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Abstract
The operational Aeolus Level-2B (L2B) horizontal line-of-sight (HLOS) retrieved
Rayleigh winds, produced by the European Space Agency (ESA), utilize Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) short-term fore-
casts of temperature, pressure, and horizontal winds in the Rayleigh–Brillouin
and M1 correction procedures. These model fields or backgrounds can contain
ECMWF model-specific errors, which may propagate to the retrieved Rayleigh
winds. This study examines the sensitivity of the retrieved Rayleigh winds to the
changes in the model backgrounds, and the potential benefit of using the same
system, in this case the National Oceanic and Atmospheric Administration’s
Finite-Volume Cubed Sphere Global Forecast System (FV3GFS), for both the
corrections and the data assimilation and forecast procedures. It is shown that
the differences in the model backgrounds (FV3GFS minus ECMWF) can prop-
agate through the Level-2B horizontal line-of-sight Rayleigh wind retrieval pro-
cess, mainly the M1 correction, resulting in differences in the retrieved Rayleigh
winds with mean and standard deviation of magnitude as large as 0.2 m⋅s−1.
The differences reach up to 0.4, 0.6, and 0.7 m⋅s−1 for the 95th, 99th, and 99.5th
percentiles of the sample distribution with maxima of ∼1.4 m⋅s−1. The numbers
of the large differences for the combined lower and upper 5th, 1st, and 0.5th
percentile pairs are ∼6,100, 1,220, and 610 between 2.5 and 25 km height glob-
ally per day respectively. The ESA-disseminated Rayleigh wind product (based
on the ECMWF corrections) already shows a significant positive impact on the
FV3GFS global forecasts. In the observing system experiments performed, com-
pared with the ESA Rayleigh winds, the use of the FV3GFS-corrected Rayleigh
winds lead to ∼0.5% more Rayleigh winds assimilated in the lower troposphere
and show enhanced positive impact on FV3GFS forecasts at the day 1–10 range
but limited to the Southern Hemisphere.
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1 INTRODUCTION

Beginning in August 2018, the European Space Agency
(ESA) Earth Explorer satellite Aeolus has been provid-
ing the first observations of wind profiles throughout the
troposphere and lower stratosphere from a space-borne
Doppler wind lidar (Reitebuch et al., 2020a, 2020b).
Aeolus measures both Mie and Rayleigh Doppler backscat-
ter from clouds and aerosols and from molecules respec-
tively to derive horizontal line-of-sight (HLOS) Rayleigh
and Mie wind profiles (Reitebuch, 2012; Reitebuch
et al., 2009; Stoffelen et al., 2005; Straume-Lindner, 2018).
In this study, any references to Rayleigh and Mie winds
are to Aeolus Rayleigh-clear and Mie-cloudy winds respec-
tively. (Aeolus Mie winds retrieved under clear conditions
and Aeolus Rayleigh winds retrieved under cloudy con-
ditions are, to date, of poor quality and are not used in
this study.) The Rayleigh observations provide continu-
ous vertical profiles, whereas the Mie observations are
few and scattered in the vertical; for example, see Rennie
et al. (2021, fig. 1). The Aeolus HLOS Level-2B (L2B)
Rayleigh and Mie winds have been assimilated in oper-
ational data assimilation systems at numerical weather
prediction (NWP) centers worldwide and have demon-
strated a positive impact on global weather forecasts (e.g.,
Cress, 2020; Garrett et al., 2022; Pourret et al., 2022; Rennie
et al., 2021). The Mie winds are known to be more accu-
rate than the Rayleigh winds; for example, compare figs
2 and 3 of Rennie et al. (2021). However, in general, the
more numerous Rayleigh winds show much larger positive
impacts on forecast skill (e.g., Liu et al., 2022b).

Information from data assimilation backgrounds (i.e.,
short-term forecasts) are used to reduce errors in the
L2B-retrieved Rayleigh winds in two correction pro-
cedures. First, background temperature and pressure
are used in the Rayleigh–Brillouin correction (Dabas
et al., 2008); second, the background estimates of the
Rayleigh HLOS winds are used in the M1 telescope tem-
perature correction (Rennie et al., 2021; Weiler et al., 2021).
Operationally, the European Centre for Medium-Range
Weather Forecasts (ECMWF) backgrounds are used for
these corrections. In the observation system experiments
(OSEs) of this study we find a positive impact on
the National Oceanic and Atmospheric Administration
(NOAA) global forecast when using the NOAA instead of
the ECMWF background for these corrections. The antic-
ipation of a positive impact (for reasons given in the next
paragraphs) motivated this study.

Informally, we say we do not want to use another model
to correct observation biases mainly because of differences
in “model climatologies”. This is shorthand for the follow-
ing line of reasoning. In data assimilation, observation and
background errors are mixed in the analysis, which are

next propagated into the background of the next cycle by
the forecast model, which amplifies these errors and adds
its own errors. Therefore, the background errors have com-
plex patterns instantaneously and complicated statistics
when averaged temporally. These errors and their statis-
tics depend on many factors, including whether it is clear
or cloudy, whether it is stormy or not, whether the under-
lying surface is ocean, land, or ice, and other factors. If one
ignores these dependencies then the background errors
will appear to be mainly random, but that would be a
mistake. The patterns and regularities of the background
errors make them difficult to identify and remove. This is
the crux of the data assimilation problem. And when we
refer to differences in model climatologies we are refer-
ring to the collection of differences between the patterns
and regularities of the background errors of two different
models.

