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[1] We report the first observation of gravity wave
momentum flux in the mesosphere using the dual-beam
Arecibo incoherent scatter radar (ISR). Quasi-
monochromatic waves were observed throughout the
daytime of July 28, 2001 in the altitude range of 65—85 km.
The largest wave speed was about 100 m/s and the dominant
period was about 15 min. Instability, as indicated by the
Richardson number, occurred at several altitudes, most
dramatically at 77 and 81 kilometers. The zonal momentum
flux is found to change sign at altitudes where dynamical
instability occurs. No significant gravity waves were
observed in the region having an eastward background
wind, while they were ubiquitous when the background wind
was westward. Citation: Zhou, Q., and Y. T. Morton (2006), A
case study of mesospheric gravity wave momentum flux and
dynamical instability using the Arecibo dual beam incoherent
scatter radar, Geophys. Res. Lett., 33, L10802, doi:10.1029/
2005GL025608.

1. Introduction

[2] Gravity waves are an important contributor to the
energetics and dynamics of the mesosphere. An extensive
review on the theoretical and observational aspects of
middle atmosphere gravity wave studies is given by Fritts
and Alexander [2003] and Hecht [2004]. In this paper, we
are primarily concerned with the measurement of gravity
wave momentum flux and its relationship to the occurrence
of instabilities in the mesosphere. Most recent work in this
regard include those of Collins and Smith [2004], Fritts et
al. [2004], Espy et al. [2004], Tang et al. [2005], and Li et
al. [2005]. These studies have used lidars and all sky
imagers to study the connections between the damping/
breaking of gravity waves and atmospheric instabilities at
high altitudes [Collins and Smith, 2004; Fritts et al., 2004]
and middle latitudes [Li ef al., 2005]. Espy et al. [2004]and
Tang et al. [2005] combined radar wind and airglow imager
measurements to study the seasonal variations of vertical
fluxes of horizontal momentum. Reid [2004] used an MF
radar to obtain the density normalized upward flux of zonal
momentum for scales smaller than the radar pulse volume.

[3] Despite their versatility in ionospheric observations,
incoherent scatter radars (ISR) have been regarded to be
unsuitable for gravity wave studies because of the long
integration time needed in the mesosphere. Using a new
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radar pulsing scheme, Zhou [2000] demonstrated that the
Arecibo ISR could achieve a time-resolution suitable to
study gravity waves at practically all frequencies. In this
study, we present the first dual beam incoherent scatter radar
observation of the D-region winds. The coplanar dual
beams make it possible to measure gravity wave momentum
flux for intensive gravity wave events. In the following
section, we present the observational results, including the
wind velocities, Richardson number, and momentum fluxes.
In Section 3, we discuss momentum fluxes at different time
scales, and how they are related to the background wind and
the occurrence of instability.

2. Observational Results

[4] The observation was carried out between 9:30 and
17:45 LT on July 28, 2001 at the Arecibo Observatory
(18°N, 67°W). The D-region data acquisition and process-
ing for the Arecibo line-feed system is described by Zhou
[2000]. In the dual beam configuration, a total of 1.5 MW of
transmitting power was split between the line-feed and the
Gregorian feed. For the present work, we transmitted an 88
ps baud code with a 2 ps baud length to obtain a height
resolution of 300 m. Both feeds were parked at 5 degrees off
zenith with the Gregorian pointing due east and line-feed
due west in the geographical coordinate. Figure 1 shows the
line-of-sight velocity for the two feeds with the upward as
the positive direction. The line of sight velocity error is
slightly below 1 m/s at 75 km and its variation as a function
of height is given by Zhou [2000]. The region of valid
measurements is largely confined to the altitude range of 65
to 85 km. Below 65 km, the ISR cannot make wvalid
measurements because of lack of ionization. Above 85 km,
the incoherent scatter spectra become too wide to distinguish
any spectral features.

