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Abstract-Observations of the OH@-3) band rotational temperature have been carried out from Calgary 
(51”N, 114”W), Canada, from 1988 to 1990. The measurements have been taken in orthogonal scanning 
mode and the data set has been analyzed to study salient features of gravity waves in the mesospheric 
region from this mid-latitude station. Rotational temperature data from 36 nights showed distinct gravity 
wave activity during this period. The gravity wave characteristics studied include the dominant period, 
horizontal structure speed, implied horizontal wavelength and horizontal component of direction of 
propagation. The preferred direction in the horizontal wave propagation at Calgary is towards the north- 
west. A comparison of the observed horizontal propagation directions with the permitted directions, using 
model wind profiles for Calgary, shows good agreement. This indicates that the upward flow of wave 
energy could be modified by the background wind. 0 1997 Elsevier Science Ltd 

INTRODUCTION 

Viereck (1991) has recently reviewed the meso- 
spheric dynamics and chemistry. Gravity waves play 
an important role in determining the dynamics and 
structure of the mesospheric region. During recent 
years there has been considerable interest in inves- 
tigations related to gravity waves in the mesospheric 
region using nightglow (Hecht et al., 1987; Taylor et 
al., 1987, 1991, 1993; Cogger et al., 1988; Viereck and 
Deehr, 1989; Swenson et al., 1990; Wiens et al., 1993; 
Kieffaber et al., 1993), radar (Reid, 1986; Reid and 
Vincent, 1987; Manson and Meek, 1988; Manson, 
1990) and lidar (Gardner and Voelz, 1987; Senft and 
Gardner, 1991; Beatty et al., 1992) observations. In 
this article, we present and discuss the occurrence 
characteristics of gravity waves in the mesospheric 
region observed at Calgary (51”N, 114”W), Canada, 
using the rotational temperatures determined from the 
scanning (north-south and west-east) observations 
of the OH (8-3) band nightglow emission. The data 
presented span the period from 1988 to 1990. Some 

*Present address: Gemini Optics Consulting Services, 72 
MacEwan Park Road N.W., Calgary, Alberta, T2K 3E9, 
Canada. 

tPresent address: Instituto National de Pesquisas Espa- 
ciais (INPE), 12201-970, Sao Jose DOS Campos, SP, Brazil. 
Corresponding author. 

features of the mesospheric gravity waves studies 
based on the earlier observations at Calgary have been 
presented by Cogger et al. (1988) and Elphinstone et 
al. (1988). 

INSTRUMENTATION 

The north-south (F-S) and west-east (W-E) scan- 
ning observations of the OH (8-3) band emission were 
made with a multichannel tilting filter photometer 
(Meriwether, 1975; Meriwether et al., 1983). The pho- 
tometer has a full angle field of view of 3” and each 
interference filter has a diameter of 2 inches. The photo- 
multiplier is a cooled (-20°C) red sensitive EM1 
9658B and is operated in pulse detection mode. 

A positionable double-axis azimuth-zenith mirror 
system has been used for orthogonal scanning obser- 
vations. The system was programmed to observe at 
15 discrete sky positions, in each north-south and 
west-east scan directions. The maximum off-zenith 
angle of observations used was 27” and the separations 
between the discrete observation positions were 
chosen to give a spatial resolution of 6 km at an alti- 
tude of 85 km. The maximum off zenith angle of 27” 
allows a total scanning range of about 90 km on the 
OH layer. Thus we are unable to measure the size of 
waves much larger than this. The photometer oper- 
ation and data acquisition were carried out by a PDP 
1 l/23 minicomputer. 
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The photometer provides near simultaneous scan- 
ning observations of the 01 630.0 and 557.7 nm and 
OH(8-3) band nightglow emissions. In order to deter- 
mine the rotational temperature of the OH (8-3) band 
(hereafter T(OH)), measurements were made of the 
P,(2) and P,(5) rotational lines at wavelengths 731.6 
and 740.1 nm, respectively. Each of these line 
measurements was accompanied by a continuum 
background measurement obtained by tilting the 
filter. Narrow band (0.3 nm) interference filters have 
been used for these measurements. Details related to 
the determination of the OH rotational temperature 
have been described by Meriwether (1975). Estimated 
errors in T(OH) are approximately f 5 K. One com- 
plete scan cycle of the observations for the three emis- 
sions takes about 20 min. 

