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Abstract. An all-sky CCD imager for OH, @ and Ol  waves and their temporal evolution at MLT heights. Short-
(557.7 nm) airglow emission measurements was operated gteriod gravity waves, with wavelengths from a few kilome-
S4o0 J&@o do Cariri (Cariri), Brazil (7S, 36 W), from Oc-  ters to a few hundreds of kilometers, have been studied by
tober 2000 to December 2004. A large amount of imageusing sensitive cooled-CCD imagers measuring upper meso-
data, more than 3000 h of observation and around 1000 wavephere airglow emissions (e.g. Taylor et al., 1995a; Naka-
events, makes it possible to classify the gravity wave charmura et al., 2001; Swenson and Liu, 1998; Yamada et al.,
acteristics, which are statistically significant. The observed2001; Ejiri et al., 2001, 2002; Smith et al., 2003; Shiokawa
waves show a typically short horizontal wavelength (5-et al., 2003; Liu and Swenson, 2003; Wrasse et al., 2003;
45km) and a short period (5-35min), and horizontal phaseMedeiros et al., 2003, 2004a, b). Most of the airglow image
speeds of 1 to 80 m/s. In most cases band-type waves (homeasurements reported in the literature concern short-period
izontal wavelength between 10 and 60 km) showed a cleaf<1h) wave structures and they fall into two distinct cate-
preference for the horizontal propagation direction from thegories called “bands” and “ripples”. Bands are extensive,
South American continent to the Atlantic Ocean. Rippleslong-lasting wave patterns which exhibit horizontal wave-
also have similar features but with different anisotropy. Inlengths of several tens of kilometers and horizontal phase
this paper we focus our discussion on the wave characterisvelocities up to 100 m/s (e.g. Clairemidi et al., 1985). These
tics of the bands and ripples and a comparison between thenpatterns have been attributed to freely propagating or ducted
short-period gravity waves (Walterscheid et al., 1999; Isler
et al., 1997; Taylor et al., 1987). On the other hand, ripples
re short-lived €45 min), small-scale wave patterns of re-
stricted spatial extent (Peterson, 1979), and are thought to
be generated in-situ by localized shear or convective-type
instabilities in the background wind field (Taylor and Hap-
good, 1990; Hecht et al., 1995; Hecht, 2004). The direc-
1 Introduction tion of the propagation of gravity waves is an important fac-

) . : .. tor with respect to understanding their origin. Nakamura et
Since atmospheric internal gravity waves (hereafter gravity,, (1999) analyzed 18 months of OH image data at Shigaraki
waves) have begn recognized as an important atnjospher'@5o N, 136 E), and found a seasonal variation of the wave
phenomenon (Hines, 1960), considerable observational angharacteristics. For the waves with a horizontal wavelength
theore_tlcal resea_lrch has been carried oqt. These efforts ha\fﬁnger than 18 km, the propagation direction was eastward in
established the importance of such motions as a part of thg , . wer and westward in winter. Hecht et al. (2001) men-

driving force of the mean circulation and thermal structure intioned that most of the waves observed at Urbana K%0
the mesosphere and Lower Thermosphere (MLT) region viagggo \n) - quring the summer solstice, originated from the
wave energy an_d momeptum traqsport (Fritts, 1993). south or southeast. Walterscheid et al. (1999) concluded,
Airglow imaging provides a simple and useful method 5, 9 months of airglow image observations at Adelaide
for investigating the horizontal characteristics of the gravity (35° S, 138 E), that many waves were thermally ducted and
Correspondence toA. F. Medeiros for waves with horizontal wavelengths of a few tens of kilo-
(afragoso@df.ufcg.edu.br) meters, the preferential propagation direction was poleward
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Fig. 1. Observation site mafa) and gravity waves imaged during observation period. Bapdipple (c) and bore(d).
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Fig. 2. Frequency of occurrence of waves (ripples and bands) at 1-month intervals. The number above each bar represents the total numbe
of events for each bin.

in summer and equatorward in winter. Medeiros et al. (2003)mesospheric gravity wave climatology from the airglow im-
reported that the propagation direction of the bands observedge data at Cachoeira Paulistaq33 45 W) and S0 J&o

at Cachoeira Paulista (22.8, 45.0 W) also showed a sea- do Cariri (7S, 36 W). In addition to these data, recently
sonal variation. In summer, the preferential propagation di-we obtained another data set during the COPEX (Conjugate
rection was towards the southeast. In winter, it was toward€Point Equatorial Experiment) Campaign at Boa Vista{&8

the northwest. 60.7 W) in 2002. From the data for the three different loca-

Taylor et al. (1997), for the first time, carried out air- tions, Medeiros et al. (2005) suggested that most of the grav-
glow image observations at Alcantra (28 44.3 W) in ity waves have their origin on the South American continent.
South America. Later, Medeiros et al. (2003, 2004a) studied
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Fig. 3. Histogram of the horizontal wavelength for bands and rip- Fig. 4. Histogram of the observed period for bands and ripples
ples binned in 5-km intervals. binned in 2-min intervals.

