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Abstract Meteor radar observations have been used to estimate the mesospheric temperatures at
90-km height over the Brazilian low-latitude sectors by applying gradient- and pressure-based techniques.
The measurements have been taken from meteor radars operating at Cachoeira Paulista (22.7∘S, 45∘W),
from 2002 to 2006, and São João do Cariri (7.4∘S, 36.5∘W), between mid-2004 and 2008. The temperatures
estimated from meteor data by the two techniques, using local models for temperature gradient and
pressure, showed a good agreement with temperatures from Sounding of the Atmosphere by Broadband
Emission Radiometry over both sites. The seasonal behavior of the temperatures estimated from
meteor data, and from Sounding of the Atmosphere by Broadband Emission Radiometry instrument, is
characterized by a semiannual oscillation (SAO) with maximum values during equinoxes, which coincide
with the westward phase of the mean zonal wind as well as with SAO on diurnal tidal amplitudes over both
sites. The lag phases between SAO on temperatures and on winds (or on diurnal tidal amplitudes), near
equator, have been stable in time indicating a seasonal cycle and the dynamic coupling of the tropical
mesosphere through nonlinear interactions between oscillations from stratosphere. Although the time
series used are short to establish reliable trends or solar effects, the temperatures over Cachoeira Paulista
showed a decrease between 2003 and 2006, just when F10.7 index has declined in a rate of 15.3 sfu/year,
while over São João do Cariri only a slight decay has been observed on temperatures by gradient technique
obtained from mid-2004 to 2008, when F10.7 decrease rate was 9.2 sfu/year.

1. Introduction

The mesospheric temperature from meteor radar measurements has been estimated taking advantage of the
fact that Da is proportional to T 2∕P, in which the ambipolar diffusion coefficient Da can be derived from decay
time of the radar signal and a suitable model to pressure P has been adopted, generally requiring calibra-
tion with temperatures obtained by other techniques (e.g., Dyrland et al., 2010; Hall et al., 2006; Holdsworth
et al., 2006). An alternative method was developed by Hocking (1999), in which the absolute temperature is
estimated using the slope of log10 Da as a function of height. The method permits to determine the temper-
ature without the knowledge of the pressure or of a pressure model; however, an appropriate model for the
temperature gradient (dT∕dz) is required.

After performing comparisons between Antarctic mesospheric temperatures estimated by these two tech-
niques (pressure and temperature gradient methods), Holdsworth et al. (2006) have recommended the use of
the pressure method, provided that a properly designed local pressure model be adopted. In this sense, a suit-
able pressure model has been used to estimation of temperatures from meteor data at high latitudes in the
Northern Hemisphere. To obtain realistic variations of temperature from meteor measurements at 69∘N and
78∘N, Hall et al. (2006) have applied a calibration using pressure values from MSISE-90 data along with tem-
peratures obtained by optical methods. Temperatures derived from measurements by sensors on board the
satellites were used by Dyrland et al. (2010) to calibrate temperatures estimated from Svalbard (78∘N) meteor
radar measurements.

Kumar (2007) has used a combination of the temperature-pressure parameter relationship and the temper-
ature from gradient technique to obtain the pressure at 90 km and, then, to remake the 82- to 98-km height
profiles of pressure and temperature at Thumba (8.5∘N). Their results were compared with temperature from
Sounding of the Atmosphere by Broadband Emission Radiometry (SABER) instrument on board the Ther-
mosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite and showed reasonably good
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agreement. Meek et al. (2013) have compared the meteor radar temperature by gradient and pressure meth-
ods at Eureka (80∘N) with those available by the Earth Observing System Microwave Limb Sounder (MLS) on
board the Aura satellite and have found that meteor radar temperature from both methods agrees quite well
with MLS data for winter, but not during summer. The temperature gradient model was also applied to esti-
mate the mesopause temperature from meteor radar data at Kunming (25.6∘N), and the results were in good
agreement with temperatures from SABER data (Yi et al., 2016).

The linear relationship between the width of meteor height distribution and the temperature measurements
of the MLS on board the Aura satellite has been used by Lee et al. (2016) for estimating the temperature for
meteor peak height at King Sejong Station, Antarctica (62∘S). Liu et al. (2017) also used the width of meteor
height distribution, but along with SABER temperature, for estimating the 90-km temperature at Mohe (53∘N),
China. In both studies the results have pointed out to a good performance in the temperatures obtained.

