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Geoscientific
tropics and reversals of the flow
direction between 50–55◦ N
Instrumentation
during sudden stratospheric
warmings. The daily comparison
with ECMWF winds revealsMethods
that in the beginning
of Februand
ary, a significantly stronger zonal westward flow is meaData Systems
sured in the tropics at 2 hPa compared to the flow computed
in the analysis (difference of ∼ 20 m s−1 ). The results show
that the comparison between SMILES and ECMWF winds
Geoscientific
is not only relevant for the
quality assessment of the new
SMILES winds,Model
but it also
provides
insights on the quality
Development
of the ECMWF winds themselves. Although the instrument
was not specifically designed for measuring winds, the results demonstrate that space-borne sub-mm wave radiomeHydrology
ters have the potential to
provide good and
quality data for improving the stratospheric Earth
winds in System
atmospheric models.
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Stratospheric winds play an important role in stratospheric
Ocean Science
chemistry by transporting long-lived species, or by creating transport barriers that, for example, isolate the polar vortex in winter (Shepherd, 2007, 2008). The stratospheric Quasi-biennial Oscillation (QBO) and downward
feedback from the stratospheric vortex to tropospheric
weather systems have alsoSolid
been Earth
reported to be relevant both in the context of weather prediction and climate (Baldwin and Dunkerton, 1999; Baldwin et al., 2003;
Open Access

Abstract. Although the links between stratospheric dynamics, climate and weather have been demonstrated, direct
observations of stratospheric winds are lacking, in particular at altitudes above 30 km. We report observations of
winds between 8 and 0.01 hPa (∼ 35–80 km) from October
2009 to April 2010 by the Superconducting SubmillimeterWave Limb-Emission Sounder (SMILES) on the International Space Station. The altitude range covers the region
between 35–60 km where previous space-borne wind instruments show a lack of sensitivity. Both zonal and meridional
wind components were obtained, though not simultaneously,
in the latitude range from 30◦ S to 55◦ N and with a single
profile precision of 7–9 m s−1 between 8 and 0.6 hPa and better than 20 m s−1 at altitudes above. The vertical resolution is
5–7 km except in the upper part of the retrieval range (10 km
at 0.01 hPa). In the region between 1–0.05 hPa, an absolute
value of the mean difference < 2 m s−1 is found between
SMILES profiles retrieved from different spectroscopic lines
and instrumental settings. Good agreement (absolute value
of the mean difference of ∼ 2 m s−1 ) is also found with
the European Centre for Medium-Range Weather Forecasts
(ECMWF) analysis in most of the stratosphere except for
the zonal winds over the equator (difference > 5 m s−1 ). In
the mesosphere, SMILES and ECMWF zonal winds exhibit
large differences (> 20 m s−1 ), especially in the tropics. We
illustrate our results by showing daily and monthly zonal
wind variations, namely the semi-annual oscillation in the
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Sigmond et al., 2008; Marshall and Scaife, 2009; Wang and
Chen, 2010). In addition, stratospheric winds describe and
affect vertically propagating atmospheric waves that control the transport circulation in the stratosphere and mesosphere (Holton and Alexander, 2000).
In meteorological analyses and reanalyses, unobserved
variables are constrained by observed ones through the use
of balance relationships. The application of a mass-wind
balance (Derber and Bouttier, 1999) leads to a state where
the large number of temperature soundings provide a strong
constraint on the balanced wind component, i.e. approximately the geostrophic wind. However, it is difficult to derive the larger scale wind fields using the geostrophic assumption in the tropics because the Coriolis parameter vanishes at the equator and the solutions become numerically
unstable (Hamilton, 1998; Žagar et al., 2004; Polavarapu
et al., 2005). For instance, significant differences are seen between wind climatologies derived from mass balance (Fleming et al., 1990; Randel et al., 2004). A further complication in the middle atmosphere is that the small errors
from the lower atmosphere propagate vertically and amplify
strongly in the upper stratosphere and mesosphere (Nezlin
et al., 2009; Alexander et al., 2010). Thus, in order to constrain middle atmospheric winds in meteorological analyses,
global wind observations in the middle atmosphere are essential. Lahoz et al. (2005) have shown that wind observations on a global scale with a precision of 5 m s−1 between 25
and 40 km would provide significant improvements of zonalwind analyses especially in the tropical middle and upper
stratosphere (50–1 hPa).
In spite of the importance of middle atmospheric observations, wind measurements assimilated in the models are
mostly limited to the troposphere. In the mesosphere, winds
are measured using optical techniques from satellites (Shepherd et al., 1993; Hays et al., 1993; Killeen et al., 1999;
Swinbank and Ortland, 2003; Niciejewski et al., 2006) and
by ground-based radar systems such as European Incoherent
SCATter (EISCAT) (Alcaydé and Fontanari, 1986) and various meteor radars (Maekawa et al., 1993; Jacobi et al., 2009).
Wu et al. (2008) have used the microwave oxygen line at
118 GHz measured by the Microwave Limb Sounder (MLS)
to derive line-of-sight winds in the mesosphere (70–92 km).
The authors suggested that winds can be derived down to
40 km by using emission lines from other molecules, but no
results have been shown yet. Stratospheric winds have been
measured from the ground using active and passive techniques (Hildebrand et al., 2012; Rüfenacht et al., 2012) and
from space by the High Resolution Doppler Imager (HRDI)
on UARS covering 10–35 km and 60◦ S–60◦ N, using the
molecular oxygen A- and B-bands (Ortland et al., 1996).
Figure 1 summarises previous and planned wind measuring instruments from spaceborne platforms. A gap in the coverage of high quality winds (< 5 m s−1 error) between 30 and
60 km clearly exists. The ESA Atmospheric Dynamics Mission on the Aeolus satellite is planned for 2013–2014 (StofAtmos. Chem. Phys., 13, 6049–6064, 2013
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Fig. 1. The height coverage and estimated precision of past, current
and future wind measuring instruments: reported validated precisions are in blue and theoretical values are in darker blue. HRDI
(Ortland et al., 1996) and WINDII (Shepherd et al., 1993) were
on the UARS satellite and operated from September 1991–June
2005, TIDI (Niciejewski et al., 2006) operates on the TIMED satellite from 2002-present, AURA-MLS (Wu et al., 2008) operates on
the AURA satellite from July 2004–present (note that wind is not
a standard product), SMILES operated on the ISS from September
2009–April 2010, Aeolus is ESA mission (Stoffelen et al., 2005)
planned for 2013 and SWIFT (McDade et al., 2001) is under study
in Canada.

