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Abstract


A previous study by Zhou and Morton (2006) employed dual-beam incoherent scatter radar measurements of radial velocities at the Arecibo Observatory to study the structure, dynamics, and momentum fluxes of gravity waves in the mesosphere and lower thermosphere for ~ 8 hours on 28 July 2001. Because of erroneous assumptions about wave character and inferences of the relationship between radial velocities, however, the advertised results of this previous study are largely in error. The purposes of the present study are both to point out these errors to help avoid such pitfalls in the future and to provide a new interpretation of these data, which represent a very interesting case study of gravity wave dynamics at these altitudes. Specific findings of the present study (largely in contradiction to the previous analysis) include 1) the ~ 15-min oscillation was apparently a large-amplitude Doppler-ducted gravity wave structure propagating at one or two maxima of the westward large-scale wind present during the event, 2) the gravity wave exhibited a deep and coherent vertical phase structure, except between the two westward wind maxima at later times, entirely inconsistent with proximity to a critical level, 3) the dominant motions within the gravity wave field were vertical velocities up to ~ 10 ms-1, except for inferred horizontal motions where the vertical motions changed phase and above and below the vertical velocity maxima, as dictated by the continuity equation, 4) there were likely no regions of dynamical instability accompanying these ducted wave motions, and 5) momentum fluxes due to this wave motion were small, despite its very large amplitude. 
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1. 
Introduction 


Atmospheric gravity waves (GWs) are now known to play a variety of roles throughout the neutral atmosphere, and they have been suggested to also play roles in various ionospheric processes. Neutral atmospheric effects in the mesosphere and lower thermosphere (MLT) include 1) large perturbations of density, temperature, and winds, 2) instability and turbulence processes that lead to spectral energy transfers, dissipation, and mixing, and 3) transport and deposition of momentum that results in both local and global body forces. These result, in turn, in the excitation of additional GW motions (potentially penetrating to much higher altitudes) and global responses that induce a residual-mean circulation and alter the large-scale zonal-mean circulation and thermal structure (Fritts and Alexander, 2003). GWs have also been implicated in plasma processes in the ionosphere, though their roles here, apart from generating detectable signatures in electron and plasma densities (primarily as traveling ionospheric disturbances, or TIDs), remain to be confirmed (Hines, 1967; Hocke and Schlegel, 1996; Oliver et al., 1997; Djuth et al., 1997, 2004; McClure et al., 1998; Hocke and Tsuda, 2001). 


While there is a broad spectrum of GWs that occurs throughout the neutral atmosphere, and the majority of GW temperature and velocity variances occur at lower intrinsic frequencies, it is believed that the GWs at higher intrinsic frequencies are most likely to penetrate to the highest altitudes and have the dominant effects (Fritts and Alexander, 2003). This is because these GWs propagate vertically very rapidly, account for significant energy and momentum fluxes, generate significant secondary GW radiation in regions of GW breaking and dissipation, and penetrate to the highest altitudes prior to dissipation (Vadas and Fritts, 2001, 2002, 2005, 2006; Fritts et al., 2006). The dominant sources of these motions globally appear to be deep convection, topography, and wind shear. Of these, convection appears to impose the larger phase speeds, and recent observations and simulations of convective GW generation appear to support their possible influences in the MLT and the ionosphere (Taylor and Hapgood, 1988; Dewan et al., 1998; Piani et al., 2000; Tsuda et al., 2000; Lane et al., 2001; Horinouchi et al., 2002; Vadas and Fritts, 2002, 2004; Sentman et al., 2003).  


Because GWs may penetrate to, and have significant roles at, altitudes well into the thermosphere, it is of interest to explore the character, possible sources, and statistics of those GWs propagating from lower to higher altitudes. But not all observed GWs propagate vertically, and it is important to distinguish those GWs that propagate from those that are ducted, or trapped, at specific altitudes due to either GW parameters or environmental factors. This is because the implications of ducted and freely-propagating GWs for energy and momentum transport, dissipation and turbulence, local body forcing, and excitation of other motions are very different. GWs can be ducted at relative maxima in either atmospheric stability or horizontal winds in the direction of GW propagation (Chimonas and Hines, 1986; Fritts and Yuan, 1989; Fritts and Alexander, 2003). Ducted motions can also be excited in a number of ways, including tunneling through evanescent regions from regions of vertical propagation at lower altitudes (Walterscheid et al., 2001), nonlinear interactions at or near the ducting level (Chimonas et al., 1996), or GW dissipation processes resulting in local body forcing (Vadas and Fritts, 2001). Finally, ducted GWs typically have relatively small horizontal scales, ~ 20 km or less, as these are the waves that are most influenced by variable winds in the MLT (Fritts and Alexander, 2003). Indeed, there are now many examples of apparent ducted GW motions in the literature. 


