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Abstract. The need for highly accurate atmospheric wind observations is a high priority in the science community, and-in
partieutarparticularly for numerical weather prediction (NWP). To address this reguirementneed, this study leverages Aeolus
wind LIDAR Level-2B data provided by the European Space Agency (ESA) as a potential comparison standard to better
characterize atmospheric motion vector (AMV) bias and uncertainty.-with-the-eventual-goal-of peteptiathy-improving- AMV
algorithms.. AMV products from geostationary (GEO) and low- Earth-pslar orbiting (LEO) satellites are compared with
reprocessed Aeolus horizontal line-of-sight (HLOS) global winds observed in August-za<--September 2019. Winds from two
of-the-four-Aeolus observing modes are wtitized-for-comparisencompared with AMVs: Rayleigh-clear (RAY) (derived from
the molecular scattering signal) and Mie-cloudy (MIE) (derived from the particle scattering)—erthe-most-direct-comparisen;
guatity signal). Quality controlled (QC’d) Aeolus winds are collocated with guality-contreted OC’d AMVs in space and time,
and the AMVs are projected onto the Aeolus HLOS direction. Mean collocation differences (MCD) and the standard deviation

(SD) of those differences (SDCD) are determined from-comparisons-based-en-a-number-of conditionsand-their relation

are-deseribed-in-more-detatland analyzed.

M—%d%#&ewesp@nd»we#wﬁhﬂ(—e%@lﬁ&%@%%s shown in other comparison studies, the level of agreement

between AMV and Aeolus wind velocities (HLOSV) varies with the AMV type, geographic region, and height of the

collocated winds, as well as with the Aeolus observing model. [ln terms of global statistics, QC’d AMVs and QC’d Aeolus

HLOSV are highly correlated for both Rayleigh-clear-and-Mie-cloudy-observing modes despite remaining-. Aeolus MIE winds

are shown to have great potential value as a comparison standard to characterize AMVs, as MIE collocations generally exhibit
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smaller biases in-Aeelus-winds-afterreproeessing—Comparisons-and uncertainties compared to RAY collocations. Aeolus RAY

winds contribute a substantial fraction of the total SDCD in the presence of clouds where collocation/representativeness errors

are also large. [Stratified comparisons with Aeolus HLOSV are consistent with known AMV bias and uncertainty in the tropics,
NH extratropics, and—in-the Arctic, and at mid- to upper-levels in beth—clear and cloudy scenes— AMVs in the SH

ff‘ ted [KL3]: R2 specific point 1

comparisons/Antarctic generally exhibit larger than expected MCD and SDCD;-which-could-be-attributed most probably due

to larger AMV height assignment errors in-regionsand collocation/representativeness errors in the presence of high windswind
speeds and erhancedstrong vertical wind shear-GO Gwatervaporclaar-slkrAMM S paor-hestrelativa-to-Rayleigh-elea
winds-with-small- MCD(-0.6-m-s*to 0.1 m-s™)-and SDCD-(5:4-5.6-m-s*)-in-the NH-and-tropics-that fall- within-the-accepted

smaller-SDCD(~4.4-4.8-m-s ) throughout-the-tropesphere—tn-polarregions—Mie-cloudy, particularly for RAY comparisons

have-smaller SDCD-(5:2m-s Hinthe-Arctic-6-7-m-s Linthe- Antarctic)relative-to-Rayleigh-clear comparisons-which-are-larger

by-1-2ms?

mode-coupled-with-AMV-derivation-method.-geographic region,-and-height of the collocated winds. 1t is-advised-that these

stratifications-be-considered-in-future-comparison-studies-and-impact-assessments-involving-3D-winds.-Additional-bias

corrections to the-Aeolus dataset are anticipated-to-further refine the results.

1 Introduction «

The-need-to-tmprevelmproving atmospheric 3D wind observations in the troposphere has long been a high priority in the
science community. In 2018, the National Academies Press published the 2017-2027 decadal survey for Earth science and
applications from space (National Academies, 2018),—which-includes) that included 3D winds in a series of observation
requirement priorities and accompanying recommendations. [The survey recemsmendsfound that radiometry-based atmospheric

AMVs are wind observations derived from tracking clouds and water vapor features in satellite images through time. Both

geostationary (GEO) and polar-orbiting, i.e., low-earth Earth orbiting (LEO), satellites observe the motion of such features in

several spectral regions, -Infrared bands that are specifically sensitive to water vapor (WV) absorption can

capture different atmospheric metion-in-twe-ways:-motions using the same channel by tracking (1) watervaper-cloud-tep |

(AN eloud)-channels-areused-to-track upper-level cloud-tep-metiens-tops, and (2) water vapor motions in clear-sky
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(WN/elear) channelsare used air related to, detect Upper-tropospheric features (e.g-including the jet stream and

atmospheric Waves) by-trackingwatervapermotiopsinclearai-(Velden et al., 1997). \Window channel Infrared window

(hereafter IR) cloud-trackiracked AMVs are based on longwave and shortwave channels that are useful for detecting motions
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in cloudy scenes at mid- to upper-levels {related to, e.g., cirrus clouds}, and at lower levels {related to, e.g., low stratus clouds

and fog};, respectively (Velden et al., 2005).

AMVs are regularly assimilated in numerical weather prediction (NWP), and they have been shown to positively impact
operational forecast skill (e.g., Le Marshall et al., 2008; Berger et al., 2011; Wu et al., 2014). Since NWP data assimilation

(DA) methods assume knowledge of observational error statistics, any improved characterization of AMV observation errors

has the potential to improve NWP DA and hence forecast skill.

—Aeolus is a novel polar-orbiting
satellite that was launched in 2018 by the European Space Agency (ESA) to observe vertical wind profiles from space
(Stoffelen et al., 2005; ESA, 2008; Straume-Lindner, 2018). Onboard Aeolus is a Doppler Wind Lidar (DWL) instrument
(Reitebuch et al., 2009) which observes winds converted-from-backseatterretrievals-along the line-of-sight (LOS) of the DWL
laser detected by precision timing of the backscattered signal. Rayleigh and Mie receivers detect molecular backscattering and

aerosol and cloud backscattering, respectively (Straume et al., 2018) and are converted into horizontal LOS (HLOS) wind
velocities (HLOSV). Rayleigh and Mie receivers observe both clear and cloudy scenes; hence, the resultant wind retrievals
fall into one of four possible observing modes: Rayleigh-clear, Rayleigh-cloudy, Mie-clear, and Mie-cloudy. Rayleigh-clear
and Mie-cloudy winds are of better quality and are recommended for use in analysis based on NWP assessments by ESA and
ECMWEF (Rennie and Isaksen, 2019; Rennie et al., 2020). Rayleigh-cloudy winds are not typically used as they sample the
same locations as Mie-cloudy winds and are generally contaminated by the Mie channel. Mie-clear winds are routinely
discarded as they are of poorer quality since the Mie backscattered signal is dominated by noise in clear conditions (Rennie et
al., 2020; Abdalla et al., 2020).

This study aims to leverage Aeolus Level-2B (L2B) HLOS wind profiles as a standard-forpotential comparison standard to
characterize AMV observation bias and uncertainty;with-the-eventual-goal-of potentially-improving AMV algorithmsand-the
impact-of- AMV-ebservations-en-NWPR-skill.. The availability of the consistent, global Aeolus dataset provides the unique
opportunity to directhy-assess the performance of AMVs derived-from-different retrieval-channelsrelative to a global reference
wind profile dataset observed by a single unit. Such a direct global comparison has not previously been possible due to the
sparselimited spatial coverage of other available reference datasets, e.g., rawinsonde winds-, which are mostly available in the
Northern Hemisphere over land \(e.g., Chen et al., 2021; Liu;B- et al., 2021; Martin et al., 2021). Further, Aeolus observations
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are made at a set of fixed vertical levels that represent the averages of accumulated measurements within vertical range bins.
The thickness of these range bins increases with height to mitigate the decrease in signal strength with height (Rennie and
Isaksen, 2020a). As such, height-related HLOS wind errors should be small relative to errors in AMV height assignment.

The structure of the paper is as follows: Section 2 describes the datasets used. Section 3 defines the quality controls, collocation
methodology, and skill metrics. Section 4 assesses-the-overall-performance-efcompares AMVs with respect-to-collocated

Aeolus RAY and MIE wind observations; and discusses the resulting characterization of AMY-AMVs in terms of mean
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collocation difference (MCD) and the standard deviation (SD) of collocation differences (SDCD) based on different sets of
conditions. AMV performance metrics specific to GOES-16 and the suite of available LEO satellites are described in more

detail. Section 5 summarizes the findings.

2 Data «

2.1 Aeolus Level-2B winds “

Aeolus Level-2B wind profiles (de Kloe, 2019; de Kloe et al., 2020) used in this study are derived from retrievals from the
satellite’s backup laser, known as Flight Model-B (FM-B), that was switched on in 2019. The L2B wind product consists of
geo-located vector wind profiles projected along the HLOS of the FM-B laser, which points away from the sun (i.e.,
perpendicular to the spacecraft track) at 35° off nadir. Aeolus observations are collected as a line of profiles to the right of the
satellite track. Because of the terminator orbit and sensor geometry away from the poles, winds in ascending orbits (southeast
to northwest directionground track) are observed around sunset (local equator crossing time (LT) is 18:00 UF<|T), and winds
in descending orbits (northeast to southwest eirectienground track) are observed around sunrise (local equator crossing time
is 06:00 UFELT). The satellite completes one orbit around Earth in approximately 92 minutes; and has a 7 days-is-theday

repeat cycle.