Inevitably, a small part of the model climatology gets
into any observation correction method that makes use
of information from background fields. When the back-
ground comes from a different model than the one assim-
ilating the “corrected” observations, any inconsistencies
between the two model climatologies may act in deleteri-
ous ways—perturbing the assimilating model state away
from its preferred climatology. Thus, the purpose of this
study is to see whether eliminating these shocks (plus
any associated random differences) to the model system
state can have a measurable beneficial impact. In the best
linear unbiased estimation paradigm (e.g., Henderson,
1975), which is the foundation of atmospheric data assim-
ilation, to ensure optimal results, the observations should
be unbiased relative to the background. It then follows that
the observation operator (i.e., the estimator of the obser-
vation derived from the background) should not make use
of another model’s background, which will always include
some relative biases. However, replacing the ECMWF
backgrounds with some poorer quality NWP model back-
grounds would have a deleterious effect on the Rayleigh
wind quality. In this study this is not a concern, because
the ECMWF and NOAA backgrounds are of comparable
quality. But it should be noted that, in the case of a some-
what poorer quality background, the use of consistent
corrections might still be sufficient to result in a positive
forecast impact due to the advantages described earlier
herein.

In this study, the large difference in model climatolo-
gies (shown in Figure 1) contain model-dependent com-
ponents due, for example, to model physics and resolu-
tions. Therefore, using the ECMWF background for the
corrections may not be consistent with the Finite-Volume
Cubed Sphere Global Forecast System (FV3GFS) model.
The differences may propagate and accumulate during
the data assimilation cycling, resulting in less optimal
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LIU et al. 357

F I G U R E 1 Latitude–height cross-sections of the (a, b) mean and (c, d) standard deviation of the background difference (FV3GFS
minus ECMWF) for (a, c) temperature (K) and (b, d) horizontal line-of-sight wind (m⋅s−1) at the Rayleigh wind observation locations for
ascending orbits for the 6-week study period. Note that the Aeolus winds were not assimilated in the operational ECMWF analysis. The
hatched areas indicate differences with at least 95% statistical significance. FV3GFS: Finite-Volume Cubed Sphere Global Forecast System;
ECMWF: European Centre for Medium-Range Weather Forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]

impacts of the operational Rayleigh winds on FV3GFS
analyses and forecasts. Therefore, the assimilation of the
Rayleigh wind data in the FV3GFS system might bene-
fit from reproducing the Rayleigh HLOS processing chain
for the two corrections but replacing the ECMWF back-
grounds with the FV3GFS backgrounds. The hypothesis is
that, in this configuration, the Rayleigh winds should con-
tain no influence (neither systematic nor random) from
the ECMWF background, should be more consistent with
the FV3GFS model, and, therefore, optimize the assimila-
tion of Rayleigh winds in the FV3GFS data assimilation
and forecast system.

The purpose of this article is to report the imple-
mentation and testing of this configuration; that is, of
replacing the ECMWF background by the FV3GFS back-
ground in the two corrections. Our tests compare a con-
trol (or Base) experiment with two experiments assimi-
lating Rayleigh HLOS winds using, in the first case, the
ECMWF operational Rayleigh winds (the RayEC experi-
ment), and in the second case the Rayleigh winds pro-
duced using the FV3GFS background in the corrections
(the RayGFS experiment). Mie winds are not assimilated
in these experiments. The total least-square (TLS) bias cor-
rection (Liu et al., 2022a) is applied to the innovations of
Rayleigh winds (not to the Rayleigh winds themselves) in
these experiments to remove any systematic differences

between the Rayleigh winds and FV3GFS background
fields that can be described as a simple bias depend-
ing on latitude, height, and Rayleigh wind speed. In the
present case, the majority of the biases in the Rayleigh
winds is removed by the M1 correction. So, the TLS cor-
rection is intended mainly to adjust the innovations to
effectively ignore the impact of biases in the FV3GFS back-
ground, especially in the tropical lower stratosphere. The
study (Liu et al., 2022a) shows that the TLS correction
improves the impact of ECMWF Aeolus winds on FV3GFS
forecast.

This study is presented as follows. Section 2 briefly
describes the two corrections in the L2B processing, high-
lighting the use of NWP background fields of temperature,
pressure, and HLOS wind. Section 3 discusses differences
between the FV3GFS and ECMWF background fields for
the study period defined to be 0000 UTC August 2 to
September 16, 2019. Section 4 examines the differences in
the Rayleigh winds produced by these background differ-
ences used in the two corrections. Section 5 describes the
parallel OSEs: Base, RayEC, and RayGFS. Then, Section 6
presents the OSE forecast impacts, which demonstrate
the benefit on FV3GFS forecast skill of Rayleigh winds
corrected using FV3GFS background information in the
two corrections. Section 7 presents a summary and
conclusions.
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Throughout this article, we will use the following
terminology. We will refer to Aeolus Rayleigh and
FV3GFS and ECMWF equivalent HLOS winds as
Rayleigh and FV3GFS and ECMWF winds respectively.
In addition, Rayleigh winds come in two versions: the
FV3GFS-corrected Rayleigh winds and the ECMWF oper-
ational Rayleigh winds. In the discussion of winds that are
not HLOS winds, we will use terms like u-wind, v-wind,
or wind vector. The term innovation refers to the dif-
ference between an observation and an estimate of that
observation calculated from the short-term forecast (i.e.,
the background) of the data assimilation system under
consideration. The term bias refers to the mean of a large
sample of innovations.

2 THE USE OF NWP
BACKGROUND INFORMATION TO
CORRECT RAYLEIGH WIND
OBSERVATIONS

There are two main corrections in the ESA/ECMWF oper-
ational L2B Rayleigh wind retrieval processing that involve
use of ECMWF background fields as a reference that
are replicated here but using FV3GFS background fields.
A detailed description of the L2B processing is presented
by Rennie et al. (2021) and Šavli et al. (2021). Here, we only
briefly describe the Rayleigh wind corrections related to
the background fields and the modifications used in this
study.