Detailed observations and quantification of GW structures and effects are currently possible at only a few sites. In particular, the 430 MHz incoherent scatter radar (ISR) at Arecibo Observatory (AO) has a new dual-beam capability for Doppler wind measurements, making it the only current facility having a demonstrated capability for continuous high-resolution (in space and time) GW and momentum flux measurements over extended altitudes in the MLT (Zhou and Morton, 2006, hereafter ZM06; Janches et al., 2006; Fritts et al., 2006). 


Unfortunately, we consider the initial GW study with the AO dual-beam ISR by ZM06 to contain a number of serious errors. Hence, the purpose of this paper is to alert readers to these and provide what we consider to be a much more defensible analysis and interpretation of these data. We begin by reviewing the data acquisition and analysis methods in Section 2. The GW dispersion and polarization relations employed for our study are presented in Section 3, and they are employed in assessing the assumptions and conclusions of ZM06 in Section 4. Sections 5 and 6 present our re-analysis of these data and inferences and interpretation of the GW structure, dynamics, and momentum fluxes. Our re-analysis suggests a GW structure almost opposite to that inferred by ZM06, and is, we believe, one of the best quantified examples of a ducted GW in the MLT, due to the AO dual-beam measurement capabilities. Our summary and conclusions are provided in Section 7. 

2.
Data Acquisition and Analysis Methods


The Arecibo Observatory (AO), located at 18.33oN, 66.75oW in Puerto Rico, includes the World's largest radio telescope, which is employed for a wide range of planetary, astronomical, and atmospheric studies. With its large aperture (305-m diameter) and peak power (2 MW), the AO 430 MHz incoherent scatter radar (ISR) is also among the most sensitive and versatile radars for studies of the neutral and ionized atmosphere. An important contributor to the AO ISR versatility is the ability to form two radar beams pointing to significant off-zenith angles and arbitrary azimuths. These measurements are possible because of both line and Gregorian feeds (the latter including secondary and tertiary reflectors) and the ability to divide transmitter power between the two feeds so as to achieve equal sensitivity in the two beams, with each having a beam width of ~ 300 m in the MLT. Doppler shifts of the Lorentzian spectra obtained with each beam then allow estimation of the corresponding radial velocities at each range and time sampled. A detailed description of our measurement technique is provided by Janches et al. (2006)

As described by ZM06, dual-beam observations were performed using the AO 430 MHz ISR on 28 July 2001 from 09:30 to 17:45 LT, with the Gregorian and line feed antennas directed 5o off zenith towards the east and west, respectively. The measurements employed a transmitter power of 1.5 MW, divided between the two beams, and an 88-s pulse composed of a 44-baud code and a 2-s baud length, yielding a range resolution of 300 m. Useful data were obtained between ~ 65- and 90-km altitudes, below which there was insufficient ionization for good signal-to-noise and above which IS Doppler spectra were judged too wide for accurate velocity determinations (ZM06). Radial velocities for this analysis were defined by the median of the IS Doppler spectra at each altitude, and uncertainties in these fits were estimated to be ~ 1 to 2 ms-1 (the estimate by ZM06 was < 1 ms-1). These results are displayed in Figure 1 and are virtually identical to Figure 1 of ZM06. In addition to the coherent and persistent radial velocity oscillations seen throughout the measurement interval in Figure 1 (which we assume to be GW motions), there are also isolated features below ~ 75 km exhibiting an apparent downward motion with a negative velocity at ~ 12:30 to 13:00 local time (LT) and apparent upward motions with positive velocities at ~ 14:30 to 15:30 LT which we believe were due to ship echoes in the antenna sidelobes.   

For mean or large-scale motions, with each beam sampling the same velocity field, the horizontal and vertical components may be written as (ZM06, and changing notation somewhat) 


Vh = (vE – vW)/2sin()  






(1)

and


W = (vE + vW)/2cos(),  






(2)

where vE and vW are the eastward and westward radial velocities,  is the off-zenith angle of the two beams, and Vh and W are the inferred mean eastward and vertical velocities. When motions are not uniform across both radar beams, however, instantaneous velocity estimates using Eqs. (1) and (2) may be very badly in error due to GW phase variations between beams, and other information must be used to assess their validity and the implied GW structure. Nevertheless, as an aid to our discussion we display the "horizontal" and "vertical" velocities as inferred by ZM06 in Figure 2. Alternatively, horizontal velocities can be reliably estimated from individual beams by averaging over sufficiently long intervals that contamination by vertical velocities can be minimized, as mean vertical velocities are always very much smaller than typical horizontal velocities. Horizontal velocities obtained in this manner from hourly averages are shown in Figure 3 and are consistent with mean values obtained using Eq. (1). 


