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Abstract
In this article, we show a “proof-of-concept” study to assess the utility of a
variational quality control algorithm in increasing the number of assimilated
Aeolus Mie-cloudy and Rayleigh-clear winds in National Oceanic and Atmo-
spheric Administration (NOAA)’s global data assimilation and forecast system.
The National Centers for Environmental Prediction (NCEP) Variational Quality
Control (NCEP-VQC) algorithm was tuned and applied during the minimiza-
tion process. This type of quality control uses optimal control theory principles
to treat outliers in the probability density function (PDF) of observational depar-
ture statistics, assuming that the observation errors follow a family of logistic
distributions. In the case of Aeolus Mie-cloudy and Rayleigh-clear winds, the
NCEP-VQC algorithm permitted the relaxation of the gross error and one of the
recommended ESA quality controls (reject Rayleigh-clear observations below
850 hPa), assigned adaptive observation weights ranging from 0 to 1, and led to
an increase in the number of retained Aeolus observations for the calculation
of global analyses, which in turn improved the verification statistics on ana-
lyzed tropical storms This article discusses the advantage of implementing the
NCEP-VQC algorithm in the Aeolus data assimilation, the benefits of retain-
ing more wind profiles that contribute to the analysis calculation, and shows
improvements in the initialization and short-term forecasts on several tropical
cyclone cases.
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1 INTRODUCTION

Aeolus, a novel wind mission from the European Space
Agency (ESA) launched on August 22, 2018, includes

the first space-based Doppler wind lidar (DWL) to date.
ALADIN (Atmospheric LAser Doppler INstrument), the
main instrument on Aeolus, provides wind profile mea-
surements from a Sun-synchronous, dusk/dawn orbit at
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an altitude of 320 km (ESA, 2022). Aeolus aims to provide
three-dimensional wind data from the Mie and Rayleigh
channels of ALADIN and partially ameliorate the current
global observing system data gap (Straume et al., 2020),
particularly in the tropics, where tropical cyclones orig-
inate. Currently, several operational weather prediction
centers assimilate Aeolus Horizontal Line of Sight (HLOS)
wind profiles and have reported various degrees of model
forecast skill improvement (e.g., at the European Centre
for Medium-Range Weather Forecasts [ECMWF] – Rennie
et al., 2021). Furthermore, at the National Centre for
Medium-Range Weather Forecasts, Aeolus wind obser-
vations have reduced cyclone position errors, as George
et al. (2021) described in one cyclone case study in
the Arabian Sea. Even though Aeolus observations are
not assimilated operationally at the National Oceanic
and Atmospheric Administration (NOAA), several studies
have demonstrated the value of this dataset in improv-
ing global weather forecast skill using earlier versions of
the National Centers for Environmental Prediction/Global
Forecast System with the Cubed Sphere dynamical core
(NCEP/GFS-FV3, Liu et al., 2022, Apodaca et al., 2020).
Furthermore, benefits from the assimilation of Aeolus
observations have also been found in hurricane prediction
at NOAA using the regional Hurricane Weather Forecast-
ing system (HWRF, Marinescu et al., 2022).

Developing optimal quality control strategies is key to
maximizing the benefits of assimilating a new observa-
tion type, such as Aeolus HLOS, especially when these
data can improve the initialization of tropical cyclones
(TCs) and other severe weather events. Inaccurate a-priori
estimates of the state of the atmosphere under com-
plex flow structures combined with the use of subop-
timal quality control (QC) procedures can have detri-
mental impacts on the analysis. The sole use of static
QC and background quality control, which are based
on blacklisting and background-based rejections, can
result in poor choices (i.e., keeping observations with
initially large background departures, rejecting correct
observations because departures from the background
are large and/or assigning incorrect weights to some
observations).

With the goal of better assimilating Aeolus’s obser-
vations, in this article, we show a “proof-of-concept”
study to assess the utility of a Variational Quality Control
(VarQC) algorithm (Purser, 2018). This VarQC algorithm
is already included in the global data assimilation sys-
tem component of the GFS_v16 (NCEP-VQC, hereafter),
implemented operationally at NOAA in March 2021
(Farrar, 2021), and it is routinely applied to convention-
al/surface observations. We saw that the characteristics of
the NCEP-VQC algorithm, described next, could improve
the quality control of Aeolus observations. In particular,

the Rayleigh-clear and Mie-cloudy channels are of supe-
rior quality to Rayleigh-cloudy and Mie-clear channels
observations (Martin et al., 2021; Zuo et al., 2022). The
measurements from the Rayleigh channel have better
performance in a clear sky (Rayleigh-clear), for which
there is little or no contamination from Mie scattering;
the wind measurements in the Mie channel need strong
backscattering from aerosols, water droplets, or ice crys-
tals (Mie-cloudy) (Rennie et al., 2020). Rayleigh-clear and
Mie-cloudy winds are currently the only two types of Aeo-
lus winds that are assimilated into the ECMWF model for
operational weather forecasts (Rennie et al., 2021). Fur-
thermore, at the accumulation length of Aeolus (∼90 km),
the less-accurate Rayleigh-clear channel provides up to
four times more observations than the Mie-cloudy chan-
nel (Savli et al., 2019). Based on these considerations, only
Rayleigh-clear and Mie-cloudy winds were extracted to
evaluate and apply VarQC in our study.

