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The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) measures infrared trans-
mittance spectra of the atmosphere from low Earth orbit using the Sun as a light source (solar occultation).
Doppler shifts of gas-phase lines in the measured spectra can be used to determine line-of-sight winds. These line-
of-sight winds are a new data product for version 5.2 of ACE-FTS processing. The winds are validated through

comparison with independent horizontal wind observations from meteor radars and from the ICON-MIGHTI
satellite instrument. ACE-FTS winds show a ~15 m/s offset, opposite in sign for the two different ACE-FTS
observation geometries (sunrise and sunset).

1. Introduction

Understanding atmospheric winds is essential for weather fore-
casting [1] as well as climate modelling. For more accurate weather
predictions and climate modeling, improved coverage is need for re-
gions with sparse observational wind data, such as over the oceans or the
middle atmosphere [2]. Uncertainty in winds can lead to inaccurate
weather predictions due to the chaotic nature of the atmosphere. By
providing more information to a numerical weather prediction model
[1], these errors can be mitigated.

The Atmospheric Chemistry Experiment (ACE) mission uses the solar
occultation technique to measure transmission spectra of the limb of the
atmosphere [3]. The high-resolution Fourier transform spectrometer
(ACE-FTS) uses the Sun as a light source to collect a sequence of spectra
as the Sun rises or sets from the satellite’s point-of-view. The Doppler
shift of the atmospheric spectral features can then be used to calculate
line-of-sight winds. This wind product was not a requirement of the
original mission but is made possible due to the frequency stability of the
ACE Michelson interferometer. Previously, the ACE wind retrieval was
described in detail [4] and the quality of these winds was assessed with
preliminary comparisons with various other upper atmospheric wind
sources. The wind retrieval has been implemented now to provide a
routine data product in version 5.2 of ACE-FTS processing [5]. ACE
winds are unique in that we have a very large altitude range of winds we
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can produce from a single instrument, from 20 km-135 km, as well as not
being limited spatially the same way as ground based stations.

Tropospheric and lower stratospheric horizontal winds are available
through in situ [6-8] and ground-based lidar [9] measurements, as well
as satellite lidar measurements such as from ADM-Aeolus (Atmospheric
Dynamics Mission Aeolus) [10,11]. In the upper mesosphere lower
thermosphere (UMLT), Doppler shifts in airglow lines are used to
determine vector winds by the TIMED Doppler Interferometer (TIDI)
instrument on the Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED) satellite [12], by the Michelson Interferometer for
Global High-resolution Thermospheric Imaging (MIGHTI) instrument on
the Ionospheric Connection Explorer (ICON) satellite [13], and by High
Resolution Doppler Imager (HRDI) and Wind Imaging Interferometer
(WINDII) on the Upper Atmosphere Research Satellite (UARS) [14,15].
ACE winds are valuable in these regions especially now that many of
these missions (e.g., MIGHTI) are no longer operational.

In the middle atmosphere (30 km to 70 km) it is difficult to determine
winds for a variety of technical reasons [16,17]. Some ground-based
lidars [16] and microwave Doppler wind radiometers [18] have
recently had success, but only in the lower regions of the stratosphere.
Ground-based meteor radar [19] and lidar [20] data can provide
mesospheric winds. Sounding rockets [21] can give full altitude
coverage but are expensive and uncommon. From space, middle atmo-
spheric line-of-sight wind measurements were produced by the
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Fig. 1. Typical sunrise and sunset comparisons between ACE and MIGHTI line-of-sight wind speeds. The sunrise comparison uses ACE occultation sr89136 and the
sunset uses occultation ss95148, both paired with the spatially nearest MIGHTI measurement. Distance between the two measurements was 2.06° latitude, 3.33°
longitude, and 1 hour apart for sunrise and 0.87° latitude, 0.23° longitude, and 2 hours apart for sunset.

Atmospheric Trace Molecule Spectroscopy Experiment (ATMOS) spec-
trometer flown on the Space Shuttle [22]. This leaves a region in the
upper stratosphere and lower mesosphere where ACE is the only
consistent measurement source.

