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ABSTRACT

Global characteristics of gravity waves in the lower stratosphere are examined using a GCM with high
resolution in both the horizontal (T106, corresponding to about 120 km) and the vertical (~600 m). The bottom
boundary condition of the model is that of an aquaplanet with perpetual February sea surface temperature. The
simulated gravity waves are in good agreement with mesosphere-stratosphere-troposphere (MST) radar obser-
vations at a middle latitude on the gravity wave structure and on the frequency spectra as a function of height.
The frequency spectra of simulated wind and temperature fluctuations are also examined as a function of latitude.
Large values of spectral density are observed at frequencies higher than the inertial frequency (f) in a weak
wind region around 20 km, which is consistent with the characteristics of internal gravity waves. An isolated
peak is observed near f for horizontal wind spectra at latitudes higher than 10°, while the energy is distributed
in a wide range of frequency at lower latitudes where f approaches zero.

Further analysis is performed of those fluctuations having periods shorter than 24 h and those having vertical
wavelengths smaller than 5 km. These are frequently analyzed as gravity waves using observation data. The
distribution of energy and momentum fluxes in the latitude—height section is examined. The result indicates that
short-period waves mostly propagate upward and poleward from the equatorial region. The wave energy reaches
about 50° lat at the 27-km altitude. A negative (positive) maximum of vertical flux of meridional momentum
(v'W") is seen above the subtropical jet in the Northern (Southern) Hemisphere for small vertical-scale gravity
waves. This is consistent with the preferred equatorward propagation of the wave indicated by a statistical
analysis based on MST radar observations. The ratio of potential to kinetic energy maximizes over the equator
and decreases poleward. The Eliassen—Palm flux divergence associated with gravity waves is decelerative above
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the subtropical jet, albeit small.

1. Introduction

Since the role of gravity waves on the maintenance
of closing of mesospheric jets was discussed theoreti-
cally at the beginning of the 1980s (Lindzen 1981; Mat-
suno 1982), we have come to recognize the importance
of gravity waves in the global circulation of the middle
atmosphere through numerous observational and theo-
retical studies. The drag due to topographically forced
gravity waves has been included in the general circu-
lation model (GCM) and numerical prediction model to
simulate a realistic weak wind layer in the lower strato-
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sphere through various parameterizations (Palmer et al.
1986; McFarlane 1987; Iwasaki et al. 1989). The the-
oretically estimated momentum flux convergence to
maintain these weak wind layers was confirmed quali-
tatively by mesosphere—stratosphere—troposphere
(MST) radar observations, which provided accurate es-
timates of momentum fluxes (e.g., Tsuda et al. 1990;
Sato 1994).

Recent studies are focusing on the role of nonsta-
tionary gravity waves that may be generated or asso-
ciated with convection, jet stream, synoptic-scalewaves,
frontal system, etc. According to recent theoretical and
observational studies, momentum fluxes of planetary-
scale equatorial Kelvin and Rossby—gravity waves are
insufficient to drive the quasi-biennial oscillation (QBO)
in the equatorial lower stratosphere. It may perhaps be
natural to consider gravity waves as the main driving
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agents of the QBO (see Dunkerton 1997, for a review).
A QBO-like (about 1.5 yr) oscillation has recently been
simulated by Takahashi (1996) using a GCM with fine
vertical grids to resolve the fine vertical structures ob-
served in winds and temperature, which are probably
mostly due to gravity waves. His model horizonta res-
olution is, however, not very high (T21). Horinouchi
and Yoden (1998) also succeeded in simulating the
QBO-like (about 400 days) oscillation in a GCM (T42)
with latitudinally independent SST. They noted the im-
portance of gravity waves. On the other hand, Alexander
and Rosenlof (1996) found that the gravity wave-in-
duced force is accelerative in the extratropical summer
stratosphere above 20 km by using a linear model to
calculate the propagation of gravity wave spectra
through climatological mean winds. They also sug-
gested the importance of nonstationary gravity waves.

It is important, therefore, to examine the character-
istics of nonstationary and stationary gravity waves at
al latitudes. There have been severa efforts to under-
stand the global distribution of gravity waves using ob-
servational data from radiosondes for the lower strato-
sphere (Kitamura and Hirota 1989; Allen and Vincent
1995), and rockets (Hirota 1984; Eckermann et al. 1995)
and satellites (Fetzer and Gille 1994; Wu and Waters
1996) for the stratosphere and mesosphere. However,
these observational tools provide information for only
a limited range of gravity waves that are intrinsically
distributed in a wide spectral range of vertical [O(0.1
km) to O(10 km)] and horizontal wavelengths[O(1 km)
to O(1000 km)], and frequencies [O(1 min) to O(10 h)
in the midlatitude region] (e.g., Alexander 1998). More-
over, it is usually impossible to observe all physical
quantities simultaneously. Thus, we usually need to
make some assumption to obtain the total energy or
momentum fluxes of gravity waves from observational
data.

