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Abstract. We present the characteristics of small-scalerection is greatly influenced by the background atmospheric
(<100km) gravity waves in the equatorial mesopause re-conditions in the propagation paths and by the locations of
gion derived from OH airglow imaging observations at Ko- the wave sources.
totabang (1003E, 0.2 S), Indonesia, from 2002 to 2005. Recently, several attempts have been made to identify
We adopted a method that could automatically detect gravgravity wave structures in airglow images by using the auto-
ity waves in the airglow images using two-dimensional crossdetection method. This method provides unbiased dataset of
power spectra of gravity waves. The propagation directionggravity waves as opposed to the method involving visual in-
of the waves were likely controlled by zonal filtering due to spections, and also helps in the quantitative estimation of the
stratospheric mean winds that show a quasi-biennial oscillamomentum fluxTang et al(20053 introduced a novel com-
tion (QBO) and the presence of many wave sources in theutational technique to identify gravity wave components by
troposphere. using 2-D cross power spectra of all-sky OH airglow images.
This technique also provides the gravity wave momentum
Sﬂux when the model oSwenson and Liy1998 is used;
this model relates the momentum flux to the wave param-
eters that can be derived from airglow imag&ang et al.
2005ab; Suzuki et al.2007).
In this paper, we present a statistical study on the gravity
1 Introduction waves derived by the auto-detection method from OH air-
glow images obtained at an equatorial observatory’®)2
Gravity waves control the wind/thermal balance in the meso-On the basis of the statistics, we show for the first time
sphere and lower thermosphere (MLT) through wave dis-that quasi-biennial oscillation (QBO) is an important factor
sipation and the accompanying momentum flux divergenceo control horizontal propagation direction of the equatorial
Fritts and Alexande(2003. Airglow imaging observations gravity waves.
reveal two-dimensional (2-D) characteristics of small-scale
(less thar~100 km) gravity waves in the upper mesosphere
(e.g.,Taylor et al, 1995. On the basis of long-term imaging 2 Instrumentations and observations
observations at several locations, it has been observed that
the wave characteristics have seasonal/geographical depeli this study, we used an all-sky imager that was installed
dence Buzuki et al. 2009 and references therein). In partic- as part of the optical mesosphere thermosphere imagers
ular, the horizontal propagation directions of gravity waves (OMTIs, Shiokawa et al.2009 at Kototabang (100°Z,
show the dependence clearly because the propagation df-2’S), Indonesia, in October 2002. OH airglow (720-910
nm) images are taken every 4.5 min with a 15-s exposure.
For the present study, we used the OH airglow images col-
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wave parameters. Because of the tropical cloudy weather at O 201 H 7
Kototabang, the available data are limited to 26 nights. L 8 o
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We adopted the automated method describe8umuki et al. L 30 .
(2007 to identify gravity wave structures and calculate their & 20F .
momentum fluxes from the all-sky images. This method is & 10k H H i
based on the scheme developedTayg et al.(20053 and g ol— I_I [ ==
provides wave parameters (horizontal wavenunihgrhase 5 10 15 20 25 30 35 40 45
speedc, and wave amplitude in the airglow intensity/ I, INTRINSIC PERIOD [min]

wherel’ is perturbation of intensity) from every set of im-

ages; each set of images contains three consecutive airglow

images, i.e., every 13.5min (=4.5-miB). In this paper, we  Fig. 2. Histograms of gravity wave parameters in OH airglow im-

define a “wave event” as the wave identified in a set. ages. (a) Horizontal wavelength(b) apparent horizontal phase
We now briefly describe the procedures of this study. First,SPeed{c) amplitude in airglow intensity, an) intrinsic wave pe-