The NCEP-VQC algorithm is analogous to the Huber
norm quality control used in the ECMWF/4D-Var system
(Tavolato and Isaksen, 2014). However, the NCEP-VQC
algorithm uses a family of smooth generalized logistic dis-
tributions to describe the statistics of the observation errors
of conventional observations. For each member of the gen-
eralized logistic family, there is an analogous (practically
equivalent) Huber distribution. The distinguishing char-
acteristic of the Huber model is that, for a finite range of
moderate values of the observational error, the probabil-
ity is assumed to remain exactly Gaussian, with modeling
of the tails outside of this range done using some other
analytic function suitable for fatter tails. For the logistic
family, the transition to fatter tails is smooth and contin-
uous, so the Gaussian behavior only occurs in the limit
when the observation error is close to zero. For observa-
tion departures with probability density functions (PDF)
that resemble (and generalize) logistic distributions, the
NCEP-VQC algorithm computes three parameters: broad-
ness, asymmetry, and convexity that quantify the attributes
of the tails of the density function once its mode has
been recentered and its spread standardized by rescaling.
These parameters are related to the higher moments of the
standardized distribution that control the skewness and
kurtosis of the observation error (OE). These calculations
are performed during the minimization process using opti-
mal control theory principles to treat the outliers that
might exist in the PDF of departure statistics. The VarQC
algorithm allows for the relaxation of gross error qual-
ity controls by assigning observation weights on a range
from 0 to 1. A weight closer to 0 means observations have
the least impact on the calculation of an analysis. Con-
versely, a weight closer to 1 indicates observations have
a stronger influence on an analysis. The Bayesian princi-
ples that underlie the VarQC techniques can be found in
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Lorenc and Hammon (1988), Ingleby and Lorenc (1993),
and Andersson and Järvinen (1999).

This article is organized as follows: in Section 2, we
provide Aeolus data specifications and a discussion on the
OE as provided by departure statistics. The global model
configuration and experimental design are presented in
Section 3, and the results are discussed in Section 4. Lastly,
conclusions are provided in Section 5.

2 AEOLUS OBSERVATIONS AND
INNOVATION STATISTICS

For the experiments described in Section 4, we assimilated
only vertical profiles of HLOS winds in the Rayleigh-clear
and Mie-cloudy channels. We used the Level-2B, version
10 product, with the “M1” telescope primary mirror
wind bias correction (Weiler et al., 2021). We applied
the static quality controls described in Rennie and Isak-
sen (2020) and did not include any additional bias cor-
rection. However, instead of always applying the QC flag
that rejects Rayleigh-clear observations at pressures larger
than 850 hPa, VarQC was introduced to dynamically retain
some observations with larger observation departures, as
compared to the limit acceptable by the background qual-
ity control, at these high-pressure levels. We employed
the depth of bin or signal-to-noise ratio QC to eliminate
poor quality observations regardless of the potential of
impacting the shape PDF of observation departures of Aeo-
lus data. The main reason behind these choices was to test
the benefit of the NCEP-VQC algorithm in the lower tro-
posphere where TCs form and to maximize the number of
available observations before the assimilation process.

ECMWF observation error inflation was applied to
both Mie-cloudy and Rayleigh-clear channels, as Ren-
nie and Isaksen (2020) described. Carefully examining
the innovation statistics at the analysis times provides
valuable information needed to select a suitable error
model (Tavolato and Isaksen, 2014). For this purpose, sam-
ples of observations minus background (O-B) innovations
were obtained from a total of 120 six-hourly forecasts
with Mie-cloudy and Rayleigh-clear observations used in
monitoring mode (i.e., without these observations being
assimilated). These innovation statistics were estimated
for the period of August–September 2019. This time period
was chosen because other NWP centers used the same
Aeolus observations, and we wanted to facilitate compar-
isons with results from other studies. During these two
months, there were periods without significant tropical
cyclone activity. Therefore, innovation statistics for peri-
ods of low TC activity, a total of 120 six-hourly forecasts,
were used as a benchmark for obtaining a probability
model for the observation errors and for obtaining sets of

