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ABSTRACT

Thedominantmodeof seasonal variability in the global tropical upper-stratosphere andmesosphere zonalwind

is the semiannual oscillation (SAO). However, it is notoriously difficult to measure winds at these heights from

satellite or ground-based remote sensing. Here, the balance wind relationship is used to derive monthly and

zonally averaged zonal winds in the tropics from satellite retrievals of geopotential height. Data from the Aura

MicrowaveLimb Sounder (MLS) cover about 12.5 yr, and those from theThermosphere, Ionosphere,Mesosphere

Energetics and Dynamics (TIMED) Sounding of the Atmosphere Using Broadband Emission Radiometry

(SABER) cover almost 15 yr. The derived winds agree with direct wind observations below 10 hPa and above

80 km; there are no directwind observations for validation in the intervening layers of themiddle atmosphere. The

derivedwinds show the following prominent peaks associatedwith the SAO: easterlymaxima near the solstices at

1.0 hPa, westerly maxima near the equinoxes at 0.1 hPa, and easterly maxima near the equinoxes at 0.01 hPa. The

magnitudes of these threewindmaxima are stronger during the first cycle (January at 1.0 hPa andMarch at 0.1 and

0.01 hPa). The month and pressure level of the wind maxima shift depending on the phase of the quasi-biennial

oscillation (QBO) at 10 hPa. During easterly QBO, the westerly maxima are shifted upward, are about 10m s21

stronger, and occur approximately 1 month later than those during the westerly QBO phase.

1. Introduction

The semiannual oscillation (SAO) in zonal wind is the

dominant mode of seasonal variability in the tropical

middle atmosphere between the middle stratosphere

and the upper mesosphere. The current picture of the

SAO is constructed from combining various historical

and more recent sets of in situ and remote observations.

Rocket wind measurements (e.g., Hirota 1980; Garcia

et al. 1997) and analyses of conventional meteorological

data (Baldwin and Gray 2005; Rienecker et al. 2011)

show an SAO in the upper stratosphere. However, there

are substantial differences in the tropical winds in the

upper stratosphere between several commonly used

climatologies (Randel et al. 2004). Wind observations

from satellite (Garcia et al. 1997) and radar (e.g.,

Venkateswara Rao et al. 2012; Davis et al. 2013) also

show an SAO in tropical zonal winds in the upper

mesosphere.

Several decades of observations by research satellites

have greatly increased the knowledge and un-

derstanding of the middle atmosphere. Satellite obser-

vations have the benefits of near-global coverage and

good continuity in time. Middle atmosphere winds were

observed by the High Resolution Doppler Imager

(HRDI) on the Upper Atmosphere Research Satellite

(UARS) in the stratosphere and mesosphere. Garcia

et al. (1997) and Ray et al. (1998) show the SAO from

these data over the altitude range 10–40 km;Garcia et al.

(1997) also include HRDI observations at 65–110km.

More recently, on the Thermosphere, Ionosphere,

Mesosphere Energetics and Dynamics (TIMED), the

TIMED Doppler Interferometer (TIDI) measured

winds for altitudes above 60 km; TIDI data have been

used mainly to investigate wave phenomena rather than
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zonally averaged winds because of uncertainty in quan-

tifying spacecraft effects that impact the determination of

the absolute geophysical wind (Niciejewski et al. 2006).

Satellite direct wind measurements have never been

available in the upper stratosphere and lower to middle

mesosphere. With such a gap, the connection between

the SAO in the mean winds at the stratopause and that

in the upper mesosphere has not been well constrained

by observations. In addition, there has been little ob-

servational investigation of the variation of the SAO in

relation to other dynamical phenomena such as the

quasi-biennial oscillation (QBO) and extratropical dy-

namical variability. With the increasing awareness of

coupling of atmospheric dynamical processes across

different vertical levels and latitudinal regions, there is a

need for studies that characterize the SAO and its

variability.

In this study, we present tropical mesospheric winds

derived from the temperature measurements made by

the Sounding of the Atmosphere using Broadband

Emission Radiometry (SABER) instrument on the

TIMED satellite and the Microwave Limb Sounder

(MLS) instrument on the Aura satellite, and we assess

their reliability in the lower stratosphere and upper

mesosphere. Although observed profiles from both in-

struments span the entire middle atmosphere and

SABER profiles even extend into the lower thermo-

sphere, the range investigated here is limited to altitudes

below about 84km (0.004hPa); at higher altitudes, the

limited vertical resolution of MLS and potential con-

tamination by the diurnal tide for both instruments make

determination of zonal-mean zonal winds problematic.

The long duration of the measurement records, which

currently exceeds 12 yr for MLS and approaches 15 yr

for SABER, allows us to investigate the interannual

variability of the SAO and the relationship between it

and the QBO.

2. Data and processing

a. TIMED/SABER geopotential height data

Temperature profiles are retrieved from SABER,

version 2.0, measurements of CO2 emissions. Remsberg

et al. (2008) describe the temperature retrieval and un-

certainties from version 1.07. Updated uncertainty in-

formation for version 2.0 is available online (from http://

saber.gats-inc.com/temp_errors.php). The uncertainty

due to precision of single temperature profiles over the

altitude range 20–80 km is less than 1.8K. For the stan-

dard data products, temperature profiles are integrated

using the hydrostatic relation to determine geopotential

height thicknesses; heights are then assigned by tying

onto daily National Centers for Environmental Pre-

diction (NCEP) analyses at 10 hPa. In this study, we use

the altitude and pressure data from the SABER level

2A, version 2.0, files for the period 25 January 2002–

31 December 2016 (available from http://saber.gats-inc.

com).

