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Mean winds in the tropical stratosphere and
mesosphere during January 1993, March 1994, and
August 1994
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Abstract. Radar observations of winds and momentum fluxes in the stratosphere
and mesosphere at the Jicamarca Radio Observatory in Peru (JRO; 12°S, 77°W)
were taken during three 10 day campaigns in January 1993, March 1994, and August
1994. In order to interpret features in the campaign mean JRO wind profiles, we
examined global circulation patterns as depicted by long time series of radiosonde
profiles, analyses from the European Center for Medium Range Weather Forecasting
(ECMWF), and winds from the High Resolution Doppler Imager (HRDI) aboard
the Upper Atmosphere Research Satellite. In the tropical stratosphere, large-scale
analyses show that a geographically varying annual cycle significantly affects winds
over JRO, as does the quasi-biennial oscillation (QBO). The spatial structure of the
annual cycle and QBO is shown for the three campaigns, emphasizing the upward
influence of subtropical tropospheric monsoon anticyclones. These anticyclones
tilt poleward and merge zonally, underlying the zonal summer easterlies, which
also merge zonally and tilt poleward with altitude. The annual cycle at Singapore
includes a substantial easterly acceleration during March-August, which causes an
apparent stalling of descending QBO westerlies or a more rapid descent of QBO
easterlies. In the mesosphere, JRO and HRDI winds agree reasonably well, with
zonal winds over JRO varying on a semiannual basis and meridional winds exhibiting
structures expected from the diurnal tide. For vertical motion, separate north-south
and east-west beam pair estimates agree, yet campaign-averaged vertical motions

are large: ~1-5 cm/s in the stratosphere and ~10-50 cm/s in the mesosphere.
In both the stratosphere and mesosphere, vertical winds are anticorrelated with
horizontal wind. Possible explanations for the large vertical motions include aspect
sensitivity and the diurnal tide. Uncertainties in the meaning of radar vertical
motions create a challenge for interpreting momentum fluxes.

1. Introduction

Mesosphere-stratosphere-troposphere (MST) radars
have proven to be extremely useful in depicting local
variability with high temporal and spatial resolution.
They are a primary means of estimating the contribu-
tion of subsynoptic-scale motions to the general circula-
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tion of the middle atmosphere. They are also a primary
means of estimating vertical motions and momentum
fluxes. Large-scale phenomena such as the annual cy-
cle and the quasi-biennial oscillation (QBO) also affect
radar wind profiles. In this paper we describe results
from three 10 day campaigns at the Jicamarca Radar
Observatory (hereafter JRO), at 12°S, 77°W near Lima,
Peru, during three different seasons. Global data sets
are used to interpret the JRO profiles. The JRO data
provide simultaneous information from the lower strato-
sphere and mesosphere, reflecting processes over a wide
range of scales. In order to understand the data it is nec-
essary to consider rather disparate phenomena, rang-
ing in altitude from subtropical monsoon structures in
the lowest stratosphere to the diurnal tide in the meso-
sphere and in scale from the zonally symmetric QBO
down to gravity wave motions.

A prevailing view of the tropical stratospheric gen-
eral circulation is that the flow is dominated by the
zonal mean QBO and the tropical planetary waves
which drive it. Here we explore the contribution of
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monsoon structures and gravity waves to the strato-
spheric general circulation. It may be of historical in-
terest to note Dowe’s [1837] view of the extratropical
troposphere as being most fundamentally the synoptic-
scale zonal asymmetries themselves, where the transient
eddies accomplish virtually all of the transport of mo-
mentum, heat, and constituents. Similarly, Bjerknes et
al. [1933] viewed the tropical tropospheric circulation
as being most fundamentally the zonally asymmetric
monsoon circulations, which account for virtually all
of the heat and momentum transports. In attempt-
ing to reconcile differences between stratospheric winds
over Jicamarca during 1987 and “correlative” tropical
winds at sites far removed geographically, Hitchman et
al. [1992] suggested that the differences are due to the
upward extension of tropical monsoon structures into
the stratosphere. One goal of the present work is to
contribute toward a better understanding of the tropi-
cal “stratospheric geography” (coined by A. Tuck). We
use this phrase to suggest a physical relationship be-
tween regional stratospheric features and properties of
the underlying continents and oceans. It is essential
to take into account these continental-scale variations
if one hopes to understand the distribution of winds
and hence of local gravity wave driving throughout the
tropics.

The earliest mention of the significance of small-scale
processes is probably Helmholiz’ [1888] realization that
the upper branch of the Hadley [1735] circulation re-
quires in situ friction to explain the marked depres-
sion of observed zonal flow speeds relative to angular
momentum conserving flow. He envisaged differential
horizontal motions in the vertical leading to an unsta-
ble surface of discontinuity, giving rise to small- and
medium-scale vortices. These would then mix angular
momentum, thereby reducing wind speeds aloft. This
type of mechanism is a primary means by which inertio-
gravity waves can be absorbed and influence the larger-
scale circulation [e.g.,0 Sullivan and Dunkerton, 1995].
Helmholtz’ work anticipated what is now called the
body force due to gravity wave momentum flux con-
vergence, or “gravity wave driving.” It has been known
since ~1960 that gravity wave driving is essential to the
mesospheric general circulation [Haurwitz, 1961; Leovy,
1964]. More recently, it has become increasingly clear
that gravity waves also exert an important influence on
the tropical and subtropical stratosphere [e.g., Teweles,
1958; Kitaoka, 1962; Palmer et al., 1986; Tanaka and
Yamanaka, 1985; Hitchman and Leovy, 1988; Twasak: et
al., 1989; Hitchman et al., 1992; Bergman and Salby,
1994; Ogino et al., 1995; S. J. Allen and R. A. Vincent,
Gravity wave activity in the lower atmosphere: Sea-
sonal and latitudinal variations, submitted to Journal of
Geophysical Research, 1996]. Owing to the challenge of
quantifying the effects of small-scale motions for all lo-
cations and times, the angular momentum budget in the
tropical middle atmosphere remains largely unsolved.