DATA ANALYSIS: GRAVITY WAVE CHARACTERISTICS 

To study the occurrence characteristics of gravity 
waves, the data obtained from the orthogonal scan- 
ning observations for each night were divided into 
two sets, one set being the spatial variation of the 
rotational temperature and the other being the tem- 
poral variation of the rotational temperature. Both of 
these data sets have components in the north-south 
and west-east directions. These data sets were studied 
in detail to determine which nights showed the pres- 
ence of distinct gravity wave activity. Several examples 
of the rotational temperature data showing gravity 
wave activity and simultaneous measurements of the 
01557.7 nm emission during the presence of OH tem- 
perature waves from this location have been presented 
by Cogger et al. (1988; Figs 1, 2 and 3). Nights when 
the data may have been contaminated by aurora1 
activity or bad weather were discarded. 

The next step in the processing was to calculate 
the velocity spectra using the technique described by 
Elphinstone et al. (1986, 1988), in both the north- 
south and west-east directions, in order to determine 
the meridional and zonal velocities, respectively, of 
the moving mesospheric thermal structure. 

Velocity spectra1 analysis can be carried out in sev- 
eral ways and many investigators have done this in 
the past. Briggs (1984) reviewed how a full correlation 
analysis technique could be used for determining the 
motion of a two-dimensional pattern. However, 
restrictions apply when utilizing such a technique, 
when more than three spatial points are used to collect 
the data, as in the present case. These additional 
locations imply an over-specification of the physical 
features. To include all the information requires the 
application of a linear least squares fitting technique. 

Other techniques for the determination of velocity 
information have also been utilized, such as that by 
Clairemidi et al. (1985), who were able to define vel- 
ocities as well as wavelengths from a comparative 
study of photographic plates of the upper atmospheric 
infrared OH airglow structure. However, such 
measurements are now readily obtained by imagers 
(e.g. Taylor et al., 1993), which are now the primary 
source of this type of information. Fruend and Jacka 
(1979) approached the analysis of two-dimensional 
upper atmospheric moving forms in a manner which 
is similar to that used in this study. They determined 
the best velocity between time series with various spa- 
tial separations and found the best fit velocity from 
these. 

The procedure utilized here was to search the data 
set for a wide range of possible velocities which are 
defined by the sampling and find the velocity which 
best fits all of the combinations of time series which 
are a part of the input data set. For each night there 
are two velocities which are found; these are the mer- 
idional velocity, Vmrrrdrono,, and the zonal velocity, 
VZunol The data analysis assumes that the wave 
motions are monochromatic and that there was only 
one main wave disturbance for each night. 

The velocities which are deduced in the analysis are 
not necessarily the true phase speeds of the waves, but 
are the speeds at which the upper atmospheric thermal 
patterns are moving in the horizontal direction. Figure 
1 shows a schematic of a horizontally moving wave 
pattern, moving with a velocity of VSITUC_ (I’,,). This 
figure illustrates how the meridional and zonal vel- 
ocities are related to the structure velocity. If the pat- 
tern moves from the origin to a point y, in the 
meridional direction in a time t, then: 

WAVE CREST AT TIME t, N 

\I 
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Fig. 1. Schematic representation of a horizontally moving 
pattern for the determination of structure velocity. 
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y,cose 
t, = __ 

VU 
(1) 

and similarly in the zonal direction the time taken for 
the pattern to move from the origin to a point x, is 
given as: 

x,sin0 
t1 = v,, 

where V,, is the speed of the moving structure. 
Hence, the velocity components which are observed 

and which are deduced in the analysis are actually: 

V YI 
merrdronol = - 

t1 
(3) 

and 

VZ”& = z (4) 

These components are related to the speed of the 
moving upper atmospheric thermal structure as: 

where the angle of the horizontal direction of propa- 
gation, 8, is measured in a clockwise fashion from 
cardinal north. This angle of propagation of the mov- 
ing upper atmospheric thermal structure is determined 
by: 

(7) 

and the magnitude of the structure velocity V,, is given 
by: 

Therefore, from the measurement of both the mer- 
idional and zonal velocities, the magnitude and direc- 
tion of the structure velocity of the moving gravity 
wave pattern can be determined. 

