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Abstract.

A high-performance, all-sky imaging system has been used to obtain novel data

on the morphology and dynamics of short-period (<1 hour) gravity waves at equatorial
latitudes. Gravity waves imaged in the upper mesosphere and lower thermosphere were
recorded in three nightglow emissions, the near-infrared OH emission, and the visible
wavelength OI (557.7 nm) and Na (589.2 nm) emissions spanning the altitude range ~80-
100 km. The measurements were made from Alcantara, Brazil (2.3°S, 44.5°W), during the
period August-October 1994 as part of the NASA/Instituto Nacional de Pesquisas
Espaciais “Guara campaign”. Over 50 wave events were imaged from which a statistical
study of the characteristics of equatorial gravity waves has been performed. The data were
found to divide naturally into two groups. The first group corresponded to extensive,
freely propagating (or ducted) gravity waves with observed periods ranging from 3.7 to
36.6 min, while the second group consisted of waves of a much smaller scale and transient
nature. The later group exhibited a bimodal distribution for the observed periods at

5.18 = 0.26 min and 4.32 = (.15 min, close to the local Brunt-Vaisala period and the

acoustic cutoff period, respectively. In comparison, the larger-scale waves exhibited a clear
tendency for their horizontal wavelengths to increase almost linearly with observed period.
This trend was particularly well defined around the equinox and can be represented by a
power-law relationship of the form A, = (3.1 = 0.5)75%=%1% where A, is measured in
kilometers and 7, in minutes. This result is in very good agreement with previous radar
and passive optical measurements but differs significantly from the relationship A, « 755
inferred from recent lidar studies. The larger-scale waves were also found to exhibit strong
anisotropy in their propagation headings with the dominant direction of motion toward

the ~NE-ENE suggesting a preponderance for wave generation over the South American

continent.

1. Introduction

Observations of gravity waves at equatorial latitudes are
extremely rare. Gravity waves, particularly small-scale, short-
period (<1 hour) waves, are known to be important drivers of
the mean winds and thermal structure of the mesosphere and
lower thermosphere via wave energy and momentum transport
[e.g., Fritts and Vincent, 1987). Variations in the seasonal flux of
these waves are therefore expected to have marked effects on
the dynamics of the upper middle atmosphere at equatorial,
middle, and high latitudes. The statistical properties of small-
scale gravity waves (at any latitude and season) are still uncer-
tain, and measurements of their occurrence frequency, hori-
zontal wavelengths, horizontal phase velocities (and hence
their observed periods and dominant directions of motion) are
of considerable importance for assessing their impact on the
local atmospheric dynamics. In this paper we present image
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measurements of an ensemble of 56 short-period wave events
recorded in the visible and near-infrared (NIR) nightglow
emissions. The measurements were made from Alcantara, Bra-
zil (located on the magnetic equator at 2.3°S), as part of the
NASA/Instituto Nacional de Pesquisas Espaciais (INPE)
Guara campaign, and provide a rare opportunity to investigate
the occurrence and dominant characteristics of short-period
gravity waves in close proximity to the geographic equator.
To date, most nightglow imaging studies have utilized the
bright NIR hydroxyl (OH) emission which originates from a
well-defined layer (~8 km half width) centered at a mean
altitude of ~87 km [Baker and Stair, 1988). These observations
have mainly been made from midlatitude mountain sites and
have revealed a variety of wave motions. Classification of the
waves into different groups has been attempted by several
researchers [e.g., Clairemidi et al., 1985; Armstrong, 1986; Tay-
lor, 1986]. In most cases this classification has been based on a
somewhat arbitrary division of the observed range of horizon-
tal wavelengths (A,,) which vary from typically 5 < A, < 100
km. As a result of these studies, distinct spatial and temporal
properties have emerged which suggest the existence of two
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Table 1. Filter Details and Exposure Times for the Guara
Campaign

Exposure

Filter/Emission, Bandwidth, Transmission, Time, Altitude,

nm nm % s km
OI (557.7) 2.67 81 90 96
Na (589.2) 237 81 120 90
OH* (715-930) 215 87 15 87
Bg (572.5) 2.65 83 90 o
OI (630.0) 2.33 83 180 280

*With a 20 nm notch at 865 nm to suppress the O,(0, 1) emission.

types (or groups) of short-period waves. The most prominent
group, termed “bands,” usually appears as an extensive series
of quasi-monochromatic waves that exhibit horizontal wave-
lengths of a few to several tens of kilometers and phase speeds
up to ~100 ms . Band displays are quite persistent, lasting for
typically a few hours, but it is not uncommon for them to
endure for over 8 hours [e.g., Taylor and Hill, 1991]. Occasional
studies have shown that this type of wave pattern is associated
with the passage of freely propagating (or ducted) gravity
waves most probably of tropospheric origin [e.g., Taylor and
Hapgood, 1988; Taylor et al., 1995a]. Recent measurements
indicate that gravity waves associated with band patterns are as
prevalent over oceans as they are over continental mountain-
ous regions, suggesting weather disturbances rather than oro-
graphic forcing as their most likely source [Taylor and Hill,
1991; Swenson et al., 1995; Taylor et al., 1995a]. The second
type of wave motion, termed “ripples,” is distinct from bands in
that ripples extend over much smaller geographic areas (typi-
cally <5 X 10® km?) and usually exhibit considerably shorter
lifetimes (<45 min) [Peterson, 1979]. Because of their transient
nature, observations of ripples are comparatively few and have
until now been restricted to measurements of their horizontal
wavelengths which range from ~6 to 16 km [Peterson and
Adams, 1983). To our knowledge, only three ripple velocity
measurements have been reported, suggesting relatively high
horizontal phase speeds of 71 and 91 ms ™" [Peterson, 1979] and
46 ms™" [Taylor and Hill, 1991].

The apparent similarity in morphology and dynamics of rip-
ple events to the “billow” waves seen in noctilucent clouds
(NLC) [e.g., World Meteorological Organization (WMO), 1970],
suggests similar-type source mechanisms [Taylor, 1986; Claire-
midi et al., 1985]. A likely source for ripples and billows is
thought to result from the chance combination of wind and
wave motions (of tidal or other origin) creating localized re-
gions of strong wind shear which in turn generate small-scale
waves in situ through the Kelvin-Helmholtz instability [e.g.,
Haurwitz and Fogle, 1969; Taylor and Hapgood, 1990]. This is a
dynamic-type instability and in the absence of strong winds, or
if the winds are aligned parallel to the perturbing wave, then
the ripple structures should appear “spanwise” (i.e., oriented
approximately parallel to the perturbing wave front). However,
Fritts et al. [1993] have recently suggested an alternative three-
dimensional, convective-type instability as a potential source
for the generation of some of the smaller-scale (~5 km), short-
er-lived (<several minutes) wave events. In this case and under
similar wind conditions the resultant ripple structures will be
“streamwise” oriented and should appear approximately per-
pendicular to the primary wave front. In principle, measure-
ments of small-scale waves in the presence (and/or absence) of
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larger-scale motions can therefore be used to discriminate
between these source mechanisms.

With the development of sensitive solid state (CCD) imag-
ing systems, measurements of gravity waves in the faint visible
wavelength OI(557.7 nm) nightglow emission (peak altitude
~96 km) and the Na (589.2 nm) emission (peak altitude ~90
km) are now practical even from low-altitude sites. As these
emissions peak at heights above the OH layer (peak altitude
~87 km), they enhance significantly the potential of image
measurements for investigating the occurrence and properties
of gravity waves that exist throughout the upper mesosphere
and lower thermosphere (altitude range ~80-100 km). For the
Guara campaign a multiwavelength, all-sky imaging system was
used to record gravity waves over a large geographic area
(>0.6 X 10° km?) using sequential measurements of the NIR
OH and visible wavelength OI and Na nightglow structure.
Observations were made during two periods (6 August to 10
September and 1-16 October 1994) in conjunction with radar,
photometer, and in situ rocket soundings.