felen et al., 2005) for measuring winds in the troposphere and
lower stratosphere using a UV lidar. For middle-stratospheric
winds, the Stratospheric Wind Interferometer For Transport
studies (SWIFT) instrument was planned by the Space Canadian Agency for 2010 (McDade et al., 2001), but has an unclear future at the time of writing. The target of SWIFT is to
measure the thermal emission from O3 lines at 8 µm in order
to provide winds on a near global scale between 15–50 km
with the best accuracy of 3–5 m s−1 between 20–40 km and
a vertical resolution of 2 km.
Here we report the first spaceborne observations of winds
in the altitude gap 30–60 km using the Superconducting
Submillimeter-Wave Limb-Emission Sounder (SMILES) onboard the Japanese Experiment Module (JEM) of the International Space Station (ISS) (Kikuchi et al., 2010; Ochiai et al.,
2012b). The instrument has been conceived for measuring
trace gas profiles and was launched in September 2009. Although SMILES was not designed for this purpose, we have
exploited its high frequency resolution and high signal-tonoise ratio to derive the small Doppler shifts in the atmospheric spectra and thereby line-of-sight wind velocities. Because of the ISS rotation during an orbit, components near
the meridional and the zonal directions are retrieved between
30◦ S–55◦ N. As shown in this analysis, the wind information is derived from 8–0.01 hPa (∼ 35–80 km) with a precision better than 10 m s−1 at altitudes between 6 and 0.5 hPa
and better than 20 m s−1 at altitudes above.
The main purpose of this paper is to present the wind
data that have been derived from the six months of SMILES
observations (October 2009 to April 2010) as well as assessing their quality. A further purpose is to compare the
www.atmos-chem-phys.net/13/6049/2013/
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SMILES measurements with the operational wind analysis
by the European Centre for Medium-Range Weather Forecasts (ECMWF). At mid-latitudes in the middle-stratosphere,
ECMWF winds are expected to provide a wind representation with an error smaller than that of a SMILES single
retrieval and, thus, to provide a good dataset to check the
SMILES wind quality. On the other hand, ECMWF results
are uncertain in the middle and upper stratosphere of the tropical regions (Baldwin and Gray, 2005). The spread of a perturbed Ensemble of Data Assimilations (EDA) at ECMWF
indicates a precision of about 3 m s−1 for the tropical middlestratospheric zonal winds (Isaksen et al., 2010). The EDA
method does not give information about the accuracy, and because of the lack of other stratospheric wind measurements,
SMILES data offer a unique opportunity to estimate it.
In Sect. 2, we briefly describe the measurement method.
The theoretical precision (random errors) and accuracy (systematic errors) are estimated from a sensitivity study. Section 3 assesses the quality of the SMILES data by checking the internal consistency of the different SMILES products and their mean differences with the ECMWF winds. In
Sect. 4, the results are illustrated with monthly global maps
and the daily variation of the zonal-winds. Both the measured
Semi-Annual Oscillations (SAO) of the zonal-wind above
the Equator, and the zonal-wind reversals between 50–55◦ N
during Arctic Sudden Stratospheric Warming (SSW) events
are discussed and are compared with the ECMWF analysis.
Finally, we summarise our results and give conclusions as
well as discuss ongoing work for improving the SMILES
winds.

2
2.1

SMILES observations
Measurement method

SMILES was attached to the ISS in Sept 2009 and functioned
for 7 months until April 2010. It observed the Earth’s limb,
scanning from −7 to 100 km in 53 s, providing 1600 spectral
radiance profiles per day. Using Superconductor-InsulatorSuperconductor (SIS) detectors cooled at 4 K, it provided
high quality spectra allowing constituent profiles of many
species such as ozone (O3 ) and hydrogen chloride (HCl) to
be derived (Kasai et al., 2006; Takahashi et al., 2010; Khosravi et al., 2012; Kasai et al., 2013). SMILES observed spectral lines from the atmospheric limb in three frequency bands,
named A (624.3–625.5 GHz), B (625.1–626.3 GHz) and C
(649.1–650.3 GHz) but only two are measured simultaneously. Two acousto-optical spectrometers (AOS-1 and AOS2) with similar specifications are used. Frequency calibration and stability are ensured using an ultra-stable oscillator
and frequent comb calibration of the AOS (Mizobuchi et al.,
2012b). Inherent in the spectra is information on the Doppler
shift caused by the ISS (∼ 4 km s−1 along the line of sight) as
well as atmospheric motion. The broadening of the spectral
www.atmos-chem-phys.net/13/6049/2013/
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lines into several spectral channels provides enough sensitivity to detect the small frequency shift induced by the winds
(e.g. a 50 m s−1 line-of-sight wind induces a shift of 100 kHz
which has to be compared to the spectrometer spectral resolution of 1.2 MHz and to the full-width-half-maximum of
the spectral line that decreases from ∼ 50 MHz at 10 hPa to
∼ 1 MHz at 0.2 hPa). For deriving wind, the two strongest
spectral lines have been used separately. One is an emission
line of O3 at 625.371 GHz common to bands A and B, and
the second one is a H35 Cl triplet at 625.92 GHz (band B).
Hence, three wind profiles are independently retrieved, two
from the O3 line in bands A and B, and one from the HCl
triplet in band B. The wind retrieval algorithm is similar to
the one presented in Baron et al. (2011) for the temperature
and trace gas profiles retrieval (see Appendix for more details). Profiles of geophysical parameters are retrieved from
the inversion of the set of spectra that are measured during a
single vertical scan of the atmospheric limb. To simplify and
speed-up the retrieval calculations, the same line-of-sight velocity is removed from all spectra composing a vertical scan.
The velocity which changes from one scan to another, is chosen at the middle of the scan. After the retrieval calculation,
the derived wind profile is corrected from the altitude variation of the line-of-sight velocity (∼ 0.8 m s−1 km−1 ).
As seen in Fig. 2, because of the geometry of the instrument field-of-view in relation to the ISS orbit, the line-ofsight winds during the ascending (descending) portion of
an orbit are almost in meridional (zonal) direction. Figure 3
shows single line-of-sight wind retrievals at 36 km on 2 and
26 January for both ascending and descending portions of the
orbits. Between ∼ 30◦ S to ∼ 55◦ N, the line-of-sight direction do not deviate by more than 10◦ from the exact zonal
or meridional directions. The full latitude range of observations is between 38◦ S and 65◦ N but on the borders, the lineof-sight rotates quickly and deviates from the meridional or
zonal direction. Another characteristic of the observations is,
as the result of the 2 months periodic local-time precession
of the ISS, semidiurnal and diurnal variations of mesospheric
winds such as those induced by tides are captured in the observations.
2.2