This study uses Aeolus wind profiles (baseline B10 product) during the period of 2 August — 16 September 2019-, with 12

hours of 3 September omitted to account for the corresponding Aeolus blocklisted period [(defined as a period of time when

the Aeolus dataset is known to be degraded and should not be included in research or operations). The selected period of study

was recommended by ESA for analysis as the Aeolus data are more stable and biases are relatively small (Rennie and Isaksen,
2019; Rennie and Isaksen, 2020a). Fare-Aeeluswindswererepr i

melidoc tho M1 i 14

due to-thermal variations result in-perceived frequency shifts of the signal. The operational- M1 bias correction-uses instrument

temperaturesas predictors-and-innovation-departures from ECMWTF backgrounds-as-a reference,-and-is-shown to-improve the
quality of the Rayleigh-and-Mie signal-levels. reducing the Aeolus HLOS wind bias relative to ECMWF background-winds by
over-80%:-the-global-average-Rayleigh-clearbias-decreased-to-near-zero-and-the- Mie-bias-decreased-to-0-15-m-s*(Abdala-et
al.-2020; information regarding the limitations-of the operational M1 correction-are presented-in WeHeretab—2028-In this
study, profiles of Aeolus Rayleigh-clear HLOS winds (hereafter RAY winds) and Mie-cloudy HLOS winds (hereafter MIE
winds) are collocated with AMVs. The AMVs projected onto the collocated Aeolus HLOS will be referred to as AMV winds
and the original AMVs will be referred to as AMV wind vectors hereafter. Data from the other observing modes (Rayleigh-

cloudy and Mie-clear) are of poorer quality and quantity and are not used.
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The Aeolus winds were reprocessed by ESA using the updated L2B processor v3.3 that includes the M1 mirror temperature
bias correction that was activated on 20 April 2020 (Rennie and Isaksen, 2020a). The M1 mirror temperatures are scene-
dependent and vary based on the top-of-atmosphere radiation. Since the M1 mirror reflects and focuses the backscattered laser

signal onto the Rayleigh and Mie receivers, changes in the mirror shape due to thermal variations result in perceived frequency

shifts of the signal. The operational M1 bias correction uses instrument temperatures as predictors and innovation departures

from ECMWEF backgrounds as a reference, and is shown to improve the quality of the Rayleigh and Mie wind retrievals,

reducing the Aeolus HLOS wind bias relative to EEMWF background winds by over 80%: the global average Rayleigh-clear

bias decreased to near-zero and the Mie bias decreased to -0.15 m s™ (Abdalla et al., 2020). While the M1 bias correction is

capable of considerably reducing the telescope-induced wind bias, some residual bias may remain, e.g., in cases where the top-

of-atmosphere reflected radiation strongly influences the telescope temperature AWeiler-et-al.; 2021).-Additionatly, residual

biases may remain in part due to potential calibration issues of the Aeolus L2B winds that could in turn lead to biases between

[ Formatted: Font color: Auto

Aeolus and NWP background winds (Liu et al., 2022). |

[Recent studies have compared Aeolus winds with various reference wind datasets for validation (e.g., rawinsondes and NWP

forecasts). For example, Martin et al. (2021) validated Aeolus HLOS winds against rawinsonde and NWP forecast equivalents

for 2018-2019. They found that the estimates of global mean absolute biases and standard deviations of Aeolus based on

comparisons with rawinsonde, the ECMWEF Integrated Forecasting System (IFS), and the German Weather Service (DWD)

forecast model reference datasets are all comparable, with bias magnitudes ranging from 1.8 to 2.3 m s for Rayleigh and 1.3

t0 1.9 m s for Mie and standard deviations ranging from 4.1 to 4.4 m s for Rayleigh and 1.9 to 3.0 m s for Mie. In addition,

the biases vary with latitude and season in a similar way from reference dataset to reference dataset, with the largest differences

observed in the tropics and extratropics, particularly during the summer/autumn season. Similarly, Straume et al. (2020) quality

assessments showed good correspondence between Aeolus L2B winds and ECMWF model winds for September 2018. Even

though Aeolus exhibited random errors that exceeded the mission requirements (4.3 m s* for Rayleigh) or just met the

requirements (2.1 m s™* for Mie), the Aeolus winds still had a positive impact on preliminary NWP experimentd. (It should be

noted that the results from Martin et al. (2021) and Straume et al. (2020) characterize Aeolus winds before they were

reprocessed with the significant M1 wind bias correction applied. The Aeolus bias and error estimates should improve when

using the reprocessed winds.) In addition, ECMWF conducted several studies to verify the quality of Aeolus observations
(e.g., Rennie and Isaksen, 2019; de Kloe et al., 2020). They found that with-the-apphication-efAeolus provides high quality
wind observations relative to ECMWEFE backgrounds after applying the M1 bias correction and proper quality controls (QC)

(see Section 3) as well as Aeotus-black-listed-dates—taken-into-accountaccounting for Aeolus provides-high—quality-wind
observationsrelative-to-ECMW-backgroundblocklisted dates. RAY winds minus ECMWEF IFS HLOS winds have a global

mean of -0.04 m s’ and a standard deviation of 5.3 m s MIE minus IFS winds have a global mean of -0.16 m s*and a smaller
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inte-the-dataset-(Welleretal2021)-Related NWP impact assessments show that Aeolus has a positive impact on operational
global forecasts (Cress, 2020; Rennie and Isaksen, 2020b) at major NWP centers |nc|ud|ng ECMWEF, the German-‘Weather
Sepwee—(DWD} Météo-France, and the UK Met Office. i

calculation of the reprocessed RA
wind-speedAeolus L2B winds (where the M1 bias ef-1-1-m-s*wi

Acolus-and-Agua-share-simiar-smalerblases{0-:02-017m-s }and—uﬂee#tamtﬂnes—{s%-}ws )-throughout-the-verticalmodel

dependency is introduced into the dataset (Weiler et al., 2021).

Despite the high quality and positive impacts, limitations remain with the Aeolus L2B dataset (Abdalla et al., 2020; Weiler et
al., 2021). Mie and Rayleigh random errors could be further improved, as the Mie error standard deviations average to
approximately 3.5 m s and Rayleigh error standard deviations increase from 4 m s to over 5 m s from July to December
2019 (Abdalla et al., 2020). Further, MIE winds exhibit a slow (fast) wind speed dependent bias for high HLOS speeds of
negative (positive) sign. Mereove
dataset-{Weileret-al-2021)-Additionally, at the time of writing, issues thought to be due to instrumentation or software
malfunctions have become apparent that affect the quality of the winds. One specific issue is thea more rapid decrease in the

internal-and-atmospheric return signals-thatsignal relative to the laser energy itself, and this is linked to slowly increasing

random errors for Rayleigh-clear winds (Straume et al., 2021). Efforts at ESA are currently underway to resolve these issues.

2.2 Atmospheric motion vectors «

IAMVs examined in this study (Tables 1-2) are operationally used inby the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Prediction (NCEP) eperations-and are archived in 6-hour satellite wind
(SATWND) BUFR files centered on the analysis times 00, 06, 12, and 18 UTC,, All AMV/s included in the SATWND files are
produced by NESDIS, JIMA and EUMETSAT. AMVs derived from sequences of GEO satellite images are observed
equatorward of ~60° latitude: and are stratified by type, including IR, water vapor cloudy channel (WVcloud), and water vapor

clear channel (W\/clear) AMVs; visible band AMVs are not used in this study. Polar AMVs (observed at latitudes poleward

of 60°) are derived from cloud-tracked IR channels in areas covered by three consecutive LEO satellite images. {The GEO
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Table 1: Collocation counts for each type of GEO AMV. The table lists total counts (RAY + MIE) and counts (and % of total in

parentheses) of collocated AMVs with QI > 80% that pass RAY OC and MIE QC.

Total Collocation Counts

Counts (%) Passing RAY QC

Counts (%) Passing MIE

Satellite Operator Sensor
IR WVcloud WVclear WVcloud WVclear IR WVcloud W\Vclear

GOES-15 NOAA IGMOHF; 102019 26580 17509 15389(151) 7089 (267)  6700(383)  16825(165)  9053(341)  935(5.3)
GOES-16 NOAA ABI 138851 40197 34784 22723(164) 11380(283) 15180 (436)  31200(225)  18418(458) 1480 (4.3)
Himawari-8 IMA AHI 84359 49892 - 20565 (24.4) 22170 (44.4) - 24066 (285) 17215 (34.5)

INSAT 3D ISRO mis\; 30724 20089 1353 (4.4) 1916 (9.5) 1133 3.7) 551 (2.7)

Meteosat-8 EUMETSAT  SEVIRI 80966 69405 31426 11722(145  18505(267)  S5612(17.9) 14070 (174)  20714(298)  582(L9)
Meteosat-11 EUMETSAT  SEVIRI 75192 57975 32048 11118(148) 16694 (28.8) 6047 (184)  11977(159)  17022(29.4) 510 (L5)

Table 2: As in Table 1 but for all LEO IR window channel AMVs.