Although MST radars offer a unique opportunity to
quantify momentum fluxes by small-scale motions, it
will be shown that campaign mean vertical motions of-
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ten contribute substantially to momentum fluxes. The-
oretical studies of large-scale tropical phenomena sug-
gest very weak vertical motions for a self-consistent cir-
culation. Yet even weak vertical advection can markedly
influence the descent rates of QBO shear zones, as origi-
nally suggested by Lindzen and Holton [1968]. Since es-
timated vertical motion magnitudes typically exceed 10
cm/s at JRO, as well as at other MST radar sites [e.g.,
Coy et al. 1986; Cornish 1988; Hoppe and Fritts, 1995],
it is important to understand what they mean. This
problem is compounded by the fact that nonzero time
mean vertical and horizontal motions imply a nonzero
momentum flux, requiring a careful interpretation of
body force estimates. We seek to promote discussion of
these issues in the broader scientific community.

Mesospheric observations are possible at Jicamarca
only during the daytime, due to the availability of free
electrons required for radar backscattering from turbu-
lent inhomogeneities. Hence a campaign average of day-
time mesospheric observations is a useful way to depict
the diurnal tide. One benefit of using data at 12°S
is that, while the meridional wind should be affected
by the diurnal tide, the zonal wind component is ex-
pected to have only a small diurnal tide contribution.
Zonal wind variations are expected from the mesopause
semiannual oscillation (MSAO). Directly sensed meso-
spheric winds from the High Resolution Doppler Imager
(HRDI) exhibit similar tidal and MSAO variations, sup-
porting the features seen in mesospheric JRO winds.

These JRO measurements were part of a more ex-
tensive set of observations throughout the tropics dur-
ing 1993-1994 known as the CADRE (Coupling and
Dynamics of Regions Equatorial) campaigns. Section
2 provides a description of the JRO configuration for
CADRE, data analysis methods, and the data sets used
for comparison. Campaign mean profiles of horizontal
winds and data frequency are introduced in section 3 for
both the stratosphere and mesosphere. Stratospheric
horizontal winds are interpreted in terms of geograph-
ical variation in the annual cycle and the phase of the
quasibiennial oscillation. Mesospheric horizontal winds
are interpreted in terms of the diurnal tide and MSAO.
The difficult issues of interpreting vertical motions and
the implications for momentum fluxes are dealt with in
section 4. Conclusions are given in section 5.

2. Data and Analysis

2.1. Jicamarca Radar

Wind and momentum flux measurements were taken
at JRO (12°S, 77°W) during January 20-29, 1993, March
10-19, 1994, and August 16-25, 1994. The radar was
configured to have four independent beams steered 2.5°
from the zenith in the geomagnetic north, south, east,
and west directions. Each of the four beams has ~0.6°
radial and ~1.5° azimuthal half widths. The separation
between beam pairs is ~2 km at 20 km altitude and
~7 km at 80 km altitude, with the half-power width
at 80 km being ~1 km. The JRO radar emits at 50
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MHz (6 m wavelength). Using the technique of Spano et
al. [1991], discrete power spectra were estimatéd from
the backscattered signal in the range 10-130 km at 400
m resolution: Line-of-sight mean Doppler velocity esti-
mates were combined to estimate meteorological wind
components and momentum fluxes.

Useful signal returns result from vertical variations
of refractive index below ~32 km at all times and from
electron density fluctuations in the mesosphere during
daylight hours only. About 10 hours of data were taken
each day during daytime, which contain tidal informa-
tion that cannot be removed by averaging. To avoid
possible contamination of Doppler winds by plasma
waves, mesospheric profiles which begin at 60 km are
truncated near 85 km, coincident with the minimum in
echo frequency for each campaign. Stratospheric pro-
files begin at 19.2 km for January 1993 and March 1994
but at 9.2 km for the August 1994 campaign. In the
stratosphere, 256 point fast Fourier transforms (FFTs)
and line-of-sight velocity limits of ~2.5 m/s allowed for
a possible horizontal wind range of ~ £55 mi/s and reso-
lution of ~0.45 m/s. In the mesosphere, 64 point FFTs
(128 point FFTs for August) and line-of-sight velocity
limits of 3.5-7.0 m/s allowed for a horizontal wind range
of ~ £80-160 m/s and resolution of ~1.2-5.0 m/s. Ver-
tical motion resolution was ~1-2 mm/s. Coherent aver-
aging was applied to give 2 min estimates in the strato-
sphere and 1 min estimates in the mesosphere. A de-
tectability parameter was defined which is proportional
to the ratio of the maximum value of the power spec-

trum (at the wind-induced Doppler-shifted frequency) -

to the noise density (the average of the rest of the power
spectrum). A wind estimate was excluded in averaging
if the associated detectability fell below 3.0. In addi-
tion, a campaign average value was not plotted if the
associated data count value fell below 10% of the max-
imum of the count profile. Further information about
the experimental design is given by Riggin et al. [this
issue], Fritts et al. [1992], and Hitchman et al. [1992)].
Estimates of zonal and meridional velocity compo-
nents are obtained from line-of-sight velocities using

U(R) — Uw(R)

tew(2) = 2 sin 6 (12)
Uns(2) = W (1b)

while separate estimiates of vertical motion are obtained
from the east-west and north-south beam pairs:

Ue(R) + Un(R)

Wew(2) = 2 cos 6 (22)
was(z) = LR?);%S(R) (2b)

where the subscripts e, w, n, s correspond to radar
beams directed toward magnetic east, west, north, and
south, @ is the zenith angle, and R = ¢ T/2 is the target
range, where ¢ is the speed of light, T is the sampling
delay, and z = R cos 6 is the geometric height [ Vin-
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cent and Reid, 1983]. Since geomagnetic north is 6°01’
east of geographic north, horizontal velocity estimates
Uew and vps were rotated to obtain meteorological wind
components u and v. These were used, together with
vertical motion estimates wey and wyg, to estimate mo-
mentum fluxes in the two planes.

