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Abstract. The advantages of using a composite day analy-
sis for all-sky interferometric meteor radars when measur-
ing mean winds and tides are widely known. On the other
hand, problems arise if this technique is applied to Hock-
ing’s (2005) gravity wave analysis for all-sky meteor radars.
In this paper we describe how a simple change in the proce-
dure makes it possible to use a composite day in Hocking’s
analysis. Also, we explain how a modified composite day
can be constructed to test its ability to measure gravity wave
momentum fluxes. Test results for specified mean, tidal, and
gravity wave fields, including tidal amplitudes and gravity
wave momentum fluxes varying strongly with altitude and/or
time, suggest that the modified composite day allows charac-
terization of monthly mean profiles of the gravity wave mo-
mentum fluxes, with good accuracy at least at the altitudes
where the meteor counts are large (from 89 to 92.5 km). In
the present work we also show that the variances measured
with Hocking’s method are often contaminated by the tidal
fields and suggest a method of empirical correction derived
from a simple simulation model. The results presented here
greatly increase our confidence because they show that our
technique is able to remove the tide-induced false variances
from Hocking’s analysis.

Keywords. Meteorology and atmospheric dynamics (Mid-
dle atmosphere dynamics)

1 Introduction

Atmospheric gravity waves (GWs) have been studied in-
tensely in recent years because of the important role they play
in atmospheric dynamics. Several techniques have been used
to measure GW in the mesosphere and lower thermosphere

region. Due to the short period and vertical wavelength in-
volved, normally only methods that provide high temporal
and vertical resolution are used to infer directly the gravity
wave parameters. Meteor radars are appropriate instruments
for comparative studies of low-frequency movements in the
MLT region at different sites since there is a worldwide net-
work of meteor radars equipped with almost identical hard-
ware and software. According to Hocking (private communi-
cation) there are about 25 SKiYMET all-sky radars in opera-
tion around the world, but these radars do not provide direct
measurements of gravity waves. Hocking (2005) proposed a
new technique for analyzing the data from these radars, mak-
ing it possible to derive indirect effects of the gravity waves
in terms of the zonal and meridional components of GW vari-
ances and momentum fluxes.

A number of results obtained by applying Hocking’s anal-
ysis have been published in the literature. These include An-
tonita et al. (2008) for Trivandrum in the tropics, Clemesha
et al. (2009) at three low-latitude locations in Brazil, Fritts
et al. (2010) for Tierra del Fuego at middle latitude, Placke
et al. (2011b) for Collm at middle latitude, and Placke et
al. (2011a) at three locations in Europe. While the main aim
of Hocking’s analysis is the study of GW momentum fluxes,
Vincent et al. (2010) showed that it is necessary to average
for more than one month to get useful results for traditional
meteor radars, basically because determination of the mo-
mentum fluxes requires the measurement of small vertical
velocities. In this paper we present an improvement in the
analysis of the traditional meteor radar data that allow us to
infer at least a monthly mean of GW momentum fluxes us-
ing Hocking’s analysis. At the same time, GW variances are
easier to measure than momentum fluxes, with much shorter
integration times, and are also a useful indicator of GW
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890 V. F. Andrioli et al.: Improved analysis of all-sky meteor radar measurements

activity. Hocking’s (2005) analysis assumes that any short-
term fluctuation in the meteor wind, not caused by prevailing
winds, must be due to GW. In order to see if the variances
measured by Hocking’s analysis are solely due to GW, we
have made some simulations and have noted that in the pres-
ence of tides with short vertical wavelength, the variances
increase and are modulated at the tidal period. Then, the im-
provement in Hocking’s (2005) analysis consists in eliminat-
ing the tidal apparent variances from the values inferred by
this technique. Our aims in this paper are (1) to propose a
modified composite day as a way to overcome the issue of
low meteor counting in the analysis of all-sky meteor radar
measurements for GW momentum flux determination, (2) to
investigate the possible contamination of the variances de-
rived from Hocking’s analysis by tides, (3) to propose a cor-
rection technique using a simple simulation model, and (4) to
evaluate the ability of the Brazilian meteor radars to measure
GW momentum flux using the improved analysis.

2 Modified composite day analysis

In the analysis of geophysical data, it is often required to
generate the average diurnal variation of a parameter on the
basis of many days of data. The simplest way to do this is to
divide the data into fixed time intervals of 1 h, for example,
and then average across all the data available for each given
time bin. In the case of meteor radar data this is not neces-
sarily the best procedure. An all-sky meteor radar (Hocking
et al., 2001) measures the position and radial velocity of me-
teor echoes. The average wind vectors that best fit the radial
velocities determined for a given time/height bin (compris-
ing intervals of 1 h and 1 km, for example) are then found.
It is easy to see that a minimum of three meteors must be
detected to determine a 3-dimensional wind vector. In prac-
tice a least-mean-squares fitting procedure is normally used
and a number of meteor echoes, usually not less than 7, is
desirable in order to minimize noise, both instrumental and
geophysical. The SKiYMET meteor radars located in Brazil
provide typically around 3000 useful echoes per day, giving a
typically time resolution of 1 h and height resolution ranging
from 2 to 3 km, for measuring winds when 1 day of data is
used. However, due to the large diurnal variation in the me-
teor detection, there are some gaps where this resolution is
not reached. Hence, this procedure works well when the me-
teor counts are high, but under some conditions insufficient
meteors are detected in some time/height bins to provide ad-
equate statistics. It is possible to circumvent this problem by
accumulating the echoes in any given time/height bin over
many days up to a month for example, and then analyzing
them as if they belonged to a single day, which is then re-
ferred to as a composite day. This is the method generally
used by many workers (e.g., Andrioli et al., 2009; Batista
et al., 2004) for determining monthly average winds from
meteor radar data. Its advantage is, of course, that it allows

one to determine reliable average wind values for time/height
bins where the meteor count is too low for individual daily
values to be determined accurately.