Level 2A SABER profiles are obtained from obser-

vationsmade at variable latitudes along the tangent path

of the observations over a range of pressure. For the

analysis carried out here, the data are sorted into bins

with a width of 48 in latitude. All profiles along one leg of

an orbit that fall into a latitude bin are averaged to

produce a mean profile for that bin; the profile co-

ordinates are then the average longitude and time of the

profiles included in the average. The effective vertical

resolution of the SABER data is 0.3 scale heights; the

scale height is the ratio ln(p0/p), where p0 is a reference

pressure. A vertical resolution of 0.3 scale heights is

equivalent to 2.1 km, assuming a mean scale heightH5
7 km for the middle atmosphere. The lower limit of the

analysis is 70 hPa; below this level, increasing noise and

data gaps make the results less reliable.

Because of the precession of the TIMED satellite, the

local time of SABER observations shifts from day to

day. For any given day, the local times sampled have two

narrow ranges that, at the equator, are about 8.8 h apart.

The TIMED satellite executes a yaw maneuver about

every 60–65 days on an annually repeating schedule.

Near-complete local time coverage is obtained during

each yaw cycle. A gap in local time coverage occurs near

noon at all latitudes and times of the year; at the equator

the gap extends for about 2h.

b. Aura/MLS geopotential height data

Schwartz et al. (2008) describe the retrieval and

validation of MLS geopotential height data. Geo-

potential height profiles from MLS, version 4.2, are

available online (from http://disc.sci.gsfc.nasa.gov/

Aura/data-holdings/MLS/index.shtml). See Livesey et al.

(2017) for an updated discussion of the data quality,

screening recommendations, and uncertainties in the

geopotential height data. The available data from 2 August

2004 to 31 December 2016 are used in the present study.

The thicknesses of atmospheric layers are determined

from the temperature and then tied to the height at

100hPa determined from spacecraft pointing information.

The MLS data are given at fixed pressure levels with

resolution that varies with altitude: 12 pressure levels

from 100 to 10hPa and from 10 to 1hPa; 6 pressure levels

from 1 to 0.1 hPa; and 3 pressure levels from 0.1 to

0.01hPa. Geopotential height data above 0.01hPa are

not recommended for use; data at 0.01hPa proved to be

too noisy for wind calculations at the equator and are
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not used in the present analysis. The data at the MLS

geopotential height levels are used with no additional

interpolation in pressure. Sampling in latitude is regular

and is approximately every 1.58 in latitude in the tropical
and subtropical region. The latitude bins used in the

analysis here conform to this natural resolution and are

at 1.58 intervals.
After screening for data quality, precision, data status,

and data convergence, as described in the MLS docu-

mentation, outliers were still found that perturbed the

wind calculations. Additional screening removed points

that were outside the normal height-dependent range;

the approximate quantity of data points removed was

0.01%.

c. Time series analysis

In the upper mesosphere, tidal amplitudes become

large, so special care is needed to separate the mi-

grating diurnal tide from the SAO. The amplitude of

this tide has large semiannual variations (e.g.,

Burrage et al. 1995a; Wu et al. 2008; Davis et al. 2013).

Since SABER and MLS geopotential height data are

available twice per day and have very low rates of

missing profiles, the asynoptic mapping method de-

scribed by Salby (1982a,b) can be used to separate the

diurnal tidal variations from the variations in the

background.

In principle, the asynoptic sampling analysis tech-

nique applied to SABER profiles can give a clean

separation of the diurnal tidal period of 1 day and the

SAO period of about 183 days [see discussion and

verification by Salby (1982a)]. However, as noted

above, the sampling of SABER profiles is not uniform;

there is a small shift to the track of limb viewing points

about every 60–65 days as TIMED executes a yaw

maneuver. In our analysis, we shift the coordinates of

the profiles slightly to conform to a regular sampling

pattern that is midway between the profile locations for

the left-viewing and right-viewing periods. Tests with

synthetic data show that this shift causes the diurnal

tide to contaminate the zonal-mean time-mean geo-

potential height and hence also the calculated zonal

wind. At higher altitudes where the amplitude of the

tide in temperature and geopotential height is large,

this introduces a bias in the time-mean wind. Com-

parison of the SABER winds derived in this study with

radar observations indicates systematic differences

that are small but not negligible at 80 km (;0.01 hPa)

and growwith altitude. The biases fit the characteristics

of tidal contamination found in our tests with syn-

thetic data and appear to be confined to the long-

term-average background mean wind, as predicted

by these tests. Note that the amplitude of the

migrating semidiurnal tide also grows in the upper

mesosphere (e.g., Burrage et al. 1995b; Pancheva et al.

2009), but it is not expected to reach large enough

amplitude to have a major impact on the tropical wind

calculations over the height range considered here.

Aura is in a sun-synchronous orbit and the MLS

data sampling is regular in longitude and time. The

asynoptic sampling is therefore applied to the MLS

profiles without any need for adjusting the locations

and times of the profiles. The MLS analysis allows us

to isolate fields at frequencies lower than 1 day that

are free from contamination by the diurnal tide (Salby

1982a). In other words, the diurnal tide and its vari-

ability should not cause any contamination of the

MLS zonal and time-mean geopotential heights. The

amplitudes of the semidiurnal tide and other tidal

frequencies are not large enough to affect the analysis

in the equatorial lower and middle mesosphere.

