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ABSTRACT

Radial velocity and temperature data obtained at the MU Radar Observatory during October and November
1986 are used to examine the character of the motion spectrum in the troposphere and lower stratosphere. It
is found that the spectrum is dominated by low-frequency gravity waves with an upward sense of propagation
in the Jower stratosphere and both upward and downward propagation in the troposphere. Vertical wavenumber
spectra of velocity and temperature are used to examine the consistency of the motion spectrum with the
saturated spectrum of gravity waves proposed by Smith et al. Results indicate excellent agreement of the observed
and predicted velocity and temperature spectra in both ampliiude and slope. Vertical wavenumber spectra in
area-preserving form reveal a dominant vertical wavetength of ~2.5 km, systeratic variations in energy density
and the dominani veriical scale with time, and consistency between the temporal variations of velocity and
temperature variance, Taken together, our results provide strong support both for the view that velocity and
temperature fluctuations are due primarily to internal gravity waves and for the saturated spectrum theory and

its imposed constraints on wave amplitudes and spectral shape.

1. Introduction

Recent theoretical and observational studies have
emphasized the importance of gravity waves and their
associated momentum and energy transports in the
large-scale dynamics of the lower and middle atmo-
sphere. Their effects include, among others, a substan-
tial drag on the large-scale flow at mesospheric and
lower thermospheric heights (Lindzen 1981; Holton
1982; Dunkerton 1982; Vincent and Reid 1983, Fritis
1984 Miyahara et al. 1986; Fritts and Vincent 1987;
Reid and Vincent 1987), the turbulent diffusion of
heat and atmospheric constituents in these regions
(Schoeberl et al. 1983; Thomas et al. 1984; Fritts and
Dunkerton 1985; Strobel et al. 1985, 1987, Garcia and
Solomon 1985), a smaller, but dynamically significant,
drag applied in the lower stratosphere (Palmer et al.
1986; Tanaka 1986), and ubiquitous velocity and
temperature fluctuations throughout the atmosphere
(Fukao et al. 1981; VanZandt 1982; Philbrick et al.
1983: Vincent 1984; Meek et al. 1985; Balsley and
Garello 1985; Larsen et al. 1986; Vincent and Fritts
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1987). Despite the obvious importance of gravity waves
in large-scale dynamics, however, our understanding
of the characteristics and variability of the gravity wave
spectrum and of those processes responsible for its ex-
citation and spectral evolution is meager at the present
time. Yet it is clear that such an understanding is nec-
essary if we are to anticipate and account for the effects
of such motions in the lower and middle atmosphere.

While studies of individual wave motions provide
insights into the gross effects of wave transports and
dissipation on the large-scale flow and allow us to ad-
dress sore of the mechanisms thought to be responsible
for wave field saturation (Hodges 1967; Lindzen 1981;
Fritts 1984; Fritts and Rastogi 1985; Hines 1988; Dong
and Yeh 1988), it is clear that we must also consider
the effects of a broad spectrum of wave motions in
order to apply this understanding to the atmosphere.
Recognizing this, a number of authors have examined
the character, amplitude, and variability of the atmo-
spheric motion spectrum using a variety of data. Hor-
izontal wavenumber spectra were obtained using air-
craft data (Lilly et al. 1974; Nastrom and Gage 1985),
frequency spectra were compiled using radar and bal-
loon data (Mantis 1963; Balsley and Carter 1982; Vin-
cent 1984; Balsley and Garello 1985; Larsen et al. 1986;
Yamanaka and Tanaka 1985), and vertical wavenum-
ber spectra were obtained using balloon, radar, and
rocket techniques (Endlich et al. 1969; Mantis and Pe-
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pin 1971; Dewan et al. 1984; Smith et al. 1985, 1987;
Fritts and Chou 1987).

The vertical wavenumber spectra, however, provide
the simplest means of examining the amplitude and
composition of the motion spectrum for several rea-
sons. First, the frequency spectra of horizontal and
vertical motions obtained with ground-based tech-
niques may depart from the intrinsic frequency spectra
obtained following the mean fluid motion (Scheffler
and Liu 1985; Fritts and VanZandt 1987), causing
inferences about processes or the relative amplitudes
of vertical and horizontal motions based on intrinsic
frequency to be in error. Second, the horizontal wave-
number spectra are simply related to the vertical wave-
number spectra only if the frequency and wavenumber
dependence of the gravity wave spectrum is separable,
leading to ambiguity if this is not the case. Finally, and
most importantly, the vertical wavenumber is directly
related to the intrinsic phase speed and the saturated
amplitude of a wave motion, yielding information on
wave amplitudes and propagation that is otherwise dif-
ficult to infer. Thus, we use vertical wavenumber spec-
tra in this study of atmospheric gravity wave motions.

Our purpose in this study is to examine the consis-
tency of the amplitude of the observed gravity wave
spectrum with that implied by wave field saturation
{Dewan and Good 1986; Smith et al. 1987}, to test
the consistency of the observed velocity and temper-
ature spectra with the gravity wave dispersion relation,
to determine the characteristic vertical scale of the mo-
tion spectrum in the troposphere and lower strato-
sphere, and to examine the evolution of the spectrum
with height and its response to changes in atmospheric
stability. To do this, we use a2 unique dataset composed
of high vertical resolution profiles of radial wind and
temperature collected at the MU Observatory in Shi-
garaki, Japan, during October and November 1986.
This dataset and the mean atmospheric structure ob-
served during the experiment are described in section
2. We display in section 3 the fluctuating components
of the motion and temperature fields and examine their
variability as well as the dominant wave scales, phase
progression, and amplitudes, This suggests that the
spectrum is composed, in large part, of low-frequency,
meridionally propagating motions with vertical wave-
fengths of ~2 km and amplitudes corresponding to
those required for linear convective or dynamical in-
stability of the wave field (Fritts and Rastogi 1985).
The consistency of the vertical wavenumber spectra of
velocity and temperature with the gravity wave dis-
persion relation and with those spectra predicted by
the saturation theory of Smith et al. (1987} as well as
the variability of these spectra with time are examined
in section 4. It is found that there is good correspon-
dence between the velocity and temperature spectra,
in terms of both the dominant vertical wavenumber
and the relative spectral amplitudes. We present in sec-
tion 5 the mean velocity and temperature spectra ob-
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tained in the troposphere and lower stratosphere. These
results show the spectral amplitudes to scale with at-
mospheric stability approximately as predicted by sat-
uration theory, and provide strong support for the view
that such motions are indeed manifestations of internal
gravity waves. Our conclusions are presented in sec-
tion 6.

