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Southern Argentina Agile Meteor Radar: System design and initial
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[1] The Southern Argentina Agile Meteor Radar (SAAMER) was installed at Rio Grande
on Tierra del Fuego (53.8°S, 67.8°W) in May 2008 and has been operational for ~24 months.
This paper describes the motivations for the radar design and its placement at the southern
tip of South America, its operating modes and capabilities, and observations of the mean
winds, planetary waves, and tides during its first ~20 months of operation. SAAMER was
specifically designed to provide very high resolution of large-scale motions and hopefully
enable direct measurements of the vertical momentum flux by gravity waves, which have
only been possible previously with dual- or multiple-beam radars and lidars or in situ
measurements. SAAMER was placed on Tierra del Fuego because it was a region devoid of
similar measurements, the latitude was anticipated to provide high sensitivity to an expected
large semidiurnal tide, and the region is now recognized to be a “hot spot” of small-scale
gravity wave activity extending from the troposphere into the mesosphere and lower
thermosphere, perhaps the most dynamically active location on Earth. SAAMER was also
intended to permit simultaneous enhanced meteor studies, including “head echo” and
“nonspecular” measurements, which were previously possible only with high-power large-
aperture radars. Initial measurements have defined the mean circulation and structure,
exhibited planetary waves at various periods, and revealed large semidiurnal tide amplitudes

and variability, with maximum amplitudes at higher altitudes often exceeding 60 m s ' and
amplitude modulations at periods from a few to ~30 days.

Citation: Fritts, D. C., et al. (2010), Southern Argentina Agile Meteor Radar: System design and initial measurements
of large-scale winds and tides, J. Geophys. Res., 115, D18112, doi:10.1029/2010JD013850.

1. Introduction

[2] The structure and variability of the mesosphere and
lower thermosphere (MLT) is determined to a large degree by
large- and small-scale waves propagating into this region
from below. Both large-scale motions, comprising various
tidal components and planetary waves (PWs) having periods
of ~2 to 30 days, and smaller-scale gravity waves (GWs),
exhibit significant variability with season and latitude
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because of the seasonal variations in their sources and prop-
agation environments [e.g., Holton, 1984; Burrage et al.,
1995; Vincent et al., 1998; Manson et al., 1999: Pancheva
etal., 1999; McLandress, 2002; Fritts and Alexander, 2003].
GWs and tides also exhibit longitudinal variability reflecting
the longitudinal distributions of their forcing dynamics [e.g.,
Tsuda et al., 2000; Hagan and Forbes, 2002, 2003; Espy
et al., 2006]. Indeed, there are preferred latitudes and long-
itudes where these various motions systematically achieve
their largest responses.

[3] Possibly the most dramatic response occurs during
austral winter and extends from southern South America over
the Drake Passage and the Antarctic Peninsula, spanning
latitudes from 30°W to 70°S and longitudes from ~30°S to
80°W. The migrating semidiurnal tide achieves maximum
amplitudes in the MLT from ~40°S to 70°S during winter
[Hagan and Forbes, 2003], while GW variances and
momentum flux estimates typically exhibit strong maxima at
these locations extending from the lower stratosphere into the
MLT [McLandress et al., 2000; Ern et al., 2004; Wu, 2004;
Jiang et al., 2006; Alexander et al., 2008a; Wu and Eckermann,
2008]. In several cases, the sources of these motions are
clearly linked to the high terrain of the Andes and the Ant-
arctic Peninsula [Jiang et al., 2002; Preusse et al., 2002,
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Figure 1. (left) Antenna transmitter and receiver layout at Rio Grande, Tierra del Fuego (with individual
antennas indicated with plus symbols) and (right) the anticipated beam pattern polar diagram. The resulting

beams have peak sensitivity at ~35° off zenith.

2006; Wu and Jiang, 2002; Eckermann et al.,2006; Wu et al.,
2006; Alexander et al., 2008b; Hertzog et al., 2008]. Limited
data also indicate penetration of mountain waves (MWs) to
altitudes approaching ~100 km under suitable propagation
conditions [Smith et al., 2009]. But these sources do not
obviously account for the large variances and inferred
fluxes over the Drake Passage, suggesting that jet stream
shears and flow imbalances may also contribute signifi-
cantly to enhanced GWs in this region [e.g., Guest et al.,
2000].

[4] These dynamics and our expectation for strong inter-
actions among the various motions were the motivation
for placing the Southern Argentina Agile Meteor Radar
(SAAMER) at Rio Grande on Tierra del Fuego (53.8°S,
67.8°W) in May 2008. SAAMER was specifically designed
to provide the potential to directly measure the anticipated
GW-tidal and GW-PW interactions and their modulation of
GW variances and momentum fluxes, which have been
observed in limited MLT observations [Frifts and Vincent,
1987; Wang and Fritts, 1991; Thayaparan et al., 1995;
Isler and Fritts, 1996; Manson et al., 1998; Murphy and
Vincent, 1998; Espy et al., 2004] and in numerical models
of these dynamics [Holton, 1984; Miyahara, 1985; Miyahara
et al, 1986; Forbes et al., 1991; Lu and Fritts, 1993;
Meyer, 1999], but which have yet to be fully quantified,
understood, and adequately parameterized in large-scale
models [McLandress and Ward, 1994; McLandress, 1998,
2002; Hagan et al., 1999; Fritts and Alexander, 2003].

