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Abstract. Mesospheric winds observed with a meteor radar
at Cariri (7.4◦ S, 36.5◦ W), Brazil, during the period of July
2004 to June 2005, show a clear semiannual oscillation
known as the Mesospheric Semiannual Oscillation (MSAO),
which maximizes in the zonal mean wind mainly at 82 km,
with amplitude decreasing with height. Maximum westward
winds for the MSAO occurred in March and September. The
meridional wind, on the other hand, presented a clear annual
variation maximizing in December. On average, the ampli-
tude of the meridional MSAO was smaller than the zonal
MSAO component. Comparison with models shows on oc-
casions that there are significant differences between the ob-
served winds and the CIRA (Cospar International Reference
Atmosphere) and HWM93 (Horizontal Wind Model) mod-
els. In addition, diurnal and semidiurnal parameters were
calculated and compared to the GSWM model. Other results
observed during one year of data are presented in this work.

Keywords. Meteorology and atmospheric dynamics (Gen-
eral circulation; Middle atmosphere dynamics; Waves and
tides)

1 Introduction

Routine observations of mesospheric wind in the equatorial
region by meteor radar have become frequent since the be-
ginning of this decade. At present, there are about 5 meteor
radars performing continuous observations of mesospheric
wind between 80 and 100 km in the equatorial regions. This
is a starting point to diminish the observational deficiencies
for this region. Between the 1970 and 1999, the main in-
formation about the Mesosphere and Lower Thermosphere
(MLT) winds came from the medium and high frequency
(MF/HF) radars which measure the winds between∼60 and

Correspondence to:R. A. Buriti
(rburiti@pesquisador.cnpq.br)

100 km (Manson et al., 1991), but most of these radars were
installed outside the equatorial region. Observations by op-
tical instruments on board rockets and satellites (e.g. Reed,
1965; Groves, 1972; Salby et al., 1984; Lieberman et al.,
1993; Burrage et al., 1996; Garcia et al., 1997) also have
contributed to the knowledge of the complex dynamics of the
MLT in the equatorial region. However, a few measurements
at a limited number of sites may not be fully representative of
the full character of equatorial dynamics. Geographic loca-
tion is a factor that must be considered. For example, some
radars are located in the middle of, or close to, the oceans,
for example, Ascension Island, UK (Pancheva et al., 2004),
whereas others are located over land and in more convective
regions. The Cariri radar is located 200 km east of the coast
and 2500 km west of the Amazon region in Brazil, where
tropical convection activity is strong (Taylor and Hapgood,
1988; Medeiros et al., 2005), and this location produces dif-
ferent results than radars located on islands.

The dynamics of the MLT in the equatorial region is quite
different to mid-latitudes. The effect of the Coriolis force
is small, resulting in waves and dynamics which are unique
to this region. These unique waves can contribute to the
Quasi-Biennal Oscillation (QBO) and Semi-Annual Oscil-
lation (SAO) of the MLT winds (Hirota, 1978). The QBO
and SAO, which are related to each other, are unique to the
equatorial region and are attributed to momentum transport
generated by planetary and gravity waves in the troposphere
and stratosphere (Dunkerton, 1979; Garcia and Sassi, 1999).

Knowledge about diurnal and semidiurnal tides in the
mesospheric region also increased considerably in the
1990’s, following on-board measurements with HRDI and
WINDII from the UARS satellite (e.g. McLandress et al.,
1996). These oscillations are generated by thermal forcing
when water vapor and ozone absorb radiation in the tropo-
sphere and stratosphere, respectively. Additionally, more re-
alistic atmospheric parameters, such as better descriptions
of energy and momentum dissipation process and nonlinear
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Fig. 1 - Mean (monthly average) Zonal wind at heights from 82 to 98 km between July 2004 

and June 2005 observed at Cariri (solid circles). Thin lines represent the fitting of 

annual and semiannual oscillations. Open diamonds are the winds provided by 

HWM93 for Cariri at 82, 88 and 98 km. Solid crosses represent the winds given by 

CIRA model at 87.5 and 98 km. 

 

 

 

 

 

 

 

 

 

Fig. 1. Mean (monthly average) zonal wind at heights from 82 to
98 km between July 2004 and June 2005 observed at Cariri (solid
circles). Thin lines represent the fitting of annual and semiannual
oscillations. Open diamonds are the winds provided by HWM93
for Cariri at 82, 88 and 98 km. Solid crosses represent the winds
given by CIRA model at 87.5 and 98 km.

interactions between tides, gravity and planetary waves as re-
sponsible (or not) for the semiannual oscillation, have been
recently considered, producing better theoretical descriptions
of the tides as a function of altitude, season and latitude
(Geller et al., 1997, Forbes, 1982; McLandress, 2002a,b; Ha-
gan et al., 2002; Hagan et al., 2003).

This paper concerns the analysis of one year of obser-
vation by meteor radar installed at Cariri (7.4◦ S, 36.5◦ W;
GMT Offset is−3 h) in June 2004. We emphasize the mean
zonal and meridional winds and the diurnal/semidiurnal os-
cillations. Comparisons with models are included where ap-
propriate.