The mesopause temperature is characterized by a semiannual oscillation (SAO) in a global scale, which have
been associated with the SAO in the zonal wind component, with maximums observed at the equator and at
high latitudes and a minimum at middle latitudes. However, most of the studies on the temperature estima-
tion from the measurements by meteor radars have used observations obtained in middle and high latitudes,
and only a few analyzed low-latitude regions, which are generally located in the Northern Hemisphere. In this
paper, we have used observations from meteor radars in the Southern Hemisphere, at Brazilian low-latitude
sectors, to estimate the daily temperature near mesopause region and the results obtained by the use of gradi-
ent and pressure methods are compared with the temperature from SABER data. The temperatures obtained
are then used in the analysis of SAO and its possible relationship with the SAO on zonal winds and on diurnal
tidal amplitudes.

2. Observations

The mesopause temperatures evaluated are based on observations that have been taken from two meteor
radars operating at low latitudes in the Southern Hemisphere; one of them is located at São João do Cariri
(7.4∘S, 36.5∘W) and the other at Cachoeira Paulista (22.7∘S, 45∘W) in the Brazilian northeast and southeast
regions, respectively, which already have been described (e.g., Araújo et al., 2014; Lima et al., 2012). Both sys-
tems are all-sky interferometric meteor radars with one 3-element transmitting and five 2-element receiving
Yagi antennas, operating at a frequency of 35.24 MHz, with pulse width of 13.3 μs, repetition rate of 2144 Hz,
and peak power of 12 kW. The data used in this work include meteor radar measurements at São João do Cariri,
observed over the period July 2004 to December 2008, and at Cachoeira Paulista, obtained from January 2002
to July 2006.

The geometric height of each meteor trail is calculated from a combination of the meteor range and their
direction of reflection point, which is computed from phase differences of the echoes’ signals between the
distinct receivers (Jones et al., 1998). In general, meteoroids ablate at heights between 140 and 70 km; how-
ever, due to the height ceiling effect, these very high frequency radars are able to detect meteor trails in the
110- to 70-km range.

Since the estimation of temperatures from meteor radar measurements is based on signal from underdense
echoes, it is necessary to apply constraints to use the most representative data. In this sense, to estimate
the daily temperatures, we have considered a 3-day window with a sufficient number of echoes (more than
2,000). The use of a 3-day window also reduces the tidal effects on daily temperatures. To remove outliers
and biased values, we have considered the typical procedures applied by a number of authors (e.g., Hocking,
1999; Hocking et al., 1997; Holdsworth et al., 2006), such as removal of the data from echoes at the edges of
the vertical meteor distribution (the upper and lower 5% of the meteors), as well as echoes at zenith angles
greater than 60∘. The data are also limited to echoes with signal-to-noise rate between 5 and 21 db to avoid
contamination due to weaker and stronger meteor trails (Ballinger et al., 2008). It is observed that above 95 km
the diffusion coefficients are lower than supposed and higher than expected below 85 km (Ballinger et al.,
2008; Hall et al., 2005) causing a change in the gradient of log10 Da around these heights (Younger et al., 2014).
Therefore, we have considered the echoes observed between 85 and 95 km, since in this range the exponential
growth of the ambipolar diffusion coefficient with height is practically fulfilled (Ballinger et al., 2008).

We also use daily mean temperatures obtained by SABER/TIMED instrument observations for comparisons.
The SABER instrument is an infrared radiometer with 10 channels ranging from 1.27 to 16 μm. The instrument
derives the vertical profiles of kinetic temperature from limb observations of CO2 emissions with systematic
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Figure 1. The local pressure models for São João do Cariri (black solid line)
and Cachoeira Paulista (back dash-dotted line). Pressure from MSISE-00
parameters are represented for 7.5∘S (red dashed line) and 23∘S (red
dotted line).

uncertainty of 4 K around 90 km (Remsberg et al., 2008). In this study,
we used the level 2A kinetic temperature version 2.0 data and the daily
mean temperature around 90 km was obtained from temperature profiles
observed in a 10∘ × 10∘ grid centered on the radar locations. The SABER
data observed from 2004 to 2008 were used to obtain daily temperatures
over the São João do Cariri site, while the SABER data from 2002 to 2006
were considered to Cachoeira Paulista.

3. Method and Results

The dissipation of the meteor trail is mainly dominated by ambipolar diffu-
sion and defines the intensity of the signal from underdense echoes, that
is, from a trail that has an electron line density less than 1014 m−1 (McKin-
ley, 1961). The signal amplitude of the underdense echoes exponentially
decreases as a function of time, and half-life time, 𝜏1∕2, is defined as the
time for the signal amplitude to drop to half the initial value, as follows:

𝜏1∕2 = 𝜆
2 ln 2

16𝜋2Da
(1)

in which 𝜆 is the wavelength correspondent to the radar frequency and Da is the ambipolar diffusion
coefficient.

