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Abstract

Aeolus is the world’s first spaceborne Doppler Wind Lidar, providing profiles
of horizontal line-of-sight (HLOS) wind retrievals. Numerical weather predic-
tion (NWP) impact and error statistics of Aeolus Level-2B (L2B) wind statistics
have been assessed using the European Centre for Medium-range Weather Fore-
casts (ECMWF) global data assimilation system. Random and systematic error
estimates were derived from observation minus background departure statis-
tics. The HLOS wind random error standard deviation is estimated to be in the
range 4.0-7.0 m-s~! for the Rayleigh-clear and 2.8-3.6 m-s~! for the Mie-cloudy,
depending on atmospheric signal levels which in turn depend on instrument
performance, atmospheric backscatter properties and the processing algorithms.
Complex systematic HLOS wind error variations on time-scales less than one
orbit were identified, most strongly affecting the Rayleigh-clear winds. NWP
departures and instrument housekeeping data confirmed that it is caused by
temperature gradients across the primary mirror. A successful bias correction
scheme was implemented in the operational processing chain in April 2020.
In Observing System Experiments (OSEs), Aeolus provides statistically signifi-
cant improvement in short-range forecasts as verified by observations sensitive
to temperature, wind and humidity. Longer forecast range verification shows
positive impact that is strongest at the day two to three forecast range: ~2%
improvement in root-mean-square error for vector wind and temperature in
the tropical upper troposphere and lower stratosphere, and polar troposphere.
Positive impact up to 9 days is found in the tropical lower stratosphere. Both
Rayleigh-clear and Mie-cloudy winds provide positive impact, but the Rayleigh
accounts for most tropical impact. The Forecast Sensitivity Observation Impact
(FSOI) metric is available since 9 January 2020, when Aeolus was operationally
assimilated, which confirms Aeolus is a useful contribution to the global observ-
ing system, with the Rayleigh-clear and Mie-cloudy winds providing similar
overall short-range impact in 2020.
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1 | INTRODUCTION

This article concerns the use of the novel wind profiles
from the Aeolus satellite mission (ESA, 2008; Straume
et al, 2020) in global numerical weather prediction
(NWP), in particular the Level-2B (L2B) HLOS (horizontal
line-of-sight) wind data. We assessed the quality of Aeo-
lus wind retrievals and their impact on global NWP using
the European Centre for Medium-range Weather Forecasts
(ECMWEF) system.

In 2018 the World Meteorological Organisation
(WMO) Rolling Review of Requirements (WMO, 2018)
listed wind profiles as the highest priority critical atmo-
spheric variable not being adequately measured by the
global observing systems. Aeolus partially fills this wind
data gap and it is of great interest to evaluate its NWP
impact to demonstrate the potential value of future wind
lidar missions. Many studies have investigated the poten-
tial benefits of more wind profile observations for NWP,
such as: Stoffelen et al., 2006; 2020a; Tan et al., 2007; Weiss-
mann and Cardinali, 2007; Marseille et al., 2008; Baker
et al., 2014; Horanyi et al., 2015a; Illingworth et al., 2018.
These theoretical studies and case-studies all point to the
significant added value of profiles of wind data.

The European Space Agency’s (ESA) Aeolus satellite
was launched on 22 August 2018 with the first Doppler
Wind Lidar (DWL) in space and the first European lidar
in space as the payload. The mission’s main objective
is to provide profiles of high-quality wind component
information from the surface up to the lower strato-
sphere (~30 km, ~10 hPa), using a DWL instrument called
ALADIN (Atmospheric LAser Doppler INstrument) in
a polar Sun-synchronous, ~320km altitude dawn-dusk
orbit (ESA, 2008). The observations consist of slant path
(off-nadir) profiles of the HLOS wind component, point-
ing in the direction perpendicular to the satellite-Earth
surface velocity vector (mostly zonal wind component
information). The mission is intended to last at least
3years. Information about ALADIN can be found in Lux
et al. (2020a) and Reitebuch (2012).

ECMWF are part of the ESA-funded Aeolus DISC
(Data Innovation and Science Cluster) consortium and
were part of the team working on the characterization, cal-
ibration and validation of the ALADIN instrument and the
Aeolus data products (Reitebuch et al., 2020a).

Short-range NWP forecasts have been extensively
used to detect observation quality issues, for example:
Hollingsworth et al., 1986; Stoffelen, 1999; Lu et al., 2011.
This same principle has been applied for Aeolus
HLOS winds, via detailed comparisons to the ECMWF
short-range forecast (Rennie, 2016), to assess the obser-
vation random and systematic errors. We focus on L2B
HLOS winds produced in near real time operational

processing during the first 2 years of the Aeolus mission,
from September 2018 until October 2020. Reprocessed
datasets with improved quality and consistency were not
yet available for this extensive study. We anticipate further
NWP benefits from these in the future.

During the mission so far, the ECMWF monitoring has
helped to detect several Aeolus anomalies, and explana-
tions have been found in collaboration within the Aeolus
DISC, for example, Weiler et al. (2020). Also, the NWP
monitoring has supported ESA and industry to perform
instrument adjustments, which has led to improvements
in the quality of the wind retrievals. One very impor-
tant issue, which was discovered and resolved in this
study, relates to the correlation between systematic HLOS
wind errors and ALADIN’s telescope primary (M1) mirror
temperatures, as discussed in Section 3.4. The correction
algorithm by the Aeolus DISC has implemented for this in
the ground processing chain.

As part of the mission’s calibration and validation
(CAL/VAL), Aeolus L2B winds have been compared to var-
ious in situ observation types, such as radiosondes (Mar-
tin et al., 2021), ground-based radar wind profiler (Geif3
et al., 2020), ground-based Rayleigh-Mie Doppler lidar
(Khaykin et al., 2020) and airborne campaign Doppler lidar
data (Lux et al., 2020b; Witschas et al., 2020). Our assess-
ments of wind quality, using the ECMWF short-range
forecasts, are complementary to these comparisons against
Earth-based in situ or remotely sensed winds, benefiting
from the high temporal and global coverage of ECMWF’s
generally accurate wind fields, and with a more simi-
lar resolution to Aeolus winds. Our knowledge of the
systematic and random errors in ECMWF short-range
wind forecasts is sufficient to characterize Aeolus’ larger
wind errors, in particular when averaged over larger data
samples.

The key topic of this article is the assessment of
the global NWP forecast impact of Aeolus winds. We
used the Observing System Experiment (OSE: Andersson
et al., 1991) technique and Forecast Sensitivity Obser-
vation Impact (FSOIL: Langland and Baker, 2004; Cardi-
nali, 2009) diagnostics in the ECMWF global data assimila-
tion system. OSE results for two different time periods are
shown, increasing the confidence in the positive impact
found. Aeolus Rayleigh-clear and Mie-cloudy winds were
switched on in ECMWF operational data assimilation on 9
January 2020 - a major achievement for a demonstration
mission, less than 17 months after launch.

Section 2 describes the methods used to assess the L2B
wind quality via NWP monitoring, and the OSE and FSOI
impact experiment periods and settings. Section 3 presents
the results of the assessment of the quality of L2B winds
using the ECMWF short-range forecasts as a reference.
Section 4 provides the results of the Aeolus NWP impact
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assessment and the remaining sections are the discussion
and conclusions.

2 | METHODS

2.1 | Aeolus Level-2B data

Aeolus L2B wind products are the output of a
multiple-stage ground-processing chain, that has been
developed since the early 2000’s. A description of the pro-
cessing levels from raw data to L1B (Reitebuch et al., 2018)
and up to L2B is given in ESA (2008). Tan et al. (2008)
explains the original concept of the L2B processor (wind
retrieval), but the L2B Algorithm Theoretical Basis Doc-
ument (ATBD) provides an up-to-date description of
the latest scientific algorithms and the input/output of
the processor (Rennie et al, 2020). The key observa-
tional output from the L2B processor is the HLOS wind,
which is suitable for use in NWP and scientific research,
due to several important extra processing steps relative
to the Level-1B (L1B) HLOS wind products. The most
important is accounting for the slight influence of atmo-
spheric temperature and pressure (Dabas et al., 2008)
on the Rayleigh-clear winds. The L2B processor also
performs classification of measurement-scale (~3 km;
highest-resolution data, which is downlinked from the
satellite) data into clear and cloudy conditions and per-
forms flexible horizontal averaging of measurement-scale
signal data to the observation scale (typically up to
87 km for Rayleigh-clear winds). It also accounts for Mie
backscatter in the Rayleigh-clear winds and provides a
realistic random instrument error estimate with each
wind result.

The L2B winds come in four types due to the
atmospheric classification into clear-air or cloudy-air
conditions: Rayleigh-clear, Rayleigh-cloudy, Mie-clear
and Mie-cloudy. We focus on the Rayleigh-clear and
Mie-cloudy winds, since they are better quality. A typical
example of Aeolus L2B HLOS winds on 1 September 2020
is shown in Figure 1a for Rayleigh-clear and Figure 1b for
Mie-cloudy. Being an active space-borne optical instru-
ment, ALADIN is attenuated by optically thick ice and
water cloud, aerosols or the ground, hence areas exist
closer to the surface with no wind measurements (shaded
grey). The Mie-cloudy winds primarily come from opti-
cally thick cloud tops, from within optically thin clouds
and to a lesser extent from aerosols. Mie-cloudy winds
have poorer spatial coverage than the Rayleigh-clear
winds which are based on molecular returns.

