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Abstract. By examining the observational limits and biases for lidar, radar, and airglow 
imager measurements of middle atmosphere gravity waves, we provide plausible 
explanations for the characteristics of the monochromatic wave parameters that have 
been reported during the past decade. The systematic dependencies of vertical and 
horizontal wavelength on wave period, reported in many lidar and some radar studies, are 
associated with diffusive damping. The prominent waves with the largest amplitudes, 
most often observed by lidars and radars, are those with vertical phase speeds near the 
diffusive damping limit. The narrow range of horizontal phase velocities of the waves 
seen by OH imagers is a consequence of the combined effects of the gravity wave 
spectrum and the OH layer response to wave perturbations. The strongest airglow 
fluctuations are associated with waves having vertical wavelengths comparable to the 
width of the OH layer. These waves have fast horizontal phase speeds near 70 m/s. 
Simple formulas which describe the regions of the wave spectrum observed by each 
instrument are derived and compared with published data. Lidars, radars, and imagers are 
often most sensitive to waves in largely different regions of the spectrum so that their 
measurements are truly complementary. However, these ground-based techniques are 
often incapable of observing the large-scale waves with periods longer than about 5 hours 
and both long vertical (> 15 km) and horizontal (> 1000 km) wavelengths. Spaceborne 
instruments, such as the high-resolution Doppler imager (HRDI) and wind imaging 
interferometer (WINDII) on UARS, are the techniques most likely to provide the key 
observations of the low wavenumber, low-frequency region of the gravity wave 
spectrum. 

1. Introduction 

Lidars, radars, and airglow imagers are used widely to 
study gravity waves in the middle atmosphere. For more 
than 3 decades, radars have provided a wealth of data on 
individual wave characteristics and on the spectra of quasi- 
random wave perturbations. Rayleigh and Na lidars have 
complemented these observations by providing similar data 
on the smaller-scale waves throughout the stratosphere and 
mesosphere. More recently, modern airglow imagers 
equipped with sensitive low-noise CCD arrays have 
provided crucial data on the horizontal structure and propa- 
gation directions of mesospheric gravity waves. Reid 
[1986] and Manson [1990] summarized the characteristics 
of numerous quasi-monochromatic waves measured in the 
mesopause region by a variety of radars, lidars, and 
imagers. Most of those measurements were obtained using 
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extended time sequences at single heights (imagers) and 
multiple-station or beam swinging (radars) cross-spectral 
methods. Their data exhibited modest clustering at certain 
wavelengths and periods that is believed to represent 
unique biases and limitations associated with each 
measurement technique. Rayleigh and Na lidar observations 
display remarkably systematic relationships between the 
wave periods, wavelengths, and amplitudes [e.g., Gardner 
and Voelz, 1987; Beatty et al., 1992; Collins et al., 1996]. 
Similar relationships between monochromatic wave param- 
eters are now emerging from the large body of observations 
obtained during the past 5 years with modern airglow 
imagers [e.g., Hecht et al., 1993, 1994; Swenson et al., 
1995; Taylor et al., 1991a, b, 1995a, b]. 

In this paper we examine the measurement limits and 
biases of some of these instruments and provide plausible 
explanations for the characteristics of the wave parameters 
that have been reported. We show that the systematic 
dependencies of the vertical and horizontal wavelengths on 
wave period seen in the lidar and some radar data are 
related to diffusive damping of the waves. We also show 
that the narrow range of fast horizontal phase velocities of 
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waves seen by OH imagers is associated with the combined 
effects of the gravity wave spectrum and the OH layer 
response to wave perturbations. We derive simple formulas 
to describe the regions of the wave spectrum observed by 
each instrument and compare the predictions with 
observational data. These results illustrate that lidars, 
radars, and imagers are often most sensitive to waves in 
largely different regions of the spectrum so that their 
measurements are truly complementary. 

2. OH Airglow Response to Gravity 
Wave Perturbations 

The Meinel Band vibrational spectrum of excited OH 
arises from the reaction 

H + 03 => OH* + 02. (1) 

During the past decade, numerous groups have developed 
and tested sophisticated numerical models of the OH 
airglow response to gravity wave perturbations [e.g., 
Hickey, 1988a, b; Lopez-Moreno et al., 1987; Makhlouf et 
al., 1995; Schubert and Walterscheid, 1988; Schubert et al., 
1991; Tarasick and Shepherd, 1992; Walterscheid et al., 
1987]. Most studies are based on the work of Good [1976] 
and McDade et al. [1987] who made extensive comparisons 
of rocket measurements with various models of the meso- 

spheric hydrogen/ozone reaction. The numerical models 
have shown that the intensity perturbations observed by a 
ground-based imager depend primarily on the amplitude 
and vertical wavelength of the wave. Airglow instruments 
are most sensitive to waves with vertical wavelengths com- 
parable to or larger than the layer widths. In this issue, 
Swenson and Gardner [this issue] characterize the OH layer 
response to monochromatic gravity waves by employing 
the McDade et al. [1987] "sudden death" quenching 
scheme which is applicable to the high v OH* Meinel Band 
emissions. By modeling the atomic oxygen profile as a 
Chapman layer and neglecting the wave-induced redistri- 
bution of ozone, they derived relatively simple analytic 
expressions for the observed emission intensity and 
rotational temperature perturbations as functions of the 
wave and OH layer parameters. Their predictions of the OH 
wave amplitudes and Krassovsky's ratio compare favorably 
to reported measurements and to values predicted by the 
various numerical models. 