2 Instrumentation

The equipment used to observe winds in the mesosphere is
an All-Sky Interferometric Meteor Radar called SKiYMET
which uses an antenna array composed of a 2-element yagi
antennas (5 in total) for reception and a 3-element yagi trans-
mitting antenna. This particular SKiYMET operates at a fre-
quency of 35.24 MHz and the output power is 12 KW peak.
The radar measures the radial velocity by transmitted radia-
tion scattered from meteors trails. The differences in phase
of the signal received by each possible pairing of antennas
identifies the location of the trail. The range is obtained by
the delay between the transmitted and received signal. Zonal,
meridional and vertical velocity components are determined
by a least-squares fit to all the radial velocities measured in

a given time/height bin. Vertical velocities are normally very
small and are ignored. The temporal and vertical resolu-
tions of this radar are typically 1 h and 2–3 km, respectively.
The Cariri radar is similar to the one installed in Cachoeira
Paulista (Batista et al., 2004) and it is the third in operation in
Brazil. Technical and acquisition details about this radar can
be found in Hocking and Thayaparan (1997) and Hocking et
al. (2001). This radar also measures the temperature at the
height of meteor peak count rates but this parameter was not
used in this work.

3 Mean zonal and meridional winds

The wind data obtained by the meteor radar were analyzed
separately for the zonal and meridional components. This is
standard practice for this kind of study. The data were subject
to composite-day harmonic analyses, which produced mean
winds as well as tidal amplitudes and phases for the diurnal,
semidiurnal and terdiurnal oscillations. We will not discuss
the terdiurnal component, but the other parameters will be
discussed in the following sections.

3.1 Zonal mean winds

The monthly average zonal wind is basically westward, ex-
cept during the summer and winter solstices when the wind
is weakly eastward between 82 and 91–94 km. The pres-
ence of a semiannual oscillation (SAO) in the zonal wind,
mainly between 82 and 91 km, is evident. At 98 km the zonal
wind is completely westward. Data from HRDI, as well as an
MF radar at Christmas Island, have shown similar behaviour
(Garcia et al., 1997). Figure 1 shows the monthly mean zonal
wind behavior from 4 July to 5 June. In this figure we in-
cluded model wind calculations according to the HWM93
and CIRA models (Hedin et al., 1991, 1996; Fleming et al.,
1990). Table 1 shows the quantitative estimates obtained
by harmonic analyses of the amplitude and phase (month of
maximum) for 6 (semiannual) and 12 (annual) months for
the zonal and meridional average monthly wind. The val-
ues in parentheses are the errors. According to Table 1 and
Fig. 1, the zonal semiannual amplitude is generally more im-
portant than the annual one. The ratio between semiannual
and annual amplitudes is largest at 91 km, being about 8.0,
but at 98 km the annual amplitude seems dominant. At 82 km
the wind showed the largest semiannual amplitude, reach-
ing 22.6 m/s, with a maximum westward intensity of about
31 m/s in September 2004 and March 2005. This amplitude
decreases almost linearly by about 4.5 m/s for each 3 km of
height from 82 to 94 km.

The semiannual oscillation has a downward phase shift
with speed of about 16 km/month between 82 and 98 km
of height. The time of maximum is near the beginning of
November at 98 km and in the beginning of December 2004
at 82 km. We define the phase as starting on 1 July 2004,
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Table 1. Wave parameters of zonal and meridional annual and semiannual winds above Cariri. Phase starts on 1 July 2004, which is taken
as day 1 (one).

Zonal Altitude (km) 82 85 88 91 94 98

DC (m/s) −6.1 (2.2) −3.4 (1.3) −4.7 (1.7) −8.0 (2.1) −10.7 (1.9) −12.2 (1.5)

Annual
Amp. (m/s) 6.6 (0.1) 5.7 (1.8) 3.2 (2.5) 1.1 (2.9) 3.1 (2.7) 5.7 (2.1)
Phase (month) 11.1 (0.5) 11.2 (0.3) 10.5 (0.8) 9.5 (2.8) 9.0 (0.9) 5.7 (0.4)

Semiannual
Amp. (m/s) 22.6 (3.1) 15.8 (1.8) 11.5 (2.5) 8.8 (2.9) 3.8 (2.7) 3.3 (2.1)
Phase (month) 5.1 (0.1) 4.9 (0.1) 4.8 (0.2) 4.6 (0.3) 4.3 (0.7) 4.1 (0.6)
Ratio 3.4 2.8 3.6 8.0 1.2 0.6

Meridional Altitude (km) 82 85 88 91 94 98

DC (m/s) −1.8 (1.0) −3.0 (0.7) −3.8 (0.6) −4.7 (0.8) −6.8 (1.1) −10.0 (1.8)

Annual
Amp. (m/s) 8.9 (1.4) 8.1 (1.0) 8.2 (0.9) 9.5 (1.1) 11.3 (1.6) 13.5 (2.5)
Phase (month) 5.4 (0.3) 5.5 (0.2) 5.6 (0.2) 5.7 (0.2) 5.8 (0.3) 5.5 (0.4)

Semiannual
Amp. (m/s) 3.1 (1.4) 3.9 (1.0) 3.2 (0.9) 0.9 (1.1) 1.4 (1.6) 5.4 (2.5)
Phase (month) 4.4 (0.5) 3.7 (0.3) 3.3 (0.3) 2.5 (1.2) 5.7 (1.0) 5.3 (0.4)
Ratio 0.3 0.5 0.4 0.1 0.1 0.4

which is taken to be day 1 of month 1, so these dates corre-
spond to the phases of 4.1 months and 5.1 months, respec-
tively.