PDF moments needed to tune the modulating parameters
(asymmetry, broadness, and convexity) of the NCEP-VQC
algorithm. An assessment of (O-B) PDFs for Mie-cloudy
and Rayleigh-clear wind observations pointed to unimodal
and leptokurtic distributions with minor skewness (asym-
metry). The characteristics of this type of error model
are suitable for the logistic Are the family of distribu-
tions in the NCEP-VQC algorithm. After several tuning
experiments, we found a set of distribution moments
that provided reasonable weight distributions as a func-
tion of observation departures. For the final NCEP-VQC
configuration, we selected values of variance and kurto-
sis of 19 and 4 for Mie-cloudy winds and 27 and 5 for
Rayleigh-clear winds. Asymmetry was set to 0; the initial
gross error was set to 4 m⋅s−1, and the minimum/maxi-
mum OE range was set to 2–10 m⋅s−1. The NCEP-VQC
algorithm uses initial values of variance and kurtosis.
After performing eight sensitivity (tuning) experiments,
we varied the broadness and kurtosis values. To do so,
we calculated the standard deviation of all the moments
of the PDF of innovation statistics and the standard devi-
ation of the OE limits. The VarQC had not been sig-
nificantly tested on satellite winds before. Therefore, a
conservative approach was appropriate. We chose values
for variance and kurtosis – along with minimum and max-
imum errors – within approximately 0.5 to 1.0 sigma. We
selected these values as they allowed more observations to
pass the background quality control compared to the other
tuning experiments and to an experiment without VarQC,
which was treated as a baseline. They showed improved
cost function reduction without increasing the spread of
(O-A) innovation statistics. If NOAA eventually decides to
assimilate Aeolus operationally and apply VarQC to their
assimilation, we recommend tuning experiments whereby
the error limits for the background quality control check
are increased to larger sigma values. In Figure 1a,b, we
show an example of PDF histograms of innovation values
for the Mie-cloudy and Rayleigh-clear HLOS wind obser-
vations valid on August 20, 2019 at 1800 UTC. The red
curve is the Gaussian best fit. Even though the Aeolus
data had already undergone strict static quality controls
and the “M1” bias-corrected dataset was used, data outliers
for the Mie-cloudy and Rayleigh-clear channels remained.
Similar behavior was found during other cycles.

3 GLOBAL MODEL
CONFIGURATION AND
EXPERIMENTS

This study used the GFS_v16.0 version of NCEP’s
global data assimilation and forecast system. The data
assimilation framework is a hybrid 4DEnVar system
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(m･s-1) (m･s-1)

F I G U R E 1 Aeolus innovation statistics, for (a) Mie-cloudy (b) Rayleigh-clear used, valid at, Mie-cloudy all, valid on August 20, 2019 at
1800 UTC, from 250 to 850 hPa, globally. The best Gaussian fit distribution is shown in red. Aeolus data include the “M1” principal mirror
temperature bias correction [Colour figure can be viewed at wileyonlinelibrary.com]

T A B L E 1 GFS_v16.0 configuration.

Model NOAA/NCEP FV3GFS_v16.0

DA framework and specifications Hybrid 4DEnVar, 80 member ensemble

Model resolution Deterministic: C384, EnKF: C192, vertical: L127

Analysis and forecast resolution .25◦ or approximately 25 km, horizontal, up to 80 km, vertical

New data for assessment Aeolus HLOS winds, L2B product, M1 BC, Mie (cloudy), Rayleigh (clear)

T A B L E 2 Configuration settings for the observing system experiments

Experiments Period/dates Data, OBS error, QC, BC

AEOLUS FM-B period: September
17–24, 2019

NCEP operational data assimilation suite AEOLUS L2-B
ECMWF OE inflation tuned for GFS ESA static QC No
additional BC

AEOLUS+VarQC FM-B period: September
17–24, 2019

NCEP operational data assimilation suite AEOLUS L2-B
ECMWF OE inflation tuned for GFS ESA static QC
VarQC No additional BC

(Kleist and Ide, 2015), which was upgraded to use a
local ensemble Kalman filter for the ensemble compo-
nent, with a total of 80 ensemble members. This sys-
tem includes the Gridpoint Statistical Interpolation system
(Derber et al., 1991) to assimilate observations, including
Aeolus winds, with the NCEP-VQC algorithm.

We employed a forecast/background resolution of
C384 (∼25 km grid size) in the deterministic component.
The analysis increment is computed in the linear Gaussian
grid consistent with C192 (∼50 km grid size) in the ensem-
ble component. Lastly, the model employed 127 levels in
the vertical, with a model top of up to 80 km. It is impor-
tant to note that due to constraints in computing resources,

the resolution used in this study was coarser than the one
used in NCEP/Operations, but the benefits of assimilating
a new observation type – and applying VarQC, as in this
case – can still be assessed. The global model configuration
settings are summarized in Table 1.