Theoretical estimation of the retrieval errors

Figure 4 (left panel) shows the vertical resolution of the retrieved wind profiles and the measurement responses, i.e.,
the sum of the averaging kernel rows (Merino et al., 2002)
that indicate the altitudes of good measurement sensitivity. Good sensitivity (defined as where the measurement response ranges from 0.9 to 1.1) is found from 25 to 70 km
(20–0.05 hPa) and from 25 to 80 km (20–0.01 hPa) for the
O3 and HCl line retrievals, respectively. In the mesosphere,
the steep decrease of the O3 concentration is responsible of
the loss of the retrieval sensitivity from the O3 line and the
HCl lines, though weaker in the stratosphere, become more
suitable because the HCl VMR profile has its maximum in
Atmos. Chem. Phys., 13, 6049–6064, 2013
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The theoretical precision and accuracy for a single profile
retrieval are shown in the central and right panels of Fig. 4,
respectively. The methodology and the assumptions of the error analysis are given in Baron et al. (2011), except for the errors on the calibration parameters which include a correction
for a nonlinearity in the receiver which was not applied in the
previous analysis (Ochiai et al., 2012a). An error of 20 % is
assumed on the nonlinear parameters. The retrieval precision
is limited by the measurement noise and to a lesser extent by
the uncertainties in the O3 and HCl abundances. The theoretical precision is 4–10 m s−1 between 35 and 60 km (O3 line
retrieval) and < 20 m s−1 between 60 and 80 km (HCl line
retrieval). The accuracy of the retrieval at lower altitudes is
set by systematic effects on the ozone line retrieval (dashed
black line), in particular errors on the intensity calibration of
the spectra.
In summary, although the retrieval sensitivity reaches
down to 25 km, good quality wind profiles (accuracy <
5 m s−1 ) are actually retrieved above 35 km (8 hPa). The upper limit of the retrieval is 80 km using the band-B HCl lines.
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Fig. 2. Upper panel: Representation of the limb observation geometry (adapted from http://smiles.nict.go.jp/pub/about/principles.
html). The ISS orbit inclination is 51.6◦ with respect to the equator
and the SMILES line-of-sight is tilted by 45◦ on the left side of the
forward direction. The tangent point is at a distance of ∼ 2000 km
from the ISS. North (South) direction is indicated for the ascending
(descending) orbit branch. Lower panel: latitudinal variation of the
line-of-sight angle with respect to the North direction on 14 November 2009 (red circles) and on 4 April 2010 (magenta circles). The
blue (green) region indicates the region where the line-of-sight is
between ±10◦ about the meridional (zonal) direction. The thick
dashed horizontal lines indicate the latitude range between 30◦ S
and 55◦ N.

the upper-stratosphere and lower-mesosphere, and the HCl
spectrum is composed of three relatively strong spectral lines
within a narrow range of 30 MHz. According to the vertical
resolution of the retrieved profiles, the best information is
obtained from the O3 line below 60 km (0.2 hPa), and from
the HCl lines at altitudes above. The vertical resolution of
the composite retrieved profile is 5–7 km up to 70 km and increases to 10 km at 80 km. Since the wind information comes
from a layer of 5 to 10 km thickness around the line-ofsight tangent point, the horizontal resolution along the lineof-sight is between 500 and 700 km.

Atmos. Chem. Phys., 13, 6049–6064, 2013

Data selection and ECMWF wind pairing

In this analysis, retrieved winds with a measurement response smaller than 0.9 are rejected. The retrieval quality is
estimated from a χ 2 defined as the sum of the squares of
the spectral fit residual weighted by the corresponding measurement errors and divided by the total number of measurements (Eq. 2 in Baron et al. (2011)). For regularising the inversion, an a priori knowledge of the winds is used in the
χ 2 which can be considered as additional virtual measurements (see Appendix A). Abnormally high values of the χ 2
before the retrieval indicate scans possibly affected by errors
such as obstructions in the field-of-view or inaccurate instrument pointing information. High values of the χ 2 after the
retrieval indicate bad measurement fit. The values of the χ 2
before and after the retrieval are both checked since the scans
with errors can be fitted effectively but with incorrect wind
values. For the O3 line in band-A (band-B), retrievals with
a normalized χ 2 larger than 40 (30) before the inversion or
larger than 2 (1.5) after the inversion are rejected. For the
HCl line in band-B, the χ 2 thresholds for rejection are 50
before inversion and 2.5 after inversion.
ECMWF operational analysis data were used starting with
Integrated Forecasting system (IFS) cycle 35 release 3 in
September 2009. In this version, the mesospheric winds
were significantly improved by using a nonorographic gravity wave scheme (Orr et al., 2010). A major operational upgrade occurred in the middle of the mission on 26 January
2010, when cycle 36 release 1 was introduced with an increase of the model resolution from T799 to T1279 from
25 km to 16 km. To compare the measurements with the
ECMWF analysis, the SMILES profiles are paired with the
closest ECMWF profile in space and time. ECMWF analyses were extracted on a latitude-longitude grid of 0.5 × 0.5◦
www.atmos-chem-phys.net/13/6049/2013/
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Fig. 3. Typical line-of-sight wind vectors retrieved at 5 hPa (∼ 36 km) on 2 January 2010 (left column) and on 26 January 2010 (right
column). The orientation of the arrows is that of the wind component along the line-of-sight. The length of the arrows is proportional to
the amplitude of the corresponding line-of-sight wind (the same proportional factor is applied at all latitudes). The upper (lower) panels
correspond to the ascending (descending) branch of the orbit where the line-of-sight is near the meridional (zonal) direction between ∼ 35◦ S
to ∼ 55◦ N. The background colour shows the northern N2 O distribution from the assimilated Odin/SMR measurements in a model driven
by ECMWF winds at the isentropic surface of 850 K.

70

and 4 times per day, which corresponds to coincidence criteria of 3 h and 0.25◦ . The profiles extend up to 0.01 hPa
(∼ 80 km) with a vertical resolution of about 1.5 km in the
middle stratosphere. The component of the ECMWF winds
parallel to the SMILES line-of-sight is computed with the
vertical resolution degraded to that of the retrieved profiles
based on the shape of the retrieval averaging kernels.

