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[1] We report here and in a companion paper by Fritts et al. (2006a) on a new use of
the UHF radar at the Arecibo Observatory in Puerto Rico. We have employed the 430 MHz
radar for incoherent scatter measurements of radial wind spectra at altitudes from �71 to
95 km using the Gregorian and line-feed antennas to define beam angles inclined 15� to
the east and west of zenith. We find that the two beams define radial velocities with
sufficient accuracy to characterize both the gravity waves and the momentum fluxes due to
these waves over the majority of the observed altitude range during daylight hours. The
characteristics of the gravity waves inferred from these measurements include (1) vertical
scales ranging from �2 to 20 km, (2) downward phase progression of the dominant
gravity waves up to �5 ms�1, and (3) vertical wave number spectra having slopes near a
value (�3) expected for saturated gravity waves. Gravity wave frequency spectra and
momentum fluxes are addressed in the companion paper.
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1. Introduction

[2] Incoherent scatter (IS) radars have been employed for
three decades to study the dynamics and electrodynamics of
the mesosphere, thermosphere, and ionosphere (MTI).
Doppler measurements of neutral winds have provided
information on mean winds, large-scale tidal structures,
and smaller-scale gravity waves (GWs) in the mesosphere
and lower thermosphere (MLT) [Woodman and Guillen,
1974; Mathews, 1976; Ganguly, 1980; Fukuyama, 1981;
Fukao et al., 1985; Hocke and Schlegel, 1996; Oliver et al.,
1997; Zhou et al., 1997; Larsen, 2000; Zhou, 2000].
Backscatter power and electron density measurements have
yielded signatures of GWs having larger spatial scales,
penetrating to much higher altitudes, and triggering neu-
tral-plasma interactions [Mathews et al., 1997; Djuth et al.,
1997, 2004; Nicolls and Kelley, 2005]. Only recently,
however, have measurement techniques at Arecibo Obser-
vatory (AO) enabled the collection of IS data having high
spatial and temporal resolution and high neutral wind
accuracy [Zhou, 2000]. Together with the recent upgrade
of the 430 MHz radar to a dual-beam configuration, these
capabilities now allow for direct measurements at AO of the

vertical flux of horizontal momentum by atmospheric GWs
at MLT altitudes. Our purposes in this and the companion
paper by Fritts et al. [2006a] are to employ these new
measurement capabilities for dual-beam studies of GW
structure, variability, and momentum fluxes in the MLT at
AO. If such measurements prove to be sufficiently accurate,
and if there is a potential for similar full diurnal measure-
ments in the future, even at much coarser spatial and
temporal resolution, then such AO measurements may play
a key role in defining the correlations between GW mo-
mentum fluxes and diurnal tidal amplitudes and phases that
will surely play a major role in improved parameterizations
of such interactions and MLT effects because of the location
of AO (18.3�N) near the latitude of the maximum diurnal
tidal response in the zonal wind field.
[3] While gravity waves (GWs) have significant and

systematic effects at lower altitudes [Hitchman et al.,
1989; Kim et al., 2003], their major influences are exerted
at greater altitudes where GW energy densities and momen-
tum fluxes, relative to mean densities, are much larger. GWs
are now known to provide the major forcing of the MLT
through the vertical transport of horizontal momentum.
These GWs are excited primarily by orography, convection,
wind shears, and jet streams at lower altitudes [Fritts and
Nastrom, 1992], and they propagate obliquely upward with
group and phase velocities that depend on intrinsic proper-
ties that vary in altitude. Because motions within a GW field
are along their phase lines, their horizontal and vertical
velocities are either in phase or antiphase, leading to a
momentum flux that is significant for GWs having large
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amplitudes and intrinsic frequencies (see the review by
Fritts and Alexander [2003]).
[4] Momentum flux divergence arising from GW dissi-

