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ABSTRACT

Rocketsonde observations and infrasound results are used to investigate the variability of the summer
stratopause region during one month in summer. It is found that fluctuations of 2-3 days and about 16-day
periods are evident, which appear to be vertically propagating. In this month the 2-3 day oscillations
have an amplitude envelope equal in period to the longer period oscillations, implying a connection
between the two phenomena. Observations of the diurnal tide and shorter period variability during

the month are also presented.

1. Introduction

During the summer of 1977, as part of a program
to determine the variability of the stratosphere,
rocketsonde measurements of various parameters
once a day for one month (11 July—10 August)
were made at Wallops Island. Infrasound observa-
tions at Palisades, New York, were analyzed for
this time period. Infrasound results during summer
at this location can be used to determine the sound
velocity near the stratopause (Rind ef al., 1973) and
have been used to gauge the variability during
stratospheric warmings (Rind and Donn, 1978). In
this paper we compare results from these two dif-
ferent techniques and report on the variability
observable with continuous measurements.

2. Infrasound technique

Infrasound between 0.1 and 1 Hz is generated by
interfering ocean waves (Posmentier, 1968; Donn
and Naini, 1973) and propagates with a vertical com-
ponent until it reaches a level in the atmosphere
where the ambient sound velocity in the direction
of propagation exceeds the surface level value. It
then refracts back to the surface, with its horizontal
trace velocity equaling the sound velocity at this

0021-8952/81/080900-10506.50
© 1981 American Meteorological Society

upper ‘‘reflection’’ level (Rind et al., 1973). For
ocean wave sources to the east of Palisades this
level will occur in regions of east winds and rela-
tively high temperatures—the thermosphere in
winter (Donn and Rind, 1972; Rind, 1978) and the
stratosphere in summer and during stratospheric
warmings (Rind et al., 1973; Rind and Donn, 1978).
The infrasound is recorded by surface level micro-
phones and analyzed to determine the horizontal
trace velocity; as infrasound is generated and re-
corded continuously, observations of upper level
sound velocities are poss:ble throughout the day. A
short discussion of minor uncertainties in relatmg
infrasound variations to wind variations is given in
the Appendix.

Infrasound observations were made as a matter of
routine during the summer of 1977 and analyzed
for the interval which coincides with the Wallops
Island observations. The results were compiled by
averaging over an entire hour, and were determined
for every other hour during the month of 11 July-
10 August 1977. This should be contrasted with the
rocketsonde observations at Wallops Island which
reported instantaneous results once a day. Further-
more, Wallops Island is located some 350 km to the
south of Palisades. Despite these temporal and
spatial differences, a good comparison was achxeved
as described below.
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3. Comparison of rocketsonde and infrasound ob-
servations

Infrasound is reflected from regions with rela-
tively high temperature and with winds from the
direction of the source; as sound sources to the east
are most common for our station, easterly winds
favor such reflection.

During summer, the stratospheric circulation is
controlled by the polar anticyclone, formed due to
solar radiation absorption. The circulation around
this feature provides easterly winds from ~20-80
km. Because the warmest temperatures occur in
the vicinity of 50 km, we decided to compare the
infrasound sound velocities with the Wallops Is-
land sound velocities at various levels near this
stratopause. The level with the best comparison is
the one most responsible for infrasound reflection
and the one which is being best ‘‘observed’’ with
infrasound recording.
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TABLE 1. Mean difference between the infrasound (IS) velocity
and rocketsonde velocity at various layers; also the cross-
correlation coefficient between the data sets at —1, 0 and
+1 day lags.

2|0OBS - IS}

Elevation —1day 0day +1 day
(km) (ms™) lag lag lag
40-45 18.5 0.21 0.30 0.10
45-50 8.6 0.16 0.52 0.48
50-55 9.5 0.17 0.48 0.61
55-60 8.5 0.13 0.01 0.37
peak 45-50 6.3 0.07 0.50 0.49

In particular, we determined the sound velocity
from the horizontal trace velocity of the observed
infrasound and compared it with the average sound
velocity (a function of both wind and temperature)
determined at Wallops Island between 40-45, 45—
50, 50-55 and 55-60 km, as well as the peak (high-
est) sound velocity between 45 and 50 km. During

