Dev elopmen t of Optical Mesosphere Thermosphere Imagers (OMTI) K. Shiok a w a, Y. Katoh, M. Satoh, M. K. Ejiri, and T. Oga w a Solar-T errestrial En vironmen t Lab oratory , Nagoy a Universit y , T o y ok a w a, Japan. T. Nak am ura and T. Tsuda Radio A tmospheric Science Cen ter, Ky oto Univ ersit y , Uji, Japan R. H. Wiens Cen ter for Researc h in Earth and Space Science, Y ork Univ ersit y , On tario, Canada Receiv ed August, 1998; revised Decem b er, 1998; accepted ?????, 1998. submitted to Earth, Planets, and Sp ac e for sp ecial issue of the DYSMER symp osium Short title: OPTICAL MESOSPHERE THERMOSPHERE IMA GERS

2 Abstract. The Optical Mesosphere Thermosphere Imagers (OMTI) ha v e b een developed to in v estigate the dynamics of the upp er atmosphere through no cturnal airglow emissions. The OMTI consist of an imaging F abry-P erot in terferometer, three all-sky co oled-CCD cameras, three tilting photometers, and a Sp ectral Airglo w T emp erature Imager (SA TI) with t w o con tainer houses to install them in. These instruments measure wind, temp erature and 2-dimensional airglow patterns in the upp er atmosphere at m ulti-w a v elengths of OI (557.7nm and 630.0nm), OH(6-2) bands, O 2 (0,1) bands, and Na (589.3nm), simultaneously . Examples of the data are sho wn for the cameras, the photometers, and the SA TI based on the airglo w observ ation at a mid-latitude station in Japan. Go o d correlation of the photometer and SA TI observ ations is obtained. A comparison is sho wn for small- and large-scale wa v e structures in airglo w images at four w a v elengths around the mesopause region using four co oled-CCD cameras. W e found an ev en t during whic h large-scale bands, small-scale ro w-lik e structures, and large-scale fron t passage o ccur sim ultaneously .

3 1. In tro duction No cturnal airglo w emissions giv e useful information on the study of the dynamics and c hemistry of the upp er atmosphere. Rotational temp erature of atmospheric molecular constituen ts can b e obtained b y photometric measuremen t of airglo w band emissions (e.g., Meriw ether, 1975; T ak ahashi et al. , 1989; Wiens et al. , 1991, 1995; F agundes et al. , 1997). Doppler wind and temp erature of the upp er atmosphere are obtained b y high-resolution in terferometric measuremen ts (e.g., Killeen and Roble, 1988, Rees et al. , 1990; Hernandez and Roble, 1995; Conde and Smith, 1995; Dyson et al. , 1997). F urthermore, recen t dev elopmen t of co oled-CCD detector mak es it p ossible to detect spatial patterns in airglo w emissions with a high-sampling rate of a few min utes p er image. The images sho w v arious t yp es of short-p erio d w a v e structures which are probably caused b y atmospheric gra vit y w a v es (e.g., Hec h t and W altersc heid, 1991; T a ylor and Hill, 1991; T a ylor et al. , 1995a, 1997, 1998). Simultaneous imaging observ ations of several airglow la y ers are v ery imp ortan t to study v ertical propagation of these wa v es. Suc h observ ations ha v e not b een done su�cien tly y et, since an all-sky camera tak es airglo w images at sev eral w a v elengths b y c hanging �lters. Moreo v er, sim ultaneous observ ations of wind, temp erature, and airglo w images are needed to study the dynamics of the short-p erio d w a v es. The Optical Mesosphere Thermosphere Imagers (OMTI) were in tro duced b y the Solar-T errestrial En vironmen t Lab oratory , Nago y a Univ ersit y in 1997 in order to measure airglow v ariation patterns, horizon tal wind, and temp erature at sev eral airglow la y ers sim ultaneously using three all-sky cameras and sev eral in terferometers with co oled-CCD detectors. In this pap er, w e sho w details of the instrumentation and initial results of the mid-latitude airglo w observ ations near the mesopause region.