By using Swenson and Gardner's [this issue] equations 
(46) and (49), we find that the mean square OH intensity 
perturbation measured by a ground-based zenith-pointing 
imager or photometer is given approximately by 

< A/(m' tø)2 > -- 7.3exp(-m20'(•H) < P'(m'tO)2 > (2) 
< I >2 </9 >2 

where m = 2• z is the vertical wavenumber,/•z is the 
vertical wavelength, to is the frequency, O'OH = 4.4 km is 
the nominal rms thickness of the unperturbed OH* layer, 
and < p'(m, to) 2 > / < p >2 is the mean square relative 
density amplitude of the wave. Equation (2) is a simplified 

version of the more exact expression given by Swenson and 
Gardner, but it is sufficient for our purposes. Notice that the 
mean square OH* response is almost an order of magnitude 
larger than the atmospheric density response for waves with 
large vertical wavelengths. However, because of the expo- 
nential term in (2), the response is significantly attenuated 
for m _> 1/O'OH. The attenuation results because the positive 
and negative volume emission rate fluctuations of the 
shorter wavelengths cancel each other when integrated 
throughout the whole OH* layer. As a result, zenith- 
pointing OH imagers, photometers, and spectrometers are 
only sensitive to waves with long vertical wavelengths. 

The exp(-m2{•2OH ) form for the cutoff in (2) was 
derived analytically by Swenson and Gardner [this issue]. 
Extensive comparisons with observations were shown to be 
consistent with this model. Numerical models can also be 

used characterize the response of the OH intensity pertur- 
bations as a function of vertical wavenumber. For example 
the numerical computations of Schubert et al. [1991] also 
show that the response is attenuated significantly when the 
vertical wavelength becomes smaller than the OH layer 
thickness. However, their results suggest that the form for 
the cutoff may be more accurately approximated by 
exp(-m r•OH ). Regardless of the form of this cutoff 
response, the results of our analysis will not be affected 
qualitatively. The important issue is that OH intensity 
response is severely attenuated for vertical wavelengths 
significantly smaller than the layer thickness. Some quanti- 
tative predictions can be influenced by the form of the cut- 
off, but these are not the focus of our analysis. 

The mean square wave amplitude is related to the rela- 
tive density spectrum. 

< p'(m, to) 2 > 
< p >2 ---- Fp(m, to)AmAto/(2•r) 2 (3) 

Am is the vertical wavenumber bandwidth, and A to is 

related to Am through the gravity wave dispersion relations 

Aw = co Am (4) • , 

m 

By combining (2)-(4) we have 

<p'(m, to) 2 > w 
2 = • Fp (m, to)Am 2/(27r) 2 (5) 

<p> 

and 

< A/(m, to) 2 > 
< I .>2 

-- 7.3 exp(--m20'OH2)• Fp(m, to)•n 2/(2•r) 2 (6) 

3. Lidar and Radar Measurements 

In contrast to the airglow instruments, lidars and radars 
are sensitive to all waves whose observed periods and 
vertical wavelengths are compatible with the resolution 
limits and observing ranges of the instruments. Rayleigh 
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and Na lidars measure the relative atmospheric density, 
temperature, or horizontal wind profiles depending on the 
lidar configuration, while radars typically measure the wind 
profiles. The observed mean square wave amplitudes for 
monochromatic waves are given by (5) or by 

< T'(m, co) 2 > =--Fr(m, co)Am 2/(2tr) 2 
m 

(7) 

< u'(m, 0) 2 > = -- F u (m, co)Am 2/(2•r) 2 (8) 
m 

where F r and F u are the temperature and horizontal wind 
spectra, respectively. 