To use Hocking’s (2005) analysis, first it is necessary to
determine a fitted wind vector for each time/height bin, as
described above, and then use this vector to compute a fitted
radial velocity for each meteor detected. It is then assumed
that the difference between any given measured radial veloc-
ity and the fitted radial velocity is due to the contribution of
GWs. On this basis it is possible to compute the meridional,
zonal, and vertical fluctuating wind velocities and the verti-
cal flux of horizontal momentum (see Hocking, 2005, for de-
tails). As in the case of the mean wind, a minimum number of
meteor echoes are required to obtain statistically meaningful
results. In practice not less than 30 meteor echoes are needed,
suggesting that we should use the composite day analysis if
we want to obtain meaningful results when meteor counts
are low. The problem with this procedure, however, is that
day-to-day wind variations due to changes in the prevailing
winds, tides, and planetary waves will all contribute to the
fluctuating wind velocities, artificially inflating our estimates
of GW variances. Here we describe a simple technique that
enables us to use the composite day method in order to get
enough meteor echoes to estimate the variance and momen-
tum flux, while minimizing the “contamination” caused by
tides, planetary waves, and prevailing winds.

As described above, Hocking’s technique assumes that
the differences between individual measured radial veloci-
ties and best fit radial velocities (hereafter referred to asv′

rad),
are a manifestation of GW winds. If we apply the compos-
ite day technique to data to be analyzed in this way, the best
fit vector velocity is computed over the entire data set for
each given time/height bin, resulting in a single vector ve-
locity for each bin. The radial velocity corresponding to this
vector will then be subtracted from each measured radial ve-
locity for the given bin, resulting in variances which incorpo-
rate the day-to-day variations in prevailing winds, planetary
waves, tides, etc. A simple change in procedure overcomes
this problem. Instead of using a single fitted vector velocity
for each overall time/height bin, we compute a fitted veloc-
ity for each time/height interval for each day to be included
in the composite day. That means we will make a preanal-
ysis before building the composite day. In other words, we
infer the values ofv′

rad for each time interval and day sepa-
rately and associate them with the meteor echo position in-
formation through the entire data set. Determination of the
velocities is possible so long as we have at least 7 echoes in
each time/height interval, a condition much easier to fulfill
than the 30 echoes needed for a direct analysis of individ-
ual intervals, as mentioned earlier. In this way the values of
v′

rad do not suffer a major contribution from tidal day-to-day
variation and planetary waves. The modified composite day
is then built by accumulating thev′

rad and the geometrical
parameters of each meteor echo in its respective time/height
interval throughout the month as if they belonged to a single
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Fig. 1. Meteor distribution for Cachoeira Paulista (23◦ S, 45◦ W) during October 2005. Dashed lines indicate the first component specified
above each graph. For example, the dashed line in the top right panel means west and the solid line means east.

day. In the following sections of this paper we test the ability
of this method to extract GW variances and fluxes without
significant contamination.

2.1 Method of simulation

With the purpose of comparison and evaluation of our im-
provement in the method of analysis, we use three differ-
ent types of analysis: (1) direct day-by-day analysis, ex-
cluding time/height intervals containing less than 30 meteor

www.ann-geophys.net/31/889/2013/ Ann. Geophys., 31, 889–908, 2013



892 V. F. Andrioli et al.: Improved analysis of all-sky meteor radar measurements

echoes, followed by simple averaging; (2) conventional com-
posite day analysis; (3) modified composite day analysis as
described above. We will refer to these methods as “direct
analysis”, “composite day analysis”, and “modified compos-
ite day analysis”, respectively, and we will use plots of the
meridional wind variance to illustrate the results. In order
to best evaluate the three different methods, we use a sim-
ple model to simulate background winds and GW propaga-
tion. We have used a real spatial meteor distribution from
one of our meteor radars located at Cachoeira Paulista (23◦ S,
45◦ W), (CP), and also we have chosen a month in which the
meteor count was very low, October 2005 (shown in Fig. 1),
in order to demonstrate the ability of the modified compos-
ite day in overcoming this issue (low meteor counts). The
meteor radar at CP is a SKiYMET radar, and it uses an un-
crossed Yagi Tx antenna that transmits pulses at a carrier
frequency of 35.24 MHz and rep rate of 2144 Hz, with five
receiver antennae. The peak power was 6 kW before Novem-
ber 2001, after which it was changed to 12 kW. The meteor
distribution, presented in Fig. 1, was separated into 8 uni-
formly distributed sectors, each with 45◦ width. In this model
we replaced the measured radial velocities with velocities
calculated from the following equations:

U(x,y,z, t) = UM + U2D(t)sin
(
2πt/T2D

)
+UD(z, t)sin

(
2π(t−δUD)/TD

)
+USD(z, t)sin

(
2π(t−δUSD)/TSD

)
s +UGW1(x,y,z, t)sin(k1x + l1y + m1z

−2πt/TGW1)

+UGW2(x,y,z, t)sin(k2x + l2y + m2z

−2πt/TGW2)

+UGW3(x,y,z, t)sin(k3x + l3y + m3z

−2πt/TGW3)

+UGW4(x,y,z, t)sin(k4x + l4y + m4z

−2πt/TGW4),

(1)

V (x,y,z, t) = VM + V2D(t)sin
(
2πt/T2D

)
−VD(z, t)cos

(
2π(t−δUD)/TD

)
−VSD(z, t)cos

(
2π(t−δUSD)/TSD

)
+VGW1(x,y,z, t)sin(k1x + l1y + m1z

−2πt/TGW1)

+VGW2(x,y,z, t)sin(k2x + l2y + m2z

−2πt/TGW2)

+VGW3(x,y,z, t)sin(k3x + l3y + m3z

−2πt/TGW3)

+VGW4(x,y,z, t)sin(k4x + l4y + m4z

−2πt/TGW4),

(2)

W(x,y,z, t) = WGW1(x,y,z, t)sin(k1x + l1y + m1z

−2πt/TGW1)

+WGW2(x,y,z, t)sin(k2x + l2y + m2z

−2πt/TGW2)

+WGW3(x,y,z, t)sin(k3x + l3y + m3z

−2πt/TGW3)

+WGW4(x,y,z, t)sin(k4x + l4y + m4z

−2πt/TGW4)

(3)

and

Vrad = U(x,y,z, t)sinθ cosϕ + V (x,y,z, t)sinθ sinϕ

+W(x,y,z, t)cosθ, (4)

whereU,V , andW are zonal, meridional, and vertical am-
plitudes of the wind;Vrad is the radial velocity calculated for
each meteor; zenith and azimuth positionθ,ϕ are where the
azimuth respectively starts on east and rotates counterclock-
wise; (x,y,z) are the position; (k, l,m) are the zonal, merid-
ional, and vertical wave numbers;t is the time when each
meteor was measured; andT is the wave period:

– UM andVM are zonal and meridional mean winds;

– U2D andV2D are the zonal and meridional 2-day plane-
tary wave components;

– (UD,VD) and (USD,VSD) are diurnal and semidiurnal
tides having zonal and meridional amplitudes assumed
to rotate counter clockwise with time and which may
have either constant or varying amplitudes with increas-
ing altitude;

– W0 = 0 for all the cases;

– (δUD,δVD) and(δUSD,δVSD) are diurnal and semidiur-
nal tidal phases varying according to the vertical wave-
lengths;

– T2D,TD, andTSD are the wave periods, 48 h, 24 h, and
12 h, respectively.