Because of the tidal contamination, we restrict SABER

analysis to altitudes below 0.004hPa (about 84km). As

discussed below, the zonally averaged zonal winds at this

cutoff altitude agree well with observations if the multi-

year time-mean wind is removed.

d. Determining winds from geopotential height

The relationship between large-scale zonal wind and

geopotential can be determined from the meridional

momentum equation:
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where u, y, and w are zonal, meridional, and vertical

wind components, respectively; l and u are longitude

and latitude, respectively; z is log-pressure altitude; f is

the Coriolis parameter; a is Earth’s radius; and F is the

geopotential. Taking the zonal mean (overbar), ex-
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D. Ortland (2017, personal communication) found that

the eddy flux terms in parentheses could not be

neglected in the tropical upper mesosphere where the

migrating diurnal tide reaches large amplitude. This is

another reason why we do not extend the current

analysis into the upper mesosphere. Lower in the

middle atmosphere, where the tidal meridional winds

can be neglected, Eq. (2) reduces to
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Randel (1987) showed that Eq. (3) gave good results for

middle-atmosphere zonal-mean zonal wind; this is the

formula we use in this study. In practice, the first term is

quite small near the equator, so, in effect, solving Eq. (3)

yields geostrophic winds there. The geopotential is ob-

tained from the geopotential height data simply by

multiplying by the acceleration of gravity g, which we

take to be equal to its value at sea level.

The main limiting factor of applying Eq. (3) close to the

equator is that even small errors in the geopotential height

data can introduce large errors in the zonal wind. This is

because themeridional variation ofF is very slight near the

equator, so its gradient is a (small) difference of two large

numbers.On the other hand, errors in the data are random,

such that their contribution to the calculated geopotential

gradient becomes increasingly larger relative to the true

gradient as the equator is approached. Observations from

both SABER andMLS have very few data gaps. Sampling

in a specified latitude interval includes about 30 profiles per

day and 900 profiles per month. The excellent precision

and large number of profiles of both of the satellite datasets

means that noise is manageable in the calculations except

very close to the equator, as discussed below.

For both datasets, we compute the spectra of geo-

potential height using the asynoptic sampling method

over the entire time period: almost 15 yr for SABER and

more than 12yr for MLS. We then synthesize the spectral

results for low-frequency variations (periods from

100 days to infinity) to get daily geopotential height pro-

files at each latitude band and day. These are averaged for

each month. The monthly geopotential height data for

MLS are smoothed in latitude using a five-point averag-

ing. Because of the smoothing inherent in the binning of

profiles that are irregularly spaced in latitude, no addi-

tional latitudinal smoothing is used for the SABER geo-

potential heights. The zonal wind values at all latitudes,

but those very close to the equator come from Eq. (3).

For the results shown here, the equatorial and near-

equatorial winds were estimated by cubic spline in-

terpolation of the balance winds obtained from Eq. (3)

at and poleward of latitudes of688 for SABER and668
for MLS. We experimented with many options before

settling on these choices of how much latitudinal

smoothing to apply to each dataset and how close to the

equator to carry the balance wind calculations. The basic

magnitude and structure of the wind was not highly

sensitive to the details of the calculations. The method

used gave the best overall agreement of the equatorial

winds derived from MLS and SABER with each other

and with the correlative data presented below.

Figure 1 shows the background time-mean wind cal-

culated from SABER andMLS. The two agree very well

up to 0.04 hPa. One exception is at 1 hPa, where the

SABER analysis indicates the wind is weak easterly

while the MLS analysis gives a weak westerly wind. The

large magnitudes in the SABER mean wind above

0.01 hPa are consistent with tidal aliasing, as discussed

above. Although tidal aliasing could contribute to the

discrepancy between the SABER and MLS wind esti-

mates above 0.06 hPa, it is also possible that a portion of

the discrepancy is due to the coarser vertical resolution

and increasing noise in the MLS observations.

In all subsequent figures that show SABERwinds, the

multiyear time-average wind is removed above 0.03 hPa.

This pressure cutoff is chosen for three reasons: 1) it is

approximately the level where themigrating diurnal tide

becomes sufficiently large to contaminate the zonal-

mean wind, 2) the winds estimated from SABER and

MLS increasingly diverge above this level, and 3) the

SABER estimate for the time-average wind is small at

this pressure level, so removal of the mean does not

introduce a discontinuity in the vertical dimension.

e. Comparison with direct wind measurements from
radiosonde

As noted in the introduction, the vertical range for

which there are direct wind observations in the tropical

middle atmosphere is limited. For validation of the

FIG. 1. Time-mean zonal-mean zonal wind at the equator derived

from SABER (black) and MLS (red).
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SABER and MLS wind analyses, we are particularly

interested in long-term observations since February

2002. Here, we compare the satellite winds with two

available datasets: one in the lower stratosphere and the

other in the upper mesosphere.

The monthly mean radiosonde winds at Singapore

(18N, 1048E) in the lower stratosphere are included in a

widely used dataset made available by the Free Uni-

versity of Berlin (available online at http://www.geo.fu-

berlin.de/en/met/ag/strat/produkte/qbo/) [see Naujokat

(1986) for a description of the data]. The variability of

the stratospheric equatorial wind on monthly or longer

time scales is dominated by the QBO. Figure 2 shows a

comparison of the Singapore winds at levels near 10, 20,

30, and 45hPa with the monthly averaged zonal-mean

winds at the same or nearby pressures determined from

SABER and MLS. SABER winds are not shown at

10 hPa because this is the geopotential height tie-on

level; geopotential heights at 10 hPa in the SABER data

come from the NCEP analysis.

The winds from both satellite analyses follow the

phase of the QBO quite well, but there are some dif-

ferences that stand out. SABERwinds indicate a similar

QBO magnitude to the radiosonde winds and to the

winds derived from MLS at 30 and 45hPa, but the

westerly maxima are systematically weaker at 20 hPa.

This may be due to the coarser latitudinal resolution of

the SABER data since the westerly phase of the QBO is

narrowly confined to the deep tropics. The month-to-

month variability does not always agree. The satellite

winds show more month-to-month variability during

periods of strong westerly wind; both the satellite and

Singapore winds are variable during periods of strong

easterly wind. There could also be a systematic dis-

crepancy between zonally averaged satellite winds and

single-longitude radiosonde winds arising from zonal

asymmetries in the QBO (e.g., Hamilton et al. 2004;

Kawatani et al. 2016) that are not captured in the Sin-

gapore observations.

f. Comparison with direct wind measurements from
meteor radar

Wind data spanning 2002–07, with some gaps, were

taken by a meteor radar at Ascension Island (88S; 148W)

and are described by Davis et al. (2013) and Moss et al.