To estimate the mesopause temperature from meteor data, Hocking et al. (1997) have used the Einstein rela-
tion for ambipolar diffusion coefficient, which has been discussed by Chilson et al. (1996) and is expressed as
follows:

T 2

P
=

qe

2k

(
273.16

1.013 × 105K0

)(
𝜆

2 ln 2
16𝜋2𝜏1∕2

)
(2)

in which P is the neutral atmospheric pressure (Pa), qe is the electron charge, k is the Boltzmann constant, and
K0 is the ion mobility in the meteor trail (= 2.5×10−4 m2/s). As mentioned, to estimate the temperature using
this pressure method, it is necessary to provide a local pressure model (Holdsworth et al., 2006).

In the absence of a suitable local pressure model for two sites, we have adopted pressure around 87 km
inferred from the ambipolar diffusion coefficient and a temperature model based on the airglow OH rotational
temperatures (Takahashi et al., 2004, 2005). The temperature models for the height of 87 km have been set up
considering the seasonal behavior of the OH temperatures at Cachoeira Paulista and São João do Cariri (e.g.,
Buriti et al., 2001; Shepherd et al., 2004; Takahashi et al., 1995). The temperatures from the models along with
the smoothed diffusion coefficient at 86–88 km were used to obtain the pressure for 87 km, by equation (2).
The local pressure model at 90 km has been reached considering that P90 = P87 exp(−3∕H), in which H is the
scale height, which has been taken from the seasonal behavior of Sm × log10(e).

The local pressure models for São João do Cariri (black solid line) and Cachoeira Paulista (black dash-dotted
line), as well as pressure model obtained from parameters of NRLMSISE-00 empirical Atmosphere Model
(Picone et al., 2002), are represented in Figure 1 for 7.5∘S (red dashed line) and 23∘S (red dotted line).

Alternatively, Hocking (1999) has used the relationship between log10(1∕𝜏1∕2) and log10(P) as well as the fact
that variation of P with altitude depends on the scale height (H), to show that the slope (Sm) of the scatter plot
of log10(1∕𝜏1∕2) versus height (z) is related to the mean temperature at the meteor peak height, leading to the
following expression for temperature:

T = Sm

(mg
k

+ 2
dT
dz

)
log10 e. (3)

In this equation, g is acceleration due to gravity at 90 km (=9.5 ms−2), m is the mass of an average air molecule
(=4.749 ×10−26 kg), and the temperature gradient (dT∕dz) was taken from a model based in Hocking et al.
(2004). It should be noted that the temperature gradient model does not show significant seasonal variability
for latitudes below 30∘.

The temperatures estimated by gradient technique (black filled circle), using a 3-day radar data window, are
shown in Figure 2 for Cachoeira Paulista’s measurements (top panel) registered from January 2002 to July 2006
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Figure 2. Mesopause temperature from gradient method (black filled circle) for Cachoeira Paulista (top panel) and São
João do Cariri (bottom panel). Red open circle represent the SABER temperatures. SABER = Sounding of the Atmosphere
by Broadband Emission Radiometry.

and for the observations at São João do Cariri (bottom panel), obtained from July 2004 to December 2008.
The SABER temperatures are also represented by a red open circle. The higher temperatures estimated from
Cachoeira Paulista meteor data exceed those from SABER instrument during 2003–2005, with the lowest val-
ues have been obtained in 2002. A moderated correlation between them has been found (r = 0.38). The
temperatures estimated from São João do Cariri meteor data have shown a good concordance with SABER
temperatures, but, as at Cachoeira Paulista, a wider scatter than the SABER temperatures can also be observed
throughout all the years. The correlation between meteor radar and SABER temperatures at São João do Cariri
was better than at Cachoeira Paulista, with r = 0.48. The larger day-to-day variation observed in the tempera-
ture obtained by gradient method has been discussed by Holdsworth et al. (2006). It should be remembered
that a small day-to-day variation in slope results in large fluctuations in temperature, different from the meth-
ods that use local calibration with satellite measurements, such as the full width at half maximum method
(Lee et al., 2016), that produces a smoothed day-by-day variation in the temperatures.

In order to identify seasonal periodicities, both time series (meteor

Figure 3. Lomb-Scargle periodograms for mesopause temperatures from
gradient method (black line) and SABER (red dotted line) for São João do
Cariri (bottom panel) and Cachoeira Paulista (top panel). Horizontal
dash-dotted line represents the 95% confidence level. SABER = Sounding of
the Atmosphere by Broadband Emission Radiometry. PSD = Power Spectral
Density.

radar and SABER temperatures) have been subjected to spectral analysis
by Lomb-Scargle periodogram technique (Scargle, 1982) and the results
showed in Figure 3 have revealed the presence of spectral energy asso-
ciated with annual oscillation (AO) and SAO for meteor radar and SABER
temperatures at two sites. A quarterannual oscillation (QAO) also is present
at both sites; however, the spectral energy in the meteor radar tempera-
tures is weaker than those from SABER instrument. Additional peaks for
meteor radar temperature have been observed for periods of 287 days at
Cachoeira Paulista and of 625 days at São João do Cariri, which are not
seen in the respective SABER temperatures. On the other hand, SABER
temperatures have shown peaks for periods near 90 days and below,
which have not been captured by the temperatures obtained from radar
measurements. These periodicities may be associated with intraseasonal
oscillations, as well as due contamination by TIMED satellite yaws.