ALADIN’s line-of-sight points perpendicularly to the
satellite-Earth relative velocity with an angle of ~10° from
the zonal direction (outside of polar regions). Therefore,
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the HLOS winds provide information mostly on the zonal
rather than the meridional wind component. However,
near the Poles the meridional wind component informa-
tion dominates. Away from the Poles, for ascending orbit
phase, Aeolus measures the predominantly westerly jet
streams as positive HLOS winds, and for descending orbit
phase the westerly jet streams are measured as negative
HLOS winds. This is seen for the Rayleigh-clear winds in
Figure 1.

The data are accumulated in vertical bins with a thick-
ness varying from 0.25 to 2 km, defined by the range-bin
settings (RBS). Aeolus allows variable RBS along the orbit,
as seen for the Rayleigh-clear in Figure 1a. The RBS have
been refined during the mission to try to achieve the best
NWP impact and scientific benefit from the 24 available
range-bins, for example, by using a higher top altitude
over the Poles to capture the polar vortex (and poten-
tial Mie-cloudy winds from polar stratospheric clouds).
A higher top altitude results in poorer vertical resolu-
tion at lower levels. Improved vertical resolution in the
extratropical polar-front jet stream and in the tropical
upper troposphere was chosen, due to increased verti-
cal wind shear in those regions which is of importance
for NWP.

The Rayleigh-clear wind random error depends on
many factors. Shot-noise from the detection process of
signal photons dominates, so with an atmospheric path
useful signal magnitude (S), the Rayleigh-clear wind ran-
dom error is proportional to S7'/2 (not considering solar
background noise). Atmospheric path signal depends on:

» The output laser pulse energy and the optical efficiency
of the transmit-and-receive path of the instrument.
These have varied considerably during the mission.

« Satellite-to-target distance (range). The atmospheric
signal received is inversely proportional to the square of
the distance. The average range varies from a minimum
at the Equator of ~376 km to a maximum of ~420 km at
the South Pole, and ~393 km at the North Pole.

+ The amount of signal accumulation. This depends lin-
early on the vertical thickness of the range-bin and on
the horizontal accumulation length.

Another important factor for the Rayleigh-clear wind
random error is the level of solar background noise in the
ultraviolet (UV) operating wavelength of the instrument,
which varies along the orbit and by season according to the
solar illumination at the target. It is largest when passing
over the summer pole.

Mie-cloudy winds have higher precision than
Rayleigh-clear due to backscatter from clouds being typ-
ically an order of magnitude stronger than from clear
air, and the lack of Doppler broadening for the Mie
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FIGURE 1 L2B(a)
Rayleigh-clear and (b) Mie-cloudy
HLOS wind retrievals (m-s~1) for
half of an orbit on 1 September 2020
(orbit number 11747); starting in the
descending orbit phase near the
Equator. The vertical axis is the
geometric height relative to EGM96
(Earth gravity model from 1996)
geoid and the horizontal axis is the
time along the orbit (but labelled
with latitude and longitude
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(b) L2B Mie-cloudy HLOS winds

backscatter compared to the broad spectral bandwidth
Rayleigh-Brillouin spectrum (Witschas et al., 2012).
Mie-cloudy winds from weak backscatter such as from
typical aerosol layers are sensitive to the signal levels
though.

L2B processor settings used since March 2019 result
in Mie-cloudy winds of horizonal resolution up to
~12km (previously up to ~87km), compared to the
Rayleigh-clear (~87km). The shot-noise-dominated
Rayleigh measurements mean longer horizontal averag-
ing is necessary to achieve acceptable random errors for
Rayleigh-clear winds. Despite the higher resolution of
the Mie-cloudy winds, the Rayleigh-clear winds are ~1.7

times noisier than the Mie-cloudy (in standard deviation)
(see Section 3.2).

The L2B data investigated in this article is sourced from
the near real-time (NRT) operationally produced prod-
ucts by ESA’s Payload Data Ground Segment (PDGS). The
ground segment processing algorithms, instrument per-
formance and data availability has varied considerably
during the mission, leading to some natural boundaries for
NWP impact assessment time periods. Rennie and Isak-
sen (2020) provides a description of some of these changes
in the NRT L2B data properties until May 2020, such as the
characteristics from the mission’s commissioning phase
(from September 2018 to January 2019). A major change
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was the switch from the first flight model laser (FM-A) to
the second one (FM-B) in June 2019; see Lux et al. (2020a).

An important component to the random error evolu-
tion of both Rayleigh-clear and Mie-cloudy winds is the
improvement of the data processing algorithms during
the mission and changes in applied calibration data (for
which the quality can vary), for example, see Rennie and
Isaksen (2020).

2.2 | Observation minus background
departure statistics

A state-of-the-art data assimilation system and forecast
model (such as ECMWF’s) is a powerful tool for monitor-
ing and evaluating a new observing system. The forward
modelled observation equivalent (B) (also known as back-
ground) can be compared to the observation (O). O-B
departure (or innovation) statistics provide valuable infor-
mation on the quality of the observations.

Assuming O =T + ¢p and B = T + ¢p, where T is the
true HLOS wind, ¢ is the observation error and ep is the
background error, then variance and expectation of inno-
vation statistics can, with some assumptions, be estimated
as:

Var(O — B) = Var(ep) + Var(eg) — 2Cov(ep, €B),
E(O — B) = E(eo) — E(ep).
The observation random error estimate (standard devi-

ation, o) is as follows (assuming the covariance of obser-
vation and background errors is negligible).

o(ep) = \/Var(eo) & \/Var(O — B) — Var(ep).

The observation systematic error (bias) estimate is
as follows (assuming that the expectation of background
error is relatively small compared to the observation bias).

E(eo) = E(O — B) + E(ep) ~ E(O — B).

This observation random error estimate requires
knowledge of the background error variance, Var(eg) =
o2(ep). The ECMWT background is of course not the truth,
but averaged over large spatial- and time-scales it has a
high level of accuracy and good precision.

Estimates for o(ep) were derived using “Desroziers
diagnostics” (Desroziers et al., 2005) using radiosonde
zonal wind and Aeolus HLOS wind departures. This led
to a typical range for o(ep) of 1.5 to 2.5m-s~! in HLOS
wind space, varying with atmospheric pressure (altitude)
and geolocation (smaller errors near the surface). Due to
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the variability of o(eg), we have used this range to define
confidence intervals for our o(ep) estimates.

HLOS wind space o(¢ep) is available via the Ensemble
of Data Assimilations spread (EDA: Isaksen et al., 2010)
available with each observation. This gave a mean o(eg) of
~1 m-s~! at Rayleigh-clear and ~1.2m-s™! at Mie-cloudy
geolocations. This is unrealistically small compared to the
departure-based metrics. The lack of variance is due to:
spectral truncation, the values apply at the start of the
four-dimensional variation (4D-Var) window and overall
imperfect scaling of assigned observation errors in the
ECMWF analysis. However, the EDA derived o(eg) has
realistic geographical gradients (such as being larger in the
tropical upper troposphere) even if the absolute values are
too small.

We found the maximum global average bias, vary-
ing with altitude, of radiosondes zonal and meridional
wind component, E(O — B), to be approximately 0.3 m-s~!
(in several periods), therefore we assume this represents
the maximum possible global average background fore-
cast bias over large samples. Martin et al. (2021) showed
a good agreement between Aeolus L2B departures with
respect to two NWP backgrounds (DWD and ECMWF) and
collocated radiosondes, which gives confidence that the
large spatial- and time-scale ECMWF model winds are a
trustworthy reference for inferring Aeolus biases.

ECMWF’s Integrated Forecasting System (IFS) HLOS
wind observation operator (used to calculate B) is:

H(u,v) = —usin ¢ — vcos ¢.

The HLOS wind is a linear function of the model zonal
wind component (1) and meridional wind component
(v) which are interpolated to the observation geolocation
point (latitude, longitude and geometric height). ¢ is the
azimuth angle, describing the line-of-sight pointing of the
laser projected onto the horizontal plane; it is provided as
part of the observation geolocation information. The hor-
izontal and vertical interpolation of the model wind field
to the observation geolocation uses standard IFS methods
applied for in situ observations (ECMWF, 2020). Further
details on this observation operator can be found in Rennie
and Isaksen (2020).

The point observation operator is a reasonable approxi-
mation in the horizontal dimension given that the effective
resolution of ECMWF’s global model is similar to the hor-
izontal resolution of Rayleigh-clear winds (on the order of
4-8 times the model grid spacing (Abdalla et al., 2013) or
even larger (Stoffelen et al., 2020b)). The ECMWF oper-
ational deterministic model configuration is used to pro-
vide the departures. It has a horizontal resolution Tco
(triangular- cubic-octahedral) 1,279 (Malardel et al., 2016)
(~9 km grid spacing at midlatitudes) and 137 vertical levels
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up to ~80 km. The Mie-cloudy winds have higher horizon-
tal resolution (~12km) than the effective ECMWF model
resolution, which means representativeness errors should
be considered in their assimilation (see Section 2.3); effec-
tively we inflate the assigned observation error.