[s] Ourpurposes in this paper are to describe the SAAMER
radar system and measurement capabilities and its measure-
ments of large-scale dynamics at MLT altitudes throughout
its first ~20 months of operation. The radar configuration, the
spatial and temporal variations of meteor detections observed
from Rio Grande, and our data analysis methods are described
in section 2. Mean and PW wind fields throughout the first
~16 months of observations are described in section 3.
Section 4 describes the monthly and daily variability of the
diurnal and semidiurnal tidal amplitudes on seasonal and PW
times scales. Section 5 provides a comparison of our mea-

sured tidal amplitude and phase structures with the Global-
Scale Wave Model, version 2002 (GSWM-02) [see Hagan
and Forbes, 2002, 2003], and a discussion of other similar
comparisons by other authors using various radar and satel-
lite data sets. A summary and conclusions are provided in
section 6. Companion papers by Fritts et al. [2010] and
Beldon et al. (C. L. Beldon, et al., Gravity wave variances and
tidal interactions inferred with SAAMER (53.8°S, 67.8°W),
manuscript in preparation, 2010) describe assessments of
GW momentum fluxes and GW variances and their modu-
lation by tidal motions that are also enabled by the SAAMER
radar.

2. SAAMER System Description and Data
Collection and Analysis

[6] The SAAMER radar was specifically designed to
enable very high resolution definition of the large-scale
wind field and potential sensitivity to GW momentum fluxes
employing a generalization of the dual-beam technique first
employed by Vincent and Reid [1983] and subsequently for
multiple-beam studies by VanZandt et al. [1990] and Fritts
et al. [1990]. To define both the large-scale motion field
at high resolution and enable estimates of GW momentum
fluxes, it is necessary to achieve high meteor count rates
at sufficiently small off-zenith angles to allow vertical
motions due to GWs to make significant contributions to the
inferred radial velocities. This was accomplished through
significantly higher peak power than employed by typical
meteor radars (60 kW rather than ~5—15 kW) and using a
novel transmitting array that directs the majority of radar
power into eight beams at 45° azimuth increments with peak
power at ~35° off zenith and a majority of meteor detections
at off-zenith angles between 15° and 50°. The SAAMER
antenna design and anticipated spatial sensitivity are shown
schematically in Figure 1. The distribution of unambiguous
meteor detections achieving a threshold accuracy (>12,000
meteors and ~50% of the total detections) for 20 May 2008 is
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Figure 2. (top left) SAAMER meteor detections above our acceptable detection threshold (total =12,317)
for 20 May 2008, (top right) mean meteor distribution with altitude, and (bottom left and right) daily and
monthly counts throughout the annual cycle. White circles at top left show locations at 50°, 70°, and 90°
off zenith. The majority of meteors are detected at zenith angles <50° and the primary beam lobes are cen-
tered at ~35° off zenith and aligned with and midway between the cardinal directions.

shown in Figure 2. Primary radar parameters and measure-
ment capabilities include the following:

[7] 1. a radar frequency and bandwidth of 32.55 and
0.3 MHz, respectively;

[8] 2. a transmitter antenna composed of eight three-
element crossed yagis in a circle of diameter 27.6 m having
opposite phasing of every other yagi (normal mode);

[¢] 3. five receiver channels to enable redundant meteor
position definition;

[10] 4. a transmit/receive (T/R) switch allowing both
tropospheric measurements and use of the transmitter antenna
as a sixth receiver;

[11] 5. a transmitter phasing option that allows power to
be directed vertically, enabling neutral vertical velocity mea-
surements in the troposphere and MLT; and

[12] 6. sufficient power and beam definition flexibility to
perform enhanced meteoroid radiant, population size, and
“head echo” studies normally possible only with high-power,
large-aperture (HPLA) radars.

[13] For our initial studies, SAAMER employed a single
13 ps pulse (yielding a 2 km range bin), a pulse repetition
frequency of 2144 Hz, an integration over four samples, and
meteors detections at altitudes from 70 to 110 km. SAAMER

also has options for pulse coding that we have recently
implemented and which will increase meteor counts in future
measurements.

[14] Mean and large-scale winds are determined by fitting a
mean horizontal wind in each 3 km altitude bin to each hour of
meteor radial velocities at off-zenith angles between 15° and
50°. Spectra of the zonal and meridional winds obtained from
these data are shown for the first year of SAAMER mea-
surements in Figure 3. These reveal broad maxima near the
inertial period in both spectra (~14.9 h), as well as significant
responses at the 24, 12, 8, and 6 h tidal periods and PW
periods of ~16-30 days in the zonal component and at the 24,
12, and 8 h tidal periods and PW periods of ~2-16 days in
the meridional component. Spectra provide no information
on the seasonal behavior or temporal extent of these various
motions, however.