The seasonal behavior is better seen from the composite year, which is set
up by superimposing the daily temperatures available on each site to pro-
duce their respective composite years. Figure 4 shows the composite year
of the mesopause temperature from gradient method (black circle and
dotted line) and their yearly standard deviation (gray), along with the har-
monic fitting (red line) for São João do Cariri (bottom panel) and Cachoeira
Paulista (top panel) . The composite fit has been obtained by harmonic
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Figure 4. Composite year of the mesopause temperature from gradient
method (black circle and dotted line) and scattering (gray) along with the
harmonic fitting (red line) for São João do Cariri (bottom panel) and
Cachoeira Paulista (top panel).

analysis considering that the deviations of the signals around the mean
are due to the AO, SAO, and QAO for both sites.

As can be seen in Figure 4, the temperatures over both sites show a
clear SAO with amplitude of 3.7 K for Cachoeira Paulista and 3.8 K for
São João do Cariri, in which the maximum occurs during April–May
and October–November (around equinoxes), and the minimum happens
during December–February and June–July (around solstices). On São
João do Cariri, SAO presents a marked asymmetry, in which tempera-
tures for August–November are higher than those during February–May.
The mean temperatures from composite years have been found to be of
192.5 K and 188.1 K for Cachoeira Paulista and São João do Cariri, respec-
tively. The standard deviation (gray) indicates that meteor radar temper-
ature obtained by gradient technique undergoes considerable variability
from year to year. It is noted that, over São João do Cariri, variations in tem-
peratures were higher in the second semester (winter and spring seasons),
while the spread of the temperatures during summer and autumn seasons
was smaller.

Figure 5 shows the daily temperatures estimated by pressure method
(black filled circle) at Cachoeira Paulista (top panel) and at São João do
Cariri (bottom panel), for the same periods considered in Figure 2. Once
more, SABER temperatures are represented by a red open circle. The tem-

peratures estimated from meteor data over Cachoeira Paulista are lower than those of the SABER instrument
from mid-2004 to mid-2006; however, in general, there is a good concordance between temperatures by
meteor pressure method and those from SABER data with a correlation of r = 0.55. A good concordance has
also been found between temperatures by meteor pressure method and those from SABER measurements
over São João do Cariri (r = 0.58).

The Lomb-Scargle periodogram results for temperatures by meteor pressure method are very similar to those
obtained for SABER temperatures (red dotted line in Figure 3) and have shown the presence of a strong SAO.
Moreover, the meteor temperatures over São João do Cariri also showed a peak in AO. As identified in the
meteor temperatures obtained by gradient technique, a weak QAO periodicity is also present at both sites in
meteor radar temperatures by pressure method.

The composite year of the temperatures obtained by pressure method is represented in Figure 6 (black dot-
ted line) with their standard deviations (gray) for São João do Cariri (bottom panel) and Cachoeira Paulista
(top panel). Again, the red lines represent AO, SAO, and QAO harmonic fitting for both sites. From this figure,

Figure 5. Mesopause temperature from pressure method (black filled circle) for São João do Cariri (bottom panel) and
Cachoeira Paulista (top panel). Red open circle represent SABER temperatures. SABER = Sounding of the Atmosphere by
Broadband Emission Radiometry.
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Figure 6. Composite year of the mesopause temperature from pressure
method (black circle and dotted line) and dispersion (gray) along with
harmonic fitting (red line) for São João do Cariri (bottom panel) and
Cachoeira Paulista (top panel).

we have that temperature dispersions estimated by pressure method
are lower than those observed for temperatures obtained by gradi-
ent technique (Figure 4). Year-to-year variability was higher during win-
ter months (July–September) over Cachoeira Paulista; however, over
São João do Cariri this variability was lower just during winter time.

A mean temperature of 191 K have been obtained from composite year
fitting for both sites, and, as in the case of temperatures estimated by gra-
dient technique, the temperatures obtained by pressure method show
a seasonal behavior characterized by the presence of strong SAO with
amplitudes of 4.7 and 5.6 K for Cachoeira Paulista and São João do Cariri,
respectively. The occurrences of the maximums are coincident for temper-
atures estimated by both methods, that is, maximums around equinoxes
and minimums around solstices. Looking at Figures 4 and 6, it is verified
that the behavior of the meteor temperatures over São João do Cariri, by
pressure method, does not show the pronounced asymmetry observed for
temperatures by gradient technique.