pation processes is the major cause of the departure of the
MLT from radiative equilibrium conditions. The zonal
decelerations resulting from momentum flux divergence
reverses the vertical shear of the zonal wind and ‘‘closes’’
the mesospheric jets above �50 to 90 km at middle and
high latitudes in both summer and winter hemispheres
[Holton, 1982; Garcia and Solomon, 1985]. This ‘‘GW
drag’’ is balanced by the Coriolis torque on an induced
mean meridional circulation from the summer to the winter
hemisphere near the mesopause that also causes upwelling
and cooling in summer and subsidence and warming in
winter, thus driving the MLT far (�50 K) from radiative
equilibrium conditions [McIntyre, 1989].
[5] Mean zonal momentum fluxes (per unit mass) are

typically �5 to 15 m2s�2 and mean decelerations may reach
�50 to 100 ms�1day�1 in the MLT at middle and high
latitudes, though peak values accompanying small-scale,
large-amplitude GWs may be much larger (Fritts and
Alexander [2003] for a review of these dynamics). Indeed,
the variability of GW forcing likely has many additional
influences, only some of which we have likely anticipated
and/or observed to date. Surely a major influence is GW
filtering by, and modulation of, tidal and planetary wave
(PW) motions, where, despite efforts to date, major uncer-
tainties remain [Walterscheid, 1981; Fritts and Vincent,
1987; Forbes et al., 1991; Wang and Fritts, 1991; Lu and
Fritts, 1993; McLandress and Ward, 1994; Nakamura et al.,
1997; Murphy and Vincent, 1998; Mayr et al., 1998; Meyer,
1999a, 1999b; McLandress, 2002]. Large-amplitude GWs
also lead to strong local instabilities and strong turbulence
and mixing [Fritts et al., 1993, 1994, 1996, 1998, 2002,
2003, 2006b; Swenson and Mende, 1994; Andreassen et
al., 1994, 1998; Hecht et al., 1997, 2000, 2005; Yamada et
al., 2001;Williams et al., 2002;Hecht, 2004; Li et al., 2005a,
2005b, 2005c] as well as excitation of additional GW
motions [Vadas and Fritts, 2001, 2002; Vadas et al., 2003].
Despite these advances, there remain major unknowns
concerning GW forcing and effects in theMLTand extending
to higher altitudes (see the review by Fritts and Alexander
[2003] for an extensive discussion). Examples include (1) the
influences of specific lower atmosphere GW sources and
their variability in the MLT and above; (2) uncertainties over
the magnitude (and even the sign!) of GW influences on tidal
(and PW) amplitudes; (3) the influences of GW interaction
and instability dynamics on the evolution of the GW spec-
trum with altitude; (4) the role of GW instability in mixing
and transport of momentum, heat, and constituents; (5) the
penetration and solar cycle modulation of GW forcing at
thermospheric altitudes; and (6) the role of GWs in plasma
dynamics and instabilities in the ionosphere.
[6] The above discussion provides strong motivations for

an accurate determination of GW characteristics, and espe-
cially momentum fluxes, over extended altitudes in the
MLT wherever such measurements can be performed. Here
and in the companion paper by Fritts et al. [2006a], we will
employ the new dual-beam AO 430 MHz measurement
capabilities to define the GW spatial and temporal scales,
spectra, momentum fluxes, and the variability of these
quantities during two initial 2-day measurement intervals

that we employed to test the potential for these new
measurements. This paper includes a discussion of the
data collection and analysis methods (section 2) and the
observed GW structures and their vertical wave number
spectra (section 3). A summary and discussion of the
relevance of these observations and our conclusions are
provided in sections 4 and 5. Discussion of GW frequency
spectra, momentum fluxes, their correlations with the large-
scale wind field, and their spatial and temporal variability is
provided in the companion paper.