First, ECMWF temperature and pressure are used
in the Rayleigh-Brillouin correction (Dabas et al., 2008).
Without this correction, the Aeolus Rayleigh observations
could not reach the quality required by NWP users. Esti-
mates based on a standard atmosphere (Dabas et al., 2008)
suggest that Rayleigh wind retrieval is sensitive to tem-
perature; and Rayleigh wind error is about a relative
error of 0.1% of the true line-of-sight wind for 1 K error
in temperature. A typical NWP model background error
is a few kelvin. On the other hand, Rayleigh wind
retrieval is less sensitive to pressure error, with sensitiv-
ities about an order of magnitude smaller for a typical
model pressure error of a few hectopascals. Therefore,
model errors in the ECMWF background, especially in
temperature, will result in an error contribution to the
retrieved Rayleigh winds as part of the Rayleigh–Brillouin
correction.

Second, Rayleigh wind innovations are used in the
M1-temperature-dependent bias correction (hereafter the
M1 correction). The small temperature variations across
the 1.5 m diameter primary mirror of the telescope
(denoted M1) that appear due to variation in radiative
effects along the orbit cause errors of up to 8 m⋅s−1 in the

Rayleigh winds. The M1 correction is a multiple linear
global regression of the Rayleigh wind innovations (from
all vertical levels and averaged over 2 min bins, equiv-
alent to 840 km along the track of the wind profiles
at the Earth’s surface) in terms of predictors defined
by measurements of the temperatures at different loca-
tions on the M1 mirror (Rennie et al., 2021; Weiler
et al., 2021). Note that the M1 correction does not vary
in the vertical. The ESA operational “Telescope Correc-
tion Suite” software developed by DLR and ECMWF
(Weiler et al., 2021) is used for this correction. The regres-
sion is updated twice daily using data collected during
the previous 24 hr. As a result, errors in ECMWF back-
ground winds will have an influence on the Rayleigh
winds as part of the M1 correction. As seen in the
next sections, the impact of the background differences
on Rayleigh winds introduced by the M1 correction is
larger than that introduced by the Rayleigh–Brillouin
correction.

In this study, the ESA/ECMWF operational L2B
Rayleigh winds (version B10) are monitored in the
operational FV3GFS-based global four-dimensional
ensemble-variational data assimilation system (the Base
experiment; see Section 5 for more details). The Base
experiment background (3–9 hr hourly forecast) tem-
perature, pressure, and wind are linearly interpolated
(from the hourly background at C384, ∼25 km resolu-
tion and 64 levels) to the Rayleigh wind observation
locations and times within the 6 hr assimilation win-
dow of each data assimilation cycle and the background
equivalent HLOS winds and innovations are calculated.
The resulting values are stored in specially formatted
AUX_MET files (as described by Šavli et al., 2021)
and used in the L2B processor (v3.30) to produce the
FV3GFS-corrected Rayleigh winds in this study. With
the exception of these FV3GFS AUX_MET files, all the
L1B inputs and all the configuration parameters of the
L2B processing are identical to those used operationally
to produce the L2B10 dataset. The M1 correction for
the FV3GFS-corrected Rayleigh winds is determined by
the linear regression of the Rayleigh wind innovations
of the Base experiment on the M1 mirror temperatures
of the previous 24 hr.

3 NWP BACKGROUND
DIFFERENCES

Background winds are interpolated to the locations and
times of the L2B Rayleigh wind observations and trans-
formed to equivalent HLOS winds (HLOSb) using

HLOSb = −ub sin(𝜑) − vb cos(𝜑) (1)

 1477870x, 2024, 758, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4600, W
iley O

nline L
ibrary on [26/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



LIU et al. 359

F I G U R E 2 The background (a) temperature (K) and (b) HLOS wind (m⋅s−1) difference in the selected sample distribution percentiles
(FV3GFS minus ECMWF) at the Rayleigh wind locations for ascending orbits for the 6-week study period. Height bins are 1 km thick from 2
to 19 km and 2 km thick from 19 to 25 km height, and points are plotted at the mean height in each bin. FV3GFS: Finite-Volume Cubed
Sphere Global Forecast System; ECMWF: European Centre for Medium-Range Weather Forecasts. [Colour figure can be viewed at
wileyonlinelibrary.com]

where b indicates the background, u is the zonal wind com-
ponent, v is the meridional wind component, and 𝜑 is the
satellite azimuth angle of the Rayleigh HLOS wind.

Differences between the FV3GFS and ECMWF
background fields are due to the combined errors of
both and may come from several sources, including the
model physics, the model horizontal and vertical resolu-
tions, and how the various observations are used in data
assimilation. In Figure 1, the ECMWF background tem-
peratures and winds show noticeable differences to the
FV3GFS background values from the Base experiment
over regions where conventional observation are sparse,
and where model errors are known to be large. Clear
differences (FV3GFS minus ECMWF) vary with both lat-
itude and height throughout the troposphere and lower
stratosphere. The mean FV3GFS temperature is warmer
by up to 0.5 K above 12 km and is somewhat cooler below
12 km. The temperature difference standard deviation is
less than 1 K in the mid and high latitudes and reaches
a maximum of about 1.6 K in the tropical stratosphere.
The HLOSb wind differences show a large mean of up to
1.0 m⋅s−1 in the tropical stratosphere and a smaller mean
of magnitude 0.5 m⋅s−1 or less almost everywhere else.
The difference standard deviation is generally 3 m⋅s−1 or
less at the mid and high latitudes and reaches a maximum
of about 4.5 m⋅s−1 in the tropical upper troposphere and
lower stratosphere.