As the version 5.2 data is now available [5], we have a much larger
sample set to analyze. In this paper, we compare ACE-FTS v.5.2
line-of-sight wind speeds with coincident measurements from MIGHTI
and meteor radars.

2. Methods

The ACE-FTS wind retrieval has already been explained in detail [4]
so only a summary will be provided here. Line-of-sight wind speeds are
determined for every ACE-FTS measurement between 18 and 135 km.
For each occultation, the atmosphere is first partitioned into 4 km alti-
tude regions. Lower altitudes (less than 45 km) have smaller altitude
regions down to 2 km due to refraction distorting the disk of the Sun
during an occultation measurement. A forward model is used to calcu-
late a representative spectrum for each segment at a tangent height near
the center of the region. This forward model calculation uses pressure,
temperature, and volume mixing ratio (VMR) profiles from ACE occul-
tation sr10063 (sr for sunrise and 10063 is the orbit number since
launch) to produce the representative spectrum, with spectroscopic
parameters from the High Resolution Transmission Molecular Absorp-
tion (HITRAN) 2020 database [23]. This representative spectrum is then
cross correlated with the observed spectrum (or spectra) to determine
the Doppler shift and therefore, the wind speed. These wind speeds are
then interpolated on to a 1 km grid using cubic spline interpolation.
ACE-FTS wind speeds were calibrated by comparison with line-of-sight
winds calculated from the Canadian weather service model in the 19
to 24 km altitude range [4]. The final wind product includes the loca-
tion, time, and heading at the tangent height for comparison with vector
winds. The heading (i.e., the angle between the ‘look-direction’ of the

instrument and geodetic north) is calculated from the Systems Tool Kit
(formerly Satellite Tool Kit) software package [24].

To compare with meteor radar and MIGHTI data, their data was
interpolated on to the ACE 1 km grid using cubic splines. Our criteria for
determining “coincident” measurements were 2.5° latitude, 5° longitude
in location, and 2 h in time. If multiple measurements coincide with a
single ACE occultation, only the spatially closest measurement was
chosen for comparison. These values were chosen to reduce the spatial
window from previous work [4] in order to obtain closer coincidences.
For this study, we used MIGHTT’s green emission vector wind product as
well as meteor radar data from the World Data Center (WDC) for
Geophysics, Beijing.

3. Results
3.1. MIGHTI comparisons

MIGHTI is a Michelson interferometer that uses the Doppler Asym-
metric Spatial Heterodyne (DASH) spectroscopy technique to determine
shifts in the red (O(*D-°P) 630.0 nm) and green (0(*s-'D) 557.7 nm)
emission lines of the oxygen atom [13]. MIGHTI is composed of two
sensors, MIGHTI-A and MIGHTI-B, that observe at 45° and 135° relative
to the satellite’s velocity vector. MIGHTI-A first records a line-of-sight
Doppler shift value from one direction, then 5-8 min later MIGHTI-B
observes the same area. Assuming no vertical winds and that the wind
has not changed drastically in that time, they can be combined due to
their orthogonality to produce vector winds. We can compare to these
vector winds with our line-of-sight winds as we only need to know the
heading angle of the ACE-FTS field-of-view using the equation:

Line — of — sight wind speed = U % cos(6 —90°) + V * cos(6)

in which U is the zonal component (East-West, with eastward assumed
as positive), V is the meridional component (North-South, with north-
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Fig. 2. Dataset2 comparisons of ACE line-of-sight wind speeds to MIGHTI line-of-sight wind speeds, separated by sunrise and sunset viewing for the entire altitude
range (90-135 km). The blue denotes individual measurement comparisons while the orange is the linear trendline.

ward assumed as positive), and 0 is the angle between the vectors that
point from the measurement tangent point to geodetic north and from
the measurement tangent point to the satellite. In the ACE-FTS wind
product, the heading is given at three different altitudes as it changes
slightly due to the geometry of solar occultation measurements.