[5] Assuming that the horizontal wavelength of the gravity
waves is much larger than the distance between the dual
beams, the horizontal and vertical velocity of a gravity wave
can be calculated from the following equations:

1% V1 COS Qi — V2 COS (O Vi — W (1)
H= - - =
Cos oy siny + sin oy cos |, _,—, 2SiNQ

_ V1 sin onp + v, sin o _Vitwm 2)
“ 7 cosqy sinay + sin ay cos oy q—m—a  2COSQ

where v; and v, are the line of sight velocities at zenith
angle o; and oy respectively. Line of sight velocity is
positive if it is away from the radar and v, is positive
upward. The positive direction of Vy is the same as the
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Figure 1. Line of sight velocities measured from the
(top)line-feed and the (bottom) Gregorian feed of the
Arecibo incoherent scatter radar on July 28, 2001. The line-
feed and the Gregorian feed were pointed in the westward
and eastward direction respectively. The zenith angle of
both feeds was set at 5 degrees. Positive direction is away
from the radar. The line-plot on the right is the mean
velocity profile. The height and temporal resolution are 300 m
and 66 seconds respectively.

projection of v; on the horizontal plane. The simplified
equations apply when the two feeds have the same zenith
angle o but opposite azimuth angles.

[6] Figure 2 shows the eastward and upward velocity
derived from the line-of-sight velocity using equations (1)
and (2). One needs to bear in mind that the validity of the
horizontal and vertical winds depends on the assumption
that the horizontal wavelength is much larger than the
horizontal beam separation distance, which was 14 km at
80 km altitude. One way to test this assumption is to
examine the cross-correlation coefficient of the two line-
of-sight velocities. Because the radar pointing is nearly
vertical, the occurrence of the maximum negative correla-
tion near the zero lag implies that the horizontal wavelength
is much larger than the beam separation distance. Cross-
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Figure 2. Eastward and upward wind velocities derived
from the line-of-sight velocities shown in Figure 1. The
line-plot on the right is the mean velocity profile.
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correlation analysis shows that the large horizontal wave-
length assumption is largely valid. When the horizontal
wavelength is not much larger than the beam separation, the
derived velocity amplitude tends to be smaller than the true
amplitude. We also note that the small beam illumination
area, 300 m in diameter in the mesosphere, makes measure-
ments of small gravity waves amplitudes more accurate than
medium frequency (MF) and typical mesosphere-strato-
sphere-troposhere (MST) radars.

[7] The most striking feature in the velocities is the
dominance of gravity waves having a period of about
15 min in the altitude range from about 65 km to 80 km all the
time. In this 15 km altitude range, there is essentially no phase
progression, indicating a very large vertical wavelength. The
most intensive gravity wave occurred between 15:00 to 15:40
when its amplitude was as high as 100 m/s. From 14:20 to
16:45, there are two regions of strong gravity wave activities,
one above and another below about 78 km. The wave
frequencies in these two regions are essentially the same but
a phase reversal is clearly seen at around 78 km. The phase
reversal implies a very large wind shear, which may drive
the atmosphere to be unstable. In the remainder of this
study, we will focus on the period between 14:20 to
16:45 to examine the momentum flux and its relation
with instability.

[8] A common criterion to gauge the stability of the
atmosphere is the Richardson number (R;), which is defined
as wi/(dU/dz)?, where dU/dz is vertical gradient of horizon-
tal velocity and wy, is the Brunt-Vaisala frequency. Figure 3
shows the calculated Richardson number using the mea-
sured zonal wind shown in Figure 2. In calculating wy,, we
have used the MSIS (Mass Spectrometer and Incoherent
Scatter) atmospheric temperature profile. A region having a
R; value smaller than 0.25 is generally regarded to be
dynamically unstable [e.g., Hecht, 2004]. Figure 3 shows
that pockets of unstable regions are centered at the altitudes
of 77 and 81 km, respectively. From Figures 1 and 2, it is
seen that the wave event reverses its phase from 77 km to 81
km. Since it takes several kilometers to complete the phase
reversal, multiple layers of large shear during the phase
transition can exist. Figure 3 indicates that the largest shears
occur at the start and the end height of the phase transition,

Richardson Number
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Figure 3. Richardson number calculated from the hor-
izontal velocity shown in Figure 2. MSIS model tempera-
ture profile was used to compute the Brunt-Vaisala
frequency.
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instead of in the middle of it. This result highlights the
importance of fine height resolution in studying turbulent
layers. We also note the unstable regions shown in Figure 3
are likely an underestimate of the true unstable regions
because of the omission of meridional wind and the effect of
temperature change.