[15] To examine this behavior further, hourly winds are
also employed to infer local diurnal, semidiurnal, and residual
mean zonal and meridional winds employing an “S trans-
form” Gaussian wavelet fit to the diurnal and semidiurnal
periods having wavelet widths equal to the respective tidal
periods | Stockwell et al., 1996]. This yields daily estimates of
the diurnal and semidiurnal tidal amplitudes and a residual
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Figure 3. (top) Zonal and (bottom) meridional spectra of
hourly winds obtained with SAAMER at 88.5 km for the first
year of measurements extending from May 2008 to May
2009. A 5-point triangular smoothing is applied to delineate
the tidal and PW peaks more clearly.

mean motion field that exhibits variability on seasonal and
shorter PW time scales. A test of this method was performed
for a wind field composed of (1) constant mean zonal and
meridional motions, (2) a constant diurnal tide amplitude
(20 m s ') with altitude and time, and (3) a semidiurnal tide
having both a constant amplitude (20 m s ') and a time- and
altitude-varying amplitude (with the total varying linearly
from 20 to 60 m s~ from 80 to 100 km and modulated by
a 10 day period) mapped to the actual meteor distributions
in space and time for September 2008. The zonal tidal
retrievals are shown together with the specified winds at
altitudes from 76.5 to 97.5 km in Figure 4 and reveal
amplitude estimates within 10% or less except at the
lowest and highest altitudes displayed, even for the highly
variable semidiurnal amplitudes. Results of this analysis
are described in the following two sections. Similar eva-
luations of the retrieval of GW momentum fluxes for
various propagating and stationary GWs in the presence of
various mean and tidal wind fields for both test and
observed meteor distributions are described by Fritts et al.
[2010] and suggest confidence in the SAAMER ability to
define these fields for monthly assessments of mean and
tidal modulation of these fluxes. Finally, to compare our
tidal assessments with the GSWM-02 model, we also fit
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monthly data with a single tidal amplitude and phase for
consistency with other authors.

3. Mean and Planetary Wave Wind Fields

[16] Time-height cross sections of monthly and daily mean
zonal and meridional winds are displayed in the top and
middle frames of Figure 5. Monthly mean zonal winds (top
left) are eastward for most altitudes between 80 and 98 km for
most of the annual cycle. Maximum values are ~30 m s~ ' in
July 2008 ~85-95 km, in February 2009 at ~90 km, and
in August 2009 above ~90 km. Westward monthly mean
winds occur only from October 2008 into February 2009 at
80 km, exhibit a westward maximum of ~40-45 m s in
November and December 2008 at this altitude, are more
restricted in time at higher altitudes, and exhibit a reversal at
~91 km. Monthly mean eastward winds are small, ~10 m s~ *
or less, above the summer westward jet extending to ~95 km
in October 2008, at altitudes of ~95 km and above in June
2009, above ~90 km in March and April 2009 (and pene-
trating as low as ~83 km in April), and above ~90 km in July
2009. For most of the year and most altitudes, monthly mean
zonal winds appear more strongly eastward than at sim-
ilar Northern Hemisphere latitudes [Avery et al., 1989;
Portnyagin et al., 2004, 2006; Dowdy et al., 2007]. We note
below, however, that zonal winds (and monthly means) are
strongly modulated by various PWs having deep, coherent
responses of ~10—15 km in altitude, especially from about
May to September.

[17] In contrast to the mean zonal winds, monthly mean
meridional winds (Figure 5, top right) are relatively weak,
~15m s ! or less for much of the year. Small variability is
seen extending from November 2008 into March 2009, with
northward maxima of ~15 ms ™' at~92 km in December 2008
and ~10 m s~' from ~81 to 86 km in February 2009. Larger
winds and variability accompany southward mean winds (at
some altitudes) extending from May into October 2008 and
from March 2009 to the end of our data set in September
2009. Southward mean winds occur in May, July, and
September of 2008 at all altitudes observed, with additional
weak southward mean winds during March and April of 2009
and stronger southward maxima of ~20-35 m s ' at higher
altitudes during May and August of 2009. As noted above for
the zonal mean winds, however, monthly mean meridional
winds are seen below to be largely dictated by PW motions
having larger and variable amplitudes.

[18] Daily mean zonal and meridional winds (Figure 5,
middle) exhibit considerable variability not captured in the
monthly mean wind fields that are indicative of various
PW structures. These features have maximum winds about
twice as large as seen in the monthly mean winds (frequently
40-50 m s ', with maxima approaching 70 m s '), which
typically exhibit coherence over altitudes of ~10-15 km.

[19] To examine the variability of zonal and meridional
mean winds on PW time scales, we show S transforms of
hourly estimates of the daily mean zonal and meridional wind
fields in the third frames of Figure 5. The most significant
maxima occur at periods of ~1.8 and ~3 days from late
January into February and from late February into March
2009, respectively, with comparable amplitudes in the two
fields during the first interval but a larger response in the
meridional wind field during the second. Smaller maxima are
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Figure 4. Test zonal (left) semidiurnal and (right) diurnal tidal retrievals employing the S transform for
specified winds at observed meteor locations and times during September 2008. Specified and retrieved
amplitudes are shown with dashed and solid lines in each case. Note that retrieved values have errors of
~10% or less from ~80 to 95 km for daily estimates where meteor counts in an altitude bin are ~40% of
the maximum value. Errors are much smaller in defining month mean amplitudes and phases.

also seen throughout the year, with the primary responses
in the zonal wind during these events. These appear to be
signatures of the quasi 2 day wave, which occurs in both
northern and southern hemispheres and can depart signifi-
cantly from a 2 day period depending on the zonal wave
number accounting for the response [Pancheva et al., 2004,
2006; Murphy et al., 2007; Baumgaermer et al., 2008].