We conducted two experiments to evaluate the
impact of assimilating Aeolus observations with the addi-
tional VarQC. The first experiment, named AEOLUS,
included the suite of operational observations assimi-
lated by NOAA/NCEP at the time of the study, along
with the assimilation of Mie-cloudy and Rayleigh-clear
wind profiles with the ESA-recommended QCs (Weiler
et al., 2021). The second experiment, AEOLUS+VarQC,
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T A B L E 3 2019 tropical cyclone cases

Storm name Basin Dates Storm category at peak intensity

Dorian AL August 24–September10 Category 5 hurricane

Erin AL August 26–29 Tropical storm

Humberto AL September 13–19 Category 3 hurricane

Imelda AL September 17–19 Tropical storm

Jerry AL September 17–23 Category 2 hurricane

Kiko EP September 12–24 Category 4 hurricane

Lorena EP September 17–22 Category 1 hurricane

Mario EP September 17–22 Tropical storm

Abbreviations: AL, Atlantic; EP, East Pacific.

(a) (b)

F I G U R E 2 VarQC adaptive weight distribution of Aeolus observations for (a) Mie, cloudy, and (b) Rayleigh, clear winds, valid on
August 20, 2019 at 1800 UTC [Colour figure can be viewed at wileyonlinelibrary.com]

had the same configuration as AEOLUS but assimilated
Mie-cloudy and Rayleigh-clear data with the additional
VarQC. Other settings for these experiments are detailed
in Table 2. These experiments were conducted from
September 17 to 24, 2019, coinciding with several tropical
cyclone cases (Table 3).

4 RESULTS

4.1 Adaptive weights

As noted in Sections 1 and 2, an observation weight closer
to 1 means the most observational impact on the analy-
sis, and conversely, a weight closer to 0 indicates the least
impact. For illustrative purposes, we show in Figure 2 how
the NCEP-VQC algorithm assigns observation weights in
an adaptive manner. The observation weight distribution

of the Mie-cloudy and Rayleigh-clear data were plotted for
each analysis cycle of the experiments described in Table 3.
In Figure 2a,b, for August 20, 2019 at 1800 UTC assimila-
tion cycle, approximately 20% of the Mie, cloudy and about
40% of Rayleigh, clear observations with larger depar-
tures are assimilated globally, but with a reduced VarQC
weight as compared to observations with smaller depar-
tures. Similar weight distributions were observed during
approximately 90% of the assimilation cycles. We also plot-
ted the values of the observation innovation (O-B) in m⋅s−1

against the VarQC weight as indicated in Figure 3a,b;
we further confirmed that for smaller innovation values
located at the peaks of the distributions, the NCEP-VQC
algorithm assigned a weight close to one, but for larger
(O-B) values, the observation weights were reduced for
both Mie-cloudy and Rayleigh-clear channels. Figures 2
and 3 clearly indicate that outliers were allowed to influ-
ence the analyses but with a reduced observation weight.
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Observation increment (m･s-1) Observation increment (m･s-1)

F I G U R E 3 Values of VarQC weight as a function of observation innovation (O-B) in m⋅s−1 for (a) Mie-cloudy and (b) Rayleigh-clear
winds, valid on August 20, 2019 at 1800 UTC [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c) (d)

Total cost function

Total cost function

F I G U R E 4 Cost function (a) and (b) and gradient norm curves (c) and (d) for the AEOLUS (red) and AEOLUS+VarQC (green)
experiment [Colour figure can be viewed at wileyonlinelibrary.com]
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(m･s–1) (m･s–1) (m･s–1) (m･s–1)

(m･s–1) (m･s–1)

F I G U R E 5 One-week averaged vertical profiles of the number of observations, (O-B), (O-A) bias and root-mean-square error for Aeolus
and other wind observations: (a) CONTROL; (b) AEOLUS; (c) AEOLUS+VarQC [Colour figure can be viewed at wileyonlinelibrary.com]