In this study we present the results of the image analysis
classifying the data into two categories using the “band” and
“ripple” criteria defined earlier to determine the average prop-
erties of the quasi-monochromatic wave motions present at
equatorial latitudes. The results have then been compared with
previous gravity wave measurements at middle and low lati-
tudes obtained by radar and lidar techniques [e.g., Meek et al.,
1985; Reid, 1986; Gardner and Voelz, 1987; Manson, 1990; Be-
atty et al., 1992]. A clear tendency for the observed period of
the bands to increase systematically with horizontal wavelength
was found during the campaign. This trend was particularly
well defined for the wave motions imaged around the equinox.
Associated with this significant trend, a marked anisotropy in
the distribution of wave azimuths was observed. The dominant
direction of motion of the bands was found to be toward the
equator from the SW-WSW suggesting frequent, recurring
wave generation over the South American continent. In com-
parison, the ripple data exhibited an unusual bimodal distri-
bution of horizontal wavelength with observed period.

2. Gravity Wave Imager

The image measurements were made using a large area
(6.45 cm?) solid state charged coupled device (CCD), consist-
ing of 1024 X 1024 pixels, thermoelectrically cooled to —40°C.
The high quantum efficiency (~80% at visible and 50% at NIR
wavelengths) and low-noise characteristics of this device (dark
current <0.5 e-/pixel/s) provide an exceptional capability for
quantitative measurements of faint, low contrast (>5%) grav-
ity wave signatures in the nightglow emissions. The camera was
fitted with a fast (f/4) telecentric lens system and a five-
position, temperature stabilized, filter wheel providing all-sky
{(180°) coverage using narrowband interference filters. The for-
mat of the all-sky lens system was such that each pixel in the
CCD array subtended an equal angle on the sky resulting in an
almost linear relationship between zenith angle and distance as
measured from the center of the image. Table 1 lists the char-
acteristics of the filters used for these measurements. Exposure
times ranged from 15 s for the bright OH emission to 90 s and
120 s, respectively, for the fainter OI(557.7 nm) and NaD lines.
As part of the image sequence, two additional measurements
were made, one at 572.5 nm to assess the background sky
conditions and the other at 630 nm to investigate the high
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Figure 1. Frequency of occurrence of wave structure (bands and ripples) and “clear sky” observing hours for
the Guara campaign. Approximately 120 hours of useable data were obtained during two periods: 6 August

to 10 September and 1-16 October 1994.

altitude (~280 km) F-region OI(630.0 nm) emission (the re-
sults of which will be the subject of a separate report.

For this study the background images were used to help
discriminate the presence of tropospheric cloud in the data.
More detailed spectral analyses utilize the background images
to subtract out the effects of scattered light (mainly from the
city of Sao Luis ~40 km away) and airglow continuum emis-
sion from the data images prior to analysis. Observations of
each nightglow emission were recorded once every ~9 min
except for the OI(557.7 nm) emission which was sampled every
4-5 min. For a pure monochromatic wave motion this implies
a limiting Nyquist period of 18 min for the OH and ~9-10 min
for the OI(557.7 nm) emissions. However, spatial nonunifor-
mities in the waveforms, such as “fronts” or “edges,” often
enable us to accurately track the motion of individual wave-
forms and hence to evaluate wave periods significantly less
than the Nyquist limit.

3. Analysis and Results
3.1. Guara Image Measurements

The imaging system was located at the INPE Satellite Track-
ing Station, Centro de Lancamento de Alcantara, Brazil (2.3°S,
44.5°W). Measurements were made in conjunction with the
NASA/INPE Guara campaign during two observing periods: 6
August to 10 September, as part of the “MALTED” program
[Goldberg et al., 1995], and 1-16 October, as part of the
“SPREAD F” program. Although the measurements were
made from approximately sea level, a wealth of high contrast,
short-period wave structure was recorded during both observ-
ing periods. This result is depicted in Figure 1 which plots the
frequency of occurrence of wave structure at any position
within the “all-sky field,” for the OI(557.7 nm) image data. In
practice, the useful field of view was found to extend down to
zenith angles of ~80° (limited primarily by local horizon and
tropospheric scattering and extinction effects). This corre-
sponds to an effective ground range of ~480 km for the OI
emission assuming a mean altitude of 96 km. Depending on the
orientation of the waveforms, the cutoff for identifying periodic
structure at this limiting range is ~20 km. Despite the some-
times severe restrictions imposed by meteorological cloud, ap-
proximately 120 hours of useable data were recorded on 23 out
of 25 nights, of which ~70 hours contained distinct wave struc-

ture indicating a relatively high frequency of occurrence
(~60%).

Figure 2 shows four examples of the gravity waves imaged
during this campaign. In Figure 2a a well-developed extensive
OI(557.7 nm) band display is evident. This wave pattern ex-
hibited a horizontal wavelength A, = 32.0 = 0.9 km and a
phase speed v, = 67 = 1 ms™ ! indicating an observed period

Top = 8.0 * 0.3 min. The waves were observed for more than
5 hours as they progressed toward the ~NE. Figure 2b illus-
trates a similar wave pattern recorded in the NIR OH emission
approximately one month later. In this example over 11 near-
linear wave crests of average A, = 18.2 = 0.3 km were
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Figure 2. Four images showing examples of gravity wave
structure recorded in the OI(557.7 nm) and near-infrared OH
emissions during the campaign: (a, b) extensive bands; (c)
example of transient ripples; (d) a complex mixture of band
and ripple waves. Note that the oval silhouette at the bottom of
each image is the Instituto Nacional de Pesquisas Espaciais
satellite tracking antenna, while the dark patches at low ele-
vations in Figures 2b and 2c are clouds.

6 Oct 00:31UT 28 A“g,'
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Figure 3. Map showing the geographic location and orienta-
tion of the complex OI(557.7 nm) band and ripple display
shown in Figure 2d. The data are plotted for an assumed
emission height of 96 km.

imaged as they progressed toward the ~NNE on a similar
heading to the bands shown in Figure 2a.

Figure 2c shows an example of a ripple display. During the
Guara campaign over 25 ripple events were recorded yielding
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novel measurements of their velocities and observed periods.
In this example the ripples were imaged in the OI(557.7 nm)
emission and exhibited a mean A, = 12.0 = 0.3 km and an
average v, = 35.4 + 1.4 ms™?, yielding a 7, = 5.6 = 0.3 min.
More complex wave patterns consisting of a mixture of two (or
more) band patterns or band and ripple displays were observed
on several occasions during this campaign. The OI (557.7 nm)
image of Figure 2d shows an extensive set of N-S aligned
ripples in the zenith and eastern sky (A, = 8.6 = 0.1 km)
superposed on a faint band pattern (A, = 22.7 = 0.6 km)
that was observed to progress from low elevations toward the
equator, again on an ~ENE heading. The geographic location,
orientation, and the relative scale sizes of these two wave
displays are shown in the map of Figure 3 which also illustrates
the observing geometry for these measurements.

3.2. Equatorial Wave Characteristics

Analysis of this data set has focused on identifying wave
events, primarily in the OI(557.7 nm) emission (peak altitude
~96 km), with a subsequent investigation of the lower-altitude
NaD (589.2 nm) and NIR OH emissions to determine addi-
tional events that were not evident in the OI data set. The
images were calibrated first using the star background, and
then prominent wave features were mapped onto the Eatth’s
surface to form a series of maps (e.g., Figure 3), from which the

Table 2. Chronological List of Measured Wave Parameters (A, v,, 7,,) for Band
Events and Calculated Values for (7,),, and (A,),, Using Model Winds