To examine the interannual variability on temperatures, 45-point
smoothed data series have been obtained from each daily sequence of
the temperature estimated by both techniques and from SABER data. In
Figure 7 are shown the 45-point smoothed temperature estimated by
gradient technique (black dash-dotted line), by pressure method (blue
line) and from SABER data (red dotted line) for São João do Cariri (bottom
panel) and Cachoeira Paulista (top panel).

From this figure, we can notice that the mesopause temperature estimated from meteor radar data by two
techniques, as well as from SABER data, reveals interannual variability over both sites. In general, the tem-
perature estimated by pressure method follows the interannual behavior of SABER temperature with some
episodes of phase shift between them for both sites; however, a better agreement is observed between
interannual behaviors of these temperatures on São João do Cariri. The temperature estimated by gradi-
ent technique over both sites exhibits strong interannual variability, which in turn presents episodes of
disagreement with both SABER and pressure method temperatures.

It is still possible to notice that from 2002 to 2006, SABER temperatures on Cachoeira Paulista presented a
slight decline, whereas for the temperatures estimated by pressure method this decline is more pronounced;
however, this feature is not visualized in the temperatures estimated by gradient technique, neither in the
temperatures estimated by both gradient and pressure techniques as well as from SABER data over São João
do Cariri during the time interval from 2004 to 2008. To explore this feature, temperature residuals have been
obtained. For this, the semiannual variation has been extracted from daily temperatures for each year and

Figure 7. Smoothed temperatures estimated by gradient technique (black dash-dotted line), pressure method (blue
line), and from SABER data (red dotted line) for São João do Cariri (bottom panel) and Cachoeira Paulista (top panel).
SABER = Sounding of the Atmosphere by Broadband Emission Radiometry.
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Figure 8. Monthly residuals of temperatures from gradient technique (black full circle), pressure method (black open
circle), and from SABER data (red open circle) for Cachoeira Paulista (left) and São João do Cariri (right). Blue lines
represent the linear trends. SABER = Sounding of the Atmosphere by Broadband Emission Radiometry.

monthly averages of the temperature residuals were then determined, once the SAO is the strongest among
the others and their removal from the data were satisfactory to obtain the trend from the series of monthly
averages. The monthly residuals are shown in Figure 8 for temperature from gradient technique (black full
circle), pressure method (black open circle), and from SABER data (red open circle) along with their respective
linear trends (blue line) for Cachoeira Paulista (left) and São João do Cariri (right).

From linear fitting, we have perceived that the temperature estimated by gradient technique over Cachoeira
Paulista increases by 0.8 K/year from 2002 to 2006, but when we considered the time interval from 2003 to
2006, we found a decreasing rate of 0.9 K/year (represented by a blue line). The temperature estimated by
pressure method shows a decay rate of 1.7 K/year, and from SABER data, a decay rate of 0.7 K/year has been
obtained. From linear fitting for monthly residuals over São João do Cariri, we have found that the tempera-
ture estimated from 2004 to 2008, by gradient technique and from SABER data, decays by 0.3 and 0.4 K/year,
respectively, but the temperature from pressure method increases by 0.4 K/year.

4. Discussion

The mesopause temperature estimated from meteor radar observations by gradient technique and pressure
method shows good agreement with temperatures from SABER data over Cachoeira Paulista and São João do
Cariri; however, the temperature obtained by gradient model presents larger day-to-day variations than those
obtained by pressure model and from SABER instrument for both sites, confirming findings reported in previ-
ous studies (e.g., Holdsworth et al., 2006; Yi et al., 2016). The mesopause temperatures estimated by gradient
and pressure techniques for both sites clearly reproduce a seasonal behavior characterized by SAO, which
have also been observed in other studies for these latitudes (Buriti et al., 2001; Huang et al., 2006; Shepherd
et al., 2004; Takahashi et al., 1995).

The amplitude of the SAO viewed on the composite year for the temperature estimated over Cachoeira
Paulista by pressure method (4.7 ± 0.1 K) exceeds the SAO temperature’s amplitude by gradient method
(3.7± 0.2 K), which exceeds the SAO temperature’s amplitude depicted on year’s composite from SABER data
(2.9 ± 0.2 K). Using nocturnal airglow OH rotational temperature obtained by photometer, Takahashi et al.
(1995) have found SAO amplitude of 3.5 K for altitude around 87 km at Cachoeira Paulista, and Shepherd et al.
(2004), using daily zonal mean temperature at 87-km height from Wind Imaging Interferometer, have found
SAO amplitudes of 3.6 and 2.4 K for 20∘S and 25∘S, respectively. Using temperatures from SABER data, Huang
et al. (2006) have estimated a SAO amplitude range of 2.5–3.0 K near 24∘S around 90-km height.