Considerable variability is evident in the data at
timescales down to the buoyancy frequency. In both the
stratosphere and mesosphere, echo returns are episodic,
characterized by thin layered turbulence [ Woodman and
Guillen, 1974]. To obtain motre continuous vertical
coverage and more stable statistical estimators, we fo-
cus on the campaign average profiles U, ¥, Wey, and
Wys, Where overbars indicate the campaign time aver-
age. The zonal and meridional momentum fluxes per
unit mass, or covariances between horizontal and ver-
tical winds, were calculated by the direct estimators
u(t) w(t) and v(¢) w(t) and separately by the method
of Vincent and Reid [1983]. We found precise agree-
ment for the campaign averages, verifying empirically
the algebraic equivalences

UZ(R) — U3(R)

w(z) = 2 sin 26 (3a)
U2 _ 7z

under the assumption of statistical homogeneity across
the radar beams.

As in the 1987 campaigns [Hitchman et al., 1992],
it was found that w(z) is often substantial, imply-
ing that the time mean circulation contributes signif-
icantly to the Reynolds stresses. We therefore sepa-
rately calculated @ @ and ¥ @ and the stresses asso-
ciated with motions having timescales of less than 10
days: w'vw' = ww — Twwand Vv = TW — TW.

2.2. Comparison Data Sets

Long time series (~35 years) of radiosonde data at
15 widely spaced tropical stations at standard pressure
levels were obtained from the National Center for Atmo-
spheric Research (NCAR) and used to create monthly
mean annual composites for depicting the annual cycle
in the tropical stratosphere [ Yao, 1994]. These are con-
sistent with geographical variations of the annual cycle
in the stratosphere seen in 8 years of monthly averaged
ECMWF analyses [Postel, 1994]. Other recent work
regarding transport across the subtropical lower strato-
sphere by quasi-stationary zonal asymmetries includes
Trepte et al. [1993], Hitchman et al. [1994], Chen [1995],
and Dunkerton [1995].

ECMWF analyses inclide satellite data and are de-
scribed by Hollingsworth et al. [1986] and Trenberth
and Olson [1988]. Care must be taken in interpreting
tropical stratospheric analyses. Here only the most ro-
bust, coherent features are examined for agreement be-
tween ECMWF and JRO winds. Values in Figures 7, 8,
and 10 are campaign averages of twice daily ECMWF
data at 2 1/2° resolution. HRDI observations employ
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Figure 1. Campaign average horizontal wind and data count profiles at Jicamarca Radio Observatory
(12°S, 77°W) for zonal (thin line, east-west beam pair), and meridional (thin line with dots, north-south
beam pair) components during January 20-29, 1993. The speed rangeis 30 m/s. Note that the data
count range differs in the two layers.

Doppler-shifted molecular oxygen visible emission lines 3. Horizontal Winds

to infer bulk air motions in the mesosphere [Hays et al.,

1993, 1994], while Oy absorption lines are used to infer 3,1, JRO Wind and Data Count Profiles
stratospheric winds (not shown) [Ortland et al., 1996].

METEOSAT visible and infrared images of the South Figures 1, 2, and 3 show campaign mean profiles of
American sector were also archived for each of the cam-  zonal (thin line) and meridional (thin line connecting
paign days, as an indicator of the degree of convection. dots at observation levels) wind components and data
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Figure 2. As in Figure 1 except for the period March 10-19, 1994.
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Figure 3. As in Figure 1 except for the period August 16-25, 1994. Note that the
stratospheric profile extends down to 9.2 km. v

count in the stratosphere and mesosphere for each of
the three campaigns. Considerable variation among
campaigns is observed for zonal wind profiles in both
the stratosphere and mesosphere. It is perhaps sur-
prising that in the mesosphere, meridional and zonal
winds exhibit similar magnitudes and variability. These
profiles cannot be understood in terms of a single phe-
nomenon in each layer; the annual cycle and the QBO
are both important in the stratosphere, while tides and
the MSAO contribute in the mesosphere.

These wind estimates are averages of several hun-
dred to several thousand observations. In the strato-
sphere the frequency of useful signal returns begins to
decline quickly above ~30 km. In the August 1994
campaign there is an interesting secondary maximum
in data count near 28 km (Figure 3). Similar secondary
maxima in signal to noise ratio were found for the June
and August 1987 campaigns at 32 and 30 km, respec-
tively [cf. Hitchman et al. 1992, Figure 6]. All three
maxima are located in strong vertical shear of the zonal
wind and all occur during austral winter. This unex-
plained phenomenon may be caused by enhanced tur-
bulence due to wave breaking or by significant gradients
in temperature, humidity, or aerosol [Hitchman et al.,
1994].