The point observation operator is less appropriate
in the vertical dimension, given that the model’s winds
can vary significantly over Aeolus’ thickest (1-2km)
range-bins. In the tropical upper troposphere, and along
tropospheric frontal zones, the model HLOS wind verti-
cal shear is often more than 20 m-s~! per km (not shown).
This is despite the model underestimating vertical wind
shear (Houchi et al., 2010). Also, particularly for the
cloud backscattered Mie-cloudy winds (Sun et al., 2014),
it is unknown where the cloud lies within an Aeolus
range-bin. However, the wind is assigned to the centre
of the range-bin, and this discrepancy introduces a for-
ward model representativeness error. For Rayleigh-clear
winds an attenuated backscatter vertical weighting func-
tion could be used in the observation operator.

Departure statistics were calculated by ingesting the
HLOS wind retrievals and associated meta-data, via
the WMO L2B BUFR (Binary Universal Form for the
Representation of meteorological data) format, into the
ECMWF 4D-Var analysis with a 12 hr assimilation window
(“delayed cut-off”: Haseler, 2004) and hence calculating
the departure statistics. When available, we have used
ECMWEF operationally produced departures in our inves-
tigations, but prior to December 2018 an offline analysis at
the operational resolution was used. Time-series of depar-
ture statistics for different pressure ranges and partitioned
into different orbit phases are provided in Section 3.1.

Since 9 January 2020, Aeolus L2B winds have been
operationally assimilated at ECMWF, implying that the
background departures are no longer independent of past
Aeolus winds; it is unclear if this affected the Aeolus error
estimates but there is no obvious discontinuity in the time
series, so it probably did not.

2.3 | Observing system experiments
The OSEs performed focused on the assessment of Aeolus
L2B HLOS winds during time periods where an appro-
priate bias correction for the L2B winds was available
(whether via the L2B processing or through ECMWF’s
own bias correction methods as part of the data assimila-
tion system), and when the operational ground processing
algorithms had reached a sufficient level of maturity. See
Table 1 for details of the two OSE periods tested and of the
Aeolus L2B data used.

The early FM-B laser period L2B dataset was obtained
from the operationally produced data. The test period

started on 2 August 2019, because before that inappropri-
ate calibration files were applied. A discussion of the type
of bias corrections that were applied to the L2B data for
both OSE periods is provided in Section 3.4.

Both OSEs used the same assigned HLOS wind obser-
vation error modelling, which is:

U(eo,assign) = \/azaz(eo,instr) + 62(":O,rep)’

where o(eorep) is the representativeness error standard
deviation, o(eo nstr) iS the L2B processor reported instru-
ment error standard deviation (provided with each wind
result) and « is the scaling factor applied for the gener-
ally underestimated instrument error estimate. The L2B
processor estimated error (an instrument noise estimate
via propagation of errors from the detector counts) corre-
lates very well with the standard deviation of O-B depar-
tures and is thought to be realistic, particularly so for the
Rayleigh-clear winds. The observation error parameters
were determined via a combination of “Desroziers diag-
nostics” and trial and error in OSEs. They are listed in
Table 2.

Some data selection and quality control (QC) was
applied to the L2B data in both OSE periods. Only
Rayleigh-clear and Mie-cloudy winds with “valid” over-
all L2B confidence flag were used. Rayleigh-cloudy or
Mie-clear winds were not assimilated. All data within
20hPa (~160m) of the surface were discarded to avoid
using spurious ground returns. Rayleigh-clear winds
below 850hPa were discarded to avoid some apparent
degradation from the generally noisy wind results due to
thin range-bins and atmospheric attenuation in the atmo-
spheric boundary layer.

Data with large L2B estimated instrument standard
error were discarded since it was found to help eliminate
gross errors, particularly for the Mie-cloudy. The thresh-
olds, before error scaling, were 12 m-s~! for Rayleigh-clear
winds above 200hPa and 8.5 m-s~! for Rayleigh-clear
winds below 200 hPa. For Mie-cloudy winds the threshold
was 5m-s~! at all altitudes. Rayleigh-clear data with hori-
zontal accumulation lengths below 60 km were discarded
to avoid spurious clear-air returns.

Aeolus impact assessment during the early mis-
sion (commissioning phase) and in the late FM-A laser
period, during which the NRT processing had many
issues and hence does not give a fair representation of
Aeolus data quality, is provided in Rennie and Isak-
sen (2020). We present OSEs from the FM-B laser
period. The OSEs use the full observing system nom-
inally assimilated at ECMWF that is, operational data
exclusion lists, so the Aeolus impact is representative
of what would be produced in an operational NWP
environment.
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TABLE 2
observation error

Parameters used in the assigned data assimilation

L2B processor
instrument

error estimate Representativeness

Wind type scaling factor @ error (m-s™1) 6(€0,rep)
Rayleigh-clear 1.4 0
Mie-cloudy 1.25 2

2.4 | Forecast sensitivity to observation

impact set-up

FSOI is a cost-effective method used by many NWP cen-
tres, typically to evaluate 24 hr forecast impact from obser-
vations. FSOI measures the impact of observations in the
context of all the other observations assimilated (Langland
and Baker, 2004). The ECMWF FSOI is using a global dry
energy norm error. It relies on the accuracy of the model’s
adjoint and is therefore limited to short-range forecasts
assessment. The FSOI short-range impact does not guaran-
tee similar levels of impact on the medium-range forecasts,
so OSEs are still required for a proper evaluation. The FSOI
metric can be summed up over time and space and into
different components of the observing system to get the rel-
ative impact. Aeolus FSOI is available since the operational
assimilation started on 9 January 2020.

3 | ASSESSMENT OF HLOS WIND
RETRIEVAL ERROR STATISTICS

The error properties of Aeolus L2B HLOS wind retrievals
are assessed via O-B departures using the methods
explained in Section 2.2.

3.1 | Time-series of HLOS wind error
statistics

Global daily time-series of the L2B Rayleigh-clear HLOS
wind error properties during the mission from 7 September
2018 to 5 October 2020 are shown in Figure 2. The statis-
tics are split into pressure ranges: 100-800 hPa (~2-16 km)
to approximately represent the free troposphere and above
100 hPa to represent the lower stratosphere, and then fur-
ther splitinto ascending and descending orbit phase. There
are some gaps in the time series due to the exclusion of
data during known instrument anomalies and tests for
which the quality of the winds was affected and gaps due
to ALADIN not operating. A background QC threshold
was applied to mitigate the effect of outliers, by rejecting
data where the absolute O-B departure exceeds 15m-s~!,

which is roughly a 3-¢ check. The HLOS wind random
error statistic is strongly influenced by the mean range-bin
thickness, hence this is also shown in Figure 2.

Global daily time-series of the L2B Mie-cloudy HLOS
wind error statistics during the mission are shown in
Figure 3. The statistics are split into pressure ranges:
800-1,100 hPa (surface to about 2km) to roughly repre-
sent the planetary boundary layer (PBL) and 100-800 hPa
(~2-16 km) roughly representing the free troposphere, and
then further split into ascending and descending orbit
phase. The Mie-cloudy time-series used a background QC
threshold of 10 m-s™!, which is roughly a 3-¢ check for
Mie-cloudy winds. Mie-cloudy winds are relatively scarce
in the stratosphere and therefore not shown.

3.2 | Assessment of HLOS wind random
error statistics

The Rayleigh-clear random error increased during the
FM-A laser period (from mission start to mid-June 2019),
with the rate of degradation increasing with time; this
is evident in the troposphere and the lower stratosphere,
as seen on Figure 2. This was due to: an increasing per-
centage of uncorrected “hot pixels” (Weiler et al., 2020);
a downward trend in atmospheric signal levels due
to decreasing output laser energy (Lux et al, 2020a;
Reitebuch et al., 2020a); and seasonal changes in the
M1-mirror-temperature dependent bias variations (which
are largest at Northern Hemisphere summer solstice; see
Section 3.4), which manifests as increased random error in
daily average statistics.

For the early FM-B laser period in August 2019, the
estimated Rayleigh-clear random error was significantly
smaller than compared to late FM-A data, but similar in
the free troposphere to the early FM-A data (September
2018) (despite the assigned range-bins being thinner for
early FM-B compared to early FM-A). The FM-B random
errors then generally increased due to decreasing atmo-
spheric path signal (Reitebuch et al., 2020b) and thinner
range-bin settings. The random error for FM-B was approx-
imately 1 m-s~! larger in August 2020 compared to August
2019 in the free troposphere.

The Mie-cloudy random errors are larger for early
FM-B than for the early FM-A period. This is not yet under-
stood, but may be due to a combination of factors such as:
poorer quality Mie calibration data; shorter average hori-
zontal accumulations (~50 km in early FM-A, ~12km in
FM-B, therefore less accumulated signal); modified L2B
processor classification algorithm settings; and changes in
vertical range-bin settings. Decreasing the horizontal aver-
aging length of the Mie-cloudy winds from typically 50 to
12km on 5 March 2019 gave a factor 2-3 increase in the
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FIGURE 2

Estimate of HLOS wind E(go) (m/s)

Time series from 7 September 2018 until 5 October 2020 of L2B Rayleigh-clear HLOS wind estimated bias (E(ep)) and

estimated random error (c(ep)). Statistics for the troposphere (100-800 hPa) are shown in the top row for (a) ascending orbit phase and (b)
descending orbit phase. Statistics for the lower stratosphere (above 100 hPa) are shown in the bottom row for (c) ascending orbit phase and
(d) descending orbit phase. Each datum corresponds to a global sample from 1 day. Also shown is the mean range-bin thickness of the wind
retrievals. The error bars represent the error estimate uncertainty as explained in Section 2.2

number of winds and only led to a small increase (~5%)
in standard deviation of O-B, which is because the cloud
backscatter is sufficiently strong to not be a limiting factor
in the wind errors (this agrees with pre-launch predic-
tions in Savli et al. (2019)). Figure 3 shows an increase
in random error occurred on 16 May 2020 associated
with a processing baseline update involving the applica-
tion of a new Mie calibration file to decrease systematic
€errors.

