are
averaged between 30°W and 30°E. The grey and black contours correspond to zonal wind fields of 6 and 9 m-s~1, respectively, from the

analysis with Aeolus. Solid lines indicate westerlies, dashed ones easterlies. HLOS winds from the descending track are multiplied by —1 to

correspond to the sign convention of the model coordinate system. [Colour figure can be viewed at wileyonlinelibrary.com]

descending tracks will be examined separately to reveal
the effects of the orbit phase. For the ECMWF2020 OSE,
Figure 7a,b shows the analysis differences Aeolus minus
control at 0600 UTC (descending orbit) and 1800 UTC
(ascending). These two panels can be compared with
Figure 4e directly and use the same shadings and lines.
The comparison reveals that the total difference between
the analyses with and without Aeolus data is dominated
by 0600 UTC, where the strengthening of the TEJ (plus
a southward extension of negative differences) and the
weakening of the southern edge of the AEJ-North are more
pronounced. Signals in the Northern Hemisphere subtrop-
ics are generally small, while in the Southern Hemisphere
small-amplitude differences at 0600 UTC and 1800 UTC of
opposite sign largely cancel each other out.

The subsequent panels of Figure 7 (i.e., c-h) show
background departures for the two Aeolus channels and

their combination to examine where the diurnal differ-
ences in the Aeolus impact on the analysis fields come
from. The O—B data of Rayleigh-clear and Mie-cloudy
combined (Figure 7c,d) have overall structures similar to
their analysis counterparts but with amplitudes about 4-10
times larger, revealing considerable diurnal variations, as
already discussed in the context of Figure 2. The magni-
tude of the influence on the analysis is a clear reflection
of the assigned errors (see Figure 3b,e,h). For example,
the negative HLOS differences at upper levels in the TEJ
region, where background errors are assumed to be rela-
tively large (Figure 3h), translate into a strong signal in the
analysis at 0600 UTC (cf. Figure 7a,c), while similar HLOS
differences in the southern subtropics, where background
errors are small, have very little impact.

Separating the Rayleigh-clear and Mie-cloudy contri-
butions reveals that the combined O—B structures are
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FIGURE 8  AsFigure 7 but for the DWD2020 OSE. [Colour figure can be viewed at wileyonlinelibrary.com]

dominated by the Rayleigh-clear signal (Figure 7e,f), par-
ticularly in the upper levels. The results suggest an orbital-
and vertical-dependent bias that is rather homogeneous
with latitude, except maybe near the TEJ where both
orbits show the same O—B sign. The Mie-cloudy signal
(Figure 7g,h), in contrast, is more consistent between
ascending and descending tracks in the convectively
active region, while the BB and SAL regions have oppo-
site signs, which is also evident in the combined fields
(Figure 7c,d). The reason for this diurnal difference over
the aerosol-loaded region is not fully understood and could
be related to diurnal wind effects or instrumental factors
associated with the presence of aerosols. It is worth noting
that, in the area of the TEJ, all channels and orbits show
the same sign of departure, which, combined with the
assumed low background error (Figure 3h), leaves a strong
imprint on the analysis. For the AEJ-North—and particu-
larly its southern flank—the situation is considerably more
complicated, with positive differences in Rayleigh-clear
at 0600 UTC and Mie-cloudy at 1800 UTC but negative
differences in Rayleigh-clear at 1800 UTC and mixed sig-
nals in Mie-cloudy at 0600 UTC.

For comparison, Figure 8 shows the same analysis but
for the DWD2020 OSE. In stark contrast to ECMWF2020
(Figure 7), the mean analysis differences for morning
and evening are almost identical (Figure 8a,b) and thus
also agree closely with Figure 4g. Somewhat surpris-
ingly, however, the O—B statistics for Rayleigh-clear and
Mie-cloudy combined (Figure 8c,d) show a rather low
agreement with the analysis differences. This is partic-
ularly true in the upper troposphere and lower strato-
sphere. The most striking example is the southern part
of the TEJ region, where analysis differences are strongly
positive, a signal not matched in O—B statistics, partic-
ularly not at 0600 UTC. The exact reasons for this dis-
crepancy are not fully understood, but could be related
to the background-error covariance in this region, which
spreads the observational information in space or through
a nonlinear dynamical response in the forecast model.
Irrespective of this, the combined O—B data reveal marked
diurnal differences that structurally resemble those seen
for ECMWF (Figure 7c,d), suggesting that the reason lies
in the observations rather than the modelling systems. As
for ECMWEF, the combined HLOS signals are dominated
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correspond with the sign convention of the model coordinate system. [Colour figure can be viewed at wileyonlinelibrary.com]