Band Ay, Uy, Tobs Azimuth, Ths (7)1 (A) s

Event Date Layer km ms~! min °N min min km
1 28 Aug. (0) 22.7 36 10.4 60 (5.10) 15 8.0
2 29 Aug. OH 16.4 27 10.0 170 (5.10) 12 7.5
3 29 Aug. Ol 254 49 8.6 160 (5.10) 9.3 17
4 30 Aug. OH 18.4 26 11.9 80 5.10 13 8.1
5 30 Aug. OH 17.6 20 149 50 5.10 14 6.9
6 30 Aug. (6) 309 49 10.5 270 5.10 8.1 25
7 1 Sept. Ol 15.7 38 6.9 210 5.14 6.0 26
8 1 Sept. () 23.6 62 6.4 210 5.14 5.8 45
9 1 Sept. Ol 27.5 33 13.7 140 5.14 20 73
10 1 Sept. (0)1 27.9 55 84 100 5.14 12 14
11 1 Sept. (0)1 20.6 33 10.3 110 5.14 18 6.1
12 1 Sept. Na 30.8 14 36.7 255 5.14 20 8.2
13 1 Sept. OH 18.2 27 11.1 335 5.14 8.8 13
14 2 Sept. OH 13.8 63 3.7 55 5.21 3.6 ?
15 2 Sept. OH 20.7 41 8.4 60 5.21 8.2 17
16 3 Sept. OH 13.9 57 4.1 80 5.03 42 ?
17 3 Sept. Ol 39.4 71 9.3 65 5.03 11 19
18 5 Sept. Ol 26.6 61 7.2 70 5.13 9.3 18
19 5 Sept. Ol 32.0 67 8.0 95 5.13 10 18
20 5 Sept. OH 15.4 46 5.6 50 513 5.1 ?
21 5 Sept. (0)1 37.6 56 11.2 60 5.13 14 14
22 6 Sept. Ol 15.6 54 4.8 50 5.24 6.0 28
23 7 Sept. (0)1 383 56 11.5 65 5.14 15 14
24 1 Oct. (0)1 17.5 68 43 355 5.02 43 ?
25 2 Oct. Ol 41.7 59 11.8 60 (5.02) 16 13
26 3 Oct. OH 18.2
27 5 Oct. Ol 31.0 62 8.3 310 515 7.0 34
28 5 Oct. () 25.2 61 6.9 70 5.15 9.9 15
29 10 Oct. Ol 20.3 42 8.2 160 5.26 8.6 16
30 11 Oct. (0 19.6 53 6.2 315 529 52 ?
31 11 Oct. Ol 31.7 55 9.6 150 529 11 18

The date listed corresponds to the evening when the measurements were initiated. Values of 7, were
deduced from O, and OH temperature measurements using a tilting filter photometer; values in paren-
theses are estimated. The space between events 13 and 14 indicates the division into two sets correspond-
ing to the onset of strong anisotropy in the wave headings (i.e., prior to and after 2 September). The
question mark indicates situations where a value for (A,),, is indeterminate using equation (2) as the

estimated intrinsic period was less than 7,,.
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Table 3. Chronological List of Measured Wave Parameters (A, u,, 7,;,) for Ripple Events

Ripple Aps Uy, Tobs Azimuth, T,
Event Date Layer km ms~! min °N min
1 17 Aug. (0)1 16.1 41.5 6.5 130
2 17 Aug. OH 16.0 514 5.2 135
3 17 Aug. OH 9.8
4 17 Aug. OH 10.5 .
5 17 Aug. OH 9.5 X
6 22 Aug. Ol 14.9 438 5.7 110
7 28 Aug, Ol 8.6
8 1 Sept. ()1 103 62.0 2.8 210 5.14
9 1 Sept. (0] 10.2 29.9 5.7 110 5.14
10 1 Sept. (0)¢ 12.8 38.9 5.5 75 5.14
11 1 Sept. Na 11.3 27.3 6.9 200 5.14
12 1 Sept. OH 7.5 29.7 4.2 180 5.14
13 1 Sept. OH 6.0 233 43 175 5.14
14 2 Sept. OH 8.2 249 5.5 80 521
15 5 Sept. OH 10.2 40.7 42 130 5.13
16 3 Oct. Ol 114 25.4 7.5 20 cen
17 3 Oct. Ol 17.8 69.6 43 40 e
18 5 Oct. (0 14.1 859 27 180 5.15
19 6 Oct. Ol 12.0 354 5.6 40 5.20
20 6 Oct. (o) 123 48.6 4.2 30 5.20
21 10 Oct. (0) 1 17.7 53.9 5.5 0 5.26
22 11 Oct. (0)} 12.8 477 4.5 170 5.29
23 11 Oct. (0) 1 7.0 e X e 5.29
24 12 Oct. Ol 153 47.5 5.4 340 5.30
25 12 Oct. (0) 1 10.0

Note that on six occasions it was not possible to determine the wave phase speed accurately. Values of
7, are listed (where available) for comparison with the deduced 7, for the 19 events. As in Table 2, the

space indicates the division into two groups.

horizontal parameters (A,, v,, 7,,) and the wave propagation
heading were determined for each identifiable event. (Note
that very low contrast features that were not easily identifiable
in the data have not been included in this analysis.) A full
description of this spatial analysis procedure (as applied to
narrow angle image data) has been given by Hapgood and
Taylor [1982]. This method of analysis was determined to be
the most practical, in this case, as attempts to perform two-
dimensional spectral analysis of the wave motions (as de-
scribed by Taylor and Garcia [1995] were often impeded by
transient clouds. The results of the spatial analysis were then
separated into two groups corresponding to bands and ripples
using the differences in the geographical extent and the dura-
tion of each wave pattern as the primary dividing criteria. A
total of 37 OI(557.7 nm) displays were analyzed in this manner,
21 of which consisted of extensive band motions (often, but not
always, occupying the entire field of view), with 16 small-scale,
short-duration ripple events. In addition, 17 OH displays (9
bands and 8 ripples) and 2 Na(589.2 nm) displays (1 band, 1
ripple) were observed totaling 56 wave events. Because of
clouds the number of displays yielding accurate measurements
of wave velocity was reduced to 49 events. For comparison, a
summary of the measured band and ripple parameters is given
in Tables 2 and 3, respectively. On some occasions the wave
activity was very high, and several band and/or ripple events
were imaged during a single night (e.g., September 1). However,
bands and ripples were not always present on the same nights.

Figure 4 plots the distribution of horizontal wavelengths for
the bands and ripples as a function of their occurrence fre-
quency. The data have been binned into histograms of 5 km
width (which is well within the typical measurement accuracy
of *3% corresponding to <=1 km) to determine the most
frequently observed horizontal scale sizes. The strong tendency

for ripples (Figure 4b) to occur over a very narrow wavelength
range is immediately apparent with ~83% of all events having
wavelengths in the 5-15 km range. In contrast, the band dis-
plays exhibited a significantly broader range of horizontal
wavelengths extending from ~10-45 km (Figure 4a) and
~94% of all bands had wavelengths >15 km. The average
band wavelength was 24.3 km, approximately twice that of the
ripples at 11.7 km.

Figure 5 shows the corresponding distribution of wave
speeds (for 49 events) plotted at 10 ms™! intervals (typical
individual measurement error +5% or <3 ms™!). The band
measurements (Figure 5a) range from 14 to 71 ms™' and
exhibit an average value of 48 ms™'. However, there is a clear
tendency for many of the waves in this data set to exhibit
relatively high phase speeds, with the highest frequency of
occurrence in the 50-60 ms™! range. Surprisingly, the ripples
(Figure 5b) exhibited a similar distribution range to the bands
(23-86 ms™') and an almost identical average speed of 44
ms~!, No obvious tendency toward high phase speeds was
found. The resulting distribution of observed wave periods
(binned at 2 min intervals) is given in Figure 6. The ripples
exhibit a remarkably sharp distribution centered on the 4-6
min bin (with ~74% of events occurring within this range) and
an average wave period 5.1 min. In comparison, the distribu-
tion of band periodicities is considerably broader than for the
ripples and shows a clear tendency toward longer wave periods
(with 83% of bands exhibiting periods >6 min) and a signifi-
cantly higher average value of 9.6 min (approximately twice
that of the ripples).

3.3. Distribution of Wave Headings

The propagation headings for both wave groups, summed
over 15° intervals, are plotted in Figure 7. The distribution of
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Figure 4. Histogram plots showing the distribution of hori-
zontal wavelengths for (a) bands and (b) ripples as a function
of number of wave events. Note the strong tendency for short
horizontal wavelengths for the ripples.

bands (Figure 7a) is highly anisotropic, exhibiting a strong
preference (12 events) for wave progression toward the ~NE-
ENE (azimuth range ~45°-75°). In contrast, the ripples (Fig-
ure 7b) indicate a much broader range of propagation azi-
muths with an underlying tendency for eastward phase
progression (with 13 out of 19 events exhibiting an eastward
component of motion). Figure 8 depicts the velocity distribu-
tion of the two wave groups. Although the phase speeds of the
bands and ripples varied considerably (from ~10 to ~90
ms '), there is no obvious evidence of an azimuthal bias for
faster or slower wave motions. For reasons that are discussed
later (section 4), each plot has been divided into two parts: the
dashed arrows indicate the velocity vectors for all wave events
observed prior to 2 September, while the solid arrows repre-
sent wave vectors recorded on and after this night. The band
azimuths (Figure 8a) appear to be randomly distributed prior
to 2 September. However, measurements on subsequent nights
indicate a major change in their azimuthal distribution with a
large number of displays (>65%) exhibiting motion toward the
~NE-ENE. The majority of the wave events responsible for
the strong anisotropy in the band headings (Figure 7a) there-
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fore occurred on and after 2 September. The ripple data (Fig-
ure 8b) also indicate a distinct change in their meridional (but
not zonal) components of motion prior to and after this date,
with a clear preference for southward wave progression during
the first interval followed by a reversal to northward progres-
sion (in all but two cases) during the second interval.