60

2.4

50

Errors which are not significant for trace gas retrieval have
not been fully characterised properly and were not included
in the error analysis described in Sect. 2.2. However, wind retrievals are sensitive to some of these errors such as the spectrometer frequency calibration, the main local-oscillator frequency, the line-of-sight velocity correction and knowledge
of the spectroscopic line frequency. The systematic component of these errors is mitigated by subtracting a daily “zerowind” profile consisting of the average of observations near
the meridional direction (±10◦ ) and located in the tropics
(±20◦ from the equator) where the actual flow is predominantly zonal. Since the meridional wind is not truly zero, a
similar zero-wind computed with the paired ECMWF data is
removed from the observed zero-wind. Note that the latitude
range of ±20◦ has been defined to minimise the atmospheric
contribution in the zero-wind based on estimations using the
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Fig. 4. Left panel: vertical resolution (dark line) and measurement
response (blue line) for line-of-sight wind profiles retrieved from
the O3 spectral line (full lines) and from the H35 Cl triplets in band B
(dashed lines). Central panel: estimates of line-of-sight wind single
retrieval precision derived from the O3 spectral line (full line) and
the H35 Cl triplets (dashed line). Right panel: same as central panel
but for the accuracy.
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between December and February the atmospheric contribution in the zero-wind correction can reach ∼ 10 m s−1 which
would introduce a bias in the wind profile if solely corrected with the retrieved zero-wind value. Above 0.01 hPa,
ECMWF winds are not available and are linearly extrapolated.
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Fig. 5. Zero-wind for bias correction derived at 50 km from the
O3 line in band-A using spectrometer 1 (magenta dots) and spectrometer 2 (blue dots), the O3 line in band-B and spectrometer 2
(green dots) and HCl line in band-B (red dots) along with the zerowind computed with the paired ECMWF winds. The error bar corresponds to the retrieval errors of the averaged profiles (1-σ ). The
zero-wind includes the subtraction of the ECMWF zero-winds.

ECMWF winds. Figure 5 shows the zero-winds at 50 km derived from the three SMILES products. At this altitude, the
three products are retrieved with a good sensitivity and the
spectrometer frequency error is expected to be the main measurement bias. For lines in band-B, which is always measured with the second spectrometer unit (AOS-2), the zerowind corrections vary between 20–50 m s−1 and the day-today changes do not exceed 5 m s−1 . The zero-wind correction retrieved from the O3 line in band-A shows two regimes
depending which spectrometer is used. When the first spectrometer unit (AOS-1) is used for the measurements (configuration for measuring band-B simultaneously), the zero-wind
correction values are between 50–70 m s−1 . When band-A is
measured with AOS-2, the zero-wind values are similar to
those obtained for band-B. After removing the atmospheric
wind variability estimated using ECMWF winds (ECMWF
zero-wind in Fig. 5), a linear trend of ∼ 20 m s−1 /6-months is
seen on the 4 observational configurations (not shown). This
trend is compatible with the main local-oscillator stability expected to be δνν = 6.8 × 10−8 /6-months where ν is the local
oscillator frequency. Zero-wind corrections relevant to band
B oscillate with a period of 2 months and an amplitude of
10–20 m s−1 . Although the period is compatible with that of
the instrument thermal variation, the origin of the oscillation
on the band-B zero-wind is not yet fully understood.
Such frequency offsets (< 0.1 MHz) are acceptable for
trace gas retrievals which are the first objective of the mission. However, it is clearly not good enough for wind retrieval which requires the “zero-wind” correction. However,
as seen by the ECMWF zero-wind, during some periods
Atmos. Chem. Phys., 13, 6049–6064, 2013

Data quality assessment and comparison with
ECMWF analysis

The data quality assessment consists, first, of checking the
internal consistency of the SMILES winds derived from different spectroscopic lines and spectrometers. For further verification, retrieved winds need to be compared with independent wind information. Lacking other measurements in
the middle and upper stratosphere, such information is taken
from the operational ECMWF analyses. It is known that,
at high altitudes, tropical ECMWF winds are poorly constrained. Baldwin and Gray (2005) have compared ECMWF
ERA-40 reanalysis zonal-winds with observations from two
tropical stations. They found good agreement below 2–3 hPa
but, at higher altitudes, their conclusion was that the reanalysis winds should be used with caution (correlation of 0.3 at
0.1 hPa with observations). Although this analysis is based
on an outdated version of the ECMWF (version cy23r4),
these results may still be valid and highlight the difficulties
for reproducing winds in the tropics. Hence, the comparison of SMILES with ECMWF winds is not only relevant for
the SMILES wind quality assessment but it also provides insights on the quality of the ECMWF winds themselves. For
full verification of the SMILES winds, the mesospheric measurements should also be validated with ground-based radar
observations. However, such analysis is beyond the scope of
this paper.
3.1

Internal consistency check

The upper panels of Fig. 6 show the mean meridional wind
profiles in 20◦ latitude bins between 20◦ S and 60◦ N that
have been retrieved from the O3 lines in bands A and B (blue
and green lines, respectively) and from the HCl line in band
B (red line). Only measurements when bands A and B were
measured simultaneously are used. This corresponds to one
third of the full dataset. The retrieved winds have been corrected with the zero-wind profile.
Between 4 and 0.1 hPa, good agreement is found for winds
retrieved from the O3 lines in all latitude bands. The standard
deviation of the retrieved winds (Fig. 6, lower panels) also
confirms the good agreement between the O3 retrievals in
this altitude range. At lower (8–4 hPa) and upper (< 0.1 hPa)
altitudes, O3 line derived winds exhibit differences that reach
∼ 10 m s−1 at higher latitudes.
As indicated in Sect. 2.2, in the upper retrieval range
(0.1–0.01 hPa), winds retrieved from the HCl line should be
www.atmos-chem-phys.net/13/6049/2013/
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Fig. 6. Upper panels: zonally averaged near meridional wind profiles retrieved from simultaneous measurements of the spectral lines: O3 band A (blue line), O3 -band B (red line) and HCl-band B (green line). Lower panels: same as the upper panels but showing the standard
deviation of the retrieved profiles. The results for the paired ECMWF winds component along the line-of-sights are also shown (black line).
Data with a line-of-sight orientation between ±10◦ from the meridional direction are used.