4. Gravity Wave Spectra Models 

Existing theories of gravity wave spectra invoke a 
variety of different physical mechanisms for dissipating 
wave energy including shear and convective instabilities, 
cascade processes, wave-induced Doppler effects, and 
wave-induced diffusion. A detailed discussion of the 

leading wave dissipation paradigms and their predictions is 
given by Gardner [1996]. All of these models predict the 
same form and behavior for the vertical wavenumber 

spectrum of horizontal winds. The canonical spectrum is 
characterized by a vertical wavenumber m, that partitions 
the spectrum into a low wavenumber regime dominated by 
the gravity wave source characteristics, and a high wave- 
number region dominated by saturation and dissipation 
processes. In the source region (m < m,) the spectrum is 
usually assumed to be proportional to m s, where s -- 3/2. In 
the so-called saturation region (m > m,), the spectrum is 
proportional to N2/m 3 Because m, is proportional to 
N/Urm s, where N is the buoyancy frequency and Urm s is 
the rms total horizontal wind perturbation, m, decreases 
with increasing altitude as Urm s increases. For the meso- 
pause region the characteristic vertical wavenumber •'z* = 
2rdm, varies between about 10 and 16 km depending on the 
wave activity. The leading models all assume that the 
temporal frequency spectrum is proportional co-P, where 
p = 5/3 or 2. 

Only the Linear Instability Theory (LIT) paradigm, 
originally described by Dewan and Good [1986], and the 
Diffusive Filtering Theory (DFT) paradigm, formulated by 
Gardner [1994, 1995], have been developed in sufficient 
detail to characterize all the joint spectra, including the (m, 
co) spectra, which we require in (6)-(8). In its current form 
the LIT model for the (m, co) spectrum of horizontal winds, 
temperature, or relative atmospheric density is separable. 
For density the joint spectrum is given by 

Fp (m, co) 

=(27r)2<(p')2> 2(s+1)(•_,)s (p_l)(•__) p <p>2 (s+3)m, f 
m<m 

(27r)2<(,o')2> 2(s+1)(__.•_)3 (p_ l) (•__/p <p>2 (s+3)m, f 
m > m, (9) 

where 

2 N 2/<(u') 2 > (10) m, • 

f is the inertial frequency, and < (u') 2 > and < (p,)2 >/ 
<p>2 are the total horizontal wind and relative atmospheric 
density variances, respectively, of the gravity wave field. 

Separability is a direct mathematical consequence of the 
physical mechanisms that are assumed to control energy 
dissipation in Linear Instability Theory. Dewan and Good 
[1986] assumed that the saturation wind amplitude of each 
wave packet is approximately equal to the intrinsic 
horizontal phase speed N/m, regardless of the frequency or 
horizontal wavenumber. This leads to the familiar N2/m 3 

form for the m spectrum of horizontal winds. Because 
wave packets reach their saturation limits more or less 
independently of each other, the derivations employed by 
Dewan and Good can also be applied selectively to all 
waves of any given frequency with the same N2/m 3 result. 
Thus LIT implies that the shape of the m spectrum does not 
depend on wave frequency, at least for m > m,, although 
the magnitude may. In other words, the joint (m, co) 
spectrum of horizontal winds is separable. This attribute is 
a direct consequence of the assumption that saturation is 
independent of frequency and horizontal wavenumber; that 
is, it depends only on N/m. 

In the development of the DFT spectral models, waves 
are assumed to be severely damped when the vertical 
velocity of momentum diffusion (mDz. z) exceeds the vertical 
phase velocity of the wave (ca/m), where Dzz ' is the effective 
diffusivity of the atmosphere. DFT joint spectra are not 
separable because the wave damping criterion (co/m = 
mDz. z. ) depends on both m and co. The consequences of the 
damping limit on the joint spectrum are illustrated in Figure 
l a. Waves lying to the right of the diagonal line are 
severely damped by diffusion because of their slow vertical 
phase speeds. These waves are eliminated from the 
spectrum. The DFT joint spectra have the form [Gardner, 
1994] 

Fp ( m, co ) 

< p >2 m, f 

m _<m,(c_o/f)l/2= (a/Dzz) 1/2 (11) 
where 

m 2 = f/Dzz. (12) 

The DFT co spectra of relative density, temperature, and 
horizontal winds are proportional to co-P, while the m 
spectra are proportional to m -(2p-l) in the region m>m,. For 
p = 2, they are proportional to co-2 and m -3, and D zz 
becomes 

(s + 1) < (u') 2 > 
Dzz = (s + 3) fln(N/f) , p = 2. (13) ß < > 
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Figure 1. (a) The (co, m) and (b) (co, h) spectrum observation limits for OH imagers. (c) The (co, m) 
and (d) (co, h) spectrum observation limits for lidars and radars using sequences of height profiles to 
infer gravity wave parameters. These instruments are sensitive to gravity waves lying in the shaded 
spectral regions. The observation limits are plotted for O'OH = 4.4 kin, 2,FO v = 500 km, 2,HR = 20 km, 
/•z* = 12 km, and Dzz = 320 m2/s. 

