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Abstract. We have applied a modified composite day anal-

ysis to the Hocking (2005) technique to study gravity wave

(GW) momentum fluxes in the mesosphere and lower ther-

mosphere (MLT). Wind measurements from almost continu-

ous meteor radar observations during June 2004–December

2008 over São João do Cariri (Cariri; 7◦ S, 36◦W), April

1999–November 2008 over Cachoeira Paulista (CP; 23◦ S,

45◦W), and February 2005–December 2009 over Santa

Maria (SM; 30◦ S, 54◦W) were used to estimate the GW mo-

mentum fluxes and variances in the MLT region. Our anal-

ysis can provide monthly mean altitude profiles of vertical

fluxes of horizontal momentum for short-period (less than 2–

3 h) GWs. The averages for each month throughout the entire

data series have shown different behavior for the momentum

fluxes depending on latitude and component. The meridional

component has almost the same behavior at the three sites,

being positive (northward), for most part of the year. On the

other hand, the zonal component shows different behavior at

each location: it is positive for almost half the year at Cariri

and SM but predominantly negative over CP. Annual varia-

tion in the GW momentum fluxes is present at all sites in the

zonal component and also in SM at 89 km in the meridional

component. The seasonal analysis has also shown a 4-month

oscillation at 92.5 km over SM in the zonal component and

over CP at the same altitudes but for the meridional compo-

nent.

Keywords. Meteorology and atmospheric dynamics (mid-

dle atmosphere dynamics)

1 Introduction

It is widely accepted that atmospheric gravity waves (GWs)

are responsible for the energy and momentum transport from

the lower to the upper atmosphere. Additionally, the deposi-

tion of this energy and momentum by wave breaking plays

a crucial role in the dynamics and energy balance of the

mesosphere and lower thermosphere (MLT) region. In this

context the Hocking (2005) technique has helped in making

plenty of data sites around the world available, leading to

a better understanding of the morphology of global gravity

wave-induced momentum fluxes. This is because the tech-

nique makes it possible to infer the components of momen-

tum flux and wind variance from all-sky meteor radar data

and, according to Hocking (2005) at the time of writing, there

were almost 30 such radars distributed worldwide.

In recent years the results of a number of studies have

been published using the Hocking technique, e.g., Antonita

et al. (2008), Fritts et al. (2010, 2012a, b.), Placke et

al. (2011a, b), Andrioli et al. (2013a, b) and de Wit et

al. (2014a, b). Andrioli et al. (2013a) described a method for

using the technique in composite days with the purpose of

maximizing the number of available meteor echoes and thus

allowing the investigation of momentum fluxes using simple

meteor radars with improved accuracy and with no contam-

ination by tides and planetary waves. Although this method

does not allow momentum fluxes with high time resolution to

be inferred, we can at least investigate the monthly mean and

the seasonal variation in the fluxes without tide and planetary

wave contamination. We have used data from three VHF all-

sky interferometric meteor radars ranging from low to mid-

dle latitudes over the Brazilian sector of the Southern Hemi-

sphere. In an earlier paper, Clemesha et al. (2009) analyzed
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Figure 1. Monthly mean vertical profiles of GW momentum fluxes from 2004 (top) to 2008 (bottom): zonal (left) and meridional (right)

components. Each contour corresponds to 5 m2 s−2; the white areas represent positive values and grey the negative. Dashed lines show where

the values are zero. These panels represent the results for Cariri from 2004 to 2008.

wind variances in this region but with only 1 year of data.

In this paper we extend the analysis over all available data as

well as studying not only wind variances but also momentum

fluxes.