– GW amplitudes (UGW,VGW,WGW) were simulated as
traveling waves having zonal, meridional or oblique
propagation, spatial and temporal variability, correlated
horizontal and vertical motions, and constant or variable
momentum fluxes; and stationary mountain waves hav-
ing zonal and meridional propagation, only spatial vari-
ability, correlated horizontal and vertical motions, and
constant momentum fluxes.

The equations and the tests used in the present model were
based on Fritts et al. (2010). The main differences between
their equation system and ours are that we simulate tides hav-
ing phase propagation and also we simulate 2-day planetary
waves, while they did not. Fritts et al. (2010) did not take into
account tidal phase propagation because at Tierra del Fuego
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Fig. 2. (a) Contour plot of 24 h variation of meridional variance as a function of height for direct analysis with simple averaging of daily
values.(b) Monthly mean meridional variance (black circles) and standard deviations.
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Fig. 3.As Fig. 2, but using the standard composite day analysis.

(midlatitude) the semidiurnal tide with large vertical wave-
length is dominant. But at middle and low latitudes, where
our radars are located, the diurnal tide with short vertical
wavelength is dominant, and we are interested in investigat-
ing the possible tidal influence on the extraction of GW vari-
ances and momentum fluxes. The mean wind, tidal, and GW
amplitudes and spatial and temporal parameters are listed in
Table 1 for the five test cases that will be considered. Results
for each case are discussed below. The expected radial veloc-
ity for each detected meteor echo was calculated on the basis
of this model at the same time and position (measured range,
azimuth and zenith angle) as were measured by the meteor
radar.

2.2 Examples showing the three different methods of
using Hocking’s analysis

Since we are using model simulations, we know the ana-
lytical values of the momentum flux and the variances due
to the GW present in our simulation, allowing us to deter-
mine which method best recovers the expected values. All
the analyses were made using 2 h (plus 1 h overlap), and 3 km
time/height bins. For the present evaluation we have used

the parameters shown in Table 1 for Case 0. In this case we
consider background winds that suppose the presence of a
constant mean wind, and a 2-day planetary wave that has a
random day-to-day amplitude variability, in which the ampli-
tude varies randomly from 0 to 5 m s−1 from one day to the
next. Also, we have assumed diurnal and semidiurnal tides
with vertical wavelengths of 25 km and 50 km, respectively,
and GWs having horizontal variations, with 50 and 100 km
wavelengths in the zonal and meridional motions, respec-
tively (see Table 1).

In Fig. 2a we show a contour plot of the average vari-
ance computed using direct analysis, and the height profile
shown in Fig. 2b shows a time average of this plot. Figures 3
and 4 show the same plots for the composite day analysis
and the modified composite day analysis, respectively, for
the same case. Referring to Fig. 2a we can see that there are
eight time/height bins for which there are no data; these cor-
respond to intervals for which there was no day with at least
30 meteor echoes. For the composite day analysis, shown in
Fig. 3a, there are no intervals without data, i.e., no bins with
less than 30 accumulated meteor echoes. For the modified
composite day analysis, shown in Fig. 4, there is only one
bin without data, i.e., there was only one height/time bin for

www.ann-geophys.net/31/889/2013/ Ann. Geophys., 31, 889–908, 2013



894 V. F. Andrioli et al.: Improved analysis of all-sky meteor radar measurements

 27 

  

80

90

100

0 250 500 750 1000

b) Modified Composite day

Variance (m²/s²)

A
lti

tu
de

 (
km

)

 <v'²>

 

 

a) 

Fig. 4.As Fig. 2, but using the modified composite day analysis.

Table 1. Mean, tidal, planetary wave, and GW parameters* used for test cases evaluating modified composite day of CP SKiYMET mea-
surement capabilities employing real meteor distributions and test motion fields. Source: adapted from Fritts et al. (2010).

Parameter Case 0 Case 1 Case 2 Case 3 Case 4

UM , VM 10, 5 10, 5 10, 5 40,−20 −20,−10
UD, VD 40, 40 40, 40 40, 40 20, 20 40, 40

λD 25 km 25 km 25 km 25 km 25 km
USD, VSD 10, 10 10, 10 10, 10 20+ 2(z − 80)sin2(πt/TM) 10, 10

λSD 50 km 50 km 50 km – 50 km
U2D, V2D 20+ 5R0 0 0 0 0

UGW1 10 10 10 20abs
[
sin

(
2πt

/
TM

)]
sin

(
2πt

/
TSD

)
40F4(t)

VGW1 0 0 0 0 0
WGW1 5 5 5 −10abs

[
sin

(
2πt

/
TM

)
sin

(
2πt

/
TSD

)]
20F4(t)

k1, l1, m1 2π/50, 0, 0 2π/50, 0, 0 2π/50, 0, 0 2π/50, 0, 0 2π/50, 0, 2π/15
TGW1 20 20 20 20 20
UGW2 0 0 0 0 0
VGW2 20 20 20 20abs

[
sin

(
2πt

/
TM

)]
cos

(
2πt

/
TSD

)
30G4(t)

WGW2 2 2 2 5abs
[
sin

(
2πt

/
TM

)
cos

(
2πt

/
TSD

)]
10G4(t)

k2, l2, m2 0, 2π/100, 0 0,2π/100, 0 0,2π/100, 0 0,2π/100, 0 0,2π/100, 2π/20
TGW2 30 30 30 30 30