With the aid of ever-devel oping computer technology,
it is becoming possible to integrate GCMs and resolve
gravity wavesexplicitly (e.g., Hayashi et al. 1989; Ham-
ilton 1996; Hayashi et al. 1997). O’ Sullivan and Dunk-
erton (1995) showed inertia-gravity waves having large
amplitudes embedded in alife cycle of baroclinic waves
using adry three-dimensional primitive equation model
(T126). They emphasized the importance of vertical res-
olution to simulate gravity waves with short wave-
lengths approaching their critical levelsand adopted 700
m for vertical grid spacing. Recently, Jones et al. (1997)
examined the effect of increasing horizontal resolution
in a GCM (Geophysical Fluid Dynamics Laboratory
SKYHI model) from about 100 to 60 km on the global
circulation. However, the vertical resolution of their
GCM may be too coarse (40 levels from the ground to
the mesopause) to resolve observed gravity waves with
short vertical wavelengths. For example, typical vertical
wavelengths of gravity waves are 1-4 km in the lower
stratosphere (Sato 1994; Sato et al. 1997).

In this study, we use a GCM with high resolution
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both in the horizontal and vertical directionsto examine
global statistical characteristics of gravity waves in the
lower stratosphere. A description of the model is given
in section 2, and the simulated mean fields are shown
in section 3. The realistic features of the simulated
waves will be confirmed by comparison with observa-
tional datain section 4. Detailed characteristics of grav-
ity waves are shown in section 5 in terms of frequency
spectra as a function of latitude (section 5a) and global
distribution of energy and momentum fluxes in the lat-
itude—height sections (section 5b). Results are discussed
in section 6. Summary and concluding remarks are made
in section 7.

2. Model description and experiments

Themodel isthefirst version of the atmospheric GCM
developed at the Center for Climate System Research/
National Institute for Environmental Studies (CCSR/
NIES). Basic features of the model can be found in
Numaguti (1993). Newly implemented physical pro-
cesses are discussed in Numaguti et al. (1995). A de-
tailed description of the radiation scheme can be found
in Nakajima et al. (1995).

The horizontal resolution is T106, corresponding to
a grid spacing of about 120 km. There are 53 layersin
the vertical, having about a 600-m vertical resolution
in the upper troposphere and lower stratosphere. The
top level of the model is located at about 0.5 hPa (ap-
proximately 50 km, the 0.0005 sigma level).

Following previous QBO-like simulation by the
CCSR/NIES GCM (Takahashi 1996; Takahashi et al.
1997), amoist convective adjustment scheme is used as
the cumulus parameterization in this experiment, al-
though the standard convection scheme of the CCSR/
NIES GCM is the prognostic Arakawa—Schubert
scheme (Numaguti et al. 1995). The Mellor—Yamada
level-2 closure scheme is used as the vertical eddy vis-
cosity in the free atmosphere as well as in the bottom
boundary layer in which the minimum vertical eddy
viscosity coefficient is set to 0.15 m? s—t. A fourth-order
horizontal diffusion with a damping time of 0.2 day at
the maximum wavenumber is applied. In addition, the
dry convective adjustment scheme is used in the strato-
sphere to represent wavebreaking. Near the top bound-
ary, a Rayleigh friction is used with a coefficient « as
a function of height z

a(2) = a, max

(@

Z [—
10,1 + tanh(J)
Z,

where «, is (1/7 day)~*, z,, ~50 km, and z, = 7 km.

The bottom boundary condition is that of an agqua-
planet (an idealistic moist atmosphere on a sphere cov-
ered only by the ocean). Values of sea surface temper-
ature (SST) climatology in February are given inde-
pendent of longitude and time (perpetual February).
There is a diurnal cycle in the solar forcing. The other
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processes and schemes are the same as those in the
standard CCSR/NIES GCM.

As for the start-up run, a horizontal resolution T21,
53-layer (T21L53) model of the same boundary con-
dition was integrated with an initial condition of an
isothermal atmosphere at rest over 120 model days to
obtain a quasi-steady state. The final day of T21L53
model simulation was used as the initial condition for
the T106L53 model. The T106L53 model was run for
80 days and obtained a quasi-steady state.

The final 20 days of the run, output at a 1-h interval,
were used for the analysis of gravity wave activities. To
avoid aliasing from fluctuations of higher frequencies,
values averaged over 1-h were used. Thus, gravity
waves having wave periods longer than about 2 h are
included in the analyzed data. Data were interpolated
by a spline method in the vertical to fixed pointsin the
log-pressure vertical coordinate having almost the same
vertical spacing in the original sigma coordinate. The
vertical wind velocity w is obtained using the following

formula:
dlnc dInP
~Hl—— + ?),
v ( d ot )

where H is a scale height (taken to be 7 km) and P, is
the surface pressure.

@

3. Mean field

The zonal- and time-averaged zonal wind U is plotted
in Fig. 1a. The subtropical westerly jet issituated around
32°N and 45°S, with peak values larger than 40 and 30
m s%, respectively. The position and strength are both
realistic. The polar night jet is too strong compared to
the real atmosphere (i.e., Northern Hemisphere in Feb-
ruary) probably because of the absence of stationary
waves caused by topography. The jet strength is, how-
ever, comparable to the polar night jet in the Southern
Hemisphere in July. The axis of the polar night jet is
around 60°N as in the real atmosphere. The polar night
jet and subtropical jet are clearly separated in the North-
ern Hemisphere.

Compared with alow resolution version of our GCM,
the mean zonal wind field is significantly improved in
the equatorial troposphere. A westerly biasin thisregion
was observed in the T21 CCSR/NIES model with which
Takahashi (1996) succeeded in simulating the QBO-like
feature in the equatoria lower stratosphere. The west-
erly bias is absent in our present T106 model and re-
alistic easterlies are simulated.