2 Methods

According to Andrioli et al. (2013a) it is possible to infer the

GW momentum fluxes and variances with a good accuracy

using simple all-sky meteor radar data. We do this by us-

ing a modified composite day (MCD) method applied to the

Hocking (2005) analysis. We have applied MCD analysis to

the meteor radar data from three sites located at São João do

Cariri (Cariri; 7◦ S, 36◦W), Cachoeira Paulista (CP; 23◦ S,

45◦W) and Santa Maria (SM; 30◦ S, 54◦W). The data were

analyzed using height intervals of 4 km with a 3 km displace-

ment between adjacent intervals (centered on 82, 85.5, 89,

92.5 and 96 km), a 3 h time interval with a 2 h displacement

(centered at 01:00, 03:00, 05:00, 07:00, 09:00, 11:00, 13:00,

15:00, 17:00, 19:00, 21:00 and 23:00 UT), and zenith angles

between 15 and 50◦. The latter constraint avoids large spuri-

ous contributions to apparent GW variances due to large ver-

tical velocities at small zenith angles and range errors due to

zenith angle uncertainties at low elevation angles. This anal-

ysis allows us to study GWs with periods less than∼ 3 h, ver-

tical wavelengths less than ∼ 5–10 km, and horizontal wave-

length less than ∼ 180 km. Additional details of the method

can be found in Andrioli et al. (2013a).

Our analysis employs all available data for each of the me-

teor radars: Cariri from 2004 to 2008, CP from 1999 to 2008

and SM from 2005 to 2009. The figures showing these data

series with data gaps are shown in Andrioli et al. (2013b)

(Figs. 1, 2, and 3 for Cariri, CP, and SM, respectively). We

can see from those figures that there are approximately 4, 9,

and 5 years of data for Cariri, CP, and SM, respectively. Be-

sides seasonal analysis, we also averaged all these data in or-

der to get a pattern of behavior for the momentum fluxes over

each location. The results presented in the following repre-

sent vertical profiles of monthly means both for variances

and for moment flux.

3 Results

Figure 1 shows the components of the monthly mean verti-

cal profiles of the GW momentum fluxes over Cariri. The

panels shown on the left side of this figure correspond to
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Figure 2. The same as Fig. 1 but for Cachoeira Paulista from 1999 to 2008.
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Figure 3. The same as Fig. 1 but for Santa Maria from February 2005 to 2009.

the zonal component (<u′w′>), and those on the right to

the meridional (<v′w′>). According to the tests presented

by Andrioli et al. (2013a), we can expect better reliabil-

ity in the results from 87 to 94.4 km altitude layers, cen-

tered on 89 and 92.5 km, where the meteor counts are larger.

We have highlighted this region with a red rectangle in all

figures. For the momentum fluxes, <u′w′> and <v′w′>,

positive (white) values characterize vertical transport of

eastward- and northward-directed momentum and negative

values (grey) characterize westward- and southward-directed

momentum. Observing mainly this region we can see some

similarities and some differences in the GW momentum

fluxes from one year to another. In the meridional compo-

nent, we can see that the momentum fluxes diminish with

increasing altitudes for almost all years, with the exception

of 2005, around August, and 2004 and 2008, around Novem-

ber. A common positive flux (eastward) behavior can be ob-

served in the zonal component around wintertime at higher

altitudes in most years. In the zonal component we can also

observe strong gradients during June 2004, July 2004, Au-

gust 2005, July 2007 and August 2007. In view of the mag-

nitude of these gradients, the data for these periods were

double-checked and we found that the radar system did not

work well on some days in these months. In view of this fact

we decided to treat the data points for June 2004, July 2005,

August 2005, July 2007 and August 2007 as outliers, exclud-

ing them from our analysis.

The monthly mean vertical profiles of the GW momentum

fluxes over Cachoeira Paulista are shown in Fig. 2. Concen-

trating on the altitude intervals with high accuracy, from 87 to

94.4 km, we can observe that the values for the zonal compo-

nents of the momentum fluxes range from −25 to 20 m2 s−2,

whereas they range from −10 to 20 m2 s−2 for the merid-

ional component. We can observe that, from 2000 to 2003,

the zonal momentum flux changes direction at around 90 km

from January to April, being eastward (positive) below this

altitude. The eastward direction can also be observed around

the Southern Hemisphere wintertime for most years, around

91 km. The meridional component shows more year-to-year

variability than the zonal, though being positive for most of

the year. Moreover, with the exception of 2002, all years

show an increase in the meridional momentum fluxes with

altitude above 88 km around winter.

In Fig. 3 we show the momentum fluxes over Santa Maria

from February 2005 to December 2009. From this figure

we can clearly see a vertical gradient in the zonal compo-

nent from January to April and from September to Decem-

ber, in most years, with changes in direction from positive
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Figure 4. Monthly mean zonal momentum fluxes for the two height

layers where the meteor counting rates are largest, at each site. The

top panels show the results for São João do Cariri (Cariri, low lati-

tude), the center panels are for Cachoeira Paulista (CP, middle–low

latitude), and the bottom are for Santa Maria (SM, middle latitude).