4 2. Instrumen tations Figure 1 sho ws a sc hematic picture of the OMTI system. The OMTI consists of a F abry-P erot interferometer, three all-sky cameras, three tilting photometers, and a Sp ectral Airglo w T emperature Imager (SA TI). These instrumen ts are set in t w o air-conditioned con tainer houses with sev eral p ersonal computers and a SUN w orkstation. Pictures of these instrumen ts are shown in Figure 2. The op erations of the cameras, photometers, and SA TI are fully automated b y the p ersonal computers. The data from these instrumen ts can b e copied from remote stations through a computer net w ork. The imaging F abry-P erot in terferometer measures neutral wind vectors and temp eratures at three di�eren t altitudes sim ultaneously . Three co oled-CCD cameras with liquid nitrogen dewars are used as detectors. An all-sky airglo w image is divided in to three w a v elengths (557.7nm (OI), 630.0nm (OI), and 839.9nm (OH)) b y t w o dic hroic �lters, passed through three band-pass �lters, and detected b y the cameras. The etalon has a clear ap erture size of 116mm with a cavit y spacing of 15mm (Queensgate ET116). It is set in a sealed cell to av oid uctuation of the spacing due to the c hanges of pressure and h umidit y . Input ligh t from a �sh-ey e lens passes through the etalon with a maximum angle of 0.7 (deg). Details of this instrumen t and its p erformance will b e published elsewhere in the future. The SA TI measures in tensities and rotational temp eratures of O 2 A tmospheric (0-1) P branc h and OH Meinel (6-2) Q branch emissions using the tec hnique of in terference �lter sp ectral scanning with a co oled-CCD detector. The tec hnique w as �rstly dev elop ed b y the Mesopause Oxygen Rotational T emp erature Imager (MOR TI) and the presen t implemen tation is describ ed b y Wiens et al. (1997). The in tegration time for eac h emission is 2 min. By c hanging band-pass �lters, the SA TI measures the in tensities and temp eratures of O 2 and OH band emissions with a time resolution of 4 min. The SA TI has an ann ular �eld-of-view in the sky with a radius of 30 � � 3 : 5 � zenith angle

5 cen tered on the zenith. T emp erature and in tensit y of each emission are obtained for t w elv e azim uthal sectors. In the follo wing tw o sections w e describ e the p erformance of the all-sky cameras and the tilting �lter photometers. 2.1. All-Sky Cameras Figure 3 is a sc hematic diagram showing one of the camera system. The �sh-ey e (f=24mm) lens at the head of the camera has a �eld of view of 180 � . This fron t lens can b e replaced by 45mm and 80mm lenses for narro w er �elds of view of 76 � and 47 � , resp ectiv ely . The shutter is con trolled b y the p ersonal computer, while it is designed to remain closed when da yligh t is detected b y the CdS optical sensor as a fail-safe system. The �lter wheel con tains �v e 3-inc h �lters the c haracteristics of whic h are listed in T able 1. The inciden t ligh t from the fron t lens passes through the telecen tric optics made b y KEO Consultants and is fo cused on the thinned and bac k-illuminated 512 � 512 co oled-CCD detectors (Hamamatsu C4880). The image data from the cameras are recorded on a 640MB optical disk through the computer and are also accessible through a computer net w ork. The whole system is bac k ed up b y a p o w er supply that can run for more than 10 min. The absolute sensitivities at the (256,256) pixel (around the cen ter of image) are also listed in T able 1. Details of the calibration to obtain these v alues are sho wn b y Shiok a w a et al. (1998). The sensitivities v ary from 0.03 to 0.05 (coun ts/R/s) dep ending on the cameras and �lters. F or airglo w emissions with an in tensit y of 100 R, a 100-s exp osure pro vides 300-500 counts p er pixel. This amount is enough to discuss airglow patterns, since the read-out noise and the dark noise of the CCD detector are 10 (coun ts (r.m.s.)) and far less than 1 (coun ts/pixel/s), resp ectiv ely . The t ypical exp osure time for eac h emission line is also shown in T able 1. The cameras are capable of detecting an airglo w image b y a 2-3 min exp osure for OI, Na, and O 2 -band emissions and b y