UGW3, WGW3 – – 20,−10 20,−10 –
k3, m3 – – 2π/30, 0 2π/30, 0 –
TGW3 – – ∞ ∞ –

VGW4, WGW3 – – 10, 2 10, 2 –
l4, m4 – – 2π/40, 0 2π/40, 0 –
TGW4 – – ∞ ∞ –

< u′w′ > mean 25 25 −75 −100 50
< v′w′ > mean 20 20 30 10 25

* Daily mean GW momentum fluxes for each case are shown at the bottom. Units for velocities, wave numbers, and periods are m s−1, km−1, and min andTM = 10 days,
TD = 24h andTSD = 12h. R0 is a random variable between 0 and 1 chosen separately for each day. GWs in Case 4 are modulated by amplitude functions
F4(t) = 1(t = 0–3 h+ 21R1 h) andF4(t) = 0 otherwise, andG4(t) = 1(t = 0–4 h+ 20R2 h) andG4(t) = 0 otherwise, withR1 andR2 random variables between 0 and 1 chosen
separately for each of the 30 days of the test month.

which the accumulated values ofv′

rad throughout the month
did not reach the minimum of 30 echoes needed for Hock-
ing’s analysis. Clearly, with respect to the method’s ability
to deal with low meteor rates, the composite and modified
composite days are better than the direct analysis. If we now
look at the time averages, shown in Figs. 2b, 3b and 4b, we
see that the modified composite and the direct averages give
us quite similar results. However, the simple composite day

analysis gives variances which are about 100 % larger than
either the direct analysis or the modified composite day anal-
ysis, as can be seen in the ratio between composite day (CD)
and modified composite day (MCD) shown in Fig. 5. We be-
lieve that this is a result of contamination mainly by plan-
etary waves since there is a strong quasi-2-day oscillation
present in our simulation and the simple composite day is in-
fluenced by this oscillation. The 24 h averages for the direct

Ann. Geophys., 31, 889–908, 2013 www.ann-geophys.net/31/889/2013/
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Table 2. Ideal meteor distribution used in our simulation.

Total W E SW NE S N SE NW

Meteor counts 21 802 3994 2914 3796 3077 2083 1931 1817 2190

Fig. 5.Ratio of the composite to the modified composite day merid-
ional variances.

analysis and the modified composite day analysis are fairly
similar, although, as expected, there is more scatter in the di-
rect analysis results. Even though MCD and direct analysis
show similar values, both overestimate the expected values
for the variances. This appears to be caused by tidal influ-
ence on the variances measured by Hocking’s analysis and
will be discussed in the next section.

It is clear that the modified composite day analysis gives
better results than either of the alternative techniques – di-
rect analysis and composite day. In computing monthly (or
longer period) averages, it provides better time/height cover-
age than the direct analysis and prevents the contamination
by planetary waves or day-to-day tidal variability to which
the composite day analysis is prone. We believe that the mod-
ified composite day analysis is the best procedure to employ
when using Hocking’s technique to derive GW fluxes from
simple all-sky meteor radar data. Note that the new agile me-
teor radars, SAAMER and DRAAMER (Fritts et al., 2010,
2012), are able to measure GW momentum fluxes with better
time resolution, making contamination by tides and planetary
waves less important. To evaluate the ability of the modified
composite day analysis to infer GW momentum fluxes, we
have made some tests, which will be described in Sect. 3.

3 Empirical method for removing the apparent GW
variances from Hocking’s analysis

An obvious approach to the problem of eliminating the in-
fluence of tides is to filter out the tidal components before
applying Hocking’s analysis. This method has been used by
Fritts et al. (2010) with some degree of success. This ap-
proach, however, assumes that it is possible to determine
the instantaneous tidal parameters corresponding to each de-
tected meteor. In practice, continuous changes in tidal char-
acteristics make this unreliable, thus limiting the degree to
which the tides can be filtered out. For this reason we pro-
pose a different technique.

Looking at the contour plots of the meridional component
of the GW variances, Figs. 2a and 4a, rather surprisingly,
we find strong diurnal and semidiurnal variations in the vari-
ances. We can observe the tilted phase line of this structure,
indicating an upward progression of the wave, typical of tides
and GW. The diurnal variation of the meteor distribution, ob-
served in Fig. 1, is caused by Earth’s rotation and cannot
cause a corresponding tilt in the phase. Hocking’s technique,
being as it is a generalization of the two-beam method de-
veloped by Vincent and Reid (1983), depends on the quasi-
simultaneous measurement of vertical winds at opposing az-
imuths. This being the case, an asymmetrical meteor distri-
bution might lead to erroneous results. Even though it does
not seem possible, however, that such an effect could cause
the tide-related phase propagation visible in Figs. 2 and 4, we
decided to create a constant meteor distribution with a large
meteor count for a composite day in order to avoid any other
possible contribution of meteor distribution in the Hocking
technique. To this end we used another meteor distribution
from January 2005, shown in Fig. 6, with a higher meteor
rate than October 2005, and we took the geometric param-
eters of the meteors observed during the high detection rate
time period, i.e., 07:00 to 10:00 UT, and repeated these at 2 h
intervals throughout the day. We also redistributed the meteor
detections at uniform time intervals. In this way we created
an assemblage of meteor events with realistic statistics, but
with a constant meteor rate. This ideal meteor distribution
is shown in Table 2. It should be noted that the number of
echoes is very large and constant in time for all directions.

We then applied our model winds (as in the previous case,
but without the 2-day planetary wave) and computed the
radial velocity for each meteor in the modified composite
day. Hocking’s analysis was subsequently used to estimate
the variances and momentum fluxes from these fields, and a
conventional winds analysis was used to estimate the mean
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Fig. 6.As in Fig. 1 for Cachoeira Paulista during January 2005.

winds and tides. Figure 7 shows time-height contour plots
of the variance components (left side) and the vertical flux of
horizontal momentum (right side) for this meteor distribution
using the modified composite day analysis.

It is clear that the structure visible in Fig. 7 must be an ar-
tifact of the analysis since the modeled GWs are constant in
time. Note that the strong structure in the variance plots can-
not be a result of the diurnal variation in meteor rate since we

eliminated this variation before carrying out the analysis. It
is interesting to compare the contour plots of variance shown
in Fig. 7 with the total wind shown in Fig. 8. Comparing
these figures we can note that the maximum variance occurs
where the wind is zero and the wind shear is therefore maxi-
mum. It should be pointed out here that Beldon and Mitchell
(2010), using the measured fluctuations in the radial velocity
of meteors as a measure of GW activity, found a semidiurnal
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Fig. 7.Variance (left) and momentum flux (right) from Hocking’s analysis. These are for 2 h time bins and 3 km high intervals.