preferred. Between 1 and 0.1 hPa, the mean and the standard
deviation of the profiles retrieved from the HCl line (dashedred line) match those from the O3 retrievals. At higher altitudes, the mean and standard deviation of the HCl wind profiles smoothly expands up to 0.005 hPa. In the lower part of
the retrieval range (> 1 hPa), large differences with O3 retrievals can be seen as expected from the degradation of the
accuracy and the precision of the HCl line retrieval.
The upper panel of Fig. 7 shows the differences between
profiles retrieved from the O3 and the HCl lines in band-B between 40 and 70 km. At 50 and 60 km, the standard deviation
and the mean of the differences are 12 m s−1 and < 1.2 m s−1 ,
respectively. Since both profiles are derived from simultaneous measurements with the same spectrometer, the standard
deviation is representative of the errors due to the measurement thermal noise. The value is consistent with the theoretical estimate: 5–8 m s−1 and 10 m s−1 for O3 and HCl retrievals, respectively. At 70 km, the standard deviation increases to 16 m s−1 which is also consistent with the loss
of precision for both O3 and HCl retrievals (20 m s−1 and
13 m s−1 , respectively). The value of 16 m s−1 is smaller than

www.atmos-chem-phys.net/13/6049/2013/

the standard-deviation expected from the theoretical errors
(root-sum-square of the errors is 24 m s−1 ) indicating a pessimistic estimate of the theoretical error from the O3 line.
The actual mean precision of the winds derived from O3 is
likely between 12–15 m s−1 . Above 70 km (0.05 hPa), ozone
has strong diurnal and latitudinal variations (Kasai et al.,
2013) which induce large variations of the O3 line intensity
of more than an order of magnitude, and therefore, of the
wind retrieval precision.
The comparison of the winds derived from the ozone line
simultaneously measured in bands A and B (different spectrometers) and corrected with the zero-wind technique is
shown in Fig. 7 (lower panel). The mean difference at altitudes between 40–60 km is less than 3 m s−1 and the standard
deviation of the differences is 7 m s−1 . At 30 km, the mean
difference and the standard deviation increase to 6 m s−1 and
13 m s−1 , respectively. Since the profiles are retrieved from
the same spectral line, the measurement thermal noise is correlated at more than 90 % and the differences between the
retrievals arise from errors on the spectrometer channels frequency. We checked that the difference is random from one
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retrieval becomes 7–9 m s−1 in the middle and upper stratosphere.
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Fig. 7. Upper panel: histogram of differences of the velocity retrieved from the O3 and the HCl lines in band B. Lower panel: same
as for the left panel but for line-of-sight winds retrieved from the O3
lines in bands A and B measured simultaneously. Data for latitudes
between 20◦ N and 60◦ N have been used.

retrieval to another. Hence, the residual errors from the spectrometer channels frequency after the zero wind correction
can be assumed as a random retrieval error of ∼ 5–7 m s−1 .
In conclusion, the different SMILES products agree with
each other in the mid- and upper stratosphere where the retrieval performances are similar for each product. Our results
also confirm that winds retrieved from the O3 line should be
used between 8–0.1 hPa while those obtained from the HCl
line retrievals should be used between 0.1–0.01 hPa. The actual precision is significantly worse than the theoretical computation because of a residual error after the zero-wind correction. An additional noise of 5 m s−1 likely arises from the
fluctuation in the spectrometer frequency errors. Taking into
account this additional noise, the total precision of the wind
Atmos. Chem. Phys., 13, 6049–6064, 2013

Comparison with the ECMWF meridional
component

The internal checks presented in the previous section do not
allow us to estimate the errors due to the platform velocity, and to the local-oscillator frequency, which affect the
three wind products in the same way. However, in the tropics and extra-tropical stratosphere where meridional velocities are weak (Fig. 6), the differences between ECMWF
and SMILES single profiles are caused by the retrieval errors, and, to a lesser extent, by non-coincident and nonsimultaneous profile pairing and by uncertainties of ECMWF
analysis. Hence the analysis of the differences between
SMILES and ECMWF meridional winds in the stratosphere
allows us to verify the wind retrieval error estimations. Note
that large oscillations are seen on the SMILES wind profiles
at low and mid-latitudes of the Northern Hemisphere which
are likely due to atmospheric tides. In the mesosphere, the
oscillations are significantly smaller in the ECMWF wind
profiles and, consequently, the ECMWF standard deviations
underestimate the actual winds variability in the mesosphere.
The mean and the standard deviation of the differences
(SMILES-ECMWF) have been calculated in latitude bins of
5◦ for data between November 2009 and April 2010, and
with a line-of-sight within ±10◦ around the meridional direction. We rejected the days when fewer than 10 profiles
were used to construct the zero-wind profile. Figure 8 (lower
panels) shows the results for the data retrieved from the O3
line in band B. Over most of the region between 5–0.5 hPa,
the bias between the model and the measurement (left panel)
is less than 2 m s−1 and the standard deviation (right panel) is
less than 10 m s−1 . However, the bias in the tropics should be
taken with caution since the mean ECMWF tropical meridional wind is included in the zero-wind. According to these
results, the precision (standard deviation) and the accuracy
(bias) for a single retrieved profile cannot exceed 10 m s−1
and 2 m s−1 , respectively, which is consistent with the error
estimation.
At high latitudes (40–60◦ N), a mean difference of 2–
5 m s−1 is found at 4–3 hPa which may arise from the increase of the measurement bias and also from the larger variability of the meridional winds (Fig. 6). At lower altitudes
(> 8 hPa) and outside the tropics, the large mean differences
are due to measurement calibration errors. The calibration
errors are found to be larger for the O3 line band-A retrieval (not shown). In the mesosphere, above 0.3 hPa, results
from the O3 and the HCl lines (lower and upper panels, respectively) look very similar and the standard deviations of
the differences are consistent with the increase of the measurement noise (between 13 and 20 m s−1 ). The mean differences in the mesosphere vary between ±10 m s−1 . Mesospheric tides and waves may contribute to such differences.
www.atmos-chem-phys.net/13/6049/2013/
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For instance Morton et al. (1993) has reported migratingtides induced meridional wind oscillations above 60 km during the winter solstice and predominantly near 20◦ N. Below
80 km, the tides amplitude and the vertical wavelength was
about 40 m s−1 and 20 km, respectively.
Comparison with the ECMWF zonal component