2. Data description and mean atmospheric structure

The velocity data used in this analysis of atmospheric
gravity wave motions were obtained with two oblique
beams of the MU radar (35°N, 136°E) aligned cast
and north at 20° from zenith. For a general description
of the MU radar and its capabilities, the reader is re-
ferred to the papers by Kato et al. (1984) and Fukao
et al. (1985a,b). Data were collected for ~16 hours
per day {during nighttime only) from 1600 local time
{LT)on 17 October to ~0800 LT on 25 October and
continuously from ~2200 LT on 26 November to
~1100 LT on 29 November 1986. The data were ob-
tained with a range resolution of 150 m and a time
resolution of ~ | min for altitudes from 5-25 km. The
radial velocities at each height were subsequently av-
eraged for one hour to increase confidence in the ve-
locity estimates, to extend the useful data above 20
km, and to reduce the contamination of the radial ve-
locities by the vertical component of the motion field.
The resulting velocities extend above 20 km and can
be viewed, to a good approximation, as projections of
the horizontal motions on the oblique beam directions.

Temperature data were collected with a high-reso-
lution balloon sounding system providing temperature
and pressure information at ~35 s and 30 m height
intervals, The resulting temperature profiles were
smoothed with a S-point running mean, yielding a da-
taset with a vertical resolution comparable to that of
the radar. The balloon height was determined hydro-
statically from the temperature and pressure data.
During the October radar campaign, balloon soundings
were made at ~2100 and 0200 LT each night except
for 23 Cctober, at which times the balloon failed. Bal-
loon soundings were made during the November cam-
paign at three-hour intervals beginning at 2000 LT 26
November and ending at 0900 LT 29 November.

Because of the strong zonal jet, balloons were typi-
cally advecied downstream ~50-100 km during their
ascent to ~ 15 k. This would present problems in a
conjunctive radar and balloon analysis of high-fre-
quency wave activity for which horizontal scales and
correlation lengths are small. Qur interest in this study,
however, is in the more energetic, low-frequency com-
ponent of the wave spectrum, which will be seen to
dominate the velocity and temperature profiles during
our observations. This domination by low-frequency
motions, together with a preferred meridional sense of
propagation of this component of the wave spectrum,
suggests that the measured velocity and temperature
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fluctuations of such motions should remain correlated
over large distances. .

The resulting velocity and temperature data were
used to define the mean atmospheric structure for the
purposes of describing the gravity wave environment
and determining the fluctuations attributed to wave
motions. Because the radar data obtained during Oc-
tober did not yield a complete diurnal description of
the motion field, however, it was not possible to remove
all contributions for motions near or lower than the
inertial frequency (a 20.9-h period) due to Doppler
shifting. Thus, the radar data for October were averaged
for each 16-h data collection interval and a 3-km
smoothing was applied. The extent of this smoothing
was chosen to be larger than the characteristic vertical
scale of the wave spectrum so as not to bias estimates
of the saturated spectral amplitude or the dominant
vertical wavenumber.

A similar procedure was employed for the temper-
ature data because of the limited number of profiles
available for a definition of the mean structure. In ad-
dition, the first four profiles obtained during the Oc-
tober campaign were treated separately because of the
distinct and vertically confined fluctuation in the mean
structure occurring near 10 km during this interval.
To preserve this feature, which we believe was not as-
sociated with the wave spectrum, the smoothing of the
mean temperature profile was applied only above and
below this height during this period.

For consistency in the analysis, the November mean
temperature and velocity profiles were also obtained
using a 3-km smoothing, despite the fact that there
were in this case sufficient data to determine more ac-
curate mean profiles without applying the vertical
smoothing. As a test of the sensitivity of the results to
this procedure, we compared the temperature and ve-
locity spectra obtained for November with and without
this smoothing and found only minor differences.

The mean profiles of eastward and northward radial
velocity, u, and v,, temperature, T, and Brunt-Viisild
frequency squared { or static stability ), N?, for the Oc-
tober and November periods are shown in Figs. 1 and
2. Temperature and stability profiles computed for the
final three days of the October observation pericd are
sufficiently similar to those for November that they are
not shown. The mean radial velocity profiles reveal a
well-defined zonal jet structure centered near 12 km
with maximum radial velocities of ~20 and 2d m s™',
respectively, implying horizontal flow speeds of ~60-
70 m s~ In both data periods, the vertical extent of
the jet corresponds closely to the region of transition
between the less stable troposphere and the more stable
stratosphere. Although not revealed in the mean pro-
files, the daily mean velocity and temperature profiles
exhibited a considerable degree of uniformity through-
out the observation periods.

The mean temperature and N2 profiles obtained for
the QOctober observation exhibit several significant fea-
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tures. The main tropopause is seen to occur at ~17
km, coincident with a large increase in stability. How-
ever, there is also a zone of high stability (a secondary
tropopause ) located at ~10.5 km and which has a cor-
responding maximum in N? equaling stratospheric
values above. The stability decreases approximately
linearly above ~ 3 km, becoming nearly adiabatic near
9 km. Above the N? maximum at 10.5 km there is a
zone of several km depth in which the stability is ap-
proximately midway between the tropospheric and
stratospheric values.

