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[1] Janches et al. (2006) described a new dual-beam use of the 430 MHz incoherent
scatter radar at the Arecibo Observatory in Puerto Rico. We found the technique to define
the radial wind field in the mesosphere and lower thermosphere with sufficient accuracy
to characterize gravity waves occurring at high frequencies and small spatial scales over
an extended altitude range. The coplanar, dual-beam experiment was also designed to
test the ability of the system to measure gravity wave momentum fluxes and their
frequency distributions, and we report here on those results. Initial measurements were of
limited duration and necessarily represent a case study, but they demonstrate the value of
such measurements for studies of GW variability and large-scale interactions. Radial
velocity variances reveal preferential eastward propagation for most intervals and
altitudes, with the greatest propagation bias at lower altitudes and later times on 11
September when strong westward mean winds favor strong gravity filtering. The
momentum fluxes observed during this experiment had �50-min averages that were often
near zero, occasionally achieved amplitudes of �20 to 50 m2s�2, displayed significant
consistency in altitude, and exhibited an approximate anticorrelation with the zonal wind
field in cases with significant momentum fluxes. Frequency spectra defined the major
contributions to the momentum fluxes, while S transforms were employed to examine the
temporal variability of the GWs and momentum fluxes in greater detail.
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1. Introduction

[2] Janches et al. [2006] provided an extensive discus-
sion of previous measurements of gravity waves (GWs)
using the Arecibo Observatory (AO) 430 MHz incoherent
scatter radar (ISR) and of the motivation for more quanti-
tative GW studies in the mesosphere and lower thermo-
sphere (MLT). Our intent here is to review our
understanding of GW momentum flux measurements and
MLT effects and to articulate the need for more specific and
detailed momentum flux studies in the MLT. This paper will
then demonstrate a promising new capability for such
studies using the data obtained with the AO ISR and
described by Janches et al. [2006].
[3] GW momentum fluxes, primarily the vertical flux of

horizontal momentum, �0(z)hu0w0i (where �0(z) is mean
density and brackets denote a spatial and/or temporal

average) have been recognized to play a role in atmospheric
dynamics for almost 40 years [Booker and Bretherton,
1967; Bretherton, 1969; Chunchuzov, 1971; Lilly, 1972].
It was not appreciated until much more recently, however,
how significant and pervasive a role this has proven to be.
Indeed, there remain key pieces to the puzzle that are
understood poorly or not at all at present. It is beyond the
scope of this paper to review all of the effects of GW
momentum transport throughout the atmosphere. We will
instead highlight what are thought to be the major roles, and
the major uncertainties, in the MLT and direct the reader to
the review by Kim et al. [2003] for a review of GW effects
at lower altitudes.
[4] The dominant influences of GWs on the mean circu-

lation and thermal structure in the MLT were noted by
Janches et al. [2006] and include mesospheric jet closure, a
GW-driven residual (meridional and vertical) circulation,
and the induced cold summer mesopause and warm winter
mesosphere, and GW momentum transport and deposition
were identified as the major cause of these. Other influences
were also noted in which GW momentum flux and diver-
gence are not the dominant process. It is GW momentum
transport and deposition, however, that is anticipated to
(1) influence tidal and planetary wave (PW) amplitudes and
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phases due to GW filtering; (2) map the spatial and temporal
character of these motions to higher altitudes where the
remaining GWs are dissipated; (3) act as a local source of
additional GW motions; and (4) provide episodic, and likely
systematic, forcing of the thermosphere to much higher
altitudes that is expected to exhibit a solar cycle modulation
[Djuth et al., 2004; Vadas and Fritts, 2004, 2005, 2006]
(also see Fritts and Alexander [2003] for a review of these
influences and extensive references to earlier studies).
Indeed, mean forcing is reasonably well understood on the
basis of the zonal mean circulation and thermal structure,
and it is these GW interactions with tides and PWs and the
variability in their excitation, occurrence, and responses that
are of greatest interest here.
[5] Because of the important role of GW momentum

transport and momentum flux divergence in the MLT, a
number of techniques have been employed to measure these
quantities. The seminal study was performed by Vincent and
Reid [1983], who introduced the dual-beam technique
which has provided the motivation for many additional
studies as well as instrument and experimental designs
(including ours). These authors recognized that the velocity
covariance, hu0w0i, can be estimated from the difference in
radial velocity variances at two viewing angles inclined at
equal and opposite angles off-zenith in a vertical plane as
hu0w0i = (hVE