3.4. Wavelength-Period Trends

Prior to considering possible trends involving spatial scales
and observed periods, it is important to distinguish between
the measured and the derived quantities and to mention anal-
ysis procedures. For nightglow imaging studies, the measure-
ments yield directly (A,, v,) pairs. The measured A, (typical
measurement uncertainty of £3%]) is an intrinsic wave param-
eter, whereas v, (typical error bars of £5%) is an observed
phase velocity, which usually differs from its intrinsic counter-
part because of background winds. These parameters are used
to derive 7, (typical error bars of +6%) from the ratio (A,/u,).
Since values of 7, are derived from this ratio, it is important
to examine first the distribution of (A, v,) pairs for the band
and ripple events before considering possible trends in their
horizontal and vertical scales with observed period. Figure 9
shows a (A,, v,) scatter diagram for all of the wave events
listed in Tables 2 and 3. Each point is associated with a 7,
which is the same as the intrinsic period when Doppler-shifting
effects are negligible. The ripple events (crosses) exhibit a
visually significant positive trend which is expected, based on
the sharply peaked distribution of observed periods in the
histogram of Figure 6b. However, an interesting feature, not
apparent in the histogram plot, is a strong tendency toward a
bimodal trend for the ripples, suggesting two preferred peri-

Number of Events

Ripples

N umber of Events

0 20 40 60 80
Horizontal Phase Speed (ms-1)

100

Figure 5. Histogram plots showing the distribution of ob-
served horizontal phase speeds for (a) bands and (b) ripples as
a function of number of wave events. Note the similar range of
phase speeds in each case.
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odicities. This feature is also apparent in Figures 10 and 12
(which present A, and v,, as a function of 7,) and is discussed
in more detail in section 4.4.

Initial inspection of the band events of Figure 9 indicate that
they are almost randomly distributed. However, when coded to
conform to the division indicated in the velocity distribution
data (Figure 8), it is clear that the distribution of (A,,, v,) pairs
observed prior to 2 September (open circles) is significantly
different from that observed after this date (solid circles). The
mean A, values for the two distributions are comparable, at 23
and 26 km, respectively. However, the mean horizontal phase
speed of the waves observed =2 September is significantly
higher (~57 ms™?) than that observed earlier in the campaign
(~36 ms™ ). Furthermore, the spread in the values about each
mean is much larger for the waves observed prior to 2 Sep-
tember than after this date (fractional standard deviations of
0.39 and 0.15, respectively). Together, these observations sug-
gest markedly different source and/or propagation conditions
during these two observing intervals.

Figure 10 summarizes the Guara image results in a plot of
the intrinsic A, as a function of 7. As in the previous figure,
the bands are marked by the open and solid circles and the
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Figure 6. Histogram plots showing the distribution of ob-
served wave period for (a) bands and (b) ripples as a function
of number of wave events. Note the prominent peak in the
ripple data at ~5 min.
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Figure 7. Plot showing the distribution of wave headings
(summed over 15° intervals) for (a) bands and (b) ripples. Note
the strong preference for bands to progress toward the ~NE-
ENE.

ripples by the crosses. In this format all of the ripple events are
seen to reside in a small cluster bounded by wavelength limits
of 5-20 km and periods between 2 and 8 min. In comparison
the bands exhibit a clear tendency for larger values of A, with
increasing 7.,. The range of horizontal wavelengths for a given
T, also increases significantly as 7, increases. To investigate
trends in the data, the three wave components identified in
Figure 10 (i.e., ripples, bands =1 September and bands =2
September) are presented in individual scatter diagrams (in
log-log format) in Figure 11. Regression analyses were carried
out following procedures similar to those described by Won-
nacott and Wonnacott [1981]. An examination of the deviations
associated with A, and 7, revealed similar fractional values
which greatly exceed the experimental uncertainties. Hence,
for this study, an estimation technique was adopted which
accounted for significant stochastic variability in both A, and
Top- In Figure 11c the dashed line through the distribution
reflects the weighted two-way regression corresponding to a
power-law model of the form A, = A75,. The power-law
model was selected to facilitate comparison with results from
other similar-type investigations using radar and lidar data
where this model has been widely used [e.g., Reid, 1986; Reid
and Vincent, 1987; Gardner and Voelz, 1987]. However, in the
present study, the modest ranges in the pertinent variables
contributed to very similar confidence levels for both linear
and power-law regression analyses.
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Figure 8. Two plots showing the velocity distribution of the
waves for (a) bands and (b) ripples. The dashed vectors denote
waves recorded prior to 2 September, while the solid arrows
show the waves imaged on and after this date. The direction of
motion of the waves was usually determined to within an ac-
curacy of typically +5°. Note the strong preference for band
motion toward the ~NE-ENE after 2 September.
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Figure 9. Scatter diagram showing the distribution of (A, — )
pairs for the band and ripple data. The bands have been di-
vided into two groups (before and after 2 September) accord-
ing to the onset of strong directionality in the wave headings.
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Figure 10. Plot of horizontal wavelength as a function of
observed wave period for the band (and ripple data). Note the
clear tendency for the bands to increase in wavelength with
larger observed period and the bimodal clustering of the rip-
ples around ~5 min period.

The ripple data in Figure 11a exhibit a very weak positive
trend with a squared correlation coefficient (r?) of ~1072, In
this case, the trend is insignificant since the probability of
obtaining this value of r* by chance, with N = 19 pairs of
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Figure 11. Log-log plots showing the data of Figure 10 di-
vided into three groups: (a) ripples, (b) bands =<1 September,
and (c¢) bands =2 September. The dashed line in Figure 11c
indicates the best fit power law model A, = (3.1 =*
0.5) 7126010,
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Table 4. Results of Correlation Analysis of Figure 11 for Band and Ripple Events
Standard
Power Law Power Law Square of Correlation Total Data Measurement Deviation
Coefficient, Exponent, Coefficient, Pairs, Probability,
Type of Wave Motion A B r? N P* o, op
All bands 3.9 0.86 0.29 29 <3x1073 1.0 0.40
Bands = 2 Sept. 3.1 1.06 0.85 17 <10™* 0.5 0.10
Bands =1 Sept. cee .o ~1073 12 ~1
Ripples ~1072 19 ~0.5

Parameters 4 and B were calculated using a weighted two-way regression analysis of the form A, = A75,. Note that the data point at (36.6
min, 30.8 km) was not used in the analysis since its parameters did not satisfy Chauvent’s criterion.
*Indicates the probability of obtaining the given values of r by chance.

observations, is ~0.5. Similarly, the data points in Figure 11b,
which represent the band data for the period =< 1 September,
exhibit no significant trend. In sharp contrast, the data in
“Figure 11c” (bands =2 September) are characterized by a
highly significant (r* = 0.85 with N = 17) positive trend
(B = 1.06 * 0.10). The Student’s ¢-test for this case is
consistent with a very small probability (<10™*) that this level
of correlation resulted purely by chance. We have also per-
formed a correlation analysis for the full set of band data
which, as expected, is also highly significant (measurement
probability of <3 X 1073). The resultant power-law coefficient
in this case (B = 0.86 * 0.4) was found to be the same as
that determined from the band data of Figure 1lc given the
analysis uncertainties. This trend in the band data is essentially
linear for the short-period gravity waves under consideration
here. The scaling factor (coefficient A) relating A, to 7., was
found to lie in the range ~3—-4. Thus a wave with a 7, close to
the local Brunt-Vaisala period of ~5 min would be expected to
exhibit a horizontal wavelength of ~15-20 km, whereas a ~20-
min period band pattern will have a A, of typically ~50-70 km.
For, convenience, the results of the correlation analyses (A, B,
r?) are summarized in Table 4, where the standard deviations
for the parameters A and B are given only for the highly
significant correlations.