by the Rayleigh-clear contribution (Figure 8e,f), but for
DWD the dominance is even clearer. Ascending and
descending tracks are somewhat more consistent than for
ECMWE, likely due to the vertical-dependent bias correc-
tion used in the DWD2020 OSE. The Mie-cloudy O—-B
statistics (Figure 8g,h) structurally resemble those in the
ECMWEF2020 OSE, further supporting the conclusion that
the O—B structures found in Figures 6 and 7 are largely
independent of the modelling framework used.

Next we will explore to what extent a simple bias cor-
rection can cure some of the issues found in the ECMWF
system for July-September (JAS) 2020 (see discussion of
Figure 7). It was found that the atmospheric temperature
is a good predictor for the Rayleigh-clear bias. There-
fore, a temperature-dependent bias correction was tested

in the ECMWF2019BC OSE (see Table 1). Figure 9 shows
the O—B statistics for the Rayleigh-clear channel for the
descending and ascending tracks without (ECMWF2019,
Figure 9a,b) and with (ECMWF2019BC, Figure 9c,d) bias
correction. These figures are analogous to Figure 7e,f, indi-
cating differences between the two years. Particularly for
0600 UTC, the O—B structures are very similar, showing
consistency despite the degradation of the instrument,
while at 1800 UTC positive differences are evident in the
region of the southern STJ and to the south of the northern
STJ in 2020, which are much weaker in 2019.

Comparing O-B statistics with and without bias cor-
rection (top versus second row in Figure 9) reveals an
overall positive effect, reducing the magnitude of the dif-
ferences almost everywhere. Some regions, mostly in the
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Vertical profiles of diurnal differences 1800 UTC minus 0600 UTC of HLOS winds for the four OSEs (Table 1; see column

labels) averaged over West Africa (30°W-30°E, 10°S-20°N) during July-September. (a-d) Analysis fields, (e-h) Aeolus Rayleigh-clear, and
(i-1) Mie-cloudy observations with their analysis and background equivalents. Corresponding fields from the ERAS reanalysis are plotted in

all panels for reference.

lower levels, even change sign, leading to a better agree-
ment between the two tracks. The weaker TEJ signal at
1800 UTC increases somewhat to match that at 0600 UTC
better. The temperature-dependent bias correction in the
ECMWF2019BC OSE leads to diurnal differences of a
similar magnitude to those with the vertical-dependent
bias correction applied in the DWD2020 OSE (compare
Figure 9c,d with Figure 8e,f).

Figure 9e-h shows the corresponding analysis differ-
ences with and without bias correction, in analogy to
Figure 7a,b, for JAS 2020. First, comparing the two years
with each other, we can see that the analysis impact is gen-
erally larger in 2019 than in 2020, particularly at 0600 UTC.
This is consistent with the assumed lower observational
errors (shading in Figure 3a,b,d,e) and the higher number
of counts in 2019 (grey and black lines in the same panels).
Comparing O—B statistics (Figure 9a,b) with correspond-
ing analysis differences (Figure 9e,f), first both without
bias correction, again shows some structural agreement,
but much lower amplitudes in the latter, broadly consistent
with the results for 2020 (see Figure 7). Applying the bias
correction (Figure 9g,h) clearly amplifies the impact of the

Aeolus observations on the analysis for both tracks and par-
ticularly in and to the south of the TEJ and AEJ-North.
This results in a much better agreement of the Aeolus effect
between ascending and descending orbits, underlying the
overall success of the bias correction.