[¢] The dual beam capability at Arecibo makes it possible
to measure the momentum flux per unit mass, or the
covariance of horizontal and vertical winds. Despite the
fact that long observation time is required for climatology
studies [Kudeki and Franke, 1998], we can measure the
momentum flux associated with individual intense gravity
waves during a relative short period. As pointed out by
Vicent and Reid [1983], the covariance of two symmetrical
coplanar beams can be measured conveniently through the
following equation:

<MW> = T(ZB) (3)

where v(0) is the velocity at zenith angle 0, and u and w are
the horizontal and vertical wind, respectively. Angle bracket
(') indicates time average. Of great interest is the covariance
of velocity perturbations, which can be expressed as:

_ ((0) = (vO)*) — ([(=6) — (v(=6))])
2 sin(26)

(4)

In the above expression, u’ and w’ represent horizontal and
vertical velocity perturbations, respectively. In a physical
sense, (u'w') is a measure of the momentum flux associated
with high frequency gravity waves, with the cut-off
frequency dictated by the window length used to calculate
the mean velocities.

[10] Figure 4 shows the two momentum fluxes, as
expressed by equations (3) and (4), calculated for the period
from 14:30 to 16:50. Included also is the mean horizontal
and vertical wind for this period. In calculating the momen-
tum fluxes, no smoothing was performed. Because of the
height independence of the measured momentum fluxes,
their altitude variation in a large degree reflects the preci-
sion of the measurements. The “error” bars for (u'w'), as
shown in Figure 4, are the mean absolute differences
between two adjacent heights. They are likely an overesti-
mation of the true error because of the height variation of
(u'w'). Even with the overestimation of the uncertainty, the
trend of (u'w') is clearly significant. It should be noted that
one can also obtain the momentum flux uncertainty from the
errors of the line-of-sight velocities, similar to what Liu and
Gardner [2005] did for the heat-flux transfer. Such an
estimate requires a good measurement of the velocity error
itself and is not attempted here.

3. Discussions

[1] Since w = (w) + w, u = (u) + u/, and with the
assumptions that (u’) = (w) = 0, it follows that
)

(1) = () (w) + (u/w) (5)

That is, the total momentum flux is the sum of the
momentum flux of a low frequency component (back-
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Figure 4. The red curve is the covariance of vertical and
eastward wind without subtracting the averages. The blue
curve is the covariance with the averages subtracted. The
black curve is the average eastward wind and the yellow
curve is 10 times of the vertical wind. All quantities were
calculated for the period of 14:20 to 16:45, LT.

ground wind) and that of a high frequency component
(gravity waves). Since the background wind in our case is
averaged over a two hour period in our computation, it
includes contributions from the mean wind, planetary
waves, tides as well as long period gravity waves. Figure 4
shows that (uw) and (u'w') largely overlap below 75 km
where the mean vertical wind is very small. Around 78 km,
the magnitude of (uw) becomes as large as 40 m?/s* while
(u'w'), the momentum flux associated with high frequency
gravity waves, remains about the same as that below 75 km.
The large total momentum flux is due to a strong mean
upward and westward wind. Since (uw) from 9:30 to 12:00 is
less than 5 m?/s> around 78 km, this indicates that the total
momentum flux associated with the “background wind”
during 14:30—-16:50 is largely due to gravity waves having a
period comparable to the window length of 2 hours.