 

Fig. 8.Total wind velocity used in the model, zonal (left), and meridional (right). Dotted lines indicate zero wind.

modulation in the mesospheric wind variances over Rothera
(68◦ S, 68◦ W), which they attributed to GW/tidal interaction.
In view of the results presented here, it seems possible that
the apparent interaction between tides and GW discussed by
Beldon and Mitchell might well be an artifice of the tech-
nique used. To make a more thorough study of the origin
of this modulation in the variances, we used the same sim-
ulation but without any GWs, and we still found large and
strongly modulated variances. This can be seen in Fig. 9,
where we show the result of setting the GW amplitude to
zero. On the right side of this figure we can see that both
components of the momentum flux are almost zero, as ex-
pected. However, looking at the variances on the left side of
Fig. 9, even though we do not simulate any GWs in this test,
we still have nonzero values for variances in the output of
Hocking’s analysis. This means that these variances are not
due to GW and need to be compensated if we want to use the
variances as indicators of GW activity.

With different height and time intervals (not shown here)
we have observed that the variances increase with increas-
ing height and time intervals, and that they are also inversely
proportional to the vertical tidal wavelength. This is because
Hocking’s method assumes that the uniform horizontal wind

does not change within the time and height intervals used
in the analysis. This can be seen when we reduce the time
interval to 1 h and the height interval to 1 km, as shown in
Fig. 10. The values for the variances are reduced to one third
of the previous values. Unfortunately, this does not solve our
problem because reducing the time/height interval reduces
the meteor count, leaving insufficient meteors for the tech-
nique to work, especially at the edges of the meteor ablation
region. Moreover, it is important to remember that our tests
have been made with an ideal meteor distribution. In the real
world, using SKiYMET data, we need to use an interval of at
least 2 h in time and 3 km in height in order to get enough me-
teor echoes to be able to make a wind analysis. It is clear from
the results shown in Fig. 11 that, even with an ideal meteor
distribution, tidal winds will lead to apparent GW variances
that do not correspond to real GWs.

Placke et al. (2011a, b) removed the apparent variances
due to the vertical wind shear by using the following equa-
tion,

u
′2
Shear=

1

N − 1

N∑
i=1

(
(zi − z0)

∂ū

∂z

)2

, (5)
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Fig. 9.Variances and momentum fluxes from Hocking’s analysis using simulation without GWs.

 

Fig. 10.As Fig. 9, but using intervals of 1 h in time and 1 km in height. The values for the momentum fluxes have been multiplied by 10.

whereN is the number of meteor echoes,zi is the height of
the respective meteor andz0 is the reference altitude or the
center of the height bin, and the last term is the measured ver-
tical wind shear. This would be efficient enough if the shear
was only in the vertical; however, in a 2 h time interval it is
easy to verify that the tidal wind could vary several m s−1 and
hence contribute to the variances in Hocking’s analysis. In
the following paragraphs we suggest a technique that solves
this problem.

The way we propose to remove the tide-induced variances,
leaving variances that really correspond only to GW, is di-
vided into three steps. In the first step we infer tidal fields
and total variances using Hocking’s method. In the second
step we use the tidal parameters from the first step as input
for a model to simulate the wind field and estimate the appar-
ent variances due to this wind. Finally, we subtract the appar-

ent variances from the total, leaving only the variances due
to GW. Note that this analysis is made using the data from a
complete month in a modified composite day analysis.

Our method involves the following steps:

1. compute the total horizontal wind in each time/height
interval;

2. infer v′

rad for each meteor detected in each of these in-
tervals;

3. fit the total winds at each altitude with sliding 4-day fits
to the tidal and 2-day wave amplitudes and phases;

4. create a composite day on the basis of thev′

rad values
and the angular information;

5. infer the resulting GW variances and momentum fluxes;
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Fig. 11.GW variances after removing tidal contamination. The up-
per and lower panels show the zonal and meridional components,
respectively.

6. build a second composite day with the fitted tidal and
planetary wave (PW), by replacing the measuredv′

rad of
each meteor by the modeled one using the fitted tidal
and PW parameters determined in step 3;

7. compute the artificial apparent variances for this second
“tidal and PW” composite day;

8. subtract the artificial variances from those inferred in
step 5.

To test our method, we have used the Case 0 parameters
shown in Table 1, where we have two constant GWs. For
this case, the analytical variances expected from the model
are 50 m2 s−2 and 200 m2 s−2 for the zonal and meridional
components, respectively. In Fig. 11 we show the result of
removing the apparent tidal variances (shown in Fig. 9) from
the total that was shown in Fig. 7. It can be seen that the
“tidal” modulations have disappeared and the values for both
GW components are reasonably well recovered.

4 Evaluation of Brazilian meteor radars GW momen-
tum flux measurement capabilities

The three Brazilian meteor radars are all SKiYMETs and
are well distributed in latitude, ranging from low (São Jõao
do Cariri; 7◦ S, 36◦ W) to subtropical latitudes (Cachoeira
Paulista (23◦ S, 45◦ W), and Santa Maria, (30◦ S, 54◦ W)).

Various studies have shown the ability of these radars to
measure slowly varying winds like tides and planetary waves
(Andrioli et al., 2009; Batista et al., 2004; Lima et al., 2004,
2005, 2006, 2007; Buriti et al., 2008) and also to study
wind variances (Clemesha and Batista, 2008; Clemesha et
al., 2009). Although these latter studies concern wind vari-
ances related to GWs and both have used Hocking’s method,
no detailed evaluation was made to verify the applicability of
Hocking’s (2005) method to the measurement of GW vari-
ances and momentum fluxes.