The November mean temperature and N? profiles
differ from those for the early October observation in
several respects. Perhaps the most significant difference
is that the November profiles do not exhibit a secondary
tropopause. Instead, these profiles show a gradual in-
crease in stability between ~12 and 18 km from a
larger and more uniform tropospheric value to a com-
parable stratospheric value. These profiles are typical
for Japan at this time of the year,

3. Fluctuations of velocity and temperature

We present in this section a discussion of the fluc-
tuating components of the velocity and temperature
fields occurring during the October and November ob-
servations. Our purpose here is to exhibit some of the
variability of the motion spectrum, to identify the
dominant contributions to the wave spectrum in fre-
guency and wavenumber, and to estimate the ampli-
tudes of individual wave ‘motions relative to those re-
quired for linear instability of the wave field.

a. October data

To illustrate the fluctuating components of the ve-
locity field, we present in Figs. 3 and 4 the daily means
and the hourly averaged radial velocity fluctuations in
the zonal and meridional directions for 17/18 and 24/
25 October. Both figures exhibit a clear dominance of
the wave spectrum by motions with vertical wave-
lengths of 2-3 km, primarily above the jet maximum,
The similar amplitudes and the apparent phase quad-
rature of the zonal and meridional components provide
clear indications that these motions are upward prop-
agating gravity waves (a velocity vector rotating clock-
wise with height) occurring near the inertial frequency.
Also seen clearly in Fig. 3 is a distinct downward phase
progression of the low-frequency motion above the jet.

Below the jet maximum, there is evidence of wave
motions as well, particularly in the meridional com-
ponent. Here, however, the clear phase relationship
evident above the jet is not as conspicuous. Wave am-
plitudes below the jet appear to be larger in the merid-
ional component than in the zonal component of the
motion field and appear to be especially large on 17/

18 October near the level at which the early October
temperature data exhibit a pronounced maximum in
the mean stability due to a secondary tropopause. This
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is consistent with our expectation that the wave energy
density will be larger in regions of enhanced stability
due to the decrease in vertical wavelength {(and vertical
group velocity) and the requirement of a constant ver-
tical energy flux for conservative motions with constant
intrinsic frequency,

¢ = const, §)]

where ¢, is the vertical group velocity and E the energy
density. There is an apparent upward phase progression
of the wave motion at this level, suggesting a downward
propagation of this motion below the jet.

Also apparent in the zonal velocity profiles presented
in Figs. 3 and 4 are small-scale structures with signif-
icant amplitudes near the core of the jet (~11-15 km).
We believe, however, that this structure is an artifact
of the broad beam width {~2.5° two-way), the 20°
off-vertical angle, and the large zonal velocity at these
heights. This “finite volume” effect causes an individual
scattering layer to yield different radial velocity esti-
mates in closely spaced range gates, contributing large
vertical shears and inferred amplitudes (Fukao et al.
1987). Because of this contamination of the zonal ve-

locities at high wavenumbers, we exclude the zonal
velocity data from our spectral analyses in the following
sections.

The temperature fluctuations and stability profiles
inferred from the two balloon soundings during the
night of 24/25 October are shown in Fig, 5. The tem-
perature profiles reveal a clear ~2 km wave structure
between ~ 15 and 19 km that appears to correlate well
with the dominant motion seen in this height range in
Fig. 4. This relation is explored further in Fig. 6, where
the bandpassed velocity and temperature data for these
soundings are presented together to permit a deter-
mination of the phase relationship, lustrated here also
are the wind hodographs (indicating a clockwise ro-
tation of the velocity vector) and the cross-correlations
of velocity and temperature. These results indicate that
the most negative temperature gradients correlate best
with wave velocities in a direction ~ 10° to 40° west
of north, suggesting that the inertia—gravity wave had
a nearly northward direction of propagation. The
component of propagation against the flow is also con-
sistent with the slow phase progression and the long
inferred period of this motion.
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Wave amplitudes may be estimated from either the
velocity or the temperature data. Because it is difficult
to determine the intrinsic frequency accurately from
the velocity data, however, the temperature data may
provide the most reliable estimate for motions with
intrinsic frequencies near f {the inertial frequency).
From Fig. 5b we note that major fluctuations in N?
are ~70% in the lower stratosphere, suggesting a wave
amplitude of

8:/8; = u'/(c— @) ~ 0.7, @)

where 8 15 potential temperature, ¢’ and i the horizontal
wave perturbation and mean velocities in the direction
of wave propagation, ¢ the horizontal phase speed,
primes and overbars denote perturbation and mean
quantities, and subscripts denote differentiation. A
value of 1.0 in Eq. (2) is required for a wave motion
to be convectively unstable. However, low-frequency
motions may also be unstable to dynamical instabilities
at smaller amplitudes.

If we assume, due to the small vertical group veloc-
ities of such motions, that the observed amplitude of
the wave in the temperature field is just that required
for dynamical instability, we can infer the intrinsic fre-
quency of the motion. An amplitude of 0.7 in Eq. (2)
corresponds to the marginal amplitude for dynamical
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instability {Ri < %) for a motion with //w ~ 0.84
(see Fritts and Rastogi 1985). This estimate is consis-
tent with our observations of comparable zonal and
meridional wave amplitudes and of quadrature be-
tween the two components. Even if our assumption of
a marginal saturation amplitude is incorrect and the
wave amplitude exceeds that required for dynamical
instability, this only pushes our estimate of the intrinsic
frequency of the motion closer to f, Thus, near the
inertial frequency, our estimate of « is insensitive to
uncertainties in wave amplitude.

The intrinsic phase speed can likewise be inferred
either from Eq. (2) with a knowledge of %' or from the
dispersion relation for low-frequency motions,

s
@ =75
N1
m* (1= f*e?)’