As originally proposed by Vincent and Reid (1983), and employed thereafter by a large number of researchers (see Fritts and Alexander, 2003), GW momentum flux (per unit mass) in the plane of dual-beam measurements may be estimated as 

<u'w'> = (<vE'2> – <vW'2>)/2sin(2)  





(3)

with u' and w' the eastward and vertical GW perturbation velocities, primes denoting perturbations about some suitable temporal means (with trends removed), brackets denoting averages over this interval, and the assumption that the GW field being sampled in this manner is statistically the same in the two beams. 
3.
Simple GW Dispersion and Polarization Relations

To aid our discussion and re-interpretation of the ZM06 results, we summarize here the simplified relations we will use below. These include the GW dispersion relation appropriate for mid- and high-frequency GWs (thus neglecting f) and the polarization relations relating GW velocities, potential temperature, and their gradients. We also neglect horizontal gradients of mean quantities and dissipation terms in our simplified discussion of GW structure and environmental effects. With GW perturbations varying as exp[i(khx + mz – t)], the appropriate dispersion relation, for either vertically propagating or ducted GW structures, in the presence of a mean wind with shear and curvature may be written as (Nappo, 2002) 


m2 = N2/(c – U)2 + Uzz/(c – U) –  kh2 – Uz/(c – U)H  – 1/4H2, 

(4)

and the polarization relations obtained from the equations of continuity and conservation of momentum and energy are (Fritts and Alexander, 2003) 


kh u' = - m w'








(5)

and 


'/- i (N2/g) w'.







(6)

Here, x is the horizontal direction of GW propagation, kh = 2/h and m = 2/z are the horizontal and vertical wavenumbers of the GW in the (x, z) plane, h and z are the corresponding horizontal and vertical wavelengths, kh > 0 and m < 0 for propagation towards positive x with upward group velocity, H is the density scale height, N and  are the buoyancy frequency and the GW intrinsic frequency given by 


N2 = g z/ 








(7)

and


 = kh (c – U),








(8)

 is mean potential temperature, c and U(z) are the horizontal phase speed and the mean wind in the direction of GW propagation, and a subscript z on mean or perturbation fields denotes a vertical derivative. 


For simple mid-frequency GWs weakly influenced by mean shear), we may combine Eqs. (4) to (6), neglecting the last four terms in Eq. (4) for these purposes, yielding 


u' = (N/) w'








(9)

and


'/ i (N/g) u'. 







(10)

Finally, differentiating in z, assuming that perturbations dominate the gradients, and employing the above relations gives (for upward propagation and negative m) 

'z/z- i u'z/N = m u'/N = - 2 u'/Nz = - u'/(c – U).


(11)

Thus the relationships for mid-frequency GWs (neglecting vertical mean gradients and compressibility) are especially simple, with 1) the ratio of vertical to horizontal perturbation velocities given by w'/u' = /N = - kh/m, 2) fractional potential temperature perturbations, '/, proportional to, but in quadrature with, u', and 3) a GW velocity shear, u'z = N, occurring at a GW amplitude a = |u'|/(c – U) = -|'z|/zabove which the GW is locally convectively unstable ('z + z at its most unstable phase. 

4.
Summary and Critique of Zhou and Morton Assumptions and Findings 


We begin by summarizing the ZM06 assumptions and conclusions and then examine each aspect of their analysis in detail. Their major assumptions may be summarized as follows:

1) observed oscillations may be interpreted as GWs, and the horizontal scale of the oscillation was much larger than the beam spacing, such that the two beams sampled essentially the same GW phase, 
2) there was "essentially no phase progression" in the vertical, and
3) momentum fluxes may be assessed for both low- and high-frequency motions.

The inferences drawn from these assumptions include:

1)  very large horizontal GW velocities at a high frequency, 


2)  a very large GW vertical wavelength,

3) large induced wind shears and instability, 


4) a phase shift and critical-level filtering at ~ 78 km, and


5) significant low- and high-frequency GW momentum fluxes. 