4.2 Cost function and gradient norm
statistics

Cost function and gradient norm statistics generally show
the overall performance of the minimization procedure
and can indicate if there are conditioning issues. We plot-
ted the cost function and its gradient norm, as a function
of the number of iterations, set to 150 for the first and sec-
ond outer loops for 38 analysis cycles of the AEOLUS and
AEOLUS+VarQC experiments. Decreasing curves and
convergence as a function of iteration number are posi-
tive indicators of the benefit of assimilating Aeolus data.
For example, Figure 4a,c shows a comparison valid on
September 17, 2019 at the 0000 UTC cycle. During this

cycle, the assimilation of Aeolus data with VarQC fur-
ther reduced the final cost function from about 1,460,000
to 1,430,000. These plots also reveal that the system set-
tings of the AEOLUS+VarQC experiment resulted in
the best performance. Figure 4b indicates that the cal-
culation of the gradient produces a “zig-zag” pattern on
the curve for only the AEOLUS experiment, which is
not present in Figure 4d. The treatment of large innova-
tion values could cause this behavior, resulting in large
gradient norm spikes. However, any causes, like occa-
sional minimization problems in the operational GFS
(Daryl T. Kleist – NOAA/Environmental Modeling Center,
personal communication), could require further inves-
tigation. Nonetheless, the AEOLUS+VarQC experiment
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2768 APODACA et al.

F I G U R E 6 Swaths of assimilated observations with respect to the storm center during the life cycle of six tropical cyclones. N equals
globally assimilated observations. Numbers in parentheses indicate assimilated Mie-cloudy and Rayleigh-clear observations for the AEOLUS
and AEOLUS+VarQC experiments [Colour figure can be viewed at wileyonlinelibrary.com]
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shows better performance. Similar behavior was observed
during approximately 90% of the assimilation cycles.

4.3 Vertical distribution of departures
for assimilated Aeolus observations

The distribution of observation departures as a func-
tion of height in pressure coordinates was investigated

during each analysis cycle for the AEOLUS and AEO-
LUS+VarQC experiments. This process showed vertical
layers where the VarQC could impact the assimilation
of Aeolus observations the most. An evaluation during
28 cycles indicated that, on average, observation incre-
ments tend to be larger near the 250 hPa and 850 hPa
model vertical levels, followed by impacts near the 400 hPa
level. The vertical distribution of assimilated Aeolus obser-
vations also resulted in higher numbers of assimilated

Distance from storm center Distance from storm center

Distance from storm center Distance from storm center

F I G U R E 7 Assimilated Mie-cloudy and Rayleigh-clear observations as a function of height in hPa and distance from the storm center
in km, for 2019: AL basin TCs Humberto, Imelda, and Jerry, for the AEOLUS (left) and AEOLUS+VarQC (right) experiments. N equals the
ratio of near-storm assimilated to globally assimilated observations
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Distance from storm center

Distance from storm center Distance from storm center

Distance from storm center

F I G U R E 7 (Continued)

observations at these levels. Analysis residuals (O-A) indi-
cated smaller departure values after data assimilation
but with minor magnitudes and nearly indistinguishable
from (O-B). In Figure 5a–c, we show one-week aver-
aged profiles of the number of assimilated observations,
and (O-B) bias, and root-mean-squared (RMS) errors.
The former metrics are for satellite wind-measuring
observing systems, such as geostationary and polar
atmospheric motion vectors (AMVs) from a set of
AEOLUS, and AEOLUS+VarQC experiments, with an

additional CONTROL experiment. Please note that Aeolus
wind data were present only in the former two exper-
iments. Still, all three of them had otherwise identical
configurations and included the NCEP operational suite of
observations.

Figure 5a shows the profiles of the wind-observing
systems assimilated in the CONTROL experiment (with-
out Aeolus); the similarities seen in the profiles with
respect to Figure 5b,c indicate that the assimilation of
Aeolus did not affect the assimilation of other wind
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Distance from storm center

Distance from storm center
Distance from storm center

Distance from storm center

F I G U R E 7 (Continued)

observations. Figure 5b,c show the profiles of the Aeo-
lus (O-B) bias (middle) and RMS error (right). The
observation increment of Aeolus profiles was comparable
to that in the other wind-observing systems, in both
the AEOLUS and AEOLUS+VarQC experiments. A
reversal in the profile magnitudes for Mie-cloudy and
Rayleigh-clear is in agreement with other studies (e.g.,
Marinescu et al., 2022), indicating that Mie-cloudy winds
were more biased in the upper atmosphere where the
retrieval algorithm has errors due to processing of faster

winds and the Rayleigh-clear winds were more biased
in the lower atmospheric levels due to the interaction
with clouds and surface. The week-long average also
revealed larger RMS error values in AEOLUS+VarQC
compared to the AEOLUS experiment. This behavior
is expected because the VarQC mechanism allowed
the assimilation of observation outliers in the analy-
sis calculation but with reduced weight. Also, note we
included Mie-cloudy winds at levels above 850 hPa in
Figure 5c. In Section 4.4, we show that despite the
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2772 APODACA et al.