2i � hVW
2 i)/2sin(2�), where hVE

2i and hVW
2 i are

the velocity variances in beams inclined at an angle � east
and west from zenith, averaged over a suitable interval of
time (or space), and the GW field contributing the momen-
tum flux can be assumed to be statistically the same in the
two beams throughout the averaging interval or volume.
The great advantage of this method is that instruments that
both measure radial velocities and resolve the range (e.g.,
Doppler radars and lidars) can provide altitude profiles of
momentum flux, and thus also compute the momentum flux
divergence with altitude.
[6] The dual-beam method has been employed to mea-

sure GW momentum fluxes in the MLT at a number of sites,
including the MF radar at Adelaide, Australia [Vincent and
Reid, 1983; Reid and Vincent, 1987; Fritts and Vincent,
1987; Murphy and Vincent, 1998], the SOUSY VHF radar
at Andenes, Norway [Reid et al., 1988], the VHF radar at
Poker Flat, Alaska [Fritts and Yuan, 1989; Wang and
Fritts, 1990, 1991], the MU VHF radar at Shigaraki,
Japan [Tsuda et al., 1990], the Jicamarca VHF radar near
Lima, Peru [Fritts et al., 1992; Hitchman et al., 1992],
the sodium lidar at the Starfire Optical Range near
Albequerque, New Mexico (C. S. Gardner and A. Z.
Liu, Seasonal variations of vertical heat, Na, and mo-
mentum fluxes and their relationships to gravity wave
activity and atmospheric stability in the mesopause region
at Starfire Optical Range, NM, submitted to Journal of
Geophysical Research, 2006), and the sodium lidar at the
ALOMAR observatory at Andenes, Norway. This tech-
nique also inspired the construction of two large ‘‘Mill’s
cross’’ MF radar arrays at Andenes, Norway and Pontia-
nak, Indonesia (W. Singer, personal communication,
2002; B. Vincent, personal communication, 2002), but
these systems have yet to yield momentum flux measure-
ments. Despite their very different characteristics, the
operational instruments have all yielded mean momentum
fluxes (per unit mass) of �5 to 15 m2s�2, and inferred

mean zonal accelerations up to �100 ms�1day�1, depend-
ing on altitude, latitude, and season, with the direction of
the mean acceleration opposed to the mean motion in
virtually all cases. Some of these same studies also
measured much larger momentum fluxes, as high as
�30 to 60 m2s�2, for intervals of �1 to 8 hours [Fritts
and Vincent, 1987; Reid et al., 1988; Fritts and Yuan,
1989; Fritts et al., 1992]. The measured mean values
largely confirm the magnitudes of the GW drag intro-
duced in middle atmosphere models through various GW
parameterization schemes [McLandress, 1998; Kim et al.,
2003]. The much larger local values, however, are sug-
gestive of strong tidal interactions [Fritts and Vincent,
1987; Wang and Fritts, 1991] and/or a potential for
strong local body forcing in response to large-amplitude,
spatially localized GW packets.
[7] The success of the dual-beam technique, and the

obvious importance of GWs in forcing the mean and
variable structure of the MLT, have also motivated a number
of other techniques for momentum flux estimates. These
include estimates based on chaff measurements of horizon-
tal and vertical velocities [Meyer et al., 1989], intensity
variances in airglow [Gardner et al., 1999; Swenson et al.,
1999; Tang et al., 2002; Espy et al., 2004, 2005], use of
airglow and radar winds to estimate GW amplitudes and
scales directly [Fritts et al., 2002], satellite measurements of
the departure of the mean state from uniform zonal flow
and/or radiative equilibrium conditions [Smith and Lyjak,
1985; Smith, 1996], and CRISTA measurements of vertical
and horizontal variations in temperature in sublimb viewing
enabling GW momentum fluxes estimates [Ern et al.,
2004]. Several of these studies also suggest a potential for
local momentum fluxes to be considerably larger than mean
values as well as short-term radar averages.
[8] Our purpose in this paper is to examine the ability of

the new AO 430 MHz ISR measurement capability de-
scribed by Janches et al. [2006] for estimating GW mo-
mentum fluxes, their spatial and temporal variability, their
frequency dependence, and their correlations with the
larger-scale motion field in the MLT. The data collection
and analysis methods were described in detail by Janches et
al. [2006] and will not be repeated here. We first explore the
�hourly averaged momentum fluxes and compare them
with the �hourly averaged zonal winds in section 2. This
will provide insights into the dynamics that control GW
propagation, filtering, and the correlations observed be-
tween GW momentum fluxes and large-scale winds at a
number of sites. To understand those components of the
GW spectrum that contribute primarily to the momentum
fluxes, we then compute and compare the radial velocity
frequency spectra for those altitude and time intervals for
which significant momentum fluxes were observed in
section 3. Section 4 employs these data to examine the
frequency spectra of the momentum fluxes on each day for
those times and altitudes where significant fluxes were
observed. We then probe the temporal behavior and the
frequency content of both the radial velocities and the zonal
momentum fluxes employing the S transform methodology
[Stockwell et al., 1996] to develop a more quantitative view
of the GWs that contribute the major momentum fluxes,
their propagation anisotropy, and their spatial and temporal
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