Error bars denote the standard deviation.

to negative with increasing altitude. On the other hand, the

vertical flux of meridional momentum is northward during

most of the year and shows a positive gradient with altitude

around winter for almost all periods of observation. In addi-

tion the absolute values are similar to those observed in CP

and Cariri.

In order to distinguish possible intra-annual patterns,

monthly mean momentum fluxes for all years are displayed

together, in Figs. 4 and 5, for zonal and meridional compo-

nents, respectively, at the two layers where the meteor rates

are largest. From these figures we can see large standard de-

viations, at CP and Cariri mainly in the zonal component,

showing that values are more spread from one year to another

at these sites. Despite this, it is possible to notice a seasonal

cycle at Cariri and CP with a tendency for a more eastward-

directed vertical flux of zonal momentum around wintertime,

and a more westward-directed flux around summertime at

 

Figure 5. The same as Fig. 4 but for monthly mean meridional mo-

mentum fluxes.

both 89 and 92.5 km. In the same component but for SM, we

can observe a tendency for positive values around March and

September at 89 km. In contrast, a tendency for negative val-

ues can be observed at 92.5 km, around March and October.

On the other hand, in Fig. 5, the <v′w′> component shows a

semiannual oscillation at SM at 92.5 km, with positive max-

ima around the equinoxes, and an annual oscillation at 89 km

with the tendency for more positive values from June to Oc-

tober. In addition, a tendency for more oscillatory behavior

can be observed over Cariri and CP. This seasonal behavior

will be discussed in more detail in Sect. 3.1.

With the aim of verifying any possible relationship be-

tween momentum fluxes measured at different stations, we

have made a zero-lag 2-D cross-correlation analysis of the

simultaneous observations at the three sites for all altitude

levels: 85.5, 89, 92.5 and 96 km. The correlation between CP

and SM was found to be 0.58 (zonal) and 0.49 (meridional),

statistically significant with p<0.001, for 112 data pairs. On

the other hand, correlation coefficients between Cariri and

SM or between Cariri and CP were statistically significant

for neither zonal nor meridional components. These correla-

tions suggest that fluxes measured at low latitudes are almost

independent of those measured at middle latitudes.
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Figure 6. Averaged momentum fluxes throughout the entire available data series. Mean behavior of the vertical flux of horizontal momentum:

zonal (left) and meridional (right) components. Each contour corresponds to 5 m2 s−2. The white areas represent positive values and grey the

negative. The top panels are the results for São João do Cariri (Cariri, low latitude), the center panels are for Cachoeira Paulista (CP, mid-low

latitude), and the bottom are for Santa Maria (SM, middle latitude).

In order to see any possible pattern of behavior of the mo-

mentum fluxes, winds and variances common to all years,

we averaged these parameters over the entire available data

set for each measurement site, and the results are shown in

Figs. 6, 7 and 8, respectively. For the momentum fluxes,

Fig. 6, we focus the analysis on the altitudes from 87 to

94.4 km, highlighted with a red rectangle. We can see from

the right panel of this figure that the vertical transport of the

meridional momentum is primarily northward throughout the

year at higher latitudes, CP and SM. The flux is southward

in fewer months: April (for all altitudes) and February, July

and December (at 89 km) for CP, and from January to March

and in November and December (below 92 km) at SM. In

contrast, Cariri shows no predominantly north or south di-

rection; instead of this it presents a tendency for more south-

ward momentum fluxes in some regions above∼ 92 km from

January to March, above 90 km around May, and for almost

all altitudes from August to October. Concerning latitudinal

comparison we clearly see that the meridional momentum

flux has a different altitude behavior. At Cariri it is in general

decreasing in altitude, but the opposite is seen for CP and

SM.

Analyzing the zonal component of momentum flux, shown

in the left panel of Fig. 6, we also can see similarities between

patterns observed at CP and SM. For both these sites zonal

momentum diminishes with increasing altitude around sum-

mer, from November to March. On the other hand, at Cariri

the vertical flux of the zonal momentum is westward from

January to March, in July and from September to December

at lower altitudes, and in November. At CP the vertical flux

of zonal momentum is positive (eastward) only from May to

July, around 90 km.