1109

1003

AZIMUTH

909

390

)

3804

3704

g

SOUND VELOCITY (M/S

340

0024 6 81012 146 1 202200
wn 7712

AZIMUTH

SOUND VELOCITY (M/S)
e

b

T

78

T
0

9 720 w2l

; I;
X
1977 2

Fi1G. 1. Infrasound horizontal trace-velocity and azimuth at Palisades, New York, for
the period 11 July-11 August 1977. Values averaged over an hour are plotted for every
second hour (EST). Data with low confidence are indicated by broken lines, otherwise the

velocities have an uncertainty of =2 m s~

! and an azimuth of =2°. Also, shown are the

rocketsonde peak sound velocities for the 45-50 km region (filled circles) recorded at

Wallops Island, 300 km to the south.
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FiG. 2. 24 h (tidal) oscillation ip sound veloc/ity extracted with a 21-point filter.

the summer, there are few discrete ocean wave
sources; rather the general area to the east of
Palisades acts as an infrasound generator. It thus
seemed possible to observe azimuthal variations
associated with the changing meridional component
of the wind, hence we compared the azimuth of the
recorded infrasound with the azimuth of the wind
velocity at the level of peak sound velocity be-
tween 45 and 50 km. (To do this for the Wallops
Island observations, we added the magnitude of the
observed wind to the scalar sound speed from
temperature to get the total sound velocity, and
noted the azimuth of the wind.)

The comparison of the sound velocities is pre-
sented in Table 1. We first compared the absolute

value of the difference between the rocketsonde
observation at the various levels and the infrasound
results for the nearest hour. The difference was
relatively uniform between 45 and 60 km; however,
the best comparison was with the peak value be-
tween 45 and 50 km. We then calculated the cross
correlation between the two data sets. With the a
priori assumption of 0 day lag null hypothesis the
infrasound correlation with the observed data in the
45-50 km region is significant at the 1% level. The
correlation falls off rapidly above 55 km and below
45 km. Thus, we will take the infrasound data to be
representative of the 45-50 km (peak) sound veloc-
ity. The correlation of 0.5 accounts for only 25% of
the variance, a point which we will return to later.
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FiG. 3a. Simple periodogram estimate of the power spectra of the infrasound
(solid line) and 45-50 km peak rocketsonde (dashed line) sound velocities. The
noise level represents the 95% confidence level. Af = 0.02 cpd.

Also shown in Table 1 are the correlations at —1
and +1 day lags. Above 50 km the correlations are
higher at +1 day lag than with no lag; this is es-
pecially true for the region 55-60 km. Below 45 km
the correlations, although low, favor the 0 to —1

day lag. If the correlations are caused by waves
propagating vertically with a phase speed of 5 km
day~*(e.g., Perry, 1967), then the results are under-
standable. The waves which appear in the infra-
sound data, representing the 45-50 km region,
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FiG. 3b. As in Fig. 3a for azimuthal fluctuations.
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would appear below 45 km one day earlier, and at
55 km one day later. This will be discussed further,
below.

4. Spectra

The infrasound results calculated for every other
hour for a portion of the period 11 July—10 August
are shown in Figs. 1a and 1b along with the peak
sound velocity and azimuth for the 45-50 km region.
The mean difference in the wind velocities
determined by the two techniques was 6.7 (*5)
m s~! while the azimuthal difference was 4.8 (*6)
deg. Given the apparent fluctuating nature of the
stratospheric sound velocities, these differences
could be accounted for by the lack of space and time
coincidence between the two data sets. In both types
of observations the sound velocity varied between
365 and 395 m s7!, and the azimuth varied from
80-110°.

Figs, 2a and 2b show a portion of the filtered
24 h sound velocities; they indicate a peak-to-peak
amplitude of 13 = 3 m s™!, with minimum sound
velocity from the east at 2300 = 2.7 h. This is in
agreement with the observed phase of the diurnal
tidal wind near the summer stratopause (Nastrom
and Belmont, 1976). To investigate the energy spec-
trum for the longer periods, periodogram estimates
of the power spectra of the two data sets (the infra-
sound observations and the 45-50 peak values) were