Finally, in order to investigate diurnal patterns fur-
ther in the different datasets analyzed up to this point,
we compare vertical profiles of the mean difference
between 1800 UTC and 0600 UTC averaged horizontally
over West Africa (10°S-20°N, 30°E-30°W) between the
four OSEs (Table 1) and with ERA reanalysis data as a ref-
erence (Figure 10). The chosen region is restricted to the
low-latitude mean easterly wind features TEJ, AEJ-North,
and AEJ-South and excludes the two STJs, but does
include the low-level southwesterly monsoon flow (see
Figure 2e, for example). Nevertheless, since several wind
features are averaged in this region, the diurnal patterns
found may be the result of a mixture of different meteo-
rological phenomena. The first row of Figure 10 compares
ERAS reanalysis and OSE analysis fields with and without
Aeolus data, all projected on the Aeolus HLOS. The most
prominent feature in ERAS5, with an amplitude of more
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than 1 m-s~!, occurs at 200 hPa, indicating the strengthen-

ing of upper-level easterlies at 1800 UTC, as also observed
over northern India in the evening (Krishnamurti and
Kishtawal, 2000; Mohan and Rao, 2016), which is related
to the diurnal response of convective outflows to surface
heating.

Between 800 and 700hPa, an opposite but much
weaker diurnal pattern is apparent, which likely reflects
the decrease in wind speed in the AEJ-North (and pos-
sibly to a lesser extent AEJ-South) during the afternoon,
when the planetary boundary layer grows into the lower
parts of the jet and slows it down through turbulent mixing
(Agusti-Panareda et al., 2010). Finally, the low-amplitude
negative signal around 900 hPa likely reflects the increase
of monsoonal westerlies in the course of the night, peaking
shortly before sunrise at 0600 UTC (Parker et al., 2005a,b;
Kalapureddy et al., 2010; Kalthoff et al., 2018). The diurnal
pattern at 1000 hPa should be regarded with some caution,
as it will be underground for larger parts of the averaging
domain.

In general, the ECMWF analysis fields with (grey solid
lines in Figure 10a-c) and without (red solid lines in
Figure 10a-c) Aeolus data reproduce the ERAS5 pattern,
except for the ECMWF2020 OSE in the lower troposphere
(Figure 10c), where the reanalysis and analysis show some
discrepancy. The effect of Aeolus on the representation of
the diurnal cycle in the analysis fields, however, is at best
marginal. For the DWD2020 OSE (Figure 10d), differences
between the control analysis and ERAS5 are substantially
larger, with the former showing a less pronounced diur-
nal cycle throughout the troposphere. Assimilating Aeolus
data has a relatively large influence and leads to a better
agreement with ERAS5, particularly in the TEJ region. This
improvement is much more evident from Figure 10 than
from the vertical profiles shown in Figure 8a,b.

The second row of Figure 10 compares Rayleigh-clear
HLOS observations with their background and analy-
sis counterparts in HLOS space. The diurnal patterns
in the background fields in all OSEs (Figure 9e-h,
dashed line) are similar to the ERAS reanalysis below
200 hPa, while above they display stronger easterly winds
at 1800 UTC compared with 0600 UTC, suggesting that
the Rayleigh-clear HLOS space may be representative
of the regional diurnal cycle in the midtroposphere.
This is particularly true for the 2019 OSEs, while some
inconsistencies around 600 hPa are apparent for the 2020
OSEs. However, the corresponding HLOS observations
without temperature-bias correction (blue solid lines in
Figure 10e,g,h) do not follow the same diurnal cycle,
with a generally stronger easterly component in the
midtroposphere at 1800 UTC compared with 0600 UTC,
reversing the sign of the expected diurnal cycle of the
AEJ-North while still having a realistic representation of

the diurnal cycle of the TEJ. The analyses in HLOS space
(blue dashed lines) are therefore shifted from the back-
ground equivalent towards the HLOS Rayleigh-clear data.
When applying the temperature-bias correction as seen in
the ECMWF2019BC OSE (Figure 10f), the Rayleigh-clear
observation follows an almost identical diurnal cycle to the
ERAS reanalysis and background equivalent, especially
below 200 hPa. Correcting for the temperature bias thus
has a positive effect on the Rayleigh-clear winds and makes
them more realistic in the midtroposphere below 200 hPa.