The annual amplitude of zonal wind, on the other hand,
presents a minimum at 91 km and increases both above and
below this altitude. The annual harmonic phase seems to
move down, mainly between 85 and 98 km. Note that the
amplitudes present a considerable error at 88–94 km, so it is
necessary to avoid drawing conclusions about this compo-
nent at this altitude.

3.2 Meridional mean winds

A southward wind is always present between July and
September 2004 and from April to June 2005. A small north-
ward flow, on the other hand, can be observed, from Novem-
ber 2004 to January 2005 (Fig. 2). In contrast to the zonal
wind, the annual component of the meridional wind dom-
inates, especially at 91 and 94 km, where the amplitude is
about 10 times the semiannual one. These ratios are shown
in the last line of the Table 1. The annual peak intensity, ac-
cording to harmonic analysis, is located in December 2004.
The maximum and minimum annual amplitudes are about
13.5 m/s at 98 km and∼8.1 m/s at 85–88 km, respectively.
The meridional annual harmonic phase shows very little vari-
ation with height. Our best estimate is that it moves down
with a velocity of 36 km/month, but this calculation has a
large error, and the wave can almost be considered as evanes-
cent. This value was obtained considering the range of alti-
tude between 82 and 94 km where the variation of the phase
is monotonic. There is a jump in the semiannual phase be-
tween 91 and 94 km, but it is worth commenting that these
regions present the smallest values of semiannual amplitude
and the errors are larger.
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Fig. 2. Mean (monthly average) Meridional wind at heights from 82 to 98 km between July 

2004 and June 2005 observed at Cariri (solid circles). Thin lines represent the fitting 

of annual and semiannual oscillations. Open diamonds are the winds provided by 

HWM93 for Cariri at 82, 88 and 98 km 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Mean (monthly average) meridional wind at heights from 82
to 98 km between July 2004 and June 2005 observed at Cariri (solid
circles). Thin lines represent the fitting of annual and semiannual
oscillations. Open diamonds are the winds provided by HWM93
for Cariri at 82, 88 and 98 km.

The RMS mean meridional and zonal winds, on average,
were 37 m/s and 30 m/s, respectively. This means that the
meridional wind variability is∼23% higher than zonal wind
during these 12 months of observation. This can be com-
pared with the data for Cachoeira Paulista (Batista et al.,
2004), where the variability of the zonal wind is much higher
than that of the meridional one. That site is located at 22.7◦ S
and 45◦ W.
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Fig. 3. The two upper plots show the 85km zonal and meridional winds each 2 hours from 

February 1st to 28th. Bottom plot shows the zonal (solid triangles) and meridional 

(solid circles) hourly winds for a composite day from 0.5 to 23.5 UT at same altitude.  
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Fig. 3. The two upper plots show the 85-km zonal and meridional
winds each 2 h from 1 to 28 February. Bottom plot shows the zonal
(solid triangles) and meridional (solid circles) hourly winds for a
composite day from 00:50 to 23:50 UT at same altitude.

A comparison between the observed data at Cariri and
other sites, and the winds provided by HWM93 and CIRA
is present in the Discussion section. Briefly, we can say that
HWM93 describes qualitatively well our observation, espe-
cially during the summer season. On the other hand, CIRA
seems to be far from describing the data from Cariri, espe-
cially at the upper altitudes. The flow to the west, observed
in March/April, is not predicted by CIRA. This may be due
to the fact that the CIRA equatorial data were based on lim-
ited data sets, since few reliable equatorial instruments were
available when CIRA was prepared. The CIRA does not
present a model of the mean meridional wind.

4 Diurnal and semidiurnal tides

The amplitudes and phases of the semidiurnal and diurnal
oscillations present in the wind data from Cariri were ob-
tained using standard least-squares fitting techniques. We
have adopted the same procedure as Hocking (2001), who
binned all meteors for a specific month solely according to
time of day (“composite day”). The final result shows the
hourly behavior of the wind during the composite day at spe-
cific heights. It is worth noting that each hour of the com-
posite day contains over 5000 points which makes the er-
rors generally low. The two upper plots of Fig. 3 show the
two-hourly zonal and meridional winds from 1 to 28 Febru-
ary as an example. From these plots, composite day plots of

the wind (bottom plot of Fig. 3) could be obtained. Follow-
ing this, harmonic fits to the composite day data allowed the
amplitude and phase for diurnal, semidiurnal and terdiurnal
tides (not discussed in this work) of the wind measured by the
meteor radar to be found. The procedure used to calculate
the errors, which include a random error and intrinsic geo-
physical variability, is described by Bevington (1969), and
has been applied by multiple authors in the past (Hocking
and Hocking, 2002; Wu et al., 1995; Vincent et al., 1988,
among others). Weightings for each hour were determined
from inverse variances, and then the procedures described by
Bevington (chapters 8 and 11, and especially pages 242–246)
were used to calculate the standard deviation of the diurnal
and semidiurnal amplitudes and phases of every month stud-
ied in this work. The errors were, in general, less than 10%
for amplitudes and less than one hour for phases.