The MIGHTI instrument became operational in 2019 and had
consistently taken measurements of the upper atmosphere until 2022. In
all of our comparisons, we used the most recent vO5 MIGHTI data as it
has corrected some previous issues near the terminator, where ACE
measurements are taken and where MIGHTI data is most uncertain.
MIGHTI had many coincident measurements with ACE over the period
of 2019 to 2022 with 208 sunrise measurements and 237 sunset mea-
surements. In addition to the above coincidence criteria, we also
removed any coincidences involving MIGHTI data with a wind data
quality value of less than 1 for the green emission line wind product.
There is also a red line emission product, however coincidences are less
frequent due to the altitude at which the red line emission data is
prominent (above ~150 km), so only the green line data was used.
Typical examples of coincident measurements with MIGHTI are given in

Fig. 1.

To better understand the underlying trends and remove outliers, we
created three data sets with the first being all coincidences (Dataset1),
the second is all coincidences with absolute differences between ACE
and MIGHTI values less than 60 m/s per point (Dataset2), and the last is
all coincidences with differences less than 30 m/s per point (Dataset3).
Datasetl is our unaltered set of all coincidences and contains 208 sunrise
and 237 sunset coincidences. Dataset2 removes a few outlier co-
incidences (35 sunrise and 43 sunset outlying comparisons) and still
gives a relatively unbiased picture of the comparisons with 173 sunrises
and 194 sunset coincidences. Dataset3 strongly trims the coincidences
down to 46 sunrises and 62 sunsets that are more likely to be unper-
turbed by the variability of upper atmospheric winds. We prefer Data-
set2 shown in Fig. 2 as we believe this is the most representative
comparison between ACE and MIGHT]I, and so all of our figures in this
paper are sourced from Dataset2. We also provide the linear trendline
values from the other datasets without charts in this section for
completeness. Error values (one standard deviation) for these trendlines
are noted in parentheses. Comparing miss-distances and miss-times of
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Fig. 3. Average line-of-sight wind speeds by altitude for ACE (blue) and
MIGHTI (orange) for sunset (ss) and sunrise (sr) coincidences. Shifting the
sunset and sunrise average MIGHTI values by +14 m/s or —15 m/s, respec-
tively, gives the grey curve.
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the excluded comparisons of Dataset2, we do not find a trend between
these and rejected comparisons. Average miss-distances and miss-times
are very similar to non-rejected comparisons in these datasets, as well as
an even distribution of MIGHTI day mode and MIGHTI night mode
comparisons. The only noticeable pattern was that a large portion of
rejected comparisons were between September 9th 2020 and the end of
2020. Both sunrise and sunset comparisons in this time period seem to
repeatedly exceed the deviation limits placed and make up roughly half
of the removed comparisons. We conclude that this may be due to the
variability of upper atmospheric winds and combined with a large
coincidence window, and so proceed with Dataset2 for our comparisons.

Datasetl showed that in sunrise measurements, the line of best fit
between MIGHTI vs ACE measurements has a slope of 0.511(11), an
offset of —20.15(62) m/s, and a correlation coefficient of 0.532. Simi-
larly, Datasetl sunset measurements had a slope of 0.474(10), an offset
of 8.25 (52) m/s, and a correlation coefficient of 0.512. This shows a
loose positive correlation between ACE and MIGHTI wind speeds.
Additionally, we see the offset is dependent on the orientation of the
measurement and changes sign accordingly.

Dataset2 was found to have a slope of 0.604(11) and an offset of
—12.09(60) m/s for sunrise with a correlation value of 0.635. Sunsets
had little change compared to Datasetl with a slope of 0.510(10), an
offset of 18.60(47) m/s, and a correlation coefficient of 0.550. This
shows that outlying measurements are likely not the root cause of the
low correlation value or the slope underestimation, and that some sort of
systematic error exists between the two measurements. The instruments
use different techniques for calculating the winds which makes it diffi-
cult to determine the source of the discrepancies. One source could be
the difference in the calibration applied in each data set but this would
only affect the offset and not the slope difference from 1. ACE uses
values from the assimilation run of the Canadian weather model in the
region from 19 km to 24 km to calibrate the altitude profile while
MIGHTI generates a “zero wind phase” by solving a system of equations
through least squares for each CCD row given by LOS data from the
preceding 96 days [27]. Geophysical variability and vertical offsets
between ACE and MIGHTI measurements likely also contribute to the
ACE-MIGHTI differences in the correlation plots.