ZM06 appear, however, to have made a number of serious errors in both the assumptions underlying the analysis of their AO data and the interpretation of their inferred velocity fields and their structure and variability. Here we identify the specific ZM06 errors and provide in each case a short explanation for why it is clearly an error. 

a. Assumption of horizontal uniformity of GW motions


ZM06 assumed that the east and west AO beams sampled the same phase of the GW, and they argued that the maximum negative cross-correlation coefficient between the two radial velocities (see Figure 1) being near zero lag was further evidence of a "horizontal wavelength … much larger than the beam separation distance, which was 14 km at 80 km altitude". This caused ZM06 to infer GW horizontal perturbation velocities of up to u' ~ +/- 100 ms-1 and vertical perturbation velocities of up to w' ~ +/- 5 ms-1 that were largely anti-correlated where amplitudes were largest (see Figure 2). 


On the surface, these ZM06 assumptions conform to those of many previous authors, but in most cases such assumptions are applied to lower-frequency GW motions for which they are more obviously applicable (Fritts and Alexander, 2003; Janches et al., 2006). In this case, the results of this inference are impossible to accept. GW eastward and vertical velocities of 50 and 2 ms-1 that are anti-correlated imply a nearly westward-propagating GW having an intrinsic frequency, from Eq. (9), of  ~ N w'/u' ~ N/25, or an intrinsic period of ~ 2 hr (with a buoyancy frequency N and a buoyancy period Tb = 2/N ~ 300 s). This implies a Doppler shifting from this ~ 2-hr intrinsic GW period to the ~ 15-min observed GW period by a factor of ~ 8. If the GW had essentially zero westward intrinsic phase speed and a minimum inferred "long" horizontal wavelength of at least x ~ 200 km (for maximum Doppler shifting), the observed period would be at least ~ 200 km/50 ms-1 ~ 1 hr. A larger westward intrinsic phase speed, in contrast (though more consistent with a large inferred vertical wavelength, see below), say ~ 50 ms-1, would yield an observed period of ~ 30 min for the same inferred intrinsic period. Finally, a very large phase speed of any magnitude would dominate the mean westward contribution and the observed and intrinsic periods would be nearly the same. So no combination of GW parameters supports the ZM06 inference of a large horizontal wavelength and large horizontal perturbation velocities. We also note both that 1) if GW propagation was not largely westward, the AO beams would measure only the east-west projection of the horizontal velocities, and the above arguments would only be exacerbated, and 2) that enormous GW horizontal perturbation velocities at high frequencies (ground-based or intrinsic) have never been seen by any measurement system at any altitude. Finally, and importantly, radial velocities are not anti-correlated at ~ 16 LT at ~ 81 km. This should at least dictate caution in the analysis and interpretation of these data. 

b. Inferences of GW vertical structure and phase progression 


ZM06 argued that there is "essentially no phase progression, indicating a very large vertical wavelength." They also noted two regions of GW activity at different altitudes from ~ 14:30 LT onward, with a phase reversal between. From this, and their errant assumptions about GW horizontal wavelength and inferences of horizontal perturbation velocities, they inferred "a very large wind shear" and a potential for instability. 

Very large GW amplitudes are always accompanied by large vertical wavelengths, because instability processes have always been found to constrain GW amplitudes to values of a = |u'|/(c – U) ~ 1, thus also limiting the vertical gradients of horizontal perturbation velocities to |u'z| ~ N and implying z ~ 2 |u'|/N, from Eq. (11) (see also Fritts and Alexander, 2003; Fritts et al., 2003, 2006). As a result, large-amplitude GWs must also have sufficiently large vertical wavelengths to limit their vertical gradients. Neither at ~ 78 km, where the phase of the radial velocities approximately reverse, nor at ~ 68 and 83 km, where GW velocities again become small, do the ZM06 inferences of horizontal velocities conform to these conditions. Indeed, their inferred GW horizontal velocities imply a vertical shear of these horizontal motions of ~ (100 ms-1)/(2 km) at ~ 78 km, which exceeds N by ~ 10 times, with smaller, though still very large implied gradients at ~ 68 and 82 km (as well as enormous vertical motions dictated by continuity, which are also  not seen). The fatal argument here is linked to the claim of a large vertical wavelength and an altitude-limited, large-amplitude response, as opposed to no vertical phase variation and a very different interpretation of these GW observations (see below).  

c. Inference of instability and a GW critical level 


ZM06 stated that "multiple layers of large shear … can exist" and inferred regions with a Richardson number Ri < 1/4, based on their inferred horizontal wind shears and MSIS temperature and atmospheric stability. They also claimed "GW filtering by the background wind is evident throughout the day" and inferred the presence of a critical level at the phase reversal in the radial velocities at later times. 


It is true that the large-scale atmospheric structure can be dynamically (and convectively) unstable. But the instability that accompanies GW motions necessarily depends on both the stability (or temperature) and wind fluctuations within the GW field (Fritts and Alexander, 2003; Hecht, 2004). It is therefore highly misleading to infer instability without considering GW perturbations of temperature or alternatively stability (Collins and Smith, 2004; Li et al., 2005). 