Mesospheric data count profiles also exhibit interest-
ing seasonal dependences. A pronounced maximum ex-
ists near 76 km in March 1994 (Figure 2) and 74 km
in August 1994 (Figure 3), but the summer profile is

quite different. In January 1993 the maximum occurs
near 69 km, with a secondary maximum near 77 km.
Since turbulent layers are required for a mesospheric
signal return, this suggests that gravity wave breaking
occurred at a lower level during January 1993 (southern
sumimer).

3.2. Stratospheric Annual Cycle and QBO

Figure 1 of Riggin et al. [this issue] shows that the
local ECMWF and JRO wind profiles agree rather well.
In our calculations (not shown), differences between
JRO and ECMWF winds interpolated to 12°S, 77°W
are less than ~5 m/s throughout the stratosphere. This
lends some support to the veracity of geographical fea-
tures seen in the ECMWF analyses. In order to em-
phasize the significance of the annual cycle, we first
show that the ECMWF zonal mean zonal winds over the
equator are very different from wind behavior at JRO.
The Singapore and Lima rawinsonde annual climatolo-
gies are chosen as pertinent examples of the geograph-
ical variation in the annual cycle. Finally, the horizon-
tal and vertical structure of the subtropical monsoons
is shown in synoptic charts for each campaign.

A time-altitude section of ECMWF stratospheric zonal
mean zonal winds over the equator is shown in Figure
4. The vertical lines indicate central dates for the three
CADRE campaigns. At the equator a robust QBO sig-
nal is seen, with QBO westerlies dominating in January
1993 and QBO easterlies dominating in March and Au-
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Figure 4. Time-altitude section of zonal mean zonal wind over the equator from ECMWF
data, contour interval 2.5 m/s.  Thick vertical lines indicate central times of the three

JRO campaigns.

gust 1994. Climatologically, the QBO amplitude near Even a cursory comparison between Figure 4 and
24 km exceeds 20 m/s over the equator and decreases Figures 1-3 reveals marked differences. Let JRO mi-
to about 10 m/s near 12° latitude [e.g., Andrews et al., nus ECMWTF zonally symmetric equatorial winds be
1987, Figure 8.2]. Thus one might expect a similar QBO  denoted 6Uyg. In January 1993, JRO winds are ac-
variation over JRO but with about half the equatorial tually westward, while ECMWF equatorial winds are
amplitude. = strongly eastward, with 6U;g peaking at -21 m/s near
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Figure 5. Time-altitude section of monthly averaged zonal wind at Singapore (1°N, 104°E) from
~34 years (1957-1990) of rawinsonde observations, contour interval 2 m/s, from Yao [1994].



HITCHMAN ET AL.: WINDS IN TROPICAL MIDDLE ATMOSPHERE

26,039

altitude(km)

L—1.2'7

LIMA (12.01 S, 077.08 W) U (m/s)
T T T T T T T T T

-
o

T
@
=3

pressure(mb)

month

Figure 6. Asin Figure 5, except at Lima (12°S, 77°W), from Yao [1994].

25 km. In March 1994, JRO winds are less westward
than ECMWF, with 6U;g reaching +14 m/s near 30
km. In August 1994 during the QBO easterly maxi-
mum, JRO winds are much less westward, with §U;g
reaching +20 m/s near 30 km. Some of these differ-
ences are attributable to the zonally averaged seasonal
behavior for southern hemisphere stations. Diminution
of the QBO away from the equator must also be consid-
ered. Perhaps the least widely appreciated component
of these differences is that there are significant climato-
logical east-west variations of the annual cycle through-
out the tropics and subtropics.

Yao [1994] showed that the annual cycle in zonal wind
is quantitatively different at each of 15 widely spaced
tropical stations. There is an accompanying spatial
variation in temperature amplitude and, to a lesser ex-
tent, in the month of cold or warm maximum. Winds
are a particularly sensitive indicator of this since they
are a spatial gradient of the vertical integral of these
temperature anomalies. Zonally asymmetric temper-
ature structures are evanescent above the tropopause,
but zonal wind structures are observed to at least 30
km, the top of radiosonde profiles. Although a separate
manuscript is being prepared on this topic, Figures 5
and 6 give some indication of this phenomenon.

The climatological annual cycle in zonal wind at Sin-
gapore (1°N, 104°E, Figure 5) shows two upper tropo-
spheric easterly maxima (-24 m/s in August and -15
m/s in January), weak westerlies all year near 19 km,
with a complex seasonal cycle in the stratosphere: east-
erly flow peaks at -15 m/s near 27 km in April, with the
easterly maximum occurring later at lower levels. The
August easterly maximum in the upper troposphere is
due to the proximity of the Asian subcontinent. This
complex pattern is related to the underlying geogra-

phy, with the time evolution being different for each
station and for the equatorial zonal mean. Note that
the stratospheric annual cycle at Singapore gives an
easterly acceleration during March-August. This will
tend to give the appearance of a more rapid descent of
the QBO easterlies or stalling of QBO westerlies. This
effect is more pronounced equatorward of the Tibetan
High (see below), but may also be seen in the zonal
mean (Figure 4). This is an alternative explanation for’
the clustering of “QBO easterly onset” seen over Singa-
pore, Kwajalein, and Balboa (all northern hemisphere
stations) in Figure 18 of Dunkerton and Delisi [1985].
The annual cycle at Lima (Figure 6) shows an up-
per tropospheric westerly maximum of 16 m/s near 14
km in May, while the stratospheric annual cycle has a
peak easterly flow of -26 m/s near 30 km in February.
Westerlies are expected in the southern winter near the
tropopause due to the Hadley circulation. Note that
the zero wind line in Figure 6 is near 20 km, well above
the local tropopause at 16 km. The influence of the sub-
tropical westerly jet extends appreciably into the strato-
sphere. These westerlies are strongest near Peru, being
part of a trough which usually exists over the west coast
of South America (cf. Figures 7a, 8a and 10a). The up-
ward increase in the easterlies seen in January and the
upward decrease in the westerlies seen in August asso-
ciated with the annual cycle over Peru can explain most
of the differences between Figures 1-3 and Figure 4. The
JRO zonal wind profile in Figure 1 can be described as
the superposition of summer easterly shear (Figure 6)
and the QBO westerly maximum near 25 km (Figure
4), diminished in amplitude near 12°S. The JRO zonal
wind profile in Figure 3 can be regarded as a super-
position of the upward decreasing winter westerlies in
August (Figure 6) with the QBO easterly shear (Figure 4).
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Figure 9. METEOSATS3 infrared image of tropical