[20] PW wind variations at longer periods, ~4-30 days,
typically exhibit several superposed periods, event durations
of several cycles, and apparent correlations between events
having different periods. The meridional S transform sug-
gests that ~16 day periods often precede ~3 day events (see
the interval from about June through October 2008), while
the zonal S transform suggests that ~3 day motions often
accompany or precede ~5—6 day motions, ~5—6 day motions
often accompany ~8-16 day motions, and ~16 day motions
more nearly alternate with lower-frequency motions. There
are also suggestions that some PW events undergo an evo-
lution to shorter or longer periods in a nearly continuous
manner. Finally, 2 day averaged winds for 2009 band-passed

from 5 to 20 and from 15 to 60 days (Figure 5, bottom) reveal
that the relationships between PW zonal and meridional
winds range from quadrature (with either component leading)
to in phase and antiphase, suggesting significant variability in
PW structure and strong PW mean flow interactions. Indeed,
the PW structures revealed in this cursory analysis are highly
variable and interesting in their own right. This analysis is
beyond the scope of this paper and will be presented a sep-
arate paper that evaluates these structures employing data
from SAAMER and a conjugate northern latitude site.

4. Tidal Motions

4.1. Diurnal Tide

[21] Time-height cross sections of monthly mean and daily
diurnal tide zonal and meridional wind amplitudes are dis-
played in the top four frames of Figure 6. Monthly mean
amplitudes (top) exhibit significant seasonal and altitude
variability, suggesting a superposition of migrating and
nonmigrating modes having different vertical structures that
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lines). Diurnal amplitudes remain small at all altitudes, but semidiurnal amplitudes reach ~60-80 m s~

the highest altitudes at earlier times.

vary throughout the year. Mean diurnal amplitudes achieve
maxima (>10 m s~ ") at higher altitudes (~95 km and above)
during May, June, and September 2008 and September 2009
in the zonal components and in July and August 2008 and
August of 2009 in the meridional component. Weaker max-
ima (typically <10 m s~ ') are seen at lower altitudes (below
90 km) extending from August to March but tend to be
localized in altitude. We also note significant apparent
interannual variability in the amplitudes observed from May
to September of 2008 and 2009.

[22] Daily zonal and meridional diurnal amplitudes are
displayed in the middle frames of each column in Figure 6. A
subset of these data is also shown with time series of the zonal
component at 3 km intervals for May, June, and July 2009 in
Figure 7 (right). These exhibit much greater intermittency in
time than suggested by the monthly mean amplitudes. Indeed,
monthly means appear to be largely determined by infrequent
events during which the diurnal tide exhibits coherence
between the zonal and meridional components, but occurs
with significant amplitudes for only ~1 or several days. These
data also suggest modulations on various PW periods, but

Lat

with little coherence in altitude, again suggesting modula-
tions of a superposition of tidal modes comprising the overall
diurnal wind field.

[23] S transforms of hourly estimates of diurnal zonal and
meridional amplitudes at an altitude of 88.5 km are shown
in Figure 6 (bottom). These exhibit amplitude variability on
multiple PW time scales throughout the measurement period.
There are a number of intervals of enhanced amplitudes
exhibiting specific periodicities simultaneously in both
components (see, in particular, the ~4-5 day periodicity in
late November 2008 and the ~3 day periodicity in mid- to late
December 2008). The large majority of significant amplitude
modulations at specific PW periods, however, appear in one
but not both wind components, again suggesting a super-
position of modes contributing to the total diurnal fields.
There is also evidence in the S transforms of gradual drifts
of the modulation periods of the tidal components to shorter
or longer periods that are similar to those seen in the PW
amplitudes themselves. While there are some intervals during
which the diurnal tide exhibits a modulation at a PW period
also seen in Figure 6 (a period of ~6 days during August 2008
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and periods of ~3-5 days from mid-November to late
December 2008), such correlations are not frequent or robust,
suggesting that any causal interactions are likely remote from
our observations (also see the discussion of possible links
including the semidiurnal tide below).

4.2. Semidiurnal Tide

[24] Semidiurnal tidal structures observed with SAAMER
appear much less variable in altitude than the diurnal tide
on monthly and daily time scales. Monthly mean and daily
semidiurnal tide amplitudes are shown in the top four frames
of Figure 8 and suggest generally repeatable variations from
May to September of 2008 and 2009 in both components,
with maximum monthly amplitudes in May and amplitudes
increasing from ~15 m s~' at ~80 km in both components
to nearly 50 and 60 m s ' (or higher) at ~98 km in the zonal
and meridional components, respectively. Daily amplitudes
exhibit similar altitude variations but achieve maxima that
approach ~80 and 90 m s ' at ~98 km in the zonal and
meridional components. Weaker secondary maxima also
occur in each component from August into October at ~90—
98 km. A subset of these data is also shown with time series of
the zonal component at 3 km intervals for May, June, and July
2009 in Figure 7 (left). As with the diurnal tide, these exhibit
much greater intermittency in time than suggested by the
monthly mean amplitudes. For the semidiurnal tidal com-
ponents, however, there is considerably greater coherence
in the short-period variations in altitude, suggesting a more
consistent composition of the semidiurnal tidal structure with
time than for the diurnal tide.