3
or

(c—W)?=

(4)

where & and m are the horizontal and vertical wave-
numbers of the wave motion. From Eq. (2), with #'
~ 7 ms~!, we estimate the intrinsic phase speed to be
~10 m s™'. Alternatively, Eqs. (3) and (4) allow us
to estimate k and (¢ — @) given N2, w, and m = 2=/
;. With the values cited above, this yields a horizontal
wavelength A, = 2= /k ~ 735 km and an intrinsic phase
speed of ~12 m s}, in reasonable agreement with the
estimate obtained from Eq. (2). This procedure is sim-
pler at higher intrinsic frequencies, where k2/m? = f2/
w? < | and the intrinsic phase speed is then inversely
proportional to the vertical wavenumber.

b. November data

Wind and temperature fluctuations, and several of
the corresponding N? profiles, encountered during the
60-h November observation are illustrated in Figs. 7
and 8. The zonal and meridional radial velocity profiles
were computed in ~ |-h intervals. Temperature fluc-
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tuations about the mean were computed for soundings
performed every 3 hours. The resulting dataset reveals
a rich array of wave motions. As seen in the October
dataset, both velocity and temperature fluctuations are
dominated by ~1-3 km vertical wavelengths, with
considerable variability across the jet structure and be-
tween the troposphere and stratosphere. Because of
their dependence on vertical gradients, the N2 profiles
tend to emphasize the structures at smaller vertical
scales.

Perhaps because of the more continuous data base,
phase progressions appear to be more clearly defined
during the November observation. This is particularly
true in the hourly velocity data, where wave motions
with vertical wavelengths of ~1-3 km are prevalent.
As noted in the October data, the larger vertical scales
exhibit quadrature between the zonal and meridional
components and there is a clear tendency for downward
phase progression above the jet, There is evidence of
both upward and downward phase progression below
the jet. As seen in the October data, there are also small-
scale features in the zonal velocity compoenent within
the jet due presumably to the finite volume effect which
we believe are not representative of the true velocity
field. As confirmation of this, we note that vertical
scales of temperature fluctuations correlate well with
those of velocity fluctuations only in the meridional
direction. Also noted is a tendency for zonal velocity
data to be missing near the core of the jet. This is a
result, not of low S/ N, but of an aliasing of the zonal
velocity estimates because of a narrow spectral window,
Finally, there is a tendency for wave amplitudes to
achieve larger values in the stratosphere than in the
troposphere. It will be shown in the following section
that this is a result of the increased stability and thus
of the larger saturated amplifudes in the stratosphere.

The temperature and N? profiles shown in Fig. 8
likewise exhibit a number of interesting features of the
wave spectrum during November. As noted in the ve-
locity data, the spectrum is dominated by vertical
wavelengths of ~1-3 km, with the larger-scale struc-
tures having larger temperature fluctuations. Large
fluctuations occur primarily below 5 km and above
~ 15 km, corresponding to those regions with large
stability. In contrast, temperature fluctuations between
5 and 15 km are much less significant. Variations in
N?, on the other hand, appear to scale with N2 and are
contributed by a broader range of vertical wavelengths.
The scaling of wave amplitudes with stability presented
in the next section will be shown to account for many
of these features. Also seen in the temperature data are
phase progressions consistent with those noted in the
velocity data. These are generally downward above the
jet and both upward and downward below.

4. Vertical wavenumber spectra of velocity and tem-
perature

We examine in this section the dominant vertical
scales implied by the observed vertical wavenumber
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spectra, the variability of these spectra in time, the
consistency between the temperature and velocity data,
and the extent to which the data support the saturation
theory of Dewan and Good (1986) and Smith et al.
{1987). To motivate this discussion, we briefly review
the saturation theory and its implications for our ve-
locity and temperature data.

a. Linear saturation theory

Both Dewan and Good (1986) and Smith et al.
{1987) argued that the saturation of individual wave
motions by convective or dynamical instabilities would
lead to a saturated power spectral density {PSD) of the
form

5 N2
Flf(m)mb’n:;,

(3

where u denotes a velocity spectrum, s denotes satu-
ration, and & is a coefficient that depends on the shapes
of the vertical wavenumber and frequency spectra of
gravity wave motions. Using the relation

7 _\
7| |8

v N
(c—it) mg’

(&)

where g is the acceleration due to gravity, together with
the dispersion relation given by Eq. (2), the corre-
sponding saturated PSD for normalized temperature
(T'/T) may be written
N4

Fe(m) = d;fnj;, (7}
where d will differ from b, in general, due to the re-
duction of potential energy relative to kinetic energy
for wave motions with intrinsic frequencies near 1.

The most direct means of obtaining the saturated
PSDs of velocity and normalized temperature is by
assuming

822 =§.2/2 (8)

for marginal wave field instability and integrating the
contributions to the variance of potential temperature
gradient over all m. For a vertical wavenumber spec-
trum of the form seen to be appropriate in previous
oceanic and atmospheric studies (Desaubies 1976;
Fritts and Chou 1987),

1

T T

9

with ¢ = 3 and m, a characteristic vertical wavenumber.
With reasonable estimates of the characteristic and
maximum vertical wavenumbers of the gravity wave
spectrum, this yields d =~ 0.1. Also assuming that the
total wave energy varies as o™ with p = % (Balsley
and Carter 1982), this yields a coefficient for the sat-
urated PSD of horizontal velocity of b =~ pd ~ Y%
(Smith et al. 1987).
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Both saturated PSDs have amplitudes that vary as
m~3, but the amplitude of the normalized temperature
spectrum is much more sensitive to changes of N2 with

height. These spectra provide not only a means of test-’

ing the validity of the linear saturation theory, but also
permit us to examine the degree to which the temper-
ature and velocity data are consistent with the gravity
wave interpretation of atmospheric motions. Such
consistency may not preclude other possible explana-
tions of the motion field, however,

We have elected to present normalized temperature
spectra to remove the influence on the spectral power
of a mean temperature varying with height. In Egs.
(5) and (7), N and  have units of rad s™' and rad
m™!, respectively. For convenience, however, power
spectra of radial velocity and normalized temperature
will be presented versus inverse wavelength in units of
cycles per meter {cpm).