Figure 12 plots the observed horizontal phase speeds v, as a

100 T T T
X =ripples

O =bands <1 Sept
@® =bands 2 2 Sept

é o *

60 |- Co ¢ ®_(57.1)
C - ....)é(_.._-_o._.-_~_.(-__)._

40 Xxx°~

Horizontal Phase Speed (ms'1)

—q
36.6 min
0 L 1 1
0 5 10 15
Observed Period (min)

Figure 12. Plot showing the distribution of horizontal phase
speed as a function of observed period. The two dashed lines
indicate the mean phase speeds for the bands imaged prior to
2 September (36.1 ms ') and after this date (57.1 ms™1).

function of 7. The previously noted tendency (Figure 9) for
the ripple events to be associated with two distinct observed
periods, one slightly above and the other just below the mean
value of ~5 min, is most apparent (with 14 of the 19 events
forming two vertical columns). The difference in the average
speed of the bands observed prior to and after 2 September
(indicated by the dashed lines) is a key feature of Figure 12. All
of the events recorded =2 September are characterized by
relatively high and similar values of v, (range 41.0-70.6 ms™?),
whereas those events observed prior to this date are charac-
terized by significantly lower values of v, and a somewhat
larger spread (range 14.0-61.7 ms™*). The implications of this
difference are considered in more detail (section 4.2) when the
results for the inferred vertical wavelengths are discussed.

4. Discussion

Bands were the most prevalent type of wave structure im-
aged in each of the three nightglow emissions (OI, OH, and
Na) investigated. Many of these wave displays were extensive
and are considered to be the signature of freely propagating,
short-period gravity waves [e.g., Taylor et al., 1987]. However,
recent joint radar and imaging studies performed at low lati-
tudes (~20°N) have revealed a tendency for this type of wave
motion to be Doppler ducted by the background winds at
mesospheric heights (J. R. Isler, private communication, 1996).
Depending upon the prevailing wind conditions during the
Guara campaign, a significant percentage of the short-period
wave events imaged may also have encountered mesospheric
ducting thereby increasing their horizontal range of propaga-
tion from the source. In general, the range of values (A, v,
T,) present in the Guara equatorial data (bands and ripples)
compare favorably with the ensemble of observations recorded
at higher latitudes using similar-type instrumentation. How-
ever, a tendency toward larger mean values for the horizontal
wavelength (=40 km) and longer observed periods is apparent
in some midlatitude band-type data [e.g., Armstrong, 1982,
Moreels and Herse, 1977, Herse et al., 1989; Swenson and
Mende, 1994; Fagundes et al., 1995; Taylor et al., 1995b]. Sig-
nificantly, the mean band wavelength during the Guara cam-
paign was 24.3 km and only one event exhibited a A, > 40 km.
Furthermore, all but one of the Guara displays manifested
observed periods <16 min which are substantially lower than
many previous reports from midlatitudes. These results may
herald some potentially significant differences in the dominant
characteristics of short-period equatorial gravity waves com-
pared with those regularly seen at higher latitudes, possibly
associated with variations in their most copious sources.
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Figure 13. Comparison of the image measurements recorded during the Guara campaign with the collation
of radar and optical measurements of horizontal wavelength versus observed period reported by Reid [1986].
The exploded view shows the Guara image component.

4.1.

Figure 13 compares the results of our imaging study (49
events) with the collation of measurements of horizontal scale
versus observed period reported by Reid [1986]. This data
ensemble consists of a diverse set of 408 measurements 59% of
which were derived from radar data and 41% from optical
observations. The data are plotted on a log-log scale and span
several decades in 7, and A, but are restricted significantly at
short scales by the temporal and spatial resolution of the in-
strumentation and the observing configurations employed. The
principal result of this study was the determination of a distinct
trend toward longer horizontal wavelengths as the observed
period of the waves increased. This data collation has subse-
quently been expanded greatly by the inclusion of MF Doppler
radar measurements [Reid and Vincent, 1987] and MF triple
bistatic (Gravnet) radar observations [Manson and Meek, 1988;
Manson, 1990]. However, for simplicity we have chosen to

Comparison With Radar and Lidar Measurements

compare our results with Reid’s original collation which is in
excellent agreement with the more recent radar results, as
noted by Manson [1990].

With one exception (1,, = 36.6 min), all of our data fall
within the square area outlined on the figure (which also in-
cludes several points from Reid’s collation). The trends evi-
dent in the image data compare very favorably with those
present in the ensemble of measurements (as shown in the
exploded view which includes only the “Guara component”). It
is clear that the imaging results provide an important addition
to this collation of wave events in the region of short observed
periods (7, < 20 min) and short horizontal wavelengths (A, <
50 km). This statement is also pertinent to the more extensive
wave measurements reported by Reid and Vincent [1987], Man-
son and Meek [1988], and Manson [1990] which are character-
ized by observed periods =10 min and, in the latter two stud-
ies, by A, =40 km. Since 22 of the band events in our study
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exhibited observed periods =10 min and all had horizontal
wavelengt'is =40 km, they complement substantially the larger
data sets from the MF radar investigations.

In addition to comparison with the optical and radar colla-
tion of Reid [1986] the results of this study have also been
compared with those from previous optical [Krassovsky et al.,
1977; Gavrilov and Shved, 1982; Jacob and Jacka, 1985], radar
[Meek et al., 1985], and lidar [Gardner and Voelz, 1987; Beatty
et al., 1992] studies. Figure 14 summarizes the (A, — 7g)
trends derived from these investigations. The early optical
measurements (lines 1 and 2) yielded trends associated with
relatively large horizontal wavelength waves (A, > 200 km)
that are outside the nominal limits of detection for the image
data. However, more recent radar and optical measurements
(lines 3, 4, and 5) extend to much shorter horizontal scales
(<50 km wavelength) and indicate comparable trends to that
determined from our image data. In particular, the trend (line
6) associated with the image measurements =2 September
(A, = 3.171%) is in remarkable agreement with that deduced
by Reid [1986] from his “global fit” (A, = 3.627.%) to a
diverse set of measurements. In contrast, the (A, — 7.,)
trends inferred from the lidar measurements [Gardner and
Voelz, 1987; Beatty et al., 1992] differ markedly from the radar/
optical results, particularly in the small-t_, domain. For exam-
ple, a wave exhibiting a 7, of ~10 min would be expected to
have a horizontal wavelength ~30 km according to the image
measurements, whereas its predicted A, would be over an
order of magnitude smaller (~2 km) when based on the lidar
results. Only at very long wave periods (several hours) and
large horizontal scales (=1000 km) do the values predicted by
the radar and lidar trends become similar [e.g., Nakamura et
al., 1993; Namboothiri et al., 1996]. The difference between
radar and lidar measurements of gravity wave scales has been
discussed in some detail by Mansor [1990] and more recently
by Beatty et al. [1992], but as indicated by both groups, a
satisfactory explanation has yet to emerge.

For the short-period data under discussion here, one possi-
ble explanation for the disparity between the imager and lidar
trends may have its basis in the fact that these two instruments
tend to sample different parts of the gravity wave spectrum. It
is important to reemphasize that an imager provides direct
measurements of A, and v, for short-period, quasi-monochro-
matic waves. In contrast, a lidar samples directly the vertical
wave field from which the horizontal scales are inferred using
the internal gravity wave (IGW) dispersion relationship [e.g.,
Gardner and Voelz, 1987]. Recently, Taylor et al. [1995¢] have
compared wave data recorded simultaneously by the Univer-
sity of Illinois wind-temperature lidar system and by the all-sky
imager used for these studies. Distinct gravity wave signatures
were observed simultaneously by both instruments on several
occasions, yet comparison of a (limited) data set indicates that
the waves detected by each system were quite different. The
lidar measured short vertical wavelength waves (few kilome-
ters) corresponding to large apparent horizontal wavelengths
(~200 km), while the imager showed directly much shorter
horizontal wavelength (~20 km) waves. The primary reason
for this was determined to be the differing capabilities of the
two instruments for sensing waves of different vertical scales.
The lidar is most sensitive to short vertical wavelength waves
(A, = 10 km) due to the finite width of the Na layer. In
contrast, the imager is most responsive to wave events with
vertical wavelengths greater than the width of the airglow lay-
ers (typically 6—10 km full width at half maximum (FWHM)).
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Figure 14. Summary plot showing the (A, — wv,) trends
derived from previous optical, radar, and lidar investigations.
Trend 6 indicates the results of this imaging study. Note the
dashed line indicates the diffusive damping limit determined
from the scale independent diffusive filtering theory [Gardner,
1994] for a value of D = 430 m*s™ .
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Examination of the image data of Figure 15 (which presents
values for the vertical wavelengths and intrinsic periods calcu-
lated using model winds discussed in seciton 4.2) support this
conclusion as many of the waves imaged during the Guara
campaign exhibited apparent vertical scales significantly larger
than 10 km which would make them difficuit to detect by lidar
techniques. Thus as these two instruments tend to sample
different parts of the gravity wave spectrum, it is not surprising
that the data indicate different trends. The consequences of
these differences require further investigation, but they are
clearly important and should be borne in mind when compar-
ing such data sets.