Figure 2 shows that the differences in the background
temperature (FV3GFS minus ECMWF) reach up to 2.0 K,
3.0 K, 4.0 K for the lower and upper 5th, 1st, and 0.5th
percentiles of the sample distributions respectively in
the lower stratosphere. The difference in the background
HLOS winds reach to 4.0 m⋅s−1, 6.0 m⋅s−1, and 7.5 m⋅s−1 for
these percentiles respectively.

4 RAYLEIGH WIND
DIFFERENCES DUE TO NWP
BACKGROUND DIFFERENCES

First, to estimate the Rayleigh–Brillouin impact of the
background temperature and pressure differences on
the retrieved Rayleigh winds, we compare the retrieved
Rayleigh winds using either FV3GFS or ECMWF tem-
perature and pressure backgrounds before applying the
M1 correction (Figure 3). The average differences are,
in general, very small except in the lower stratosphere
of the Southern Hemisphere, where the mean differ-
ence is ∼0.04 m⋅s−1 and the standard deviations are about
0.14 m⋅s−1. The differences seem related to the strato-
sphere polar night jet over the South Pole and the sub-
tropical jet streams—compare with Šavli et al. (2021,
fig. 7c)—as well as the large temperature differences there
(Figure 1).
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360 LIU et al.

F I G U R E 3 Latitude–height cross-sections of the (a) mean
and (b) standard deviation of the difference (FV3GFS minus
ECMWF) of Rayleigh winds (m⋅s−1) retrieved using the FV3GFS
and ECMWF background temperature and pressure fields only
(i.e., without the M1 bias correction) for the 6-week study period.
The hatched areas indicate differences with at least 95% statistical
significance. FV3GFS: Finite-Volume Cubed Sphere Global Forecast
System; ECMWF: European Centre for Medium-Range Weather
Forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]

The sensitivity of the Rayleigh winds to the
temperature differences (FV3GFS minus ECMWF) is esti-
mated by dividing the Rayleigh wind difference (before
the M1 correction) by the background temperature dif-
ference at each of the Rayleigh wind locations—for a
definition, see Šavli et al. (2021, eq. 3). Here, we ignore the
negligible impact of the background pressure difference.
Figure 4a,c shows the mean and standard deviation of the
sensitivity. In general, the sensitivity is much larger in the
areas where the Rayleigh wind differences are the largest
(comparing Figures 3 and 4). The mean sensitivity and
the pattern of the standard deviation of sensitivity are also
quite similar to those obtained from the ECMWF opera-
tional L2B10 dataset that is calculated analytically from
the Rayleigh–Brillouin spectrum (Figure 4b,d).

Including the effect of background wind differences
on the M1 correction results in larger differences in the
retrieved Rayleigh winds (Figure 5). Figure 5b,d removes
from Figure 5a,c the impact of background temperature
and pressure differences on the retrieved Rayleigh winds
from Figure 3. Comparing the magnitudes of the differ-
ences in Figures 3 and 5, the impact of background temper-
ature and pressure differences on the Rayleigh–Brillouin

correction is much smaller than the impact of background
wind differences on the M1 correction, except in the lower
stratosphere of the Southern Hemisphere. As a result,
the differences in the retrieved Rayleigh winds (Figure 5)
are dominated by the impact of the background wind
differences on the M1 correction. The mean difference
reaches a value of 0.2 m s−1, throughout the entire column
at 10–20◦S. The standard deviation of the differences is
at least 0.1 m s−1 throughout the troposphere and lower
stratosphere and reaches 0.2 m s−1 in the region centered
at 60◦S. Both the mean and standard deviation of the dif-
ferences have nearly constant vertical distributions, and
especially so in Figure 5b,d. The departure from this pat-
tern around the stratospheric night jet seen in Figure 5c
is due to the temperature and pressure impact seen in
Figure 3b.

Figure 6 shows the differences in the L2B Rayleigh
winds with the M1 correction (FV3GFS minus ECMWF)
reach up to 0.4 m⋅s−1, 0.6 m⋅s−1, and 0.7 m⋅s−1 for the 95th,
99th, and 99.5th percentiles of the sample distributions
respectively. The differences are a bit smaller in magnitude
for the corresponding lower percentiles. The maximum
differences are up to 1.4 m⋅s−1, particularly in the South-
ern Hemisphere (Figure 7). These differences are much
larger than the mean and standard deviations of the dif-
ferences (Figure 5). The number of Rayleigh winds in the
combined lower and upper 5th, 1st, and 0.5th percentile
pairs are ∼6,100, 1,220, and 610 respectively between 2.5
and 25 km height globally per day. These numbers are
not negligible compared with current available radiosonde
wind observations (∼600 profiles globally at 0000 and 1200
UTC).

As will be seen in Section 6, the differences in the
Rayleigh winds with M1 correction can lead to large
impacts on FV3GFS global forecasts through the cycled
assimilation of the Rayleigh winds over the study period.