5. Observational Limits of OH Imagers 

OH imagers use fisheye lenses to focus all-sky images 
onto CCD detector arrays. Typical integration times are 
about 60 s, and an additional 30 to 60 s are required to 
transfer the image to permanent storage. Images are usually 
acquired continuously every few minutes during the night 
so that the instruments are sensitive to waves with periods 
as short as the buoyancy period. Depending on the 
approach used to compute the intensity perturbations, 
imagers are sensitive to gravity waves with periods as long 
as the observation period or potentially even the inertial 
period. For our studies, we will assume that the imager is 
sensitive to all gravity waves with frequencies between f 
and N. The horizontal resolution varies throughout the field 
of view because of distortion caused by the imaging 
geometry and the fisheye lens. Typical values range from 
approximately 0.5 km at zenith to approximately 10 km at 
300 km radial distance from zenith. Because of severe 

distortion at low-elevation angles, image analysis is usually 
restricted to the central 500 to 600 km field of the image. In 

this case, the observations include waves with horizontal 

wavelengths as small as about 1 km and and as large as the 
imager field of view (FOV) 2,FO v. For our study, we 
assume 2,FO v =- 500 km. A detailed discussion of the imager 
resolution limitations, distortion, and data processing is 
given by Coble et al. [1997]. 

The mean square relative intensity amplitudes of the 
waves observed by zenith-pointing OH airglow instruments 
can be calculated by substituting the model for the density 
spectrum into equation (6). We consider first the DFT 
model spectrum. 

< zl/(m, co) 2 > 
<•>2 o•exp(--m2{YOH2)i•**l-l(•) p+(s-l"'/2 

m _< m. (C.O/J•) 1/2 (14) 

As we noted previously, imagers are only sensitive to 
waves with the longer vertical wavelengths because of the 
exponential term on the right-hand side of (14). The actual 
cutoff limit depends on the wave amplitude and the noise 



GARDNER AND TAYLOR: LIDAR, RADAR, AND AIRGLOW IMAGER MEASUREMENTS 6431 

characteristics of the imager. Modern broadband OH 
imagers are capable of observing waves with intensity 
amplitudes as small as a few tenths percent. Waves with 
vertical wavelengths -10 km typically have density 
amplitudes of 5-10%. A simple calculation using equation 
(2) gives a value -•r/t•OH for the OH response cutoff 
wavenumber mOH. The OH intensity perturbations induced 
by waves with vertical wavenumbers larger than mOH are 
not large enough to be detected by the imager. This cutoff 
is plotted in Figures la and 2a. Since O'OH = 4.4 km 
[Swenson and Gardner, this issue], the OH cutoff 

wavelength 2rYOH is only slighfiy smaller than the charac- 
teristic vertical wavelength •'z* so that mOH lies very near 
m,. Imagers are sensitive primarily to waves in the source 
region of the vertical wavenumber spectrum. We empha- 
size, however, that moH does depend on the imager signal- 
to-noise ratio (snr). Imagers with higher snr's will have 
higher values for moH because they are capable of resolving 
smaller-amplitude variations in the images. 

Because imagers observe the horizontal structure of the 
waves directly, it is more convenient to transform (14) to 

the (h, 6o) domain by using the gravity wave dispersion 
relation 

2 ( N2 - 602) h 2 m = , 

(6O2 _ f2) 
(15) 

where h is the magnitude of the horizontal wavenumber 
vector. The OH response cutoff m =mOH = zc/O'OH and 
the diffusive damping cutoff6o = m2Dzz have been trans- 
formed to the (h, 6o) plane using (15) and are plotted in 
Figures lb and 2b. 

i ]1/2 1 + (Nh/fmo?2) 2 : Nh/mOH 6o= f l +(h/moH (16)' 

6o = [Dzz (N 2 _ 6o2)h 2 _ 6of2 ]1/3 = D1/3N2/3h2/3 ß. '• 2'.Z. .... (17) 

The approximations on the right-hand sides of (16) and (17) 
are valid for f << 6o << N. In this case, the dispersion 
relation simplifies to m = Nh/6o. If we use this simplified 
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Figure 2. (a) The (•, T) and (b) (•h' ]r) spectrum observation limits for OH imagers. (c) The (2, z, T) 
and (d) (•'h, T) spectrum observation limits for li&trs and radars using sequences of height profiles to 
infer gravity wave parameters. These instruments are sensitive to gravity waves lying in the shaded 
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expression in (14) and, as Gardner [1994] argued, assume 
Am is constant, we obtain 

< zl/(h, 0) 2 > 
2 

<1> 

(h•S-l(•_f) p+3('•-1)'2 o• exp[-(NCroHh / c0)2 ] [,•,-, ) , 

h< h, lCø(cø2 / f2 -1)11/2 _- h, ( ca/f ) 3/2 
f(1 - 0 2 / N 2 ) 

(18) 

where 

h, : fm,/7V. (19) 

et al., 1991 a, 1995a]. Then the direction and magnitude of 
the horizontal phase velocity are determined by examining 
successive images of the wave packet. The observed period 
is computed from the measured horizontal wavelength and 
phase speed. While the imager is sensitive to all waves in 
the shaded area of the (h, co) plane illustrated in Figure lb, 
only those waves with amplitudes that exceed the noise 
limits of the instrument will be observed. In fact, the 

observations are biased toward the most prominent waves 
with the largest amplitudes. From (18) we see that for 
NcroHh/co << 1 the largest amplitude waves are the high 
h, low co waves, that is, those lying close to the OH 
response limit. 