It has been suggested by Collins et al. [1996] that the Na
lidars preferentially reveal waves which are very near the
strong-diffusive-damping limit defined by Gardner [1994] in his
scale-independent diffusive-filtering theory (SIDFT) for atmo-
spheric gravity waves. In this theory the transition from un-
damped to damped wave motions is defined by the condition
» = m? D, where o = the intrinsic angular frequency; m is the
vertical wave number (27/A,), and D is the total effective
diffusivity of the atmosphere. This condition results when the
effective vertical diffusion velocity (mD) of particles in the
wave-carrying medium equals the vertical phase velocity, v, =
of/m, of the wave. Wave motions satisfying the inequality
mD > v, are assumed to be severely damped, whereas those
with v, significantly larger than mD are considered undamped.

When the condition @ = m? D is used in the IGW dis-
persion relationship, the approximate expression A, =
(V2#@D/1,)7}-> follows provided the condition (7,/7,)* >> 1
is satisfied. Here, 7, denotes the intrinsic wave period (27/w),
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Figure 15. Plot showing the estimated vertical wavelength
(.),, for 26 band events as a function of their intrinsic period
(7:), (solid curve) obtained using model wind data. For com-
parison the (A, — 7,) radar data of Meek et al., [1985] (long-
dashed curve) and the (A, — 7,,) lidar data of Beatty et al.
[1992] (dotted curve) are shown. The shaded area represents
uncertainties in the depths of the emission layers (ranging from
~6 to 10 km full width at half maximum).

and 7, is the Brunt-Vaisala period (see section 4.2). In Figure
14 the dashed line between the two lidar trends (7 and 8)
represents the (A, — 7,) relationship assuming 7, = 7, and
using values of D = 430 m? s~! and 7, = 5.0 min. This line
of demarcation between the undamped (left of line) and
damped (right of line) wave motions in the SIDF theory was
chosen arbitrarily to lie approximately midway between the
two lidar trends for clarity of presentation. (The values of D
required to match lines 7 and 8 are ~550 m*s™! and 350 m?
s~!, respectively.) The region to the left of the dashed line
(undamped waves) contains all of the trend lines derived from
optical and/or radar data. However, as noted by Manson
[1990], a small but significant number of the radar-deduced
wave events also occurred in the strong-damping region even
when intrinsic parameters were used in their analysis. Con-
cerning the optical measurements, nearly all of the reported
wave events appear to lie well within the undamped region.
The SIDF theory provides a credible physical explanation
for the highly significant trends (r2 ~ 0.97) in the lidar results
of Gardner and Voelz [1987] and Beatty et al. [1992] provided
these systems preferentially select wave events at or very near
the saturation limit for wave growth (i.e., large-amplitude
waves). In comparison, the physical basis for the less significant
but clearly apparent trends in the optical and radar results is
not so evident. However, system and sampling limitations are
expected to influence the trend analyses. We are currently
investigating trends in the imager data using a larger ensemble
of wave events resulting from measurements during other cam-
paigns. Preliminary analysis of these data sets support the
general (A, — 1,,) behavior deduced from the limited number
of band events observed during the Guara campaign suggest-
ing an inherent trend in the imager data. A possible “driver”
for this trend in the (A,, 7,,) image results is the finite thick-

TAYLOR ET AL.: SHORT-PERIOD GRAVITY WAVES AT EQUATORIAL LATITUDES

ness of the airglow layers. In particular, cancellation effects
within the layer are expected to limit the readily observable
wave events to those which satisfy the condition (A,/d) > 1,
where d represents the effective layer thickness [Gavrilov and
Shved, 1982; Schubert et al., 1991]. Thus waves with A, < 6-10
km (the typical FWHM of the emission layers) may be strongly
damped, whereas waves of longer vertical wavelength would be
essentially unaffected. A lower limit for A, implies a corre-
sponding lower limit for A,, based on the dispersion relation-
ship [Hines, 1960], and the lower limit for A, should increase
with increasing intrinsic period. This hypothetical source for
the trending in the imager results appears promising, but fur-
ther analyses are needed to clarify this possibility.

4.2. Vertical Wavelength and Background Winds

In the presence of a background wind the observed wave
period may differ significantly from its intrinsic period (r,) as
a result of Doppler shifting by the background winds. The
intrinsic period of the wave, measured in a frame of reference
moving with the background wind, is related to the observed
period through

= Tob(vh)/(vh - U)’ (1)

where U is the component of the background wind in the
direction of horizontal motion of the wave. Once 7, is known
for each event, the vertical wavelengths (A,) can then be in-
vestigated using the approximate dispersion relationship

A= (M (r/1)? = 1). (2)

This relationship is valid for an isothermal, stationary atmo-
sphere when both A, and A, are small compared to Ct, (typ-
ically Ct, ~100 km), where C is the speed of sound and 7,
the Brunt-Vaisala period (or buoyancy period) of the atmo-
sphere. For this study we have computed height-averaged val-
ues (~85-95 km) of 1, based on the mean nocturnal rotational
temperatures derived from the OH M (6, 2) and O, atmo-
spheric (0, 1) emissions. These temperature measurements
were obtained using a narrow field, tilting-filter photometer
[Takahashi et al., 1986] operated in close proximity to the
all-sky imager at Alcantara by INPE personnel. The precise
values of T, are not critical for this study in view of our use of
model winds for the vertical wavelength calculations.
Unfortunately, coincident wind data are not available for the
observation period of the imaging measurements. However, in
situ rocket soundings of the stratospheric and mesospheric
winds were made over a ~10-day period during the first part of
the campaign (16-25 August) using the falling-sphere tech-
nique (F. Schmidlin, private communication, 1996). These
measurements were made close to full moon when almost no
image data were recorded and reveal relatively constant east-
ward (zonal) winds around 0-20 ms ! at 85 km and a variable
(~0-40 ms™') northward (meridional) wind component.
(Data available at 90 km are less reliable and are not consid-
ered here.) To investigate the expected “mean” wind condi-
tions during the primary data-taking interval, we have there-
fore used model results based on the MSIS model [Hedin et al.,
1993a, b] for this site and time of year. Estimates of the me-
ridional and zonal wind components were obtained for three
heights, 85, 90, and 95 km (corresponding closely to the cen-
troids of the OH, Na, and OI emission layers) for each night by
averaging over a 3-hour period centered on local midnight (M.
Hagan, private communication, 1996). The model results at 95
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km (where most of the waves were measured) indicate steadily
increasing eastward winds rising from ~13 to 19 ms™~* during
the campaign period. In comparison the meridional winds are
<2 ms~! southward during the first period but reverse to
northward shortly before the second period and reach ~5
ms ', At 90 km the model predicts similar values for the zonal
wind at ~15 ms™!, but the meridional wind is northward de-
creasing steadily from ~15 to 5 ms™' during the campaign
period. Thus the model estimates relatively low wind speeds
throughout the campaign in reasonable accord with the rocket
measurements obtained earlier.

Because of the paucity of equatorial wind measurements
from which this empirical model was formulated, these winds
can, at best, only be considered as indicative of the true mean
wind conditions. The computed estimates of 7, and the derived
parameters of (7,),, and (A,),, using the model winds (as
denoted by the subscript m) are listed in Table 2 together with
the measured wave parameters. Despite the uncertainties
these computations represent our best estimates of the vertical
scales of the waves imaged during the Guara campaign. Ex-
amination of Table 2 indicates that the background winds had
a significantly larger impact on the estimates of intrinsic peri-
ods for the waves imaged prior to 2 September, when the
observed phase speeds were relatively low (mean value = 36.1
ms~?), as compared with the second period when the wave
phase speeds were much higher (mean value = 57.1 ms™') (see
Figure 12). Assuming a well-defined trend in the intrinsic
wavelength-period relationship for the image data, these re-
sults suggest that the effect of the background winds is to mask
its appearance in the (A,, 7,,) diagram. For example, during
the first interval (=1 September) the intrinsic wave periods
differed significantly (up to about 80%) from the observed
periods, and no obvious trend was discerned (see Figure 11b).
However, for the second observing interval the difference be-
tween 7; and 7, was often small (typically in the range —15%
to 30%) due to the higher wave phase speeds, and a clear trend
was found (Figure 11c). The overall trend for the campaign
was very similar but less well defined and reflected a range of
observing conditions. If this is the case, then (A,, 7,) trends
should be most apparent under either very low wind conditions
(i.e., around the equinox) or when v, > U at the azimuth of
wave progression.