F I G U R E 8 Assimilated Mie-cloudy and Rayleigh-clear observations as a function of height in hPa and distance from the storm center
in km, for 2019: EP basin TCs (a) Kiko; (b) Lorena; (c) Mario

increased RMS errors, the AEOLUS+VarQC assimila-
tion approach benefited the forecasts of TC. It is likely
that permitting the assimilation of possibly flawed obser-
vations, or those that deviate significantly from the
model background, does not necessarily reflect the qual-
ity of the foreca st (Brett Hoover – NOAA/Environmental
Modeling Center, personal communication). In regions
where observations are sparsely located, it is better to
assimilate “down-weighted” observations.

4.4 Impact on the number of
assimilated observations and short-range
forecasts during tropical cyclones

A total of six TC cases, three in the Atlantic (AL) and three
in the East Pacific (EP) basins, were evaluated. Details on
these storms are provided in Table 3. These storms were
selected because they exhibited various categories at peak
intensity, ranging from tropical storms to hurricanes 2–4
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F I G U R E 8 (Continued)

on the Saffir–Simpson scale. Some cyclones were highly
sampled by reconnaissance aircraft, while others were not,
particularly in the EP basin. Consequently, the assimila-
tion of Aeolus wind profiles was expected to bring addi-
tional information content in generating the analysis. Ver-
ification was done with the global model version of the
GROOT-G package (OSEs and OSSEs on TCs, n.d) pack-
age. This verification software creates a storm-centered
pseudo-nest with a radius of 2000 km. GROOT-G can

check whether observations are present within 2000 km of
the storm center and generate storm-relative graphics that
allow a near-storm environment assessment of the impact
of observations. In Figure 6, we can see storm-relative
plots with swaths of the assimilated Mie-cloudy and
Rayleigh-clear wind profiles that passed the background
QC, for the 2019 AL storms Humberto, Imelda, and Jerry,
and EP basin storms Kiko, Lorena, and Mario, during the
lifetime of these storms. Since the location of the Aeolus
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F I G U R E 8 (Continued)

swaths is identical for both the AEOLUS and the AEO-
LUS+VarQC experiments, we also show in Figures 7 and
8 the number of assimilated profiles as a function of height
in hPa and distance from the storm center in km for the
six storms. A comparison of the number of assimilated
HLOS wind profiles on these cases indicated that apply-
ing VarQC led to an overall increase in the number of
assimilated Mie-cloudy and Rayleigh-clear wind profiles.

Approximately 100–200 additional profiles relative to each
TC center were assimilated in the AEOLUS+VarQC
experiment during the lifetime of each storm. The num-
ber of assimilated Mie-cloudy and Rayleigh-clear profiles
for all TC cases is shown in Table 4. Moreover, Figures 7
and 8 revealed a high storm-to-storm variability on the
location of the assimilated Mie-cloudy and Rayleigh-clear
profiles relative to the storm center. Further investigation
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APODACA et al. 2775

T A B L E 4 Number of assimilated (passed first guess check) Mie-cloudy and Rayleigh-clear observations for 2019 Atlantic (AL) and
East Pacific (EP) storms for the AEOLUS and AEOLUS+VarQC experiments. Note the increased number of assimilated wind profiles in all
TC cases when applying VarQC

Mie-cloudy Rayleigh-clear

Name AEOLUS AEOLUS+VarQC AEOLUS AEOLUS+VarQC

2019 Atlantic Basin TCs

Humberto 6,009 6,243 10,691 10,851

Imelda 2,124 2,215 5,650 5,726

Jerry 4,724 4,846 7,397 7,571

2019 East Pacific Basin TCs

Kiko 4,548 4,665 8,435 8,582

Lorena 4,608 4,719 8,556 8,726

Mario 3,856 3,943 6,844 6,998

Forecast lead time (h)

F I G U R E 9 Scorecard for AL category two hurricane Jerry19 for the AEOLUS experiment, up to the 36th forecast lead time hour.
Statistical significance is displayed as 95% (squares) and 90% (circles) confidence intervals with respect to the CONTROL experiment. Warm
colors indicate improvements, while cool colors indicate degradations [Colour figure can be viewed at wileyonlinelibrary.com]
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2776 APODACA et al.

Forecast lead time (h)

F I G U R E 10 Scorecard for AL category two hurricane Jerry19 for the AEOLUS+VarQC experiment, up to the 36th forecast lead time
hour. Statistical significance is displayed as 95% (squares) and 90% (circles) confidence intervals with respect to the CONTROL experiment.
Warm colors indicate improvements, while cool colors indicate degradations [Colour figure can be viewed at wileyonlinelibrary.com]

also indicated differences in the vertical location of the
assimilated observations and that variations from cycle
to cycle occurred. The lifetime of each storm was also a
contributing factor, with longer storm lifetimes having an
increased likelihood of collocation with Aeolus overpasses.