The mean square intensity amplitude given by (18) can 
also be expressed as function of h and the horizontal phase 
speed c h = co/h. 

Imagers are capable of observing any waves lying to the 
left of both the diffusive damping and OH response limits 
in Figure lb. The OH cutoff criterion given by (16) 
dominates and can also be expressed approximately as 

h _< mOHagN (20) 

z•(h, c h )2 > 
<•>2 

exp[-(NCroH/ch)2]l-•-) p+(s-')/2 p 
+3(s-1)/2 

(24) 

or 

c h = ca/h _> N/mOH. (21 ) 

Imagers are most sensitive to fast horizontal phase speed 
waves satisfying (21). However, there is also an upper limit 
on the observable horizontal wavelengths associated with 
the imager FOV. Only waves with horizontal wavelengths 
smaller than the FOV can be reliably identified and 
characterized. The FOV limits are also plotted in Figures 
l a, lb, 2a, and 2b for 3,FO v = 500 km. The shaded areas 
represent the regions of the (m, co) and (h, co) spectra where 
imagers are most sensitive to wave perturbations. These 
regions are given approximately by 

and 

hFo v = 27r/•FO v _<' h _< mOHOY'N 

Nh For/CO _< m _< mOH. 

(22) 

(23) 

Imagers observe the long vertical wavelength short-period 
gravity waves. Notice that the OH response and imager 
FOV limits intersect at co--NhFov/moH so that the longest 
wave period is approximately •,FovTB /2CrOH or about 4.7 
hours. While imagers are sensitive to longer-period 
perturbations, only those waves with periods shorter than 
•,FovTB/2CYOH have horizontal wavelengths that are 
smaller than the FOV. 

The characteristics of monochromatic gravity waves are 
typically determined by first looking for the distinctive 
wave packets in the individual all-sky images. When a 
wave packet is identified, its horizontal wavelength and 
amplitude are inferred directly from the image or from the 
Fourier analysis of the image [Swenson et al., 1995; Taylor 

For a fixed h there is a distinct maximum in the mean 

square amplitude at 
NO'oH 

ch [p/2 + 3(s- 1)/4] 1/2 -- 70 m/s. (25) 
The most prominent wave packets have horizontal phase 
speeds which lie near the OH response limit c h = agh -- 
N/mOH -- 30 m/s in Figure lb, where the amplitudes are 
largest. For these prominent waves the amplitudes are 
proportional to 1/hP +(s-!)/2 o• /•,hP+(S-!)/2 = •,h 2.4. 

Similar results are obtained if we employ the LIT spec- 
trum model. Recall that the imager is sensitive primarily to 
waves in the source region of the spectrum (m _< mo, -< m,) 
where they have not yet reached saturation amplitudes. For 
these waves the bandwidth Am is constant. The spectrum 
limits for the LIT model are the same as those plotted in 
Figures 1 a, lb, 2a, and 2b for the DFT model except that 
there is no diffusive damping limit. The mean square wave 
amplitudes are calculated by substituting (9) in (6) and 
writing the expression as a function of h and c h using the 
simplified dispersion relation. 

< z•(h, Ch) 2 > 
<•>2 

o•exp[--(NO'oH/Ch)2]l•-IP-l( f ) p+s-2 h, ch 

(26) 

Notice the similarity to the DFT expression in (24). For a 
given h the amplitude has a distinct maximum at 

NcYOH -- 97 m/s . (27) 
c h = 111/2 [(p + s) / 2 - 



GARDNER AND TAYLOR: LIDAR, RADAR, AND AIRGLOW IMAGER MEASUREMENTS 6433 

Again, the most prominent waves are those lying near the 
OH response limit where the horizontal phase speed is 
approximately constant. For the LIT model the mean square 
amplitudes of these prominent waves are proportional to 
1/hp-1 o• /•h p-1 •/•h' Notice that this behavior is signifi- 
cantly different than that predicted by the DFT model. We 
also note that the values of these maximum phase speeds 
are influenced by the form assumed for the OH intensity 
cutoff. We used the exp(-m2{•2OH ) form modeled by 
Swenson and Gardner [this issue]. If the cutoff is more 
gradual as suggested by Schubert et al. [1991], the values 
of the maximum phase speeds will decrease because the 
intensity perturbations would be influenced more by the 
higher m waves. 