Finally the bottom row of Figure 10 shows a cor-
responding analysis for the Mie-cloudy channel. The
background HLOS model equivalents in all OSEs
(Figure 10i-1, dotted lines) do not follow the ERAS5 reanal-
ysis closely, with a more pronounced diurnal cycle near
the AEJ-North as well as a stronger TEJ diurnal cycle
in 2020 compared with 2019. The magnitude of this dis-
crepancy is generally larger than for Rayleigh-clear data
(Figure 10e-g) and related to the fact that the two channels
do not measure the same wind properties with the same
sampling density as discussed in the context of Figure 3.
The diurnal cycle of Mie-cloudy HLOS winds (red dotted
lines) in the midtroposphere is opposite to that for the
Rayleigh-clear HLOS winds. At upper levels, Mie-cloudy
HLOS winds show large positive diurnal differences in
2019 and large positive ones in 2020, with little agreement
with the Rayleigh-clear data. As expected, the bias correc-
tion applied in ECMWF2019BC has hardly any effect on
the Mie-cloudy HLOS winds. The analysis counterparts
(red dashed lines) are generally not driven in the direc-
tion of the Mie-cloudy observations—sometimes even in
the opposite direction—indicating the dominant effect
of the Rayleigh-clear data, also found in the analysis of
Figure 7. Despite the model differences between ECMWF
and DWD, Rayleigh-clear (Figure 9g,h) and Mie-cloudy
(Figure 9k,1) behave similarly, as do their model and
analysis equivalents.

Exploring background departures of the Aeolus HLOS
in the DWD and ECMWF assimilation systems enabled
us to assess the orbital and channel contribution to the
influence on analysis between ascending and descend-
ing orbits. We showed the existence of a height- and
orbit-dependent bias in the Rayleigh-clear channel that
has the effect of accelerating and slowing down the
AEJ-North and TEJ diurnally. This bias is a likely expla-
nation for the earlier statement in Section 3.2.1 that
the Rayleigh-clear measurements pull the DWD2020 and
ECWF2020 analyses apart. This is observed outside the
ITCZ region in particular, where the Rayleigh-clear mea-
surements predominate. It should also be noted that
even small biases (of the order of 1m-s™!) can lead to a
deterioration of the forecast quality (Horanyi et al., 2015).
Correcting this bias, using temperature-dependent bias
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corrections, allows for better consistency of Rayleigh-clear
winds between ascending and descending orbits. Finally,
we showed that the assimilation of Aeolus brings the DWD
analysis closer to both the ECMWZF2020 analysis and the
ERAS reanalysis.

3.3 | Influence on forecast fields
3.3.1 | Background verification against
radiosondes

As a first step to understand the impact of Aeolus data on
forecast fields, this subsection evaluates the background

fields from the three ECMWF OSEs with actively assim-
ilated radiosonde measurements using O—B statistics
(Figure 11). Corresponding DWD statistics are not shown
here, as not enough radiosonde data were assimilated in
the OSE to obtain meaningful statistics. In total, 11 and
5 radiosonde stations in tropical Africa were used during
July-September 2019 and 2020, respectively (Figure 11i),
with only two common stations (Accra in Ghana and
Cabinda in Angola). Figure 11d,h shows the number of
reports assimilated in the different OSEs, which varies
broadly between 500 and 1000 per level, with gener-
ally more data in 2019 (~850) than in 2020 (~600). The
number of reports is more variable within the lower
troposphere.


http://wileyonlinelibrary.com

950 Quarterly Journal of the

NRMets

BORNE ET AL.

Royal Meteorological Society

Figure 11a-c shows the mean O-B difference as well
as the standard deviation from the ECMWF2020 OSE
for absolute errors in zonal and meridional wind as well
as the relative improvement for the total wind speed.
The ECMWEF first guess has a negative zonal wind bias
in the upper troposphere peaking just above 200 hPa at
about —1 m-s~! (Figure 11a), which indicates a too weak
TEJ, as we have shown previously. Aeolus reduces this
bias to a small extent, in agreement with the analysis
impact seen in Figure 4e. There is also a smaller positive
bias at midlevels, mostly above 700 hPa, which is barely
improved when assimilating Aeolus data. The error stan-
dard deviation (solid lines in Figure 11a) oscillates around
1.5m-s7. Assimilating Aeolus wind fields leads to some
moderate reductions at upper levels. For meridional wind
(Figure 11b), the bias is small throughout the profile and
changes little when Aeolus is assimilated. The random
error has a similar magnitude to that for zonal wind and
shows little sensitivity to the (mostly zonal) Aeolus mea-
surements. Despite this, the assimilation of Aeolus leads to
a mass-weighted vertical average random error reduction
for the total wind component of 1.95%, which is vertically
consistent (Figure 11c).