6 a 15 sec exp osure for OH band emission. Sim ultaneous observ ation of at least three emission lines is p ossible using these cameras. One example of suc h an observ ation will b e sho wn in Section 3.2. Co ordinated m ultip oin t observ ations are also p ossible using these cameras for 557.7nm (OI), 630.0nm (OI), and OH band emissions, since all the cameras ha v e the same �lters for these emissions. 2.2. Tilting Photometers The meridian-scanning tilting photometers No.1 and 2 are built to measure mid-latitude airglo w emissions of OI (557.7nm and 630.0nm) and OH bands with relativ ely narro w er �eld of view, while the photometer No.3 is built to measure w eak emissions caused b y energetic hea vy particle precipitation during magnetic storms (e.g., Tinsley et al., 1984, 1986). Figure 4 is a sc hematic diagram sho wing one of the photometer system. The �eld of view of the 40 mm diameter fron t lens is 3 � for photometer No.1 and 2 and 8 � for No.3. The stepping motors for meridian scanning and �lter tilting are con trolled b y the p ersonal computer. The sh utter is also con trolled b y the computer with a fail-safe system using the CdS optical sensor. The photom ultipliers, Hamamatsu R636-10 (for No.1 and 2) and R268 (for No.3), are used as detectors. Lo w-pass �lters with a cut-o� p erio d of 2 s (for No.1 and 2) and 10 s (for No.3) are used in the signal ampli�er in order to reduce thermal noise from the photom ultiplier. The temp erature of the photometer is set at 20 � C by the air conditioner. The whole system is bac k ed up by a p o w er supply that can run for more than 10 min. Filter and tilting details and sensitivities of the photometers are listed in T able 2. The sensitivities were obtained using calibration facilities at the National Institute of Polar Researc h, Japan. The time resolution of photometers No.1 and 2 is 1 min (= 4 �lter tilt � 5 meridian scan � 2.5 s + dark curren t detection), while that of the photometer No.3 is 10 min (= 20 �lter tilt � 3 meridian scan � 10 s). Because the noise lev els of the c hannels for the OH bands and the OI (630.0nm) line are relativ ely

7 high compared to the airglo w in tensit y , data are further av eraged for 10 min for these c hannels. Examples of the observ ed data will b e sho wn in the next section. 3. Observ ations 3.1. Ma y 21{22, 1998 The meridian-scanning tilting photometers started automatic observ ation of the airglo w at Shigaraki (35 � N, 136 � E), Japan in Ma y 1998. Figure 5 sho ws in tensit y v ariations of OI (557.7nm) and OH Meinel (6-2) (846.5nm and 843.0nm) airglo w emissions observ ed by photometer No.1 during the clear night of Ma y 21{22, 1998. The meridian scan is in the north-south direction. The sp ectra of these emission lines obtained ev ery hour b y taking full-tilt data of the �lters at the meridian scan angle of 0 � (zenith) are also sho wn in the righ t side of Figure 5. The noise lev els of the OI curv es and 10-min av eraged OH curv es are small enough to discern hourly v ariation. It is clearly seen that the in tensit y of the 557.7nm emission increases with increasing lo cal time, while that of the OH bands decreases. Figure 6 sho ws the in tensit y v ariations of the O 2 A tmospheric (0-1) band and the OH Meinel (6-2) band emissions and rotational temp eratures calculated from these emissions. These data are obtained b y the SA TI as an a v erage o v er all azim uth angles at Shigaraki on the same night as that of Figure 5. The zenith photometer data in Figure 5 are also plotted in the b ottom panel. It is in teresting that the in tensities of O 2 bands and 557.7nm line measured b y the SA TI and the photometer, resp ectiv ely , sho w fairly consisten t v ariations. The OH band in tensities measured b y these t w o instrumen ts �t quite w ell, though that b y the photometer uctuates after 23L T. This uctuation ma y b e due to the di�eren t �elds of view of the t w o instrumen ts. The an ti-correlation of the in tensities of O 2 and OH emissions is not seen in the temp erature data. Both O 2 and OH temp eratures gradually increase from dusk to da wn.