Based on tests that Fritts et al. (2010) made to evaluate
SAAMER’s abilities to measure GW momentum fluxes, we
follow their procedure with the aim of doing the same for
the Brazilian radars. The diurnal variation of total meteor
detections separated into the eight primary angular sectors
(between 15 and 50◦ off zenith) for a composite day (i.e.,
total over 31 days for each 2 h of universal time) during Jan-
uary 2005 are shown in Fig. 6. In this figure dashed lines
represent meteor counts for the west, southwest, south, and
southeast directions, while the full lines represent the counts
in the east, northeast, north, and northwest directions. To-
tal flux is shown in the first panel. From this figure it is
possible to note a large diurnal variation in the total meteor
counts and the angular asymmetry in meteor detection. This
diurnal variation associated with the angular asymmetry pro-
duces some regions with lower meteor counts that make it
almost impossible to infer momentum flux daily. However,
we will demonstrate below that using the modified compos-
ite day analysis, SKiYMET radars achieve sufficient meteor
counts to yield valid monthly means of GW momentum flux
estimates for various test models including mean, tidal, and
GW fields. This is because by using a modified composite
day, based on a whole month’s data, we have a large number
of meteor echoes, improving the statistics when using Hock-
ing’s analysis. Our analysis uses a least-mean-square fit to
the wind, before creating composite days as explained previ-
ously, and also to recover the winds and tidal fields, as well
as Hocking’s (2005) technique for GW momentum flux esti-
mates for the residual fields (after the main wind components
have been removed).

4.1 Case 1

Figure 12 shows the monthly mean of specified and recov-
ered fields for Case 1, using actual meteor distributions in
space and time for January 2005 to estimate these fields.
The parameters used in this case are shown on Table 1. The
tides were assumed to have temporal and vertical variations,
25 km for the diurnal tide vertical wavelength and 50 km for
the semidiurnal. The GWs have horizontal variations, with
50 and 100 km wavelengths in the zonal and meridional mo-
tions, respectively. These calculations show good agreement,
with the mean and tidal winds very well recovered, and GW
momentum flux estimates that are approximately accurate to
∼ 5 % at the altitudes where the meteor counts are higher,
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a)                                                             b) 

c)                                                             d) 

Fig. 12.Monthly specified (dashed) and recovered (solid) distributions of(a) zonal (black) and meridional (green) mean winds,(b) diurnal
tide amplitudes,(c) semidiurnal tide amplitudes, and(d) GW momentum fluxes for mean, tidal, and GW fields specified in Case 1. Recovered
amplitudes and momentum fluxes were obtained with actual January 2005 meteor distributions.

around 90 km, and∼ 10 % or worst where meteor counts are
decreasing. These results are encouraging, suggesting a good
ability of the modified composite technique to describe both
the large scale wind fields (including tides) and GW momen-
tum fluxes for conditions in which these fields are uniform
throughout the month and where meteor detection rates are
sufficiently large.

4.2 Case 2

Case 2 corresponds to Case 4 from Fritts et al. (2010), but
having vertical phase propagation in tides. This case presents
a more complex superposition of mean, tidal, and GW fields
given by the sum of the various motions defined in Case 1
plus two stationary GWs having horizontal wavelengths of
30 and 40 km, respectively, for zonal and meridional direc-
tions, and having no phase variation. This case differs from
the previous case in that both zonal and meridional momen-
tum fluxes now have contributions from stationary and prop-
agating GWs having different spatial structures (Fritts et al.,
2010). In Fig. 13 we can see that the motions are well re-

covered, showing the ability of the modified composite day
analysis to measure a superposition of stationary and propa-
gating GWs with an accuracy of∼ 7 % in the region where
the meteor counts are highest.

4.3 Case 3

Case 3 was simulated exactly as Case 5 described by Fritts et
al. (2010), except that we include diurnal tide phase propaga-
tion. We investigate a superposition of larger mean winds, di-
urnal tide, and a semidiurnal tide that exhibits both a 10-day
amplitude modulation and amplitude growth with altitude,
and superposed GWs having zonal and meridional propaga-
tion. As described by Fritts et al. (2010) GWs in zonal and
meridional direction include a propagating GW modulated in
amplitude and direction of propagation (and momentum flux
magnitude and sign) by the semidiurnal tide and a station-
ary GW with constant amplitude and momentum flux. Also
considered, in the present case, are semidiurnal tide compo-
nents and GWs having no vertical phase variations. In or-
der to evaluate the radar’s ability to infer the momentum flux
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c)                                                             d) 

Fig. 13.As in Fig. 12, but for(a) mean winds,(b) and(c) diurnal and semidiurnal tides, and(d) the superposition of the zonal and meridional
propagating GWs and stationary GWs (see Case 2 in Table 1).

due to several GWs having different spatial and temporal pat-
terns, their four horizontal wavelengths are all different (i.e.,
30, 40, 50, and 100 km).

In Fig. 14, panels (a) and (b), we show the semidiurnal tide
throughout the modified composite day. Specified and recov-
ered fields are shown with dashed and solid lines, respec-
tively, with 20 m s−1 offsets between successive 3 km altitude
intervals. It can be seen that the fields are very well recovered
from 82 to 92.5 km. In panels (c) and (d), we show the mo-
mentum fluxes, for a GW modulated by the semidiurnal tide,
again using a modified composite day analysis and the same
height intervals. A time interval of 2 h, plus 1 h overlap, was
used and the offsets between the successive plotted height in-
tervals are 50 m2 s−2. Again we can see the very good accu-
racy in recovering the specified momentum fluxes for heights
where the meteor counts are high. The result of superposing
both zonal and meridional stationary GWs and GWs modu-
lated by tides are shown in panels (e) and (f). The accuracy
in recovering the specified fields is also good when captur-
ing the overall magnitudes and temporal variability. The last
panel shows the monthly mean for the superposed GW fields,

and the accuracy for the meridional component it is∼ 10 %
or better, while for the zonal component is∼ 10–15 % or
worse.

Mean winds and the diurnal tide recovered for 1-day fits
are shown at the top of Fig. 15. We can see that the scatter is
large at the edges of the height range, around 82 and 99.5 km.
Panels (c) and (d) show, respectively, the zonal and merid-
ional semidiurnal tide in 1-day fits throughout the month
showing the modulation due to a 10-day planetary wave.
Dashed and solid lines represent the specified and recovered
fields with successive profiles offset by 20 m s−1. Again the
accuracy is better at points where the meteor count is large.