Figure 1le-g shows the corresponding analysis for
2019 including both OSEs with and without bias cor-
rection. The overall patterns agree reasonably well with
2020, despite the large differences in radiosonde data
coverage. The most interesting aspect is the effect of
the bias correction in ECMWF2019BC. Overall improve-
ments from that are moderate, but some positive effects
on the random error in zonal wind and the mean
error in meridional wind at upper levels are evident.
The vertically averaged relative improvement shown in
Figure 11g is overall smaller than in 2020, only 0.45%
in the ECMWF2019 OSE and 1.45% in ECMWF2019BC,
demonstrating the additional benefit of correcting the
Rayleigh-clear wind temperature-dependent bias. This
is due in particular to a reduction of the background
deterioration with Aeolus of around 200 hPa evident in
ECMWF2019. Overall, a similar magnitude in the reduc-
tion of the background error, peaking in the upper tropo-
sphere, was observed in the DACCIWA radiosonde cam-
paign in West Africa in June/July 2016 (van der Linden
et al, 2020), suggesting that the assimilation of Aeolus
has an effect comparable to high-resolution radiosonde
coverage over this region in the ECMWF model.

3.3.2 | 1-4day forecast verification against
ERADJ5 reanalysis

Finally, we will look at the improvements in longer-term
forecasts verified with ERAS5 over the entire tropical Africa

domain. Figures 12 and 13 show the relative reduction
of the root-mean-square error (RMSE) of the four OSEs
(Table 1) as latitude-height cross-sections for forecast
times of 1-4 days and as single levels at 200 and 700 hPa
at +48 h forecast time, respectively. As before, isotachs at
6m-s~! (grey) and 9m-s~! (black) are included to iden-
tify the main jet features. In addition, Table 3 provides
an overview of the relative improvement of the zonal
wind RMSE at 200 and 700 hPa for the whole tropical
Africa domain and specifically for the AEJ-North and TEJ
regions.

For all OSEs, we see a predominantly positive influ-
ence of Aeolus data for all forecast lead times. The reduc-
tion in RMSE is generally larger for forecast lead times
greater than 24 h. In the 2019 ECMWF and DWD2020
OSEs (Figure 12a,b,d), the largest decrease in RMSE at
+24h is found in the lower stratosphere, before vanishing
gradually at higher lead times, while in the ECMWF2020
OSE (Figure 12c) the initial errors are more spurious
and seem to be preserved at longer lead times. One rea-
son could be the generally poorer quality of the Aeolus
Rayleigh-clear measurements (Figure 3b) in 2020, com-
pared with 2019, caused by the aforementioned decreasing
atmospheric path signal. In the ECMWF2019 OSEs with
and without bias correction (Figure 12a,b, Figure 13e,f),
the errors at +24 h are found in the Southern Hemisphere
at ~ 700 hPa between 20°S and 0°, which coincides with
a change in wind direction between the monsoon layer
and the midlevel easterlies. With a bin size of 1km at
this height, Aeolus data cannot resolve large vertical gradi-
ents and thus may misrepresent the local dynamics. This
region also corresponds to a strong increase in the analysis
700 hPa zonal wind of ~ 0.5 m-s~! when Aeolus is assimi-
lated (Figure 5a,e at 0°). Nevertheless, this large RMSE is,
surprisingly, not apparent at 700 hPa in ECMWF2020 and
DWD2020 OSE (Figure 13g,h).

Other errors over the SAL region at 20°N are also vis-
ible in all OSEs at +24h, in particular over the lower
northern part of the AEJ-North around 800hPa in the
ECMWF OSEs (Figure 12 a,b,c) and the whole northern
AEJ-North region in the DWD2020 OSEs (Figure 12d).
This includes the Intertropical Discontinuity (ITD), which
is a confluence zone between the northeasterly dry and
hot Harmattan winds and the southwesterly moist and
cool monsoon flow. This pronounced meridional wind fea-
ture is challenging to resolve with an Aeolus Rayleigh-clear
integration length of 87 km.