Concerning ZM06 claims of filtering and a critical level, we note that the phase reversal (where they claim a critical level to occur) occurs directly between two westward horizontal velocity maxima at the time of the largest GW response in the radial velocities (see Figure 1 and the 6th profile at 15 LT in Figure 3). Thus, a GW having a horizontal phase velocity yielding a critical level at ~ 78 km would have first encountered a critical level a few km above or below, if it was propagating vertically downward or upward. Yet no such critical level response occurred at either of those altitudes, and we must conclude that this explanation is not consistent with the observed large-scale wind profiles and GW structure. We also note that mean wind shears were very small at ~ 78 km and that any critical level response for GWs of significant amplitude would almost certainly have occurred within the much stronger mean wind shears at higher or lower altitudes, depending on the direction of GW propagation in the vertical. 


GW filtering likewise implies removal of GW energy in a region of wind shear, which in turn implies a GW energy source and propagation from a higher or lower altitude. But the vertical phase alignment of the observed motions, and especially their confinement at altitudes between ~68 and 83 km, suggests that a systematic GW energy input into this region is largely absent during the times of strong and vertically-coherent GW activity. Hence ZM06 claims of GW filtering appear to be baseless. 

d. Assessment of GW momentum fluxes 


ZM06 assessed GW momentum fluxes by employing the dual-beam methodology of Vincent and Reid (1983). They inferred both the total (zonal) momentum flux (per unit mass) and the "high-frequency" component, the former having large negative values (~ -40 m2s-2) from ~ 77 to 80 km and the latter essentially zero at all altitudes (a mean value of a few m2s-2 that is within the measurement uncertainty, based on the spatial variability of these estimates)  


ZM06 appear to have correctly assessed the zonal momentum flux that can be attributed to high-frequency GWs observed during their measurement interval. The difficulty in their interpretation of these data is that a GW having very large horizontal and vertical velocities, undergoing systematic filtering and critical level absorption, and contributing to instability processes throughout the measurement interval must exhibit a vertical structure consistent with this energy and momentum transport (Fritts and Alexander, 2003). The GW must have clear phase progression in the vertical, a clear correlation (or anti-correlation) between horizontal and vertical motions (as expressed by Eqs. (5) and (9) above), and a large positive (or negative) zonal momentum flux. Indeed, the horizontal and vertical velocities inferred by ZM06, and their apparent anti-correlation, imply a maximum negative GW momentum flux of ~ -(50 ms-1)(2 ms-1)/2 ~ 50 m2s-2,  with a mean value over the measurement interval of ~ -10 m2s-2 or larger, based on amplitudes in Figure 2. The direct "high-frequency" measurement of GW momentum flux by ZM06 averaged in altitude is substantially smaller and does not support this. Thus the momentum flux estimates directly contradict all of the other inferences of GW structure by ZM06. And the error leading to the majority of the errant inferences thereafter appears to have been the initial inference of a large horizontal wavelength of the GW, as that leads directly to the conflict in momentum flux estimates. 

We also note that the "low-frequency" momentum flux estimate by ZM06 is apparently biased by the substantial mean vertical velocity estimates seen in their Figure 4. Mean vertical velocities of 5 to 10 ms-1 are clearly erroneous; they correspond to adiabatic cooling rates as high as ~ 8,000 Kday-1, they have no continuity in the vertical, and they exceed expected maximum Lagrangian mean values of ~ 5 cms-1 by more than 1,000 times (Fritts and Alexander, 2003). A re-analysis and alternative interpretation of these data that yield a self-consistent explanation of all of the observations is provided below. 

5.
Re-analysis of AO Dual-Beam Data 


The radial velocity data displayed in Figure 1 indicate similar responses in both beams (not surprising, given their small ~ 14 km separation). There are apparently highly-coherent motions in the vertical, centered at ~ 70 to 80 km prior to ~ 14 LT and extending to higher altitudes thereafter, with peak-to-peak radial velocity amplitudes of ~ 5 to 10 ms-1. Apparent phase changes occur at an altitude of ~ 78 km after ~ 14 LT with nearly anti-correlated radial velocities above and below, and between east and west beams, during the strongest response. At other times there are more variable phase differences, including in-phase and anti-phase correlations. See, in particular, the apparent positive correlation of large radial velocities at ~ 16 LT and ~81 km in Figure 1. We also note some evidence of vertical phase descent at lower altitudes and earlier times, in particular at ~ 10 to 12 and 13 LT at ~ 75 km and below that may represent a GW energy input at these times. We must be careful, however, to distinguish these features from the ship echoes below ~ 75 km between ~ 12:30 and 13:00 LT noted above. 