8 Figure 7 sho ws in tensit y v ariations of the Doppler-shifted Hydrogen Balmer � line (485.1nm) and the N + 2 First Negativ e line (427.8nm) measured b y photometer No.3 on the same nigh t as that of Figure 5 (Ma y 21-22, 1998). Emissions of these lines at mid-latitudes are caused by energetic hea vy particle precipitation during magnetic storms. Since a magnetic storm did not o ccur on this day , no signi�can t emission is seen in the data. One can see that the noise lev el of the photometer is less than 5 R for b oth c hannels. The large negativ e in tensities at the start of the observ ation around 20L T are due to in tense bac kground sunligh t, while the follo wing w eak emission of � 4 R for 20{21L T in H � is probably the geo corona. 3.2. Marc h 4, 1998 During the �rst Japanese Planetary Scale Mesopause Observing System (PSMOS) campaign for Jan uary{Marc h, 1998, w e made a comprehensiv e observ ation of airglo w emissions in the mesopause region. F our all-sky cameras (three from the OMTI and one from the Radio A tmospheric Science Cen ter, Ky oto Univ ersit y) are used to obtain 3-dimensional structure of gra vit y w a v es through the airglo w images. Figure 8 shows an example of the observ ed airglo w patterns in the four emissions OI (557.7nm, � 96 km), O 2 A tmospheric (0-1) bands ( � 94 km), Na (589.3nm, � 90 km, camera b y the Ky oto Univ ersit y), and OH bands ( � 87 km) on Marc h 4, 1998. Bac kground in tensities of Na emission decrease signi�can tly during the observ ed in terv al. The OH image is tak en every 30 s, while the images of other emissions are tak en ev ery 2 min. Note that these are the �rst sim ultaneous observ ations of these four emissions using four all-sky cameras. Three kinds of w a v e structure are seen in these images. A sc hematic diagram of the w a v e structures seen in the OI image at 0021L T is sho wn in Figure 9. The �rst one is the large-scale \band" structure in the NNW-SSE direction whic h mo v es to w ard the ENE. The v elo cit y of the motion is � 160 m/s in the OI images assuming an emission altitude

9 of 96 km. The horizon tal w a v elength of this structure is � 100 km. This structure is clearly seen in the OI and O 2 images but is not clear in the Na and OH images. The second one is the large-scale EW structure whic h mo v es north w ard with a v elo cit y of � 80 m/s in the OI images. This structure, whic h is more or less like a b oundary b et w een in tense and w eak emissions, is seen at the b ottom edge of the OI and O 2 images at 0001L T and around the center of the images at 0031L T. This structure is relativ ely w eak in the Na and OH images, but can b e seen in the 0031L T images. The third one is groups of small-scale wa v es whic h form ro w-lik e structures in the NW-SE direction. These row-lik e structures are seen in all four images around the cen ter. The w a v elength of the small-scale NE-SW w a v es in a ro w is � 15 km. This structure is more distinct in the OH images than in the OI images. 4. Discussion The noise levels of OH c hannels of the photometers No.1 and 2 (31{87 R as listed in T able 2) are relativ ely high. By a v eraging 10 data as plotted in Figure 5, the noise decreases to 1/3 ( � p 10) of these v alues. How ev er, it is still di�cult to calculate rotational temp erature from the intensit y data. Additional co oling will b e needed for the photom ultipliers. On the other hand, the noise lev els of the photometers are lo w enough to discuss diurnal in tensit y v ariations as sho wn in the comparison with data from the SA TI. The go o d correlation observed b et w een OI (557.7nm) and O 2 A tmospheric (0-1) bands (Figure 6) has b een rep orted b y previous researchers (e.g., Misa w a and T ak euc hi, 1977; Ro drigo et al. , 1985). The trends of increasing 557.7nm in tensit y and of decreasing OH band in tensit y are similar to those observ ed at Cac ho eira P aulista (23 � S, 45 � W) in Ma y (T ak ahashi et al. 1984). The gradual increase of O 2 rotational temp erature is not similar to that observ ed at Bear Lak e Observ atory (42 � N, 111 � W), but our Ma y data w ere acquired later in the year than an y of the Bear Lak e data rep orted (Wiens et al.,