The SAO amplitude obtained from the temperature’s composite year by pressure method (5.5 ± 0.1 K) over
São João do Cariri also exceeds those estimated from gradient technique (3.8 ± 0.2 K) and from SABER data
(3.5±0.4 K). Buriti et al. (2001) have estimated a SAO amplitude of 6.8 K from nocturnal airglow OH temperature
around 87-km height by photometer at São João do Cariri, while Shepherd et al. (2004) have obtained SAO
amplitudes of 4.4 K for 5∘S and 3.7 K at 10∘S from Wind Imaging Interferometer temperature data around
87-km height. The SAO amplitude estimated from SABER temperature data by Huang et al. (2006) is in the 4.5-
to 5.5-K range near 7∘S around 90-km height.

It is believed that the driving mechanism of the mesospheric SAO in the zonal mean wind is the selective fil-
tering of gravity and Kelvin waves by stratospheric SAO (Dunkerton, 1982; Sassi & Garcia, 1997) and that the
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Figure 9. SAO on temperatures (top panels) estimated by gradient (black dash-dotted line) and pressure (blue line)
techniques and by SABER (red dotted line) data, along with SAO on zonal winds (middle panels) at 81 km (black dotted
line) and 90 km (red dotted line) and SAO on meridional diurnal tidal amplitudes (bottom panels) observed over
Cachoeira Paulista (left column) and São João do Cariri (right column). Data have been band-pass filtered to retain
periods between 172 and 192 days. SABER = Sounding of the Atmosphere by Broadband Emission Radiometry;
SAO = semiannual oscillation; DT = diurnal tide.

mesospheric SAO in temperature is associated with them. However, the seasonal change in the atmospheric
tidal amplitudes may also affect the temperature of mesospheric SAO. A look at local mesosphere/lower ther-
mosphere (MLT) dynamics provides insights to understand such associations. The MLT zonal mean winds over
Cachoeira Paulista are characterized by SAO below 90 km (Batista et al., 2004), while over São João do Cariri
this variation appears in all MLT region, that is, in the 80- to 100-km range height (Lima et al., 2007). Diurnal tide
amplitudes in the MLT winds over both sites exhibit a semiannual variation with strongest amplitude reach-
ing maximum values during February–April and a second amplification occurring during August–October
for both zonal and meridional components.

Figure 9 depicts the SAO’s evolution over time on temperatures (top panels), on zonal winds (middle panels)
at 81- and 90-km heights, and on amplitudes of the meridional diurnal tide (bottom panels) at 90-km height
for Cachoeira Paulista (left column) and for São João do Cariri (right column). For obtaining the filtered data
series, the daily temperature, zonal winds, and diurnal tidal amplitudes were subjected to a band-pass filter
with cutoff periods of 172 and 192, days.

From Figure 9 it is possible to notice that SAOs on temperatures are in phase with each other (mainly for
temperatures by pressure method and from SABER data at São João do Cariri), in which the temperatures
maximize around equinoxes, just during the westward phase of the SAO on zonal winds at 81 and 90 km,
which coincides with the maximums in the amplitude of SAO on diurnal tide, for both sites. However, the
maximum in the SAO on westward winds at 81 km happens about 30 and 18–30 days before the maximum
in the temperatures at 90 km over Cachoeira Paulista and São João do Cariri, respectively.

The SAO in the mesospheric temperatures, zonal winds, and meridional diurnal tidal amplitudes exhibits the
same interannual variability for São João do Cariri; that is, changes in the amplitude of the mesospheric SAO
in temperatures correspond to those in the zonal winds and in diurnal tide amplitudes, while for Cachoeira
Paulista the interannual variability in the amplitudes of SAO on meteor temperatures also follows those
observed on diurnal tidal amplitudes and zonal winds at 81 km, but not at 90 km. The behavior of SAO
on meteor radar temperatures is consistent with mesospheric SAO variability revealed from satellite data at
lower latitudes (Garcia et al., 1997; Shepherd et al., 2004). A look at Figure 9 points to an apparent association
between SAO on temperatures and on zonal winds below 90 km. However, it is interesting to note that the
amplitudes of the SAO on zonal winds at 81 km exceed in 3 times those at 90 km over Cachoeira Paulista, while
over São João do Cariri such amplitudes decrease more slowly with height. In its turn, the amplitude of SAO
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Figure 10. Lag phases for SAO coupling on temperature-zonal winds at 81 km (black dash-dotted line) and 90 km (blue
dotted line) and for SAO coupling on temperature-diurnal tidal amplitudes (red line) observed over Cachoeira Paulista
(left) and São João do Cariri (right) SAO = semiannual oscillation.

on meridional diurnal tide over Cachoeira Paulista surpasses around 4 m/s those of São João do Cariri, while
the amplitude of SAO on temperature over São João do Cariri is slightly higher than the one over Cachoeira
Paulista, in accordance with the classical tidal theory and observations. It is worth it remembering that diur-
nal tides in MLT winds maximize at low latitudes (20∘), while diurnal tides in temperature maximize around
the equator.