(2016). The Ascension Island meteor radar is a com-

mercially produced standard All-Sky Interferometric

Meteor Radar (SKiYMET) system and operated in an

all-sky configuration with a peak power of 12 kW up

until 2007, transmitting at a frequency of 43.5MHz. The

data used in this study cover the period January 2002–

December 2007.

Mesospheric winds were calculated from these data in

the same way as previous studies (e.g., Davis et al. 2013;

Moss et al. 2016). To calculate the atmospheric mean

winds, the data are binned into six height gates at 78–83,

83–86, 86–89, 89–92, 92–95, and 95–100km. The lower-

most and uppermost height gates are wider to allow

enough meteor observations to make accurate mea-

surements. Coverage over all local times allows for the

separation of tidal winds from the background daily

means. A least squares method is used to determine the

magnitude and direction of themean wind, which is then

split into zonal and meridional components. Low-pass

filtering is applied to produce the 31-day monthly mean

wind estimates.

Figure 3 compares the monthly mean winds from

Ascension Island with the SABER-derived zonal-mean

winds at 88S for the same period. MLS winds are not

shown because these altitudes are above the recom-

mended pressure range of MLS geopotential height

data. For these comparisons, the SABER wind values

were interpolated onto altitude levels.

FIG. 2. Time series of monthly mean zonal-mean zonal wind at

the equator derived from SABER (red) andMLS (blue), as well as

from radiosondes at Singapore (18N; dashed black) at levels near

10, 20, 30, and 45 hPa.
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As noted above, diurnal tides can alias into the time-

mean wind in the SABER analysis. The altitude levels

shown in Fig. 3 are above 0.03hPa, so the time mean has

been removed from the SABER winds, as discussed in

section 2d. At the lowest level shown (81km), the mag-

nitude, timing, and interannual variability of the SABER

wind variations agree fairly well with the radar. Variations

are also similar at the next higher level (84km). For both

datasets, the dominant period of variability is semiannual.

At levels above 84km, major discrepancies appear. For

this reason, we limit the further analysis of SABER winds

to levels below 0.004hPa, approximately 84km.

3. Climatological SAO

Figure 4 shows the climatological monthly average

zonal-mean zonal wind from SABER and MLS at the

equator for February 2002–May 2016. The tropical SAO

near the stratopause (1hPa, 50km) is characterized by

easterly wind maxima at the solstices. The easterly peaks

are stronger in NH winter (December and January).

Following both solstice periods, the SAO easterly winds

descend downward to about 10hPa, where the QBO also

has large amplitude (not apparent in the multiyear av-

erage, which effectively removes the QBO). The timing

and magnitudes of the wind variations are similar in the

analyses from the two datasets, but there are some dif-

ferences. One difference is that the MLS winds at all

levels are more westerly during June–August (weaker

easterlies at 1hPa and stronger westerlies at 0.1 hPa). The

difference in the time-mean wind at 1hPa (see Fig. 1) is

associated with stronger westerly winds in April andMay

and weaker easterly winds in July andAugust in theMLS

analysis.

FIG. 3.Monthlymean zonal wind frommeteor radar atAscension Island (88S; black) at four
altitude levels and wind derived from SABER at the same latitude and altitudes (red). As

discussed in the text, the time-mean wind has been removed from SABER.
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Holton and Wehrbein (1980) proposed that the sol-

stice easterly winds of the SAO at the stratopause could

be attributed in part to the advection of zonal-mean

easterly momentum across the equator by the Brewer–

Dobson circulation. The upper branch of this circulation

flows from the summer to winter hemisphere and is

strong in the upper stratosphere, giving two periods of

easterly acceleration, as easterly zonal-mean zonal

winds are advected from the summer to the winter

hemisphere during the Northern and Southern Hemi-

sphere summers. The easterlies could also have contri-

butions from momentum transfer by planetary waves in

the winter hemisphere (Hopkins 1975). The presence of

westerly winds during equinox periods indicates wave

driving of the zonal wind; angular momentum conser-

vation dictates that these winds cannot be caused by

advection by the mean meridional circulation. The

westerly winds appear to propagate downward from 0.1

to about 3 hPa.

The SAO dominates the seasonal variability of

equatorial winds from the upper stratosphere to the

upper mesosphere. Above the stratopause, the SAO

signal is defined by equinoctial maxima of westerly

winds peaking near 0.1 hPa and easterly winds peaking

near 0.01 hPa. Dunkerton (1982) proposed that the SAO

winds near the stratopause would selectively filter

eastward or westward gravity waves that would then

drive an SAO of opposite phase when they dissipated in

the upper mesosphere.

Figure 5 shows latitude–month cross sections of the

winds at 0.9–1.0, 0.15, and 0.014 hPa, which correspond

to the easterly and westerly SAO peaks in the lower

mesosphere in Fig. 4 and the easterly peak in the upper

mesosphere (SABER only). The wind cross sections

fromMLS and SABER at 0.9–1.0 hPa are very similar to

each other. The wind pattern is qualitatively consistent

with the generation of the SAO easterly phase by ad-

vection; easterly winds in the summer hemisphere ex-

tend into the tropics. On the other hand, westerly winds

are evident during the equinox season, which suggests

wave forcing at that time. The pattern at 0.15 hPa

(middle row; the level of the westerly wind SAO max-

ima) is similar in structure to that at the stratopause

(bottom row). However, note that the equatorial time-

mean wind at this level is westerly. The downward

propagation of the westerly maxima seen in Fig. 4 is

consistent with a feature driven by waves interacting

with themean zonal wind. TheMLS–SABERdifference

during June–August noted in the discussion of Fig. 4 can

also be seen in Fig. 5.