Satellite Operator Sensor Total Collocation Counts Counts (%) Passing RAY QC Counts (%) Passing MIE QC

Aqua NASA MODIS 32806 1732 (5.3) 1882 (5.7)
MetOp-A EUMETSAT AVHRR 27710 2935 (10.6) 4930 (17.8)
MetOp-B EUMETSAT AVHRR 31258 3354 (10.7 5652 (18.1
NOAA-15 NOAA AVHRR 4879 489 (10.0) 654 (13.4)
NOAA-18 NOAA AVHRR 3822 358 (9.4) 557 (14.6)
NOAA-19 NOAA AVHRR 10456 1074 (10.3) 1308 (12.5)
NOAA-20 NOAA VIIRS 70610 5230 (7.4) 9598 (13.6)

S-NPP NOAA VIIRS 60395 4262 (7.1) 8268 (13.7)

Terra NASA MODIS 17818 1916 (10.8) 2571 (14.4)
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205 Numerous studies have evaluated bias and uncertainty characteristics of AMVs through direct comparison with jin situ radio-
/rawinsonde observations and NWP analyses (e.g., Velden et al., 1997; Bormann et al., 2002, 2003; Le Marshall et al., 2008;
Bedka et al., 2009; Velden and Bedka, 2009; Key et al., 2016; Daniels et al., 2018; Cotton et al., 2020). The derived motion
wind algorithms that generate AMV/s-from-IR, WVcloud, and WV clear channelsAM\Vs can vary between centers (Santek et

al., 2014; Santek et al., 2019). AvaHabkL%MV performance metries—vary-significantly-by-season;tevel.—channel;

210 satellite/producer, etcA{€.6);, are-presented-in-Fable-tSantek et al.- 2019: Daniels-et-al. 2018: Cotton-et-al, 2020 Key et al-;
2016; Le Marshall et al., 2008). For example, typical values of AMV wind speed bias acquired from seven different data
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producers and inchude-resultsverified against rawinsonde winds can range* from-eemparisens-of-al-GEC-AMVs-1.8 m s’ to

0.3 m s**and wind speed uncertainty represented by standard deviation can rangefrom specific-examples4 to 6.5m s, with

higher vector wind root mean square errors 0f - GEO-ane-LEC-sateHites~(6-9-m s Even-for-asingle satellite, ., ‘GOES-

215 16-and o* Aqua-and-TFerra-respeetivelyd-, speed bias and uncertainty can vary geographically as well as verticallv.}‘ fffffffffffff A
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Table 1 Summary-of-published-statistics-of- AMV pelfonmance IR-indicates-the IR-window-channel-NA-denotes-unavailable

S%MM—QO%@HW—AMAL@)—SO% Dame#&et—&l—@@;&—fe#
November- Q12 60%:> Geﬁeﬁe%&—@@%@#ephl@vembﬂ—@)—s% 'Key-etal{2016)for March-August-No-Qlused;- e Marshall
e e

AMV Source Region Verification Speed Bias Speed SD.RMS Vector Diff Vector RMS
sy sy sy s
IANGEO Glebal Radiosend 1.79-t6-0.31 4.07-t6-6.54 NA 5.93t5-8.97
ANGEO Glebal NWPR-Analysis 11216026 111 te-4.5 2.59t5 554 3.10t0-7.53
e b Pt o et St Sk
“GOES-16, 1R NH: GFS-Background -0-56 54 NA MNA
upper-levels
ool
“GOES-16, 1R SH; GFSBackground -0-06 = et —h
upper-levels
“SAQUAand Poles; Radiosonde -0-86-t6—0-50 NA 471te-4-8% 522-t6-5-55
e ool
“CAQUAand Poles, Radiosonde -1 01 te-0:25 NA 420401428 L 704e-538
FERRAAR Arideledevels
“SAQUA-and Poles; Radiesende -0:91-10-0:03 NA 58-t0-3:92 4-:02t0-4
FERRAAHR loe el

220

In fact, AMVs have state-dependent errors that can vary based on wind speed and water vapor content and gradient (Posselt
et al., 2019). Past reports show that AMVs tend to exhibit a slow speed bias (1-5 m s%) at high levels (above 400 hPa) in the
extratropics and a fast speed bias (1-3 m s%) at middle levels (400-700 hPa) in the tropics (Bormann et al., 2002; Schmetz et
al., 1993; von Bremen, 2008). Recent improvements to AMV derivation schemes, e.g., in GOES-16/17 and Himawari-8, have
225 reduced the fast speed bias, with the residual bias largely attributed to height assignment errors (Cotton et al., 2020). Height
assignments to the AMVs via satellite- and ground-based techniques (Jung et al., 2010; Salonen et al., 2015) have been shown
to account for a large source of AMV uncertainty (Velden and Bedka, 2009). One factor of height assignment error is that

9
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AMVs are generally assigned to discrete levels when instead they better correlate with atmospheric motions in layers of varying
depth that depend on the vertical moisture profile (Velden et al., 2005; Velden and Bedka, 2009). Moreover, speed biases and
uncertainties tend to be higher at heightshigher elevations and in regieascombination with strong wind shear (Bormann et al.,
2002; Cordoba et al., 2017), and this is attributable to larger height assignment errors (hereafter the wind-shear height
assignment error effect).

3 Approach and quality controls “

Aeolus HLOS global wind profiles are collocated with satellite-derived AMVs. The collocation approach implemented here
is-thesame-employedwas also used by Hoffman et al. (26222022) and follows that employed at UW-Madison/Cooperative

Institute for Meteorological Satellite Studies (CIMSS) (Santek et al., 2624)-2021). [AMV collocation datasets are prepared
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separately for RAY and MIE winds. (A single AMV might appear in both datasets.) JAMV observations are compared with

Aeolus observations from the same and neighboring 6-h cycles to account for all possible collocations. An Aeolus observation
is retained for comparison with an AMV if the Aeolus observation satisfies all the following collocation criteria:

1. Aeolus time falls within 60 minutes of the AMV time. «

2. Aeolus pressure is within 0.04 logio(pressure) of the AMV height assignment. (Note that the log of pressures

is used to account for the non-linear decrease of pressure with increasing altitude.)
3. Aeolus observation location is within 100 km horizontal great circle distance of the AMV location.

If multiple Aeolus observations satisfy these criteria for the same AMV observation, the Aeolus observation closest in distance

is retained. Then, if multiple Aeolus observations still meet all collocation criteria, the observation closest in pressure to the

ebservationfrom-that profileclosestintheverticalto-the AMV; After collocation, the AMV wind vector is projected onto the

HLOS direction of its paired Aeolus observation.

[Our choice of collocation criteria is conservative compared to those defined by the IWWG 1998 workshop (Velden and
Holmlund 1998). Although the larger time and distance criteria defined by IWWG (90 vs 60 minutes and 150 vs 100 km)

might retain more collocation pairs and thus a larger sample, the collocated winds would more likely have larger MCD and
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SDCD. Our smaller time and distance criteria restrict the number of possible Aeolus matches to any one AMV and help avoid

Aeolus matches from two different orbits. The IWWG height criterion is a fixed pressure difference (25 hPa) that might be too

small at lower levels where pressure layers are tightly spaced in elevation but too large in the upper atmosphere where the

elevation distance between pressure layers is much larger. Our height criterion is based on a logio scale and accounts for the

varying distances between pressure layers throughout the vertical and corresponds to pressure differences ranging from

approximately 300 to 1 hPa for pressures from 1000 to 10 hPa, respectively,|

Once collocated, Aeolus winds and AMVs are filtered by additional QC tests to retain pairs of guality-contrelled{QC d)
observations. (QC was implemented after collocation in order to test and compare the use of different QC criteria without
having to repeat the collocation process.) Aeolus QC criteria were chosen following ESA’s recommendations for the RAY
and MIE observing modes, and these are consistent with those listed in Rennie and Isaksen (2020a). Specifically, RAY winds
are rejected if winds are close to topography (pressure > 800 hPa), have horizontal accumulation leagthlengths < 60 km,
vertical accumulation lergthlengths < 0.3 km, L2B uncertainty > 12 m s™ at upper levels (pressure < 200 hPa), or L2B

~{ commented [KL17]: R1 point 1c

[ Formatted: Font: Times New Roman

[ Formatted: Font: Times New Roman

! [ Formatted: Font: Times New Roman

Formatted: Font: Times New Roman, Font color: Auto

Formatted: Font: Times New Roman, Font color: Auto

uncertainty > 8.5 m s at lower levels (pressure > 200 hPa). [L2B uncertainty refers to the Aeolus HLOS wind error estimate

assigned to each wind measurement. [Horizontal and vertical accumulation lengths refer to the horizontal and vertical distances

over which individual measurement signals are accumulated and averaged to improve the signal-to-noise ratio. In this way,

the Aeolus observations represent wind volumes and not discrete points or levels. The accumulation lengths can vary and

depend on the processor settingd Similarly, MIE winds are rejected if winds are near topography (pressure > 800 hPa) or L2B

[ Formatted: Font: Times New Roman, Font color: Auto
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uncertainty > 5 m s™. at any level JFor all AMVs, a forecast-independent quality indicator (QI) of at least 80% is used to filter »
and retain the high-quality data, this threshold is recommended for AMV studies and in NWP by the user community and has i

been shown to improve statistical agreement between AMV-producing centers (Santek et al., 2025)-2019). [No explicit outlier '

QC is applied and since there are no extreme outliers (seen below in Figs. 6 and 9), the QC that is applied is sufficient to

eliminate them. [Total collocation counts per satellite as well as the percentage of observations that pass QC for each AMV

type and Aeolus mode are presented in Tables 1-2. (It is noted that Himawari-8 and INSAT 3D WVclear AMVs are not

included in the NCEP data archive.),
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RAY MIE
(a) Count = 9935 (c) Count = 19835

The performance of QC’d AM Vs relative to collocated OC’d Aeolus winds-e+2£ € are characterized by analyzing the statistics '

of the difference AMV HLOSV,minus Aeolus HLOSV. The two key statistics calculated for the collocation difference (always

in the sense of AMV minus Aeolus) are the MCD and the SDCD. [Because we are comparing the AMV and Aeolus HLOSV,
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a scalar guantity, our statistics can only be analogs of the standard one. We include the formulae for all the statistics in

Appendix A. It is important to emphasize that the collocation differences have several components that include errors in both

AMVs and Aeolus winds. Specifically, these are due to the observation error of the AMVs and Aeolus HLOSV,
representativeness errors due to differences in scales observed, which are related to different shapes of the observing volumes,
and to collocation errors due to the space and time mismatches between the observations. As previously mentioned, the
estimated SD for Aeolus L2B winds is 3.8 m s for MIE and 5.3 m s for RAYaad-knowa AMV-SD-are shown-inTable 1l

ninereasing the differences betweenthe collocated HLOS winds-. \We note that it might be possible to estimate the statistics

of the collocation and representativeness errors. The collocation difference may be considered to have three independent

components: the error of the AMV winds, the error of the Aeolus winds, and the difference between the truth evaluated for the

AMYV and the Aeolus winds. We can isolate the first component, the AMV error, if we know the other two components, and

we already have estimates of the second component, the Aeolus wind error in the L2B data. The last component is the error

due to representativeness and collocation differences. The differences in time and location give rise to the collocation error.