5 OSE SETUP

Aeolus L2B Rayleigh and Mie HLOS winds have been inte-
grated and assimilated into the operational FV3GFS global
data assimilation and forecast system (Garrett et al., 2022).
That system is used in this study. The data assimi-
lation component—the Global Statistical Interpolation
(Kleist et al., 2009, 2021)—employs the four-dimensioanl
ensemble-variational algorithm with 64 vertical level
members (Wang & Lei, 2014). In our experiments, a hor-
izontal resolution denoted C384 (∼25 km) is used for the
deterministic analysis and forecast. A lower horizontal res-
olution denoted C192 (∼50 km) is used for the ensemble
forecasts. The FV3GFS system cycles every 6 hr, and 10-day
forecasts are generated from each 0000 UTC analysis.
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LIU et al. 361

F I G U R E 4 Latitude–height cross-sections of the (a, b) mean and (c, d) standard deviation of the sensitivity of Rayleigh winds to
temperature (m⋅s−1⋅K−1). (a, c) Calculated from the ratio of the difference in the (FV3GFS minus ECMWF) retrieved Rayleigh winds without
the M1 correction to the difference in the background temperatures for each of the Rayleigh winds. (b, d) Calculated analytically from the
Rayleigh–Brillouin spectrum during operational processing with the ECMWF background (and stored in the L2B10 dataset). Otherwise as in
Figure 1. FV3GFS: Finite-Volume Cubed Sphere Global Forecast System; ECMWF: European Centre for Medium-Range Weather Forecasts.
[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 5 Latitude–height cross-sections of the (a) mean and (c) standard deviation of the differences of the (FV3GFS-corrected
minus ECMWF operational) Rayleigh winds (m⋅s−1), which include the M1 correction. (b, d) The difference due to the M1 correction alone
by removing the mean and variance of the difference due to temperature and pressure corresponding to Figure 3a,b, from (a) and (c)
respectively. FV3GFS: Finite-Volume Cubed Sphere Global Forecast System; ECMWF: European Centre for Medium-Range Weather
Forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]
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362 LIU et al.

F I G U R E 6 The difference in the Level-2B Rayleigh winds (a) without and (b) with the M1 correction (FV3GFS minus ECMWF) in the
selected sample distribution percentiles for ascending orbits for the study period. FV3GFS: Finite-Volume Cubed Sphere Global Forecast
System; ECMWF: European Centre for Medium-Range Weather Forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 7 Scatterplots of the differences in the Level-2B Rayleigh winds (FV3GFS minus ECMWF) (a) without and (b) with the M1
correction in the 2 km-depth layer centered at 24.5 km for ascending orbits for the study period. FV3GFS: Finite-Volume Cubed Sphere Global
Forecast System; ECMWF: European Centre for Medium-Range Weather Forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]

More details of the experimental set-up are given by
Garrett et al. (2022).

To assess assimilating the FV3GFS-corrected Rayleigh
winds to FV3GFS forecasts, versus assimilating the
ECMWF operational Rayleigh winds, two OSEs are
performed for the study period in addition to the

baseline experiment (Base): the experiment RayEC, which
assimilates the ECMWF operational Rayleigh winds;
and the parallel experiment RayGFS, which assimi-
lates the FV3GFS-corrected Rayleigh winds. In exper-
iment RayGFS, the FV3GFS-corrected Rayleigh winds
are retrieved using the background fields from the Base
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LIU et al. 363

F I G U R E 8 The vertical profile of the difference in the
percentages of Rayleigh winds that passed the combined European
Centre for Medium-Range Weather Forecasts (ECMWF) Aeolus and
Global Statistical Interpolation quality control tests for the study
period in experiments RayEC and RayGFS (RayGFS minus RayEC).
RayEC: ECMWF operational Rayleigh winds; RayGFS: Rayleigh
winds produced using the Finite-Volume Cubed Sphere Global
Forecast System background in the corrections.

experiment as described in Section 2. The experiments
begin with the operational FV3GFS analysis valid at
0000 UTC August 2, 2019, and continue data assimila-
tion cycling until 0000 UTC September 16, 2019. The
TLS bias correction (Liu et al., 2022a) is applied to the
innovations of the Rayleigh winds (not to the Rayleigh
winds themselves) in both RayGFS and RayEC experi-
ments, thereby removing a large part of the mean dif-
ference due to Rayleigh–Brillouin and M1 corrections in
ECMWF operational versus FV3GFS-corrected Rayleigh
winds (see Figure 9). As a result, the difference in the
impact of Rayleigh winds on the FV3GFS forecast in these
experiments should mainly come from the systematic dif-
ferences in the Rayleigh winds that cannot be described
as simple biases depending on latitude, height, and speed,
as well as from the random differences in the Rayleigh
winds. To isolate the impact due to Rayleigh winds, the
Mie winds are not assimilated in the RayGFS and RayEC
experiments.

Similar quality control procedures as recommended
by the ECMWF (Rennie et al., 2021) are implemented
to reject the following Rayleigh winds: winds with

L2B confidence flag “invalid”; winds in layers below
850 hPa; winds with L2B estimated errors greater than
12 m⋅s−1; winds with accumulation lengths less than
60 km; and winds at atmospheric pressures within 20 hPa
of the topographic surface pressure. A standard out-
lier check—innovations greater than four times the pre-
scribed Rayleigh wind error—is applied during data assim-
ilation. The percentages of Rayleigh winds that passed
all quality control in the RayEC and RayGFS experi-
ments as a function of height are very similar. Figure 8
shows that the difference in this percentage—slightly
more Rayleigh winds are assimilated in the lower tropo-
sphere in RayGFS, approaching 0.5% of the total in the
lowest layer. The assimilation of the additional Rayleigh
winds with large innovations could potentially produce a
larger impact on forecast skill in RayGFS, compared with
RayEC.

Figure 9a shows the mean of the TLS bias correction
calculated in the RayEC. There are positive bias correc-
tions with magnitude up to 0.4 m⋅s−1 and negative bias
corrections with magnitudes up to 0.6 m⋅s−1 in the lower
stratosphere. Larger positive bias corrections with magni-
tudes up to 0.8 m⋅s−1 exist in the lower troposphere. In
RayGFS, the TLS correction differs from RayEC mainly
between 0 and 30◦S throughout the troposphere and lower
stratosphere (Figure 9c), which is consistent with the dif-
ferences in the Rayleigh winds (Figure 5a). Figure 9c
shows a wholesale shift to the negative direction, so the
large positive bias corrections in the lower troposphere are
reduced due to the use of the FV3GFS Rayleigh winds,
but the negative bias corrections become somewhat larger
in magnitude. The standard deviations of the TLS bias
corrections are similar in the two OSEs.