This phenomenon has been noted by Reid and Vincent
[1987] who investigated (A, — 7.,) trends using radar data
obtained during various seasons. The individual plots clearly
show a higher degree of correlation around the equinox peri-
ods, compared with those of other months, that was attributed
to reduced winds. The trend associated with our (7, A, ) pairs
measured on and after 2 September (A, = 3.147.%) may
therefore be more representative of the intrinsic period versus
horizontal wavelength relationship. The remarkable agree-
ment with the trend deduced by Reid [1986] from his global fit
(Ap, = 3.6275%) is at first glance surprising. However, as
Reid’s collation reflects a wide variety of local times and sea-
sonal conditions, the average power-law fit to this diverse set of
measurements may therefore be more suggestive of an intrinsic
trend.

Figure 15 presents our estimates of the vertical wavelengths
associated with 26 of the band events versus (7,),, on a linear
scale. The same coding of events as used in previous figures is
repeated here. These estimates are compared with a set of 14
intrinsic values deduced by Meek et al. [1985] (open squares)
using simultaneous observations of mesospheric waves and
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wind velocities recorded by the Gravnet MF radar system at
Saskatoon (52°N). In addition, the measured (A, — 7,,) rela-
tionship (maximum likelihood power-law fit) obtained by Be-
atty et al. [1992] using Na lidar observations of 62 quasi-
monochromatic gravity wave events observed in the vicinity of
the mesopause over Arecibo, Puerto Rico (~18°N), is plotted
(dotted line). A detailed comparison of trends associated with
these three data sets is complicated by the differences in the
system limits and in the case of the lidar measurements, by
Doppler-shifting effects (as no estimates of the intrinsic peri-
ods were made). The Gravnet system limits are 7., = 10 min
and A, = 20 km at 7, = 10 min, decreasing to A, = 10 km
at 7, = 20 min. The limits for the lidar measurements of
interest are 7., = 4 min and A, = 20 km [Beatty et al., 1992].
In comparison, the limits associated with the imaging measure-
ments are 7, = 2-3 min and A, = 6-10 km, due to layer-
thickness limitations (as discussed earlier).

The trend associated with the Gravnet results (long-dashed
curve) exhibits a similar shape to that obtained in the present
imaging study but is displaced toward longer vertical wave-
lengths. Both sets of measurements suggest significant vertical
scales, ~15 km (imager) and ~25 km (radar) for an intrinsic
wave period of 10 min. Furthermore, both curves indicate
significantly larger vertical wavelengths near the Brunt-Vaisala
period (~5 min), in accord with the expectation of near verti-
cal energy propagation as this limit is approached. In sharp
contrast, the lidar results (short-dashed curve) suggest a A, of
only about 1 km at 10 min, with a decreasing trend continuing
to near 1, [Beatty et al., 1992]. (Note that the shallow gradient
of the lidar curve indicates that this conclusion is valid even
under significant Doppler-shifting conditions.) Thus both the
measured horizontal scale trends and the inferred vertical scale
trends highlight a significant difference between the imager
and the lidar data at short observed periods. The figure also
shows that all of the wave events measured on and after 2
September (solid circles) exhibit values of (A,),, which are
significantly greater than the nominal airglow layer thickness
(indicated by the shaded band). In comparison, several events
imaged earlier in the campaign (open circles) exhibit vertical
scale sizes less than or similar to the nominal depth of the
airglow layer where cancellation effects are expected to be
significant [Gavrilov and Shved, 1982; Schubert et al., 1991].
These wave events are characterized by relatively low phase
speeds (mean value = 36.1 ms™') and are thus more suscep-
tible to an increased uncertainty relating to the impact of
background wind corrections for the A, calculations. The im-
plications are that the model has most probably underesti-
mated the actual mean wind conditions during this period. This
suggestion is in good accord with the lack of a significant (A, 7.,)
trend prior to 2 September.

4.3. Wave Sources

On the basis of the detection of a major change in the
azimuthal distribution of the waves (Figure 8) the image data
were divided into two sets covering the periods 6 August to 1
September (prior to the equinox) and 2 September to 16 Oc-
tober (around the equinox). One likely possibility for the ap-
parent predominance for wave propagation toward ~NE-ENE
is that seasonal changes in the stratospheric and mesospheric
wind fields occurred during this time resulting in large changes
in the filtering of the gravity wave spectrum. A second possi-
bility is that a powerful wave source may have developed to the
~SW-WSW of Alcantara (over the South American continent)
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Figure 16. Plot of the ripple data of Figure 9 showing the
bimodal distribution of the data: Line a indicates a wave period
of 5.18 = 0.26 min close to the Brunt-Vaisala period while line
b has a period of 4.32 *+ (.15 min close to the acoustic cutoff
period. An example error bar is given for each line to empha-
size the distinction between the two trends. Note that only the
points which comprised the central peak of the histogram
distribution of Figure 6 were used in the trend analysis.

around 2 September. Wind filtering has been shown to play an
important role in governing the azimuthal flux of wave energy
penetrating into the upper atmosphere through the formation
of critical layers [e.g., Ebel et al., 1987; Taylor et al., 1993). For
the Guara campaign a reduction in amplitude of the prevailing
winds in the stratosphere and lower mesosphere associated
with seasonal changes around the equinox could have opened
a “window” permitting wave propagation into the upper me-
sosphere from sources located over the South American con-
tinent. This hypothesis supports the appearance of strong di-
rectionality in the wave headings around the equinox period.
Alternatively, it is possible that the marked anisotropy in the
wave motions may reflect changes in the prevailing flux of
gravity waves into the mesosphere from, for example, an en-
semble of freely propagating and/or ducted waves that could
have originated from a variety of sources to a predominance
for waves generated by a “local” tropospheric source located
over the South American continent. In either case, the fre-
quent recurrence of wave progression toward the equator on
an ~NE-ENE heading indicates that the source region was
active for a considerable period of time (persisting throughout
September and early October). One possible candidate for the
wave source is the Andes mountain range. This is favorably
located to the W and SW of Alcantara but at a very large
distance of =3000 km. In the absence of background winds,
short-period (<1 hour) gravity waves generated near the
Earth’s surface would not be expected to propagate large hor-
izontal distances (a few hundred kilometers) before they
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reached the airglow layers [Hines, 1967]. However, if the pre-
vailing stratospheric and mesospheric winds acted to increase
the intrinsic periods of the waves progressing toward the ~NE-
ENE during this interval, then the horizontal distance traveled
by these waves, prior to reaching the airglow layers, could have
increased significantly [e.g., Taylor and Edwards, 1991]. An-
other possibility is that upon reaching airglow altitudes, the
waves may have become ducted by the mesospheric back-
ground winds further increasing their range of propagation
from the source region. Thus although the Andes mountains
are at an extreme range, they are a potentially good candidate.
An alternative potential source is strong tropospheric convec-
tion over central Brazil. The dominant source (or sources) of
these waves remains unknown at the present time but is under
investigation.

44. Ripple Periodicities

The sharp distribution in observed periodicities of the ripple
events (Figure 6b) (average 7., = 5.1 min, range 2.7-6.9 min)
is a characteristic property that has not been reported previ-
ously. As expected, the ripples exhibited shorter horizontal
wavelengths (range typically 5-15 km) than bands. However,
they were also found to exhibit a significantly different distri-
bution than the bands when plotted in the (A, — 7,) format.
This is illustrated in Figure 10 which shows the ripples clus-
tered around the mean observed period of ~5 min and exhib-
iting no obvious (A, — 7) trend. These properties set ripples
apart from most band displays. In particular, the bimodal form
of the (A, — wv,) distribution evident in the ripple data of
Figure 9 is most unusual. Figure 16 replots the ripple data of
Figure 9 on an expanded scale to investigate this phenomenon.
In Figure 16 no attempt has been made to distinguish between
ripples observed prior to or after 2 September (as no associa-
tion was found). Out of a total of 19 events, 14 were found to
be associated with two well-defined trend lines. The distinct
nature of these two trends is emphasized by the example error
bars in each case.