10 1995). The noise lev el of photometer No.3 is less than 5 R as sho wn in Figure 7. Emission in tensities at mid- and low-latitudes b y energetic hea vy particle precipitation during magnetic storms are t ypically a few R for the H � line and a few h undred R for the N + 2 (1NG) band (Tinsley et al. 1984). Th us, the noise lev el is comparable to the t ypical in tensit y for H � , while it is lo w enough for N + 2 (1NG) detection. The all-sky images sho wn in Figure 8 indicate that a v ariet y of w a v e structures suc h as bands and ro w-lik e w a v es is observ ed at a mid-latitude of 35 � N. The large-scale band structures are seen only in the OI and O 2 emissions. F rom the ALOHA-93 campaign observ ation at a tropical latitude of 21 � N, T a ylor et al. (1995a) p oin ted out that w a v e structures are detected in signi�can tly higher amoun t at OI altitudes ( � 96 km) and suggested ducted w a v e motions in the lo w er thermosphere. Similar mec hanism ma y pla y a role at this latitude. On the other hand, the small-scale ro w-lik e structure is observ ed sim ultaneously at all altitudes. Similar w a v e structures are rep orted b y T a ylor et al. (1995a). They also noted that this pattern is seen at all four wa v elengths. Ho w ev er, the small-scale ro w-lik e structures in Figure 8 are more prominen t at the OH altitude than at the OI altitude, whic h is opp osite to the observ ation by T a ylor et al. The north w ard mo ving EW b oundary structure is similar to the sp ectacular fron t ev en t rep orted b y T a ylor et al. (1995b). Dew an and Picard (1998) suggested that suc h fron t passage is caused by the mec hanism of a tidal b ore in the mesopause region. A decrease of 557.7nm in tensit y and an increase of OH in tensit y after the passage of the fron t is seen in the images of 0031L T, whic h is also consisten t with the observ ation by T a ylor et al. (1995b). Small-scale w a v e structures observ ed in their images after the fron t passage is not clear in our case. The three kinds of wa v e structures in Figure 8 observ ed at the mid-latitude station is quite similar to those observed during the ALOHA-93 campaign at tropical latitudes.

11 It is very in teresting to note, how ev er, that these w a v es app ear in the same images. 5. Summary W e ha v e dev elop ed the OMTI system in the Solar-T errestrial En vironmen t Lab oratory . The OMTI is capable of measuring wind, temp erature, and 2-dimensional airglo w pattern at m ulti-w a v elengths sim ultaneously . Automated routine observ ations of airglow emissions by the cameras, the photometers, and the SA TI w ere started from July 1998, Ma y 1998, and Decem b er 1997, resp ectiv ely , at Shigaraki, Japan. The op eration of the F abry-P erot in terferometer has not b een automated y et. The OH rotational temp erature from the photometer is still unreliable due to a high noise lev el, while diurnal v ariation of airglo w intensit y can b e discussed from the photometer data. The photometer No.3 has a capabilit y enough to measure mid-latitude atmospheric emissions by hea vy particle precipitation during magnetic storms. The SA TI measures in tensities and rotational temp eratures of OH and O 2 bands fairly w ell. As sho wn in Figure 8, sim ultaneous observ ation of airglo w images at sev eral w a v elengths giv e us useful information to study v ertical propagation of gra vit y wa v es. Short-p erio d w a v e structures similar to those observ ed in the equatorial latitude are seen from the mid-latitude observ ation. W e found an ev en t during whic h large-scale bands, small-scale ro w-lik e structures, and large-scale fron t passage o ccur sim ultaneously . Ac kno wledgmen ts. W e are grateful to M. Ishii, H. F ukunishi, H. Nak a jima, S. Ok ano, Y. T ak ahashi, and M. T aguc hi for their helpful comments and suggestions during the developmen t of OMTI. R. Maek a w a is greatly ac kno wledged for his skillful help to construct the automatic con trol soft w are for the cameras. The all-sky cameras and the photometers w ere calibrated using facilities at the National Institute of Polar Researc h, Japan.