30
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calculated for both the sound velocities and direc-
tions and are shown in Figs. 3a and 3b. The white-
noise level was determined using a Fisher’s test
(Nowroozi, 1967) with 95% confidence. In Fig. 3a,
significant peaks appear centered near the 3- and 15-
day periods in the rocketsonde data, and near 4-5
days and 25 days in the infrasound data. In Fig. 3b,
both data sets indicate significant energy centered
at 3.5 and 15 days. Using the two data sets the cross-
spectral peaks of the sound velocities (Fig. 4) are
significant in the 2-3 day range and also at periods
longer than 14 days, which is confirmed by the cross
spectra of the azimuths (not shown). However,
given the short length of the data samplie relative
to the longer period signal, it is obviously not
possible to observe many osciliations of the
phenomenon.

To look at these two period ranges in more de-
tail, the sound velocities and azimuths were filtered
with a low-pass filter (high-frequency cutoff at 6-
day period). The results are shown (as deviations
from the mean) in Figs. Sa and Sb. The long-period
sound velocity variations are highly correlated (0.9).
Both the sound velocities and the azimuths show
little phase lag in the data sets, in agreement with
the conclusion drawn earlier that the infrasound
observations refer to the 45—50 km region. In com-
parison, the low-pass filtered infrasound velocities
and the observed sound velocities for the 55-60
km region have a phase lag of about three days, with
a correlation of 0.85. Apparently the long period
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F1G. 4. Magnitude of cross spectra of the two data sets, with tl_le 95_% con-
fidence level; Af equals 0.02 cpd. Noise level determined as in Fig. 3.
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FiG. 5a. Low-pass filtered (6-day cutoff) sound velocity deviations for infrasound
(solid line) and 45-50 km peak rocketsonde (dashed line) observations.

waves, which appear in the spectra for all the levels,
do represent a vertically propagating phenomenon.

The 2-3 day high-pass filtered sound velocities
are shown in Fig. 6 for the infrasound and the 45-50
km region. A striking in-phase relationship can be
seen when the amplitudes are large, with little rela-
tionship when the amplitudes are low. Again, no
f)hase lag is apparent. Note also what appears to be a
onger period envelope in the amplitude. In con-

trast, when the infrasound is compared with the

55-60 km sound velocities, an apparent phase lag of
about seven days exists (with a correlation of 0.7),
again an indication of vertical propagation, although
twice as slow as for the longer period waves. In
contrast to the longer period waves, these waves are
only weakly evident at 4045 km, implying their gen-
eration may be connected with the stratospheric jet.
The larger period amplitude envelope (with a period
of ~16 days) implies their generation may be con-
nected with the longer period waves.
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Fi1G. 5b. As in Fig. 5a except for azimuths.
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FiG. 6 As in Fig. 5a except for high-pass (2-3 days) sound velocities.

The availability of the infrasound data at 2 h
periods allows the power spectrum for the month
to be obtained with more confidence, and also pro-
vides a look at higher frequencies. A smoothed
pericdogram estimate of the power spectrum is
shown in Figs. 7a and 7b for the sound velocities
and azimuths. The white-noise level is calculated
as before. Both show significant peaks at around
3- and 16-day periods. In Fig. 7a, the spectrum is
compared to a ‘‘red-noise’’ level, generated by a
first-order linear Markov process (e.g., Gilman et
al., 1963), using the one-lag value of the autocor-
relation; the significance remains unaffected. In
addition, in order to investigate the longer period
part of the spectrum, the data was subjected to a
maximum entrophy analysis (MEM) known to pro-

vide more sensitive determinations of spectra
when the data sample is not long compared to the
period of waves with significant energy (e.g.,
Ulrych, 1972). The frequencies of the short-period
and long-period peaks remained unchanged.

Fig. 7 also indicates the presence of a diurnal
(tidal) oscillation which, as noted previously, agrees
with the observed diurnal tide near the summer
stratopause. There is no evidence of a semidiurnal
oscillation, which is known to be small at these
heights (e.g., Beyers et al., 1966).