Consequently, the seasonal variation in diurnal tidal amplitude should also contribute to the SAO on tem-
perature, since its break above 85 km contributes to change the mesospheric temperature. To see a possible
coupling between SAO on temperature, zonal wind, and diurnal tide, the temporal evolution of the phase dif-
ference for temperature-wind and temperature-diurnal tidal SAO sets have been obtained by wavelet cross
spectrum, and the results for SAO on temperature by pressure method are shown in Figure 10 (temperatures
by gradient method and from SABER are similar). From the figure, we verify that SAO couplings at Cachoeira
Paulista happen after those at São João do Cariri. The results have also revealed that, for Cachoeira Paulista,
the SAO coupling for temperature-diurnal tidal at 90 km takes place quasi-simultaneously with the SAO cou-
pling temperature-wind at 90 km, and both lag phase varied throughout the time. However, for São João
do Cariri, the SAO coupling for temperature-diurnal tidal at 90 km happens before the SAO coupling for
temperature-wind at 81 and 90 km, and all lag phases have been constant over time, indicating that SAO
couplings over São João do Cariri apparently are in a phase-coherent state, which suggests a link between
the seasonal cycle and the dynamics of the tropical mesosphere through the nonlinear interactions between
oscillations from stratosphere. For example, the interannual variations observed in the mesospheric SAO on
temperatures, zonal winds, and diurnal tidal amplitudes can be associated with the phase of quasi-biennial
oscillation (QBO). Observational studies have pointed out a possible link between the phase of QBO and the
interannual variations in the mesospheric SAO (deWit et al., 2013). On the other hand, Peña-Ortiz et al. (2010),
using simulations, have suggested that inertia gravity waves and small gravity waves act as a force on the link
between the QBO and the mesospheric SAO. Simulations by Gattinger et al. (2013) pointed out that interac-
tions between vertical eddy diffusion and background vertical advection are involved in the generation of
mesospheric SAO.

Although the temperature estimated from meteor radar measurements by both techniques presents good
agreement as well as reproduces the already known seasonal variations, some differences in SAO amplitudes
are evident. To better understand the role played in SAO amplitudes by local models adopted, we have ana-
lyzed equations (2) and (3), considering the local models of temperature gradient and pressure. If we adopt
a constant pressure over time in equation (2), and an isothermal mesopause (i.e., dT∕dz = 0) in equation (3),
the SAO amplitude in temperature estimated by gradient technique (5.5 ± 0.2 and 3.8 ± 0.2 K) will exceed
those obtained by pressure method (1.2 ± 0.1 and 1.0 ± 0.1 K, for Cachoeira Paulista and São João do Cariri,
respectively). Therefore, it is verified that the seasonal behavior of the adopted temperature gradient favors
the subtraction of SAO amplitude in temperature by gradient technique, mainly at Cachoeira Paulista, while
the seasonal behavior of pressure favors the amplification of SAO in temperature by pressure model, which
has possibly contributed for introducing uncertainty to the temperatures estimated by both techniques. It
should be remembered that only the seasonal variation in local models of temperature gradient and pres-
sure over the course of a year were considered, but these quantities are also subject to short term as well as
interannual variations.
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Investigations about long-term response to anthropogenic effects on MLT region have pointed out that an
increase in greenhouse gases CO2 and CH4 have a consequent cooling of the stratosphere and mesosphere
regions (Roble & Dickinson, 1989). Observational studies have reported trends and solar effects on tempera-
tures around 87- and 90-km height from OH imager data, meteor echo fading times, and Lidar measurements
at middle and high latitudes in the Northern Hemisphere (e.g., Hall et al., 2012; Offermann et al., 2010; She
et al., 2015). The temperatures estimated by both techniques and from SABER data over Cachoeira Paulista
have revealed a decrease over time (Figures 7 and 8), mainly between 2003 and 2006, only during the declin-
ing phase of the solar cycle 23, in which the monthly F10.7 solar radio flux index has experienced a drop rate
of 15.3 sfu/year (1 sfu = 10−22 W⋅m−2⋅Hz−1). It is noteworthy that Lima et al. (2015) have found a relationship
between decrease in meteor echo peak height over Cachoeira Paulista and the 11-year solar cycle. Over São
João do Cariri, only a slight decay has been observed on temperatures estimated between mid-2004 and 2008
by gradient technique and from SABER data when the monthly F10.7 solar radio flux index declined in a rate
of 9.2 sfu/year.