2. Data Collection and Analysis

2.1. Data Collection

[7] We employed the AO 430 MHz transmitter operating
at a peak power of 2 MW and using a 13-baud Barker code
(1 1 1 1 1 �1 �1 1 1 �1 1 �1 1), a baud length of 4 ms
(a range resolution of 600 m), and an IPP of 1.04 ms to
sample the velocity field between 57.6 and 108 km range
using the incoherent scatter technique. The power was split
between the Gregorian and the line feeds to create two
beams inclined 15� east and west of vertical. The first
measurement interval of �7.4 hours during daytime on 11
September 2005 used the Gregorian viewing east and the
line feed viewing west. The second measurement interval of
�6.7 hours during daytime on 12 September 2005 reversed
the two feeds. Received signals were oversampled at
150 m resolution, Doppler spectra were obtained using
256 samples, spectra were averaged for 2.27 min to improve
signal-to-noise (S/N), and radial velocities were obtained by
fitting a Lorentzian function to the spectra following dc and
background removal. Oversampling improved the duty
cycle, S/N, and velocity uncertainties, but did not improve
altitude resolution.

2.2. Data Analysis

[8] Examples of fitted spectra at several different altitudes
are shown in Figure 1. The difficulty in getting good
velocity estimates at altitudes below 71 km is due to the
signal strength. The spectra here are very narrow because of
the increasing collision frequency, decreasing temperature,
etc., so the pulse-to-pulse technique we employed is valid,
but without sufficient signal (electron densities), the noise
level is very high and the S/N is not adequate (see Figure 1a).
Negative ions also likely contributed to greater spectral
broadening at the lower altitudes than would have occurred
in their absence. At higher altitudes (>95 km), spectra widths
increase with altitude because of the decreasing collision
frequency, increasing temperature, etc., the spectral width is
greater than the resolved spectrum, and the pulse-to-pulse
technique fails.
[9] Lorentzian fits to spectra in the �71 to 95 km altitude

range were performed after subtraction of the estimated
noise, computed at the edge of each spectrum, and yielded
very good radial velocity estimates over this range. Radial
velocities were relatively low, and aliasing was not a
problem for the altitude interval analyzed. By fitting a
folded Lorentzian function, we could potentially extend
the upper altitude interval over which usable velocity
estimates can be obtained, but that is left for a future paper.
[10] The radial wind estimates resulting from the proce-

dures described above are shown at 600-m intervals for both
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east and west beams for each day in Figures 2 and 3.
Outliers were removed from the raw time series because of
the need to reduce variance errors as much as possible for
the momentum flux estimates described in the companion
paper by Fritts et al. [2006a]. The outlier rejection scheme
removed velocity estimates that differed from neighboring
values at the same altitude by more than 25 ms�1 or from
estimates at adjacent (independent) altitudes (at a 600-m
spacing) by more than 5 ms�1. The resulting time series
have each had a linear trend removed, successive time series
are displaced by 20 ms�1, and the velocity scale is shown
on the left axis in each panel. Radial velocity uncertainties
were typically �1 ms�1 on the basis of the confidence in the
individual Lorentzian spectral fits (see the estimated radial
velocity error variances in Figures 4b and 4d), and the larger
uncertainties occurred at the highest altitudes where the
spectra became very broad (see Figure 1). Radial velocity
variances computed from the data displayed in Figures 2
and 3, in contrast, were�10 to 40 times larger (see Figures 4a
and 4c), yielding high confidence in the radial velocities and
in the variances, spectra, and fluxes derived from them below
and in the companion paper by Fritts et al. [2006a]. The close
agreement between the two beams in estimates of radial
velocity variances and uncertainties (Figure 4), and the
resulting lack of bias in momentum flux estimates when no
significant GWactivity was present [see Fritts et al., 2006a],

suggest that the balanced gains and narrow beam widths
obtained with the Gregorian and line feeds at 430 MHz
imposed no measurement biases on our data.
[11] Because of the baud length employed in the Barker