The SAOeasterly wind peaks at 0.014hPa in Fig. 5 are

qualitatively somewhat different from those below.

They show a connection to easterly features at higher

latitudes of either hemisphere, in common with the ap-

pearance at lower levels. However, they also show

maxima confined to low latitudes. Easterly winds appear

near the equator in March and April, disappear during

the solstice months, and then weaker easterly winds

reappear in September and October. Dunkerton (1982)

proposed that critical-level filtering of gravity waves by

the winds in the stratopause SAOwould affect thewaves

reaching the upper mesosphere. When these gravity

waves dissipate, they would drive an SAO that was out

of phase with that below. The wind results shown in

Figs. 4 and 5 are somewhat consistent with this expla-

nation. However, instead of seeing alternating east-

erly and westerly wind maxima at the stratopause

(;1.0 hPa), as assumed by Dunkerton (1982), the

westerly wind maxima occur at a higher altitude.

4. Variability of the SAO and its relationship to the
QBO

Figures 6 and 7 show time series of the equatorial wind

for the entire period derived from SABER and MLS,

respectively. It is evident that there is substantial vari-

ability in the magnitudes of the wind extremes and the

altitudes and months at which the minima and maxima

occur. For most cycles, the MLS and SABER winds

show similar behavior in the magnitude, timing, and

pressure of the wind features. The agreement between

these analyses gives greater confidence in the ability to

characterize year-to-year variability in the winds.

There are a number of periods during which there is

an apparent connection (downward descent) between

the easterly wind maximum around 0.01 hPa during

FIG. 4. Multiyear average of monthly equatorial wind from (top)

SABER and (bottom) MLS.
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equinox and the easterly wind maximum at 1 hPa at the

following solstice. For example, see September–

December 2003, March–June 2006, and a series of cy-

cles beginning September 2012. For other periods, there

is no evidence of a connection between the features at

these two altitudes. Without further investigation into

the processes driving the wind oscillation, it is not pos-

sible to determine whether this apparent spatial–

temporal connection represents actual downward

propagation.

Moss et al. (2016) found that the SAO winds at and

above 81.5 km during March and April 2002 were much

stronger than in the other years they observed. Figure 6

shows that the unusually strong winds are also seen in

the winds derived from SABER around 0.01–0.004 hPa.

The altitude of the easterly wind maximum is higher

than average but not outside the range seen in other

years. However, the combination of higher location of

the easterly peak and strong maximum wind in the al-

titude range that can be observed by meteor radar sets

this month apart. Winds at other levels during this pe-

riod do not show any marked differences that would

indicate that this perturbation is a response to unusual

winds in the middle atmosphere below.

Previous observational studies (Burrage et al. 1996;

Venkateswara Rao et al. 2012; de Wit et al. 2013) have

FIG. 5. Latitude–month sections of zonal wind from (left) SABER at three pressure levels and (right) MLS at

two levels.
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noted that the magnitude of the SAO in the upper

mesosphere has a strong variation in phase with the

QBO in the stratosphere, although there has been

some debate about whether this modulation occurs

only around the vernal equinox or throughout the

year. The link between the phase of the QBO and the

interannual variations in the satellite wind estimates

in the upper stratosphere and mesosphere can be

summarized by comparing the climatological winds

for months with easterly and westerly phases of the

QBO, as shown in Fig. 8. The phase of the QBO is

identified by the Singapore wind at 10 hPa and is

evaluated for each month independently. As a result,

the data in sequential months are not necessarily from

the same sets of years.

The bottom panel of Fig. 8 indicates where the dif-

ferences are significant at the 95% level according to the

Student’s t test. Note that the significance is determined

independently for each calendar month and pressure

level. Overall, the differences in magnitude are more

likely to be significant during the periods after equinox

(May–June andOctober–November), which are periods

of rapid change. The displacement in altitude of the

westerly equinox maxima (near 0.1 hPa during years

when the QBO is westerly and near 0.2 hPa during years

when the QBO is easterly) is a prominent feature of the

difference plot. Using analysis from 4 years of wind

observations, Ray et al. (1998) noted several interannual

variations in the stratopause SAO that followed the

phase of the QBO: weaker SAOwesterlies and stronger

SAO easterlies during the westerly QBO phase and

deeper descent of SAO westerly winds during the east-

erly QBOphase. The current results (see also Figs. 6 and

7) confirm these differences.

The stronger westerly winds near 0.1 hPa during the

easterly QBO suggest stronger wave driving by gravity

waves and/or Kelvin waves. The westerly peaks are also

more clearly centered on the equinox periods during

easterly QBO. Similar results are obtained with the

MLS dataset (not shown).

FIG. 6. Time series of SABER monthly mean wind at the equator.
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Figure 8 indicates that there is a relationship between

the SAO and QBO but does not indicate causality. It is

most easily understood how the QBO could affect the

SAO through filtering of the waves that then dissipate

and drive mean winds (Ray et al. 1998; Garcia and Sassi

1999; Peña-Ortiz et al. 2010). However, examination of

themonth-by-month equatorial winds derived here does

not lead to a straightforward explanation. For any given

month, the QBO winds between the levels of 70 and

3hPa include both easterly and westerly winds that

cover similar ranges of values (roughly peak easterly

winds from 220 to 230ms21 and peak westerly winds

from 10 to 15ms21). We were not able to identify a clear

QBO dependence of the predicted critical-level filtering

based on the peak winds encountered in a vertical col-

umn in the lower to middle stratosphere. It may be, as

suggested by wave calculations by Ray et al. (1998) and

simulations by Peña-Ortiz et al. (2010), that the key

differences in wave forcing occur away from the

equator.