In Dataset3, we found a slope for linear regression of 0.858(16), an
offset of —9.137(838) m/s, and a correlation value of 0.852. For sunsets,
the slope was determined to be 0.783(15) with a 3.22(702) m/s offset
and a correlation value of 0.788. In this strictest comparison of datasets,
the important thing to note is the offset that persists for the sunrise
comparisons, and to a lesser extent, the sunset comparisons. Since we
are trimming our datasets by absolute difference per point, we would
expect the correlation as well as the slope to approach 1 and for the
offsets to approach 0 m/s. We see that both slopes and correlation
improve as expected, but the offset for the sunrise comparisons is still
quite substantial. Previous comparisons from Harding et al. [25] showed
slight overestimation of MIGHTI winds compared to meteor radar for the
daytime operation modes and this may account for some of the
discrepancy, however, comparisons between MIGHTI and meteor radar
showed a greater correlation coefficient in both day and night com-
parisons as well as a slope nearer to 1 in their line of best fit. The offset
for line of best fit was also nearer to 0, except for the MIGHTI-A night
mode which had an offset similar to ACE at —12.8 m/s. MIGHTI and
meteor radar have better correlation which led us to look at average
wind speeds with respect to altitudes as an answer to our discrepancies.

Looking at the average wind speeds as a function of altitude, a more
informative comparison is obtained. The average wind speeds for
Dataset?2 are presented in the two panels of Fig. 3. All of the comparisons
for the different Datasets have similar shapes so the results are similar to
what is described for Dataset2. We can see that the average wind profiles
of MIGHTI and ACE are very similar in shape, especially at lower alti-
tudes. To highlight this, we included a grey curve in the above figures
that consists of MIGHTI average data shifted by a constant value (—15
m/s sunrise, +14 m/s sunset). This shift was done by hand to highlight
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Fig. 4. A typical sunrise and sunset comparison between ACE and meteor radar line-of-sight wind speeds. The sunrise comparison uses ACE occultation sr68595 and
the sunset uses occultation ss69829, both paired with the temporally closest meteor radar measurement. Distance between the two measurements was 1.40° latitude,
0.56° longitude, and less than an hour apart for sunrise and 1.13° latitude, 1.69° longitude, and less than an hour apart for sunset.

this roughly constant difference between average wind speeds. In lower
altitudes, the shifted MIGHTI plot and ACE agree rather well with small
deviations from each other. Above 110 km, ACE and MIGHTI start to
diverge. Although the number of comparisons is halved, there is an in-
crease in variability for ACE winds above 110 km. Plotting standard
deviation by altitude clarifies this more as MIGHTI standard deviations
appear rather consistent throughout the altitude range at about 45 m/s,
while ACE standard deviations steadily increase from 35 m/s to 60 m/s
in the upper altitudes. This results from having fewer (and weaker)
spectral lines available in ACE-FTS measurements at higher altitudes for
determining Doppler shift [4]. Both sunrise and sunset plots are similar,
just with a different sign on the constant shift that was needed.

3.2. Meteor radar comparisons

Horizontal wind profiles are created from meteor radar stations in
five locations over China (Mohe: 52.5° N, 122.3° E; Beijing: 40.3° N,
116.2° E; Wuhan: 30.5° N, 114.6° E; Ledong: 18.7° N, 109.2 E°; and
Sanya: 18.3° N, 109.6° E) managed by the Institute of Geology and
Geophysics of the Chinese Academy of Science. Using VHF radar and
five receivers to detect the position and direction of meteoric trails, these
stations provide all-sky coverage with hourly reported measurements
[19]. Some stations, due to either their latitude or operational periods,
were more likely than others to have coincident measurements with
ACE. The meteor radar sunrise set had 26 coincidences while there were
12 sunset coincidences. This is a much smaller dataset compared to
MIGHTI but the different methodologies of ACE, MIGHTI, and meteor
radar make this a useful comparison. We detected 18 coincidences with
Mohe, 4 with Wuhan, 12 with Beijing, and 4 with Sansa/Ledong. For
each of these coincidences, we selected the closest hourly measurement
to the occultation for comparison. The following comparisons include
the full dataset as trimming the data similar to the MIGHTI comparisons

would be unreliable given the smaller number of coincidences. Typical
meteor radar coincidences can be seen in Fig. 4.