code, velocities at successive altitudes in Figures 2 and 3 are
independent estimates. Yet they exhibit very high coherence
between adjacent altitudes, suggesting high confidence in
the velocities obtained with our spectral fitting and noise
suppression methods described above. The lower-frequency
motions (periods of �1 to 7 hours) also exhibit considerable
coherence between beams (though they are oppositely
correlated) because these motions are largely horizontal,
have large horizontal scales, and thus project oppositely into
the two beam directions. In contrast, higher-frequency
motions (periods of �5 to 30 min) often exhibit similar
periodicities at the same altitudes and times, but they do not
exhibit correlated phase structures between the two beams
because these motions occur on smaller horizontal scales
(often comparable to or less than the beam spacing at MLT
altitudes) and include significant vertical velocity contribu-
tions to the measured radial velocities, which are not
expected to exhibit coherence at these spatial scales. Radial
velocities achieve magnitudes of �5 to 15 ms�1 in the east
and west beams on both days, but are typically �2 times
larger at times of, and in the direction of, significant
momentum fluxes [see Fritts et al., 2006a].

Figure 1. Representative Doppler spectra at (a) 70, (b) 75, (c) 80, (d) 85, (e) 90, and (f) 95 km obtained
with the methods described in section 2. S/N decreases sharply at lower altitudes, while the spectral width
broadens considerably at the higher altitudes.
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[12] These data are impressive in both their continuity
and apparent accuracy. In contrast, other radars (typically
MF and VHF) do not achieve the extended, and continuous,
altitude coverage (�71 to 95 km), the spatial and temporal
resolution (600 m and 2.27 min), or the velocity accuracy.
Rayleigh and resonance lidars do cover extended altitudes,
typically �30 to 80 km for Rayleigh and �80 to 105 km for
Na resonance, and yield high spatial and temporal resolu-
tion, but these data must be averaged significantly to
achieve sufficient accuracy, and their performance is signif-
icantly degraded during daytime where narrowband filters
are required. Finally, in situ probes provide either very high
spatial resolution, but only a single profile (typically ion,
electron, or neutral density measurements), or coarser spa-
tial and temporal resolution (falling spheres).

3. GW Characteristics and Vertical Wave
Number Spectra

[13] To further quantify the above statements, we show in
Figure 5 eight �55-min averages of the inferred eastward
winds computed separately from each beam for 11 Septem-
ber (�22.5 velocity estimates in each average) and eight
�50-min averages for 12 September (�20 velocity esti-

mates in each average). There are differences between the
eastward winds inferred with the east and west beams, but
these display no systematic differences below �90 km that
cannot be attributed to horizontal phase differences between
the beams and/or the influences of small vertical velocities
even in �50-min averages. At higher altitudes, there are
systematic differences, but these have the same tendency
(an apparent mean vertical motion that increases to larger
negative values with altitude), because the departures be-
tween the two beams are the same sign even though the two
antennas were switched in their pointing directions on the
two days. Uncertainties in the horizontal wind estimates are
typically �2 to 4 ms�1 (vertical velocity errors are averaged
out, but horizontal errors are increased by 4 times) and are
smaller than the differences discussed above.
[14] The zonal wind profiles shown in Figure 5 exhibit

vertical wavelengths ranging from �2 to 20 km, generally
downward phase progression as large as �0.5 ms�1, GW
amplitudes and wavelengths apparently increasing with
altitude, and wind shears that approach �40 ms�1km�1 at
various locations and times (with isolated values almost
twice as large). All these wind features are typical of lower-
frequency motions observed at similar altitudes at other
locations. In particular, the vertical wavelength and phase

Figure 2. Radial wind estimates in the (left) east and (right) west beams at 600-m intervals from 71 to
95 km obtained on 11 September 2005. The amplitude scale is shown on the left axis, measurements at
successive 600-m altitudes are displaced by 20 ms�1, and altitudes are identified at �6-km intervals.
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