In Fig. 8, the average GW variances through the entire

available data series are shown. Panels on the left and right

side correspond to the zonal and meridional components, re-

spectively. Each contour corresponds to 25 m2 s−2. The top

panels are the results for Cariri, the center panels are for CP,

and the bottom are for SM. We can observe that the merid-

ional component is larger than the zonal. The values of the

zonal component increase with increasing altitude for almost

all sites throughout almost the entire year, except from May

to July around 85 km altitude at CP and SM. However, we

can observe maximum values from 85 to 94 km at all sites for

the meridional component. Moreover, there is a clear semian-

nual periodicity with maximum values around the equinoxes

at CP less intense at SM (see also Figure 10 and the discus-

sion based on this figure in Sect. 3.1).

Ann. Geophys., 33, 1183–1193, 2015 www.ann-geophys.net/33/1183/2015/
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Figure 7. Averaged wind throughout the entire available data series for each site: zonal (left) and meridional (right) components. Grey means

negative values and white positive. Positive values for the zonal (meridional) component correspond to eastward (northward) direction.

Seasonal analysis of GW activity

In order to investigate the seasonal behavior of the variances

and momentum fluxes, we have applied a Lomb–Scargle

(Scargle, 1982) periodogram analysis to the monthly mean

vertical profiles of the variances, Figs. 9 and 10, and the mo-

mentum fluxes, Figs. 11 and 12, in their zonal and meridional

components, respectively

Figures. 9 and 10 show the spectral analysis for GW vari-

ances in their zonal (Fig. 9) and meridional (Fig. 10) compo-

nents over the three stations. The top of each figure shows the

spectral analysis for Cariri, the middle panels correspond to

CP and the ones on the bottom are from SM. In each of these

groups the solid black line shows the analysis made using

the height-averaged profile. The solid yellow line indicates

82 km, the cyan dotted line 85.5 km, the blue dashed line

89 km, the red dash-dot line 92.5 km, and the orange dash-

dot line 96 km. The zonal component of the variance shows

a 6-month periodicity with 90 % significance for CP at al-

most all altitudes; however, it does not reach the confidence

level for the height-averaged profile. This is applied equally

to Cariri and SM for some of the altitudes. We can see from

the power spectra that the peak of the 6-month oscillation de-

creases its amplitude as the altitude increases at all sites. This

semiannual oscillation is also seen in the meridional compo-

nent, Fig. 10, at all altitudes for SM and CP but only be-

low 85.5 km at Cariri. Annual oscillation is seen at CP and

SM for both variance components at almost all altitudes. The

meridional component does not show statistically significant

periodicity in the height-averaged profile over Cariri.

Figures 11 and 12 show the spectral analysis of the zonal

and meridional components, respectively, of the momentum

fluxes over the three stations. In this case, the analysis has

been done only for the altitudes where we have more reli-

ability – that is, 89 km (blue dashed line) and 92.5 km (red

dash-dot line). The analysis over the height-averaged series

of <u′w′>, Fig. 11, shows an annual variation reaching the

90 % confidence level over Cariri and CP; however, in SM

only 4- and 12-month oscillations can be seen at 92.5 km.

Also, we can see that the amplitude of the annual oscillation

increases with height for both Cariri and CP.

The meridional component, Fig. 12, shows an annual os-

cillation over SM at 89 km altitude. It also shows a 4-month

oscillation over CP, reaching the 90 % significance level at

92.5 km. The emergence of a terannual oscillation is surpris-

ing because there has been no earlier report of this oscillation

in the GW momentum flux seasonal analysis. Nonetheless,

there are some studies reporting this oscillation in other pa-

rameters related to dynamics in the MLT region, such as the

mean wind and tides (Iimura et al., 2010), kinetic energy dis-

www.ann-geophys.net/33/1183/2015/ Ann. Geophys., 33, 1183–1193, 2015
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Figure 8. Averaged GW variances throughout the entire available

data series: zonal (left) and meridional (right) components. Each

contour corresponds to 25 m2 s−2. The top panels are the results

for São João do Cariri (Cariri, low latitude), the center panels are

the results for Cachoeira Paulista (CP, mid–low latitude), and the

bottom panels are the results for Santa Maria (SM, middle latitude).

sipation rates (Hall et al., 2003) and nighttime airglow emis-

sions (Fukuyama, 1977).