Tables 3 and 4 summarise the estimated global aver-
age random observation error, o(ep), for Aeolus L2B HLOS
winds throughout the mission up to October 2020 for the
defined pressure ranges. The tables are partitioned into

time periods to reflect the variations during the mission.
The Mie-cloudy winds are significantly less noisy than the
Rayleigh-clear, with the best case 2.8 m-s™! random error
(1- o), whereas the best performance for the Rayleigh-clear
is 4m-s~1, peaking at about 9 km altitude.

3.3 | Assessment of HLOS wind
systematic error statistics

Large time-varying biases for Rayleigh-clear and
Mie-cloudy winds are evident in Figures 2 and 3, as well
as differences between ascending and descending orbit
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Similar to Figure 2, but for L2B Mie-cloudy HLOS winds statistics for the planetary boundary layer (PBL, 800-1,100 hPa)

are shown in the top row for (a) ascending orbit phase and (b) descending orbit phase. Statistics for the free troposphere (100-800 hPa) are

shown in the bottom row for (c) ascending orbit phase and (d) descending orbit phase

TABLE 3

A summary of the estimated global average

random error (6(ep)) for Aeolus L2B Rayleigh-clear HLOS winds

split by atmospheric layer

Time period

One-c observation
error estimate (m-s~1)

Pressure range for each laser FM-A FM-B
Free troposphere Early 4.0 4.5
Free troposphere Late 6.0 5.5
Lower stratosphere Early 4.0 4.0
Lower stratosphere Late 7.0 6.5

phases, particularly for the Rayleigh-clear winds. An
explanation for the latter is given in Section 3.4.
During the FM-A period, the L2B Rayleigh-clear global

average bias had a positive trend (of around 0.4 m-s~

! per

TABLE 4

A summary of the estimated global average

random error (6(ep)) for Aeolus L2B Mie-cloudy HLOS winds split

by atmospheric layer (PBL is planetary boundary layer)

Pressure range
Free troposphere
Free troposphere
PBL
PBL

Time period
for each laser

Early
Late
Early

Late

One-c observation
error estimate (m-s~1)

FM-A FM-B
2.8 3.5
3.5 3.5
3.0 3.5
3.0 3.6

month) which settled in March 2019. A new calibration file
was implemented on 16 May 2019, reducing the positive
bias (but still ascending/descending differences). The bias
then remained steady until laser FM-A’s switch-off in
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mid-June 2019. When the first reasonable FM-B calibra-
tion file was applied from 2 August 2019 the wind bias was
close to zero for ascending orbits, but positively biased by
2m-s~! for descending orbits. However, it then drifted to
negative values (at a faster rate for descending orbits), par-
ticularly from mid-September 2019. The drift rate varied
with time from around —0.9 m-s~! per month from August
to December 2019 to —1.3 m-s™! per month from January
to April 2020 (average combining ascending and descend-
ing). The bias reduction steps on 16 December 2019 and
7 January 2020 were due to the application of manual
bias correction which is an option in the L2B processing
settings.

Aeolus DISC investigations, for example Reitebuch
et al. (2020b), found that the negative bias drift for FM-B
was due to a drift in the internal path Rayleigh response,
which is not replicated in the corresponding atmospheric
path Rayleigh response, combined with using fixed cali-
bration files. The drift in internal Rayleigh spectrometer
response is thought to be due to changes in pointing (angle
of incidence) of the laser light upon the spectrometers,
rather than a change in laser frequency. Decreases in inter-
nal and atmospheric signal levels with time throughout
FM-B are probably linked to the internal path drift (likely
to be a geometrical clipping of signal through an aperture
(Reitebuch et al., 2020b)).

The improvement in bias since 20 April 2020 - close to
zero and steady with time — is the result of the operational
implementation of the M1-mirror-temperature dependent
bias correction scheme (see Section 3.4), which also in
effect corrects the internal path Rayleigh response drift
induced offset bias.

The Mie-cloudy global average bias had a positive trend
for FM-A, although it settled in April 2019. The bias
improved by 2.0-2.5m-s~! when a new calibration file was
applied in May 2019. The bias for FM-B data was reason-
ably stable and less than 1 m-s~! until January 2020, after
which it gradually became more negative (this has not
yet been explained). As with the Rayleigh-clear, the bias
stabilised significantly after the M1-mirror-temperature
dependent bias correction went operational on 20 April
2020.

3.4 | An explanation for the systematic
error variations with orbital

phase - M1-mirror-temperature
dependence

Throughout the mission Aeolus O—B departures showed
the presence of large magnitude biases (several m-s~!
HLOS) differing between ascending and descending orbit
phases (as is evident in Figures 2 and 3); particularly for

Royal Meteorological Society

the Rayleigh-clear winds. The biases were confirmed with
respect to radiosondes and another NWP assimilation sys-
tem (Martin et al., 2021), so we can be confident that
Aeolus is the source of the bias.

The Rayleigh-clear bias varies with geolocation as is
shown in Figure 4. Here E(O — B) is binned by the orbit
phase angle (argument of latitude) and by longitude from
week-long samples (the bias remains roughly the same in
geographical pattern over a week time-scale). Argument
of latitude is defined as 0° at the ascending node Equa-
tor crossing and 360° when back ascending at the Equator.
The Rayleigh-clear bias can change significantly over a
monthly time-scale for example, a decrease of 3 m-s~! dur-
ing April 2019 at the North Pole (argument of latitude of
90° in Figure 4a,b). In August 2019 it varied considerably
with argument of latitude and longitude (Figure 4c); the
range of bias variation is greatest in NH summer, that is, a
range of 10 m-s™! in August compared to 5m-s™! in April
and December 2019. There is also an orbit phase depen-
dence to the Mie-cloudy bias (Figure 5), but the bias range
of ~2.5m-s~! is much smaller than for the Rayleigh-clear.
Also, the longitudinal dependence was very small for the
Mie-cloudy.

Inspired by research (Bell et al., 2008) that resolved
Special Sensor Microwave Imager/Sounder (SSMIS) bias
issues, we correlated Aeolus biases, on a sub-orbital
time-scale, with the available satellite housekeeping data,
to try to determine the cause of the bias. It became clear
that there was a link between the ALADIN telescope pri-
mary (M1) mirror (Korhonen et al., 2008) temperatures
and the Rayleigh-clear bias from maps of bias compared
to mean M1 temperature in the Northern Hemispheric
summer over several days, but the relationship had com-
plicated nonlinear characteristics. The M1 temperature
readings are provided by thermistors which are distributed
across the mirror; many of which provide readings every
4 seconds. An example of a selection of the temperature
readings during 8 hr on 8 August 2019 is shown in Figure 6.
There is an orbital periodicity (~1.5hr) to the tempera-
ture readings, but never exactly repeated. Investigations by
the Aeolus DISC and ESA confirmed that the M1 mirror
temperatures vary along the orbit in response to vary-
ing top of atmosphere radiation (short- and long-wave)
and the M1 mirror’s onboard thermal control mecha-
nism in response to this, hence the periodicity along the
orbit.

A strong linear correlation between the gradients (dif-
ferences) of temperature across the mirror and the bias
E(O — B) was discovered. The difference of the mean of the
mirror’s outer edge temperatures minus the mean of the
near-centre temperatures showed a particularly high cor-
relation of 93% on 8 August 2019, see Figure 7. E(O — B) is
derived from a 2 min (~860 km along-track) sample, taken
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Rayleigh-clear bias (E(O — B)) binned by argument of latitude (orbit phase angle) and longitude for (a) 1-7 April 2019, (b)

25-31 April 2019, (c) 2-8 August 2019 and (d) 2-8 December 2019. There are 32 argument of latitude bins (11.25° wide) and eight longitude
bins (45° wide). The argument of latitude and longitude bins are referenced by the value at the centre of the bin. For visualisation purposes

eight longitude bins are shown, however in practical bias correction for the early FM-B OSE, 10 bins was found to work best

over all altitudes. Such a sample is typically made up of 200
winds (assuming 20 available vertical range-bins and 10
profiles). The Rayleigh-clear HLOS wind bias is very sen-
sitive to the magnitude of the mirror temperature gradient
for example, 47 m-s~! per Kelvin on 8 August 2019.