4.4 Case 4

Case 4 examines the ability of the method to recover GW
momentum fluxes for two transient GW packets that occur
randomly for 3 or 4 h each day, with periods of 20 or 30 min,
zonal and meridional propagation, and both horizontal and
vertical phase variations. The GWs are superposed on nom-
inal mean winds and diurnal and semidiurnal tides having
realistic amplitudes. As in Case 1, diurnal and semidiurnal
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a)                                                             b) 

c)                                                             d) 

e)                                                             f) 
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Fig. 14. (a)and(b) composite day hourly semidiurnal tides for Case 3.(c) and(d) zonal and meridional composite day hourly GW momentum
fluxes for the GWs modulated by the semidiurnal tide.(e) and(f) zonal and meridional composite day hourly GW momentum fluxes for the
superposition of zonal and meridional stationary GWs and the GWs modulated by the semidiurnal tide. Specified and recovered fields are
shown with dashed and solid lines, respectively; offsets plotted between successive 3 km altitudes are 20 m s−1 for the semidiurnal tide and
50 m2 s−2 for the GW momentum fluxes. Altitudes range from 82 to 99.5 in each panel. Small meteor detection rates limited measurement
accuracies at the highest and lowest altitudes.

tides have vertical wavelengths of 25 and 50 km, respectively
(see Table 1 for details). The constant mean winds and tidal
amplitudes are recovered well for Case 4, as for Cases 1, 2
and 3 above, and are not shown in the figure.

GW occurrences and monthly mean momentum fluxes for
a random distribution are shown in the lower right panel of

Fig. 16. GW vertical velocities for the 31 days (withw′
= 20

or 10 m s−1 for the GWs propagating zonally and meridion-
ally, respectively) are displayed at the top left, with succes-
sive daily plot offsets of 40 m s−1. Composite day variations
of mean zonal and meridional momentum fluxes in the top-
right and bottom-left frames show maxima centered on the
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a)                                                             b) 

c)                                                             d) 

Fig. 15. (a)Daily zonal (∼ 40 m s−1) and meridional (∼ −20 m s−1) mean winds,(b) diurnal tide amplitudes, and(c) and(d) semidiurnal
tide amplitudes for 1-day fits (solid) to the specified motion field in Case 3 (dashed lines) assuming the meteor distribution observed for
January 2005. Successive profiles in panels(c) and(d) are offset by 20 m s−1.

intervals 1 to 9 and 14 to 17 h for the zonal component and 2
to 5 and 9 to 18 h for the meridional – in good agreement with
the model input where estimates are possible. Mean momen-
tum flux profiles shown for these zonal and meridional GW
distributions reveal quite accurate estimates of the meridional
momentum fluxes at lower and intermediate altitude, but un-
derestimate the zonal momentum fluxes by∼ 10–20 %, with
larger underestimates at highest altitudes.

Our results are very encouraging when comparing with
Fritts et al. (2010) taking into account the fact that SAAMER
has a much larger meteor count. In most of the cases our
results show similar accuracies for the momentum fluxes,
∼ 5 % or better for Case 1, and 10–20 % for Cases 3 and 4.
Only for Case 2 does SAAMER show clearly much better ac-
curacy. Although the results are not shown here, we also have
reproduced Cases 2, 3, and 7 of Fritts et al. (2010). Cases 2
and 3 have tested the radar’s ability to infer momentum fluxes
of stationary GW, and we have found the same accuracy as
Fritts et al. (2010). Their Case 7 investigates the radar’s abil-
ity to infer momentum flux from GWs that occur randomly
in packets having 2 or 1 h duration, similar to Case 4 shown

here. Unlike Case 4, however, Case 7 reveals an apparent in-
ability of our radar to accurately estimate momentum fluxes
for highly transient GW packets. In contrast, SAAMER can
estimate zonal and meridional momentum fluxes with uncer-
tainties of only∼ 5 to 10 % and∼ 20 to 25 % (apart from in-
dividual outliers at the lowest and highest altitudes), respec-
tively. Thus, the use of the modified composite day analysis
as an improvement in the direct use of Hocking’s analysis is
seen to be the great value, at least when using the modified
composite day analysis with monthly means in the region of
high meteor rate, from 88 km to 92 km.

4.5 Measurement errors

We have also made a Monte Carlo simulation in order to
evaluate the contribution of measurement errors to the er-
ror in the derived variances and momentum fluxes. To this
end we take a month of experimental data, and by using a
modified composite day analysis we infer the variances and
momentum fluxes. The meteor radar software provides the
uncertainty in the radial velocity of each meteor echo, and
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a)                                                             b) 

c)                                                             d) 

Fig. 16. (a)Vertical velocities showing the occurrence of random superposed GWs throughout the assumed test interval of CP January 2005.
Vertical velocities of 20 and 10 m s−1 indicate occurrences of GWs having 3 and 4 h durations and propagating in the zonal and meridional
directions, respectively (successive daily offsets are 40 m s−1). (b) and(c) diurnal variations of momentum flux throughout the composite
day.(d) Monthly mean profiles of the zonal and meridional momentum fluxes inferred for January 2005 meteor distributions based on the
GW occurrences shown in panel(a).

 
 

 

a) 
 

b)  

Fig. 17. (a)Meridional variance for Cachoeira Paulista on February 2008 without the measurements uncertainties contribution.(b) The same
as(a) but including the error contribution in a Monte Carlo simulation with 15 000 iterations.

we assume one degree for both the zenith and azimuth angle
uncertainties. Then we compute the error propagation into
the wind fit, assuming an appropriate random signal to in-
clude these uncertainties when inferring thev′

rad in Hocking’s
analysis. We repeat the process 15 000 times and average
the results. In this way we can estimate the contribution of
measurement uncertainties to the variances and momentum

fluxes with an error less than 2 %. In Fig. 17a we show the
meridional component of the variance for Cachoeira Paulista
in February 2008 calculated without including the measure-
ment errors, and Fig. 17b – the same quantity but including
the Monte Carlo simulation of the error. As it can be seen,
the error contribution is low and can be neglected.
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Fig. 18.Zonal (left) and meridional (right) wind variances for May 2005 over Cachoeira Paulista (23◦ S, 45◦ W) using MCD analysis. The
line contour overlaying the variances is the total wind, black lines mean positive values, and white lines negative values. The dashed line
indicates where the wind is zero.