optical contaminations in the airglow images, such as star&'°d-

and background continuum emissions, are attenuated. Then

the all-sky images are projected onto the geographical COOage (raw image) and an all-sky Milky Way area on 19 April
dinates with a size of 512512 knt by assuming an emission 5005 at 20:47 UT. The Milky Way area sufficiently covers
height of 86 km. o the Milky Way structure in the airglow image. (iii) Both the
S.econd, contgmlnatlons from Iarge—scalg structures, SUCQII-sky airglow and Milky Way images are projected onto the
as inhomogeneity due to the imager optics, are removedyeqgraphical coordinates. (iv) After the detrending process,
from the images by subtracting the median over a size 0fynen the pixel count in the detrended image within the Milky
100~ 100 knt from each pixel count. Then the time differ- \yay area are larger than the mean of the whole image, the
ence (TD) between two sequential images is obtained. HOWioier count is replaced by the mean.
ever, the contaminations caused by the Milky Way in the im-" ginqly. gravity waves with an intensity amplitude greater
ages obtained at Kototabang are often extremely high angha 0.59% and horizontal wavelength in the range of 20—
are clearly evident in the TD images. Therefore, it is neces-1 99 km are identified from 2-D cross power spectra of the
sary to perform the following processes before the geographgequential TD images. This procedure can distinguish sev-
ical projection: (i) An averaged sky map is prepared in the gra| waves with different wave parameters with a single set

equatorial coordinates (declination, right ascension) by av- images; this is because every wave appears as an individ-
eraging the airglow images observed on clear-sky nights tq, peak in the 2-D power spectra.

define the Milky Way area. (ii) An all-sky Milky Way area is
created from the averaged sky map for the acquisition time
of each airglow image. Figure 1 shows an all-sky airglow im-
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directions in winter and summer, respectively, in the South-
ern Hemisphere. The waves can propagate in all directions.
Fig. 3. Seasonal variations in the horizontal propagation directionsyowever, slight preferences in the zonal directions are seen
of the gravity waves(a) May—August andb) November—February. in both seasons: 46% (vs. 36%) of the waves propagated

The _scal.e |nd|cate.s th(_e fraction (in percent) of gravity waves ProP-aastward (westward) during May—August, while 47% (vs.
agating in each direction. The bottom panels show the horlzon-25%) of the waves propagated westward (eastward) during
tal propagation directions durin@@) March—May 2003 and August

2004 to January 2005 ar{d) June 2003 to June 2004, coinciding November—February. No such a seasonal dependence was

with the westward and eastward phases of the QBO, respectively, 0bServed in the case of the other parameters.
Figure 4 shows the scatter plots of the magnitudes of the

momentum fluxF,, against the local time variations (left)

4 Statistical results and distribution of the magnitudes (righ#j,, is given by

1m &%g% (I 2

Figure 2 shows the histograms of the gravity wave param-fn = 577 5 <7> : 1)
eters derived from the OH images obtained at Kototabang F
(total: 702 events). The horizontal wavelength=2/k)  whered(=27/7) is the intrinsic frequencyg is the gravita-
(panel a) and the phase speed (panel b) showed peaks in tgnal acceleration) is the Brunt-\&isala frequency (typi-
range of 40-50km and 60-70 s respectively. The air- cally ~0.02 rad s1), andCr is the cancellation factor intro-
glow intensity amplitude (panel ) and intrinsic wave period duced by Swenson and Liu (1998). The vertical wavenum-
T(=An/lc—ul, whereu is the wind at 86km in the direc- per; is calculated by using the linear dispersion relation
tion of wave propagation provided from the collocated me- ;n=k2(N2—@?)/»2. To avoid the uncertainty in the esti-
teor radar) (panel d) were mostly less than 3% and betweemated F,, values, the vertical wavelength, (=27 /m) is
5 and 25 min, respectively. Similar distributions of wave pa- fixed in the range of 12—60 knS(izuki et al. 2007). Al-
rameters were reported in the previous observations at othqhough the magnitudes of,, are scattered widely in the
sites Suzuki et al, 2009 and references therein). The phase range of 0.1-100 A2, the dominant is less than 1Gsr 2
speeds obtained in the present study were slightly greatefmore than 90% of the total wave events). The hourly means
than those at midlatitudes. Similar gravity waves with |argeindicated by the solid curve in the left pane] do not vary Sig_
phase speeds-70ms™) were reported in the statistics at pjficantly with local time. Mean and standard deviation of
equatorial latitudes (e.gNakamura et al.2003 Wrasse et f, were 2.6 ds 2 and 6.3 M s 2, respectively. This value
al., 2006. is roughly comparable to previous estimateggffrom air-

According to recent observations, the horizontal propaga-glow images {ang et al.2005ab; Espy et al.2004). These
tion direction of gravity waves shows a clear seasonal de-estimates are also comparable to the momentum fluxes ob-
pendence, in agreement with the background atmospheritained from atmospheric radars{-10nfs 2, see the re-
conditions (e.g.Shiokawa et a).2009. We now divide the  view of Fritts and Alexander2003, although radar tech-
12 months of a year into four seasons: March—April, May— niques measure gravity waves with larger spatial scales.