26,043

AEB6

convection near JRO on March 18, 1994.

The west coast of the Americas is seen in black near the center of the image, and high clouds

are white.

Figures 7, 8, and 10 show ECMWF geopotential
heights and winds at selected stratospheric pressure lev-
els, averaged for each of the three campaigns. They
reflect the influences of both the QBO and regionally
varying annual cycle. The 150 hPa chart for the Jan-
uary 1993 campaign (Figure 7a) shows that during the
southern summer, there are anticyclonic flows near the
tropopause over South America, South Africa, and Aus-
tralia [e.g., Newell et al., 1972]. One may see that
much of the northern winter Hadley circulation occurs
near Southeast Asia. The anticyclone pair near In-
donesia and eastward flow in the eastern Pacific have
been described as a forced/damped westward extend-
ing mixed Rossby-gravity wave and eastward extending
Kelvin wave [e.g., Gill, 1982], which may help explain
the east Pacific trough. Note the easterly flow near
10°S across the Indian Ocean. Ascending in altitude,

we find that the three southern summer anticyclones tilt
poleward, merge zonally, and form the base of the sub-
tropical easterly jet (Figures 7b-7d). At 50 hPa (~20.5
km) one sees modest easterly flow over JRO (Figure
7b), consistent with Figure 1. Note also the equator-
ward extension of the polar vortex in Figure 7b, with
northeastward flow beginning near South America in
the tropics, spiralling poleward across India into the
North Pacific. This is an important pathway for mate-
rial leaving the tropics and illustrates another kind of
zonal asymmetry that can influence the tropics. Note
the pathway for tropical air into the Aleutian High at
10 hPa in Figure 7d [cf. Harvey and Hitchman, 1996].

Figure 4 suggests that there are equatorial QBO west-
erlies beginning near 50 hPa during January 1993. In
Figure 7b, however, equatorial easterlies exist east of In-
donesia and from South America to Africa, but not at
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Figure 10. (continued)

other longitudes. One might regard this pattern as the
base of the descending QBO westerlies having a long un-
dulation on it caused by monsoon and winter planetary
wave patterns. At 30 hPa (~24 km) the QBO westerly
regime can clearly be seen between the summer east-
erlies and winter longwave pattern (Figure 7c¢). Both
JRO and local ECMWF winds are slightly easterly at
30 hPa (Figures 1 and 7c¢). In Figure 4 equatorial zonal
mean ECMWF winds are still westerly near 30 km, but
the 10 hPa (~31 km) chart (Figure 7d) suggests that
the zonal mean QBO westerlies near 30 km are an av-
erage of zonally-varying winds. The substantial sum-
mer subtropical easterly flow over JRO at this level is
also verified (Figure 1). A salient feature of Figures
7a-7d is the structure of the southern summer anticy-
clones, which tilt poleward and merge zonally with in-
creasing altitude. This structure in geopotential height
geostrophically underlies the summer easterly jet, which
exists equatorward of the anticyclones. Increasing with
altitude, this easterly jet dominates the summer flow to
~5°S (Figure 7d).

The 150 hPa chart for the March 1994 campaign
(Figure 8a) shows that three continental anticyclones
are still located south of the equator approaching the
equinox. This lag of the subsolar point is likely due
to the thermal inertia of the underlying continents and
oceans. Daily METEOSAT images (e.g., Figure 9) de-
pict intense convection in association with the South
American anticyclone at this time. One may see the in-
fluence of divergent outflow from the extensive area of
convection on the wind and height patterns in Figure 8a.

As in the January 1993 campaign, the continental anti-
cyclones tilt poleward with altitude and merge zonally,
yielding an upward intensifying subtropical easterly jet
on the equatorward side (Figure 8b). Over JRO, weak
easterly flow is seen near 50 hPa (~20.5 km) (Figure 2).
Figure 4 suggests that QBO westerlies are present over
the equator near 50 hPa, but in Figure 8b the top of the
QBO westerly layer appears quite narrow and zonally
varying. Above this level, the equatorial QBO easter-
lies and the southern subtropical easterlies over JRO
both increase with altitude. Thus the easterlies which
increase with height in both Figures 2 and 4 are due
to distinctly different phenomena at the two locations:
QBO easterlies over the equator and spring subtropical
easterlies over JRO (compare Figure 6).