Harmonic analysis (not shown in this paper) indicates that

annual oscillation of the <u′w′> component has a maximum

around June at all the three sites. The 4-month oscillation

seen in the <v′w′> component has a maxima in February,

June and October at CP. Comparing the results from vari-

ances with those from momentum fluxes, we can see the

same seasonal behavior, showing annual oscillation, only at

89 km for SM with respect to the meridional variance and

momentum flux. On the other hand, it should be remembered

that the GWs that most contribute to the momentum fluxes

are the high-frequency GW, whereas for variances (energy

transport) the low-frequency GWs are most important (see

Fritts and Alexander, 2003, for more details).

4 Discussion

According to Lindzen (1981), GWs encounter a critical level

when the background wind approaches the phase speed of the

wave. Owing to the small horizontal phase speeds of GWs,

which is of the order of the background mean flow, GWs

are very sensitive to background wind filtering in the mid-

dle atmosphere (Placke et al. 2011a). In general a GW can

 

   

Figure 9. Lomb–Scargle spectral analysis of zonal component of

GW variance over São João do Cariri (top), Cachoeira Paulista

(middle), and Santa Maria (bottom). The horizontal straight green

lines show the 90 % confidence levels. For all stations the solid

black line represents the height-averaged profile, the solid yellow

line 82 km, the cyan dotted line 85.5 km, the blue dashed line 89 km,

red dash-dot line 92.5 km, and the orange dash-dot line 96 km.

propagate only against the wind; otherwise it would have en-

countered a critical level in the mesosphere. If eastward wind

is prevailing, only westward-propagating GWs with nega-

tive zonal momentum fluxes can move vertically, and vice

versa. From the right panels of Fig. 6 we can observe that

northward-directed vertical momentum flux occurs mainly

where southward meridional wind (right panels of Fig. 7) is

prevailing around winter. This shows the coupling between

background winds and momentum fluxes.

Coupling between zonal momentum fluxes and back-

ground wind can be analyzed by comparing the results shown

in the left panels of Fig. 6 with those shown in Fig. 7. We can

clearly see at SM, from May to August, that the zonal wind

and GW <u′w′> are in opposite directions, allowing ver-

tical propagation for GW. It should be pointed out that the

wind reversal observed over SM, from April to September

around 95 km, could also be due to other wave interactions

or even to GW breaking, but with frequencies different to

those observed in our analysis. Inspecting CP and SM from

January to April, and November to December below 88.5 km,

<u′w′> is positive and diminishes with increasing altitude,

and as a consequence of a moment transfer to the mean flow,

an eastward acceleration can be observed in the zonal wind.

On the other hand, the meridional wind (right-hand side of

Fig. 7) is negative from May to August at the three sites,

Ann. Geophys., 33, 1183–1193, 2015 www.ann-geophys.net/33/1183/2015/
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Figure 10. The same as Fig. 9 but for the meridional variance com-

ponent.

and the <v′w′> (right-hand side of Fig. 6) is generally posi-

tive in this period below 90 km, indicating that the conditions

for GW vertical propagation are allowable around winter. In

other words, GW propagating in a north–south direction can

reach higher altitudes during the wintertime for all three sites.

According to Sato et al. (2009, 2011) in their gravity-

wave-resolving general circulation model, an annual varia-

tion in the zonal momentum fluxes can be observed at 0.1 hPa

(a height of about 64 km) for the same latitudes as Cariri, CP

and SM. Moreover, the flux is positive for the summertime

and the wind is negative, leading to a condition favorable for

upward gravity wave propagation at latitudes around 30◦ S.

Comparing this to the left-hand side of Fig. 6, we can see

positive values of zonal flux around summer at lower alti-

tudes for both CP and SM, agreeing with their results. More-

over, both sites show an annual behavior agreeing with the

models results for the mesosphere.

Fukuyama (1977), in his statistical study on night airglow

emissions around the mesopause region, found fluctuations

of 12-, 6- and 4-month periods. A study of seasonal GW

activity over the three Brazilian meteor radar sites was also

made by Clemesha et al. (2009). In their work they analyzed

the fluctuating wind velocities related to GW and observed a

semiannual oscillation (SAO) in the meridional wind compo-

nent over CP and SM, agreeing with our results for the vari-

ances (Fig. 10). Antonita et al. (2008), also using Hocking’s

analysis, found a SAO for the GW momentum fluxes with

maxima at the equinoxes, over Trivandrum (8.5◦ N, 76.9◦ E).