It is also possible that the causality is in the opposite

direction; that is, the SAO, especially at its lower rea-

ches in the upper stratosphere, has an impact on the

QBO. For example, the stronger easterly winds near the

stratopause in the westerly phase of the QBO can con-

tribute to seeding the wind shear in the upper strato-

sphere that is associated with the shift from the westerly

to the easterly phase of theQBO.Thismechanism is also

not straightforward because of the time delay of several

months needed for the QBO to propagate downward

from the lower limit of the SAO to the 10-hPa level. The

slow downward propagation of the QBO would imply a

lag in the signal between the upper stratosphere SAO

and the 10-hPa QBO, but no lag was used in assigning

the winds in Fig. 8 to easterly or westerly QBO phases.

5. Conclusions

This study shows the climatology and interannual

variability of the SAO in the middle-atmosphere zonal

FIG. 7. Time series of MLS monthly mean wind at the equator.
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wind from 100 to 0.004hPa. The winds are derived from

almost 15 yr of geopotential height data from TIMED/

SABER and more than 12 yr of data from Aura/MLS.

This analysis fills in the current gap in continuous

equatorial windmeasurements between 10 and 0.01 hPa;

equatorial winds calculated in current reanalysis prod-

ucts (e.g., Rienecker et al. 2011; Coy et al. 2016) cover

only part of this range. Comparisons of the zonally aver-

aged winds with observed radiosonde winds at Singapore

(18N, 90–10 hPa) and with meteor radar winds at As-

cension Island (88S, 81.5–84 km) indicate that winds

derived from both satellite datasets capture the mean

and the seasonal and interannual variability.

The primary contributions that these satellite wind

analyses can make to the investigation of the SAO are

1) long data records with no gaps in coverage and 2) con-

tinuous vertical coverage through the depth of the

middle atmosphere. The vertical range covers the tran-

sition from QBO dominance in the lower to middle

stratosphere to SAO dominance in the upper strato-

sphere and the transition from the stratopause SAO to

the mesopause SAO. As discussed in section 2, a pri-

mary concern is possible contamination of the SABER

time-mean zonal-mean fields by the migrating diurnal

tide near themesopause. Although not considered in the

present study, both SABER and MLS can also give in-

formation about waves that have large-enough hori-

zontal and vertical scales to be resolved in the

observations; these include fast Kelvin waves, a subset of

gravity waves and, for SABER, tides with diurnal

periods.

Another aspect of the SAO that can be seen in these

wind derivations is its latitudinal structure. Through

most of the mesosphere, the latitude structure of the

SAO does not show maxima at the equator that are

isolated in latitude but rather indicates that the tropical

winds during both easterly and westerly phases are part

of a large-scale structure with downward descent

in time.

Earlier investigations (Burrage et al. 1996; de Wit

et al. 2013) found that there is a large variation of the

SAO in the upper mesosphere with the phase of the

QBO in stratospheric winds. Note that the satellite an-

alyses of Burrage et al. (1996), which used daytime-only

data, may have some contamination from the large

semiannual and QBO variations in the amplitude of the

migrating diurnal tide. The results presented here

greatly expand the information available by showing the

SAO over a broad vertical range using two long con-

tinuous data records that have day and night observa-

tions. These show convincingly that the equatorial

mesospheric winds at all times of year vary depending

on the QBO phase.

Although an observed relationship between the QBO

and the SAO has been seen previously, the explanation

is still incomplete. Peña-Ortiz et al. (2010) showed that a

comprehensive whole-atmosphere model with an in-

teractively generated QBO could reproduce a link be-

tween the QBO and the mesospheric SAO. They found

that forcing by both small-scale (parameterized) gravity

waves and resolved waves contributed to the variability.

The extent to which the SAO varied with the phase of

the QBO was larger in their model simulations than in

the current observational analysis.

There are several mechanisms by which the QBO

could alter the SAO forcing in the mesosphere. Possi-

bilities are 1) the QBO winds selectively filter and ab-

sorb upward-propagating large-scale equatorial waves,

such as Kelvin waves (Garcia and Sassi 1999); 2) the

QBO filters small-scale gravity waves in the tropical

region; or 3) the QBO winds affect midlatitude dy-

namics in the winter hemisphere that then affect the

driving of the SAO winds by large-scale advection.

These mechanisms are not independent because of the

FIG. 8. Climatological variation of monthly mean equatorial

wind derived from SABER, as in Fig. 4b, but separated by the

phase of the QBO in Singapore winds at 10 hPa. Winds when the

QBO is (top) easterly and (middle) westerly, and (bottom) their

difference. The crosses indicate where the differences are signifi-

cant at the 95% level.
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interaction of wave propagation and dissipation with the

background wind. Although details and mechanisms

involved in the interaction between the QBO and SAO

are still not resolved, the middle-atmosphere winds de-

rived here provide a powerful new set of observations

that can be used for guiding further investigation.

Acknowledgments. Support was provided by NCAR

and the U.S. National Aeronautics and Space Admin-

istration (NASA) Grant NNX14AD83G. The authors

thank Dave Ortland, Bill Randel, and Dan Marsh for

helpful comments on the manuscript and TomMarshall

for providing reprocessed SABER level 2A data for

2015/16.

NASA supports the TIMED and Aura satellites and

their instruments; retrieved profile data are freely

available. Version 2.0 profile data from TIMED/

SABER are available from the SABER website (http://

saber.gats-inc.com). Version 4.2 geopotential height

profile data from MLS are available from GES DISC

(http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/

index.shtml).

Monthly averaged radiosonde zonal wind data mea-

sured at Singapore have been compiled by the Freie

Universität Berlin and are available online (http://www.

geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/).

Data for the monthly mean zonal wind estimates pre-

sented in this paper can be obtained from the

lead author.