The difference in the shapes of the observing volumes gives rise to the representativeness error. If we simulate the AMV and

Aeolus observations from a high-quality forecast or analysis or simulation, taken to be the truth, then we can calculate estimates

of the combined representativeness and collocation errors. If the truth fields are simply interpolated to the observation locations

then the calculated estimates are for the collocation errors alond. For this study we take the first step in isolating the

collocation/representativeness errors by removing the influence of the Aeolus error from the SDCD, as the simulation of the

AMV and Aeolus observations is out of the scope of this study. [The removal of the Aeolus error estimate results in a smaller

SDCD, which still includes AMV random and representativeness errors and collocation error. The SDCD are larger for RAY

comparisons than for MIE comparisons in terms of both the original (or total) and adjusted values. Although the Aeolus L2B

uncertainty is highly dependent on the time period and processor used to determine the HLOS winds, it is the correct

uncertainty estimate for our study.|
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The geometry of the Aeolus observation affects how the HLOS winds are interpreted for analysis (Straume et al., 2018). The
observed HLoS-wineHLLOS\VAprovides both a speed and direction and represents the motion of air projected onto the line-of-
sight of the laser that in 2D space is nearly orthogonal to the satellite orbit direction (see Fig. 1 in de Kloe, 2019). Thus, in the
‘ascending orbit segmentsphaseaway from-the poles, a positive HLOSV-indicates a westerly wind, and a negative HLOSV
indicates an easterly wind; the opposite is true for winds in descendingerbitsegments—Figure 3-illustratesthiszenabwind
approximationtn-the-trepies-the descending orbit phase. Figure 1 illustrates that in the tropics the HLOSV is approximately

equal to the zonal wind in ascending and descending orbit phases. In the left column of Fig. 1, profiles of mean HLOSV for

AMVs (solid lines) and Aeolus (long dashed lines) as well as mean AMV wind speed not projected onto the HLOS direction
(short dashed lines) are shown. In the center column of Fig. 1, HLOSV MCD (solid lines) and total SDCD (short dashed lines)

are plotted as well as the adjusted SDCD with the mean Aeolus L2B uncertainty removed (long dashed lines). Open circles
pros e ewer i ) i n i 1 n
(a) TR (c) TR indicate pressure levels at
150 - o - L
. ! [ | ] [ which MCD are statistically
OIE 0 ~ s L L significant at the 95% level
wvyge 300 - - L
< § 400 L L . (p-value < 0.05) using the
R R L L 4 L ) .
i T paired two-sided Student’s t-
A 0] W wrces L L —_— | )
850 4 o L L iweee L test Corresponding
1000 T T T T T T T T T T T .
100 S B . i — Sl S SN S el 1 1 L collocation counts are shown
(d) TR (e) TR (f) ™ ) ) .
150 o L L | in the right column of Fig. 1,
=0 f F A I - The mean AMV and Aeolus
O £ 2504 Lo L 4 L .
2 é m L @ b L HLOSV  and their
o “
£ 7 [ AU i [ differences exhibit similar
o ] M o i M i
700 4 z L T A | magnitudes of opposite sign
1090 Jereeey S s A — [ throughout  the vertical
-30 '—20 -10 0 .‘ID . 20 30 ) Bl ) -3 n" 3 -E 'E : o 434)0 800 800 1200 ) 1500 . .
HLOS Wind Velooty (<) | HLOS Wind Velooiy Difieence (ms") Gounts between ascendlng (Flg.

3ala-b) and  descending
(Fig. 3d1d:e) orbit
segrentsphases; This
indicates that mean HLOSV
differences  that

Aaith Nh;ny.m«_;n.;_‘ N\.m;_,‘\_n_: .m v\IHm,l e o . include
MCD are statistically significant at the 95% level (p-value < 0.05) using the paired Student’s t-

test. Vertical zero lines are displayed in the left and center panels in black. Levels with winds from both ascending and
observation counts > 25 are plotted.

descending orbit

segmentsphases would be small and would represent differences of larger opposing magnitudes. Moreover, the removal of
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the orbit segmentsphases, implying that the quality of Aeolus winds is not wholly dependent on orbit segrent-phase during
the study period, To simplify the interpretation of the observed HLOS winds, we multiply HLOSV in descending orbit
segmentsphases by -1. In doing so, positive HLOSV (away from the poles) now indicates a westerly wind and negative
HLOSV an easterly wind, regardless of Aeolus orbit segmentphase, All statistics in what follows, including Figs. 2, 3, and 5-
14, are based on collocation differences that inchide-thecombinedcombine ascending and rirus-1 times descending orbit

phase winds—Coerrespending statistics-arepresentedinTables2-5and-inFig—4-9.

4 AMV-Aeolus comparison results -
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JIn this section we examine in detail the performance of AMVs from the GOES-16 GEO satellite and summarize the AMV
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applied to the HLOS wind-velecitiesHLOSV, Since the MCD are small compared to the SDCD, the RMSD and SDCD are very

similar and in the following we will only discuss the SDCD, but any statement concerning the SDCD also applies to the RMSD.
Using the paired two-tailed Student’s t-test, mean differences significantly different from zero at the 90% (p-value < 0.10) and

95% (p-value < 0.05) confidence levels are indicated by
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405

lower SDCD values relative to RAY, reflecting the general higher accuracy of MIE vs. RAY winds. In

Fig. 2, GOES and Himawari-8 AMVS having the-highest-have high correlations with Aeolus (> 0.90). rmco

ifferencesVICD, vary depending

on the AMV satellite, but are generally smallest in the tropics and largest in the SH extratropics where
the SDCD are sererally-larserby-~1.0-m-s relative to-atherregions:larger, For RAY comparisons with GOES

and Himawari-8 relative to-RAY-winds-AMVs, the SDCD range from 5.2827 m s in the NH extratropics to

6.5 m s in the SH extratropics and fai-within-the rangeofare comparable to wind speed RMSD relative to

radiesenderawinsonde winds (see Fable1}—Compared-to-otherAMVs; Santek et al., 2019). Of the satellites listed
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in Fig. 2, Meteosat wind correlations are lewerlowest and corresponding SDCD values are higherhighest

by at least 2-3 ms™.

O-LEO AMV-Aeolus eolocationpairs-tend-to
befoundathighlatitudesgreaterthan-60%andcollocations in Fig. 3 exhibit statistically significant MCD that fatbwithinrange

Fabl

efare comparable to observed wind speed biases for Aqua and Terra AMVs (s 1HRelative to-GEOLEQ-Key et al.,

2016; Le Marshall et al., 2008). AMVs from most LEO satellites exhibit higher SDCD values by, ~1-2 m s forpairs-with

Formatted:

Font:

Times New Roman

Formatted:

Font:

Times New Roman

Formatted:

Font:

Times New Roman

| Formatted:

Font:

Times New Roman

Font:

Times New Roman

Formatted:

Font:

Times New Roman

Formatted:

Font:

Times New Roman

Formatted:

Font:

Times New Roman

significant-mean—differences—inrelative to GEO, particularly in the Antarctic sigrificant—reantHLOSV-differences—have

highwhere SDCD values are on the order of 7.5-8.5 m s™ for RAY and 65.9-7.5 m s™ for MIE. MIE cermparisensinallregions

exhibithicherecorre on ndlowerSDChy esre veto-RA omB on eflectin
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Differences in the SH extratropics and Antarctic pole exhibit higher SDCD values compared with the rest of the globe. This is
likely due to several factors. During the study period, the SH region of GEO fields-of-view covers a portion of the winter storm
tracks that propagate eastward all the way around the Southern Ocean. The SH storm tracks exist year-round, and in winter
(June-July-August) the upper-tropospheric subtropical jet is stronger and acts as a waveguide for eastward propagating
baroclinic waves over a broader latitude range (Trenberth, 1991; Nakamura and Shimpo, 2004; Hoskins and Hodges, 2005),
thus eshaneingamplifying wind shear and storm track intensity. This is one factor that explains the higher SDCD values
observed in GEO differences in the SH extratropics, as AMV uncertainties tend to increase with increasing wind speed (Posselt
et al., 2019) and high wind shear (Bormann et al., 2002; Cordoba et al., 2017). In the Antarctic polar region, the general
strengthening of the polar vortex aloft in late winter/early spring (i.e., during the study period) is related to a stronger equator-
pole temperature gradient brought about by gradually increasing subtropical lower stratospheric temperatures from March to

September (Zuev and Savelieva, 2019). A stronger Antarctic polar vortex is associated with stronger zonal winds aloft (and

thus-stronger wind-shear) which weuld-limitaceurate AV and lus-wind-retrievals thereby-inereasingcould increase the

corresponding SDCD values ea-beth-aceountsfor AMVs due to the wind-shear height assignment error effect, Surface effects

may also play arole, as very cold brightness temperatures at or near the polar surface may be misinterpreted as very-high-cloud

tops due to the low temperature contrast between clouds and the surface snow or ice (Key et al., 2016).
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Figure 3: As in Fig. 2 but for LEO satellites.