 

 

 

 

a)                                                             b) 

c)                                                             d) 

Fig. 19. Monthly measurement of(a) zonal (black) and meridional (green) mean winds,(b) quasi-two day planetary wave amplitudes,
(c) diurnal tide amplitudes, and(d) semidiurnal tide amplitudes, for CP May 2005 using MCD analysis.

4.6 Sample results

We have also applied the MCD analysis to 2-month data
from CP, May and June 2005, in order to see if our tech-
nique works well with real data. In Fig. 18 we show the wind
variances for May 2005 over CP, the color contours repre-
sent the variance values for zonal (left) and meridional (right)
components and the contour lines represent the total wind

measured in each height/time interval. The black lines over-
laying the variance values indicate positive values, while the
white ones indicate negative values of the total wind, and the
dashed line shows where the wind is zero. The amplitude
of mean winds, quasi-2-day PW, diurnal tide, and semidi-
urnal tide are shown in Fig. 19 panels (a), (b), (c), and (d),
respectively. We can see clearly that the amplitudes of the di-
urnal and semidiurnal tides have almost the same magnitude,
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Fig. 20. Zonal (top) and meridional (bottom) apparent wind vari-
ances for May 2005 over Cachoeira Paulista (23◦ S, 45◦ W) using
the simulation presented in Sect. 3.

showing that the two tides have the same importance. Also,
the quasi-2-day PW has significant amplitude,∼ 10 m s−1,
remaining approximately constant with altitude. As the di-
urnal tide is not dominant, having the same relevance as the
semidiurnal or quasi-2-day PW, and these last two have large
vertical wavelengths, we do not expect much contribution to
the apparent variances as seen in Fig. 20. Although the mag-
nitudes of apparent variances are not very large, they are still
significant and should be removed from the variances deter-
mined by Hocking’s (2005) analysis. Note that the merid-
ional component of the apparent variances has larger ampli-
tudes than the zonal, which is a consequence of the merid-
ional diurnal tide amplitude being almost twice the zonal.
May and June have almost the same prevailing wind pattern
and therefore they present similar structures of tidal-induced
apparent variances; thus, we omit here the MCD steps for
June 2005 presenting only the final variance results.

In Figs. 21 and 22 we show the wind variances for zonal
(< u

′2 >, top) and meridional (< v
′2 >, bottom) components

for CP in May 2005 and June 2005 with the apparent (false)
variances already removed – in other words keeping only
the wind disturbances really due to GW activity. We can
see that the variance values range from 100 to 600 m2 s−2,
which are in good agreement with the results present by An-
tonita et al. (2008) over Trivandrum (8.5◦ N, 76.9◦ E), from
100 to 500 m2 s−2. Moreover, we can also see that the wind
variances in the meridional component are larger than the

Fig. 21. Zonal (top) and meridional (bottom) wind variances for
May 2005 over Cachoeira Paulista (23◦ S, 45◦ W) using MCD anal-
ysis removing the tidal apparent variances.

Fig. 22.The same as Fig. 21, but for June 2005.

zonal, which is also in agreement with Antonita et al. (2008)
results. These results are encouraging, showing that MCD
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works with real data. A more detailed analysis of the results
using the MCD technique will be presented in the near future.

5 Summary and conclusions

We have presented a modified composite day analysis of all-
sky meteor radar data as an extension of Hocking’s (2005)
technique for inferring GW variances and momentum fluxes
in the presence of significant tidal and PW variability. Our
analysis has shown that our modified composite day method
yields more accurate results than either the simple composite
day analysis or simple day-to-day averages. This analysis in-
volved five test cases including various combinations of the
zonal and meridional mean winds, diurnal and semidiurnal
tides, a 2-day wave, and GWs having various characteris-
tics. The diurnal tide had a vertical wavelength of 25 km and
amplitude independent of altitude and time. The semidiurnal
tide had a vertical wavelength of 50 km and amplitude that
was either constant or varied with altitude and time. Trav-
eling GWs were specified to have zonal, meridional, and/or
oblique propagation, spatial and temporal variability, corre-
lated horizontal and vertical motions, and both constant and
variable momentum fluxes; stationary GWs were specified to
have zonal and meridional orientations, only spatial variabil-
ity, correlated horizontal and vertical motions, and constant
momentum fluxes.

Recovered fields indicate a modified composite day ability
to characterize mean and tidal wind fields very well at all alti-
tudes. Monthly GW momentum fluxes for constant stationary
or propagating GW fields were also retrieved with high ac-
curacy (errors of a few percent) at those altitudes where the
meteor counts are high (from 89 to 92.5 km). GW momen-
tum flux estimates exhibited somewhat larger errors, how-
ever, when the amplitude of the semidiurnal tide was large
and modulated in time, especially at altitudes and time inter-
vals where meteor counts were lower (around midnight UT).

Our modified composite day analysis has also shown rea-
sonable ability to extract momentum fluxes of transient GWs
having durations of∼ 3 h or longer, periods of 20–30 min,
and random distributions throughout the diurnal cycle. The
analysis was not so successful, however, when GW packet
durations were 2 h or less with opposing contributions to the
net GW momentum flux in some directions. The same tests
were also performed for the two other Brazilian SKiYMET
meteor radars (not shown), and they yielded similar results,
showing the reasonable ability of SKiYMET meteor radars
to measure monthly mean GW momentum fluxes in cases
when GWs are not highly variable in time.

We have also shown that estimates of GW variances using
the Hocking (2005) analysis can be contaminated by tidal
fluctuations. This is due to the fact that we cannot achieve
sufficiently small time/height bins with sufficient meteor
counts within which the largely tidal wind does not change.
To address this problem, we developed a technique for deter-

mining the magnitude of the apparent variances contributed
by tides and PWs, which can then be subtracted from the total
variances determined by the Hocking technique. Numerical
simulations using realistic tide and GW parameters showed
that our technique is successful in largely removing contam-
ination by tides. We note that momentum flux measurements
are not significantly influenced by tidal contributions to ap-
parent GW variances. This is because momentum flux esti-
mates employ correlations between horizontal and vertical
velocities, to which tides contribute very little.

We consider our modified composite day analysis to be
potentially useful to the broader community, given the large
number of meteor radars currently in operation and the need
for more global assessments of GW momentum fluxes as in-
puts to our various modeling needs.
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