Figure 1b shows the latitude—height section of the
Brunt-Vaisdla frequency squared (N2). The tropopause
height, with large N2 vertical gradient, is 15-17 km in
the tropical region and about 8-10 km in the middle
and high latitude regions. We will use the curve of 2.5
X 104 (s7?) as an indicator of the tropopause in the
following figures. It should be noted that although this
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Fic. 1. (a) Latitude-height cross section of zonal-mean zonal wind
averaged over 20 days. Contour intervalsare 5 m s-1. Easterly regions
are shaded. (b) Latitude-height cross section of Brunt-Vaisaa fre-
guency squared. Contour intervals are 5 X 10-° s71. A thick contour
denotes 2.5 X 104 s, roughly corresponding to the tropopause level.
Tick marks on the right axis indicate model vertical grid positions.

curveindicates appropriate tropopause |evels at the mid-
dle and high latitudes, it traces levels lower than the
tropical tropopause in the model by 1-2 km.

4. Comparison with MST radar observations

To see how realistic the simulated gravity wave field
is, we made a comparison with observational data. Fig-
ures 2a and 2b show the time-height sections of zonal
(u) and meridional winds (v) obtained through a special
long-term (19 days) continuous observation with the
middle and upper (MU) atmosphere radar, which is an
MST radar located at Shigaraki, Japan (35°N, 136°E).
See Fukao et al. (1985) for details of the MU radar.
Although the observation was conducted in April 1995,
the gravity wave field may be comparable with that in
the model because the subtropical jet, one of the gravity
wave sources, is strong even in this season over Japan.

A clear downward-propagating phase structure is ob-
served in both u and v profiles in the 19-25-km height
region (see contours of 0 or 10 m s~1), where the zonal -
mean wind is very weak. The vertical wavelength and
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Fic. 2. Time-height sections of (a) u and (b) v observed with the MU radar (35°N, 136°E) over 19 days in April 1996, and (c) u and (d)
v at 34.2°N simulated by the GCM over 20 days. Negative regions are darkly shaded. Lightly shaded are the regions where u > 40 m s

Contour intervals are 10 m s,

wave period are about 3.5 km and 20 h, respectively.
Sato et al. (1997) showed that the wave structure is due
to inertia—gravity waves of horizontal wavelength of
about 1200 km, propagating westward with a phase
speed of about 10 m s*. The vertical and horizontal
wavelengths are sufficiently large to be resolved in our
high-resolution model.

Figures 2c and 2d show time-height sections of sim-
ulated u and v at the latitude of 34.2°N over 20 days.
The tick marks on the right indicate the model’s vertical
grids. The height position (about 11-12 km) and
strength of the subtropical jet in simulated u are similar
to observation. The westward tilt with height of baro-
clinic wave phase structure should be observed as delay
with height in the time—height section. The tilt of zero
contours of the simulated v (e.g., day 10 and day 16)
is similar to that of radar observation (e.g., 12 and 20
April), indicating that the simulated baroclinic waves
are realistic. The most important feature in Figs. 2c and
2d isthat gravity wave structure having avertical wave-
length and a wave period similar to observation (Figs.
2aand 2b) is seen in the lower stratosphere of the model.
Similar features are observed at other longitudes.

Power spectra versus ground-based frequency are
shown in Figs. 3aand 3b for the observed and simul ated
v, respectively, as a function of height. The simulated
spectra are averaged over eight longitudes including
those shown in Fig. 2d. The chosen eight longitudes are
mentioned at the beginning of the next section. A thick

solid vertical line in each figure indicates the inertial
frequency (~20 h) and two thick dashed vertical lines
show the periods of one day and a half-day. There are
peaks corresponding to baroclinic waves with about a
4-day period around a 10-km height and near the ground
in both spectra. However, the peak near the ground is
weaker in the simulated spectra probably because of the
aguaplanet boundary condition.

The inertia—gravity waves in the weak wind layer
above 17 km in the lower stratosphere are observed as
an isolated peak around the inertial period both in ob-
served and simulated spectra. The peak values are al-
most the same (~20 km). It is worth noting that the
isolated peak in simulated spectra continues at greater
height where there are no observations.

Therefore, the inertia-gravity waves in the model are
very similar to the observation in terms of amplitudes,
vertical wavelengths, and periods. This result is very
encouraging and suggests that the simulated gravity
wave field in our model is fairly realistic.

5. Statistical characteristics of gravity waves

The 20-day model dataset at 1-h time interval is so
large that it is not feasible to analyze every longitude.
Since thereisno longitudinal dependence on aboundary
condition in the present model, the statistical charac-
teristics of gravity waves must be independent of lon-
gitude. Thus, in the following sections we analyze time
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FIG. 3. Frequency power spectra in the energy-content form of v fluctuations [P,(w)w] as a function of height for (a) MU radar observations
at 35°N and (b) GCM simulations at 34.2°N. The units of the power spectra are m? s~2. Contours are drawn for 10 log P (w)w with intervals
of 3 dB. A thick solid line indicates inertial frequency (~21 h). Two dashed lines indicate frequencies of 1 day and a half day.

series of eight longitudes with the same longitudinal
interval (45°) and examine the average as the statistics
of the model.

a. Spectral characteristics as a function of latitude

Frequency power spectra were calculated at each of
eight longitudes as a function of latitude (¢) and height
(z), and the average of eight spectra was obtained. The
spectra were further averaged for the height regions of
12-17 km, 17-22 km, and 22-27 km with fine vertical
resolution. Results for v are shown in Fig. 4. Thick solid
curves indicate the inertial frequency at each latitude
and dashed curves indicate the periods of one day and
a half day.