4.1 Diurnal oscillation

The results for the diurnal oscillation in amplitudes and
phases according to the least-squares fitting can be seen in
Figs. 4 and 5, respectively. The amplitudes of diurnal oscil-
lation for zonal and meridional winds are shown in Fig. 4a
and b, respectively. The horizontal lines represent the value
0 (zero) at the respective altitude. A dominant semiannual
oscillation of the zonal diurnal amplitude, mainly between
91 and 98 km, with maximum at the equinoxes, is evident.
The diurnal oscillation has amplitudes varying between 1
and 38 m/s, with an average of 11.9±7.8 m/s in the range
of 82 and 98 km. The mean amplitude from July 2004 to
June 2005 at 82 km was 6.8 m/s and at 98 km this value was
about 20 m/s, an increase of almost 3 times. November was
a unique month in that the amplitude decreased rather than
increased, by about 0.7 m/s/km between 85 and 98 km.

The meridional diurnal amplitudes (Fig. 4b) presented
a clear oscillation of a 6-month period, with peaks in
September-October and March–April in the range of an al-
titude from 85 to 94 km. At 82 and 98 km, this oscillation
seems to disappear. The diurnal oscillation had amplitudes
between 5 and 43.5 m/s, with an average of 23.7±9.0 m/s in
the range of 82 and 98 km. This is almost twice the value of
the zonal diurnal amplitude. The equinoctial months showed
behaviour similar to the average, in other word, they had a
peak of amplitude around 91 km. In May, June and July,
the amplitudes increased with height while in November–
January they was practically constant. According to the
tidal theory (Chapman and Lindzen, 1970; Forbes, 1982),
at 7.5◦ S, the meridional diurnal tide (1,1) is expected to be
larger (by about 50%) than the zonal one.

In general, the observed diurnal amplitudes for zonal
and meridional wind show good agreement with the Global
Scale Wave Model (GSWM-02) (Hagan et al., 2002, 2003)
but a pronounced difference between observations and the
model can be seen in the meridional amplitude for Octo-
ber at 85 and 94 km and in the zonal component at 94 km
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for April (Fig. 4a and b). A comprehensive description of
this model can be found at the website of the High Al-
titude Observatory (HAO) of the National Center for At-
mospheric Research, in Colorado (http://web.hao.ucar.edu/
public/research/tiso/gswm/gswm.html).

The phase (hour of maximum) for diurnal oscillation in
zonal and meridional wind for all 12 months is shown in
Fig. 5. Because the amplitudes of zonal diurnal component
throughout the months are small at 82 km, the phase calcu-
lated for this height is not shown in Fig. 5. The phase behav-
ior was quite different for the two components. The zonal
phases between 85 and 98 km fluctuated between 18:30 LT
and 13:50 LT. Between 85 and 91 km, the phase presented
2 distinct peaks, one in September–October and the other
in February–April. In November the phases of most of the
heights seemed to converge at 21:45 LT, on average, so that
the tide was close to evanescent in that month. The merid-
ional phase varies smoothly with height. For example, at
98 km, the average phase during the year is 09:20 LT and
changes by∼3 h for each 3 km from 82 to 98 km. The phase
has two minima and varies smoothly throughout the year, ex-
cept at 98 km. We may also use the phase variation with
height to determine the vertical wavelength. In the case of
the zonal components, phases for the zonal wind did not vary
smoothly between the heights in some specific months, and it
was rare to be able to fit them to a straight line. Consequently,
the calculation of vertical wavelength was not precise and/or
was not possible. This problem did not occur with meridional
vertical wavelength calculation. In Fig. 5, some months have
the phases that are very close to each other, so that the wave-
length is large, while for January 2005 the phases are widely
spaced, and the wavelength is small. Figure 6 shows the plots
in more detail. On the other hand, in the case of the merid-
ional component the classical (1,1) mode seems to dominate
compared with all other modes at this latitude (7.4◦ S).

In order to estimate the vertical wavelength of the diur-
nal tide, we have plotted in Fig. 6 the phase of zonal and
meridional components from January to April as a function
of altitude. Good fit (when R-squared or coefficient of de-
termination is great than 0.81) is observed for the meridional
phase, indicating a constant vertical wavelength throughout
the whole height interval. In contrast, for the zonal phase, a
good fit is obtained only for limited heights. In every month
analyzed, the zonal diurnal oscillation led the meridional, ex-
cept at 82–85 km, where, during some months, the opposite
occurred. Physically, this means that the wave, which is as-
sumed to propagate upward, gives rise to a wind vector which
rotates anticlockwise with height looking from the top. This
is expected for the Southern Hemisphere tide (Gill, 1982;
Vincent, 1984).