As mentioned in Section 2, VarQC aims to improve
the calculation of an optimal analysis by assigning adap-
tive observation weights. To evaluate if the use of VarQC
could improve the initialization of TCs and short-range

forecasts, an initial assessment of two category 1–2 hur-
ricanes on the AL and EP basins was conducted. We
followed a verification approach similar to that in the
Marinescu et al. (2022) study and evaluated the impact
of assimilating Aeolus data on GFS_v16.0 forecasts of rel-
evant tropical cyclone metrics using scorecards. Seven
metrics were used to evaluate storm track, intensity, and
TC size. Scorecard plots include the following error met-
rics: storm TRACK (km); surface WIND SPEED (kts);
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Forecast lead time (h)

F I G U R E 11 Scorecard for East Pacific (EP) category one hurricane Lorena19 for the AEOLUS experiment, up to the 36th forecast lead
time hour. Statistical significance is displayed as 95% (squares) and 90% (circles) confidence intervals with respect to the CONTROL
experiment. Warm colors indicate improvements, while cool colors indicate degradations [Colour figure can be viewed at
wileyonlinelibrary.com]

minimum sea level pressure (MSLP in hPa); the radii of
tropical-storm-force winds (R34, km), storm-force (R50,
km), and hurricane-force (R64, km) winds. These metrics
were compared to the Hurricane Database (HURDAT-2)
best estimates from the National Hurricane Center (Land-
sea and Franklin, 2013).

Comparing the scorecards for the AEOLUS (Figure 9)
and AEOLUS+VarQC (Figure 10) experiments for

hurricane Jerry in the AL basin indicate an improved ini-
tialization in the AEOLUS+VarQC experiment. TRACK,
WIND SPEED, MSLP, R34, and the radius of maximum
winds (RMW) error metrics show improvements at the
0-hr Forecast Lead Time (FLT). Since this is a global
model, these positive changes were also likely deriving
from the assimilation of additional Aeolus profiles on the
peripheral storm environment through the VarQC.
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2778 APODACA et al.

Forecast lead time (h)

F I G U R E 12 Scorecard for East Pacific (EP) category one hurricane Lorena19 for the AEOLUS+VarQC experiment, up to the 36th
forecast lead time Statistical significance is displayed as 95% (squares) and 90% (circles) confidence intervals with respect to the CONTROL
experiment. Warm colors indicate improvements, while cool colors indicate degradations [Colour figure can be viewed at
wileyonlinelibrary.com]

A degradation or decreased improvement per-
centage was seen at the six-hour FLT, followed by
improvements up to the 30th-hour FLT for the AEO-
LUS+VarQC experiment on the same metrics. The radius
of tropical-storm-force winds (R34) and RMW show sta-
tistically significant improvements, as indicated by the
filled squares and circles.

A similar comparison between the scorecards of the
AEOLUS (Figure 11) and AEOLUS+VarQC (Figure 12)
was made for EP category 1 hurricane Lorena. Figure 12
shows a better initialization in the AEOLUS+VarQC
experiment for most metrics. The TRACK forecast was
also degraded, but MSLP indicated statistically significant
improvements. This initial assessment indicates a benefit
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Forecast lead time (h) Forecast lead time (h) Forecast lead time (h)

Forecast lead time (h) Forecast lead time (h)

F I G U R E 13 (a) Composite track error for 2019 Dorian and Erin, for the CONTROL (red) and AEOLUS+VarQC (green) for the (a)
OBS subset; (b) NOOBS subset; (c) track improvement percentage; (d) radius of 34 km winds for the rapid intensification stage; (e)
percentage improvement in the radius of 34 km error [Colour figure can be viewed at wileyonlinelibrary.com]

on the initialization of TCs by assimilating AEOLUS with
VarQC. Nonetheless, evaluating a larger sample of TC
cases would provide a more robust forecast impact assess-
ment.

4.5 CONTROL vs. AEOLUS+VarQC
composite tropical cyclone verification for
the 2019 Atlantic-basin hurricane Dorian
and tropical storm Erin

Since the ultimate goal of the NCEP-VQC is to allow more
observations to be assimilated, let us discuss the general
impact of Aeolus observations on tropical cyclone fore-
casting. This Section shows a comparison of a CONTROL
experiment to an AEOLUS+VarQC experiment. The
CONTROL experiment included the suite of observations

operationally assimilated by the NOAA/NCEP. It had the
same settings as the AEOLUS+VarQC expNCEPeriment,
except we did not assimilate any Aeolus profiles, and the
NCEP-VQC algorithm was turned off. The impact of Aeo-
lus on tropical cyclone metrics was evaluated for a major
hurricane (category 5 hurricane AL Dorian, 2019) and a
tropical storm (AL Erin, 2019). In Figure 13, composite
plots of track error in kilometers and percentage improve-
ment indicate that the AEOLUS+VarQC experiment
outperforms the CONTROL when Aeolus observation are
present (OBS subset) in the vicinity of the storms, with
a 4.1% improvement on (c) track in the OBS subset of
the AEOLUS+VarQC (green) experiment with respect to
CONTROL (red) after the 36-hr FLT. The improvement
was significant for the cycles in which the storms were
undergoing rapid intensification, particularly in (d) the
radius of 34-knot winds with a mean improvement of
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Forecast lead time (h)