In Fig. 9, the same methodology as in the previous section
is applied for deriving the mean and standard deviation of
differences between SMILES (band-B) and ECMWF zonal
(±10◦ ) winds. Zonal winds are in general significantly larger
than the meridional ones, and thus, the results are more sensitive to mismatches due to profile pairing and ECMWF uncertainties.
As for the meridional component, large mean differences,
likely due to intensity calibration errors, are found at lower
altitudes (> 8 hPa) in the extra-tropical regions (lower right
panel) and at latitudes < 30◦ S because of the fast rotation
of the line-of-sight from the zonal to meridional direction.
However, in most of the stratosphere (4–1 hPa), a low bias
between ±2 m s−1 is found except over the Equator where
the mean difference is between 5–10 m s−1 . In the mesowww.atmos-chem-phys.net/13/6049/2013/
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Fig. 9. Same as for Fig. 8 but for the near zonal component. Data
with a line-of-sight orientation between ±10◦ from the zonal direction are used.

sphere (1–0.01 hPa, upper right panel), a large positive difference (20–30 m s−1 ) is found in the tropics and a negative difference at higher northern latitudes (between −20 and
−10 m s−1 ).
The standard deviations from the middle-stratosphere to
lower mesosphere (lower right panel) are slightly higher than
the values found for the meridional components. Such an
increase of the standard deviation is consistent with the increase of uncertainties in profile-pairing and in ECMWF
winds. However, values below 10 m s−1 are still found over
wide regions and more particularly in the extra-tropics indicating that SMILES captured the large variations of the zonal
winds (−70 to +70 m s−1 ) with a precision which is consistent with the estimation of 7–9 m s−1 . In the tropical mesosphere (0.1–0.01 hPa, upper panels), the standard deviation
is between 15 and 20 m s−1 which also corresponds to the retrieval precision. At northern mid-latitudes, the mesospheric
standard deviation significantly increases to 20–30 m s−1 ,
likely due to the increase of errors in profile-pairing and of
the ECMWF analysis itself.
The comparisons of the meridional and zonal winds derived from SMILES with those from ECMWF are a further indication of the quality of the measurements and of
the retrieval process. The large differences between the
ECMWF and SMILES zonal-winds found in the tropics and
in the mesosphere indicate that a future instrument similar
to SMILES could significantly improve ECMWF analysis in
these regions by assimilating the observations in the model.
Atmos. Chem. Phys., 13, 6049–6064, 2013
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Figure 10 shows the zonally and monthly averaged zonalwinds obtained from band-B between 30◦ S–55◦ N and from
mid-October to mid-April. Information at lower altitudes
> 0.1 hPa (< 65 km) is retrieved from the O3 line and that
for the upper altitudes is from the HCl triplet. Until the first
week of November, ECMWF were not available to us and the
zero-wind correction has been calculated with winds from
the version 5.2 of the analysis of the Goddard Earth Observing System Data Assimilation System model (GEOS5.2) (Reinecker, 2008). In November and February, the observed latitude range is displaced to about 60◦ S–30◦ N because of the 180◦ –maneuver of the ISS when hosting the
space shuttle. The space shuttle also docked in April, but the
viewing geometry did not allow the construction of “zerowind” profiles. Since the Southern Hemisphere observations
corresponded only to a few days, it has been decided to only
focus on the region observed in the normal operation mode
(30◦ S–55◦ N).
The monthly climatology exhibits the main and well
known characteristics of the seasonal variations of the zonalwinds. Near the equinoxes (October, March and April), in
the stratosphere and the lower mesosphere, zonal-winds are
primarily eastward. In December and January, they become
stronger with a large inter-hemispheric contrast: eastward in
the winter-time Northern Hemisphere and westward in the
summer-time Southern Hemisphere.
In the tropical upper-stratosphere and mesosphere
(< 3 hPa), the main characteristics of the Semi-AnnualOscillation (SAO) in the zonal-winds are seen with, in particular, the opposite phase between the stratosphere (westward
in December) and the mesosphere (eastward in December).
At lower altitudes (> 4 hPa), the SAO signal vanishes and
is dominated by the Quasi-Biennal Oscillation (QBO) which
is in an easterly phase (westward winds) during that period.
The observed tropical SAO is discussed in more details in
Sect. 4.3.
Though the Arctic region is not observed by SMILES, the
zonal winds in the northernmost mid-latitudes (45–55◦ N)
are high westerlies during winter (e.g. in December and January) revealing the edge of the Arctic polar Vortex. The dynamics of the Arctic winter 2009/2010 have been described

40
30

Monthly variation of zonal-winds

10

-40
-60

4.1

Examples of the observed wind fields

10

-1

10

3400
6900
February 2010
-10
0
-3-20

-30

4

60

1204300
10-2

30

20

40
10
20 30
20
10
-10 10
2040
30
-3-20
0
60
January 201090

0

40

40

December 2009

60

0

-2-030

10

-40-30 0
10 -20-1

-20

10

-1

November 2009

-30

10-2

10

October 2009

Although, the current SMILES observations cover a short period, some persistent biases in the analysis during the whole
winter are clearly seen and SMILES could help to understand
their origin. In particular, the observations can provide new
constraints on the parameterisation of unresolved waves for
the analysed winter which might be applied to other years.
However, such investigations are out of the scope of this analysis.
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Fig. 10. Monthly and zonally averaged near zonal-wind derived
from SMILES measurements in band B between October 2009 to
April 2010. Wind information is taken from the O3 line retrieval
for altitudes below 0.1 hPa (65 km) and from the HCl line retrieval
above. Data with a line-of-sight orientation between ±10◦ from the
zonal direction are used.

in several studies (Wang and Chen, 2010; Dörnbrack et al.,
2012; Kuttippurath and Nikulin, 2012). In early winter, planetary wave activity prevented the formation of a strong vortex
in the lower stratosphere and the vortex eventually split at
the beginning of December (minor stratospheric warming).
From December onward, the vortex became strong throughout the stratosphere until a major sudden stratospheric warming (SSW) occurred on 24–26 January 2010. After this event,
a weak vortex reformed and disappeared in April. It is shown
in Sect. 4.2 that the effects of the two SSW are observed at
2 hPa in the daily variation of the mean zonal-wind between
50◦ N and 55◦ N. Hence, SMILES offers direct wind measurements for studying the SSW development from the midstratosphere (8 hPa) to the mesosphere as well as the interactions with the mid-latitudes.
4.2