[25] S transforms of semidiurnal zonal and meridional
amplitudes are shown in Figure 8 (bottom). As for the diurnal
tide, these exhibit amplitude variability on multiple PW time
scales, but the semidiurnal responses appear to be somewhat
more discrete and localized in time than the diurnal responses.
There are again correlations between enhanced PW responses
in mean winds seen in Figure 5 and enhanced semidiurnal tide
responses seen in Figure 8, for example, the ~3 day periodicity
in early July 2008. However, significantly stronger correla-
tions appear to occur between the diurnal and semidiurnal
variations at various PW periods, suggesting tidal interactions
modulated by PW activity that may exhibit maxima else-
where. Examples of these correlations include the following:

[26] 1. ~6 day periodicities in August 2008 in the semi-
diurnal component and in late July and August 2008 in the
diurnal meridional component;

[27] 2. ~6 day periodicities during October 2008 in the
diurnal and semidiurnal components; and

[28] 3. ~16 day modulations of the zonal and meridional
diurnal and semidiurnal components during November and
early December.

[29] We also note, however, that there are other mechan-
isms that likely contribute to tidal modulation at various
periods and that not all of these should be expected to arise
from PW influences on the various tidal motions.

5. Amplitude and Phase Comparisons
With GSWM-02

[30] We described the monthly mean and daily variations
of the diurnal and semidiurnal tidal winds over the altitude
range from 80 to 99 km in section 4. Here we focus on
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comparisons of monthly amplitudes and phases for each
component with predictions of the GSWM-02 model at three
altitudes, as an additional evaluation of GSWM-02 pre-
dictions, given that previous comparisons have revealed
significant differences between observed and modeled tidal
structure. Comparison altitudes were chosen to span the range
of altitudes measured by SAAMER for which both mea-
surements and GSWM-02 predictions are available. These
are 82.1, 90.6, and 98.7 km for GSWM-02 at 54°S, 70°W
(~150 km from SAAMER) and 81, 90, and 99 km for
SAAMER. We also combined data from May to December
of 2008 and 2009 to create a composite year for each field
using all SAAMER data collected through 2009. These
comparisons are described below. Relations to other com-
parisons with GSWM predictions using other data sets are
discussed at the end of this section.

5.1.

5.1.1. Annual Variations

[31] Monthly diurnal zonal and meridional amplitudes
inferred from SAAMER data are shown at 81, 90, and 99 km
with solid lines and open squares in Figure 9 (top). GSWM-
02 predictions at altitudes of 82.1, 90.6, and 98.7 km are
shown in the same frames with dashed lines and closed
circles. A quick comparison of these data reveals both simi-
larities and differences. The seasonal variability of both
zonal and meridional amplitudes is surprisingly similar in
the measurements and model results, including (1) double
maxima in both components at ~82 km, with a secondary
maximum in June in both; (2) similar seasonal cycles also
extending to higher altitudes, especially in the meridional
component at ~90 km and in the zonal component at ~99 km;
and (3) comparable amplitude growth with altitude in both
components. Differences include (1) somewhat larger am-
plitudes predicted by GSWM-02 than observed by SAAMER
(by nearly a factor of 2) and (2) earlier maxima seen by
SAAMER than in the GSWM-02 predictions in the zonal
amplitudes at ~99 km.

[32] Monthly diurnal phases (defined as local time, LT,
of maxima) shown in Figure 9 (bottom) likewise exhibit
both strong similarities and significant differences. Phases
measured by SAAMER and predicted by the GSWM-02 are
remarkably similar at ~81 km, and in general agreement at
~90 km, despite the often small amplitudes of these motions.
The larger differences at the lower two altitudes typically
accompany the smallest measured amplitudes, where the
uncertainties (vertical bars through the squares) are greatest.
Despite the apparent good agreement at lower altitudes,
phase measurements and predictions differ significantly at
~99 km and are more nearly in antiphase throughout the
annual cycle.

[33] Relative phases of the zonal and meridional compo-
nents at~81, 90, and 99 km remain in approximate quadrature
throughout the year in both SAAMER observations and
GSWM-02 predictions individually, with the zonal compo-
nent leading the meridional component by ~6 h, despite
occasional outliers and the more nearly antiphase relation
between the measurements and model results at ~99 km.
5.1.2. Altitude Variations

[34] Monthly diurnal zonal and meridional amplitudes
and phases obtained from SAAMER and predicted by
the GSWM-02 are shown as functions of altitude for

Diurnal Tide Comparisons
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Figure 8. As in Figure 6, but for semidiurnal tide amplitudes.
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Figure 9. Monthly mean (left) zonal and (right) meridional diurnal tide amplitudes and phases (top and
bottom) at 81, 90, and 99 km (bottom to top of each three frame set) from SAAMER measurements (solid
lines and squares) and at §2.1, 90.6, and 98.7 km from GSWM-02 predictions (circles) from May 2008
through September 2009. SAAMER data from May through September are averages for 2008 and 2009.
Uncertainties in observed amplitudes and phases are shown with error bars in each case.