As noted above, the coefficients in Eqs. (5} and (7)
will differ, in general, depending upon the intrinsic fre-
quency composition of the wave spectrum. Yet our
knowledge of the distribution of gravity wave energy
at intrinsic frequencies near S is poor at present. We
do know from the observed wave structure secn in the
previous section and in other studies, however, that
the spectrum includes significant power near inertial
frequencies. Thus, it is important to comment on the
possible influence of these effects.

The relative magnitudes of the kinetic and potential
energies of the gravity wave spectrum depend on the
wave amplitudes, and thus on those processes acting
to limit wave amplitudes, at low intrinsic frequencies.
It can be shown that the amplitude required for dy-
namical instability of the wave field (assuming Ri = %)
varies with intrinsic frequency as (Fritts and Ras-
togi 1985)

L

5=

w8y 2(1 e 0

(c—da)y 8, 1+ —fHaH)V?’ (10)
which falls to zero at the inertial frequency. The cor-
responding amplitude required for convective insta-
bility in Eq. (10) is 1.0 for all w. Because we are inter-
ested in vertical wavenumber spectra, however, and
the vertical wavenumber increases for constant (¢ — &)
as f'/w - 1, the saturated wave amplitude of the hor-
izontal velocity spectrum at a fixed vertical wavenum-
ber (assuming a dynamical instability) varies as

m o om L+ (- )

F/S(m) ~ an

A significant low-frequency component of the gravity
wave spectrum would thus increase the saturated spec-
tral amplitude of horizontal velocity given by Eq. (5),
depending on the integrated contributions of low- and
high-frequency motions. Another factor that contrib-
utes to the increase in this spectral amplitude at low
frequencies is the transverse velocity of wave motions
propagating in a perpendicular direction. In contrast,
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the contribution to the normalized temperature vari-
ance due to motions limited by dynamical instabilities
at low frequencies is reduced below that value given
by Eq. (7) with d == 0.1 by the square of the factor
given by Eq. (10). Thus, while the structure of low-
frequency wave motions tends to increase the ratio of
kinetic to potential energy in the wave field, the ap-
parent importance of the dynamical instability at low
intrinsic frequencies may act to reduce these wave am-
plitudes and their contributions to a departure from
equipartition of energy within the wave spectrum.
Consequently, the ratio of coefficients in Eqs. (5) and
(7) may differ from p and will, in any event, depend
on the distribution of wave energy with intrinsic fre-
quency.

While power spectra in the form of Eq. (9) permit
us to compare asymptotic spectral slopes and ampli-
tudes with the predictions of saturation theory, in order
to infer the relative contributions to the variance of
the spectra or the dominant vertical scales, it is more
convenient to present the spectra in an area-preserving
form. If the quantity mF(m) is plotted on a linear scale
versus fogr, the relative contributions to the variance
are proportional to the area under the curve. With
F,(m) given by Eq. (9), the mode of mF(m} lies at
A = m, /273, Since most of the energy lies within a
factor of 3 of the mode, the observed dominant vertical
scale will correspond closely to A,.

b. October spectra

The Qctober data provide a convenient way to ex-
amine the consistency, dominant scales, and daily
variability of the wave spectrum observed in the ve-
locity and temperature fields. To illustrate this, we first
present the power spectra of zonal and meridional ra-
dial velocity and normalized temperature for 24 /25
October between 13 and 20.5 km in Fig. 9. This is the

_period and the height range in which a well-defined,

coherent wave structure was identified in these data
(see Fig. 6).

Let us first consider the usual log-log plots of the
power spectra shown in the top panels. The saturated
spectra predicted by the linear saturation theory are
shown as dashed straight Iines with a slope of ~3. Note
that the predicted saturated amplitude of the velocity
spectrum has been reduced by sin*(20°) to allow for
comparison with the radial velocity spectra. Clearly,
there is excellent correspondence between the predicted
saturated spectra and the observed spectra, in both-
shape and amplitude. Both the velocity and normalized
temperature spectra exhibit clear breaks in the slopes
to less negative or even positive values at small wave-
numbers, as noted in the stratospheric data of Fritts
and Chou (1987). They also both have a spectral gap
at ~1 km (m ~ 107 cpm) providing further evi-
dence that the two fields are dynamically related. These
spectra do exhibit considerable variability, however,
and should not be viewed as representative of average
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Fic. 9. Power spectral densities (PSD) {a) of eastward {solid) and northward (dashed) radial velocity
and {b) of normalized temperature between 13 and 20.5 km for 24/25 Qctober and the corresponding area-
preserving spectra (c) of radial velocity and (d) normalized temperature. Long dashed lines show the saturated
PSDs predicted by Eqs. (9) and (10). Note the similarities in spectral shape, with a spectral gap near | km
{m ~ 10~3 m™"), and in the dominant vertical wavenumber in the area-preserving spectra.

conditions. The average spectra and their scaling with
N? will be addressed in the next section.

Now let us consider the area-preserving plots in the
lower panels of Fig. 9. The dominant vertical scale in
the velocity field is seen to be ~2.5 km and that in the
temperature field ~ 2 km, which is very good agree-
ment considering that the velocity data represent a 16
h average whereas the temperature data were obtained
from only two soundings. They also agree very well
with the value of ~2.3 km reported by Frifts and Chou
(1987), and they confirm the relatively small charac-
teristic vertical scales of the wave spectrum in the lower
stratosphere inferred by Smith et al. (1987). Finally,
the consistency of the observed spectra with the satu-
rated spectra and the agreement of the dominant scales
and shapes of the velocity and temperature spectra
provide further support for the view that fluctuations
at these heights are due to atmospheric gravity waves.