The sudden stratospheric warming events

The effects of the major SSW at ∼ 5 hPa (∼ 36 km) are
clearly seen in Fig. 3. The coloured background indicates
the abundance of N2 O from a dynamical model driven by
ECMWF winds on the 850 K surface and constrained by
Odin/SMR observations (Rösevall et al., 2007). The polar
vortex is characterised by low values of N2 O (blueish colour)
inside and high values (yellow colour) on its border. On
www.atmos-chem-phys.net/13/6049/2013/
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where e = 5 m s−1 is the single profile retrieval precision at
2 hPa (Sect. 2.2), es = 5 m s−1 is the additional noise arising
from the zero-wind correction (Sect. 3.1) and, nzero and nwind
are the number of profiles to construct the daily zero-wind
and the mean zonal-wind, respectively. The first term below
the root-square operator is added to account for the retrieval
errors on the zero-wind profiles.
A minor and a major SSW occurred in the beginning of
December and at the end of January, respectively. In both
cases, a reversal of the mean zonal flow direction is measured between 50–55◦ N, accompanied by a steep increase of
the temperature in the Arctic (blue dashed line). The temperature data are daily and zonally averaged AURA/MLS observations (Schwartz et al., 2008; Limpasuvan et al., 2005)
between 60–80◦ N. The wind and temperature observations
are consistent with the analysis of meteorological data in
the Arctic of various winters (Labitzke and Kunze, 2009;
Manney et al., 2009; Dörnbrack et al., 2012). In the beginning of January, when the vortex had the strongest intensity,
the mean eastward zonal-winds strongly increased to 60–
80 m s−1 . Then, the flow direction gradually changed until
the end of January (−20 m s−1 ). The flow returned to a normal eastward direction in few days and reached a maximum
velocity of 40 m s−1 in the beginning of March and decreased
again when the vortex disappeared in the springtime.
The ECMWF zonal-winds (Fig. 11, black dots) are consistent with the measurements. A good agreement (difference
< 5 m s−1 ) is found on average. The largest differences (10–
15 m s−1 ) are found in beginning of November and January
when the vortex was strongest.
4.3

Zonal wind development in the tropics

Figure 12 shows the daily-averaged zonal-wind over the
Equator (±5◦ ) using the same averaging method as in
www.atmos-chem-phys.net/13/6049/2013/
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2 January 2010, the vortex is well centred above the polar
region and strong eastward winds are measured on its periphery. The meridional component is alternatively southward or
northward following the vortex meanders. On 26 January, the
vortex is displaced over the north of Europe and it is confined
between 60◦ W and 120◦ E. Inside the vortex, SMILES observed the change of the direction of the meridional winds
due to the counterclockwise rotation of the flow. Outside the
vortex a westward flow is measured due to an anti-cyclonic
system located above the pacific.
Figure 11 (red dots) shows the daily variation at ∼ 2 hPa of
zonally averaged zonal-winds measured between 50–55◦ N.
The time series is made from the O3 line retrievals. When
both bands A and B are measured simultaneously, only bandB is used. The error bars correspond to the daily-mean precision ē (1-σ ):
s
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Fig. 11. Upper panel: daily-averaged SMILES zonal-wind in the
northern high-latitudes at 2 hPa (∼ 41 km) (red dots) and ECMWF
analyses (black dots) between 50–55◦ N. SMILES winds are retrieved from the O3 line measured in band-B or in band-A if B is
not measured. Data with a line-of-sight orientation between ±10◦
from the zonal direction are used. ECMWF winds are projected
on the line-of-sight. Temperature information (blue dashed line) is
based on daily and zonally averaged MLS measurements between
60–80◦ N. Lower panels: difference SMILES-ECMWF.

Sect. 4.2. When band-B is measured, data above 0.1 hPa are
replaced by the HCl line retrievals. The downward progression from the lower mesosphere to the middle stratosphere of
the eastward phase (reddish colour) is typical of the winter
SAO signal (Hirota, 1980; Garcia et al., 1997). A large variation in amplitude is measured at the stratopause (∼ 1 hPa)
where a complete reversal of the wind direction occurred:
+20 m s−1 (eastward) in November, −60 m s−1 in January
and +20 m s−1 in April. In the mesosphere (0.1–0.007 hPa),
the dataset, based on the HCl line measured in band-B, is
quite sparse. It shows that the wind flow also varies over
a large velocity range (between −60 and +60 m s−1 ) but, as
expected, the wind direction changes in anti-phase with the
stratosphere (Hitchman et al., 1997; Lossow et al., 2008).
At lower altitudes (below 5 hPa), the SAO amplitude decreases and is mixed with the QBO (Hirota, 1980; Baldwin
and Gray, 2005). The westward flow measured over most of
the period below 5 hPa is consistent with the easterly (westward) phase of the QBO during the SMILES period. Unfortunately the time period observed is too short to see a full
cycle of the QBO.
Figure 13 shows the comparison with ECMWF analysis of
daily-averaged zonal-winds at 4, 2 and 0.2 hPa (35, 40, and
60 km) between 15◦ S–15◦ N. The error bars correspond to
the precision of the daily-averaged profiles (see Sect. 4.2) assuming e = 7, 5 and 7 m s−1 and es = 7, 5 and 5 m s−1 for
the three altitudes, respectively. Southern (left column) and
northern tropics (right column) are shown separately in order
to account for the asymmetry around the equator: Southern
Hemisphere winds are shifted toward the westward direction
and the amplitude of the wind variation is larger than that in
Atmos. Chem. Phys., 13, 6049–6064, 2013
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the Northern Hemisphere. For instance at 2 hPa, winds vary
between −60 and 30 m s−1 on the southern side of the equator and between −30 and 40 m s−1 on the northern side. Unlike the QBO signal in the zonal wind which is nearly symmetric about the equator (Hamilton et al., 2004), rockets and
HRDI observations have reported an asymmetry in the upperstratospheric SAO with a stronger amplitude in the southern
tropics (Hirota, 1980). This is consistent with the SMILES
observations. Because of the increase of the SAO with altitude, the wind variation is larger in the upper-stratosphere
(2 hPa) than in the mid-stratosphere (4 hPa).
In the stratosphere (4 and 2 hPa), the ECMWF analyses
reproduce the measurements fairly well. However, at 2 hPa,
the variation range within time intervals as short as about 1
week is larger in the measurements by 20–30 m s−1 . In particular, the strong increase of the westward zonal-winds measured during the two first weeks of February in both hemispheres is not seen in the ECMWF analyses. On the contrary, at this time, the ECMWF winds start the westward-toeastward flow transition. Daily and zonally averaged MLS
temperatures for the same latitude range are shown along
with the winds. The signature of the SAO in the temperature is in phase with the winds SAO: warmer temperature
during the eastward flow and cooler temperature during the
westward flow. Note that the transition from the cooler to
warmer temperature starts ahead (end of January) compared
to the measured westward-to-eastward transition of the zonal
winds (beginning of February). It is during this period that
the large mismatch between SMILES and ECMWF winds
occurs.
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Fig. 12. The Semi-annual oscillation of the zonal winds over
the equator (±5◦ ). Red regions correspond to eastward (westerly)
winds. The winds from both the ozone and HCl lines are combined
in the plot when band-B is measured: information is for O3 line below 0.1 hPa (65 km) and from HCl above. Information is from O3
when only band-A is measured. Data with a line-of-sight orientation
between ±10◦ from the zonal direction are used.
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Fig. 13. Left panels: daily-averaged zonal-wind in the southern
tropics (15◦ S–Eq) at 4, 2 and 0.2 hPa (∼ 35, 41 and 60 km) derived from SMILES measurements (red dots) and ECMWF analyses (black dots). Data are retrieved from the O3 line in band-B or in
band-A if B is not measured. Data with a line-of-sight orientation
between ±10◦ from the zonal direction are used. ECMWF winds
are projected on the line-of-sight. The temperature profiles (blue
dashed line) is a daily and zonal average of MLS measurements in
the same latitudes range. Right panels: same as left panels but for
the northern tropics.