5. Short-period variability

Fig. 1 indicates the degree of variability ap-’
parent near the stratopause in summer. The mean
variability between observations 2 h apart (with the
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is 0.05 cpd.

observations averaged over the entire hour) is
6 m s™!. This can be compared with observations
of zonal wind velocity variability at 45-50 km on
the order of 2 h from rocketsonde data at White
Sands and the Atlantic Missile Range (Lowenthal,
1966). For 50 different soundings, the 2 h variabil-

ity for all seasons was 7 m s™! in good agreement
with the infrasound result (despite inclusion of
rocketsonde soundings from all seasons and despite
the use of instantaneous data). We also can com-
pare these results with gravity wave and traveling
planetary wave effects for all seasons determined
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FiG. 7b. As in Fig. 7a except for azimuthal variations.
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from various data sites (Justus and Woodrum, 1973).
In the 45-65 km region, 0-~2 h gravity wave per-
turbations in the zonal wind averaged close to
7 m s71, again, in good agreement with the infra-
sound resuits. The short-period oscillations (per-
haps gravity waves) responsible for these variations
are not coherent over long averaging periods and
thus do not appear on spectra averaged over an
entire month; nevertheless, they appear to possess
appreciable amounts of energy.

6. Discussion

Both the infrasound and rocket data indicate sig-
nificant energy with fluctuations on the order of
5 m s~! in the period range of 2-3 days and around
16 days. Waves with periods of 10-20 days are often
seen in satellite radiance data (e.g., Quiroz, 1975)
associated with traveling planetary waves in winter.
Although the east wind regime in the summer strato-
sphere acts to reflect waves propagating from the
troposphere, waves which move westward have a
better chance of propagating vertically. Thus,
transient waves have been observed to be of equal
or greater importance compared with stationary
waves in the NH summer stratosphere (McNulty,
1976; Hirota, 1976). The phase speeds of the ob-
served westward traveling waves (of wavenumber
1 or 2) varied, and thus the observed periods range
from as high as 10-30 days (Deland, 1973; Hirota,
1976) to 3 days (Deland, 1973). These observations
imply that the long-period fluctuations we observe
may be due to traveling planetary waves, although
with only one observing station we cannot de-
termine the horizontal wavelength or phase velocity
of these perturbations.

Waves of about 2-day period have often been ob-
served in the mesosphere (e.g., Kingsley et al.,
1978). The data here imply that waves of 2-3 day
period are propagating vertically in the stratopause
region, that their energy may be weaker below 45
km, and that their amplitude, at least for this month,
has an envelope whose period is similar to that of the
observed longer period waves. This leads to the
speculation that the waves are being generated in
the stratopause region in conjunction with the
vertical propagation of the longer period waves. An
alternate explanation would be to associate the 2-3
day and 16-day oscillations with free oscillations
(e.g., Salby and Roper, 1980). In this case, the
fluctuations would be generated by random per-
turbations, and the periods would represent pre-
ferred time scales of oscillation. The energy would
not propagate vertically. Although this contrasts
with the apparent phase lags noted here between
the various levels, more observations of both the
vertical and horizontal structure are necessary be-
fore any identification can be made with confidence.
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APPENDIX
Infrasound and Wind Variations

It is important to note that the sound velocity data
are not obtained at a constant azimuth (e.g., Fig. 1);

_this lowers the amplitude of the observed fluctua-

tions as the azimuth to some extent follows the
maximum velocity. However, the azimuthal varia-
tions are not excessive, so this can reduce the total
amplitude by only a small amount. For example,
if the observed wind speed from the northeast were
60 m s™* (composed of 45 m s™' prevailing wind
and a diurnal tidal amplitude of 15 m s™! directed
at this hour to the southwest), 12 h later one
would expect to observe a wind speed of 30 m s™?
(45 m s prevailing— 15 m s~! tidal) from the north-
cast. If, however, the observed sound velocity
azimuth also changes by, say, 20° (e.g., Fig. 1) to a
more easterly direction, the tidal velocity effect on
this new direction is only 14 m s~!, with an ob-
served wind velocity now of 31 m s™'. The net re-
duction in the ‘observed’ tide is then <1 m s™!.

Another cautionary note is that sound velocity
variations can be caused by both temperature and
wind fluctuations. Due to dependence of sound
velocity on the square root of temperature, tempera-
ture fluctuations of the same magnitude as wind
fluctuations will be less important, and hence have
not been emphasized here—however, observations
of the tidal temperature range at the stratopause
(e.g., Beyers et al., 1966) indicate the possibility
of sound velocity changes of several meters per
second from this effect alone.
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