We now use the area-preserving spectra of zonal and

meridional radial velocities to examine the daily vari-
ability of the motion spectrum during the October ob-
servation, These spectra are shown for the height range
from 13-20.5 km in Fig. 10. The results indicate that
there were daily variations in the dominant vertical
scale of the wave spectrum, the total wave energy, and
the relative energy of the zonal and meridicnal com-
ponents, The dominant vertical scale, Ay, remained
near ~2.5 km throughout the period, with smaller val-
ues occurring during the nights of 20/21, 21/22, and
24/25 Qctober. With the exception of 23 /24 October,
there was also agreement of the dominaunt vertical scale
inferred in the zona!l and meridional component on
each night. The total (radial) wave energy (propor-
tional to the area under the area-preserving spectrum)
decreased by ~3 between 17/18 and 21 /22 October

and increased by the same factor thereafter. Finally,

the relative magnitudes of the zonal and meridional
(radial) energies suggest that there was some variability

e
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FIG. 10. Daily averaged area-preserving spectra of eastward (solid)
and northward (dashed) radial velocity between 13 and 20.5 km for
the October observation. Note the variations in variance and dom-
inant vertical wavenumber. The dashed verfical line indicates a
wavenumber of 4 X 107 m™ (A; = 2.5 km) for reference.

in the dominant direction of wave propagation during
this period, with propagation more nearly aligned with
the zonal flow at early times and in the meridional
direction during the latter part of the observation pe-
riod.

¢. November data

To examine the variability of the motion spectrum
on time scales less than a day, we present in Figs. 11
and 12 the area-preserving spectra of meridional radial
velocity and normalized temperature at ~1-h and 3-
h intervals, respectively, throughout the November
observation. The radial velocity spectra were computed
for height ranges of 5-13 and 13-20.5 km. Normalized
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temperature spectra were computed for height ranges
of 5-12.5, 12.5-20.5, and 20.5--30 km for the 20
soundings that achieved heights = 20 km. To insure
that the velocity spectra were not biased by variations
of the mean wind, a 2 I-h running mean of the velocity
data was removed from each profile. We also consid-
ered only the meridional component of velocity to
avoid contamination of the results by the high-wave-
number structure near the jet core due to the broad
radar bearn width. This yielded 37 1-h velocity profiles
from which area-preserving spectra were computed.
The area-preserving spectra of meridional radial ve-
locity shown in Fig. 11 display a remarkable consis-
tency from one sounding to another and clearly show
the variations of wave energy and: of the dominant ver-
tical scale with time. Because of the smaller energy
densities [due to a smaller N?, see Eq. (5)], the tro-

ENERGY CONTENT mF{m} {m/s) 2

0
107
WAVENUMBER {CYC/M)

1073 162

a
1071
WAVENUMBER (CYC/M)

10-2

F1G. 11. Hourly area-preserving spectra of northward radial velocity
for (a) 5-13 and {b) 13=20.5 km during the November observation.
Only 37 profiles were computed in order to remove a 21-h running
mean from each profile. Note the consistency in time and the vari-
ations in energy and dominant vertical wavenumber, The dashed
vertical line indicates 2 wavelength of 2.5 km for reference.
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stratosphere between soundings 5 and 17.

pospheric values have been enhanced by a nominal
factor of 2 relative to the stratospheric values for ease
of comparison. There is considerable variability of the
energy and the dominant scale in both the troposphere
and lower stratosphere on time scales of a few hours,
supgesting that there is a significant high-frequency
component of the motion field in addition to the in-
ertia~gravity wave motions noted earlier. There is also
remarkably little correlation between the energies and
the dominant vertical scales from the troposphere to
the stratosphere. This suggests that the jet itself, rather
than the troposphere below, may be a significant source
of wave motions in the lower stratosphere.
Tropospheric energy in the meridional radial velocity
was small and distributed over a broad range of wave-
numbers during the early and middle portion of the
November observation, with a significant increase in
both energy and-scale occurring near the end. In con-
trast, the stratospheric area-preserving spectra exhibit
several distinct maxima of ~2-15 h duration, more

narrowly confined energies in vertical wavenumber,
and secondary maxima that display some temporal
consistency. Like the October results discussed previ-
ously, the dominant vertical scale varies between ~2
and 3 km. Secondary maxima, on the other hand, occur
at vertical scales of ~1 km or less. In the lower stratc
sphere, these secondary maxima also tend to follow
more energetic periods characterized by larger domi-
nant vertical wavelengths.

The area-preserving spectra of normalized temper-
ature shown in Fig. 12 exhibit similar variability to the
velocity spectra. It must be noted, however, that the
temperature data cover an interval of ~60 h while the
velocity data presented in Fig. 11 cover only ~40 h,
corresponding to the temperature spectra for soundings
~ 5-17. Given this, there is reasonable agreement be-
tween the gross features of the temperature and velocity
spectra in the lower stratosphere, with the four tem-
perature maxima in profiles 5, 7-9, 11-12, and 16-17
corresponding to the four maxima seen in the strato-
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spheric velocity data. This suggests sufficient low-fre-
quency wave energy to insure that the radar and the
balloons, despite their downstream advection, respond
to essentially the same wave field,

The tropospheric area-preserving spectra of nor-
malized temperature (enhanced by a factor of 4 to per-
mit a comparison with the stratospheric spectra) exhibit
significant variability and appear to be weakly corre-
lated with those fluctuations in the lower stratosphere.
There is, in addition, very little correlation of these
spectra with the tropospheric wind spectra, suggesting
that they are more representative, perhaps, of processes
or structures other than wave motions in this region.
There is a correlation, however, between those times
at which large values of the normalized temperature
variance were observed in the troposphere and periods
during which the large-scale temperature gradients were
most negative. Thus it is possible that convection,
rather than wave motions, contributed significantly to
the spectral energy in the troposphere, and to the en-
hancement of the spectral energy in the stratosphere
due to convective excitation of gravity waves, at these
times.