Furthermore, the AEJ-North is embedded in a
dust-loaded region (Figure 1d), which is subject to larger
Mie-cloudy (Figure 3d) and Rayleigh-clear assigned obser-
vation errors (Figure 3a) due to reduced signal-to-noise
ratio. These errors could also be insufficient to compensate
fully for the large model errors related to the stochasticity
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FIGURE 12 Latitude-height cross-sections showing the relative reduction of the RMSE of zonal wind (i.e.,
(RMSE(CONTROL)—RMSE(AEOLUS))/RMSE(CONTROL)x100) for the four OSEs (Table 1) for +24-96 h lead-time forecasts against ERAS
reanalysis. Cold (warm) colours indicate improvement (degradation) when Aeolus is assimilated. All fields are averaged between 30°W and
30°E during July-September. The grey and black contours correspond to zonal wind fields of 6 and 9 m-s™!, respectively, from the analysis
with Aeolus. Solid lines indicate westerlies, dashed ones easterlies. The brown lines mark the 200- and 700-hPa levels. [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 13 Horizontal maps at 200 and 700 hPa showing relative reduction of the RMSE of zonal wind (i.e.,
(RMSE(CONTROL)—RMSE(AEOLUS))/RMSE(CONTROL)x100) for the four OSEs (Table 1) for +48 h lead-time forecasts against ERA5
reanalysis. Cold (warm) colours indicate improvement (degradation) when Aeolus is assimilated. The fields are averaged over
July-September. The black contours correspond to zonal wind fields of 9 m-s~!, from the analysis with Aeolus. Solid lines indicate westerlies,
dashed ones easterlies. [Colour figure can be viewed at wileyonlinelibrary.com|
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TABLE 3

Overview of the relative reduction of the zonal wind RMSE for the four OSEs (Table 1) in the AEJ-North and TEJ regions

for +24-96 h lead-time forecasts verified against ERA5 reanalysis. The fields are averaged within [30°W-30°E; 10°S-20°N] for the TEJ at
200 hPa, [30°W-30°E; 8°N-22°N] for the AEJ-North at 700 hPa, and [30°W-30°E; 30°S-30°N] for comparison at both levels. The values

are expressed in percent.

Lead time ECMWF2019
+24h +1.98
200 hPa (TEJ) +48h +1.67
[30°W-30°E; 10°S-20°N] +72h +1.77
+96h +1.81
+24h +0.1
700 hPa (AEJ-North) +48h +0.75
[30°W-30°E; 8°N-22°N] +72h +0.37
+96 h +0.25
+24h +2.04
200 hPa +48h +2.06
[30°W=-30°E; 30°S-30°N] +72h +1.97
+96 h +1.55
+24h -1.4
700 hPa +48 h —0.08
[30°W-30°E; 30°S-30°N] +72h +0.09
+96 h +0.20

of convection and the coupling between atmospheric
dynamics and MCSs. However, the general positive influ-
ence of Aeolus over the AEJ-North region for longer lead
times in the ECMWF OSEs (see Table 3) is promising
for further studies exploring the impact of Aeolus on the
propagation of AEWSs and related precipitation.

As shown in Table 3, the upper troposphere shows
a positive impact for all OSEs with an improvement
of more than 2% for most lead times, especially in the
southern and northern parts of the TEJ (Figures 12,13),
despite being more neutral for the ECMWF2020 OSE. The
ECMWF2019BC OSE also shows a systematic improve-
ment in the upper troposphere as well as in the
TEJ region, indicating the added value of using a
temperature-dependent bias correction for Rayleigh-clear
winds. Those regions correspond to cloud-free outer
branches of the Hadley cell, while the RMSE is more
patchy within the TEJ convective outflow region. The
generally better forecast quality in the upper troposphere
could possibly be related to the denser sampling together
with the smaller measurement uncertainties.

Our findings are consistent with Rennie et al. (2021),
who have highlighted the benefits of assimilating Aeolus
wind observations in the Tropics and the Southern Hemi-
sphere, with peak improvements in the tropical upper
troposphere. In addition to wind, they also find improve-
ment in other variables such as temperature or humidity.