The vertical wavelength of the diurnal oscillation of zonal
and meridional wind as a function of month is showed in
Fig. 7. The mean wavelength of the meridional wind, not
considering July 2004, is 23.8±2.6 km. Tidal theory es-
timates a wavelength of 25 km for the mode (1,1) in the
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Fig. 4. Zonal (a) and Meridional(b) amplitude of the diurnal tide.
Each horizontal line represents the value 0 (zero) at the respective
height. The symbol (+) represents the amplitude provided by the
model GSWM02 at∼86 and∼94 km.

absence of dissipative mechanisms (Forbes, 1982). The ver-
tical wavelength of the zonal wind varied more than the
meridional one, but in March and April, they are very similar.

The zonal phase for December is not linear with height,
and the zonal phase in June was almost constant with mea-
suring height. Therefore, in these two cases it was not pos-
sible to estimate the vertical wavelength. As for the zonal
diurnal phase, the presence of other modes of propagation
will complicate the determination of wavelength. It is worth
commenting that the mean R-squared value for phase fitting
of the diurnal meridional was 0.99.

A comparison of the GSWM-02 model with Cariri data
can be seen in Fig. 8. The figure shows the observed (O) and
model (M) diurnal zonal and meridional phases in January,

www.ann-geophys.net/26/485/2008/ Ann. Geophys., 26, 485–497, 2008
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Fig. 6. Phase of zonal (Z) and meridional (M) diurnal tide from January 2005 to March 2005. 

The thick lines indicate the best fit used to calculate the vertical wavelength.  

 

 

 

 

 

 

 

Fig. 5. Hour of maximum (Local Time) for zonal(a) and meridional(b) diurnal oscillations from July 2004 to June 2005.
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Fig. 5. Hour of maximum (Local Time) for Zonal (a) and Meridional (b) diurnal oscillation 
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Fig. 6. Phase of zonal (Z) and meridional (M) diurnal tide from January 2005 to March 2005. 

The thick lines indicate the best fit used to calculate the vertical wavelength.  
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Fig. 7. Vertical wavelength of diurnal oscillation for zonal and
meridional components from July 2004 to June 2005.

April, July and October at∼85 and∼94 km. The zonal com-
ponent seems to have a good agreement at 94 km, especially
for April and October. At 85 km, the difference between the
observation and GSWM-02 in April and October is about 6 h.
According to the model, the zonal phase leads the meridional
one at 85 and 94 km throughout the year by about 6.7 h, but
the data show that the meridional leads the zonal wind in
both solstices. The observed and model meridional compo-
nents do not match in January at 85 km and in January and
July at 94 km. In April and October, the difference between
them is 0.8 h and 1.2 h, respectively.
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Fig. 8. Comparison between observed (O) and GSWM model (M )
phases at Cariri at 82 and 94 km in January, April, July and October.

4.2 Semidiurnal oscillation

The semidiurnal oscillation was also investigated in this
work. The behavior of the amplitude during 12 months can
be seen in Fig. 9. The average zonal semidiurnal amplitude
was 5.8±3.4 m/s with values between 1 and 18 m/s. Novem-
ber generally presented the highest value for the amplitude,
about 12 m/s, while July 2004 and June 2005 had the lowest
values,∼2.7 m/s.

On average, a meridional semidiurnal oscillation of
∼15.0±7.0 m/s was observed; this is 2.6 times higher than
the zonal one. The amplitude increased with height, by
about 2.2 m/s for each 3 km, but shows an interesting be-
havior throughout the year. Between October 2004 (20 m/s)
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and February (4.0 m/s) , the amplitude decreased by about
4.1 m/s per month and then increased abruptly to 20 m/s in
March 2005.

Similarly to the zonal diurnal phase, the semidiurnal
phases (Fig. 10a) did not have a monotonic progression with
time and height, indicating a sum of different modes with dif-
ferent amplitudes and an upward or downward propagation
in the range between 82 and 98 km. Another point we must
consider is the possibility of the presence of non-migrating
tides. For this reason the phases for some months could not
be fitted to a straight line throughout the whole data inter-
val, especially for the zonal component. On the other hand,
the meridional semidiurnal phase presented clear downward
phase propagation between September and April. Accord-
ing to Fig. 10b, there was a tendency for an annual variation
of the phase. The phase during summer solstice (December)
was, on average, 04:00 LT (16:00 LT) while during winter
(June/July) it was at around 10:00 LT (22:00 LT).

The vertical wavelength for the zonal and meridional
semidiurnal oscillations was calculated in a similar manner to
that for the diurnal one. The results are shown in Fig. 11. The
zonal wavelength in July is negative which means upward
phase propagation. The mean zonal vertical wavelength,
not including July 2005, was 49±16 km while the merid-
ional was 54±24 km. November was the only month when
the zonal and meridional vertical wavelengths were similar,
about 50 km. According to classical tidal theory, a vertical
wavelength of about 50 km is typical of (2,4) modes while the
(2,3) mode has a vertical wavelength around 80 km. Vertical
wavelengths above 80 km could be attributed to evanescent
waves or superposition of multiple tidal modes.