March, June, September, and December in Figure 10. Here GSWM-02 amplitudes are comparable to, or larger than,
GSWM-02 predictions are shown with dashed lines and those observed by SAAMER, except in December above
closed circles and SAAMER data are shown with solid lines  ~90 km. Amplitudes are also quite variable with altitude, with
and diamonds (2008) or triangles (2009). As seen in Figure 9, both SAAMER measurements and GSWM-02 predictions
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Figure 10. Vertical profiles of monthly mean (left) zonal and (right) meridional diurnal tide amplitudes
and phases (left and right within each column) from 81 to 99 km for March, June, September, and December
(solid lines, with diamonds for 2008 and triangles for 2009). GSWMO02 predictions are shown with dashed
lines and circles for comparison, and uncertainties are shown with error bars in each case.

exhibiting both increasing and decreasing amplitudes between
81 and 99 km in each of the profiles. The general interannual
agreement of the amplitude profiles in both wind components
during June and September, for which SAAMER data are
available for 2008 and 2009, also suggests confidence in these
estimates and some consistency in the diurnal modes com-
prising these mean responses each year. These data also sug-
gest that the approximate quadrature between the zonal and

meridional components noted above appears to be preserved
over the full altitude range.

[35] In contrast to the tidal amplitude variations, mean
diurnal zonal and meridional phases for these 4 months agree
extremely well up to ~90 km, with phase differences of a
few hours between 2008 and 2009 in each component only
occurring during June. Above 90 km, however, SAAMER
LT maxima either increase, are nearly constant, or decrease
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weakly with altitude, while GSWM-02 LT maxima decrease
sharply in both components in all 4 months by ~5-12 h over
an altitude of only ~8 km.

[36] Collectively, these results suggest that the GSWM-02
provides a description of the diurnal tidal structures at this
latitude and longitude that are (1) a slight overestimate of tidal
amplitudes, with somewhat better agreement at the highest
altitudes; (2) a very accurate estimate of phase up to ~90 km;
and (3) a sharp departure from observed phase structures
above ~90 km.

5.2. Semidiurnal Tide Comparisons

5.2.1. Annual Variations

[37] Monthly semidiurnal zonal and meridional ampli-
tudes inferred from SAAMER data are shown at 81, 90, and
99 km with solid lines and open squares in Figure 11 (top).
GSWM-02 predictions at altitudes of 82.1, 90.6, and 98.7 km
are shown in the same frames with dashed lines and closed
circles. As in the diurnal comparisons, there are both simi-
larities and differences in these distributions. Annual varia-
tions in amplitudes in both SAAMER observations and the
GSWM-02 exhibit broad winter maxima extending from
about February or March to about September or October, with
the earlier autumn starts occurring at lower altitudes in
SAAMER data and later spring cessations occurring at mid-
dle and higher altitudes (~90 and 99 km) in both SAAMER
data and GSWM-02 predictions. Amplitudes in both SAA-
MER data and GSWM-02 predictions increase significantly
with altitude, are slightly larger for the meridional than for the
zonal component at all altitudes, and develop double maxima
in May and September at the highest altitudes. Unlike the
diurnal wind components, however, GSWM-02 predictions
of semidiurnal amplitudes are systematically smaller than
SAAMER observations at lower and middle altitudes (~81
and 90 km) and only become comparable or larger at ~99 km
during July, August, and September. Whereas SAAMER
diurnal amplitudes are typically ~10 m s~* or less at all alti-
tudes (except for the zonal component in September of ~12 m
s ! and the meridional component in January of ~14 ms 1),
maximum semidiurnal amplitudes increase from ~15-20 m
s at 81 km to ~50-60 m s ' at 99 km.

[38] Phases (defined as LTs of maximum amplitudes) of the
monthly mean semidiurnal zonal and meridional winds are
shown in Figure 11 (bottom). The overall agreement between
SAAMER observations and GSWM-02 predictions is quite
good, especially at the highest altitudes, where the phases
nearly overlay each other and differ by only ~1 h where
amplitudes are large and ~2 h where amplitudes are smallest.
Similar agreement is seen at ~90 km where amplitudes are
~20 m s ' or larger and at ~81 km where amplitudes are
~15ms ' or larger. Where amplitudes are smaller than ~5 m
s, GSWM-02 phase predictions are most often advanced
relative to SAAMER observations by ~2-5 h, with a single
value at 81 km in December advanced by more than 8 h. As
seen in the diurnal phases, the zonal and meridional compo-
nents are nearly in quadrature, with the meridional compo-
nent leading the zonal component by ~3 h during most
months at all three altitudes displayed.

5.2.2. Altitude Variations

[39] Monthly semidiurnal zonal and meridional amplitudes
and phases obtained from SAAMER and predicted by the
GSWM-02 as functions of altitude for March, June, Sep-
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tember, and December are shown in Figure 12. As in
Figure 10, GSWM-02 predictions are shown with dashed
lines and closed circles and SAAMER data are shown with
solid lines and diamonds (2008) or triangles (2009). Where
and when amplitudes are small, i.¢., at the lowest altitudes and
during March and December, GSWM-02 amplitudes are
comparable to or smaller than those measured by SAAMER,
typically a factor of ~2 smaller at altitudes above ~90 km.
GSWM-02 amplitudes are also systematically smaller than
SAAMER amplitudes at all altitudes during June, where
maximum SAAMER amplitudes are ~40-50 m s ' at
~99 km. Only during September do GSWM-02 amplitudes
become large and comparable to SAAMER amplitudes, even
slightly exceeding them at~99 km, with maxima of ~45 ms ™"
where SAAMER amplitudes are ~30-40 m s '. As seen
above for the diurnal tide, SAAMER data for June and Sep-
tember during 2008 and 2009 exhibit good agreement in
amplitude and phase, suggesting high confidence in our
general amplitude and phase estimates.