A bias correction was developed using the M1
temperature readings (available in NRT) as predictors, and

the linear regression coefficients trained from past data.
The M1l-temperature-dependent bias correction works
well, as is shown in Figure 8 for 9 August 2019; for which
the M1-temperature bias correction linear regression coef-
ficients were derived from independent data the day before
(8 August 2019, as shown in Figure 7). The 24 hr sam-
ple standard deviation of the E(O — B) is reduced from
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2.6 t0 0.77 m-s~! with the M1-temperature bias correction.
For comparison a look-up table bias correction method
(described at the end of this section using the previous
week sample of E(O — B), binned by argument of latitude
and longitude is also shown in Figure 8. This method does
reasonably well with a standard deviation of E(O — B) of
1.05 m-s~! (hence showing it was valid to apply in the early
FM-B OSE, before the M1-temperature bias correction
was available); however, the M1-temperature-dependent
method is superior.

The likely explanation for the bias is that the temper-
ature gradient variations (of only up to 0.3 K) cause small
changes in the angle of incidence of the received atmo-
spheric path laser light onto the spectrometers. The spec-
trometer response is sensitive to angular changes (particu-
larly the Rayleigh spectrometer) which are misinterpreted

8 10 11 12
Hour of day (UTC)

---TEL M1/ AHT-22 TEL M1/ AHT-25
------- TELM1/AHT-26 —TELM1/AHT-27
--TELM1-1/TC-18 —-TELM1-2/TC-19

as a Doppler frequency shift due to wind. Extensive evalua-
tion confirmed that the vast majority of the Rayleigh-clear
HLOS wind bias can be explained by the M1 tempera-
ture variations, rather than other sources of bias (given
that the biases remaining after the correction are typi-
cally less than 1 m-s~!). The Mie-cloudy winds also have
an M1-temperature-dependent bias, but of the opposite
sign to the Rayleigh and approximately a factor 10 less in
magnitude. Despite the smaller effect it is however still
beneficial to correct the Mie-cloudy winds.

Slowly varying thermal variations were already
expected as a source of bias pre-launch along with for
example, line-of-sight pointing knowledge errors, but it
was assumed that the biases would be a perfectly harmonic
function (to be corrected by a Harmonic Bias Estima-
tor) with orbit phase angle (argument of latitude) and be
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FIGURE 7  Aeolus L2B Rayleigh-clear HLOS wind bias

E(O - B) (m-s™!) as a function of a M1 mirror temperature function
(in this example the mean outer temperatures minus mean centre
temperatures) using all the data available on 8 August 2019. Each
data point is derived from a 2 min sample mean, over all altitudes.
The dashed line is the linear fit and the coefficients (gradient and
intercept) are written in the chart, as is the Pearson correlation
coefficient r

of small magnitude. In practice the bias is not a simple
harmonic function, instead it is strongly scene-dependent.

The robustness of the M1-temperature bias correction
performance over long periods (e.g. months) was improved
by allowing a flexible weighting (multiple linear regres-
sion) of all 15 thermistor readings, rather than the fixed
(outer minus centre) gradient function. This was devel-
oped into operational software which will be described
in a forthcoming in-depth article by the Aeolus DISC.
The M1-temperature bias correction has been applied in
operations since 20 April 2020; hence the step change
improvement in global average bias shown in Figures 2
and 3. Twice-daily updates of the regression coefficients
are performed to allow for the correction of a time-varying
internal Rayleigh response dependent global offset bias.

Itis quite common that NWP model information (from
the past) is used to bias correct satellite data. Moreover,
in this case, the physical explanation found through the
M1-temperature-dependent bias makes it more accept-
able. Note further that NWP fields can provide an HLOS
wind for validation at all locations throughout an orbit,
for which no alternative exists. Nevertheless, any localised
ECMWF model wind bias, for example in the tropics,
will act as a noise source in the global fit procedure. Any
altitude-varying bias is not an issue, because all the O-B
values throughout the profile are used; so effectively cor-
recting to the altitude mean bias.

A typical example of the quality of L2B winds as a func-
tion of altitude with the M1-temperature bias correction
applied for data measured on 2 August 2019 is shown in
Figure 9. The figure shows error statistics as a function of

altitude, in particular E(O — B), estimated o(ep), the mean
of L2B processor estimated instrument noise ¢(€g instr) and
the data count. Note that there are still residual biases with
altitude, but they are generally small (within + 1 m-s!).

The early FM-B period OSE (Section 2.3) did not use
the M1-temperature bias correction method, because it
was unavailable at the time. Instead bias correction was
done via a look-up table of E(O — B) binned by argument
of latitude and longitude, as shown in Figure 4. For the
Rayleigh-clear winds, 32 argument of latitude bins (11.25°
each) and 10 longitude bins (36° each) were found to work
well. For the Mie-cloudy winds we found that the lon-
gitude dimension to the look-up table was not required.
The bias correction look-up tables were updated once per
week, using the past week’s O-B statistics. This was the
method applied initially when Aeolus was operationally
assimilated at ECMWEF. The mid-2020 FM-B OSE period
was determined by the availability of operational L2B
data with the M1-temperature-dependent bias correction
applied.

4 | NWPIMPACT ASSESSMENT

41 | OSEresults

OSE results from two periods of the FM-B laser are shown,
the first from the early FM-B period in August-December
2019 and the second from April to September 2020. A
detailed description of the OSE design is provided in
Section 2.3 and Table 1.

4.1.1 | How Aeolus changes the analysis

Figure 10 shows maps of the standard deviation of
the analysis differences (experiment assimilating Aeo-
lus Rayleigh-clear and Mie-cloudy minus the control)
for zonal wind, for part of the mid-2020 FM-B period.
The largest influence of Aeolus occurs in convectively
active areas at 700, 250 and 150 hPa, and is most pro-
nounced along the intertropical convergence zone (ITCZ),
the South Pacific Convergence Zone (SPCZ), the Indian
Ocean and to a lesser extent in the South Atlantic Con-
vergence Zone (SACZ). This suggests that Aeolus is cor-
recting the winds associated with convection that the
background forecast does not represent well. Some areas
of enhanced variance occur over the southeastern USA
which is associated with the large background errors of
mesoscale convective systems that typically occur in that
time of the year shown (Rodwell et al., 2013; Rennie, 2016).
Similar geographical patterns exist for meridional wind
and temperature, also for the early FM-B period (not
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between 1600 and 2400 UTC on 9
August 2019. The blue line with
triangular markers shows the bias 3
without any corrections, the red line
with circular markers shows bias
after the M1-temperature bias cor-
rection is applied and the green line

E(O-B) (m/s)
o

with diamond markers shows bias

'
w
!

after the previous week E(O — B)
look-up table bias correction method
is applied. The M1-temperature bias

correction linear regression was -6
derived from the M1-temperature 16
gradient function and O—B statistics

of the previous day, that is, 8 August

2019, as shown in Figure 7
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FIGURE 9 Error statistics of L2B HLOS winds with the M1-temperature bias correction applied for 14 orbits of data on 2 August 2019

as a function of altitude. (a) Rayleigh-clear and (b) Mie-cloudy HLOS winds. Blue triangles show E(O — B), that is, bias; red circles show

o(ep), that is, estimated wind retrieval error; green squares show E(o (o instr)), that is, the average L2B processor estimated instrument error,
and orange crosses show the data count (associated with the top axis). QC of winds with L2B processor estimated error greater than 12 m-s~!

for the Rayleigh-clear and 5 m-s~! for the Mie-cloudy was applied



16 Quarterly Journal of the RENNIE ET AL.

A . ERMetS
Royal Meteorological Society

= N
\ * L I3 g Aoy oo
30N W\ ‘/‘*\{ - S T 30 30N N _f . P 30N
'\‘ ST } W ﬂ\ ; SN @ ~ \\\JZ;X.Q. { ‘\1( & r/'\ @
| \'&x"k‘y | » 2 W{\/ A% S [1mis ey O \ﬂ N o
N : N\ N 0N . ! Bl / . X N
7 TR 3 o
| ¢ > S 3 = . TR
| \ PEaiv N /! { C> Sl AN
‘ ? { N J = \ / {
30°8 | —— — °S 30°5 = _ ) os
[P - N {3t S
L 5 . S
< &
60°8 S 60°S — s
R S e e e I o T T S 200 M,f’}j e T - = R;;
o= = o = <] _T= N |
20W 60°W 0E 60°E 20°E T20°W 60w 33 60°E T20°E

30N 30°N

30°S 30°S

60°S  60°S

(c) 150 hPa

0.5 1.0 1.5 2.0

(d) 1 hPa

2.5 3.0 3.5 4.0 m/s

FIGURE 10

Maps of the standard deviation of the differences of zonal wind component (m-s~!) between the analysis using Aeolus

HLOS winds (Rayleigh-clear and Mie-cloudy) and the control not using Aeolus for the period 4 April to 19 August 2020 (part of the mid-2020
FM-B period). For pressure levels: (a) 700 hPa, (b) 250 hPa, (c) 150 hPa and (d) 1 hPa

shown). The magnitude of the standard deviation is
smaller in the extratropics for the mid-2020 period com-
pared to early FM-B (not shown). This is likely due to
the larger random errors for Aeolus Rayleigh-clear winds,
as described in Section 3.1 and Table 3, and hence less
influence on the analysis.

The largest magnitude changes to zonal wind occur at
150 hPa in the east Pacific ITCZ just north of the Equator,
with standard deviation reaching 4 m-s~1. This is an area
with large differences between wind analyses from various
global NWP centres, for example: Baker et al., 2014; Ren-
nie, 2016. The standard deviation is also particularly large
over the Indian subcontinent and surrounding ocean,
which is likely associated with uncertainties during the
Indian monsoon convection, which became active from
around June 2020.