Figure 12 shows the observed (O) and GSWM model (M )
values of the semidiurnal phases. In general, there is a good
agreement between them, except for the zonal phase at 85 km
in April and October, where the difference between observed
and GSWM was around 5 h. The meridional phase at 94 km,
also presented a significant difference of 5 h in January and
October.

5 Spectral analysis

In order to investigate the presence of oscillations in the wind
observed at Cariri throughout a year we obtained the rotary
spectra over 12 months, from July 2004 to June 2005. In
Fig. 13, we have plotted the running spectra for 3 specific
heights, namely 82, 91 and 98 km. This technique consist
basically in obtaining the Fourier transform of a length of
data, called a window, and then moving this window forward
in time along the principal series. We used 20 days (480 h)
for the window length and moved this window in steps of
2 days (48 h). The process is repeated until all data (∼365
days) have been analyzed. This technique is described in,
e.g. Hocking (2001).
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Fig. 9. Zonal (a) and meridional(b) amplitude of 12-h tide. Each
horizontal line represents the value 0 (zero) at the respective height.
The symbol (+) represents the amplitude calculated by the model
GSWM at 82 and 94 km.

Briefly, in a rotary spectrum, each individual spectral line
in frequency space represents a rotating vector in real space,
where the rotating vector is obtained from two orthogonal
times series (in this case, the zonal and meridional compo-
nents). The sense of rotation (clockwise or anticlockwise)
defines whether the spectral line is negative or positive. In
other words, the horizontal mesospheric wind can be repre-
sented by a complex vectorV (z)=u(z)+iv(z), whereu and
v represent the zonal and meridional wind as a function of
time at a specific heightz. Because a complex number can
be written as a function of exp (±i2πf t), the wind can be
described as a combination of positive (anticlockwise) and
negative frequencies (clockwise), each with their own re-
spective amplitudes (O’Brien and Pillsbury, 1974; Vincent,
1984). The parameterf is the frequency of oscillation of
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Fig. 12. Same as Fig. 8, but for the semidiurnal phase.

the wind. In the Southern Hemisphere, an upward wave
will give rise to a wind vector rotating anticlockwise with
increasing height. This means that the zonal wind leads the
meridional wind. If the vector rotates clockwise, it means the
wave is moving downward and the meridional wind leads the
zonal one. The spectral density is related to the amplitude of
the component (negative or positive) and the width of the
peak relates to the variance of the frequency. If the spectrum
presents 2 waves of similar frequency but different spectral
density, the wave will rotate according to the larger spectral

density, and the rotation hodograph will be an ellipse. For
example: if the power density of the negative frequency is
larger than the positive one, then the wave rotates clockwise.
If both have the same density, this wave propagates, upward
or downward, like a linearly polarized wave.

Figure 13 shows clearly the presence of a semidiurnal and
diurnal oscillation as well as a 2-day wave in both positive
and negative frequencies. The plots show that, in general,
the anticlockwise component is dominant, indicating that the
propagation of tides and the 2-day waves are basically up-
ward. At 82 km (Fig. 13a) the wave activity of both diurnal
and semidiurnal tides, as well as for the 2-day wave, is less
than at 91 and 98 km. The diurnal tide is present at both pos-
itive and negative frequencies. In September/October and
April/May the PSD is stronger at negative frequencies, so
the clockwise rotation is more important and a downward
wave with a period of 1 day prevailed. Between October
and March, it seems that upward propagation is more sig-
nificant. In February the negative and positive frequencies
seems to compete with each other, producing a linearly polar-
ized tide. The semidiurnal component is weaker, but a clear
seasonal activity is present at negative frequencies. Waves
of 8 h (terdiurnal tides) are present only at positive frequen-
cies in September/October and April/May. The 2-day wave
activity is present at negative and positive frequencies but
in December this wave seems to rise until February when
clockwise rotation ceases. At 91 km the diurnal tidal activ-
ity is present throughout the year, but it is possible to note
a clear seasonal behavior, with positive frequencies statisti-
cally more significant than the negative ones. This indicates
that the diurnal tides are predominantly an anticlockwise ro-
tation, mainly in the spring and fall equinoxes. In January,
the rotation is practically anticlockwise because the negative
frequency in the rotary spectrum vanishes. The semidiurnal
oscillation at positive frequencies, similar to diurnal one, is
also not present during all the months. The altitude of 98 km
presents, similar to 91 km, predominantly anticlockwise ro-
tation with strong seasonal behavior. But the clockwise ro-
tation seems to decrease its amplitude mainly from October
to February. The semidiurnal oscillation is strong between
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Fig. 13. Running power spectrum of the wind at Cariri from July 2004 to June 2005 at 82 km(a), 91 km (b) and 98 km(c). The colors
represent the power spectra density (m2s−2 day).

July and November 2004 and between March and June 2005.
From July to November, the 2-day wave is not well defined,
which makes it difficult to report about this wave in the pe-
riod of observation. It is present between December and
April with peaks in January/February and March/April in the
positive frequency region.