6 IMPACTS ON FV3GFS
FORECASTS

When evaluating the impact of the Rayleigh wind dif-
ferences on the OSE experiments, we skip the initial
five-day transition period, defining the verification period
to include all 161 analyses and all 41 10 day forecasts from
00 UTC 7 August 2019 to 00 UTC 16 September 2019.

The results of the RayEC and RayGFS experiments
are evaluated primarily as forecast impacts with respect
to the Base experiment, including short-term fore-
cast fits to conventional observations (i.e., statistics of
the rawinsonde and aircraft wind observation innova-
tions); forecast vector-wind, temperature, and humidity
root-mean-square error (RMSE) time–height cross
sections; forecast anomaly correlation “die-off” plots; fore-
cast scorecards; and summary assessment metric (SAM)
overall forecast scores. In these results, forecast errors
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364 LIU et al.

F I G U R E 9 Latitude–height cross-sections of the (a, b) mean and (d, e) standard deviation of the total least-square bias correction
(m⋅s−1) calculated in the (a, d) RayEC and (b, e) RayGFS experiments for ascending orbits for the 6-week study period. The differences (b)
minus (a) and (e) minus (d) are shown in (c) and (f) respectively. RayEC: European Centre for Medium-Range Weather Forecasts operational
Rayleigh winds; RayGFS: Rayleigh winds produced using the Finite-Volume Cubed Sphere Global Forecast System background in the
corrections. [Colour figure can be viewed at wileyonlinelibrary.com]

are based on verification against the OSEs’ self-analyses
(instead of ECMWF analysis). This eliminates the impact
of ECMWF model climatology through the ECMWF
analysis on the verification of the FV3GFS forecasts.

Figure 10 shows the percentage differences relative to
the Base experiment of the root-mean-square (RMS) inno-
vations; that is, in the fit of the FV3GFS u- and v-wind
background values to rawinsonde and aircraft wind obser-
vations. Note that negative values imply an improvement
due to the addition of the Rayleigh winds. Similar improve-
ments in the RMS fits for both RayEC and RayGFS exper-
iments are seen in Figure 10a–f, with no impacts in the
Northern Hemisphere. The largest improvement is a 3–4%
reduction relative to the Base RMS that occurs for the
u-wind above 200 hPa in the Tropics. The improvements
in the Southern Hemisphere for both the u- and v-wind, as
well as in the Tropics for the v-wind, are smaller, typically
1% throughout the troposphere. In general, the differences
between RayEC and RayGFS experiments are negligible.

The impact of Rayleigh wind differences on the 10-day
FV3GFS global forecast is much greater in the Southern
Hemisphere. Cross-sections of the vector-wind, temper-
ature, and relative humidity forecast RMSE from 50 to

1,000 hPa for forecast days 1–10 in Base, verified against
the OSEs’ self-analyses, for the Southern Hemisphere
are shown in Figure 11a–c. The differences in forecast
RMSE between RayEC and Base and between RayGFS
and Base as a percentage of the Base RMSE are shown
in the Figure 11d–f and g–i respectively. In general, there
are clear improvements in forecast skill due to the addi-
tion of the Rayleigh winds. The improvements are typ-
ically greater and statistically significant in the upper
troposphere and lower stratosphere. For forecast days
1–3, the improvements in RayEC and RayGFS are sim-
ilar in the lower stratosphere and upper troposphere.
But forecast skill improvement in RayGFS is clearer and
larger in the lower troposphere, particularly in tempera-
ture compared with in RayEC. For forecasts after day 3,
the RayEC impacts decay, lose their statistical signifi-
cance, and eventually become slightly negative, whereas
the RayGFS impacts continue to be positive and statis-
tically significant, increasingly so for vector wind and
temperature.

Considering the wind impacts for RayEC, the largest
error reduction (−3.5%) occurs at 0–80 hr lead times. Some
minor degradation is seen at forecast lead times >200 hr.
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LIU et al. 365

F I G U R E 10 Profiles of the percent differences relative to the Base experiment of the root-mean-square wind-component innovations,
for RayEC minus Base (red lines) and RayGFS minus Base (green lines) for rawinsonde and aircraft (a–c) u-wind and (d–f) v-wind in the
(a, d) Northern Hemisphere, (b, e) Tropics, and (c, f) Southern Hemisphere. Horizontal bars denote the 95% confidence in each layer. (g)–(i)
The numbers of rawinsonde and aircraft wind observations used in the statistics. RayEC: European Centre for Medium-Range Weather
Forecasts operational Rayleigh winds; RayGFS: Rayleigh winds produced using the Finite-Volume Cubed Sphere Global Forecast System
background in the corrections. [Colour figure can be viewed at wileyonlinelibrary.com]

In RayGFS, the vector-wind RMSE is reduced at all forecast
lead times. A large part of the improvement is statisti-
cally significant at the 95% significance level. The impact
on temperature forecast RMSE is positive at forecast lead
times <120 hr in RayEC, with the largest error reduction
(2–3%). Some minor degradation is seen at forecast lead
times>120 hr. In RayGFS, the temperature forecast RMSE

is reduced more at all forecast lead times, particularly in
the lower troposphere.