The wind field is also changed at very high alti-
tudes (Figure 10d, 1hPa, ~48 km), which is far above
the direct measurements from Aeolus. This was also the
case for the early FM-B period (not shown). The pattern
which encircles the latitude band near 60°S suggests
this relates to orographic gravity-wave activity downwind

of Patagonia, similar to what was seen by Dahoui and
McNally (2017). There are also more pronounced differ-
ences in the tropics which are likely to be associated with
changes in the propagation of inertia—gravity waves. This
suggests that lower-altitude Aeolus winds are affecting
the propagation of gravity waves from the troposphere to
the stratosphere by for example, changing the mean wind
field.

Figure 11 shows examples of the mean change in the
zonal wind analysis from assimilating Aeolus for the same
period as used for Figure 10. Similar to Figure 10, the
largest changes occur in the tropical troposphere, associ-
ated with the ITCZ with a pattern possibly suggesting a
modification to the Walker Circulation. The tendency at
100 hPa is for Aeolus winds to make the zonal compo-
nent larger at the Equator (i.e. more westerly) and more
easterly at latitudes either side (near Africa and India),
systematically adjusting the position and strength of the
Tropical Easterly Jet associated with the Indian monsoon.
Similar magnitude systematic changes occur as a result
of Global Navigation Satellite System (GNSS) radio occul-
tation and radiosonde assimilation. At higher altitudes
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period). For pressure levels: (a) 600 hPa, (b) 150 hPa, (c) 100 hPa and (d) 20 hPa

there are also systematic changes near the Poles — with
an interesting pattern of alternating sign over Antarctica.
The mean changes tend to persist throughout the fore-
cast range (not shown). Similar magnitude changes also
occurred in the early FM-B period.

4.1.2 | Short-range forecast fit to other
observation types

The impact of Rayleigh-clear and Mie-cloudy winds on the
short-range forecasts (up to 12 hr) as verified by the fit to
a selection of observation types is shown in: Figure 12 for
the early FM-B period (2 August to 31 December 2019) and
in Figure 13 for the mid-2020 FM-B period (4 April to 20
September 2020). Figure 12 shows the impact from assimi-
lating both Rayleigh-clear and Mie-cloudy (red lines) com-
pared to only assimilating the Mie-cloudy winds (black
lines). Figure 13 only shows the impact of assimilating
both Rayleigh-clear and Mie-cloudy winds.

Aeolus improves the standard deviation of O-B
departures (and hence short-range forecasts) to vec-
tor wind observations (radiosondes, aircraft and radar
wind profilers) by typically less than 1%, with a rea-
sonably consistent pattern for both periods. The posi-
tive impact is largest for winds in the tropics, peak-
ing at 150 hPa (around 1.3% for mid-2020 FM-B period)
but improvement exists throughout the troposphere and

lower stratosphere. The Southern Hemisphere extratrop-
ics (SH) positive impact is present in the troposphere and
lower stratosphere, peaking at 250 hPa in the mid-2020
FM-B period. The SH impact is stronger in the mid-2020
period (1% rather than 0.5% for vector wind); perhaps
because it covers the more dynamic SH winter period.
The Northern Hemisphere extratropics (NH) impact is
more neutral, but there is 0.2% positive impact for global
radiosonde temperature (which is dominated by NH
radiosondes).

Figures 12 and 13 shows that Aeolus improves the
fit to many other satellite observations as well, such as a
consistent improvement relative to Advanced Technology
Microwave Sounder (ATMS) global microwave temper-
ature sounding channels (6-15) and humidity-sensitive
channels (18-22). In both periods there is a slight degra-
dation in fit to AMSU-A channel 13 (peaking at ~35km
altitude) in the NH (not shown). The fit to the high verti-
cal resolution (mostly temperature) information of GNSS
radio occultation is improved by 0.6-0.8% in the upper
troposphere and lower stratosphere (~14-15km) in the
global average and 1-2% in the tropics (not shown), and
positive impact is seen throughout much of the tropo-
sphere and lower stratosphere (similar to the improve-
ments with respect to radiosondes). The tropical GNSS
radio occultation impact was stronger in the early FM-B
period. The change relative to Atmospheric Motion Vec-
tors (AMVs) is positive, but only a small improvement. The
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FIGURE 13 Similar to Figure 12, showing the impact of assimilating Aeolus HLOS both Rayleigh-clear and Mie-cloudy winds for the

mid-2020 FM-B period (4 April to 20 September 2020)

fit to geostationary water vapour imagery is consistently  to the infrared hyperspectral sounding instrument, CrIS
improved, as is the fit to various microwave humidity = (Cross-track infrared sounder), Aeolus improves the fit
sounders (not shown). There is a slight degradationinboth ~ to temperature sensitive channels in the upper tropo-
periods with respect to NH aircraft humidity near the sur-  sphere and lower stratosphere and in channels sensitive
face; but not seen against radiosonde humidity. Relative = to the surface temperature and humidity. There are also
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mprovements relative to scatterometer winds and wave
height altimeter data (not shown).

Based on the early FM-B period (Figure 12) by compar-
ing the impact from assimilating both Rayleigh-clear and
Mie-cloudy with only assimilating Mie-cloudy, it is evident
that the Rayleigh-clear winds are providing the bulk of the
short-range positive impact, particularly in the tropics and
SH.

In general, assimilating Aeolus provides valuable
improvements in the short-range forecast of wind, tem-
perature and humidity. Overall, the impact was larger for
the early FM-B period. The magnitude of the short-range
impact is consistently of a good magnitude for one satellite
instrument, when compared to other satellite data shown
from ECMWF OSEs in the past few years, for example,
compared to the results in Bormann et al. (2019).

Aeolus assimilation leads to small (slightly positive)
changes in the mean O-B departures relative to tropical in
situ wind data (not shown). This indicates that the mean
analysis changes are on average improvements. This is
reassuring given that the bias correction of Aeolus relies on
the potentially biased ECMWF background winds (but we
know they are small for long time-scale or global averages).

4.1.3 | Medium-range forecast impact

Figure 14 shows the normalised change in vector wind
root-mean-square (RMS) error when assimilating Aeolus
(both Rayleigh-clear and Mie-cloudy) for the early FM-B

period, for forecast range of 2 to 5days. Negative val-
ues (cyan/blue colours) indicate a reduction in error due
to Aeolus, whereas positive values (yellow/red colours)
indicate an increase in errors. The verifying analysis is
the ECMWF operational analysis. The impact on 2- to
5-day forecasts is predominantly positive with statistical
significance (cross-hatching) in the tropical troposphere
and polar regions; the percentage improvements are on
the order of 1-2%. The extratropical impact by day 5 is
more neutral (apart from South Pole stratosphere region)
but remains positive in the tropical troposphere and lower
stratosphere. Similar patterns and magnitude of impact is
seen for the temperature and relative humidity fields (not
shown).

Figure 15 shows the impact of Mie-cloudy winds only,
using vector wind verification. When comparing with
Figure 14 it is evident that it is very beneficial to assimi-
late both Rayleigh-clear and Mie-cloudy winds. It is seen
that the strong impact in the tropics is primarily due to the
Rayleigh-clear winds rather than the Mie-cloudy winds;
however, the Mie-cloudy winds provide strong impact in
polar regions.

Figure 16 shows the same verification metric but
for the mid-2020 FM-B period (4 April to 20 September
2020). This OSE used M1-temperature bias corrected L2B
data (see Section 3.4). It was demonstrated in a 16-day
OSE that the MI1-temperature bias correction method
provided greater positive impact than the look-up table
method, which corroborates the better performance of the
M1-temperature bias correction compared to the look-up
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table method shown in Figure 8. The verification refer-
ence in Figure 16 is chosen to be own analyses, due to
Aeolus being operationally assimilated during this period.
The impact on 2- to 5-day forecasts is mostly positive
with statistical significance in the tropical troposphere and
polar areas. The percentage improvements are on the order
of 1% in the tropics and poles which is smaller than the
early FM-B period. Since the Rayleigh-clear winds gave
the bulk of the tropical impact in the early FM-B OSE, the
increased Rayleigh-clear wind noise in mid-2020 probably

accounts for the smaller tropical impact. The positive
impact has similar geographical patterns to that shown for
early FM-B.

Figure 16 shows some apparent negative impact at
2-3days in the polar lower stratosphere, but this is not
evident in verification against ECMWF operational anal-
ysis, Figure 17, which combined with the positive impact
seen in short-range forecast fit to observations (Figure 13)
suggests it is a well-known artefact of verification against
own analyses when Aeolus is making large changes to the
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analysis. It is interesting that Figure 11d shows notable
systematic increments made by Aeolus over Antarctica
at 20 hPa, which matches where the apparent negative
impact occurs. The positive impact with respect to the
operational analysis in Figure 17 looks a lot stronger than
with respect to own analyses, shown in Figure 16, for days
2 to 4, but by day 5 they look similar.