12 References Conde, M. and R. W. Smith, Mapping thermospheric winds in the auroral zone, Ge ophys. R es. L ett., 22 , 3019{3022, 1995. Dew an, E. M. and R. H. Picard, Mesospheric b ores, J. Ge ophys. R es., 103 , 6295{6305, 1998. Dyson, P . L., T. P . Da vis, M. L. P arkinson, A. J. Reev es, P . G. Richards, and C. E. F airc hild, Thermospheric neutral winds at southern mid-latitudes: A comparison of optical and ionosonde h m F 2 metho ds, J. Ge ophys. R es., 102 , 27,189{27,196, 1997. F agundes, P . R., D. Gobbi, H. T ak ahashi, and Y. Sahai, Mesospheric energy loss rates by OH and O 2 emissions at 23 � S, Ann. Ge ophys., 15 , 797{804, 1997. Hec h t, J. H. and R. L. W altersc heid, Observ ations of the OH Meinel (6,2) and O 2 A tmospheric (0,1) nigh tglo w emissions from Maui during the ALOHA-90 campaign, Ge ophys. R es. L ett., 18 , 1341{1344, 1991. Hernandez, G. and R. G. Roble, Thermospheric nighttime neutral temp erature and winds o v er F ritz P eak Observ atory: Observed and calculated solar cycle v ariation, J. Ge ophys. R es., 100 , 14,647{14,659, 1995. Killeen, T. L. and R. G. Roble, Thermosphere dynamics: Contributions from the �rst 5 years of the Dynamics Explorer program, R ev. Ge ophys., 26 , 329{367, 1988. Meriw ether, J. W., High-latitude airglow observ ations of correlated short-term uctuations in the Hydro xyl Meinel 8{3 band in tensit y and rotational temp erature, Planet. Sp ac e Sci., 23 , 1211{1221, 1975. Misa w a, K. and I. T ak euc hi, Ground observ ation of the O 2 (0-1) A tmospheric band at 8645 A and the [OI] 5577-A line, J. Ge ophys. R es., 82 , 2410{2412, 1977. Rees. D., A. Aruliah, T. J. F uller-Ro w ell, V. B. Wic kw ar, and R. J. Sica, Winds in the upp er mesosphere at mid-latitude: First results using an imaging F abry-P erot in terferometer, Ge ophys. R es. L ett., 17 , 1259{1262, 1990. Ro drigo, R., J. J. Lop ez-Moreno, M. Lop ez-Puertas, and A. Molina, Analysis of OI-557.7nm, NaD, OH(6-2) and O 2 ( 1 � + g )(0-1) nightglo w emissions from ground-based observ ations, J. Atmos. T err. Phys., 47 , 1099{1110, 1985.

13 Shiok a w a, K., Y. Katoh, M. Satoh, M. K. Ejiri, and T. Oga w a, In tegrating-sphere calibration of all-sky cameras for nigh tglo w measurements, submitte d to A dv. Sp ac e Sci., 1998. T ak ahashi, H., Y. Sahai, and P . P . Batista, Tidal and solar cycle e�ects on the OI 5577 A, NaD and OH(8,3) airglow emissions observ ed at 23 � S, Planet. Sp ac e Sci., 32 , 897{902, 1984. T ak ahashi, H., Y. Sahai, B. R. Clemesha, D. M. Simonic h, N. R. T eixeira, R. M. Lob o, and A. Eras, Equatorial mesospheric and F-region airglo w emissions observ ed from latitude 4 � south, Planet. Sp ac e Sci., 37 , 649{655, 1989. T a ylor, M. J. and M. J. Hill, Near infrared imaging of Hydro xyl wa v e structure ov er an o cean site at low latitudes, Ge ophys. R es. L ett., 18 , 1333{1336, 1991. T a ylor, M. J., M. B. Bishop, and V. T a ylor, All-sky measurements of short p erio d w a v es imaged in the OI(557.7nm), Na(589.2nm) and near infrared OH and O 2 (0,1) nigh tglo w emissions during the ALOHA-93 campaign, Ge ophys. R es. L ett., 22 , 2833{2836, 1995a. T a ylor, M. J., D. N. T urn bull, and R. P . Lo w e, Sp ectrometric and imaging measuremen ts of a sp ectacular gravit y wa v e ev en t observed during the ALOHA-93 campaign, Ge ophys. R es. L ett., 22 , 2849{2852, 1995b. T a ylor, M. J., W. R. P endleton, S. Clark, H. T ak ahashi, D. Gobbi, and R. A. Goldb erg, Image measuremen ts of short-p erio d gra vit y wa v es at equatorial latitudes, J. Ge ophys. R es., 102 , 26,283{26,299, 1997. T a ylor, M. J., J.-M. Jahn, S. F uk ao, and A. Saito, P ossible evidence of gra vit y w a v e coupling into the midlatitude F region ionosphere during the SEEK campaign, Ge ophys. R es. L ett., 25 , 1801{1804, 1998. Tinsley , B. A., R. P . Rohrbaugh, H. Rassoul, E. S. Bark er, A. L. Co c hran, W. D. Co c hran, B. J. Wills, D. W. Wills, and D. Slater, Sp ectral c haracteristics of t w o t yp es of low latitude aurorae, Ge ophys. R es. L ett., 11 , 572{575, 1984. Tinsley , B. A., R. Rohrbaugh, H. Rassoul, Y. Sahai, N. R. T eixeira, and D. Slater, Lo w-latitude aurorae and storm time curren t systems, J. Ge ophys. R es., 91 , 11,257{11,269, 1986. Wiens, R. H., S.-P . Zhang, R. N. Peterson, and G. G. Shepherd, MOR TI: A mesopause oxygen rotational temp erature imager, Planet. Sp ac e Sci., 39 1363{1375, 1991.