[40] Comparing monthly semidiurnal phases, we see that
SAAMER measurements and GSWM-02 predictions are in
very good agreement, within ~1 h, for June and September
above ~85 km where amplitudes are large. During March and
December, where SAAMER and GSWM-02 amplitudes are
smaller, ~3-20 m s !, phase differences are larger, with
GSWM-02 leading SAAMER by ~4 h at ~88 km and ~1 h at
~99 km. At lower altitudes during March, phases agree well,
despite amplitudes of only ~5-10 m s ', but differ signifi-
cantly in December where both SAAMER and GSWM-02
amplitudes are <5 m s '. As noted above, the semidiurnal
zonal and meridional winds are in approximate quadrature
wherever amplitudes are sufficiently large to permit confident
phase determinations.

5.3. Comparisons With Other Data Sets

[41] Intercomparisons of tidal observations with predic-
tions of the GSWM model have been reported by a number of
authors employing various data sets. Our purpose here is to
review these previous comparisons in light of our own dis-
cussed above.

5.3.1. Diurnal Tide Comparisons

[42] Comparisons of extensive radar measurements during
the June—August 1999 PSMOS campaign with GSWM pre-
dictions by Pancheva et al. [2002] revealed larger diurnal
phase variations at southern than at northern latitudes and
significant departures from GSWM predictions, especially at
higher altitudes. More focused studies by Vincent et al.
[1998] and Tomikawa and Tsutsumi [2009] noted signifi-
cant phase departures at higher altitudes due to the smaller
vertical wavelengths predicted by an earlier version of the
GSWM. Lidar measurements at Fort Collins [ Yuan et al.,
2006] also revealed an overestimate of diurnal amplitudes
predicted by GSWM-02 compared to observations at that
site. These departures are all consistent with our own ob-
servations at higher southern latitudes (see Figure 10) and
their departures from predictions of GSWM-02.

[43] The study of the diurnal tide by Pancheva et al. [2009]
employing TIMED/SABER temperature measurements at
90 km revealed a primary maximum in February and a
secondary maximum in September, in reasonable agreement
with our own observations (see Figure 9), though SAAMER
maxima occur somewhat later at lower and higher altitudes.
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Figure 11. As in Figure 9, but for the semidiurnal tide.

SAAMER diurnal phases are somewhat more variable than
inferred from SABER data, perhaps because SAAMER
measurements also include influences of the nonmigrating
diurnal components. Nonmigrating diurnal components
were also studied by Oberheide et al. [2006] employing
TIMED/TIDI wind measurements, but these do not seem
pertinent to our discussion as SAAMER cannot distinguish
between the migrating and nonmigrating contributions by
itself.

5.3.2. Semidiurnal Tide Comparisons

[44] A number of previous studies compared radar or
optical measurements of semidiurnal tides at high northern
and southern latitudes with predictions of the GSWM. Fabry-
Perot interferometer (FPI) measurements by Fisher et al.
[2002] revealed much longer vertical wavelengths (~90 km)
from December to February than predicted by the GSWM
(~40 km). The study by Murphy et al. [2003] found the phase
structure of the migrating semidiurnal tide to agree well with
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GSWM predictions during austral winter but to depart sig-
nificantly during austral summer. Similar results were also
obtained by Mitchell et al. [2002] employing radar mea-
surements at an arctic site. Finally, an analysis of TIMED/
SABER temperature data at 90 km by Mukhtarov et al. [2009]
found a primary amplitude maximum during May at 40°S that
corresponds closely to that seen by SAAMER at 90 km but
with closer agreement with the occurrence of a secondary
maximum in SAAMER data (and with the prediction of both
maxima by GSWM) at ~99 km.

6. Summary and Conclusions

[45s] We described in this paper a new meteor radar, the
Southern Argentina Agile Meteor Radar (SAAMER), which
was specifically designed to provide very high resolution
wind measurements for assessments of mean, PW, and tidal
wind fields, a potential for assessing GW momentum fluxes,
and advanced meteor studies. We also described the mean
and tidal wind fields throughout the first ~16 months of
SAAMER operations, their variations on seasonal and PW
time scales and with altitude, and comparisons of SAAMER
monthly mean diurnal and semidiurnal tidal wind measure-
ments with predictions of the GSWM-02.

[46] SAAMER employs a transmitter with 60 kW peak
power and a circular transmitting antenna array composed of
eight three-element crossed yagis having opposite phasing of
every other yagi to define a beam pattern having eight beams
with peak sensitivity at ~35° zenith angles. Our initial studies
employed a single 13 ps pulse (yielding a 2 km range bin), a
pulse repetition frequency of 2144 Hz, an integration over
four samples, and yielded ~12,000 accepted meteor detec-
tions per day. However, the SAAMER sampling mode was
changed to a two-baud code in September 2009 that yields an
~50% increase in accepted meteor counts.

[47] Measurements from May 2008 to September 2009
reveal monthly mean zonal winds (1) that are eastward for
most of the year, except from about mid-October to late
February at ~80 km and from mid-November to mid-
December at ~90 km, (2) having eastward maxima occurring
from about February to August above ~85 km of ~45 m s71,
and (3) having a westward maximum extending from mid-
November into late December with a magnitude of ~45ms .
Monthly mean meridional winds are primarily northward
from mid-October to mid-March at all altitudes, with maxima
of ~15 m s~ L. From mid-October to mid-March, however,
monthly mean winds are primarily southward, but exhibit
very significant variability on ~60-90 day periods, with
northward maxima centered near 90 km during December
2008 and at ~80-85 km during February 2009 and ~85—
95 km during July and September 2009.