Further processing to yield frequency information 
was done by implementing a one-dimensional 
maximum entropy spectral analysis technique (see 
Cogger et al. (1988) for details of the technique). The 
algorithm for this specific type of analysis has been 
presented by Ulrych and Bishop (1975). A spectral 
analysis of this type yields the power spectrum as a 
function of frequency between zero and the Nyquist 
limit. Prior to this analysis being carried out, a first 
order difference filter is implemented, so that the d.c. 
component present in the data is removed. 

This analysis provides estimates of the frequency of 
the periodic fluctuations being studied. For each night 
of useful photometer data a power spectrum was cal- 
culated for each temporal scan (yielding frequency 
information). These were all normalized such that the 
integrated value of the spectrum was equal to one. 
For any single night the respective power spectra were 
averaged together to give a single power spectrum in 
time for the entire night’s data set. Error bars on the 
power spectra were found by finding the standard 
deviation of the mean at any given point. 

The velocity spectral analysis and the maximum 
entropy spectral analysis carried out in this study 
determined the principal meridional and zonal vel- 
ocities, and the principal period, respectively, for each 
night of data. The analysis of the photometer-acquired 
data could only yield observed periods, T,,b,y of upper 
atmospheric fluctuations with values of between 30 
and 450min because of the sampling of the data and 
the temporal length of the scan. 

The implied horizontal wavelength, A,,, was cal- 
culated using the product of the observed period, Tohs, 
and the observed structure velocity, VT,, as: 

3-h = TohsI/lr (9) 

RESULTS AND DISCUSSION 

Distinct monochromatic gravity waves were 
observed on 36 nights during the period 1988-90. 
Results from these nights are reported in this paper. 
It should be mentioned that, because of instrumental 
problems, very few nights of observations were 
obtained during 1989. The data set has vastly more 
observations during the winter months than the rest 
of the year because of cloud cover as a function of 
local season. As pointed out earlier by Cogger et al. 
(1988), about one-third of the uncontaminated nights 
show wave activity. The gravity wave characteristics 
presented include the observed period ( To,,Jr the hori- 
zontal phase velocity (V,,), the implied horizontal 
wavelength (A,), and the horizontal component of the 
direction of propagation. 

In Figs 2,3 and 4 and 6 we have plotted histograms 
of the frequency of occurrence of the observed 
periods, the horizontal structure speeds, the implied 
horizontal wavelengths, and directions of propa- 
gation, respectively. Figure 2 shows that the observed 
periods are between 30 and 190 min and fall in the 
range of those reported from other mid- and high mid- 
latitude locations (Gardner and Voelz, 1987; Manson 
and Meek, 1988). The observed periods show a 
maximum between 50 and 90 min. 

Figure 3 shows that the observed horizontal struc- 
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Fig. 2. Histogram of the observed gravity wave periods 
(19X8-1990). 

ture speeds lie in the range lO-70ms-‘, peaking at 
2&30ms-‘. The observed range of speeds is com- 
parable to those reported by Manson and Meek 
(1988); however, they have included background wind 
data in their analysis and reported a rather flat 
distribution. 

The occurrence characteristics of the implied hori- 
zontal wavelengths are plotted in Fig. 4. For I+, the 
range lies between 40 and 320 km. This is consistent 
with lidar and radar measurements (Gardner and 
Voelz, 1987; Manson and Meek, 1988). 