For relative humidity, the forecast RMSE in RayEC is
reduced by up to ∼4% above 200 hPa at most forecast lead
times, and ∼0.5% in the troposphere at lead times <80 hr.
In RayGFS, the RMSE reduction is considerably larger at
all lead times. It should also be noted, however, that there
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366 LIU et al.

F I G U R E 11 Southern Hemisphere forecast statistics in time versus pressure cross-sections of (a, d, g) vector-wind, (b, e, h)
temperature, and (c, f, i) relative humidity. (a)–(c) The forecast root-mean-square error (RMSE) in the Base experiment with units of m⋅s−1, K,
and % respectively. (d)–(i) The differences in the forecast RMSE with respect to Base (%) for (d–f) the RayEC experiment and (g–i) the
RayGFS experiment. The hatched areas indicate changes with at least 95% statistical significance. RayEC: European Centre for
Medium-Range Weather Forecasts operational Rayleigh winds; RayGFS: Rayleigh winds produced using the Finite-Volume Cubed Sphere
Global Forecast System background in the corrections. [Colour figure can be viewed at wileyonlinelibrary.com]

remains high uncertainty in the analysis of humidity in
that region due to many factors, including the low volume
of humidity observations and their higher uncertainty due
to the overall low absolute humidity.

In the Northern Hemisphere, the ECMWF Rayleigh
winds in general show a neutral impact on forecast skills at
lead times<160 hr and a degradation at lead times>160 hr
in RayEC (Figure 12). The FV3GFS-corrected Rayleigh
winds turn the degradation to improvement. In the Trop-
ics, both ECMWF and FV3GFS-corrected Rayleigh winds
show similar positive impact on forecast skills at all lead
times in RayEC and RayGFS (Figure 13).

The 500 hPa height anomaly correlation (AC) for
RayGFS shows a statistically significant improvement for
the days 5–9 forecast in the Southern Hemisphere com-
pared with the RayEC (Figure 14b,d). The AC decays to
0.60 at hour 204 for RayEC compared with hour 214 for
RayGFS. The impact of Rayleigh winds in the Northern
Hemisphere is neutral for RayGFS and slightly negative
(but not statistically significant) for RayEC (Figure 14a,c).

The National Centers for Environmental Prediction
forecast skill scorecards for RayEC and RayGFS versus
Base (Figure 15) provide a comprehensive evaluation of
the global forecast skill out to 10 days in terms of RMSE
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LIU et al. 367

F I G U R E 12 The same as Figure 11, but for in the Northern Hemisphere. [Colour figure can be viewed at wileyonlinelibrary.com]

and AC. The Rayleigh winds have statistically signifi-
cant positive impacts on forecast skill for vector-wind
and temperature in the Southern Hemisphere and in the
Tropics in RayEC for days 1–3, but neutral impacts in
the Northern Hemisphere. In RayGFS, the assimilation
of the FV3GFS-corrected Rayleigh winds leads to further
improvement on forecast skill for days 1–10 in the South-
ern Hemisphere. The forecast skills in RayEC and RayGFS
for days 1–10 are, in general, similar in the Northern
Hemisphere and in the Tropics.

To quantify the aforementioned results overall, SAMs
are computed for the RayEC and RayGFS experiments
relative to the Base experiment. The SAMs illustrates
the overall forecast skill by normalizing diverse statistics
and computing an empirical cumulative density function
(Hoffman et al., 2018). Figure 16 shows the SAM dif-
ference scores for RayEC and RayGFS experiments with
respect to the Base experiment. In addition to the overall

SAM scores, the SAM scores are shown separately for
forecast lead times in the Northern Hemisphere, Trop-
ics, and Southern Hemisphere. The ECMWF operational
Rayleigh winds in general have a positive impact on the
forecast days 1–3 in the Southern Hemisphere and on
forecast days 1–10 in the Tropics. Significant forecast
skill enhancement is seen in forecast days 3–10 in the
Southern Hemisphere in the RayGFS experiment. In the
Tropics, the impact of the Rayleigh winds on forecast
skills is similar in RayEC and RayGFS. In the North-
ern Hemisphere, the ECMWF Rayleigh winds show a
neutral impact, except for a negative impact on forecast
days 8–10. The FV3GFS-corrected Rayleigh winds reverse
the negative impact to a positive impact. The overall
improvement by Rayleigh winds for RayEC and RayGFS
experiments is about 2% and 5% respectively, illustrating
the enhanced forecast skill with the FV3GFS-corrected
Rayleigh winds.
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368 LIU et al.

F I G U R E 13 The same as Figure 11, but for in the Tropics. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 14 (a), (b) Anomaly correlation (AC) of Finite-Volume Cubed Sphere Global Forecast System (FV3GFS) 500 hPa height
0–10 day forecasts (verified against the observation system experiments’ self-analyses) in the Base, RayEC, and RayGFS experiments for (a, c)
Northern Hemisphere and (b, d) Southern Hemisphere. (c), (d) The differences in the ACs of RayEC and RayGFS versus Base, with bars
representing the 95% confidence interval. RayEC: European Centre for Medium-Range Weather Forecasts operational Rayleigh winds;
RayGFS: Rayleigh winds produced using the FV3GFS background in the corrections. [Colour figure can be viewed at wileyonlinelibrary.com]
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LIU et al. 369

F I G U R E 15 Finite-Volume Cubed Sphere Global Forecast System (FV3GFS; 1–10 days) forecast skill scorecard comparing (a) RayEC
versus Base and (b) RayGFS versus Base. Note that only anomaly correlation (AC) and root-mean-square (RMSE) heights, winds, and
temperatures for the Northern Hemisphere extratropics (NHX), Southern Hemisphere extratropics (SHX), and Tropics are extracted to create
this figure. The symbols and colors indicate the probability that an experiment is better than Base. As shown below the scorecard, the green
symbols (from left to right) indicate that an experiment is better than Base at the 95%, 99%, and 99.9% significance levels respectively,
whereas the red symbols indicate that an experiment is worse than Base at the 99.9%, 99%, and 95% significance levels respectively. Gray
indicates no statistically significant differences. RayEC: European Centre for Medium-Range Weather Forecasts operational Rayleigh winds;
RayGFS: Rayleigh winds produced using the FV3GFS background in the corrections. [Colour figure can be viewed at wileyonlinelibrary.com]
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370 LIU et al.