Large values are distributed at higher frequency re-
gions enclosed equatorward by the curve of the inertial
frequency, particularly in upper regions. The ground-
based wave frequency is considered to almost equal the
intrinsic frequency in the upper region because the mean
wind is weak there except at the latitudes around the
polar night jet (~60°N). Thus, this spectral feature is
consistent with the theory of internal gravity waves that
their intrinsic frequencies should be higher than the in-
ertial frequency. An interesting feature is that isolated
peaks are observed around the inertial frequency at each

latitude up to ¢ = *45° in the 17-22-km region and
up to ¢ = *55°in the 22-27-km region, except around
the equator. The spectra around the equator are widely
distributed and no particular peaks are observed.

The spectra around the subtropical jet (¢ = £30° for
12-17 km) and polar night jet (¢ = 60°N for 22-27
km) seem spread at frequencies lower than the inertial
frequency because of the Doppler effect of strong mean
wind. In the 12-17-km height region, the spectral values
at frequencies higher than a half day are maximized
meridionally around the equator and around ¢ = *30°
where the subtropical jet is situated. The maxima around
¢ = =30° disappear at higher regions.

The power spectra for u, vertical wind w, and poten-
tial temperature 6 are shown in Fig. 5. Characteristics
of u are similar to those of v. The w spectra are widely
distributed at higher frequencies compared with u and
v. Potential temperature spectra are also spread widely,
but the frequency region with large values is similar to
u and v spectra.

b. Global energy distribution and meridional
propagation of gravity waves

It is generally difficult to extract gravity wave com-
ponents with only time filters because the wave fre-
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FIG. 4. Frequency power spectra in the energy-content form of v fluctuations simulated by GCM as a function of latitude for the height
regions of (a) 12-17, (b) 17-22, and (c) 22-27 km. Contours are drawn for 10 log P,(w)w with intervals of 3 dB. Color levels are the same
as Fig. 3. A thick solid curve indicates inertial frequency at each latitude. Two dashed lines indicate frequencies of 1 day and a half day.

quency can be Doppler-shifted by a strong mean wind.
An extreme is topographically forced waves having zero
frequency. The identification of gravity waves by their
small vertical scales is also difficult, particularly in the
equatorial regions where equatorial Kelvin and Rossby—
gravity waves can also have short vertical wavelengths.
Inertial instability with fine vertical structures can also
occur in the equatorial regions. Small vertical-scale mo-
tions other than gravity waves in the Northern Hemi-
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sphere (winter) may exist within the surf zone of Rossby
waves (e.g., Haynes and Anglade 1997). However, the
Rossby wave activity in the model is probably weaker
than in the real atmosphere because there are no con-
tinents in our model.

Here we examine two kinds of wave fluctuations,
which are frequently treated as gravity waves in obser-
vational studies: short-period waves and small vertical-
scale waves. The former is used for analysis of the time
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FIG. 5. The same as Fig. 4 but for (a) u, (b) w, and (c) € fluctuations in the height region of 22-27 km. Units of the power spectra are
m? s~2 for (a) and (b) and K? for (c). Contour intervals are 3 dB. A thick solid curve indicates inertial frequency at each latitude. Two

dashed lines indicate frequencies of 1 day and a half day.
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Fic. 6. Latitude-height sections of (&) kinetic energy, (b) potential energy, (c) total energy, and (d) ratio of potential to kinetic energy of
short-period gravity waves. Contour intervals are 2 m2 s2 for (a), (b), and (c). Contours in (d) are drawn for 0.2, 0.4, 0.6, 0.8, 1, 1.5, and
2. The regions with energy larger than 2 m2 s=2 for (a), (b), and (c) are shaded. Regions with the ratio larger than 1 are shaded for (d).

series data from measurements with fine temporal res-
olution such as MST radars. The latter is used for ob-
servations with fine vertical resolution such as radio-
sondes. In the following, the wave characteristics are
discussed in the height region up to 27 km where fine
vertical structures are resolved in the model.

1) SHORT-PERIOD GRAVITY WAVES

To extract short-period components, we applied a
high-passfilter with a cutoff period of 1 day to the model
data. The wave period does not change significantly
during propagation when the mean field is almost
steady, whereas the vertical wavelength changes ac-
cording to the mean field such as U and N2.

Kinetic [KE = 3(U"? + v'2 + w'2)], potential [PE =
3(92/N2)(6'2/62)], and total (TE = KE + PE) energies
divided by atmospheric density for short-period waves
are plotted in Fig. 6. A thick solid curve in each figure
indicates the tropopause (see section 3) and thick dashed
curves are contours of U at 20, 30, and 40 m s*.

In the lower stratosphere above 15 km, both KE and
PE increases as altitude increases, mostly due to de-
crease of atmospheric density. The latitudinal extent is

larger for KE than PE. The maximum of KE is observed
around |¢| = 20°-30° in both hemispheres, whereas the
PE is maximized over the equator. As the result, TE is
widely distributed over the equator. Another weak max-
imum is observed in KE around 70°N, north of the polar
night jet axis.