Despite the short period of data considered here, the results for Cachoeira Paulista are qualitatively consistent
with those of Huang et al. (2016) that, using data from SABER instrument obtained between 2002 and 2014,
have found a positive temperature response at 80- to 100-km height to solar variability for 48∘N to 48∘S lat-
itude range, but the period of 13 years is not long enough to establish reliable trends. Venturini et al. (2018)
have used SABER temperature to investigate MLT temperature variability and its trend in Brazilian southern
(29.7∘S) and founded a positive trend of 0.58 K per decade at 85 km, a negative trend of 0.02 K per decade at
90 km, and another positive trend of 0.41 K per decade at 95 km, from 2003 to 2014 (12 years), concluding that
there is no variability tendency in MLT temperature. The authors also have noted that during years of maxi-
mum solar the temperature’s amplitude is twice the amplitude of the year of solar minimum, deducing that
amplitudes of annual and semiannual variation are directly influenced by the solar cycle. Analyzing Figure 9,
we can perceive, from the evolution of the short time series, that the amplitudes of SAO on MLT temperatures
over Cachoeira Paulista and São João do Cariri do not show direct modulation by the solar cycle. Araújo et al.
(2017) did not find signals of solar cycle effects in the interannual variability of diurnal tidal amplitude over
Cachoeira Paulista; instead, the QBO modulation of diurnal tide amplitude showed a quasi-decadal variation,
in which the diurnal tidal amplitude modulation by QBO is stronger during years of maximum solar. Consider-
ing that the seasonal variation in diurnal tidal amplitude contributes to SAO on temperature and that there is
a link between the phase of QBO and the interannual variations in the mesospheric SAO, then the QBO seems
to play a key role in modulating the dynamic processes of the MLT region.

5. Summary

In this paper, we have estimated the daily temperatures at 90-km height from decay time of meteor radar
signals over Cachoeira Paulista and São João do Cariri, Brazil, using gradient and pressure techniques. For this
a local temperature gradient model based on Hocking et al. (2004), as well as a pressure model for 90-km
height based on ambipolar diffusion coefficient and airglow OH temperature, has been set up. The results
showed a good agreement with temperature measurements from SABER data, mainly those estimated by
pressure method.

Spectral analysis has revealed the presence of AO, SAO, and QAO periods on temperatures estimated from
meteor radar measurements by two techniques and from SABER data at both sites. The amplitude of the SAO
over Cachoeira Paulista on temperatures estimated by pressure method exceeds those estimated by gradi-
ent technique, as well as SABER temperatures. Over São João do Cariri, the SAO amplitude on temperature
estimated by pressure method also exceeds those derived by gradient technique and from SABER data. SAO
temperatures are in phase with each other, with maximums around equinoxes, when the phase of SAO on
mean zonal winds around 81 and 90 km is westward as well as with the maximums on meridional diurnal
tidal amplitudes over both sites; however, the maximums in SAO on westward winds and on diurnal tidal
amplitudes happen before the maximum in SAO on temperatures. The amplitude of the mesospheric SAO on
temperatures, on zonal winds, and diurnal tidal amplitudes have shown similar interannual variations, mainly
at São João do Cariri.

An interesting aspect that can be seen from lag phases between SAO on temperature and on winds and on
diurnal tidal amplitudes is that at 7.4∘S the SAO couplings are in a phase-coherent state, indicating a link
between the seasonal cycle and the dynamics of tropical mesosphere through the nonlinear interactions
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between oscillations from stratosphere. For 23∘S, SAO couplings take place after those at 7.4∘S and the lag
phases varied throughout the time, which is not compatible with SAO couplings via nonlinear interactions.

A decrease on temperatures estimated by two methods over Cachoeira Paulista have been observed from
2003 to 2006, during the declining phase of the solar cycle 23, when the F10.7 index dropped by 15.3 sfu/year;
while over São João do Cariri a slight decay on temperatures estimated by gradient technique from mid-2004
to 2008, when the F10.7 decreased by 9.2 sfu/year, has been revealed, but the data series used here are too
short and, therefore, are not enough to derive neither long-term trends nor effects of the 11-year solar cycle
on the temporal behavior of the estimated temperatures over the two sites.

Only the seasonal variation in the local models of the temperature gradient and pressure has been consid-
ered here, and therefore, it is necessary to undertake additional efforts in the improvement of these models,
since they have possibly contributed to introduce uncertainties in temperature estimation from meteor
radar measurements.
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