The polar plots of the observed horizontal structure 
velocities are shown in Fig. 5. The occurrence fre- 
quency of the observed horizontal velocities in differ- 
ent segments are shown in Fig. 6. A perusal of Figs 5 
and 6 indicates that the preferred direction of hori- 
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Fig. 3. Histogram of the observed gravity wave horizontal 
structure speeds (1988-1990). 
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Fig. 4. Histogram of the implied horizontal wavelengths 
(1988-1990). 

zontal wave propagation is towards the north-west. 
A similar tendency for northward propagation using 
OH emission imaging observations has also been 
reported by Taylor et al. (1993) from measurements 
carried out in Colorado (40”N, 106”W), U.S.A. How- 
ever, the radar observations reported by Manson and 
Meek (1988) from Saskatoon show the strongest vari- 
ation to be in the southward direction. It is rather 
surprising that two different observation techniques 
show opposite characteristics in the propagation 
direction at locations not far from each other. This 
needs further investigation, possibly with sim- 
ultaneous measurements using different observational 
techniques. 

Using the wind profiles (Ryan, 1991; Ryan and 
Tuan, 1991) model for Calgary, background wind 
blocking diagrams (Taylor et al., 1993) were plotted 
for the months of January and February (we selected 
months during which there have been most nights of 
observations). Figure 7 shows the blocking diagram 
for local midnight conditions during the months of 
January and February (winter) at 85 km. The shaded 
area represents the forbidden region of wave propa- 
gation caused by horizontal winds in the lower atmo- 
sphere. Also shown are the horizontal propagation 
directions and magnitudes of the observed gravity 
waves. As mentioned earlier, we have not considered 
nights with amoral contamination and, therefore, 
gravity waves of aurora1 origin (Chandra et al., 1979) 
are unlikely to have been the cause of the observed 
wave activity in the present study. It is observed from 
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Fig. 5. Velocity vector plot of the horizontal component of the direction of propagation (1988-1990). 

Fig. 7 that there is a good agreement between the 
observed directions of wave propagation and per- 
mitted regions in the blocking diagram. These results 
are both consistent with and supplement those 
reported by Taylor ~‘2 al. (1993), who have discussed 
in detail the influence of the middle atmospheric winds 
on the azimuthal distribution of gravity waves reach- 
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Fig. 6. Histogram showing the quadrant of horizontal propa- 
gation of the observed gravity waves (1988-1990). 

ing the upper atmosphere from an origin in the tropo- 
sphere. The data of Taylor et al. (1993) indicated 
shorter periods than most of those presented here 
(probably caused by the temporal resolution) and thus 
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Fig. 7. Blocking diagram at 85km at local midnight for 
January and February (winter conditions). The restricted 
region for gravity wave propagation to the OH emission 
layer height is indicated as the shaded region. The arrows 
show the magnitudes and directions of the gravity wave 

motions observed. 
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are quite complementary. Where the results reported 2. The observed horizontal structure speeds lie in the 
by Taylor et al. (1993) were for May, June and July range of 1&70ms~‘, peaking at 2(r30msm’. 
(summer) with most of the blocking occurring to the 3. The implied horizontal wavelengths are in the 
west and the observed waves propagating to the east, range of 4&320 km. 
these results are for January and February (winter) 4. The preferred direction for the horizontal wave 
where the winds are predominantly to the east and propagation at Calgary is towards the north-west. 
the observed waves are propagating to the west. This 5. Superpositions of the observed horizontal propa- 
reinforces the conclusion that wind filtering is block- gation directions and magnitudes for the months 
ing the upward flow of wave energy. of January and February on a ‘blocking diagram’, 

using model wind profiles for Calgary, show good 

CONCLUSIONS 
agreement, which indicates that the upward flow of 
wave energy could be modified by the background 

Using the rotational temperatures determined from winds. 
scanning observations of the OH@-3) band nightglow 
emission, we have presented the occurrence charac- “_, 
teristics of several gravity wave parameters at 51”N. ~&nowledgements-One of the authors (Y.S.) would like to 
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