It is not surprising that the waves observed by imagers 
exhibit a narrow range of horizontal phase speeds. The 
intrinsic phase speed can also be related to the vertical 
wavenumber using the dispersion relations c h = co/h -- N/m. 
In the region m < m,, both the DFT and LIT spectrum 
magnitudes increase with increasing m in proportion to m s 
(see equations (9) and (11)), while the OH response 

decreases in proportion to exp(-m2{•2OH ) (equation (6)). 
The combined effect is a sharply peaked response near mOH 
or equivalently near c h --N/mOH. 

6. Observational Limits for Lidars 
and Radars 

Lidars and radars measure the height profiles of various 
atmospheric parameters such are temperature, winds, and 
density. These profiles or sequences of profiles may be 
used to determine gravity wave parameters. In principle, the 
instruments are sensitive to waves with vertical wave- 

lengths and periods as short as the measurement resolution 
limits, which can approach a few minutes and a few 
hundred meters. They are sensitive to waves with vertical 
wavelengths as long as the height range of observations 
(2,HR), and depending on how the perturbations are com- 
puted, they are sensitive to periods as long as the obser- 
vation period or potentially even the inertial period. Unlike 
OH imagers, there are no additional limitations associated 
with the interactions of the waves and the atmospheric 
parameter being measured. We will assume the lidars and 
radars are sensitive to all waves with frequencies betweenf 
and N and vertical wavelengths between about l km and 
'•HR' For this study we will restrict our attention to meso- 
pause region Na lidars and radars where '•HR • 20 km. 
There are other radar techniques employing multiple 
receivers, multiple transmitters, or beam scanning, which 
have quite different limitations [e.g., Manson and Meek, 
1988]. These employ extended time sequences at single 
heights and correlation analyses to infer the wave param- 
eters. Analysis of these more exotic techniques and instru- 
ments is beyond the scope of this paper. 

The lidar/radar observational regimes are plotted in 
Figures l c, l d, 2c, and 2d. For the DFT paradigm these 
instruments are sensitive to all waves lying in the darkly 
shaded region between the height range and diffusive 

damping limits. The observational regimes for the LIT 
paradigm are identical except for the lack of a damping 
limit. If LIT is a valid description of wave dissipation, then 
in principle the lidars and radars should observe waves in 
both the darkly and lightly shaded regions. By comparing 
Figure 2c with the corresponding imager results in Figure 
2a, we see that the imagers observe the long vertical 
wavelength, short-period waves, while the lidars and radars 
observe the short vertical wavelength waves. Their 
combined coverage extends over a large fraction of the 
gravity wave spectrum (Figure 1). Only the long vertical 
wavelength, long-period waves are excluded. 

The characteristics of monochromatic gravity waves are 
typically inferred from the lidar/radar observations by first 
identifying the vertically propagating wave packets in the 
individual profiles. When a wave packet is identified, its 
vertical wavelength and amplitude are inferred directly 
from the profile or from the Fourier analysis of the profile 
[Beatty et al., 1992; Collins et al., 1996; Nakamura et al., 
1993]. Then the vertical phase velocity is determined by 
examining the wave packet in successive profiles. The 
observed period is computed from the measured wave- 
length and phase speed. In principle, the lidar or radar is 
sensitive to all waves in the shaded areas of the (m, 
plane illustrated in Figure l c. However, only those waves 
with amplitudes that exceed the noise limits of the instru- 
ment will be observed. Like the imager, the lidar/radar 
observations are biased toward the most prominent waves 
with the largest amplitudes. If LIT is valid, then the 
instruments will observe waves in both shaded areas. If 

DFT is valid, the waves will be restricted to the darkly 
shaded area to the left of the diffusive damping limit. 

The mean square wave amplitudes are given by (5), (7), 
and (8). Since the density, temperature, and horizontal wind 
spectra all have the same form, we restrict our attention to 
the relative atmospheric density amplitudes. By using the 
DFT spectrum model in (5), we obtain 

<p>2 

rn <_ m,(to/f)l/2 = (o/Dzz) 1/2 (28) 

The mean square density amplitude of monochromatic 
waves is a monotonically increasing function of increasing 
m and a monotonically decreasing function of increasing 
The largest-amplitude waves are those with the largest m 
and smallest co, that is, those waves near the damping limit 
oo = m2Dz. z.. The radar and lidar observations will be biased 
toward these prominent waves. It is important to recognize 
that this bias is a consequence of the amplitude distribution 
of the gravity waves and is not an instrument bias. The 
amplitudes of the prominent waves near the damping limit 

are •roportional to 1 / m2p • /•2z.P • ]l, z4 ' and 1 / oo p •: r p 
• T where Tis the wave period. 