REFERENCES

Baldwin, M. P., and L. J. Gray, 2005: Tropical stratospheric zonal

winds in ECMWF ERA-40 reanalysis, rocketsonde data, and

rawinsonde data.Geophys. Res. Lett., 32, L09806, doi:10.1029/

2004GL022328.

Burrage, M. D., M. E. Hagan, W. R. Skinner, D. L. Wu, and P. B.

Hays, 1995a: Long-term variability in the solar diurnal tide

observed by HRDI and simulated by the GSWM. Geophys.

Res. Lett., 22, 2641–2644, doi:10.1029/95GL02635.

——, D. L. Wu, W. R. Skinner, D. A. Ortland, and P. B. Hays,

1995b: Latitude and seasonal dependence of the semidiurnal

tide observed by the high-resolution Doppler imager.

J. Geophys. Res., 100, 11 313–11 321, doi:10.1029/95JD00696.

——, R. A. Vincent, H. G. Mayr, W. R. Skinner, N. F. Arnold, and

P. B. Hays, 1996: Long-term variability in the equatorial

middle atmosphere zonal wind. J. Geophys. Res., 101, 12 847–

12 854, doi:10.1029/96JD00575.

Coy, L., K. Wargan, A. M. Molod, W. R. McCarty, and S. Pawson,

2016: Structure and dynamics of the quasi-biennial oscillation

in MERRA-2. J. Climate, 29, 5339–5354, doi:10.1175/

JCLI-D-15-0809.1.

Davis, R. N., J. Du, A. K. Smith, W. E. Ward, and N. J. Mitchell,

2013: The diurnal and semidiurnal tides over Ascension Island

(88S, 148W) and their interaction with the stratospheric QBO:

Studies with meteor radar, eCMAM and WACCM. Atmos.

Chem. Phys., 13, 9543–9564, doi:10.5194/acp-13-9543-2013.

de Wit, R. J., R. E. Hibbins, P. J. Espy, and N. J. Mitchell, 2013:

Interannual variability of mesopause zonal winds over Ascen-

sion Island: Coupling to the stratospheric QBO. J. Geophys.

Res. Atmos., 118, 12 052–12 060, doi:10.1002/2013JD020203.

Dunkerton, T. J., 1982: Theory of the mesopause semiannual

oscillation. J. Atmos. Sci., 39, 2681–2690, doi:10.1175/

1520-0469(1982)039,2681:TOTMSO.2.0.CO;2.

Garcia, R. R., and F. Sassi, 1999: Modulation of the mesospheric

semiannual oscillation by the quasibiennial oscillation. Earth

Planets Space, 51, 563–569, doi:10.1186/BF03353215.

——, T. J. Dunkerton, R. S. Lieberman, and R. A. Vincent, 1997:

Climatology of the semiannual oscillation of the tropical

middle atmosphere. J. Geophys. Res., 102, 26 019–26 032,

doi:10.1029/97JD00207.

Hamilton, K., A. Hertzog, F. Vial, and G. Stenchikov, 2004:

Longitudinal variation of the stratospheric quasi-biennial

oscillation. J. Atmos. Sci., 61, 383–402, doi:10.1175/

1520-0469(2004)061,0383:LVOTSQ.2.0.CO;2.

Hirota, I., 1980: Observational evidence of the semiannual

oscillation in the tropical middle atmosphere—A review.

Pure Appl. Geophys., 118, 217–238, doi:10.1007/

BF01586452.

Holton, J. R., andW.M.Wehrbein, 1980:A numericalmodel of the

zonal mean circulation of the middle atmosphere. Pure Appl.

Geophys., 118, 284–306, doi:10.1007/BF01586455.
Hopkins, R. H., 1975: Evidence of polar–tropical coupling in upper

stratospheric zonal wind anomalies. J. Atmos. Sci., 32, 712–719,

doi:10.1175/1520-0469(1975)032,0712:EOPTCI.2.0.CO;2.

Kawatani, Y., K. Hamilton, K. Miyazaki, M. Fujiwara, and J. A.

Anstey, 2016: Representation of the tropical stratospheric

zonal wind in global atmospheric reanalyses. Atmos. Chem.

Phys., 16, 6681–6699, doi:10.5194/acp-16-6681-2016.

Livesey, N. J., and Coauthors, 2017: Earth Observing System

(EOS) Aura Microwave Limb Sounder (MLS) Version 4.2x

Level 2 data quality and description document. JPL Tech.

Rep. JPL D-33509 Rev. C, 169 pp. [Available online at https://

mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf.]

Moss, A. C., C. J. Wright, R. N. Davis, and N. J. Mitchell, 2016:

Gravity-wave momentum fluxes in the mesosphere over As-

cension Island (88S, 148W) and the anomalous zonal winds of

the semi-annual oscillation in 2002. Ann. Geophys., 34, 323–

330, doi:10.5194/angeo-34-323-2016.

Naujokat, B., 1986: An update of the observed quasi-biennial os-

cillation of the stratospheric winds over the tropics. J. Atmos.

Sci., 43, 1873–1877, doi:10.1175/1520-0469(1986)043,1873:

AUOTOQ.2.0.CO;2.

Niciejewski, R., and Coauthors, 2006: TIMED Doppler In-

terferometer on the Thermosphere Ionosphere Meso-

sphere Energetics and Dynamics satellite: Data product

overview. J. Geophys. Res., 111, A11S90, doi:10.1029/

2005JA011513.

Pancheva, D., P. Mukhtarov, and B. Andonov, 2009: Global

structure, seasonal and interannual variability of the mi-

grating semidiurnal tide seen in the SABER/TIMED tem-

peratures (2002–2007). Ann. Geophys., 27, 687–703,

doi:10.5194/angeo-27-687-2009.