As a case study, we examine in greater detail the performance of AMVs from GOES-16, a GEO satellite (Section 4.1). This is«
done, because compared with other GEO satellites, GOES-16 exhibits high correlations with Aeolus RAY (> 0.90) and MIE
winds (> 0.94), relatively small SDCD (5.828-6.515 m s for RAY, 4.727-5.05 m s™ for MIE), and have the largest

extratropical sample size from which to compute robust statistics (see FableFig, 2-and-Fable-3). The other GEO satellites are

not further examined as they exhibit larger RAY SDCD (Meteosat-8 and -11), have a much smaller extratropical sample size :

(Himawari-8, iNSAT-3B-Meteosat-8 and -11), or have-transitioned-out-ofrmainare Not actively used in NCEP, operations

(GOES-15)—Section-4-2-¢iseusses and INSAT 3D). GOES-16 AMVs are derived from full disk images centered at 75.2° W

longitude from, the eemparisenonboard Advanced Baseline Imager (ABI). GOES-16 cloud-top AMVs are generally of good
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quality and when validated against rawinsonde winds exhibit a relatively small mean difference in wind speed ranging from -

1.0m s to +0.5 m s and mean vector differences of at-avatable tEO-AMYs-3-6 m s that tend to increase with height (Daniels

et al., 2018). Figure 4 presents the GOES-16/Aeolus collocation number densities (i.e., the total number of collocated

observation pairs within each grid cell on a 1.25° (~140 km) resolution map) covering the period of study. QC’d GOES-16

AMVs collocated with QC’d RAY and MIE winds are shown in Fig. 4a and Fig. 4b, respectively. MIE collocations exhibit
three bands of high-densi

winds along the intertropical convergence zone (ITCZ) and extratropical storm tracks, with few
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winds found between 0-30° S. A similar but smoother version of the MIE distributions is shown for collocated RAY winds.

The MIE collocation number density is greater than that for RAY, as AMV observation density tends to be higher in ver

cloudy or very moist scenes (Velden et al., 1997).

(a) Count|=49827l RAY
e ol
60N — ot
30N —
A"-
o -
308 -
60S —
150W 120W oW 60W 30W 0 150W 120W 90w 60W 30W 0

5 10 15 20 25 30

470 FEigure 4: Number densities of quality-controlled GOES-16 AMV observations collocated with guality-controlled Aeolus (a)

Rayleigh-clear (RAY), and (b) Mie-cloudy (MIE) HLOS winds. Colors indicate total number of collocated observation pairs within [ Formatted: Font: Times New Roman
aqgrid cell at 1.25° (140 km) horizontal resolution. Total observation count per panel is displayed at the top left corner. This and all
subsequent plots are for all collocations with quality controlled AMV and Aeolus winds during the study period- (2 August 2019 to - ( Formatted: Font: Times New Roman

16 September 2019).
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475 For the LEO perspective, we choose to examine the performance of all LEO IR AMVs rather than from a single satellite

(Section 4.2), This is done because compared to GEO, LEO AMVs from each satellite comprise a relatively small sample of

collocated winds, and this would render any associated performance metrics unreliable. Further, unlike the suite of available

RAY MIE
(a) Count = 9790 (b) Count = 19555

Figure 5: Number densities of IR-derived AMVs from all available LEO satellites
collocated with Aeolus RAY (left, a, ¢) and MIE (right, b, d) winds in the (a, b)
Arctic (north of 60° N), and (c, d) Antarctic (south of 60° S). Colors indicate total
number of collocated observation pairs within a grid cell at 1.25° (approximately
140 km in the N-S direction) horizontal resolution. Dashed latitude lines are
spaced every 5 degrees. Total observation count per panel is displayed at the top
left corner.

2016).

28

GEO satellites where each observe a different
region of the globe (except for small areas
where the footprints of neighboring satellites
overlap), each LEO satellite observes AMVs
in the same polar regions and thus samples the
same atmospheric motions. Figure 5 depicts

observation number densities of QC’d LEO

AMVs collocated with QC’d RAY and MIE

winds in the Arctic and Antarctic polar
regions bounded by 60° latitude: Arctic RAY
(Fig. 5a), Arctic MIE (Fig. 5b), Antarctic
RAY (Fig. 5¢), and Antarctic MIE (Fig. 5d).
In_general, more LEO/MIE collocation pairs
pass QC and are retained in the analysis than
for RAY winds. Collocations in the Arctic are
found across the high latitudes with MIE
comparisons exhibiting higher concentrations
poleward of Eurasia and North America.
Antarctic _collocations are primarily found
over the western half of the continent. In this
region, water vapor features are more suitable
for tracking and deriving AMVs as they exist
downstream of intense upper-level storm
tracks (Hoskins and Hodges, 2005) in an area
of higher annual precipitation (Grieger et al.
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4.1 GOES-16 AMVs vs. Aeolus «

[To increase the size of our collocation data set, we compared all types of GOES-16 AMVs to both Rayleigh-clear and Mie-

cloudy winds. In addition, we do not show results from WVclear AMV collocations with Mie-cloudy winds as correlations for

this category of collocations are poor and the sample size is very small (see Table 1), and this result may be unreliable. With

a larger data set it might be possible to compare Rayleigh-clear and Mie-cloudy winds to clear and cloudy AMVs only,

respectively. Additionally, winds retrieved from tracking clear-sky and cloud motions represent different dynamical features

and tend to behave differently. For example, the recommended time interval for tracking cloud motions is 10-15 minutes to

capture short cloud lifetimes and rapid intensification/deformation, while the recommended time interval for clear-air motions

of 30 minutes is suitable to capture variations in jet streams and other clear-air features (Schmetz et al., 2000)]

4.1.1 Rayleigh-clear (RAY) comparisons «

Figure 4-presentst depicts density scatterplots that summarize the relationship of GOES-16 AMVs to RAY winds siratified-by
geographicregion-and-AMV-method-to highlight the regional differences in IR (Fig. 4a,-4d-4g6a, 6d, 60), WVcloud (Fig. 4b;
Je-4h6h, 6e, 6h), and WVclear AMVs (Fig. 4¢.-4f-4i6c, 6f, 61). Sample statistics are based on Aeolus as the reference dataset
and are displayed in the lower right of each panel. AM\V/s are highly correlated with RAY winds (0.88-0.91 in the extratropics

and 0.93-0.95 in the tropics), with most collocations for each AMV type falling close to the one-to-one line that indicates a

perfect match. Note that in the NH and SH extratropics, most collocations are found in the upper-right quadrant. where HLOS
winds in-this-guadrantare of positive sign;-ndicating- and indicate the dominant westerly flow which-is-the-dominantdirection
of metien-in-the-general-cireulation-in-the extratropics. In the tropics, maximum-densitiesmany collocations are feurdgrouped
in the lower-left quadrant {(smaH-negative HLOS)-as-well-as-the-that indicates the easterly flow of the tropical trade winds at
lower levels, and the rest are found in the upper- rlght quadrant#he—negatwe#&@%wds—m%ew%e#qaadmn{—wmea{e

easterhy-flow- that represents the adew
representmore-westerly tropical flow at upper levels. p %g=see¥&géd9=
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most-efthree AMV types, the
rateh—Fhe-best match is for WVclear AMVs-are-RAY-winds:, with the comparisons exhibiting the smallest SDCD values in
each geographic region, that in turn are comparable to known wind speed SD and RMS of all GEO AMVs relative to

rawinsonde winds (Santek et al., 2019). This is expected;-as-t
featuresin-clearairwith- since W\V/clear AMVs and Aeolus RAY winds retrieved-in-nearbyare most probably sampling similar
clear-sky scenes, and clear scenes are more homogeneous over time and space scales, which in turn implies smaller collocation

differences.

found-in-the tropics where-mean-HLOSV is smaHest around-7-m-s-Ideally, one would expect samples large enough to provide
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statistically significant collocation differences between RAY winds and WVclear AMVs only; as it turns out, collocation

differences are also statistically significant for IR and W\/cloud cemparisons-show-similarrelationships-with-large MCD [ Formatted: TBD, Font: 12 pt, Font color: Auto

D-in\WALelear- AM\ e found-inthe SH-e op where-meanHLO

540

545

sky-water-vapor-features-(\elden-et-al—1997).AMVs (see Fig. 7). In these cases cloudy AMVs are collocated with Aeolus

RAY winds that represent clear scenes, and since they do not observe the same type of scene, Aeolus and/or AMV

representativeness errors are most probably larger (hereafter we refer to this as the cloudy/clear sampling effect).|, - { Commented [KL29]: R2 specific point 17

550 We-next-examine-theFigure 7 presents mean, Vertical variationprofiles, Of AMMV-minusGOES-16 AMVs and Aeolus RAY Fgr:i':‘ezt;?:;dzi% Font: 12 pt, Bold, Font color: Auto, Engl

winds-{, and corresponding MCD and SDCD distributions, similar to what is shown in Fig. 5)-1, This perspective hasthe N\ | Formatted: TBD, Font color: Auto
potential-to-can provide additional insight into how well-each-AMV. channel-represents-the the accuracy of AMVs in | Formatted: TBD, Font color: Auto
Formatted: TBD, Font color: Auto

representing the mean horizontal flow atvarious verticalevels.throughout the atmospheric column, Mean vertical profiles { Formatted: TBD. Font color: Adto

D-are plotted per AMV channel-type in the Formatted: TBD, Font color: Auto

555 NH extratropics (Fig. 5a7a-c), tropics (Fig. 5d7d-f), and SH extratropics (Fig. 5¢70-i). In Fig—5a-5dFigs. 7a, 7d, and 5¢; \ : Formatted: TBD, Font color: Auto
profiles-of mean7g, AMV HLOSV for AMVs-(solid lines) and Aeolus (HLOSV (long dashed lines) generally show good | Formatted: TBD, Font color: Auto
agreement—n-Fig—5b5e at all latitudes, and 5h-mean-differences-in-large gradients of HLOSV {sekid-lines)-and-standard Formatted: TBD, Font color: Auto
deviationscorrespond to layers of strong vertical wind shear inferred by the differences-{long-dashed-tnes)-are-shown-as-wel
as-higher rate of change of AMV wind speed in the mean-Acolus2B-uneertainty-vertical (short dashed lines),-with-open