We found that ACE values align well with meteor radar results for
both sunset and sunrise measurements, with sunrise having a slope of
0.826(36) and sunset of 1.061(84), as well as having similar in magni-
tude offsets for the two ACE-FTS viewing geometries: —10.19(1.35) m/s
for sunrises and 10.38(2.838) m/s for sunsets. These values can be seen
in Fig. 5. The sunrise and sunset plots have correlation values of 0.661
and 0.664, respectively. The relatively low correlation could be attrib-
uted to the natural variability of upper atmospheric winds; however, the
offsets are similar for all comparisons with ACE. We see this offset is
dependent on sunrise versus sunset measurements and changes sign.
This shows there is some form of discrepancy present between ACE
winds and meteor radar winds, but not a scaling issue. This supports the
calibration difference being a potential source of error. As the meteor
radar station is not in motion, it does not need to calibrate its value as
any Doppler shift is already relative to the ground speed. Other sources
of this error include the large averaging area of meteor radar. The
specular meteor radar requires a large swath of sky (~300 km horizontal
radius) to observe in order to keep the meteor trail signals high enough
to produce a reliable measurement [26]. This large area could skew the
results if the winds are not coherent across the viewing area, but the
effect is likely negligible compared to the distances used to determine a
coincidence.

Additionally, we compared the average wind speeds for meteor radar
and ACE. Due to the smaller number of coincidences, some of the end
points over the comparative range had only one or two measurements to
contribute towards the average at that altitude. This leaves the end-
points of each plot more variable, most notably seen in the higher end of
the sunset portion of Fig. 6. Therefore, comparisons should be made
closer to the middle of the plots, where there are more coincidences. For
sunrises, we find good agreement with meteor radar after shifting their
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Fig. 5. Comparison of ACE line-of-sight wind speeds to meteor radar line-of-sight wind speeds, separated by sunrise and sunset viewing. The blue denotes individual

measurement comparisons while the orange is the linear trendline.

data by —15 m/s across all points. The sunsets, however, show few
similarities in average wind speeds. This is likely due in part to the small
number of comparisons for the sunsets (maximum of 12 comparisons
near 86 km). A shift of +14 m/s, similar to the MIGHTI comparisons,
would increase the agreement slightly, but there is simply not enough
data for a reasonable determination of this shift.

The magnitude of this offset is roughly 15 m/s in each case but
corrects in the negative direction in sunrise comparisons and positive in
the sunset comparisons. We believe this to be from some miscalculation
on the ACE side due to its presence in both meteor radar and MIGHTI
data, however, it is more clear in the MIGHTI comparisons. In Harding
et al., they showed reasonable agreement between MIGHTI and meteor
radar without this difference, so it is likely that this is a miscalculation of
some sort when processing ACE data and we are currently reevaluating
our data to uncover where this arises. ACE winds do still seem to be
accurate after applying this 15 m/s offset in either direction, as shown in
Figs. 3 and 6.

4. Conclusion

The ACE line-of-sight wind speeds differ from MIGHTI values with
MIGHTI being higher based on correlation plots. There is also a linear

shift (~15 m/s) that changes sign depending on sunrise versus sunset
measurements. The magnitude of the shift is similar in each of our
comparisons, although the value changes sign depending on viewing
geometry. ACE and meteor radar winds are well correlated; however,
the linear shift is still present and similar to the value obtained with
MIGHTI. ACE-FTS version 5.2 winds were released in 2023 and are
available for occultations from 2004-present, covering an altitude range
of 18-135 km.
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