Previous studies by Medeiros et al. (2003, 20044, b, 2005%

based on i d biained tairlv sh ~“fum efficiency (-80% at visible wavelengths), low dark cur-
were based on image data obtained over a fairly short perio ent (0.5 electrons/pixel/s), low readout noise (15 electrons

of time (a flew (rjnonths to ?ng year). The Cariri airglow im- rms), and high linearity (0.05%) of this device made it pos-
ager completed 4 years of observation in 2004, permitting USible to achieve quantitative measurements of the airglow

to investigate the wave characteristics with good statisticalemissions The camera uses a fast (f/4) all-sky telecentric
confldenqe. The main goal of this haper |S,'therefore, Fo COMens system that enables us to obtain a high signal-to-noise
struct a climatology of the short period gravity waves (ripples ratio (20:1) image, with an integration time of typically 15

and bands) over Cariri, near the equator. for the near-infrared OH emission (715-930 nm pass-band)
and 90s for the OI, @ and OI(630.0 nm) emissions. The
image was binned on-chip down to a 54212 resolution to

2 Instrumentation and methodology , , )
enhance the signal-to-noise ratio.

Routine airglow observations have been carried out at Cariri For the large-field information present in the all-sky data,
using an all-sky imaging system. The CCD imager consistsaccurate spatial calibration is essential. We can achieve this
of a large area (6.45 ¢y, high resolution, 10241024 back- by using the stars in each image as known reference points
illuminated array with a pixel size of 14 bits. The high quan- in the sky. We determine the lens function by performing

www.ann-geophys.net/25/399/2007/ Ann. Geophys., 25, 29§-2007
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Fig. 5. Histogram of the observed horizontal phase velocity for
bands and ripples binned in 10 m/s intervals.

Fig. 6. Polar histogram of the propagation direction for bands and

a least-squares fit using the measured position of the stard’Ples binned in 13intervals.
in the original image. After we have processed the all-sky
images, it is now possible to determine the horizontal wave
parameters directly with a standard 2-D FFT analysis. The3 Results and discussion
advantage of this method is that all of the monochromatic

features present in the image can be identified. The airg|ow |mag|ng system Operated at Carifi a 36 W)

We can investigate gravity wave content in any part of from October 2000 to December 2004. In Fig. 1 we show the
the image by isolating the region of interest, taking the 2-observation site in the South American continent, together
D FFT of the selected region and investigating peaks in thewith examples of the mesospheric OH airglow images, band,
frequency spectrum. The determination of the period (andripples and a bore-like front. The field of view has an exten-
hence phase speed) of the waves present in these data ision of about 800 km (at 90 km height). Despite the limita-
volves taking the one-dimensional (1-D) temporal FFT of thetions imposed by meteorological conditions, approximately
complex 2-D spatial FFT. The peaks in the 1-D FFT corre-3540 h of useful image data were recorded from about 500
spond to the wave frequencies present in the data (Medeirosights, for which 1010 wave events were detected. From the
et al., 2003). total number of wave events, 48% were bands, while 52%
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Fig. 7. Polar histograms of the propagation direction for ripples for each season.

were ripples. In the present work, the image analysis was fo5—-60 km. Ejiri et al. (2003) found that the gravity waves ob-
cused only on the band and ripple waves, because bore-likserved in Ol images have longer wavelengths (around 27 km)
fronts were included as bands. Two other studies on bore-likehan those seen in OH images (around 21 km). In our pre-
front classification have already been published (Medeiros evious studies (Medeiros et al., 2003, 2004a), we reported
al., 2005, and Fechine et al., 2005). Frequency of occurthat the averaged band wavelength was 23 km, approximately
rence of the wave events (bands and ripples) for each monttwice that of the ripples (13 km). Our present results are in
during the period of observation is summarized in Fig. 2. Theagreement with the previous study. The essentials of these
mean occurrence rate was 0.3 event/h. From the figure it caresults are summarized in Table 1.
be noticed that the wave activity was high in 2001 and low in  The distributions of observed wave periods are shown in
2002. However, it is not clear whether there is an interannuaFig. 4. The ripples exhibit a narrow range of distribution cen-
variation or not. In 2003 and 2004, the wave activity was low tered at 4-12 min (with 80% of the events occurring within
during the February—April period. this interval), with an average of 9.6 min. The bands also
Horizontal wavelengths are summarized in Fig. 3. TheShOWGd a similar distribution but with a wide range of peri-
highest frequency of occurrence occurs in the range 10-0ds from 4 to 14 min, with an average of 11.1 min. Taylor et
15 km for the ripples and 15-20 km for bands. In the case ofal- (1997) showed that the band-type waves have much longer
the ripples,~90% of the events have wavelengths within a Periods than the ripples. Nakamura et al. (1999) reported that
range of 5-20 km, rather a narrow wavelength range. On théhe observed waves (ripples and bands) had periods between
other hand, the bands are distributed in a broad range of ho® and 30 min. Our previous work (Medeiros et al., 2004a)
izontal wavelengths extending from 10 to 45 km and 88% offound that the ripples exhibit a remarkably sharp distribu-
the bands have wavelengths longer than 10 km. The averagéon centered on 6-10min (with 70% of events occurring
wavelengths are 20 km and 14 km for the bands and rippleswithin this range) and an average wave period of 8.36 min.
respectively. Taylor et al. (1997) reported an average waveln comparison, the bands exhibited an average wave period
length of 24 km for bands and 11 km for ripples. Nakamura©of 15.6 min.
et al. (1999) observed spatial scales for these waves around

www.ann-geophys.net/25/399/2007/ Ann. Geophys., 25, 2982007
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Fig. 8. Polar histograms of the propagation direction for bands for each season.