www.ann-geophys.net/27/1625/2009/ Ann. Geophys., 27, 18223-2009



1628 S. Suzuki et al.: Characteristics of equatorial gravity waves

_MATAUC

20N = . — o
: V i o)
10N [f oo N
co |4 E
10S 3z
_gﬂ
. . " . . . . . . . . 2
20S el lonc e MO N V2D _28
20N —g;
: oo | ¥
TON |#-\! 4 ) e B N
£ 2 i 8=
e AR 3
10S O ? o:
. y H g Q
20S ©

70E 80OE 90FE 100F 110FE 120FE 130F 70E 80FE 90F 100FE 110FE 120F 130FE

Fig. 5. Averaged OLR map over West-IndonesiafayMarch—April, (b) May—August(c) September—October, afd) November—February.
The black star and circle indicate the locations of Kototabang and Tanjungsari, respectively.

Note thatF;, estimated above might have been affected byterm data into subgroups of different QBO phases in refer-
the Milky Way removal procedures, which might cause theence to the results ofsuda et al(200§. Figure 3c and d
underestimation of'/I, because the airglow images are par- shows the horizontal propagation directions of the observed
tially masked. If the pixels in the whole Milky Way area in gravity waves in March—May 2003, August 2004 to January
Fig. 1b were to be masked,/I would be estimated to be 2005 (both intervals corresponding to the westward phase of
~70% of the actual amplitude. Sind@g, is proportional to  the QBO), and June 2003 to June 2004 (eastward phase). It
(I'11)?, this would have resulted in a maximum underestima-can be seen that the wave propagated preferentially in the
tion of ~50% for F,,. However, pixels with serious count opposite directions to the QBO phase: 46% (vs. 31%) of
enhancement by the Milky Way constitute a very small partthe waves propagated eastward (westward) during the west-
of the whole Milky Way area shown in Fig. 1b, and hence, ward QBO phase, while 44% (vs. 33%) of the waves propa-
the underestimation in Fig. 4 is probably much smaller thangated westward (eastward) during the eastward QBO phase.
this estimation. This suggests that the waves propagating along the QBO

phase are filtered out by the stratospheric winds. An iden-
tical tendency is recognized in the mean zonal momentum
5 Discussions flux: —2.1+10n?s 2 (positive eastward) during the east-

ward QBO phase and0.1+6.2 n? s2 during the westward
In this section, we discuss the propagation directions of thﬁphase.

observed gravity waves. _ .
The wave propagation directions also depend on the lo-

Nakamura et al(1999 reported that the preferred di- . t th Aak (200 q
rections of gravity wave propagation at Shigaraki, Japan.Catlons of the wave sourcedNakamura et al(2003 stud-

(136.F E, 34.8 N) were eastward in summer and westward |gd the OH airglow images obtained at Tanjungsari, Indone-
in winter, suggesting critical-level filtering by the meso- sia (107.9E, 6.9 S), about 7 south of Kototabang, and

spheric zonal winds flowing westward in summer and east/€ported that gravity Waves_showed gouthward propagation
ward in winter. However, the mesospheric winds over thethroughqut the year. Sateliite cloud images suggested that
equator were significantly weak (HWM-93) and were not the gravity waves propagat_ed southward because Of. the wave
likely to filter the gravity waves. sources to the north of Tanjungsari, where cloud activity was
It is known that at the equatorial latitudes, the QBO dom- high. However, at Kototabang, such a strong preference was

inates dynamics of the stratosphere (ettamilton 1984). not seen in the observed directionality.