6 Discussion

We have presented some results about winds observed at
Cariri during the period between July 2004 and June 2005.
The results include mean zonal and meridional winds, zonal
and meridional amplitude and the phase of the diurnal and
semidiurnal tides, as well as the distribution of occurrence
of some important oscillations throughout 1 yr of data. The
wind calculated by the empirical Horizontal Wind Model 93
(HWM93) for Cariri was compared to the observed wind at
Cariri. This model is based on wind measured by satellites
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(AE-E and DE-2), ground-based incoherent scatter radar,
Fabry-Perot interferometers and MF-Meteor data. For the
zonal wind, the model reproduces qualitatively very well the
observed data but the magnitudes are very different. The ra-
tio between the observed and model values is about a factor
of 2, mainly at 82 km in the range July-September and April
(Equinox). The agreements are better in other months. The
meridional wind at 82 km presents a good agreement with
the model but at heights of 88 and 98 km a large difference
between the model and Cariri data are presented, except for
summer when this difference is small.

The zonal winds observed at Cariri were also compared
to the COSPAR International Reference Atmosphere (CIRA)
model at 87.5 and 98 km. CIRA is identical to the Mass-
Spectrometer-Incoherent-Scatter (MSIS) for altitudes above
∼100 km. Between 0 and 120 km of altitude, CIRA-86 con-
sists of tables of zonal wind (monthly mean) and temper-
ature from 80◦ S to 80◦ N, generated according to ground-
based and Nimbus 5, 6 and 7 satellites measurements (Oort,
1983; Labitzke et al., 1985). Because the wind model data
had a latitudinal resolution of 10 degrees, a simple interpo-
lation between 0◦ and 10◦ S was made to calculate the wind
at 7.5◦ S (latitude of Cariri). Data from equatorial sites were
also limited in quantity and quality at the time that CIRA was
made. The difference between the observed and model val-
ues is large, mainly at 98 km. In March and April, the differ-
ence between CIRA and Cariri is about 60 m/s. There seems
to be in good agreement in the winter season at 88 km. This
model does not predict the semiannual oscillation clearly ob-
served at Cariri. The meridional wind is also not presented
by CIRA.

The observation of a semiannual oscillation (SAO) in the
mean zonal wind at mesospheric heights (MSAO) was re-
ported, for the first time, by Reed (1966), using rocket-
sonde observations. Groves (1972) also identified it near the
mesopause using rocket and radar wind data. Published re-
sults to date suggest that the semiannual oscillation presents
two maxima in amplitude, one near the mesopause and the
other near the stratopause, with a minimum near 64 km. The
times when the amplitudes are maxima are nearly in an-
tiphase (Hirota, 1978), which can be explained by selective
transmission of vertically propagation gravity and ultra-fast
Kelvin waves through the SAO in the stratospheric (SSAO)
winds (Dunkerton, 1982). With regard to our own data, we
do not have data below 82 km, so cannot confirm the exis-
tence of a minimum at 64 km altitude. At our latitude the
mesopause is at typically 95–98 km, which is close to our
maximum height of observation. We can learn more by ex-
amining the results from stations at similar latitudes but dif-
ferent longitudes. We are aware of two stations with simi-
lar equatorial latitudes, namely Tirunelveli (8.7◦ N, 77.8◦ E)
and Christmas Island (2◦ N, 157◦ W) at which MSAO stud-
ies have been carried out (Rajaram and Gurubaran, 1998;
Vincent, 1993). The campaign at Tirunelveli was made be-
tween July 1994 and June 1995, and the one at Christmans

Island was made between January 1990 and June 1991, and
these studies revealed maxima velocity amplitudes of 23 and
20 m/s, respectively, peaking at 84–86 km. These values are
quite comparable to our own. Burrage et al. (1996) used 3 yr
of data from the High Resolution Doppler Imager (HRDI)
on the Upper Atmospheric Satellite (UARS) to study the
MSAO, and reported an amplitude maximizing at 35 m/s near
82 km in the equatorial region. They found the maximum
amplitude over Cariri to be close to 30 m/s. Hence our mea-
sured amplitudes are consistent with these other studies.

In contrast to our results, Rajaram and Gurubaran (1998)
and Vincent (1993), who reported wind analyses of data ob-
served over Christmas Island, did not observe a downward
semiannual phase propagation in the mean zonal wind in the
range 82 to 98 km altitude. Burrage et al. (1996), on the other
hand, found a phase shift of about−15 km/month above
80 km, which is very close to our results (−16 km/month).
Our observations are similar to those presented by Rajaram
and Gurubaran (1998) for the months between July 1994
and June 1995, with data from Tirunelveli. Our observa-
tion of the mean meridional wind is also similar to that re-
ported by Rajaram and Gurubaran (1998), especially if we
consider wind data from July 1994 to June 1996. We must
comment that MSAO did not present a clear seasonal asym-
metry. Many researchers (e.g. Garcia et al., 1997) have re-
ported about asymmetry in the MSAO (∼80 km of altitude)
westward between both equinoxes in the Ascension Island
(7.6◦ S). According to Burrage et al. (1996) this asymmetry
can be attributed to a combination of MSAO with different
annual variations in both hemispheres.