560 ecircles-indicating-pressure-levels-at- which-HEOSV-differences). Corresponding MCD are statistically significant at the-95%

ing-most levels at all latitudes (Figs. 7b, 7e, and

7h) and seem to depict known AMV biases relative to high-quality sources of wind profile observations, particularly outside

of the SH. For example, in the NH extratropics, MCD range from -0.5 to -1.0 m s at levels where collocation counts are
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Figure 6; Density scatterplot of collocated GOES-16 AMVs and RAY winds. Rows are for the (top, a-c) NH extratropics (30-60° N),
(middle, d-f) tropics (TR) (30° S to 30° N), and (bottom, g-i) SH extratropics (30-60° S). Columns are for different AMV channel
types: (left, a, d, g) IR, (center, b, e, h) W\V/cloud, and (right, ¢, f, i) W\clear. Colors indicate total number of collocated observation
pairs within the cells plotted, which are 1 ms™ on a side. Sample statistics are displayed in the bottom right corner of each panel.
Horizontal and vertical zero lines are plotted in black, as is the diagonal one-to-one line. Red star denotes statistical significance at
95% using the paired two-tailed Student’s t-test. HLOSV units are m s™.

Vertical-profiles-of-AMM-peak and could represent a small slow AMV bias as previously noted by Bormann et al. (2002).




than-30tropics, AMVs exhibit an apparent small fast bias, that is the positive MCD of 0.5 to 1.0 m s at-the-highest-levels-

ge-HLOS\/in-the-extratropics-at-upperlevels-correspond-to-a-deep-layer-of-enhanced-vertical- wind-shear-, that could be

the-larger HLOSV-in-the SH-indicate-faster-motions-and-strongerlarger AMV errors (and larger Aeolus errors) in layers of high
winds and strong vertical wind shear ir-the-winter-hermisphere-(Cotton et al., 2020).
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Figure-5:\ertical-comparisens. Vertical profiles of collocated GOES-16 AMVs and RAY winds. The top row shows the NH
extratropics (30-60° N), (a) mean AMV HLOSV (solid lines}-and), RAY (HLOSV (long dashed lines)-wings), and mean AMV wind
speed (short dashed lines) (m s%),); (b) MCD (solid), SDCD (‘engshort dashed) and AMV HLOSV error as represented by SDCD-
Aeolus L2B uncertainty (shertlong dashed) (m s™;): and (c) collocation counts. (d-f) as in (a-c) but for the tropics (30° S to 30° N),
and (g-i) as in (a-c) but for the SH extratropics (30-60° S). Colors denote AMV-chanrel type: IR (red), WV cloud (blue), and WV
clear (green). Colored open circles indicate levels where MCD are statistically significant at the 95% level (p-value < 0.05) using the
paired Student’s t-test. Vertical zero lines are displayed in the left and center panels in black. Levels with observation counts > 25
are plotted,
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SDCD (short dashed lines in Figs. 7b, 7e, and 7h) that include AMV errors, Aeolus errors, and collocation/representativeness

595

errors exhibit rather large values (> 6 m s™) that tend to increase with height in layers of strong wind shear, particularly in the

tropics and SH extratropics. Moreover, the Aeolus QC acts to retain HLOSV with larger uncertainties at levels above 200 hPa;

this would explain the corresponding increase in total SDCD at those levels. [To better isolate the AMV error, the Aeolus error
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Figure 8: AMV HLOSV error (SDCD-Aeolus uncertainty) derived from GOES-16 RAY

comparisons (solid lines) (m s™*) and Aeolus L2B uncertainty (dashed lines) (m s™) with

respect to AMV wind speed binned at 10 m s for (a) NH, (b) tropics (TR), and (c) SH.

(d-f) Counts per 10 m s bin for each region.
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estimate is removed from the total

SDCD at each level, resulting in mean
profiles of adjusted SDCD (long
dashed lines in Figs. 7b, 7e, and 7h) that
AMV

collocation/representativeness

include errors and

errors.

Overall, the adjusted SDCD for all
AMV types exhibit similar magnitudes
and distributions in each geographic
the

region throughout vertical.

W\Vclear comparisons have slightly

smaller adjusted SDCD at upper levels,

suggesting that sampling differences

may play a role in the higher accuracy

observed for WVclear AMVs, given

that W\/clear representativeness errors

are likely small due to Aeolus RAY and

WVclear AMVs observing similar

scenes. Aeolus RAY uncertainty is

larger in the presence of clouds and

appears to have a considerable impact

on the corresponding SDCD, as the
reductions in IR and WVcloud SDCD

(=1 m s™) are larger than for WVclear
SDCD (05 m s%] In the NH

{ Commented [KL30]: R2 specific point 17




extratropics, the adjusted SDCD for each AMV type is generally constant around 5 m s, and in the tropics it increases with

decreasing pressure from 5 to 6 m s*. AMV-RAY comparisons generally exhibit larger MCD and SDCD in the SH extratropics

625 at upper levels due to the wind-shear height assignment error effect. This is illustrated in Fig. 8 that shows that the adjusted

SDCD (solid lines) for all AMV types notably increase with increasing AMV wind speed in the SH extratropics relative to the

other regions. This is also true for Aeolus error estimates (dashed lines) associated with IR and WVcloud comparisons in the

SH (Fig. 8e).
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650 4.1.2 Mie-cloudy (MIE) comparisons «

presents density scatterplots similartolike those in Fig. 46 but compares AMV-anrd-GOES-16 AMVs and MIE winds. [MIE

SDCD are considerably smaller than those for RAY comparisons, and this is attributed to the general higher accuracy of Aeolus

MIE winds—Onby-wind retrievals. Another possible reason is that MIE comparisons might generally have smaller collocation

655 errors: because collocated Aeolus MIE winds and IR and WVcloud AM\-cellocations—are—shown—as—VHE winds
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represertAMVs are by definition more likely

IR WVcloud
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5-5.2 m s) whichbut are still fall-withinrange
680 efcomparable to those associated with high--quality raciesenderawinsonde winds (Velden and Bedka, 2009; Santek et al.,

/ NCD-and aana v constan m -1)7

2019) B B-uncertainty represen aho 0%-o A
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The smaller SDCD observed in the NH and tropics suggest that AMVs accurately represent-wet-the cloud-tracked motions

associated with the North Atlantic storm track in summer and the summer-shifted ITCZ; such features are well-defined by
high MIE number densities in the north and middle portions of the GOES-16 field-of-view in Fig. 1b4b. The larger SH SDCD
suggest reduced accuracy in AMV winds that could be due to the wind-shear height assignment errers-in-regions-ef-higher

WAHRE-Speea-ana-shearassectatea-wWHR ongerSH-wWinte or-tra error effect.

Figure-Similar to Fig. 7, Fig. 10 depicts the-vertical distributions of AMV and MIE HLOSV and thetheir differences-between

AMVand-MIE-winds—-Compared-to-the-RAY-coHoeations-the-. In the tropics and NH extratropics, MIE eeHoeations-show
wirtuathycomparisons have nearly identical profiles of HLOSV speeds-for the IR and WV cloud samples-but-ditferentvertical

aph egion- gh ant-negative MCD-are W|th the

largest at—1.5-m-s"MCD observed,at mid-levels in the tropics and—2.0(at -1.5 m s%) and at upper-levels in the NH extratropics;

(-2.0 m s™), respectively. However, some of the larger differences occur at levels with a small sample size and may not be

reliable. tn-the-tropicsthelargest MCD-correspond-to-winds-Despite the vertical variation of the MCD, profiles of total and

adjusted SDCD are relatively constant at 4-5 m s, and the contribution of Aeolus uncertainty to the total SDCD is small, as

the removal of Aeolus errors only slightly reduces the SDCD. The results suggest that for MIE comparisons, the dominant

factors contributing to the error consist of some combination of AMV random and representativeness/collocation errorl.
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Figure 10: As in Fig. 7 but for comparisons of IR (red) and WVcloud (blue) AMVs and MIE winds.
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In the NH above 250 hPa, SDCD increase slightly with decreasing pressure in a region of strong wind shear that could lead to

705 larger AMV height assignment errors and representativeness errors. Indeed, the adjusted SDCD is shown to be larger for faster

AMV wind speeds while the corresponding Aeolus MIE error estimates remain relatively constant (Fig. 11). This result in

combination with likely small AMV-MIE collocation errors from the cloudy/cloudy sampling effect suggests that AMV height

assignment errors dominate the larger SDCD observed in layers of high wind speed and strong shear. Additionally, in the

tropics, a comparison with Aeolus MIE winds reveals a negative HLOSV bias in the IR and WVcloud GOES-16 AMVs below
710 the higher cloud-tops of the ITCZ and-could-(Fig. 10e). Larger MCD appear at levels with higher wind speeds, as do larger
values of adjusted SDCD, although the

samples are small. Because Aeolus MIE

errors remain small and constant around 2 m

| G 15 4000
i 19 =psr " s with respect to AMV wind speed (Fig.
3000 L
7] b 11c), and AMV-MIE collocation errors are
NH § .1 Ehiak likely small, the results suggest that AMV
2 N oL L height assignment errors contribute most to
S = < the negative MCD and corresponding larger
T ¥ T T o T T T T
e T e e SDCD, in agreement with Cotton et al. (2020,
e EE . 2021) who also note a negative bias largely
TR £ §m L thought to be attributed to height-assignment
3 r errors—combined—with—high—winds—and
= , M o] L ) ) ) )
. H H H H . 7 I i H Despite the vertical variation of the MCD,
15 L L . 2 4000 L L L L v
() (U]
5] L SDCD-are-relatively-constant-at-4-5-m-s in
~ A0 [ . B
&l - b e s e
SH é._ L™ ' appear—to—slightly—increase—with—height
2 73/9 . . .
5] [ o0 o - B e
) T o e ) ) )
2wy R S, T wind-shear—AMV height assignment errors.