F I G U R E 14 Pressure error in hPa for the subset where no
Aeolus wind profiles (NOOBS) were present in the vicinity of the
storm [Colour figure can be viewed at wileyonlinelibrary.com]

4.02% (e). This highlights the importance of having Aeolus
observations present when a TC is undergoing rapid
intensification.

Composite graphics of pressure error in hPa for storms
Erin and Dorian indicate statistically significant degrada-
tion (Figure 14) for the subset of cycles without the assim-
ilation of Aeolus profiles (NOOBS) after the 24 hr FLT. For
the case of Dorian, it was possible to pinpoint the location
of the assimilated Aeolus observations with respect to the
TC path and storm center. Figure 15a shows that Aeolus
orbits intersected the TC track when the storm under-
went rapid intensification but significantly less during
the weakening stages. Figure 15b shows that the highest
number of assimilated observations occurs at the 1,500 m
radius. After inspecting the error in the location of 34-knot
tropical-storm-force winds for Dorian (Figure 16a), a
12.33% improvement was estimated (Figure 16b) during
the rapid intensification subset after the 72 hr FLT and a
statistically significant instance of error reduction during
the tropical storm stage subset (Figure 16c).

5 CONCLUSIONS

Motivated by the positive benefits from the assimilation of
Aeolus HLOS wind profiles in weather analyses and fore-
casts, we implemented, tested, and quantified here the use
of the NCEP-VQC algorithm as additional observational
quality control for Aeolus observations. The advantage of

using VarQC is that, when it is applied during the min-
imization step of the variational analysis procedure, the
information regarding the a-priori estimates of relevant
sources of error and the analysis state is considered and
used synergistically. Our results show that this added QC is
beneficial in analyzing and forecasting TCs, where obser-
vations deviate significantly from the model background.

It is important to note that the use of VarQC does not
replace the ESA-recommended static quality controls for
the Aeolus Mie-cloudy and Rayleigh-clear wind profiles
but rather allows the relaxation of the QC limits and the
handling of observations outliers leading to an increase in
the number of retained observations.

The assimilation of Aeolus’s observations was
improved, assuming their errors follow a family of logis-
tic distributions. Furthermore, assimilating Aeolus with
additional VarQC proved a consistent retention of more
wind profiles during the six tropical cyclone cases ana-
lyzed in this study. Improvements in the initialization and
short-range forecasts of TCs in NOAA’s global forecast
model were observed during eight tropical cyclone case
studies of the 2019 hurricane season. However, before
NOAA begins to assimilate Aeolus wind profiles oper-
ationally –most likely to happen if there is an Aeolus
follow-on mission – and apply NCEP-VQC to the assimi-
lation process, it would be beneficial to conduct a forecast
impact assessment of up to two hurricane seasons to deter-
mine if the initial positive results seen in this study can be
reproduced with a high degree of statistical significance.
This type of careful impact assessment and optimized QC
would be extremely beneficial in preparation for the antic-
ipated Aeolus-2 follow-on mission, expected to launch in
or after 2031.

To the best of our knowledge, the present study is the
first attempt to apply VarQC to satellite wind observa-
tions. For this reason, we were cautious when we loosened
the OE limits. Therefore, additional experiments in which
the OE limits would be further relaxed are recommended,
particularly when assimilating low-accuracy data, such as
Aeolus Raleigh-clear winds alongside operationally used
AMVs. Nonetheless, this study shows the strength and
benefits of performing VarQC when some observations
deviate significantly from the model background; without
adaptive weight assignment, accurate and/or beneficial
observations can be arbitrarily discarded.
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F I G U R E 15 (a) Location of assimilated Aeolus observations with respect to the TC path and (b) radius from the TC center [Colour
figure can be viewed at wileyonlinelibrary.com]

Forecast lead time (h) Forecast lead time (h)

F I G U R E 16 (a) Error in the location of the radius of 34-knot winds for the intensifying stage and (b) percentage improvement; (c)
radius of 34-knot winds location error in km during the tropical cyclone phase [Colour figure can be viewed at wileyonlinelibrary.com]
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