Table 1. Band and ripple characteristics from airglow image €lata

Taylor et al. (1997) Nakamura et Medeiros et al. (2004a) This study
al. (1999)
Bands Ripples Bands Ripples Bands Ripples Bands Ripples
Horizontal wavelengtii,, km 4.3 (10-45) 11.7 (5-20) =175 <175  23(10-65) 13 (10-15) 20 (10-45) 14 (5-20)
Observed period, min 9.6 (3.7-6.7) 5.1(2.7-7.5) 5-20 5-10 15.6 910-20) 8.36 (6-10) 11.1(4-14) 9.6 (4-12)

Observed phase velocity, m& 48 (14-71) 44 (23-86)  10-100 10-60  26.1(10-80) 27.2 (10-60) 36 (10-70) 29 (15-50)

4: Average values are listed with the range given in parentheses, except where noted.

The observed phase velocities showed a differencewith a peak at around 20-30 m/s. However, in spring and au-
between the ripples and bands. Figure 5 shows that the riptumn the small phase velocities are not so frequent. Ejiri et
ple phase velocities are within the range 10 to 50 m/s withal. (2003) observed horizontal phase speeds of 20-50 m/s for
a peak at 20—-30m/s. On the other hand the bands go frorthe most frequently observed waves, and a few waves had ve-
10 to 70m/s, a rather wide range of velocity, higher thanlocities faster than 100 m/s. Medeiros et al. (2004a) reported
the ripples. The averaged phase velocity is 36 m/s for theband phase velocities from 10 to 80 m/s with an average of
bands and 29 m/s for the ripples. The observed speeds a26.1 m/s. There is a clear tendency for many of the waves
higher than those observed in middle latitudes. Taylor etto exhibit phase speeds in the 10-40 m/s range. The ripples
al. (1997) reported that the band velocities vary from 14 toexhibited a distribution in the range 10-60 m/s. The average
71m/s with an average of 48 m/s. The ripples exhibited aphase speed was 27.2 m/s.

VelOCity distribution similar to the bands with an average of Propagation directions of the ripp|es and bands for all of

44m/s. Nakamura et al., (1999) found a similar phase vethe events during the period are shown in Fig. 6. The propa-
locity in summer and winter, varying from 0 m/s to 100 m/s, gation directions are binned in 1ftervals. The distribution

Ann. Geophys., 25, 399406, 2007 www.ann-geophys.net/25/399/2007/
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of bands shows a clear preference of the propagatiorpresent study we are not able to discuss this point, but the
direction from the continent towards the Atlantic Ocean, similarity of the wave characteristics between the ripples and
eastward. There are very few cases where the bands profsands calls our attention and suggests further investigation of
agated toward the west and southwest. The ripples also shothe difference in their physical processes.

a similar behaviour, but with different anisotropy. There are

many cases with the propagation direction to northwest and

southwest, not to be seen in the case of the bands. Zon#l Conclusions

propagation (east-west) appears to be inhibited.

In order to see the seasonal dependency of the propagd-ne present work has presented results of gravity wave ob-
tion direction, in Figs. 7 and 8, seasonally grouped polar his-S€rvations made by airglow imaging at Carir? §, 36 W)
tograms are shown for ripp|es and bands, respective|y_ Duri.n the periOd October 2000 to December 2004. A total of the
ing Spring and summer, the ripp'es show propagation direcsoo nightS, Corresponding to 3540 h of Observations, was an-
tion preferentially northeast and southwest. During winteralyzed. During the period, 1010 wave events were detected
propagation is in all directions except east, as can be seelf OH, O; and OI5577 images. The mean rate of the events
from Fig. 6. In the case of the bands (Fig. 8), during summeras 0.3 events/h, with larger rates in the summer and winter
the preferential propagation direction is towards the north-months and smaller rates in autumn. Of a total of 1010 wave
east and southeast. In winter the preferential propagation dievents 48% were classified as bands and 52% as ripples. No
rection is towards the northeast, and in spring it is towardsspecific difference was found in the wave characteristics be-
the southeast. It can be seen that the propagation directiorf¥/een the ripples and bands, except their spatial extension
of the ripples are spread over a wider range than the band§nd duration and propagation direction. The distribution of
especially in winter. bands shows a clear preference of the propagation direction

The anisotropy of the propagation direction of the bandsfrom the continent towards the Atlantic Ocean. The ripples
and ripples may have two reasons, one is the effect ofropagate preferentially to the north or south.
wave filtering by background winds in the lower atmosphere o _

(stratosphere and mesosphere) and the other might be %cknowledgementsThe Carlr_l imager was financed by PRONEX
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