This finding is relatively new, and the fact that

comparisons with Aeolus depict this feature

Figure 11: As in Fig. 8 but for MIE comparisons with GOES-16 IR (red) and ) )
WVcloud (blue) AMVs. hints at the value of using Aeolus MIE winds

as a standard for comparison to characterize

735 cloud-tracked AMVs. Additionally, our comparisons with Aeolus depict another noted feature in monitoring AMVSs by Cotton
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et al. (2020, 2021): a pronounced negative wind speed bias in the tropics for Meteosat-8 is evidenced by large negative MCD

and correspond to large SDCD in all regions (not shown). This feature is evident in both RAY and MIE comparisons.,

1AMCD are largest in the SH extratropics; and are statistically significant HI:GSV—dl#eFenee&arHelaﬂWﬁmahL hroughou
the vertical, ranging from -1.0 m s™ at low levels (-1.0-m-s)-a
values-that-are-more-negative-thanto < -3.0 m 57, L above 300 hPa—tt-ean-be (Fig. 10h). Strong wind shear corresponding to an
intensified jet is inferred tha%thehghwmd#eleeme&apat upper levels (Fig. 7g)-exemplify-an-intensified jet and-corresponding

i es-10g). The larger MCD aloft
exhibit relatively-small-are associated with increases in adjusted SDCD with height, which are on the order of 54-6 m s*
throughoutthe-verticalThe largermean-differences-. Moreover, the large MCD represent over 8.5% of the corresponding kigh
wind-speeds-HLOSV at upper levels and could be attributed to larger ANV height assignment errors in-theregion—of
corresponding erhanced-vertical-wind-shear:

Statisties-of AMM-minusto stronger storm tracks in winter. This is exemplified in Fig. 11e where Aeolus, MIE-ceHocation
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the-other geographic regions,-and-correspending-shown to be small (2 m s™*) and remain relatively constant with increasing

AMV wind speed, while the adjusted SDCD are larger and increase with heightThe larger MCD-and- SDCD-above
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imply that the large systematic differences in MCD at upper levels in the SH extratropics are most probably attributed to larger

AMV errors in combination with strong wind shear. | { Commented [KL34]: R2 specific point 20
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Figure 7-Asin-Figure 5-but-for comparisens-of HR-{red)-and WA cloud-(blue) AMVs-and- MHE-winds:



4.2 LEO AMVs vs. Aeolus “ [ Formatted: Space Before: 6 pt

Figure 812 presents density scatterplots that compare LEO AMVs derived from IR window channels with RAY and MIE
winds in the Arctic (Fig. 8212a-b) and Antarctic pelarregions(Fig. 8e12c-d)-) during the study period. LEO AMVs eerrespend
welshow good correspondence with both

765 Aeolus observing modes in the polar RAY MIE
regions.  Cemparisens—In  general e % (b)‘*
comparisons in the Arctic have small yet 1t I
significant ~ mean—differepees——in
HLOSVMCD (around -0.2 m s?) and
770 SDCD estimates of 5.2-6.5 m s, while

Arctic
AMV HLOSV

—20F

/ r = 08
-40F Meo -

Antarctic comparisons exhibit larger MCD /,/ o0 - 652 o5
and SDCD. Further,-Arstic- Moreover, MIE — S - -
comparisons in the Arctic exhibit the jj-(c)*
smallest SDCD, and Antarctic—RAY

775 comparisons in_the Antarctic_have the

9 =034
~0.25 4 F MCD = -0.26 -

N

20F

Antarctic
AMV HLOSV

largest SDCD and more evident outliers. i
TFhe—results—suggestThis _suggests that ,.,-. 3 .

during the study period of study-in-the =sop: 2 R L,
Asctic, IR LEO AMVs are best able to NG D BB b e b B 3 %

SOCD = 848
Counts = 11532
Aeolus HLOSV Aeolus HLOSV

780 capture eeld-seene-cloud-tracked motions Dansity of Points

. . N 1 10 100
during the summer season (in the Arctic) ) ) »
Eigure 12: Density scatterplot of collocated IR-window AMVs from all available LEO

when cloudiness increases in the vertical satellites and RAY (left. a. c) and MIE (right, b, d) winds: Comparisons in (a-b) Arctic

. (north of 60° N), and (c-d) Antarctic (south of 60° S). Colors indicate total number of

and more water vapor content is generally collocated observation pairs within the cells plotted, which are 1 ms™ on a side.

available to track features (Alekseev et al., Sample statistics are displayed in the bottom right corner of each panel. Horizontal

and vertical zero lines are plotted in black, as is the diagonal one-to-one line. Red star

785 2018). Water vapor content in the Arcticis  denotes statistical significance at the 95% level using the paired two-tailed Student’s
t-test. HLOSV units are m s,

r =096
MCD = -0.56

largest in summer due to an influx of water
vapor from melting ice and snow and receding sea ice extent as well as enhancedintensified meridional moisture fluxes from
low latitudes (Alexseev et al., 2018).
As was done for the GOES-16 case study, we examine the meanvertical differences in-the-vertical-between all LEO AN
790 windsAMVs and Aeolus winds to ascertain how wel-AMVs characterize the dynamical flow at the poles (Fig. 913). RAY
(red colors) and MIE comparisons (blue colors) esrmparisons-are presented together. Figures 9a-and 9d-display-the-mean-AMV
AMV HLOSV and Aeolus HLOSV in-the-Arctic-and-Antarcticrespectively,-and-Fig—9b-and-9e-shew-the- MCD-and-SDCD-
oo b e Lo et 0 e are she e e e L
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AMM-and-Aeolus-winds-exhibit-similar speeds-that-inereasethroughout the vertical, with height-in-beth-pelarregions:notably
larger MCD in the Antarctic at upper levels. In the Arctic (berealsummerFig. 13, top row), MIE winds and collocated AMVs

showdepict faster motions relative to RAY comparisons-#-rid—te-upper-levels.. Statistically significant MCD are on the order
of -0.5 m st at mid-levels where collocation counts peak, representing slower AMV winds relative to Aeolus. The mean
differencesMICD become larger (more negative) nearer the tropopause (~(around 300-250 hPa) where speedsHLOSV reach
upwards of 15 m s*_and AMV wind speeds reach 30 m s*, while corresponding total SDCD in-—the—Asctic-are
relativelygenerally constant throughout-the-tropesphere-withbut smaller for MIE SDCD-(~5 m s) andthan RAY (=7 m s™).

Removal of the Aeolus L2B-uncertainty (1-2-m-s)-relative-to- RAYA(=7m-s ™" and-3-4-m-s ™ respectively)-suggestingyields
adjusted SDCD profiles that are nearly equal to the total MIE SDCD, indicating the higher accuracy of MIE winds-—Fhe in the

Acrctic at all levels including those with higher wind speeds. This independence of Aeolus MIE uncertainty to changes in wind

speed is clear in Fig. 14a where Aeolus MIE errors are shown to be smaller relative to RAY and remain relatively constant

with increasing AMV wind speeds. In addition, the near doubling of MIE collocation counts at mid-levels relative to RAY

(Fig. 13c) could be due to increased cloudiness associated with more moisture availability in Arctic summer (Alekseev et al.,
2018).
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865

Figure 13: Vertical cemparisensprofiles of collocated LEO AMVs and RAY (red) and MIE (blue) winds. The top row shows the
Arctic (north of 60° N), (a) mean AMV HLOSV (solid lines)-and), Aeolus (HLOSV (long dashed lines) winds (m s), and mean AMV
wind speed (short dashed lines) (m s™); (b) MCD (solid), SDCD (lengshort dashed), and AMV HLOSV error as represented by
SDCD-Aeolus L2B uncertainty (shertlong dashed) (m s%),); and (c) collocation counts. (d-f) as in (a-c) but for the Antarctic (south
of 60° S). Colored open circles indicate levels where MCD are statistically significant at the 95% level (p-value < 0.05) using the
paired Student’st-test. Vertical zero lines are displayed in the center panels in black. Levels with observation counts > 25 are plotted”

In the Antarctic (Fig. 13, bottom row), HLOSV increase from 5 m s™at mid-levels to nearly 30 m s™ at very high levels (~150

hPa), and RAY comparisons are shown to capture generally faster motions throughout much of the vertical column. MCD are

small (around -0.5 m s™) at mid-levels where collocation counts peak but are larger aloft and represent over 10% of the

corresponding HLOSV. Larger MCD aloft could be attributed to the wind-shear height assignment error effect related to the

strengthening of the Antarctic polar

vortex in_late winter/early spring. As

H :a.;:v (@) I I : mﬁ?',. o (b) I I I shown in the Arctic, MIE comparisons in
51 3 so00 i the Antarctic have smaller total SDCD (5-

an B F 7 m sH than RAY (6-12 m s*

§ § 15 - L § 4000 L respectively) throughout the vertical;
< g w04 b ° however, Antarctic MIE and RAY SDCD

are larger than in the Arctic and appear to
Higher SDCD

g

increase with height.