There are maxima over the equator and at ¢ = +45°
below the tropopause in both hemispheres. Although
these maxima may be partly due to gravity waves, there
is a possibility of mesoscale phenomena such as con-
vection and fronts. Thus, further discussion is not made
for the troposphere.

Figure 6d showstheratio R of PE to KE. Theregions
with R larger than 1 are shaded. Note that R is almost
unity over the equator and decreases as latitude increas-
es. For inertia—gravity waves in an f plane, the ratio R
is expressed as

Nz K2 ®

2f2 1

R = (—ﬂ + 1) ,

where f istheinertial frequency and mand k are vertical
and horizontal wavenumbers, respectively (Gill 1982).
Thus, R should be 1 for f = 0 at the equator and be
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Fic. 7. Latitude-height sections of vertical fluxes of (a) energy (®'w’), (b) zona momentum (u'w’), (c) meridiona momentum (v'w"),
and (d) EP flux divergence (F,) for short-period gravity waves. Contour intervals are 0.01 m2 s* for (a), 0.002 m? s2 for (b) and (c), and

2.5 m s */month for (d). Negative regions are shaded.

smaller than 1 for higher latitudes, as observed in Fig.
6d. If the typical aspect ratio k/m of inertia—gravity
waves is independent of latitude, R decreases with f.
The monotonic decrease of R with latitude observed in
Fig. 6d may be due to the increase of f with latitude.

The momentum fluxes are useful values to examine
the horizontal propagation of internal gravity waves.
Positive (negative) u'w’ means eastward (westward)
propagation and positive (negative) v'w’ means north-
ward (southward) propagation relative to the mean wind
for gravity waves propagating energy upward. The signs
are reversed for downward energy propagation. Note
that for internal gravity waves, the horizontal directions
of phase and energy propagation relative to the mean
wind are the same, while the vertical directions are op-
posite. Moreover, the momentum fluxes p,u’'w’ and
pov'W (p, isatmospheric density) areinvariant for con-
servative waves. The vertical energy propagation can
be examined from vertical energy flux.

Figure 7a shows the vertical energy flux &'w’ as-
sociated with short-period waves, where ®' is the geo-
potential height fluctuation component. The energy flux
is mostly positive in the lower stratosphere in the low-

latitude region (|¢| < 50°), indicating dominance of
upward energy propagation. Negative values meaning
downward energy propagation are observed around the
polar night jet. This point will be discussed in section 6.

Figures 7b and 7c show u'w’ and v'w’, respectively.
In the low-latitude region (|¢p| < 50°) where energy flux
isupward, u'w’ are negative, indicating that the gravity
waves propagate westward relative to the mean wind.
The order of magnitude O(10-3) m? s~2 is comparable
to net u'w’ estimates from radiosonde observation data
at Singapore (1.4°N, 104.0°E) for short-period (<3
days) components by Sato and Dunkerton (1997). The
characteristics of v'w’ there are interesting. Negative
(positive) values are observed in the Southern (North-
ern) Hemisphere. Moreover, the latitudinal expanse of
large v'w’ and u'w’ increases with altitude. The v'w’
contours of =2 X 102 m? s-2 reach the midlatitude of
¢ = *50° at z = 27 km. This V-shaped distribution
suggests that short-period gravity waves are generated
in the equatorial region and propagate poleward in both
hemispheres. Similar poleward propagation was sug-
gested by Manzini and Hamilton (1993), who analyzed
vertical Eliassen—Palm (EP) flux associated with small
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FiG. 8. The same as Fig. 6 but for small vertical-scale gravity waves.

zonal-scale waves in the GFDL SKYHI model and a
linear model.

The effect of short-period gravity waves on the mean
wind circulation is examined by calculating the EP flux
defined as

F=(F®, F®), (4)

U -
F&) = pa Cosd)(@:Z.Ur@r _ v'u’), and ©)

. (@ooss),
acosg
and its divergence as the wave-driven force F, is
IF®
9z’

1 -
F@ = pOaCOS(ﬁ{ E_U/gr —_ U’W’}' (6)

F,.= (a cos¢)*1£5(F @) cosp) + @)
where a is a mean radius of the earth and the subscript
z denotes a vertical derivative (Andrews et a. 1987).
The result for F, is shown in Fig. 7d. A westward force
with a maximum of 5 m s~* month-* is observed in the
upper part of the subtropical westerly jet around 30°N.
The F, contour of 2.5 m s™* month—* shows that the
latitudinal and height expanse of the forced region is
20° and 3 km, respectively. The westward forceissmall-

er by one order of magnitude compared with the drag
due to topographically forced gravity waves (e.g., Palm-
er et al. 1986; McFarlane 1987).

2) SMALL VERTICAL-SCALE GRAVITY WAVES

Small vertical-scale gravity waves are extracted from
original model data by applying a digital highpass filter
to the vertical profiles with a cutoff length of eight grids.
The cutoff length corresponds to a wavelength of about
5 km in the upper troposphere and lower stratosphere,
where the grid spacing is fine and where gravity wave
characteristics are discussed in this section.