To gain a more quantitative understanding of the character of these motions, we perform a band-pass filter of these data using and IDL linear finite impulse filter (with cutoff periods of 10 and 30 min). The band-passed radial velocities are displayed in Figure 4 in the same format as Figure 1. These same data are also displayed as time series, averaged over 900 m range (three range gates), for the east and west beams in Figures 5 and 6. The latter data allow a more precise comparison of the phase variations (or lack of) with altitude within the major responses. 


Close inspection of the GW packets above and below the phase change near ~ 78 km suggests essentially no discernable phase variation in the vertical across either GW packet in either beam between ~ 14:30 and 16:15 LT. Given this vertical phase structure, and especially the lack of a consistent anti-phase relation between east and west beams noted above, it is apparent that the assumption by ZM06 of a large horizontal GW wavelength is impossible. Instead, it seems highly likely that these GW structures were ducted motions that were essentially trapped, or confined, at these altitudes rather than the propagating GWs advocated by ZM06. This also suggests an alternative interpretation of the observed radial velocities, i.e. that they were primarily vertical, rather than horizontal, motions, and without a requirement of an anti-correlation between radial velocities in the two beams. 

Assuming this to be the case, we relax the ZM06 assumption of a common phase between the two radial beams and infer instead that the two beams, being dominated by vertical rather than horizontal velocity contributions, must be more nearly in opposite phases of the GW motion. This would immediately remove all of the objections to the ZM06 analysis arising from their assumption of uniform GW phase and large GW horizontal velocity perturbations. Instead, a GW having a horizontal wavelength of ~ twice the beam separation at 80 km, essentially a zonal wavelength of x ~28 km, or some shorter wavelength that also allowed a 14-km separation to yield nearly opposite vertical velocities (essentially (n + ½)x ~ 14 km, with n an integer), could largely explain the radial velocity data. Smaller-scale GWs with a horizontal wavelength that varies in time (or direction), or with different responses above and below ~ 78 km, could also account for the lack of consistent phase variation with altitude between the two beams noted above. Additional variations due to the change in beam separation with altitude accompanying the much smaller GW wavelengths inferred here (x ( 28 km) would induce further phase variations with altitude. 


We further quantify the character of this GW structure by assessing the distribution of GW variance with altitude and the momentum fluxes due to these motions throughout the measurement interval. To compute GW vertical velocity variance, we use the band-passed radial velocities, assuming that this procedure has removed the majority of the lower-frequency contributions to the radial velocities that may have been due to horizontal motions. The mean vertical velocity variance in any interval is then given approximately by


<w'2> = (<vE'2> + <vW'2>)/2cos().   





(12)

We also consider the earlier and later GW structures separately, given the significant differences in the mean winds from ~ 10 to 15 LT. Thus, we perform these computations from 9:30 to 11:30 and from 14:30 to 16:30 LT for the two major events. The resulting vertical velocity variance and zonal momentum flux profiles are displayed in Figure 7, together with the zonal winds obtained by averaging the east- and west-beam estimates shown in Figure 3 over the same intervals. Mean winds are not shown below 67 km nor above 85 km because of the contamination of these data by the ship signals in the antenna sidelobes at lower altitudes and the increasing spectra widths above. Variances and momentum fluxes are also smoothed with triangular filters over 3 and 7 km, respectively, as small-scale variations of quantities due to motions occurring on larger vertical scales cannot be physical. 


The hourly zonal wind profiles exhibit variations with altitude at scales of ~ 2 to 20 km that suggest influences of lower-frequency GWs having periods of a few hours and longer. At 10 LT, there is a strong westward wind of ~ 50 ms-1 up to ~ 75 km, with a strong eastward wind shear between ~ 75 and 80 km, and an eastward maximum of ~100 ms-1 at ~ 82 km. Both the westward and eastward wind maxima disappear over the next ~ 2 hr (11 to 12 LT), and are replaced by two somewhat variable westward maxima separated by ~ 5 to 8 km thereafter having slow downward motion, weaker westward shears at lower altitudes, and stronger eastward shears at higher altitudes. The lower wind maximum appears at ~ 77 km and descends to ~ 74 km over a few hours. The upper maximum appears at ~ 82 km and descends to ~ 80 km at later times. Thus, the environment in which these GWs propagated varied substantially over this interval.  