The situation is quite different if we employ the LIT 
model spectrum. Since the lidars and radars are primarily 
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sensitive to the shorter vertical scale waves in the saturation 

region where Dewan and Good [1986] argued that Am o• m, 
the predicted mean square amplitude is 

< p'(m, to) 2 > 
<,0> 2 <p>2 

rn > m. = mHR (29) 

In this case, the largest-amplitude waves are those with the 
longest periods near the inertial period and the largest 
vertical wavelengths near /•HR = /•z*' If the LIT model is 
valid, then the lidar/radar observations should be biased 

toward the low wavenumber, low-frequency waves near the 
intersection of the m = mHR and to=flines in Figure lc. In 
this case, the mean square amplitudes are proportional to 
1/m2o•/1,z2 and I/co" o,: T p _-T 2. 

7. Comparisons With Observations 

During the past decade, many observational studies of 
monochromatic gravity waves have been published. Reid 
[1986] and Manson [1990] summarized the characteristics 
of numerous quasi-monochromatic gravity waves observed 
in the mesopause region, using methods based on time 
series at single heights. Their data filled significant portions 
of the shaded areas shown in Figure 1. Unfortunately, many 
of the available data sets include measurements of the 

observed frequencies, rather than the intrinsic frequencies 
of the waves. Doppler effects of the background wind field 
can introduce errors in the inferred wave parameters. 

An extensive comparison of wave parameters measured 
by the different instruments was published recently by 
Collins et al. [1996]. These workers compared the 
characteristics of 61 waves measured by the middle and 
upper atmosphere (MU) radar at Shigaraki, Japan (35øN) 
[Muraoka, 1988; Tsuda et al., 1990; Nakamura et al., 
1993], 14 waves observed by an OH imager near 
Nederland, Colorado (40øN) [Taylor et al., 1995c], and 139 
waves observed with a Na lidar at Urbana, Illinois (40øN) 
[Collins et al., 1996]. These data sets were chosen because 
they were acquired at roughly the same latitude and are 
relatively extensive (214 waves). The imager and lidar only 
measured the observed frequency, while the intrinsic 
frequency was derived from hodographs of the horizontal 
wind field measured by the MU radar. Even though 
Doppler effects can significantly alter the relationships 
plotted in Figure 1 for the lidar and imager data, this 
extensive data set does reflect the observational limits 

discussed previously. 
The 214 waves are plotted in Figure 3 along with the 

various limits illustrated in Figure 1. We retain the 
symbolism used by Collins et al. [1996, Figure 13]. The 
solid circles are the OH imager data, the open circles are the 
MU radar data, and the plusses are the lidar data. In Figure 
3a the imager data are roughly distributed to the left of the 
response limit near mOH. Because of the high sensitivity of 
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Figure 3. Monochromatic gravity waves observed at 
Urbana (plusses) with a Na lidar, Nederland (solid circles) 
with an OH imager, and Shigaraki (open circles) with the 
MU radar. The observation limits are plotted for mOH = 
2•r/5 km, •FOV = 500 km, •HR = 20 km,/1,z* = 12 km, and 
D zz = 320 m2/s. The data are adapted from Collins et al. 
[1996]. 

the imager and the intense OH emissions, waves with 
vertical wavelengths as small as 5 km were observed. In 
Figure 3b the imager waves are roughly distributed along 
the OH response limit where their horizontal phase speeds 
and hence the vertical wavelengths are approximately 
constant. The MU radar, which observed over a height 
range of approximately 30 km, measured the long vertical 
wavelength long-period waves. The radar data in Figure 3a 
are clustered about the diffusive damping limit near the 
inertial period and •z* where the wave amplitudes are 
maximum. In Figure 3b the radar data are distributed along 
the diffusive damping limit just below the height range 
limit but at the smaller values of h (i.e., at the larger 
horizontal wavelengths). The lidar data are distributed all 
along the diffusive damping limit in Figure 3a, from the 
inertial period to almost the buoyancy period. In Figure 3b 
the lidar waves are also distributed along the diffusive 
damping limit just below the height range limit. These data 
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are qualitatively consistent with the observational limits 
described in Figure 1. 

Plotted in Figure 4 are histograms of the observed phase 
velocities for imager data acquired during the Airborne 
Lidar and Observations of Hawaiian Airglow (ALOHA-93) 
campaign at Haleakala, Maui (20øN) and during the NASA- 
Instituto de Pesquisas Espaciais (INPE) Guara campaign 
(1995) at Alacantara, Brazil (2.3øS). During both 
campaigns, wave data were obtained from all-sky images of 
the NIR OH emissions (peak altitude-87 km), the visible 
OI(557.7 nm) emissions (peak altitude -96 km), and the 
visible Na(589 nm) emissions (peak altitude ~90 km). 
Although the same wave structures were frequently imaged 
in all three emissions, for this study such displays are 
counted as one event. The distribution of observed 