14 Wiens, R. H., S. P . Zhang, R. N. P eterson, and G. G. Shepherd, Tides in emission rate and temp erature from the O 2 nightglo w o v er Bear Lake observ atory , Ge ophys. R es. L ett., 22 , 2637{2640, 1995. Wiens, R. H., A. Moise, S. Brown, S. Sargo ytc hev, R. N. P eterson, G. G. Shepherd, M. J. Lop ez-Gonzalez, J. J. Lop ez-Moreno, and R. Ro drigo, SA TI: A sp ectral airglow temp erature imager, A dv. Sp ac e Sci., 19 , 677{680, 1997. This man uscript w as prepared with the A GU L A T E X macros v3.1.

15 Figure 1. Sc hematic diagram of the Optical Mesosphere Thermosphere Imagers (OMTI). Figure 2. Pictures of the instruments of OMTI. Tw o con tainer houses (top left) with three photometers and sev eral transparent domes on the ro of, an all-sky camera (middle left), a meridian-scanning tilting photometer (b ottom left), an imaging F abry-P erot in terferometer (top righ t), and a Sp ectral Airglo w T emp erature Imager (SA TI, b ottom righ t). Figure 3. Sc hematic diagram of the all-sky co oled CCD camera system with 5-p osition �lter wheel. The camera op eration is con trolled by the p ersonal computer. Image data are sav ed in to the optical disk. Figure 4. Schematic diagram of the meridian-scanning tilting photometer system. Two airglo w lines are measured sim ultaneously b y separating the incident light using a dichroic mirror. The whole system is con trolled by the p ersonal computer. Figure 5. In tensit y v ariations of OI (557.7nm) and OH Meinel (6-2) (846.5nm and 843.0nm) airglo w emissions observ ed b y the meridian-scanning tilting photometer No.1 at Shigaraki (35 � N, 136 � E), Japan on Ma y 21{22, 1998. The meridian scanning is for �ve zenith angles from � 74 : 88 � (north w ard) to 74.88 � (southw ard). Line sp ectra obtained ev ery hour b y taking 1-min full-tilt data at the scan angle of 0 � (zenith) are also sho wn in the right side. Figure 6. Intensities and rotational temp eratures of O 2 Atmospheric (0-1) band and OH Meinel (6-2) band emissions measured by the SA TI (a v erage of all azim uth angles) at Shigaraki on Ma y 21{22, 1998. The zenith photometer data in Figure 5 are also plotted b y dashed lines in the b ottom panel.

16 Figure 7. In tensit y v ariations of Doppler-shifted Hydrogen Balmer � line (485.1nm) and N + 2 First Negativ e line (427.8nm) measured b y the meridian scanning tilting photometer No.3 at Shigaraki on Ma y 21{22, 1998. The meridian scanning is for three zenith angles from � 74 : 88 � (north w ard) to 74.88 � (south w ard). Figure 8. All-sky airglo w images at OI (557.7nm, � 96 km), O 2 Atmospheric (0-1) bands ( � 94 km), Na (589.3nm, � 90 km), and OH bands ( � 87 km) observ ed at Shigaraki for 00:01{00:31L T on Marc h 4, 1998. The OH image is tak en every 30 s, while the images of other emissions are tak en every 2 min. These images at four emission lines are taken at exactly a same time using four all-sky cameras. Upw ard is to w ard the north and leftside is to w ard the east. The images are deviations from the a v erage image for 00:01{0031L T. Figure 9. Sc hematic diagram sho wing three kinds of w a v e structure seen in the all-sky image of the OI emission at 0021L T in Figure 8. The arro ws indicate directions of the w a v e motion.