In the lower mesosphere (0.2 hPa), the measured wind
SAO is in phase with the stratospheric oscillation and the
amplitudes in both hemispheres are similar (∼ 20 m s−1 ).
It is also in phase with the temperature oscillation, which
has the opposite phase to that of the stratospheric temperature. The ECMWF winds depart significantly from SMILES
winds by a constant offset of about 20 m s−1 (consistent with
Fig. 9). However, the amplitude of the oscillation is consistent with the observed one. Day-to-day variations are more
pronounced in the measurements than in ECMWF winds. In
particular, in the Northern Hemisphere, between November
and January, the measurements exhibit an oscillation with
a period of 10–20 days and an amplitude of ∼ 20 m s−1 which
is compatible with a quasi-16 days planetary wave (Lastovicka, 1997). Note that tidal oscillation is aliased with a period of one month (semi-diurnal oscillation) and two months
(diurnal oscillation) because of the 2 months precession of
the ISS. This must be taken into account for the analysis of
the mesospheric wind seasonal variations.
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Conclusions

We have reported measurements of winds between 8–
0.01 hPa and 30◦ S–55◦ N during the northern winter 2009–
2010. Three winds products were derived from spectroscopic measurements by the sub-mm wave limb sounder
JEM/SMILES. The zonal and meridional components were
retrieved from different parts of the orbit. The precision and
the accuracy are 7–9 m s−1 and 2 m s−1 between 8–0.5 hPa
and < 20 m s−1 and < 5 m s−1 in the mesosphere. The vertical resolution is 5–7 km from the mid-stratosphere to the
lower mesosphere and < 20 km elsewhere. To our knowledge, this is the first time that winds have been observed
between 35–60 km from space. Internal comparisons show
a good quantitative agreement between the different SMILES
products. Good agreement is also found with the ECMWF
analyses in most of the stratosphere except for the zonalwinds over the equator (mean difference of 5–10 m s−1 ). In
the mesosphere SMILES and ECMWF zonal-winds exhibit
large differences > 20 m s−1 , especially in the tropics. These
results demonstrate that SMILES measurements have the potential to significantly improve the capability of atmospheric
models to predict winds in the tropical mid- and upper stratosphere, and in the mesosphere in general.
In coming work, SMILES mesospheric winds will be validated using ground-based radar observations. We also expect
better retrievals thanks to improvements of the calibrated radiances and spectrometer frequencies spectra (Ochiai et al.,
2012c; Mizobuchi et al., 2012a), and of the inversion
methodology (e.g. joint inversion of different lines and
bands). The aim is to reliably retrieve winds down to 20–
25 km which is the theoretical limit for the SMILES measurements. In the mesosphere, the number of retrieved profiles can be increased by the use of the H37 Cl lines measured
in band-A (though weaker than the band-B H35 Cl line) and
by using the nighttime O3 line signal enhancement due to the
large chemical diurnal variation of O3 at altitudes between
0.01–0.005 hPa.
Although the SMILES instrument was not designed for
wind measurement, the retrieval performances are close to
those used in Lahoz et al. (2005) for stressing the importance of stratospheric wind measurements (error < 5 m s−1
between 25–40 km). This indicates that a carefully designed
sub-mm wave radiometer, which is mature technology, has
the potential to significantly improve the prediction of wind
in atmospheric models and to fill the altitude gap in the
stratospheric wind measurements. The optimal specifications
and the performances for such instrument are under study.
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SMILES level-2 research chain developed in NICT (http:
//smiles.nict.go.jp/pub/data/products.html). They are based
on the standard least-squares method constrained by an a priori knowledge of the retrieved parameters. A zero profile is
used for the wind a priori. The line-of-sight wind information
is derived in a two step process using the ozone and HCl lines
available in the spectra. Firstly the profiles of atmospheric
constituent relevant for the spectral region, temperature and
spectrum tangent-height are retrieved disregarding any spectral shifts due to the wind which has no significant impact on
the results. Then the wind is retrieved on a 5 km vertical grid
by initialising the inversion using the parameters retrieved in
the first step. The vertical sampling of the retrieval grid is
consistent with the information content of the spectra. Note
that at the initialisation step, baseline parameters, i.e. additional radiance offset and slope used to improve the measurement fit, are set to 0. Since, a small baseline is usually
retrieved for good SMILES scans, the initial χ 2 (Baron et al.
(2011), Eq. 2) has a relatively small value between 20–40.
The two inversion processes use a spectral window of
500 MHz around the chosen molecular lines. The forward
model has been modified to include the Doppler frequency
shift induced by the air parcels velocity and to compute the
wind weighting functions. The frequency shift induced by
the wind is included as a change of the spectroscopic lines
frequency. The wind weighting functions are computed with
a perturbation method for the derivation of the absorption coefficient and with an analytic derivation of a discrete form of
the radiative transfer equation (Urban et al., 2004). The frequency dependence of the source function (the Planck function) is neglected and we assume horizontal winds along the
full line-of-sight which is only true at the tangent point. Both
approximations have a negligible impact on the retrieved velocities in the altitude range considered in the analysis.
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