Peña-Ortiz, C., H. Schmidt, M. A. Giorgetta, and M. Keller, 2010:

QBOmodulation of the semiannual oscillation inMAECHAM5

and HAMMONIA. J. Geophys. Res., 115, D21106, doi:10.1029/

2010JD013898.

Randel, W. J., 1987: The evaluation of wind from geopotential

height data in the stratosphere. J. Atmos. Sci., 44, 3097–3120,

doi:10.1175/1520-0469(1987)044,3097:TEOWFG.2.0.CO;2.

2424 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 74

http://saber.gats-inc.com
http://saber.gats-inc.com
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index.shtml
http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/MLS/index.shtml
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/
http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/
http://dx.doi.org/10.1029/2004GL022328
http://dx.doi.org/10.1029/2004GL022328
http://dx.doi.org/10.1029/95GL02635
http://dx.doi.org/10.1029/95JD00696
http://dx.doi.org/10.1029/96JD00575
http://dx.doi.org/10.1175/JCLI-D-15-0809.1
http://dx.doi.org/10.1175/JCLI-D-15-0809.1
http://dx.doi.org/10.5194/acp-13-9543-2013
http://dx.doi.org/10.1002/2013JD020203
http://dx.doi.org/10.1175/1520-0469(1982)039<2681:TOTMSO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1982)039<2681:TOTMSO>2.0.CO;2
http://dx.doi.org/10.1186/BF03353215
http://dx.doi.org/10.1029/97JD00207
http://dx.doi.org/10.1175/1520-0469(2004)061<0383:LVOTSQ>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2004)061<0383:LVOTSQ>2.0.CO;2
http://dx.doi.org/10.1007/BF01586452
http://dx.doi.org/10.1007/BF01586452
http://dx.doi.org/10.1007/BF01586455
http://dx.doi.org/10.1175/1520-0469(1975)032<0712:EOPTCI>2.0.CO;2
http://dx.doi.org/10.5194/acp-16-6681-2016
https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf
https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf
http://dx.doi.org/10.5194/angeo-34-323-2016
http://dx.doi.org/10.1175/1520-0469(1986)043<1873:AUOTOQ>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1986)043<1873:AUOTOQ>2.0.CO;2
http://dx.doi.org/10.1029/2005JA011513
http://dx.doi.org/10.1029/2005JA011513
http://dx.doi.org/10.5194/angeo-27-687-2009
http://dx.doi.org/10.1029/2010JD013898
http://dx.doi.org/10.1029/2010JD013898
http://dx.doi.org/10.1175/1520-0469(1987)044<3097:TEOWFG>2.0.CO;2


——, and Coauthors, 2004: The SPARC intercompari-

son of middle-atmosphere climatologies. J. Climate,

17, 986–1003, doi:10.1175/1520-0442(2004)017,0986:

TSIOMC.2.0.CO;2.

Ray, E. A., M. J. Alexander, and J. R. Holton, 1998: An analysis

of the structure and forcing of the equatorial semiannual

oscillation in zonal wind. J. Geophys. Res., 103, 1759–1774,

doi:10.1029/97JD02679.

Remsberg, E. E., andCoauthors, 2008:Assessment of the quality of

the Version 1.07 temperature-versus-pressure profiles of the

middle atmosphere from TIMED/SABER. J Geophys. Res.,

113, D17101, doi:10.1029/2008JD010013.

Rienecker, M. M., and Coauthors, 2011: MERRA: NASA’s

Modern-Era Retrospective Analysis for Research and Ap-

plications. J. Climate, 24, 3624–3648, doi:10.1175/

JCLI-D-11-00015.1.

Salby, M. L., 1982a: Sampling theory for asynoptic satellite ob-

servations. Part I: Space-time spectra, resolution, and aliasing.

J.Atmos.Sci.,39, 2577–2600, doi:10.1175/1520-0469(1982)039,2577:

STFASO.2.0.CO;2.

——, 1982b: Sampling theory for asynoptic satellite observa-

tions. Part II: Fast Fourier synoptic mapping. J. Atmos.

Sci., 39, 2601–2614, doi:10.1175/1520-0469(1982)039,2601:

STFASO.2.0.CO;2.

Schwartz, M. J., and Coauthors, 2008: Validation of the Aura Mi-

crowave Limb Sounder temperature and geopotential height

measurements. J. Geophys. Res., 113, D15S11, doi:10.1029/

2007JD008783.

Venkateswara Rao, N., T. Tsuda, D. M. Riggin, S. Gurubaran, I. M.

Reid, and R. A. Vincent, 2012: Long-term variability of mean

winds in the mesosphere and lower thermosphere at low lati-

tudes. J. Geophys. Res., 117, A10312, doi:10.1029/2012JA017850.

Wu, Q., and Coauthors, 2008: Global distribution and interannual

variations of mesospheric and lower thermospheric neutral

wind diurnal tide: 1. Migrating tide. J. Geophys. Res., 113,

A05308, doi:10.1029/2007JA012542.

AUGUST 2017 SM I TH ET AL . 2425

http://dx.doi.org/10.1175/1520-0442(2004)017<0986:TSIOMC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017<0986:TSIOMC>2.0.CO;2
http://dx.doi.org/10.1029/97JD02679
http://dx.doi.org/10.1029/2008JD010013
http://dx.doi.org/10.1175/JCLI-D-11-00015.1
http://dx.doi.org/10.1175/JCLI-D-11-00015.1
http://dx.doi.org/10.1175/1520-0469(1982)039<2577:STFASO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1982)039<2577:STFASO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1982)039<2601:STFASO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1982)039<2601:STFASO>2.0.CO;2
http://dx.doi.org/10.1029/2007JD008783
http://dx.doi.org/10.1029/2007JD008783
http://dx.doi.org/10.1029/2012JA017850
http://dx.doi.org/10.1029/2007JA012542