The area-preserving spectra of normalized temper-
ature exhibit a similar lack of correlation between the
lower and middle stratosphere, except that the domi-
nant scales and energies in these regions are compa-
rable, This lack of a correlation is not unexpected, but
may result from the dominance of the energy spectrum
by low-frequency motions, their associated slow vertical
propagation, and the likelihood that the jet is a source
of this variable, low-frequency wave activity.

The temporal variability of the normalized temper-
ature and radial velocity spectra described here reveal
significant departures from the predicted mean satu-
rated spectra. Variations that are consistent with pre-
dicted saturated amplitudes can occur if wave energies
increase (decrease) in response to a decrease {increase)
of m, (Smith et al. 1987). Variability can also OCCur,
however, as noted in the discussion of Fig. 9, when
certain wavenumbers or frequencies contribute pref-
erentially to the motion field. As proposed by Dewan
and Good (1986) and Smith et al. (1987), the saturated
spectral amplitudes are determined by the integrated
variance of all wavenumbers and frequencies. Thus, if
certain components of the spectrum are weak or absent,
others must contribute to a greater degree. Finally, the
predicted saturated spectrum represents an idealized,
equilibrium spectrum, yet the atmospheric wave spec-
trum is dynamically active and temporally variable. As
such, we should expect departures from the mean
spectrum due 1o wave transience and random and
variable occurrences of wave field instability.

5. Mean velocity and temperature spectra and N?
scaling

We present in this section the mean spectral results
of the November observation and the variance of me-

FRITTS, TSUDA, SATO, FUKAO AND KATO

1755

ridional radial velocity and normalized temperature as
functions of height. The mean spectra of radial velocity
and normalized temperature are compared with the
spectral slopes and amplitudes predicted by linear sat-
uration theory and with the scaling of these amplitudes
with N2 Mean vertical wavelengths of the motion
spectra are inferred from the area-preserving spectra.
Finally, vertical profiles of the variances of radial ve-
locity and normalized temperature are used to provide
greater sensitivity to the varitions of N2 with height.

Shown in Fig. 13 are the mean spectra and area-
preserving spectra of the meridional radial velocity and
normalized temperature for the November observation.
Also shown for reference with the energy spectra are
the predicted saturated amplitudes for the lower
stratosphere given by Egs. (5) and (7) with N?
= 0.00046 572 inferred from Fig. 2. As in Fig. 9, the
saturated amplitude given by Eq, (5) has been reduced
by sin?(20°) for comparison with radial velocity spec-
tra. The small fluctuations in spectral amplitude at large
wavenumbers are a result of the large number of in-
dividual spectra contributing to the mean spectra.

Several features of the mean spectra are significant.
First, we note that both the spectral amplitudes and
slopes at high wavenumbers in the stratosphere are in
excellent agreement with those values predicted by lin-
ear theory, suggesting consistency between the two
fields and providing strong support for the view that
such motions are due to internal gravity waves. It
should be mentioned here that our sensitivity only to
motions with observed periods longer than ~2 h re-
duces spectral amplitudes by ~20%, assuming the fre-
quency spectrum of horizontal motions had a —5/3
slope between f"and N (Balsley and Carter 1982; Vin-
cent 1984). Also seen in the energy spectra are clear
differences in the spectral amplitudes between the tro-
posphere and stratosphere, with the lower stratosphere
having values for m > 10 m ™' (), < I km) that are
larger by ~2.5 and 6.3 for the velocity and normalized
temperature, respectively. These should be compared
with predicted values, based on the ratio of N2 in the
two regions, of 2.88 and 8.27 if tropospheric motions
were due entirely to gravity waves. We saw evidence
in Figs. 10-12, however, that all tropospheric fluc-
tuations may not be due to the gravity wave spectrum.
Thus we should expect, because of the possibility of
convective activity in the troposphere, somewhat
smaller ratios of spectral amplitudes than predicted for
a gravity wave spectrum alone.

The area-preserving spectra shown in Fig. 13 allow
us to infer the mean vertical scales of the velocity and
temperature fluctuations in the troposphere and
stratosphere for the November observation. These val-
ues in the stratosphere are ~2.5 and 2.9 km, respec-
tively, for the velocity and temperature data. Together
with the consistency in spectral slope and amplitude
and the scaling with N? noted above, this provides
strong evidence that the two fields are dynamically re-
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from the velocity and temperature data.

lated via gravity wave motions. Also noted in the nor-
malized temperature data is a tendency for slightly en-
hanced variance at the middle stratospheric heights,
consistent with a further increase in N? above lower
stratospheric values and a corresponding growth in
wave amplitudes at the larger vertical scales. The tro-
pospheric area-preserving spectra likewise yield esti-
mates of the dominant vertical scales at these heights
of ~2.5-3 km. But while consistent with those values
noted in the stratosphere, we regard these estimates as
less reliable because of the potential contamination due
to convection in the troposphere. Finally, the mean
area-preserving spectra provide clear evidence that vir-
tually all of the velocity and temperature variance in
the troposphere and lower stratosphere occurs at scales
within a factor of ~3 of the dominant vertical scale.
The mean height profiles of radial velocity and nor-
malized temperature variance, computed with a 3 km
sliding window for the November observation are

shown in Fig. 14. The velocity variance profile in Fig.
l14a exhibits significant variations with height, with
peaks occurring near 8 km and above ~13 km. In the
troposphere that is seen to occur near and above the
region of low mean stability and may be due in part
to convection during pericds when this region is un-
stable. The peak at greater heights coincides not with
the N2 maximum (see Fig. 2), but with the large N?
gradient below 18 km, suggesting that there is an ad-
justment interval in which the wave spectrum achieves
equilibrium with its new environment. Such an ad-
justment involving excess wave amplitudes and wave
dissipation is expected on the basis of linear theory
(VanZandt and Fritts 1988). A good correspondence
is seen between the minima of mean velocity variance
and N2 near 11 km.