The 150 hPa chart (~14 km) for the August 1994
campaign (Figure 10a) illustrates the tremendous influ-
ence of the Tibetan High on the eastern hemisphere
tropics. The upper tropospheric Hadley circulation -
occurs almost entirely near the Indian Ocean. Note
the marked cross-equatorial flow into the winter hemi-
sphere over the Indian Ocean. Owing to the resulting
poleward deformation of the southern winter westerly
jet in the eastern hemisphere, the equatorward influ-
ence of the southern winter westerlies is largest off the
coast of South America. This trough caused a west-
northwesterly flow over JRO at 14 km (Figure 3). In
most winters, winds gradually become moderately east-
erly into the stratosphere over Lima (Figure 6), but this
particular August had strong QBO easterlies, peaking
at 25 km over the equator (Figure 4). In Figure 10b one
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can see that JRO is under the influence of QBO east-
erly flow, consistent with the -17 m/s westward maxi-
mum near 25 km in Figure 3. This 30 hPa chart shows
strong easterly flow throughout the band 20°S-40°N. At
these heights the subtropical northern summer easter-
lies blend continuously with the tropical QBO easter-
lies. The flow at 10 hPa (~31 km) near JRO is west-
erly, markedly different from that at 30 hPa (Figures
3, 10b, and 10c). A large zonal wavenumber one dis-
turbance is evident poleward of 20°S, with weak flow
near 20°S. A separate band of westerlies is centered
near 12°S (cf. Figure 3). Figure 4 shows that during
August 1994 QBO westerlies are approaching the 30
km level over the equator. If Figure 10c has some valid-
ity, it is possible that the leading edge of the descending
QBO westerlies is appearing near 12°S in this month.
This might be expected, given that the northern sum-
mer easterly jet has significant amplitude at the equator
(Figure 5).

3.3. Mesospheric SAO and Diurnal Tide

Considerable mesospheric variability is seen in both
wind components in Figures 1-3. We consider contri-
butions from both the MSAO and the diurnal tide.
Some guidance for interpreting JRO mesospheric winds
in terms of the diurnal tide is given by Hays et al. [1994]
and Burrage et al. [1995a], who compared HRDI diur-
nal tidal amplitudes with results from a global model.
They showed that diurnal tide meridional wind ampli-
tudes near 12° latitude exceed 20 m/s near 80-85 km,
while zonal winds amplitudes are much smaller. Bur-
rage et al. [1995b] studied the semidiurnal tide in HRDI

HITCHMAN ET AL.: WINDS IN TROPICAL MIDDLE ATMOSPHERE

data and showed it to be significantly smaller than the
diurnal tide near 12°S. It should be noted that the diur-
nal tide probably contributes toward some of the zonal
wind signal in Figures 1-3, but a quantitative assess-
ment of the relative contributions by the diurnal tide
and MSAO would require other information.

Zonal winds in Figures 1-3 suggest time mean wester-
lies near 65-70 km and time mean easterlies near 75-80
km, consistent with previous observations [e.g., Cole,
1968; Groves, 1972]. Observations of the MSAO in
zonal wind include studies using rockets [Hirota, 1978;
Hamilton, 1982], temperatures from the Solar Meso-
sphere Explorer [Garcia and Clancy, 1990], meteor echo
radars [Avery et al., 1989], MF partial reflection radar
[Vincent and Lesicar, 1991], and HRDI observations
[Lieberman et al., 1993; Hays et al., 1994]. The general
picture that emerges is one of wind regimes descending
at a rate of perhaps 10 km/month, but with consider-
able interannual variability. Since gravity wave drag is
a primary component of the MSAOQ, it is likely that the
annual cycle, stratopause SAO, and QBO would modu-
late gravity wave transmission and hence the strength of
a particular MSAO cycle [Delisi and Dunkerton, 1988).
Moreover, large day to day variability at JRO tends
to obscure any descent that might be occurring in ba-
sic state winds. An irregular descending pattern does
emerge if one considers the January-August-March sam-
ples as a 3 month sequence in a semiannual harmonic:
westerly maxima are found near 74 km in January 1993,
73 km in August 1994 and 66 km in March 1994, while
easterly maxima are found near 85 km in January 1993,
76 km in August 1994, and 75 km in March 1994 (Fig-
ures 1-3). August 1987, however, showed a strong east-
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Figure 11. Time altitude section of monthly and zonally averaged HRDI zonal winds at

12°S, contour interval 10 m/s.
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Figure 12. Time altitude section of HRDI meridional winds near 12°S, 77°W for March
1994, contour interval 10 m/s. Note that the local crossing time varied durmg this period.

erly maximum near 70 km [ Hitchman et al., 1992, Fig-
ure 2], while westerlies were found at that level in Au-
gust 1954.

This rather difficult picture is clarified considerably

hv examining a time altitude section of mnnfh]v and

............. g a time altitude section of monthly and
zonally averaged HRDI zonal winds near 12°S (Flgure
11). A similar figure was shown by Lieberman and Hays
[1994] but for the equator and ending in May 1993. A
comparison of Figure 11 with Lieberman and Hays’ Fig-
ure 12 reveals that significant differences exist between
12°S and the equator in the mesosphere. Although con-
siderable variability is seen from cycle to cycle for the
MSAOQ, regular downward progression of wind regimes
is evident. Zonal mean HRDI and JRO zonal winds
both show a 10 m/s westerly maximum near 70-75 km
and a -20 m/s easterly maximum near 85 km in Jan-
uary 1993, a 10 m/s westerly maximum near 67 km
and a -10 m/s maximum near 80 km in March 1994,
and westerlies exceeding 20 m/s near 68 km in August
1994. Above 68 km in August 1994, both show easterly
shear, but JRO shows a 77 km easterly maximum of -15
m/s, which is stronger than in the HRDI section. De-
spite the different vertical resolutions of 400 m for JRO
and ~5 km for HRDI and the possibility of significant
east-west variations, JRO and HRDI zonal winds agree
remarkably well in the tropical mesosphere.