[12] The mean zonal wind, as shown in Figure 4, is
largely correlated with the momentum flux. The positive
correlation between momentum flux and mean zonal wind
was also reported by Riggin et al. [1997] using data taken
by the Jicamarca radar in January 1993. However, the data
taken at Jicamarca in Aug. 1994 reported by Fritts et al.
[1997] showed a predominantly anti-correlation between
zonal wind and momentum flux. According to Fritts et al.,
anti-correlation is generally expected until the remaining
gravity waves in the spectrum encounter an opposite wind
shear. Since the gravity waves in our observations are
largely quasi-monochromatic, they are well filtered when
reaching the region of our observations. The positive
correlation may thus indicate that the gravity waves have
gone through an opposite wind-shear at lower altitudes.

[13] Gravity wave theory suggests that the horizontal
wave vector reverses direction when a gravity wave passes
through a critical level at which the phase speed equals to
the background wind speed [Nappo, 2002]. Since the
direction of the momentum flux is related to the wave
vector direction, reversing the horizontal wave vector (but
not the vertical wave vector) direction would cause the
reverse of the sign of the momentum flux. Sign change in
momentum flux thus indicates a gravity wave going through
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a critical level. Figure 4 shows that gravity wave momen-
tum flux changes sign or becomes zero at altitudes 67, 75,
77, and 81 km. All of these altitudes, especially the last two,
are unstable, as seen from Figure 3. This is consistent with
the gravity wave theory that the atmosphere typically
becomes turbulent at critical levels. We further note that
the Richardson number calculated for the entire observation
from 9:30 to 16:45 indicates occurrence of dynamical
instabilities at the altitudes where background wind changes
from westward to eastward. This altitude moved up from
about 74 km at 09:30 to 79 km at 14:00, consistent with
previous observations of a turbulent layer at this altitude
range [Zhou, 2000].

[14] Gravity wave filtering by the background wind is
evident throughout the day. Figure 2 shows that gravity
waves having a period of about 15 minutes are abundant in
the region when the background wind is westward. Wher-
ever the background wind was eastward, those short period
gravity waves ceased to exist. We must caution, however,
that this correlation does not necessarily mean that the
filtering effect is by the zonal wind alone. Since it is
unlikely that the gravity wave vectors are exactly within
the zonal plane, filtering by the mean wind depends on the
meridional wind as well. It is one of our main goals to
obtain both components in future observations at Arecibo.

4. Conclusion

[15] We have presented the results from the first Arecibo
dual-beam incoherent scatter radar observation. The dual
beam results allowed us to calculate the momentum flux
profile for an intense gravity wave having a maximum
speed of about 100 m/s. The largest momentum flux, most
likely due to gravity waves having a period of about two
hours, was 40 m?/ sz, and the momentum flux associated with
high frequency component, at a period of about 15 minutes,
was about 10 m?/s®. Dynamic instability was observed to
occur at the altitudes where momentum flux changed sign.
The background wind plays a very important role in filtering
the gravity waves into quasi monochromatic waves. Zonal
gravity waves in the mesosphere above Arecibo are largely
filtered out by an eastward background wind. Our observation
also showed that instability throughout the day occurred in the
region where the background wind changed from a westward
to an eastward direction. The current study demonstrates the
potential of the Arecibo ISR for D-region gravity wave
studies. It is clear, however, that multi-day observations are
needed in order to delineate the characteristics of mesosphere
gravity waves and their interactions with tides, planetary
waves and the mean flows.

[16] The capability of the Arecibo ISR in characterizing
gravity waves is currently being expanded in several areas.
The daytime lidar being developed will allow direct mea-
surements of temperature profile. Because of the compre-
hensive measurement capabilities at ionosphere heights,

ZHOU AND MORTON: GRAVITY WAVE MOMENTUM FLUX

L10802

gravity wave penetration can be studied from the meso-
sphere to thermosphere, as demonstrated by Djuth et al.
[2004]. These capabilities enable the Arecibo facility to be
used for extensive gravity wave studies in the coming years.

[17] Acknowledgments. The Arecibo Observatory is the major facil-
ity of the National Astronomy and Ionosphere Center, which is operated by
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Miami University.
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