ECMWF2019BC ECMWF2020 DWD2020
+2.45 +1.77 +0.74
+1.89 +1.07 +1.6
+2.35 -0.06 +0.89
+2.30 —0.10 +0.20
+0.01 +0.80 —0.34
+0.24 +1.30 —0.74
+0.28 +1.03 —0.78
+0.42 +0.22 —0.83
+2.39 +1.66 1.51
+2.42 +1.44 +2.52
+2.53 +0.96 +1.34
+2.35 +1.09 1.55
—1.69 +0.34 —0.06
—0.44 +0.93 +0.83
+0.10 +0.86 1.31
+0.52 +0.80 +1.3

Zagar et al. (2021) also reported that the improvement
observed in the upper troposphere can be partly attributed
to the improvement of the representation of vertically
propagating Kelvin waves in layers with a strong zonal
wind shear forecast. Lastly, the improvements in the pre-
dictions are significant and consistent across the African
region, despite the complex meteorology of the WAM and
the assumed random errors and biases of the Aeolus mea-
surements. Beyond this, it should be noted that the forecast
improvement observed in Africa may depend on upstream
areas where the influence of Aeolus on the analysis is more
direct and propagates over time.

4 | CONCLUSIONS

This study addresses the impact of Aeolus wind observa-
tions on the West African Monsoon (WAM) circulation in
the Integrated Forecasting System (IFS) of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
and the global nonhydrostatic ICOsahedral Model (ICON)
of the German Weather Service (DWD). In particular, we
investigated the crucial role of Aeolus in terms of its abil-
ity to complement the sparse conventional observing net-
work and improve the low predictability in this region.
The complementary wind observations in clear and cloudy
atmospheric conditions are of great importance in a region
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with a broad range of cloud features and aerosol types.
Accordingly, we assessed and compared the representa-
tion of WAM wind subsystems in the analysis and forecast
fields of four observing-system experiments (OSEs) across
both analysis and forecast fields during the 2019 and 2020
boreal summers. The main conclusions from these inves-
tigations are as follows.

1. Aeolus Rayleigh-clear and Mie-cloudy channels com-
plement each other well in a complex region like
the WAM, which is characterized by many different
cloud types and aerosols. Rayleigh-clear samples pri-
marily in cloud-free regions surrounding the Intertrop-
ical Convergence Zone (ITCZ) and broken cloud scenes
within it, while Mie-cloudy measures in the heart
of the convective region across a range of different
cloud types such as cumulonimbus, congestus, or
altocumulus clouds, as well as aerosols from biomass
burning and within the Saharan Air Layer. These dif-
ferent atmospheric components are embedded in the
main circulation features of the WAM and allow for
a good representation of the midlevel AEJ-North and
upper-troposphere TEJ in both channels.

2. The assignment of observation errors for the HLOS
wind measurements at ECMWF and DWD is deter-
mined using observation minus background (O-B)
statistics and Desroziers diagnostics but following dif-
ferent formulations. While ECMWF assumes values
based mainly on the L2B processor instrument error
combined with representativeness-error estimates, the
DWD assigned observation errors are based on a lookup
table for different altitude levels. In the ECMWF
OSEs, the assigned Rayleigh-clear observation error is
largest within the convective active region and can be
attributed to a larger signal-to-noise ratio in broken
cloud scenes. In the ECMWZF2020 OSE, the assigned
observation error in the Rayleigh-clear channel is larger
compared with 2019 and can be explained by the
decreasing atmospheric path signal. For Mie-cloudy,
the largest errors are visible in aerosol-dominated
regions (BB and SAL) compared with cloudy regions.
The overall assigned error for DWD is smaller than for
ECMWEF, with a general height-dependent error yield-
ing similar values for Mie-cloudy and Rayleigh-clear
winds.

3. Throughout the different OSEs, Aeolus changes the
representation of the main zonal wind features of the
WAM. First, a weakening of the southern edge of the
AEJ-North is apparent in all ECMWF OSE analyses.
This weakening is accompanied by a strengthening of
the AEJ-North towards the eastern part of the Sahel in
the ECMWF 2019 OSEs. In the DWD OSE, the influ-
ence over the AEJ-North is less pronounced. Secondly,