Figure 8 shows latitude-height sections of KE, PE,
TE, and R for small vertical-scale gravity waves. There
are several characteristics different from those of short-
period gravity waves. For example, KE is maximized
at 3 km above the equatorial tropopause over the lati-
tudinal expanse of =30°. Another region with large KE
is above the subtropical jet around 30°N in the Northern
Hemisphere, where both tropical (~16 km) and extra-
tropical tropopauses (~9 km) exist. This makes KE dis-
tribution asymmetric around the equator. On the other
hand, PE is maximized around the tropical tropopause.
The PE distribution isfairly symmetric around the equa-
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tor. Thus any asymmetry observed in TE distributionis
mainly due to that of KE. The enhancement in both KE
and PE over the tropical tropopause and in KE above
the subtropical jet in the Northern Hemisphere is not
seen for short-period waves (Fig. 6).

The values of PE decrease rapidly and monotonically
as latitude increases in both hemispheres and become
almost constant poleward of 30°. This latitudinal dis-
tribution of PE is consistent with a summer observation
by Allen and Vincent (1995) using temperature data
from the Australian radiosonde network.

The R values are generally smaller than 1 at higher
latitudes and decrease with latitude, which is similar to
short-period waves. Large values of R observed at high
latitudes (¢ > 60°) may be meaningless since both KE
and PE are small. Interestingly, Ris significantly greater
than 1 around the tropical tropopause, where wave en-
ergy is maximized. This feature may be explained by
the characteristics of equatorially trapped waves under
an equatorial B-plane approximation. For egquatorial
Kelvin waves, R is unity. For equatorial inertia-gravity
waves, R is greater than 1 and approaches unity as the
zonal wavenumber and/or intrinsic wave frequency ap-
proaches infinity (see Sato and Dunkerton 1997). Thus,
R greater than 1 over the equator suggests that the small
vertical-scale waves are a mixture including equatorial
inertia-gravity waves.

Figure 9 shows latitude-height sections of ®'w’,
u'w’, v'w’, and EP flux divergence for small vertical-
scale waves. Similar to short-period waves, energy flux
in the stratosphere is upward except around the polar
night jet. Thedistribution of theu’'w’ signisalso similar,
but the distribution of its magnitude is different. Large
negative values are observed above the subtropical
westerly jetsin both hemispheres. An interesting feature
is the negative (positive) values of v'w’ above the sub-
tropical jet (~12 km) in the Northern (Southern) Hemi-
sphere. This means equatorward propagation of gravity
waves and is consistent with the statistical resultsshown
by Sato (1994) based on the MU radar observation data
over threeyears. Thisfeatureisnot seen for short-period
waves. The v'w’ profile in the equatorial stratosphere
suggests the dominance of poleward propagation from
the equator, similar to short-period waves, but the mag-
nitude is smaller. The EP flux divergenceis decelerative
above the subtropical jet aso for small vertical-scale
gravity waves. The magnitude is al so comparable to that
for short-period gravity waves.

3) DIFFERENCE BETWEEN SHORT-PERIOD AND
SMALL VERTICAL-SCALE GRAVITY WAVES

It was clear that the two statistical characteristics do
not necessarily accord. One distinct difference is that
v'w’ distributed in a V-shaped region with a center at
the equator in the latitude—height section is larger for
short-period waves than for small vertical-scale waves.
This means that the short-period waves there have ver-
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tical wavelengths longer than 5 km. It may be hard to
detect such long vertical wavelengths because radio-
sonde observations provide data for limited height rang-
€s.

Another difference is the dominance of equatorward
propagation over the subtropical jet seen only for small
vertical-scale gravity waves. This suggeststhat the small
vertical-scale waves there have periods longer than 1
day, and hence longer than the inertial period (27/f)
for || > 30°. It should be noted that the small vertical-
scale gravity waves have large negative u'w’ (Fig. 9),
that is, a large westward component of their horizontal
wavenumber vector. Periods of such gravity waves can
be longer than the inertial period because of the Doppler
effect of the strong subtropical jet, as seen in Fig. 4a.
The Doppler effect is hard to estimate because it de-
pends on wavenumbers as well as background winds.
Thus it is difficult to extract gravity waves from only
their frequencies.

These differences suggest that we have to be careful
in interpreting observational statistics because obser-
vations account for only a part of gravity waves dis-
tributed in awide spectral range of frequency and wave-
numbers.

6. Discussion

a. Meridional propagation of internal inertia-gravity
waves

The energy of gravity waves was largest in the equa-
torial region and was distributed in awide spectral range
of frequency as shown in Figs. 4 and 5. The latitude—
height section of v'w" shown in Figs. 7c and 9c sug-
gested that gravity waves propagate poleward from the
equatorial region.