F I G U R E 16 The difference summary assessment metrics (SAMs) for RayEC and RayGFS versus Base experiments. The SAMs are
shown for 1–10 days forecast lead times in the (a) Northern Hemisphere extratropics, (b) Tropics, (c) Southern Hemisphere extratropics, and
(d) for overall performance. The gray areas indicate the 95% confidence interval under the null hypothesis that there is no difference between
experiments for this metric. In addition, the estimated uncertainty at the 95% level is indicated by small error bars at the ends of the color
bars. Two normalizations are used, the empirical cumulative density function (color-shaded) and rescaled-minmax normalization (black
outline). Values above 0.0 represent an improvement of the forecast versus the Base. A value of 0.02, for example, indicates the average
normalized statistic is better (greater) by 0.02 than Base. Under the null hypothesis that there are no differences, all SAMs would be 0.5, so a
0.02 improvement can be considered a 4% improvement in normalized scores. Details are in Hoffman et al. (2018). RayEC: European Centre
for Medium-Range Weather Forecasts operational Rayleigh winds; RayGFS: Rayleigh winds produced using the Finite-Volume Cubed Sphere
Global Forecast System background in the corrections. [Colour figure can be viewed at wileyonlinelibrary.com]
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The aforementioned results show that the FV3GFS
forecast of RayEC shows improvement in skill for days
1–3 only in the Southern Hemisphere, whereas the
FV3GFS forecast of RayGFS shows statistically significant
enhanced improvements in skill for days 1–10. The fore-
cast skills of RayEC and RayGFS are, in general, similar in
the Northern Hemisphere and in the Tropics.

7 SUMMARY AND CONCLUSIONS

In this study, we examine the benefit to NOAA global fore-
casts when the Aeolus Level-2B Rayleigh winds are pre-
pared using FV3GFS background temperature, pressure,
and winds in place of the corresponding ECMWF back-
ground fields in the Rayleigh–Brillouin correction and the
M1-temperature-dependent bias correction.

The differences in temperature and HLOS wind
between FV3GFS and ECMWF backgrounds evaluated at
the Rayleigh wind observation locations and times for the
study period of August 2–September 16, 2019, are largest
in the Southern Hemisphere and Tropics, with largest
maxima in the tropical lower stratosphere. Specifically,
the temperature background mean and standard devia-
tion of the differences range up to 0.5 K and 1.6 K respec-
tively. The background HLOS winds have mean differ-
ences up to 1.0 m⋅s−1 and standard deviation differences up
to 3.0 m⋅s−1 in the mid to high latitudes and up to 4.0 m⋅s−1

in the Tropics. The differences for the 99.5th percentile
reach ∼4 K and 7.5 m⋅s−1 for background temperature and
HLOS winds respectively.

These background field differences can have impact
on the Rayleigh–Brillouin correction, and particularly the
M1 correction, and result in small (about 0.2 m⋅s−1) mean
and standard deviation of the differences in the retrieved
Rayleigh winds, mainly near the stratospheric night jet
and the subtropical jet in the Southern Hemisphere. The
Rayleigh wind differences due to the Rayleigh–Brillouin
and mainly M1 correction reach up to 0.4 m⋅s−1, 0.6 m⋅s−1,
and 0.7 m⋅s−1 for the 95th, 99th, and 99.5th percentiles of
the sample distribution respectively, with maximum mag-
nitude of∼1.4 m⋅s−1. The number of Rayleigh winds in the
combined lower and upper 5th, 1st, and 0.5th percentile
pairs are ∼6,100, 1,220, and 610 respectively between 2.5
and 25 km height globally per day. These numbers are
not negligible considering current available radiosonde
wind observations (∼600 profiles globally at 0000 and 1200
UTC). The use of FV3GFS-corrected Rayleigh winds also
affects quality control, leading to ∼0.5% more Rayleigh
winds assimilated in the lower troposphere. In the OSEs
performed, the impact of the differences in the Rayleigh
winds results in neutral impacts on the innovations of
radiosonde and aircraft wind observations but leads to
large differences in the FV3GFS 10-day forecasts in the

Southern Hemisphere. Considerably enhanced positive
impacts of the FV3GFS-corrected Rayleigh winds on fore-
casts compared with those of the ECMWF operational
Rayleigh winds are seen in the Southern Hemisphere at
the days 1–10 range.

One of potential reasons for the large differences in
impact of Rayleigh winds on the days 4–10 forecast skill of
RayEC and RayGFS in the Southern Hemisphere might be
related to predictability associated with the regional atmo-
spheric structures, like the strong lower stratospheric jet,
where the ECMWF and FV3GFS model backgrounds show
large differences—see Šavli et al. (2021, fig. 1, cf. fig. 7c).
Further study is needed to understand this.

Taken together, the results show substantial benefit
to the NOAA Global Forecast System of using its own
background in the two corrections of L2B Rayleigh wind
processing. The results might suggest that it would be ben-
eficial for other NWP centers to perform the Rayleigh wind
corrections, particularly the M1 correction, using their
own model backgrounds, but such a benefit would depend
on the quality of those backgrounds.
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