Royal Meteorological Society

the assimilation of Aeolus data strengthens the TEJ
core by about 0.4m-s™! in the ECMWF analyses and,
conversely, weakens the southern edge of the TEJ by
more than 0.5m-s7! in the DWD OSE analysis. This
may imply the strengthening/weakening of the updraft
in the convective region, leading to more/less diver-
gence in the upper levels, which in turn would affect
precipitation in the ECMWEF or DWD models, respec-
tively. This will be explored in future studies. Finally,
the assimilation of Aeolus brings the ECMWF and DWD
2020 analyses closer together, in particular in the upper
ITCZ and southern TEJ region, which is dominated by
Mie-cloudy measurements and where the systematic
differences between DWD and ECMWF zonal winds
reach 4m-s~1. In cloud-free regions, however, the anal-
yses deviate slightly from each other, which may possi-
bly be caused by the additional vertical-dependent bias
correction present in the DWD OSE.

. Background departures were analysed to assess the

behaviour of the HLOS observations with respect to
the model equivalents and to disentangle the orbital
and channel contribution to the observed analysis
differences. Primarily, the combined Rayleigh-clear
and Mie-cloudy departures show a structure simi-
lar to the zonal wind analysis difference. This indi-
cates the presence of a height- and orbit-dependent
bias in the Rayleigh-clear channel, which causes the
winds to speed up in the morning and slow down
in the evening. However, correcting this bias using a
temperature-dependent approach shows that the mag-
nitude of this bias is too small to have a signifi-
cant influence on the analysis and prediction fields.
Although this influence is small, the temperature-bias
correction provides a better representation of the
Rayleigh-clear diurnal winds. Despite the model differ-
ences between ECMWF and DWD, both Rayleigh-clear
and Mie-cloudy behave similarly with respect to their
model equivalents.

. The ECMWF and DWD zonal wind forecasts verified

with ERAS5 revealed that Aeolus has a positive influence
on the WAM zonal winds. The positive impact is most
notable in the upper troposphere because of denser
observation sampling together with smaller measure-
ment uncertainties. Cloud-free regions exhibit lower
RMSE deterioration relative to cloudy regions, owing to
the lower signal-to-noise ratio in broken-cloud scenes
for Rayleigh-clear winds. Short forecast ranges of +24 h
show larger deterioration, possibly due to verification
problems in data-sparse regions. Despite the presence
of cumulonimbus clouds, the representation of the TEJ
is positively impacted by Aeolus for most OSEs and lead
times. Although the AEJ-North also shows improve-
ment, it is more modest compared with the TEJ and
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only apparent in the ECMWF OSEs. This could have
implications for the propagation of African Easterly
Waves (AEWs) and related Mesoscale Convective Sys-
tems (MCSs) in forecasts.

6. The radiosonde verification in the ECMWF OSEs over
West Africa showed that the vertically averaged total
wind random errors in the 2019 and 2020 OSEs are
reduced by 0.45% and 1.95%, respectively, with the
effects peaking in the upper troposphere. The reduc-
tion of the latter would be comparable to a 1-2 year
average reduction in the RMS vector wind error (at 250
and 850 hPa) of the ECMWF +44h forecast verified
against radiosondes in the Tropics (Haiden et al., 2021
their figure 17). The improvement is raised to 1.45%
in the 2019 OSE, when a temperature-dependent bias
correction in the Rayleigh-clear channel is applied,
highlighting the usefulness of the correction.

The influence of Aeolus on the forecast quality is pos-
itive overall. Through the addition of appropriate bias
corrections in the processing chain, Aeolus is able to repre-
sent the WAM winds in a realistic manner. This is despite
the varius remaining complex biases and noise levels in
the different channels, which, once corrected, would allow
Aeolus to reach its full potential. Having investigated the
distinct influence of Aeolus on key circulation features
such as the TEJ and AEJ-North, it remains to be explored
how Aeolus affects the propagation of AEWs and thus
potentially the forecast of tropical cyclones over the down-
stream Atlantic Ocean (Brammer and Thorncroft, 2015).
A positive impact of improving data assimilation in the
WAM may also be observed remotely in the midlatitude
Euro-Atlantic region (Bielli et al., 2010; Gaetani et al,, 2011;
Pante and Knippertz, 2019) and the Mediterranean basin
(Raicich et al., 2003) through teleconnection effects. There
may also be a positive effect on equatorial waves, which
are responsible for much of the synoptic and intraseasonal
atmospheric variability in the Tropics.
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