The meridional propagation of each gravity wave de-
pends on the wave parameters describing its structure.
The dispersion relation for an inertia-gravity wave is

f2m? + (k? + 12)N2

o= m + k> + 12 7 ®

where @ is the intrinsic wave frequency and m, k, and
| are vertical, zonal, and meridional wavenumbers, re-
spectively (Gill 1982). The elevation angle 6 of the
inertia-gravity wave ray in the latitude-height section

is expressed as
tang — Cy aa)/am k2 + I2 w? — f2
Cyy Ol N2 — @2

The angle 6 is smallest for the gravity waves propa-
gating meridionally (k = 0). The intrinsic frequency
o of meridionally propagating gravity waves is almost
the same as ground-based frequency w (= + V1), be-
cause the background meridional wind V isweak. Equa-
tion (9) indicates that as the wave frequency o is lower,
the angle 0 is smaller. In other words, lower-frequency
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Fic. 10. Rays of poleward propagating inertia-gravity waves that
pass through ¢ = 20° at a height of 15 km. Numbers near each ray
denote the wave period in hours. The region where the inertia-gravity
waves cannot reach is shaded. A thin dashed lineindicates ¢ = 34.2°.

gravity waves from the equatorial region should be ob-
served at lower altitudes in off-equatorial regions. Here
we should note that the gravity waves cannot propagate
beyond the latitude at which the intrinsic wave fre-
quency equalstheinertial frequency, asexplained inthe
next section.

This point is illustrated by Fig. 10, which shows the
ray paths obtained by integrating their group velocities
for gravity waves with k = 0 passing through the tro-
popause of 15 km at ¢ = 20°. This latitude was chosen
because the v'w’ contours of =2 X 103 m? s2 are
located therein Fig. 7c. The Doppler effect of the mean
meridional wind isignored. Numbers on each ray denote
the wave period in hours. In Fig. 10 the region where
gravity waves from the equatorial region cannot reach
is shaded.

Several features observed in the momentum fluxes
and spectra of gravity waves shown in sections 4 and
5 are explained by the poleward propagation of gravity
waves generated in the equatorial region. Large v'w’
values are distributed in a V-shaped region over the
equatorial region. The boundary of this V-shaped region
is almost in accord with the boundary of unreachable
region traced by adashed curvein Fig. 10. For example,
both boundaries are located at z ~ 21 km for |¢| = 40°
and z ~ 26 km for |¢| = 50°.
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Figure 10 suggests also that the meridionally prop-
agating gravity waves with near-inertial frequencies
should be observed at the lowest atitudes in the off-
equatorial region among gravity waves propagating
from the equatorial region. For example, at the latitude
of 34.2°, the gravity waves having a near-inertial period
of 21 h should be observed at z = 19 km. This is
consistent with the power spectra as afunction of height
(Fig. 3b). Gravity waves with near-inertial frequency
(but having zonal component of wavevector k) and those
with higher frequencies have larger elevation angles of
the rays. Hence, they should be observed at higher a-
titudes. The frequency bandwidth of gravity wave spec-
tra must then increase with height, which is also con-
sistent with the feature observed in Fig. 3b. For ex-
ample, the waves with the period of 12 h are observed
above z = 25 km, as suggested by Fig. 10.

b. Dominance of gravity waves with near-inertial
frequency

The frequency spectra as afunction of latitude shown
in Figs. 4 and 5 indicated that gravity waves having
near-inertial frequency are dominant at every latitude
except for the equatorial region. Such an enhancement
of energy near theinertial frequency in the lower strato-
sphere is reported by a few observational studies
(Thompson 1978; Nastrom et al. 1997) as well as Sato
et a. (1997).

One explanation for the dominance of near-inertial
frequency waves is the meridional propagation of grav-
ity waves generated in the equatoria troposphere, as
discussed in section 6a. The vertical group velocity C,,
is expressed as

N2 2
c - _2m(a f )'

9z m2 + k2 (10)

and the horizontal group velocity C, is expressed as

2me(@? — 12) k
== —
= e KOk K (1)

where k is the horizontal wavenumber vector (not nec-
essarily zonal) and U is the mean wind velocity. When
theintrinsic frequency @ approaches f, both vertical and
horizontal group velocities (relative to the mean wind)
become zero (Jones 1967). Thus, if the gravity waves
propagate poleward and reach its critical latitude where
o = f, the energy of gravity waves may be accumulated
there and observed as an isolated peak near-inertial fre-
quency at one location, as in Fig. 3.

Another explanation is related to the wave vertical
propagation in the mean wind having vertical shear. The
ground-based frequency w of a gravity wave is con-
served in a steady mean wind, and the intrinsic fre-
quency & (taken to be positive without losing generality)
is modified by the mean wind:

»=w—U-k. (12)
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Over the subtropical westerly jet, u'w” was negative,
suggesting that zonal wavenumbers of dominant gravity
waves are negative. Thus, for gravity waves propagating
upward in the negative vertical shear above the sub-
tropical westerly jet, @ decreases with height and may
encounter the critical level where @ = f. For this given
situation, the critical level is lower for gravity waves
having smaller w. This inference is consistent with the
vertical structure of power spectra shown in Fig. 3b.
Here the frequency of the spectral peak above 16 km
increases with height and approaches the inertial fre-
quency at 23 km where U becomes almost zero (see
Fig. 2c). Equation (11) showsthat a gravity wave whose
w is near f has almost zero group velocity in the weak
mean wind and is proneto stay there, keeping their wave
structure and energy. Such a gravity wave may be seen
as a clear isolated peak in the frequency spectra at one
location, asin Fig. 3. This explanation is also in agree-
ment with the westward propagation of gravity waves
with near-inertial frequencies observed in the MU radar
data of Figs. 2a and 2b (Sato et al. 1997). It will be
important to examine the phase structure of the gravity
waves with near-inertial frequenciesin future work.