0 T T T T 0 T T T T
30 L . L L 8000 L L 1 ! values at upper levels may be attributed to
©) (d) i
25 4 3 larger AMV and Aeolus errors in layers of
o 6000 7 [ faster winds. Adjusted SDCD as well as
g £ » Aeolus error estimates for RAY
o e E
g S5+ 3 4000 - - X . . . :
g = ° comparisons _increase with increasing
< Sy L ) ) )
=" AMV wind speed (Fig. 14c), suggesting
o 2000 -
59 - --"== F that both AMV errors and Aeolus errors
0 — . ! ! 0 - | : . in layers of high winds and strong shear
20 40 80 80 20 40 60 80
Wind Speed (m s) Wind Speed (m s ") contribute to the larger SDCD observed in

: N ; the Antarctic.
Figure 14: As in Fig. 8 but for LEO IR RAY and MIE comparisons at the poles.

5 Summary and conclusions «

This study summarizes statistical comparisons of AMVs with the novel Aeolus L2B HLOS winds based-enfor samples
stratified by specific sets of conditions and discusses their relationship to known AMV characteristics. Because Aeolus
observes the HLOSV—the horizontal wind projected onto the HLOS of the DWL—derived from the detection of molecular

50

[ Formatted: Font: Italic

[Formatted: Font: 10 pt

[ Formatted: Space Before: 12 pt




870

875

880

885

890

895

and aerosol backscattering signals, the assessments of mean collocation differences (AMV minus Aeolus) and SD of the
differences (MEB-and-SBED}-are all in terms of AMV winds projected onto the collocated Aeolus HLOS. In the tropics, due
to the Aeolus observing geometry, HLOSV represents the zonal wind. Aeolus HLOSV profiles utilized in this study are
classified as RAY or Rayleigh-clear winds (representing mostly clear-sky scenes) and MIE or Mie-cloudy winds (representing
cloudy scenes only). Quality-controlsrecommendedWinds quality controlled (QC’d) following recommendations by ESA for
Aeolus and by the user community for the satellite winds are apphied-Quakity-contretled-windsfrom-each-dataset-areretained

for analysis.

The performance of guality-contretled-QC d AMVSs relative to collocated OC’d Aeolus winds ef-gualitycontretled-are
characterized by analyzing the-sample statistics of the collocated differences, AMV HLOSV minus Aeolus HLOSV. These
statistics should not be strictly interpreted as overall AMV performance, as differences arise from errors in both AMVs and
Aeolus winds and from representativeness and collocation errors.

Comparisons of GOES-16 AMVs and IR window-cloud-trackiracked AMVs from LEO satellites are assessed to estimate the
dependence of AMVs on different combinations of conditions including Aeolus observing mode/scene type (clear or cloudy),
AMV derivation-methedtype (IR-windew, WVcloud, and WVclear), and geographic region (tropics and extratropics for
GOES-16, Arctic and Antarctic polar regions for LEO).-\ertical-distributions-of differences-in HLOS\ are-examined asthis

ized. GOES-16 was chosen
as a representative of GEO performance, as the AMVs exhibit high correlations with Aeolus, relatively low MCD and SDCD,

and have a large sample size from which to compute robust statistics. The summary assessment of all LEO AMVs provides a
unique, comprehensive perspective on the characteristics of polar AMVs using a larger sample of collocated Aeolus wind
profiles relative to other available datasets, e.g., raciosendeprefile-datarawinsonde profile data. Vertical distributions of
differences in HLOSV are examined, as this perspective has the potential to provide additional insight into how accurately
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each AMV type represents the horizontal flow in the vertical. AMVs exhibit different characteristics in clear and cloudy scenes

900 that vary with geographic region and in the vertical, in agreement with the findings in VVelden et al. (1997), Posselt et al. (2019),
and others. Overall, [GEO and LEO AMVs are found to compare as well with Aeolus RAY and MIE winds as they do to

conventional data sources and NWP products| particularly in the tropics, NH extratropics, in the Arctic, and at mid- to upper- { Commented [KL35]: R2 main point 2, specific point 22

levels in both clear and cloudy scenes. SH comparisons generally exhibit larger than expected SDCD that could be attributed

to larger height assignment errors and larger representativeness and collocation errors in regions of high winds and strong

905 vertical wind shear, | [Formatted: Font: Not Bold
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findings from comparing GOES-16 AMVs with RAY and MIE winds are the following][Aeolus MIE winds show great

potential value as a comparison standard to characterize AMVs. MIE comparisons generally exhibit smaller biases and

uncertainties compared to RAY, reflecting the higher accuracy of MIE winds and AMVs in cloudy scenes as well as larger

collocation errors for RAY winds in cloudy scenes. This is attributed to a combination of smaller Aeolus MIE uncertainties

and smaller collocation/representativeness errors due to the cloudy/cloudy sampling effect, that is, the fact that both Aeolus

and AMV winds are, by definition, sampling similar cloudy scenes at similar altitudes. The contribution of Aeolus MIE

uncertainty to the overall SDCD is small; in fact, removal of Aeolus uncertainties further reduces the small MIE SDCD

without much change to its vertical distribution, suggesting that for MIE comparisons, the dominant factors contributing to

the total error consist of AMV random errors and representativeness/collocation errors, Additionally, the AMV-Aeolus MIE

comparisons depict a relatively new finding that is also noted in Cotton et al. (2020, 2021) and is largely thought to be

attributed to AMV height assignment errors: a negative speed bias in the IR and WVcloud AMVs in the tropics. The fact that

comparisons with Aeolus exhibit this feature hints at the usefulness of Aeolus MIE winds as a standard for comparison to

characterize AMVs. (It should be noted that because the period of study is relatively short, the datasets are not large enough

to examine in detail many of the “features” identified and studied in the NWP SAF AMV monitoring. However, it could be

possible to verify the identification of such features in AMV comparisons with Aeolus observations by using a larger
collocation dataset, which the authors are preparing and making publicly available.)

Regarding GOES-16 RAY comparisons, sampling differences may play a role in the higher correlation between Aeolus RAY

winds and WVclear AMVs, since they both represent similar clear-sky scenes. This is especially true in the tropics and NH

extratropics where MCD are small and SDCD are comparable to AMV error values compared with high-quality rawinsonde
winds. It is likely that collocation errors play a larger role in the RAY SDCD for IR and WVcloud AMVs due to the

cloudy/clear sampling effect, where clear-sky Aeolus winds are collocated with cloudy AMVs and thereby observe different

RAY SDCD, particularly for IR and WVcloud comparisons, indicating that Aeolus contributes a substantial fraction of the

total SDCD in the presence of clouds.

53

/{ Commented [KL36]: R2 specific point 23

{ Commented [KL37]: R2 specific point 19

_{ commented [KL38]: R2 specific point 17




965

970

975

980

985

990

Polar AMVs have smaller MCD for MIE compared to RAY, although Antarctic AMVs have larger SDCD than the Arctic. In

fact, GEO and LEO comparisons in the SH/Antarctic exhibit the largest SDCD of all regions examined. Large wind shear is

evident in the SH/Antarctic throughout much of the atmospheric column, and this can dramatically affect AMV _height

assignment errors. Indeed, AMV errors are shown to generally increase with increasing AMV wind speed, as do corresponding

Aeolus errors for RAY winds, suggesting that both contribute to the larger SDCD observed in layers of high wind speed.

Additionally, larger RAY MCD aloft could be attributed to larger collocation/representativeness errors due to IR AMVs and

RAY winds viewing different scenes. The possible mischaracterization of very cold surface temperatures as clouds may also

be a factor. For GOES-16 MIE comparisons in the SH, AMV errors are larger and increase with AMV speeds > 40 m s™* while

Aeolus MIE errors are small and remain relatively constant. This implies that the large systematic differences in MCD at upper

levels in the SH extratropics are most probably attributed to larger AMV errors in combination with the wind-shear height

assignment error effect]

The use of Aeolus winds as a benchmark dataset for the comparative assessment of AMVs has valuable implications for future<.

research, including the validation of 3D winds and the use of such data in NWP. For example, the findings presented here,

contribute to the ongoing development of a feature track correction (FTC) observation operator to account for AMV height k

assignment and other biases in data assimilation (Hoffman et al., 26212022). One lesson learned from this study is that QC

of both AMV and Aeolus observations is critical and largely improves the results. [The Aeolus project has done much to

eliminate errors of all types, but some improvements are expected, e.g., via the removal of DWL instrument calibration-

dependent error. Further, some of the bias corrections currently applied depend on ECMWEF forecasts, and the analysis of Liu

et al. (2022) demonstrates that additional bias corrections for Aeolus are possible, and that such corrections can improve NWP

analysis and forecast results (Garrett et al., 2022).

[Appendid A

Formulae for the statistics used in this study are presented here. Since HLOSV is a scalar, these formulae correspond directly

with the standard textbook formulae. The collocation database is composed of pairs (xi, yi) for i=1, n, where n is the number
of collocations, i is the collocation index, X is the Aeolus HLOSV, and vy is the AMV HLOSV. The correlation (r) between

collocated HLOSV describes the overall relation of AMVs to Aeolus and is defined as

- S =) (yi-y) (AL)

SxSy

Overbars denote sample means. The corresponding standard deviations s, and sy are defined as

Sm = ﬁzznzl(wi - w)? (A2)
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where w can equal x or y. The collocation difference (CD) is the difference in m s between each pair of collocated AMV
HLOSV and Aeolus HLOSV,

CDh = Yi— X (A3)

995 and the mean (MCD) represents the sample mean of the CD for select conditions, such as a specific geographic region, pressure

level, AMV type, or Aeolus observing mode.

MCD = -7, (CD) (Ad)

Using (A2), we can define the corresponding SDCD in terms of CD:

SDCD = \/ﬁ " (CD; — MCD)? (A5)

1000  Finally, the “adjusted SDCD” s,,4; is defined as the SDCD with the corresponding Aeolus error estimate s, removed:

Sqaj =+/SDCD?* — s (A6)
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