Tsuda et al(2006 showed a clear quasi-biennial zonal wind  Figure 5 shows the averaged outgoing longwave radiation
oscillation with an amplitude 0f30ms ! over the Indone-  (OLR) maps over Kototabang and Tanjungsari for the four
sian maritime continent from January 2001 to Decemberseasons. A low OLR indicates a large cloud-top altitude,
2004. We investigated the effect of the QBO on the direc-that is, convection could be high over that location. Fig-

tions of propagation at Kototabang by classifying the long-ure 5 also indicates that highly active convections occur over
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Kototabang throughout the year, which is consistent with the Antarctic mesosphere and lower thermosphere, J. Geophys. Res.
high cloud activity near the equator reported Mgkamura 109, D23109, doi:10.1029/2003JD004446, 2004.

et al.(2003. The less preference of propagation direction of Fritts, D. C. and Alexander, M. J.: Gravity wave dynamics and
waves at Kototabang compared with Tanjungsari was proba- €ffects in the middie atmosphere, Rev. Geophys., 41(1), 1003,
bly caused by the waves generated by convections over Ko- 901:10.1029/2001RG000106, 2003. o
totabang. In addition, the preferential propagation of theHamllton, K.: Mean wind evolution through the quasi-biennial cy-

le in the tropical | tratosph . At . Sci., 41, 2113
waves eastward (May—August) and westward (November— Zleg 19es ;Op'ca ower stratosphere, J. Atmos. Sci, 41, 3

February) in Fig. 3a and b is also consistent with the locationg g iamura. T. Higashikawa, A., Tsuda, T., and Matsushita, Y.: Sea-
of the deep-convection areas in Fig. 5: to the west (east) of gona) variations of gravity wave structures in OH airglow with

Kototabang during May—August (November—February). a CCD imager at Shigaraki, Earth Planets Space, 51, 897—9086,
1999.
Nakamura, T., Aono, T., Tsuda, T., Admiranto, A. G., Achmad,
6 Summary E., and Suranto: Mesospheric gravity waves over a tropical con-

vective region observed by OH airglow imaging in Indonesia,
We have presented statistics of equatorial gravity waves de- Geophys. Res. Lett., 30(17), 1882, doi:10.1029/2003GL017619,
rived from the OH airglow images obtained at Kototabang 2003.
by using an auto-detection method for identifying the waves.Shiokawa, K., Otsuka, Y., and Ogawa, T.: Propagation characteris-
The results can be summarized as follows: tics of nighttime mesospheric and thermospheric waves observed
by optical mesosphere thermosphere imagers at middle and low
1. The horizontal wavelengths and the apparent phase latitudes, Earth Planets Space, in press, 2009.
speeds were mainly distributed in the range of 30—90 kmSuzuki, S., Shiokawa, K., Otsuka, Y., Ogawa, T., Kubota, M., Tsut-
and 40-70 mst, respectively. sumi, M., Nakamura, T., and Fritts, D. C.: Gravity wave mo-
mentum flux in the upper mesosphere derived from OH airglow
2. The intensity amplitudes were less than 3% and the in- imaging measurements, Earth Planets Space, 59, 421-428, 2007.
trinsic wave periods were mostly between 5 and 25 min.Suzuki, S., Shiokawa, K., Hosokawa, K., Nakamura, K., and
Hocking, W. K.: Statistical characteristics of polar cap meso-
3. The gravity waves propagated with slight preference spheric gravity waves observed by an all-sky airglow imager
of eastward (May—August) and westward (November— at Resolute Bay, Canada , J. Geophys. Res., 114, A01311,
February), although the strong preferential directional- d0i:10.1029/2008JA013652, 2009. _ _
ty eported in previous studies at he lropics was not SHEPSen & 1 and L & 2 » model forcalcuaing scoustc
recognized. The directionalities of wave propagation :
were likely to be determined by the locations of the tro- OH airglow, Geophys. Res. Lett, 25, 477-480, 1998.

. L ... Tang, J., Kamalabadi, F., Franke, S. J., Liu, A. Z., and Swenson,
pospheric sources. Moreover, the critical-level filtering G. R.. Estimation of gravity wave momentum flux with spec-

due to the stratosphgric QBO may be also an important troscopic imaging, IEEE Trans. Geosci. Remote Sens., 43, 103—
factor at the equatorial latitudes. 109, 2005a.

) Tang, J., Swenson, G. R., Liu, A. Z., and Kamalabadi, F.:
4. The mean momentum flux magnitude was 2%t Observational investigations of gravity wave momentum flux

The variations in the momentum fluxes in the zonal di-  wijth spectroscopic imaging, J. Geophys. Res., 110, D09S09,
rections are consistent with the QBO phases when con- doi:10.1029/2004JD004778, 2005b.

sidering the critical-level filtering. Taylor, M. J., Bishop, M. B., and Taylor, V.: All-sky measure-
ments of short period waves imaged in the Ol (557.7 nm), Na
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