¢. Downward propagation of gravity waves in the
polar region

An interesting feature in our model is the dominance
of downward energy propagation around the polar night
jet (Figs. 7a and 9a), although energy propagation of
gravity wavesis mostly upward in the tropical and mid-
latitude regions. There have been few observational
studies of gravity waves in the polar region except for
afew concerning mountain waves. Although aRayleigh
friction is used in our model to damp wave amplitudes
near the top layer, some reflection of gravity waves may
occur there. However, it should be emphasized that grav-
ity waves propagating energy downward can exist in
the real atmosphere.

First, the gravity waves can be reflected in the real
atmosphere. From the dispersion relation (8) for an in-
ertia-gravity wave, mis expressed as

2 _ 12
w=$_iw (13)
2[k2) — — 2
_ (N — (e = V) ”

(c — U)2 — (f2/k?)

where c is the horizontal phase velocity and U is the
background wind parallel to the horizontal wavenumber
vector k. The phase velocity c is invariant if the back-
ground wind is steady and uniform in the direction of
the horizontal wavenumber vector. Nonzero u'w’ values
in the polar region in Figs. 7b and 9b indicate that
gravity waves have nonzero zonal wavenumbers. When
such gravity waves propagate poleward and encounter
the strong polar night jet, (c — U)? may become larger
than N2/k2. In this case, m? becomes negative so that
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the gravity waves are reflected there in the strong polar
night region. The features in Figs. 7a and 9a showing
that the downward energy fluxes are larger in the north-
ern polar stratosphere than in the Southern Hemisphere
are consistent with this inference.

Second, the gravity waves may be generated in situ
around the polar night jet. According to observations,
gravity waves are generated around the subtropical jet
and propagate energy upward and downward from the
jet core (Hirotaand Niki 1986; Sato 1994). The upward
propagating gravity waves were observed in our model
in the stratosphere. These gravity waves are considered
to be generated through the geostrophic adjustment
around unbalanced flow. A similar generation mecha-
nism of gravity waves may also act around the polar
night jet. To confirm the existence of gravity waves
propagating downward around the polar night jet, ob-
servational studies are necessary.

7. Summary and concluding remarks

Using a high-resolution GCM (T106L53), global dis-
tribution and characteristics of gravity waves were ex-
amined. The horizontal resolution was roughly equiv-
alent to 120-km grid spacing and the vertical spacing
in the upper troposphere and lower stratosphere was 600
m. The bottom boundary condition was the same as for
an aquaplanet with perpetual February SST independent
of longitude. Monochromatic gravity waves that ap-
peared in the midlatitude lower stratosphere of the mod-
el were similar to the MST radar observations in terms
of wave period, vertical wavelength, and amplitudes.
The spectral characteristics were also in accord with the
observation. This fact suggests that the gravity waves
simulated in the model are fairly realistic.

The frequency spectra were examined as a function
of latitude. At higher latitudes (>10°), asignificant peak
is observed near the inertial frequency in the lower
stratosphere. On the other hand, the spectra are distrib-
uted in a wide range of frequency over the eguator in
which the inertial frequency is zero. Two possible ex-
planations were discussed for the peak near the inertial
frequency. One attributed the peak to the meridional
propagation of gravity wavesfrom the equatorial region,
and the other was attributed to the vertical propagation
of gravity waves whose intrinsic frequency approaches
the inertial frequency.

Two kinds of gravity wave components in the strato-
sphere were extracted using a highpass filter in time and
height as usually done in observationa studies. Both
kinds of waves propagated mostly upward and west-
ward. Meridional propagation of short-period waves
was poleward from the equatorial region. The wave en-
ergy reaches 50° lat at 27-km altitude, which is consis-
tent with theoretical characteristics of inertia-gravity
waves. Small vertical-scale waves propagated equator-
ward over the subtropical jet, which was consistent with
observations. The latitudinal distribution of potential
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energy was also similar to observational statistics. The
ratio of potential to kinetic energy was maximized over
the equator, then decreased with latitude up to ¢ ~
+30°, and became almost constant at higher latitudes.
The EP flux divergence is decelerative above the sub-
tropical jet for both kinds of gravity waves, although it
is weak.

In the equatorial region, poleward and upward prop-
agation of gravity waves as observed in our model may
be modified by the QBO. Using a three-dimensional
mechanistic model (T42) in which localized heating is
put in the tropical region, Horinouchi and Yoden (1997)
recently discussed meridional propagation of gravity
waves from the equatorial region as modulated by the
QBO in the equatorial lower stratosphere. The results
of our study suggest that the QBO signal may be ob-
served, even in the middle latitude lower stratosphere.

By using the subsets of the huge amount of data ob-
tained with this high-resolution GCM simulation, fur-
ther interesting examinations are possible: three-dimen-
sional structure of gravity waves having near-inertia
frequency in the stratosphere, the generation and inter-
action with synoptic-scale baroclinic waves of gravity
waves that are dominant above the subtropical jet, and
the possible role of small-scale gravity waves on the
QBO in the equatorial stratosphere.

With the aid of computer technology development,
the role of GCMs that can resolve small-scale phenom-
ena and incorporate detailed processes of radiation and
photochemistry may become more and more important
to the study of atmospheric circulation. It is important,
however, that observation and model studies are com-
plementary. To confirm new features obtained from
GCMs such as downward propagating gravity wavesin
the polar region, observational support is necessary.
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