Positive impact is also evident in the mass fields (tem-
perature and humidity). Figure 18 shows the 500hPa
geopotential height for (a) the early FM-B and (b) the
mid-2020 FM-B periods. The positive impact is typically
less than 1% for the first few days, but then statistical sig-
nificance is lost. The impact of Aeolus on tropical tempera-
ture is strong, as shown in Figure 19. At 200 hPa statistical
significance up to day 4-5 for both periods is shown. The
tropical upper troposphere and lower stratosphere impact
from Aeolus was particularly strong for the early FM-B
period, as shown by temperature verification at 50 and
100 hPa in Figure 19; there is statistical significance out to
day 9 at 50 hPa (~20 km). The artefacts, discussed above,
when verifying Aeolus experiments against operational
analyses without Aeolus data assimilated are evident at 12
and 24 hr forecast ranges.

By day 5 there is positive impact in the SH strato-
sphere at 10-100 hPa (16-30km) in both OSE periods,
as shown in Figures 14 and 16. The mechanism for this
impact at higher altitudes than Aeolus observes could be
via lower-altitude improvements to the mean wind field
leading to improved propagation of gravity waves from the
troposphere to stratosphere (Section 4.1.1).

In general, Aeolus shows useful improvements in
the medium-range forecasts of wind and temperature
that are consistent with the short-range forecast impact
relative to observations. So also, in the medium range,
the magnitude of the impact is good for one satellite
instrument, as compared to other satellite data shown
from ECMWF OSEs in the past few years, for example,
Bormann et al. (2019).

4.2 | FSOI results

Figure 20 is a time-series of the Aeolus FSOI results
from the ECMWF operational data assimilation for the
period 9 January to 20 September 2020. It shows global
daily FSOI absolute values summed over all assimilated
Aeolus winds, with an 8-day rolling average applied to
reduce noise. The negative of FSOI is plotted, so posi-
tive values are positive impact and impact is split into
Mie-cloudy, Rayleigh-clear only and the summation of
both. There are approximately 130,000 Rayleigh-clear and
50,000 Mie-cloudy winds assimilated per day.

Note there are periods of reduced impact due to Aeo-
lus not being assimilated during instrument tests by ESA
(mid-April, late May, early July and late September). The
Rayleigh-clear impact has reduced with time, which is
probably due to increasing noise (~0.5m-s™! noisier in
September compared to January 2020; see Figure 2). The
Mie-cloudy impact increased in April 2020, which is due
to the introduction of new processing software, providing
~5,000 more L2B Mie-cloudy winds per day.
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Note however that both Rayleigh and Mie FSOI trends
may have been influenced by significant changes in the
rest of the operationally assimilated observing system if
those observations affect the analysis in similar ways to
Aeolus. Such influences are likely to come from additional
GNSS radio occultation data from COSMIC-2 on 25 March
2020 which also has a strong impact on tropical winds
(Ruston and Healy, 2020). Also, the significant reductions
in aircraft observation numbers due to Covid-19 from late
March 2020 has increased the Aeolus impact in the areas
where they are missing. The Aeolus observation numbers
increased by 12% from early March to early April 2020,
with an average impact increase per Aeolus observation of
28%. In terms of global FSOI the combined Rayleigh-clear
and Mie-cloudy impact are similar in magnitude since
April 2020.

Figure 21 maps the vertical profile average FSOI per
observation for Rayleigh-clear and Mie-cloudy winds, par-
titioned by orbit phase. A standout feature for both the
Rayleigh-clear and Mie-cloudy is the reduced impact in
certain longitude bands centred over Asia and the Amer-
icas. This was confirmed to be associated with the UTC
validity time of the Aeolus winds in those longitude bands
lying close to the start of the ECMWF 12 hr data assim-
ilation window. Observations that occur near the end of
the data assimilation window have much larger positive
impact than those at the start, as demonstrated in the OSE
context by McNally (2019).

5
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(b) Mid-2020 FM-B period

Outside the longitude bands of reduced impact, for
Rayleigh-clear winds the largest impact per observation
is in the tropics; and to a lesser extent over extratropical
oceans. The Mie-cloudy impact per observation is large
both in the tropics and extratropical oceans, such as the
South Atlantic Convergence Zone.

The FSOI impact per observation of the Mie-cloudy is
roughly twice that of Rayleigh-clear. This is probably due
to: the smaller Mie-cloudy assigned random error (~28%
smaller); the larger average background error (via EDA
spread) at Mie-cloudy geolocations (~20% bigger); and the
higher density of Mie-cloudy observations within a certain
area due to higher resolution.

Figure 22 shows zonal average plots of mean FSOI
per observation for Rayleigh-clear and Mie-cloudy HLOS
winds (only for descending orbits, due to ascending being
similar); for the period 9 January 2020 to 1 September
2020. The Rayleigh-clear winds have the largest impact in
the tropics, peaking at ~250-110 hPa (~10-15 km); agree-
ing with the short-range forecast improvements relative to
radiosonde winds and GNSS radio occultation shown in
Section 4.1.2. There is also Rayleigh impact in the SH polar
troposphere. The Mie-cloudy impact appears larger in SH
and tropics.

The relative FSOI per observation instrument type
(summed FSOI by instrument divided by the summed
FSOI from all observations) was assessed. Aeolus L2B
winds score highly, coming seventh out of around 80
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(d) Mid-2020 FM-B; temperature at 200 hPa

instruments, providing about 3.2% of the total FSOI, for the
period 9 January to 29 June 2019, during which ECMWF
cycle CY46R1 was operational. Larger relative FSOI was
provided by the following space-based instruments: IASI

(Infrared Atmospheric Sounding Interferometer) radi-
ances flying on the three MetOp satellites, AIRS (Atmo-
spheric Infrared Sounder) radiances on the Aqua satel-
lite and the NPP (National Polar-orbiting Partnership)
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impact

ATMS (Advanced Technology Microwave Sounder) radi-
ances. Aeolus’ FSOI impact is however rather simi-
lar in magnitude to a hyperspectral infrared sounder.
The largest impact overall came from WIGOS (WMO
Integrated Global Observing System) AMDAR (Aircraft
Meteorological DAta Relay), which are in situ com-
mercial aircraft observations of wind, temperature and
humidity.

With Aeolus’ high absolute FSOI impact, the FSOI
per observation ranks highly compared to other satellite
data given it accounts for less than 1% of observations
assimilated (~86,000 per 12 hr assimilation window). The
FSOI per observation is second only to scatterometer ocean
surface wind data for this period.

5 | DISCUSSION

ESA’s mission requirements document for Aeolus
(ESA, 2016) states a required standard deviation of error
(random error) of 2.5m-s! in the free troposphere and
bias less than 0.7m-s™1. Aeolus’ HLOS wind precision
(1-0) is found to be typically 4.0-5.5 and 3.0m-s! for
the Rayleigh-clear and Mie-cloudy HLOS winds respec-
tively in the free troposphere (see Table 3), which is
significantly larger than the ESA mission requirements.

Compared to the WMO’s OSCAR (Observing Systems
Capability Analysis and Review Tool) criteria for horizon-
tal winds in global NWP (WMO, 2018), the Rayleigh-clear
winds are better than the free troposphere “threshold”
value (5.7 m-s~! when accounting for the conversion from
vector wind to HLOS wind error), but not reaching the
“breakthrough” (2.1 m-s7!). The Rayleigh-clear winds are
worse than even the “threshold” of 3.5m-s~! in the UTLS
(upper-troposphere, lower stratosphere) and PBL (plan-
etary boundary layer); however, the Mie-cloudy winds
meet the “threshold”.

The main reason for not (yet) achieving the mission
requirements on precision is the lower than expected
atmospheric path signal levels (by a factor ~2-3 in the
early mission phase), due to issues with radiometric per-
formance, as confirmed by Aeolus DISC investigations
(Reitebuch et al., 2020a; 2020b). Also, with lower useful
signal, the solar background noise becomes a more domi-
nant error source for the Rayleigh-clear winds. The cause
of the lower than expected signal levels and ways to mit-
igate it are still under investigation by ESA, the space
industry and the Aeolus DISC.

With typical Aeolus useful atmospheric signal levels
(S), the Rayleigh-clear o is significantly larger than op (by
factor ~ 2.0-2.8). From simple scalar data assimilation the-
ory, the analysis standard error (c4) as a function of the
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FIGURE 21 Maps of profile average, mean
FSOI per observation (10~° J-kg™!) for the period 9
January to 1 September 2020 for (a) Rayleigh-clear
in ascending orbit phase, (b) Rayleigh-clear in
descending orbit phase, (c) Mie-cloudy in ascending
orbit phase and (d) Mie-cloudy in descending orbit
phase. Negative values (blue) are positive impact
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Therefore, the Rayleigh-clear wind analysis impact
is predicted to be approximately linearly proportional to
the useful atmospheric signal. Therefore, if Aeolus had
achieved a factor 2-3 more useful signal (to bring it
in line with mission requirement random errors), then
this simplified univariate formulation predicts that the
analysis impact from the Rayleigh-clear winds would be
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latitudes
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~2-3 times larger. However, in the complex IFS 4D-Var
data assimilation with many observation types used and
the subsequent forecast, it is too simplistic to conclude
such an impact would apply. It should be noted that the
Rayleigh-clear impact was shown to be smaller in the
noisier mid-2020 period compared to early FM-B period,
agreeing with the assertion that we are in the regime
where the impact depends on signal levels. A follow-on
investigation into how the forecast impact (e.g. FSOI or
another OSE forecast impact metric) varies with Rayleigh
useful signal could be performed to determine if a lin-
ear relationship applies in practice; using reprocessed
data with a large range of signal levels, for example, the
FM-B laser period. However, some extrapolation would
still be required to predict the forecast impact for the yet
unattained signal levels required to achieve the mission
requirement random errors.