Mesospheric meridional winds are nearly as large as
zonal winds at JRO, and the flow is not simply from the
summer to winter hemisphere (Figures 1-3). In January
1993 southward flow (toward the summer hemisphere)
of -22 m/s maximizes near 84 km. A similar -12 m/s
southward flow is seen near 82 km in March. In August
1994 northward flow maxima are seen near 68 and 80
km, with southward flow near 75 km. Theoretical es-
timates of zonal mean meridional flows implied by the
seasonal or MSAO changes in zonal flows do not exceed
a few meters per second [e.g., Holton 1983; Hitchman
and Leovy 1986; and section 4]. Given that HRDI and
JRO zonal winds agree, it is likely that the substan-
tial JRO meridional winds represent geophysical phen-
emona. For example, Fritts et al. [this issue] describe
a large amplitude 2-day wave event in the mesosphere
during January 1993.

Since JRO sampled daily for 10 hours centered around
noon, a campaign mean profile should contain a diurnal
tide signal, with a noon maximum signal being damped
by ~2/m. Although the semidiurnal tide is not negligi-
ble at JRO [Fritts et al., 1992], 10 hour averaging should

result in only a very small residual for the semidiur-
nal tide. Figure 12 shows HRDI meridional winds near
JRO during March 1994. Later local satellite sampling

times occurred earlier in the month. Meridional winds
a 2095 Im Vnrﬁna]
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wavelength near 80 km, behaving in a manner consis-
tent with the diurnal tide. There is a broad agreement
between Figures 2 and 12, with southward flow near 83
km and northward flow near 72 km. We conclude that
the diurnal tide is probably responsible for much of the
structure in meridional wind seen in Figures 1-3.

4. Vertical Motions and Momentum
Fluxes

Figures 13-15 show the vertical winds for each cam-
paign. The north-south and east-west beam pair es-
timates agree very well in the mesosphere and mod-
erately well in the stratosphere. During August 1994
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Figure 13. Campaign average vertical wind at JRO
(12°S, 77°W) estimated from the east-west beam pair
(thin line) and north-south beam pair (thin line with
dots) during January 20-29, 1993. The speed range in
the mesosphere is £1.0 m/s, while that in the strato-
sphere is +15 cm/s.
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Figure 14. Asin Figure 13 except for the period March
10-19, 1994.

the two beam pairs depict different vertical structures
in the stratosphere. The correlation coefficient for pro-
files of wew and wys, averaged for all of the campaigns,
exceeds 0.9 in the mesosphere and is ~0.4 in the strato-
sphere. The good agreement in the mesosphere confirms
the lack of beam pointing errors and provides a pow-
erful constraint on the nature of the vertical motions.
For these CADRE campaigns, mesospheric magnitudes
are ~10-50 cm/s, while stratospheric magnitudes are
~1-5 cm/s, similar to magnitudes found in our 1987
campaigns [Hitchman et al., 1992] and in special ob-
servations of vertical motions at JRO by Maekawa et
al. [1993]. 3

By considering the approximate balance w 6, ~ Q~
—60/Traq it becomes clear that these motions are much
too large for zonally symmetric phenomena such as the
MSAO or QBO. If one assumes a mesospheric temper-
ature perturbation 66 ~10 K, with a radiative damping
time scale Tpaq ~2 days, vertical motions should be less
than 5 mm/s. A stratospheric 5 K perturbation with
a 10 day timescale suggests stratospheric vertical mo-
tions of less than ~0.5 mm/s. An interactive two dimen-
sional model of the QBO with a detailed radiative heat-
ing algorithm suggests vertical motion maxima of ~0.3
mm/s [Politowicz and Hitchman, 1997]. Furthermore,
for most of the JRO data, |v|/|w] << 100 << N/f
(Prandtl’s ratio, which approximates the aspect ratio
of large-scale circulations). An alternative explanation
must be sought to explain the large vertical motions.

It is of interest to first address the remarkable anti-
correlation between horizontal and vertical winds found
for features with vertical scales exceeding ~2 km, es-
pecially in the mesosphere (compare Figures 1-3 and
13-15). In January 1993, near 75 km northeastward
flow of ~10 m/s occurs where there is descent of ~30
cm/s, while near 85 km southwestward flow of ~25 m/s
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occurs where there is ascent of ~50 cm/s. In March
1994, near 77-82 km, westward flow of ~12 m/s occurs
with ~40 cm/s ascent, while near 65 km, eastward flow
of ~8 m/s coincides with descent of ~10 cm/s. In Au-
gust 1994, the flow is east-northeastward and downward
near 68 km; southwestward and upward near 75 km;
and southeastward and downward near 84 km. In the
stratosphere, upward and westward motions tend to oc-
cur together. The correlation coefficient for profiles of u
and wew and of u and wys, averaged for beam pairs and
all of the campaigns, is ~-0.5 in the mesosphere and
is ~-0.4 in the stratosphere. Horizontal-vertical wind
covariances for the time averaged flow often exceed 1
m? s~2, contributing significantly to total momentum
fluxes.