horizontal phase speeds for the ALOHA-93 campaign (53 
events), binned in 10 m/s intervals, ranges from 20 to 100 
m/s with a mean of 50 m/s. The typical measurement error 
is less than 3 m/s. The Guara data (49 events) exhibit a 
similar range of phase speeds with a mean of 48 m/s. The 
data from both campaigns exhibit a narrow distribution 
about the mean. More than 80% of the ALOHA-93 phase 
speeds and almost 50% of the Guara phase speeds lie 
within +20 m/s of the means. This very narrow range of 
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Figure 5. Distribution of intrinsic horizontal wavelength 
versus observed period for the (a) ALOHA-93 and (b) 
Guara imager data (open circles, OH image data; stars, OI 
image data; crosses, Na image data). 
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Figure 4. Histograms of the observed horizontal phase 
speeds for the (a) ALOHA-93 and (b) Guara campaigns. 
The ALOHA-93 imager data (53 events) were obtained 
during October 1993, while the Guara imager data (49 
events) were obtained during August through October 
1995. 

phase speeds contrasts with the wide range of possible 
wavelengths and periods. Gravity wave periods at these 
altitudes and latitudes can vary from about 5 min to tens of 
hours, while the horizontal wavelengths can vary from a 
few kilometers to several thousand kilometers. As we 

explained earlier, the narrow range of phase speeds is a 
direct consequence of the combined effects of the gravity 
wave vertical wavenumber spectrum and the airglow layer 
response characteristics. 

Plotted in Figure 5 is the horizontal wavelength versus 
observed period for the ALOHA-93 and Guara data sets. 
The range and distribution of the data points are similar for 
both data sets. There is a clear systematic dependence of X h 
on observed period. The maximum likelihood power law 
fits to the data are 

•h (km) = 5.3T{}•s 7 (min) 

a rim0.82 (min). •h(km) = •-"•obs 

ALOHA-93 (30) 

Guara (31) 
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Also plotted in Figure 4 is the OH imager limit (dashed 
line) computed with •'OH = 2rYOH = 8.8 km which is 

•,h(km) = •,oHT/r B = 1.8T(min). theoretical limit (32) 

In both cases the data lie just above the theoretical limit 
where the wave amplitudes are largest, in good accord with 
predictions. However, the imager limits were derived 
assuming no background wind (i.e., for intrinsic periods), 
while the observed data are influenced by Doppler effects 
of the mean wind field. Because many of the events 
exhibited high horizontal phase speeds (50-70 m/s) and the 
mean horizontal winds are typically 10-20 m/s for these 
altitudes (tidal winds can sometimes approach 40 m/s at 
these latitudes), Doppler effects should be small for these 
waves (except when the tidal winds, which can approach 40 
m/s at these latitudes, are large) so that the observed periods 
should be similar to the intrinsic period. Both data sets are 
consistent with the observational limits illustrated in Figure 
2. 

8. Conclusions 

Radars, lidars, and airglow imagers are all making 
significant contributions to our knowledge and under- 
standing of gravity waves in the mesopause region. Each 
instrument is capable of observing quasi-monochromatic 
waves, as well as the spectra of the quasi-random pertur- 
bations in atmospheric density, temperature, and winds. We 
have shown that these instruments observe important but 
limited regions of the wave spectrum. The regions are 
related to the spatial and temporal limitations of the 
measurements and, in the case of imagers, by the response 
characteristics of the airglow layers. Accurate interpretation 
of the observations requires a clear understanding of the 
limits and biases of each measurement technique. 
Fortunately, lidars, radars, and imagers are often most 
sensitive to waves in largely different regions of the 
spectrum so that their measurements are complementary. 
Some of the most interesting studies are likely to emerge 
from wave observations in the narrow regions where the 
instrument sensitivities overlap and the intrinsic parameters 
of the waves can be completely characterized. Our analysis 
shows that the existing database, collected with ground- 
based instruments has significant limitations. Waves with 
periods longer than about 5 hours, vertical wavelengths 
exceeding 15-20 km, and horizontal wavelengths exceeding 
~1000 km are not presently sampled. While powerful 
Rayleigh/Na lidars and mesosphere-stratosphere-tropo- 
sphere (MST) radars observing over extended height ranges 
may be able to probe some of this spectral region, space- 
borne instruments such as the high-resolution Doppler 
imager (HRDI) and wind imaging interferometer (WINDII) 
on UARS are the techniques most likely to provide the key 
observations of these large-scale waves. Although our 
imager results were derived specifically for OH emissions, 
gravity wave imaging using the other mesospheric airglow 
emissions will be subject to essentially the same limitations. 

The only differences will be the values of the emission 
response limits. Since the widths of the Na, O, and 0 2 
airglow layers are comparable to the width of the OH layer, 
we expect the emission response limits for all of these 
emissions to be similar. The brightness of the emissions and 
the sensitivity of the imager also influence the response 
limits. Observations can be extended to shorter vertical 

wavelengths by employing sensitive imagers observing the 
brightest emissions and to longer wavelengths by em- 
ploying beam swinging or multi-instrument radar tech- 
niques. 
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