Despite the larger than expected Rayleigh-clear ran-
dom errors, it was demonstrated that Aeolus still gives a
very useful positive impact in ECMWF’s global NWP sys-
tem. The positive impact is thought to be aided by the
fact that the global observing system is still significantly
lacking in other sources of global wind profile data.
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The Mie-cloudy wind random error does not have
such a simple relationship on signal levels. Its random
error estimates are closer to the mission requirements in
the free troposphere due to the strong backscatter from
ice and water clouds, meaning the random errors are
more sensitive to other effects, such as representative-
ness errors due to the scattering from small-scale cloud
features.

It was demonstrated with the ECMWF data assimila-
tion system by Horanyi et al. (2015b) that using HLOS
winds (calculated from in situ wind observations) with
artificial biases that are a large fraction of the standard
deviation of observation error causes a considerable reduc-
tion in positive impact, and with sufficiently large bias
an overall negative impact can result. It is therefore very
important to deal with biases in the data assimilation of
Aeolus, if not already corrected in the L2B products.

The M1l-temperature-dependent bias correction
method was not available in time for the early FM-B
period OSE and in lieu of this a reasonable bias correction
of the HLOS winds as a function of geolocation (argu-
ment of latitude and longitude) using a look-up table
of the past week’s O-B departures was applied. It was
shown that the M1-temperature-dependent bias correc-
tion method is better than the look-up table method, due
to its scene dependence, benefitting the NWP impact in
the mid-2020 OSE. Given the dominant source of bias has
been removed, the DISC is focusing on resolving further
much smaller bias sources.

Aeolus changed the analysis with some consistent
patterns for different OSE periods. Rayleigh-clear wind
assimilation led to systematic changes in the tropical
zonal wind (peaking at around 100-150 hPa) that persist
throughout the forecasts (whilst not making the mean
departure from radiosondes worse). The transient changes
in the analysis wind field due to Aeolus are largest in the
various convergence zones around the world, and partic-
ularly so in the ITCZ. This suggests that Aeolus is mostly
correcting winds associated with convection. Cases of dis-
crepancies between Aeolus and background HLOS winds
of greater than 10 m-s~! around the top of convective fea-
tures have been found on several occasions. It is unclear
if Aeolus’ larger wind increments in convective areas are
due to the inherent unpredictability of convection, or
model errors from imperfect parametrization, or too-low
resolution.

The Aeolus OSEs have all shown improvements in the
short-range forecast fit to most other observation types
sensitive to wind, temperature and humidity. This is con-
sidered to be a very reliable demonstration that Aeolus is
improving the analysis and short-range forecasts. The rela-
tive impact of Aeolus on short-range forecasts was qualita-
tively compared to other ECMWF OSEs in recent years and

found to be similar in magnitude to that of GPSRO (this has
changed since COSMIC-2 became available in 2020, see
Ruston and Healy (2020)), infrared radiances and AMVs.
This is somewhat contradictory to the FSOI results, which
show AMVs and IR to have much stronger impact than
Aeolus.

The impact of Aeolus on short to medium-range
forecasts as verified against analyses has produced some
consistent patterns for the different OSE periods. That is,
reasonable magnitude positive impact has been demon-
strated on forecasts of vector wind, temperature and
humidity (and hence geopotential height), in particular
for the tropics and polar regions. Impact is greatest in the
tropical upper troposphere. The tropics were expected to
be where Aeolus winds would provide the largest impact,
due to dynamical arguments suggesting the importance
of wind versus mass information due to the large tropi-
cal Rossby radius of deformation (Zagar et al., 2004); and
corroborated by the results using in situ wind observa-
tions in Horanyi et al. (2015a). The impact of Aeolus in
the mid-2020 period has similar geographical patterns to
the early FM-B period, but smaller in magnitude, which
we attribute to the increased Rayleigh-clear noise. The
increase in Rayleigh noise may also explain why the FSOI
results for 2020 show the global Mie-cloudy impact is
rather similar to the Rayleigh-clear impact.

The humidity improvements are presumably via
improved winds leading to better advection of humidity.
This is the reverse effect to that described for the all-sky
radiance assimilation results (Geer et al., 2018), in which
the assimilation of humidity and cloud-sensitive observa-
tions during the assimilation window leads to the model
modifying the wind field at the start of the window, such
that the humidity is advected better to improve the fit to
humidity-sensitive observations.

The impact of Rayleigh-clear winds is larger than
Mie-cloudy winds for the early FM-B period OSE. It is
thought that the much superior sampling of the atmo-
sphere for Rayleigh-clear winds is the reason, despite the
larger noise. The Rayleigh-clear impact is larger in the
tropics, whereas the Mie-cloudy impact tends to be rela-
tively strong in the extratropics. The FSOI results corrobo-
rate the stronger extratropical Mie-cloudy impact.

Aeolus is a demonstration mission for which the
ground-processing algorithms are regularly being
improved and the data assimilation methods have much
room for improvement. Therefore, with future reprocessed
L2B datasets and future data assimilation methodology
improvements we expect that the NWP impact of Aeolus
to increase relative to what has been shown in this arti-
cle. The improvements described in this article compare
favourably with historical improvements from introducing
new observation types, see Bauer et al. (2015).
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6 | CONCLUSIONS

Aeolus - the first Doppler wind lidar in space mis-
sion — produces wind retrievals of sufficient quality to
improve ECMWF’s global NWP forecasts. It is a useful con-
tribution to the global observing system and hence it has
been operationally assimilated by ECMWF since 9 January
2020, just less than 17 months after launch.

The estimated precision of Aeolus L2B HLOS winds
varies considerably with: geolocation; season; pro-
cessing software version; processor settings; range-bin
settings; and instrument performance. Typically it is
4.0-7.0m-s™! for the Rayleigh-clear and 2.8-3.6 m-s™! for
the Mie-cloudy winds; which is consistent with some other
studies. Despite being significantly noisier than expected
pre-launch expectations and given that the Rayleigh-clear
HLOS winds do not meet the WMO OSCAR “thresh-
old” in the UTLS, the Aeolus winds provide sufficient
information content for a very useful impact.

The magnitude of the positive impact was found to
be strongly dependent on the implementation of a bias
correction of the HLOS winds aided by the ECMWF back-
ground. An explanation was found for a dominant source
of bias, which varies on sub-orbital time-scales, by cor-
relating the ECMWF O-B departure statistics with the
satellite’s housekeeping information. Biases were found to
depend on the gradients in temperature across the instru-
ment’s primary (or M1) mirror (part of the telescope)
which in turn depend on the top-of-atmosphere radiation
and thermal control of the mirror.

A simple bias correction to the ECMWF background as
a function of argument of latitude and longitude (look-up
table) was found to work well. However, the more physi-
cally based bias correction using the NRT primary mirror
temperature readings as predictors, as implemented in
the operational ground processing chain, provides a better
correction, which improves the impact.

OSEs have demonstrated a positive impact of Aeo-
lus for two periods: early FM-B laser (August-December
2019) and the mid-2020 FM-B laser period. Good mag-
nitude improvements in short-range forecast departures
relative to various high quality in situ and satellite obser-
vation types sensitive to temperature, wind and humid-
ity were evident in both OSE periods. Aeolus’ impact on
short-range forecasts is found to be of a similar magnitude
to some other important satellite observing systems from
separate OSEs at ECMWF over recent years, which is an
encouraging result; especially when Aeolus accounts for
less than 1% of the observations assimilated with higher
than anticipated random error.

Operational FSOI results (i.e. short-range forecast
impact) show Aeolus provides a strong impact per
observation. The total FSOI for Aeolus is similar in
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magnitude to a hyperspectral IR sounder instrument, for
example, IASI.

OSE analysis-based verification demonstrated
improvement in forecasts out to the medium range. The
positive impact mainly occurs in the tropics and in polar
regions reaching the lower stratosphere. The largest pos-
itive impact is in the tropical upper troposphere (~2%
improvement in RMS error for vector wind and tempera-
ture at day 2 to 3 forecast range). Significant impact in the
tropical lower stratospheric temperatures is observed to
9 days. Impact of ~1% is found in the polar regions out to
several days.

The early FM-B OSEs show that Rayleigh-clear winds
provide most of the positive impact (particularly in the
tropics). However, the 2020 operational FSOI results
contradict this somewhat, showing the Mie-cloudy and
Rayleigh-clear winds have similar impact. This may be
partly due to the decreasing Rayleigh-clear impact with
time as it became noisier.

There are consistent geographical patterns in how Aeo-
lus assimilation modifies the analysis wind fields. For
example, the largest transient changes to zonal and merid-
ional wind tend to be in the climatological convergence
zones around the globe (convective scenes). Very high alti-
tude (1hPa) transient changes in zonal wind appear to
result from changes in the propagation of gravity waves
from the troposphere to the stratosphere, associated with
orography and convection, an indirect effect. The mean
changes are consistently large in the tropical upper tropo-
sphere and lower stratosphere for zonal wind, and near the
Poles.
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