Any explanation for these large vertical motions must
satisfy the two observational constraints of north-south
and east-west beam pair agreement and anticorrelation
with zonal wind. Consider aspect sensitivity as a pos-
sible explanation [Kudeki et al., 1990, 1993]. Assume
a thin turbulent layer tilted at angle é with respect to
the horizontal, where a positive value indicates upward
toward the east. Backscatter would be received most
strongly from an angle of § — ¢ for the beam look-
ing in the upward tilted direction, and from an angle
of § + 6 for the beam looking in the downward tilted
direction. Then for a pure zonal flow u, the line-of-
sight radial velocity seen in the west beam would be
Uy = —usin(f+ 6) and in the east beam it would be
Ue = usin(f—6). Inserting these in (1a) and (2a) and
assuming [6] << || << 1, one obtains ueyw &~ u
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Figure 15. As in Figure 13 except for the period Au-
gust 16-25, 1994. Note that the stratospheric profile
extends down to 9.2 km.
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with the diurnal tide. Since temperature amplitudes in-
crease with altitude for the diurnal tide, the phase rela-
tionship between meridional and vertical motion should
vary with altitude. A possible interpretation of meso-
spheric vertical winds at JRO is that broad equatorial
updrafts occur where the tidal meridional wind is con-
vergent; downdrafts occur with divergence. The anti-
correlation between u and w in the mesosphere may
represent the upward flux of easterly momentum by the
diurnal tide.

A variety of Stokes’ drift may be relevant to this prob-
lem. This possibility was discussed by Coy et al. [1986]
as an explanation of large mesospheric subsidences ob-
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Figure 16. Campaign average horizontal-vertical wind
covariances at JRO (12°S, 7T7°W): uw estimated from
the east-west beam pair (thin line) and 7w estimated
from the north-south beam pair (thin solid with dots)
during March 10-19, 1994. The range in the mesosphere
is 6 m? s~2 and in the stratosphere is £2 m2 s~2.

Figure 17. As in Figure 16, except for the eddy mo-
mentum fluxes (v/'w’, v'w’).

served over Poker Flat, Alaska, during boreal summer
[Balsley and Riddle, 1984]. It is also possible that radar
reflectivity is sampling a moving pattern of turbulence.
Surface waves on the ocean generate foam visible to the
eye via scattering of visible sunlight in a pattern which
forms at the crest and descends with time as it sub-
sides. Gravity wave breaking may similarly generate
patterns of ascending or descending turbulent patches,
which would manifest a Doppler shift in the returned
radar signal. Since breaking gravity waves tend to oc-
cur in a sawtooth pattern for potential temperature, as-
pect sensitivity could introduce a bias regarding which
phase of the wave is most strongly represented in the re-
turn signal. Cornish [1988], and Hoppe and Fritts [1995]
describe further aspects of interpretating large vertical
motions sensed by radar.

For the August 1994 campaign it is possible that a
significant standing wave pattern existed in the strato-
sphere. If so, it would require a chronic horizontal
length scale comparable to the beam pair separation
(~2 km near 20 km altitude). This period was dis-
tinguished by a large-amplitude trough/ridge pair that
occupied the troposphere and lower stratosphere (Fig-
ures 10a and 10b), with substantial northeasterly flow
near 5 km. It is conceivable that this generated a moun-
tain wave which caused the differences between wey, and
Wns.

Ambiguity in the physical meaning of large time mean
vertical motions leads to ambiguity in the interpretation
of momentum fluxes. As an example of this difficulty,
the March 1994 campaign mean momentum fluxes for
the total (ww, vw), eddy (uw'w’, v'v'), and mean winds
or “DC signal” (u w, v w) are shown in Figures 16-18.
Velocity covariances in Flgure 16 are ~1-3 m? s~% in the
mesosphere and ~0.1-1.0 m? s~2 in the stratosphere.
Zonal fluxes tend to be westward in both the strato-
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Figure 18. As in Figure 16, except for fluxes by the
time mean winds (T @, T ).

sphere and mesosphere. Meridional fluxes tend to be
smaller, but significant northward fluxes are seen in the
mesosphere Fluxes associated with the “mean winds”
(Figure 18) are often larger than the “eddy fluxes” (Fig-
ure 17). This presents a challenge in interpreting radar
momentum fluxes in general.

5. Summary and Conclusions

These three JRO campaigns sampled the stratospheric
and mesospheric winds at distinct phases of the annual
cycle, QBO, SAO, and so provide a useful contribu-
tion to the wide variety of observations used to estab-
lish a climatology of the tropical middle atmosphere.
The general agreement for horizontal winds between
ECMWF and JRO in the stratosphere and between
HRDI and JRO in the mesosphere tends to support the
fidelity of coherent features found in these data sets. To
understand the evolution of the tropical stratospheric
flow, it is essential to take account of the complex inter-
action between the geographically varying annual cycle
and the QBO. This is particularly important for diag-
nosing tracer transport between the stratosphere and
troposphere and between the tropics and extratropics.
To understand the evolution of the tropical mesospheric
flow, it is essential to consider both the MSAO and the
tides. Although the MSAO may dominate zonal winds
and the diurnal tide may dominate meridional winds
near 12° latitude, further work is warranted to decon-
volve the two phenomena. This presents a challenge for
theoretical interpretation of meridional circulations in
the tropical mesosphere.

The chronically large vertical motions are also an in-
triguing challenge. In the mesosphere they may repre-
sent tidal motions. The anticorrelation between vertical
and horizontal winds, together with aspect sensitivity

arguments, may suggest a chronic eastward tilting of
turbulent layers. In March 1994, vertical motions of
~4 cm/s existed in the stratosphere (Figure 14). The
METEOSAT image of Figure 9 reveals the intense con-
vection which occurred just east of JRO during March.
It is not known precisely how air enters the strato-
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Stewart, 1981]. Ascent may involve a type of gravity

WRVP-II’H‘]H(‘P(‘] Stokes’ drift. Tan]prqfahr]lng radar verti-

cal motions may lend insight into this process. Since
the mean winds contribute substantially to the total
momentum fluxes, this problem must also be solved in

A mamant . As
order to utilize radar-derived momentum fluxes in di-

agnosing the momentum budget of the tropical middle
atmosphere.
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