The amplitudes of the zonal and meridional diurnal oscil-
lation have been compared with the GSWM amplitudes at
82.1 and 94.6 km in January, April, July and October. There
is an excellent agreement between model and observed am-
plitude for the zonal component, except for January at 94 km,
when the difference is almost a factor of 4. With regard to the
meridional component, we could say that the model at 82 and
94.6 km does not match very well with the observed ampli-
tude. The difference between the model and observed data in
October was about 50% at 82 and 94 km. Data from Jakarta,
(6◦ S, 109◦ E), obtained by a meteor radar at a height between
90 and 95 km (Pancheva et al., 2002), showed amplitudes of
about 20 m/s in June and July, which correspond to double
the values of the zonal components observed at Cariri. On
the other hand, the meridional amplitude observed at these
sites was very similar. Simultaneous observations at Cariri
and Jakarta could answer the question as to whether the dif-
ference in the zonal wind amplitudes always exists, or was
as a result of the observations taken in different years. Hitch-
man and Leovy (1986) have reported about the contamina-
tion of the wind data by the significantly zonally asymmetric
motions at the equator when observed by one site, but a net-
work of radars must be considered to collect simultaneous
information about the wind, in order to clarify this problem.
According to the model, between 70 and 100 km of height,
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April, July and October have amplitudes of both components
increasing with height, except for January when the merid-
ional amplitude has its smaller value between 85 and 90 km.
Comparing with observed data, the model does not agree
with zonal data because, in July, for example, the amplitude
presented a maximum zonal amplitude at 88 km and October
presented a clear peak at 88–91 km. On the other hand, in
January the meridional diurnal amplitude presented a mini-
mum at 91–94 km, which agrees well with the GSWM.

At 82 km, the amplitude of the zonal diurnal tide was
weak during the 12 months of observations and no seasonal
variation was clear, in contrast to the monthly zonal mean
wind where the seasonal variation was strong. At 98 km
altitude, the diurnal tidal amplitude presented a strong sea-
sonal variation and the monthly zonal wind did not present a
clear 6-month oscillation. The diurnal tides generally present
peak amplitudes between 90 and 105 km. The dissipation
of the (1,1) mode results in deposition of the western mo-
mentum to the mean flow (Andrews and McIntyre, 1978).
The meridional diurnal amplitude, on the other hand, pre-
sented a clear seasonal variation mainly at 91–98 km of alti-
tude and, on average, it was larger than the zonal diurnal tide,
except at 98 km in August-October when the zonal amplitude
was∼40 m/s. The amplitude maximum in the zonal diurnal
tide was observed at Cariri at 98 km. According to Hays et
al. (1994), these maxima occur at equinoxes and minima at
solstices, between 95 and 100 km, which agree with our ob-
servations. We are not able to affirm that 98 km is the re-
gion where the amplitude is maximum. If we consider the
meridional diurnal amplitude, we could say that the ampli-
tude maxima is around 91–98 km and presents a seasonal be-
havior. McLandress (2002b), using a extended version of the
Canadian Middle Atmospheric Model (CMAM), discusses
the effect of the seasonal variation of the mean winds and
the effect of solar heating in the near infrared (water vapor),
ultraviolet (ozone) and extreme ultraviolet (atomic oxygen),
with regards to the semiannual oscillation of diurnal tide.

The temporal series of data (1 yr) used in this work did not
permit one to identify a QBO in the wind over Cariri, but
future works with longer periods of data could feature the
behavior of the upper mesosphere QBO at 7.5 degree south.

7 Conclusions

Wind data recorded between July 2004 and June 2005 ob-
served by the meteor radar at Cariri (7.4◦ S; 36.5◦ W), Brazil,
showed a strong semiannual variation for the zonal back-
ground wind component with the largest velocity amplitudes
at 82 km and a nearly linear decrease in amplitude with
height. The westward wind was strongest in March and
September, between 82 and 91 km, whereas a weaker east-
ward component was present during solstice only at heights
between 82 and 91 km. The meridional wind, on the other
hand, presented basically an annual variability with a weak

northward component in the summer solstice. The south-
ward component was maximum in winter for all heights from
82 to 98 km. Comparing with the models, we can comment
that the CIRA describes very poorly the zonal wind observed
at Cariri. This is because winds calculated by CIRA are
derived from the thermal wind equation using satellite ra-
diances, which requires geostrophic balance. However, the
Coriolis torque is low at the equator, which must make such
conversions difficult and prone to errors. On the other hand,
for the HWM93 model, both components are in good agree-
ment with the observed wind. The amplitudes of the diurnal
and semidiurnal tides of both components, zonal and merid-
ional winds, were also calculated. The meridional diurnal
amplitude, on average, was twice the zonal one presented by
GSWM. In addition, the meridional phase always presented
a smooth variation with height for all months, whereas the
zonal diurnal phase showed a large variation with height, so
that a vertical wavelength could often not be found for the
zonal component. The rotary spectrum has shown that the
winds rotate predominately anticlockwise which means that
most of the tidal waves propagate upward.
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