The mean vertical profile of normalized temperature
variance shown in Fig. 14b is seen to be in qualitative
agreement with the N profile. Both exhibit a relative

P



15 JuNE 1988

FRITTS, TSUDA, SATO, FUKAO AND KATO

1757

30

28

26

24

22

20

16

14

ALTITUDE (KM)

12

LN N L R B B B O N N L N N N N A A B B

ao

28

28

24

22

20

18

18

14

12

ic

LA JNLAN UMD N NN N N N S T EN B N BN S IR B L St

o

w3 m2 /s?)

1.0 2.0

(=]

4

rm? (x107™)

F1G. 14, Vertical profiles of (a) radial velocity and (b} normalized tempcr'murc varnance.
The variances were computed using a 3 km sliding window.

maximum at 3—4 km, 2 broad minimum between ~35
and 13 km, and a maximum near 18-20 km. Within
the troposphere, even the small-scale variations are in
approximate agreement, There is, nevertheless, greater
variance than expected relative to peak values, perhaps
as a result of convection and /or greater inherent vari-
ability of the mean structure in the troposphere. Greater
variance fluctuations are anticipated if we assume con-
servative (nondissipative ) wave propagation, in which
case the velocity and normalized temperature variances
would scale as NV and N?, respectively. But gravity wave
saturation at high wavenumbers and enhanced satu-
ration due to increases in N cause the measured vari-
ances to vary less rapidly in the atmosphere {VanZandt
and Fritts 1988).

As noted in the mean velocity variance profile, the
peak in the normalized temperature variance is dis-
placed somewhat below the N? peak, perhaps in re-
sponse to the same factors that led to the differences
in Fig. 14a, Finally, we note a reduction in the variance
above ~20 km relative to the peak value. However,
this is seen to be an artifact of our 3-km window for
variance computations as we see from Figs. 7a and 13d
that there is significant variance at scales larger than 3
km and that the total variance in the 12.5-20.5 and
20.5-30 km heights ranges are virtually identical. The
larger scales contributing variance at upper heights re-
sulted from removal of the time-mean profile rather
than from the 3-km smoothing of the mean tempera-
ture profile. Accounting for this variance at larger ver-
tical scales brings the variance profile into close agree-
ment with the N2 profile above ~14 km.

6. Conclusions

We have presented an analysis of two datasets in-
cluding vertical profiles of velocity and temperature
collected with the MU radar and a high-resolution bal-
loon sounding system at Shigaraki, Japan during Oc-
tober and November 1986. The observations were de-
signed to examine the applicability of and the spectral
amplitude limits implied by the linear saturation theory
for gravity waves, to infer the dominant vertical scales
of the fluctuation specira, and to examine the spectral
varjability in time and its response to changes in at-
mospheric stability.

Qur observations yielded broad support for the view
that the fluctuation spectra are due primarily to gravity
wave motions, with individual waves and phase pro-
gressions conspicuous in the velocity and temperature
fields. Consistent with previous studies of the frequency
spectra of atmospheric motions, the dominant contri-
butions to the total energy were found to occur at in-
trinsic frequencies near the inertial frequency. The
dominant motions above the zonal jet were found to
exhibit a preferential downward phase progression and
4 clockwise rotation of the velocity vector with increas-
ing height, indicative of an upward sense of propaga-
tion. Also observed was a tendency for wave propa-
gation (and larger energies) in the meridional direction.

The main objective of the present study was to test
the predictions of the saturated spectrum theory of De-
wan and Good (1986) and Smith et al. (1987). The
principal predictions of this theory are saturated am-
plitudes and spectral slopes of velocity and temperature



1758

in vertical wavenumber given by Egs. (5)and (7}, with
suitable modifications due to wave motions near the
inertial frequency. Qur observed mean velocity and
normalized temperature spectra were found to be in
excellent agreement with predicted spectral amplitudes
and slopes, thus supporting the saturated spectrum
theory and indicating consistency of the fluctuating
velocity and temperature fields with the gravity wave
dispersion relation. There was also general consistency
with the theory of the spectra determined from indi-
vidual velocity and temperature profiles. Agreement
with the saturation theory was particularly good in the
stratosphere where we anticipate that the motion spec-
trum is less influenced by other processes like convec-
tion.

Another objective of this study was to obtain an es-
timate of the dominant vertical scale of the motion
spectrum. This was done using the area-preserving
spectra and resulted in estimates of ~2.5 and 3 km
from the velocity and temperature data, respectively.
These support the findings of Fritts and Chou (1987),
are comparable to the dominant vertical scales observed
in the velocity and temperature data, and provide ad-
ditional evidence for a consistent dynamical interpre-
tation of the motion field. Also found was consistency
of the area-preserving spectra of velocity and normal-
ized temperature in time. This revealed variations in
the total energy and of the dominant vertical wave-
length on time scales of a few hours to days. Variations
in the area-preserving spectra of femperature were scen
to be consistent with those observed for velocity.

Finally, our comparison of the height profiles of
mean variance of velocity and normalized temperature
with N2 variations revealed qualitative agreement. The
agreement was particularly good for the normalized
temperature variance and less complete for the velocity
variance. In both cases, there was evidence of a relative
enhancement in the variance in regions of increasing
N?, suggesting that such regions may be associated with
an enhancement of saturated wave amplitudes,
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