6.
Inferred GW Structure, Dynamics, and Momentum Fluxes 


Referring to the upper panel of Figure 7, we see a striking correlation of the vertical velocity variance maxima with westward zonal wind maxima during each event. Both the correlations of the maxima and the decay of GW amplitudes away from the altitudes of maximum winds are strongly suggestive of a ducted GW interpretation of these data, as noted above, as we expect m2 < 0 and a decay of GW amplitude away from the ducting levels from Eq. (4). Importantly, such a correlation would not occur if the GWs accounting for these variances were westward and vertically propagating. In that case, the reduction of the intrinsic phase speed at the maxima of westward mean velocity would minimize, rather than maximize, the vertical velocity variance at those locations, according to Eq. (9). 


To assess this GW structure more completely, we consider the implications of the dispersion relation, Eq. (4), with what we know of the GW structure and the environment in which it occurs. If the observed GW was vertically propagating, the vertical coherence of the radial velocities in Figure 1 would suggest a minimum vertical wavelength of ~ 10 km at ~ 70 to 80 km and an implied intrinsic phase speed of (c – U) ~ N/m = N z/2 ~ 30 ms-1. But our discussion above suggests instead that it is ducted, or evanescent in the vertical. In this case, the vertical structure is not a quantitative guide to the intrinsic phase speed, and we can say easily only that the intrinsic phase speed is typically less than the background variability in the plane of propagation, so likely ~ 10 to 30 ms-1. Then with representative magnitudes of N2 ~ 4x10-4 s-2, |Uzz| ( (20 ms-1)/(1 km)2 ~ 2x10-5 m-1s-1, |Uz| ( 4x10-1 s-1, kh ( 3x10-4 m-1, and H ~ 7 km, we obtain representative magnitudes for the five terms on the right-hand side (RHS) of  Eq. (4) of 10-6, 10-6 or less, 10-7 or greater, 10-7, and 10-8 or less, respectively, all in units of m-2.  Thus the most important terms for small-scale GWs are the 1st, 2nd, and 3rd terms on the RHS of Eq. (4), as they dictate whether, and over how large an altitude range, m2 is positive. 

Of these terms, N2/(c – U)2 is maximum where N2 is maximum and (c – U)2 is minimum, and thus implies that m2 can be positive only at maxima in the wind profile in the direction of GW propagation for constant N2. The term Uzz/(c – U) is always negative at wind maxima in the direction of GW propagation, so it always offsets the first term to some degree. Likewise, kh2 also always offsets the first term, but plays a major role only for smaller horizontal scales. Away from the wind maxima, however, the second term is generally small and the factor that largely dictates vertical GW structure is the denominator of the first term, (c – U)2, as it may become very large, thus causing N2/(c – U)2 < kh2, m2 < 0, and GW evanescence. 


Unfortunately, we cannot infer largely zonal GW propagation from the available measurements, despite the fact that the GW variances are closely correlated with the westward wind maxima. But given our discussion of the dispersion relation above, it is still reasonable to infer that even if GW propagation is in a somewhat different direction, the maxima of the horizontal wind along the direction of GW propagation must remain at about the same altitudes, as the correlation between variances and westward wind maxima is very high. Indeed, it now seems likely that the observed GW was not propagating strictly westward, as its observed period is larger than can easily be explained with a westward phase speed exceeding the maximum westward mean wind.  Assuming 1) approximately westward propagation, 2) a vertical wavelength of at least 10 km at the peak of the GW response, and 3) a horizontal wavelength equal to the maximum possible value of ~ 28 km, the intrinsic frequency would be  ~ N kh/|m| ~ N w'/u' ~ N/3, with a corresponding intrinsic period of ~ 15 min (from Eqs. (5) and (9)). But the observed and intrinsic frequencies and periods can only be comparable if the mean wind in the direction of GW propagation is |U| << c. The same argument applies if the horizontal wavelength is even smaller, as then the intrinsic frequency is higher and U is required to be opposite to c, hence an observed frequency of o = khc =  + khU (from Eq. (8), with c positive and U negative), to account for an observed period longer than the intrinsic period. Thus, our interpretation of these observations requires that the (unknown) meridional wind yielded a component of the total horizontal wind in the plane of GW propagation opposed to the GW horizontal phase velocity.   