In the present study, no statically significant SAO in momen-

  

Figure 11. Lomb–Scargle spectral analysis of zonal component of

GW momentum fluxes over São João do Cariri (top), Cachoeira

Paulista (middle), and Santa Maria (bottom). The horizontal green

straight lines show the 90 % confidence levels. In all stations the

solid black line represents the height-average profile, the blue

dashed line corresponds to 89 km altitude and the red dash-dot line

corresponds to 92.5 km altitude.

tum fluxes has been observed. Mitchell and Beldon (2009)

observed a SAO with maxima at the solstices at Rothera

(68◦ S, 68◦W) and Beldon and Mitchell (2009) observed the

same behavior for Esrange (68◦ N) for the fluctuating ra-

dial velocities. Senft and Gardner (1991) observed annual

and SAO in GW activity at Urbana (40◦ N, 88◦W) using

Na lidar data to infer atmospheric density perturbations and

their spectra. These results are similar to those found by us

for middle latitudes, corresponding to SM and CP, the latter

mainly in the meridional component of the variances. Placke

et al. (2011b) in their analysis of GW activity over Andenes

(69.3◦ N, 16◦ E) and Juliusruh (54.6◦ N, 13.4◦ E) report SAO

with maxima around the solstice. As stated earlier, annual

and semiannual oscillations in GW activity are anticipated

and have been documented in earlier work (e.g., Antonita et

al.,2008; Clemesha et al., 2009; Mitchell and Beldon, 2009;

Beldon and Mitchell, 2009; Senft and Gardner, 1991; Placke

et al., 2011b; De Wit et al., 2014b; and references therein);

however, this appears to be the first report of a 4-month os-

cillation in GW momentum fluxes.

Although what appear to be real terannual oscillations

have been reported by some other authors in several dynam-

ical parameters in the MLT region (Fukuyama, 1977; Hall

et al., 2003; Iimura et al., 2010), no plausible mechanism

for driving atmospheric dynamics with a 4-month period has

www.ann-geophys.net/33/1183/2015/ Ann. Geophys., 33, 1183–1193, 2015
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Figure 12. The same as Fig. 11 but for the meridional momentum

flux component.

been suggested. Nevertheless, Yuan et al. (2010) reported

a 4-month oscillation in their seasonal analysis of NmF2

ionosonde data from 33 stations at three different longitudes

from 1969 to 1986. They also found a good phase match be-

tween annual and semiannual oscillations as well as for the

terannual oscillation; on this basis they concluded that the

terannual oscillation could be the response to a nonlinear in-

teraction between annual and semiannual oscillations. Nev-

ertheless, this is not applicable to our analysis since there are

no occurrences of both semiannual and annual oscillations

simultaneously for momentum fluxes, neither for CP nor for

SM.

5 Summary

In this work we present a seasonal analysis of GW mo-

mentum fluxes and variances at different latitudes in the

MLT region obtained by meteor radar observations at 7, 23

and 30◦ S. Analysis of variability in the <u′w′> component

showed a 12-month oscillation with maximum positive flux

in June over the three latitudes analyzed, and a 4-month os-

cillation at 92.5 km over SM. On the other hand, the <v′w′>

component showed a 4-month oscillation at 92.5 km over CP

with maximum positive fluxes in February, June and October,

and an annual oscillation at 89 km over SM with maximum

positive fluxes around winter. Seasonal analyses of the GW

variances have also revealed an annual oscillation present at

CP and SM for almost all altitudes in both components and a

semiannual oscillation, mainly in the meridional component

at CP and SM, and of the zonal component at the three sites at

certain altitudes. These annual and semiannual oscillations in

the GW activity have been reported by several other authors

at different latitudes and different altitudes. However, more

studies are necessary to explain the 4-month oscillations ob-

served over these sites.

Experimental results on the latitudinal dependence of GW

momentum fluxes at low latitudes with ground-based instru-

ments in the MLT region have not been reported up to now.

Worldwide measurements of these parameters are important

for the improvement of our understanding of the atmosphere

and will help in the testing of future general circulation mod-

els.
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