[48] Daily mean winds exhibit considerably more vari-
ability and highlight the PW influences where they occur
most strongly. PWs make relatively greater contributions to
daily mean winds from about February to September and
contribute much less when monthly mean winds are west-
ward. They also contribute much greater variability in the
zonal than in the meridional wind field. For most of the year,
however, PWs are seen to make major contributions to the
monthly mean winds, either positive or negative, and to their
apparent variability on longer time scales.
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[49] Tidal winds, especially the semidiurnal tide, contribute
very significantly to the motion field over SAAMER. Semi-
diurnal zonal and meridional amplitudes achieve monthly
mean maxima approaching ~50 and 60 m s, respectively,
above 95 km in May, with large amplitudes extending from
April into June and secondary, weaker maxima extending
from August to October. At these times, the semidiurnal tide
also grows strongly with altitude. Monthly mean diurnal
amplitudes are significantly weaker, ~10—15 m s ', and vary
considerably in altitude and time. Both the semidiurnal and
diurnal tides also exhibit significant short-term variability,
with the daily semidiurnal zonal and meridional components
achieving daily maxima of ~80 and 90 m s ' and the daily
diurnal components achieving maxima ~20 and 25 m s,
respectively. Both the diurnal and semidiurnal tides also
exhibit significant variability on PW periods ranging from
~3 to 30 days, with clear correlations between occurrences
of PW activity at specific periods and tidal modulations at
the same periods.

[s0] Comparisons of SAAMER monthly mean tidal
amplitudes and phases with predictions of these fields by
the GSWM-02 (~150 km from SAAMER) reveal that the
GSWM-02 generally predicts diurnal wind amplitudes for all
altitudes from ~82 to 98 km that are larger than observed, with
the largest fractional differences at the lowest altitudes.
Despite this, GSWM-02 does reasonably well in defining the
annual cycle of monthly mean amplitudes, especially at the
lower altitudes and in the meridional component. GSWM-02
phase predictions are in very reasonable agreement with
observations at lower and middle altitudes (~82-91 km)
where amplitudes are sufficiently large to determine phases
with confidence. GSWM-02 phase predictions differ very
significantly from SAAMER observations at the highest alti-
tudes, however, with GSWM-02 phases leading SAAMER
phases by ~6—10 h in both components for most of the annual
cycle. All of the major differences occur at the highest
altitudes, where GSWM-02 phases decrease sharply with
altitude (toward earlier LTs of maxima) while SAAMER
observations suggest phases are constant or increasing with
altitude above ~90 km.

[s1] Comparisons of semidiurnal amplitudes and phases
reveal that GSWM-02 typically underpredicts semidiurnal
amplitudes for all altitudes measured by SAAMER. Where
SAAMER measures monthly mean semidiurnal zonal and
meridional wind amplitudes having maximum values varying
from ~15-18 m s ! at ~82 km to ~50-60 m s ' at ~98 km,
respectively, GSWM-02 instead predicts amplitudes of
~10 m s~* or less at ~82 km increasing to ~40—-50 m s ' at
~98 km. Seasonal variations of amplitudes agree somewhat
between SAAMER and GSWM-02 at the lowest and highest
altitudes, but with GSWM-02 underestimating the winter
amplitude maximum at ~82 km and suggesting larger am-
plitudes in September than from April to June at ~98 km in
contrast to SAAMER measurements. GSWM-02 also fails
to describe the broad maximum extending from April to
October with a May—June maximum at ~91 km. GSWM-02
and SAAMER phase estimates are nevertheless in close
agreement where amplitudes are significant, and especially at
middle and higher altitudes. GSWM-02 and SAAMER phase
variations with altitude for the semidiurnal tide agree very
closely where amplitudes are sufficient to allow confident
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estimates. Finally, monthly mean diurnal and semidiurnal
amplitudes and phases inferred with SAAMER are very
consistent for those months for which measurements are
available in both 2008 and 2009, suggesting high confidence
in the ability to define these tidal fields well with SAAMER.

[s2] Previous comparisons of radar tidal measurements
with GSWM-02 predictions have been confined to Antarctic
latitudes [Murphy et al., 2003, 2006; Hibbins et al., 2006;
Tomikawa and Tsutsumi, 2009]. Very reasonable agreement
was observed in specific cases, in particular the westward-
propagating wave number 2 semidiurnal tidal phase from
May to September [Murphy et al, 2003, 2006] and the
seasonal variations of the migrating diurnal tidal amplitude
and its phase variations with altitude in austral summer
[Tomikawa and Tsutsumi, 2009]. The majority of such
comparisons suggest, however, that nonlinear interactions
play a critical role in the excitation of nonmigrating tidal
modes, especially the westward-propagating wave number 1
component, and that the inability of GSWM-02 to describe
these modes leads, in part, to its incomplete characterization
of the overall tidal structures at high latitudes.

[53] We conclude that SAAMER performs as hoped for
measurements of the large-scale mean, tidal, and PW winds.
Tidal measurements also indicate systematic differences from
GSWM-02 that suggest additional dynamical influences
(sources, interactions, filtering, or dissipation processes) are
required to quantitatively describe the tidal fields at these
altitudes.
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