The momentum flux profiles obtained for the two GW events displayed in the lower panel of Figure 7 are consistent with the small mean values and apparent vertical structure obtained by ZM06 and our interpretation of these events as ducted GWs (which are expected to have small or zero momentum fluxes due to their trapped nature). In particular, the momentum fluxes for each event were essentially within the measurement uncertainty at all altitudes, and especially where the inferred vertical velocity variances were maximum. In the presence of vertical velocities as large as ~ 10 ms-1, the momentum flux could not possibly have been near zero unless there were essentially no horizontal velocities either in phase or anti-phase with the vertical velocities, as GWs having much larger vertical than horizontal velocities must be very close to a turning level, defined to be where m2 = 0, which itself defines the edge of a duct. Hence, the variance and momentum flux profiles displayed in the upper and lower panels of Figure 7 are themselves persuasive evidence of ducted GW motions without any other data, given the large radial velocities observed during these measurements. 

7.
Summary and Conclusions


We have presented both a critique of a previous analysis, and a re-analysis, of dual-beam radial velocity data collected with the Arecibo Observatory 430 MHz ISR radar on 28 July 2001 by Zhou and Morton (2006). Our critique is based on our belief that these authors made a number of errors in their analysis and interpretation of these data. They inferred a GW having 

1) vertically-propagating structure with large horizontal wavelengths, 


2) very large horizontal velocities at high frequencies, 

3) large induced wind shear and instability, 

4) significant mean-flow interactions, and 

5) critical-level filtering throughout the measurement interval. 
These inferences appeared to us to be in serious conflict with these authors' own measurements of GW momentum flux, which were essentially zero, and seemed to invalidate all other inferred GW dynamics. 


Our own analysis of these same data led us to infer, in sharp contrast to ZM06, GW structures having 

1) little or no vertical propagation and relatively small horizontal wavelengths, 


2) large and coherent vertical velocities, with very small horizontal velocities, 

3) no evidence of large horizontal wind shears or instability, 


4) no apparent phase variations with altitude (except for some weak phase descent at early times and lower altitudes), evidence of strong vertical propagation, significant momentum flux, or mean-flow interactions, and 


5) no evidence of critical-level behavior or the momentum flux divergence that would accompany such dynamics. 


Our inferences above, together with the close correlation of enhanced vertical velocity variance with westward zonal wind maxima and the confined motions in the vertical, with no evidence of propagation or coupling to higher or lower altitudes, led us to an altogether different interpretation of these dynamics than suggested by ZM06. Our interpretation was as a clear example of GW ducting, with real vertical wavenumber m (m2 > 0 in Eq. (4)) at the peaks of the vertical velocity variance and the westward winds, evanescent behavior away from these maxima, no critical level behavior, and no significant momentum fluxes or mean-flow interactions. While completely opposite to the interpretation by ZM06, our interpretation is consistent with all of the available data. In fact, we consider this to be one of the best examples of ducted GW structure that we have seen, as most other inferences of such structures have not had the potential to confirm and quantify GW vertical structure and propagation, or lack of, with direct measurements of GW momentum flux. 
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Figure 1. Radial velocities measured with the 430 MHz ISR at AO on 28 July 2001 with beams directed 5o east (top) and west (bottom) from zenith. Maximum velocities were ~ 10 ms-1, motions tended to be highly coherent in the vertical, and descending and ascending features at ~ 13 and 15 LT were due to a ship in the antenna sidelobes.
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Figure 2. Horizontal (bottom) and vertical (top) velocities as computed by ZM06 by errantly applying Eqs. (1) and (2) to GW motions that are not uniform horizontally. 
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Figure 3. Hourly horizontal velocity profiles (10 to 17 LT) computed by averaging the radial velocities in the east (solid) and west (dashed) beams. A 3-point 1-2-1 smoothing was applied to all profiles to reduce the noise due to ~ 1 to 2 ms-1 radial velocity uncertainties. Differences between the inferred zonal winds in the 4th and 6th profiles (at 13 and 15 LT) are likely due to the influences of a ship in the antenna sidelobes noted in Figure 1. Differences elsewhere are likely due to the very disparate horizontal and vertical contributions to radial velocities (and the associated relative insensitivity to horizontal motions) at 5o zenith angles.  
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Figure 4. As in Figure 1, but subjected to a 10- to 30-min band-pass filter. 
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Figure 5. Band-passed eastward radial velocities between 10- and 30-min periods averaged over three 300-m range gates and displayed at 900-m intervals. 
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Figure 6. As in Figure 5 for the westward radial velocities.
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Figure 7. GW vertical velocity variances (top) and momentum fluxes (bottom) for the two intervals from 9:30 to 11:30 (left) and 14:30 to 16:30 LT (right) on 28 July 2001. In both panels we have also displayed the mean zonal winds over these same intervals (dashed). The two data sets were smoothed in the vertical with triangular filters over 3 and 7 km, respectively. Note that momentum flux magnitudes are smaller than the measurement uncertainties and vertical velocity variances are very well correlated with westward maxima in the zonal wind profiles. 
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