A regression analysis was carried out following procedures
similar to those described by Wonnacott and Wonnacott [1981).
The results of this analysis (which uses only the 14 events
associated with the central peak in Figure 6) are summarized in
Table 5, where the parameters 4 and B for linear fits of the
form v, = A + BA, are given together with confidence limits
and the squared correlation coefficients (#*). The table shows
that “4” appears to be zero to within 1o for both trend lines,
suggesting a more simplified relation v, = BA,. These linear
relationships correspond to highly significant trends (r*> =
0.990). Thus despite the relatively small number of events
associated with each trend (N = 6 and 8), the relationships are
significant at a confidence level of about 0.01%. The apparent
frequencies associated with these two trend lines are 3.22 +
0.16 mHz and 3.86 * 0.13 mHz which correspond to observed
periods of 5.18 * 0.26 min and 4.32 *+ (.15 min.

Table 5. Results of Trend Analysis for Ripple Data of Figure 16 (Using 14 Points

Associated With the Central Peak of Figure 6)

Coefficient, Frequency, Correlation Coefficient Total Data Tobs
Ripples A B, mHz Squared, r? Pairs, N min
Line a —2.34 +225 322 +0.16 0.986 8 5.18 £ 0.26
Line b 0.44 +1.54 3.86 = 0.13 0.996 6 432 +0.15

Parameters 4 and B were determined by fitting to the linear equation v, = A + BA,,.
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It is interesting to note that these values for 7, are very
close to those identified with the limits for the gravity wave
(Brunt-Vaisala) and acoustic wave regimes in the IGW disper-
sion relationship. For an isothermal, stationary atmosphere,
IGW theory predicts that there is a gap between the acoustic
regime and the gravity wave regime (defined by these two
limits) where no wave propagation occurs. Examination of
Figure 16 reveals a distinct “gap” between the two trend lines
where no data points are found. The uncertainties in the mea-
surements (indicated by the example error bars) are insuffi-
cient to bridge this gap. Thus one possible interpretation con-
sistent with the determination of two distinct trends is that the
ripple patterns imaged during the Guara campaign comprised
wave motions generated within the acoustic branch as well as
the gravitational branch of the IGW spectrum. However, this
interpretation appears to be in conflict with the expectation of
much higher phase speeds at acoustic wave periods [Hines,
1960]. As the effect of background winds on the wave motions
(assuming they are generated in situ) would be to fill in this
gap, and because many of the ripple events exhibited relatively
high phase speeds (>40 ms™?), it is unlikely that Doppler
shifting effects can account for the observed bimodal distribu-
tion. No obvious differences in morphology of the wave mo-
tions comprising this bimodal distribution were found, and it
remains to be seen if it is also evident in other more substantial
midlatitude ripple measurements that are currently under
analysis.

Ripples are similar in morphology and dynamics to the bil-
low-type waves seen in noctilucent clouds many of which are
thought to be generated in situ by short-lived velocity shears
(=40 ms~! km™!) in the background winds [Taylor and Hap-
good, 1990]. Waves generated by this mechanism (Kelvin-
Helmholtz instability) would be expected to exhibit observed
periods close to the local Brunt-Vaisala period and would have
variable and limited lifetimes (depending on the duration of
the shear). Alternatively, it is possible that ripples are gener-
ated in situ by the breakdown of a larger-scale wave (possibly
of tidal origin) either through parametric excitation [Tuan et
al., 1979] or by the onset of a three-dimensional convective-
type instability [e.g., Fritts et al., 1993]. In the latter case, the
orientation of the ripples would be expected to be near per-
pendicular to the large-scale perturbing wave. Isolated ripple-
type patterns oriented almost orthogonal to large-scale band
patterns were observed on several occasions during the Guara
campaign, suggesting a causal relationship. However, Frirts et
al. [1996] have recently modeled the generation of ripple-type
waves using data obtained during the CORN campaign and
have determined that the scale size of the perturbing (break-
ing) wave should be much larger than that of the bands. In
general, ripples of scale-sizes (A, > 5 km) and lifetimes
(>several minutes), which typify most events, are currently not
thought to be compatible with the convective instability theory.
Without further information it is not possible to distinguish
between these potential mechanisms.

Finally, Witt [1962] suggested that if NLC billows are gen-
erated in situ, they will tend to move with the background
wind. NLC bands, on the other hand, may be expected to
progress in any direction provided their horizontal phase speed
exceeds the background wind speed [Ebel et al., 1987; Taylor et
al., 1993]. Assuming ripples are generated in situ, then their
average motions may provide some information on the pre-
vailing wind conditions in the 80-100 km region. As already
mentioned, wind measurements were not performed during
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the period when most of the image data were obtained. How-
ever, the dominance of eastward propagating components for
the ripples observed throughout the campaign (Figure 8) is
remarkably consistent with zonal flow predicted by the MSIS
model. Furthermore, the observed reversal in the meridional
wave progression from southward to northward during the
campaign is also consistent with the modeled winds at the 95
km level. The magnitudes of the predicted winds are, however,
generally smaller than the observed wave speeds, and it re-
mains to be seen whether ripples are strongly influenced by the
background wind. Indeed, several of the ripple events recorded
during the second observing interval progressed in approxi-
mately the same direction (~NE-ENE) as the band displays,
suggesting a common origin.

5. Summary

Statistical measurements of short-period gravity waves are
few and this data set, comprising over 50 events, represents a
major first step in quantifying the occurrence frequency and
properties of small-scale gravity waves present at equatorial
latitudes. Analysis of these data indicates two apparently sep-
arable wave sets, termed bands and ripples, and a marked
anisotropy in the distribution of wave headings around the
equinox with a large fraction (>65%) of the band-type wave
motions progressing toward the equator on an ~NE-ENE
heading.

Comparison of these wave data with more extensive mea-
surements obtained by radar and lidar techniques in recent
years indicates a similar tendency for the observed period of
the waves to increase with increasing horizontal wavelength. In
particular, the (7., — A,) trend determined from the band data
recorded around the equinox period agrees very well with that
deduced by Reid [1986] using a diverse collation of radar and
optical measurements. As the imaging system is most sensitive
to waves of a smaller horizontal scale than those readily de-
tected by radar, these measurement techniques are highly com-
plementary. However, a similar comparison with the lidar data
indicates considerable differences that exceed an order of mag-
nitude at short 7., The reasons for this discrepancy are
thought to be related to the differing sensitivities of the two
instruments to waves of different vertical scale sizes, but fur-
ther joint research is necessary to investigate this effect.

It is conjectured that the high degree of correlation in the
measurements obtained around the equinox may have resulted
from a reduction in the stratospheric and mesospheric winds
associated with seasonal changes. However, it remains to be
seen how the trends observed in this data set (limited to ~2
months) compare with results of other more substantial image
measurements obtained during different seasons. The onset of
a series of highly directional wave motions during this period
also appears to be associated with equinox conditions. One
potential source for the large flux of waves observed on an
~NE-ENE heading may be associated with strong winds blow-
ing over the Andes mountain range. However, an investigation
of the penetration of wave energy into the mesosphere at
equatorial latitudes and of potential tropospheric sources for
these waves will be the subject of a separate report.

Short-period mesospheric wave motions have now been ob-
served from a number of middle and low-latitude sites around
the world. The data presented here, using a high-resolution
CCD imager, contribute significantly to the “global picture” by
revealing a wealth of wave structure at equatorial latitudes.
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The band displays were usually (but not always) observed in all
three of the nightglow emissions imaged (OI, Na, and OH),
indicating freely propagating or ducted wave behavior. In com-
parison, the ripples were often present in only one of the three
emissions, consistent with the hypothesis of in situ generation
over a limited height range. However, the Guara data indicate
a considerable region of overlap in the spatial and temporal
scales of the bands and ripples, and the additional information
provided by the imager (e.g., geographic extent and pattern
lifetimes) was often necessary to distinguish accurately be-
tween these two groups. This distinction between waves gen-
erated in situ at airglow altitudes and those whose sources
reside naturally in the lower atmosphere is an essential first
step toward estimating the flux of quasi-monochromatic gravity
waves into the mesosphere and lower thermosphere and their
associated momentum deposition.
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