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Abstract. A model study is presented to clarify the relationship between gravity-
wave properties observed in the stratosphere and the sources for the waves, presumed
to be in the troposphere. The observations are balloon-borne radiosondes launched
from Cocos Island in the tropical Indian Ocean (12°S, 97°E), and the analysis of
these data is described in a companion paper [Vincent and Alezander, this issue].
The dominant time variations in the observed gravity wave activity are annual and
quasi-biennial patterns in the zonal momentum flux and kinetic energy density.
The background zonal winds at this site vary with the same periods, and these are
known to be capable of causing dramatic variations in the observable properties
of the waves even if the sources for the waves are constant in time. The results
presented here clarify (1) the nature of the sources for the gravity waves observed in
the stratosphere, (2) the limitations of the observations for observing the full range
of gravity wave perturbations potentially present in the atmosphere, and (3) the role
the observed waves can play in forcing the quasibiennial oscillation (QBO) in the
zonal winds at this latitude. The stratospheric waves appear to originate near the
height of the tropopause, so the source is apparently related to deep convection. No
seasonal or interannual variations in the convection need be assumed to understand
the observations. The waves at the tropopause appear to have a phase speed
distribution that is narrowly confined near zero phase speed relative to the ground.
The source is likely related to slowly propagating tropospheric convection and the
wind near the tropopause. Variations observed in the stratospheric data are caused
by both the wind shear in the stratosphere and the ability of waves with these
characteristics to propagate vertically without severe dissipation. Higher phase
speed waves may be present and could carry significant momentum flux vertically
into the stratosphere and mesosphere but would be extremely difficult to see in
these radiosonde data. The observed waves can contribute substantially to the
descent of the eastward shear zones characteristic of the “westerly” phase of the
QBO in the lower stratosphere zonal winds.

1. Introduction

The observations presented in the companion pa-
per [Vincent and Alezander, this issue], (hereinafter re-
ferred to as VA) show large seasonal and interannual
variations in gravity wave energy density and momen-
tum flux in the stratosphere over the Cocos Islands.
These are small, remote islands in the tropical Indian
Ocean (12°S, 97°E) with no significant topography in
the vicinity, lying about 1500 km southwest of Jakarta,
Indonesia, and about 3500 km west of Darwin, Aus-
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tralia. The patterns in the time variations in the data
suggest that convection may be an important source for
these waves, because peaks in momentum flux and en-
ergy density occur during the wet seasons, December
through May. With nearly six years of radiosonde data
presented, the results also show an interannual variation
that is apparently related to the quasi-biennial oscilla-
tion (QBO) in the zonal stratospheric winds.
Atmospheric models need details about the nature of
gravity wave sources and the properties of the waves
they generate in order to describe the basic zonal mean
circulation and structure of the middle atmosphere.
The existing body of observations suggests gravity waves
can fill a broad spectrum of phase speeds, vertical and
horizontal wavelengths, frequencies, and propagation
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directions. These properties, as well as wave ampli-
tudes, have been observed to vary in latitude, longi-
tude, height, and time [e.g., Hirota, 1984; Hamalton,
1991; Fritts and Nastrom, 1992; Eckermann et al., 1995;
Allen and Vincent, 1995]. Such variations may greatly
influence the seasonal, semiannual, and quasi-biennal
wind oscillations in the middle atmosphere [Saravanan,
1990; Ray et al., 1998; Alezander and Holton, 1997;
Dunkerton, 1997; Garcia and Sassi, 1999].

The Cocos Island radiosonde observations reveal po-
tentially important variations in the properties of gravity
waves, but the observed patterns might also be too
greatly affected by variations in the background winds
to infer properties of the wave sources. Alezander [1998]
compared a model of gravity waves propagating through
observed background wind and stability profiles to sev-
eral observation techniques that measure gravity wave
temperature variance in the stratosphere. This work
demonstrated how the inherent limitations of an ob-
servational technique can sometimes work in concert
with the background wind variations to produce pat-
terns similar to the observations, even though no vari-
ations in the sources of the waves were considered in
the model. Observations in the lowermost stratosphere
are best for inferring properties of gravity wave sources
because they are close enough to the sources that the
background wind shear will be less likely to influence
the observations greatly. With these background wind
effects in mind, we will use a model similar to that used
by Alezander [1998] to aid in the interpretation of the
radiosonde results described in the companion paper.
In this study we aim to (1) test whether all of the ob-
servational results can be synthesized into a consistent
physical model of a spectrum of vertically propagating
gravity waves, (2) examine what that physical model
can tell us about the nature and origins of the waves
being observed, (3) compare the data and model details
to critically assess what we can and cannot learn about
the general properties of the full spectrum of waves that
may be present in the tropical stratosphere from this ef-
fort.

The model study of gravity wave propagation and dis-
sipation presented here will clarify the roles that source
variations, wind filtering, wave refraction and Doppler
shifting, observational limitations, and dissipation each
play in forming the patterns seen in data. The model
comparison will be shown to clarify the interpretation
of these radiosonde data in terms of the properties of
the waves generated by tropical convection and their
role in driving the QBO.

2. Model Description

The model used here is the same as that applied by
Alexander [1998], however, different gravity wave source
spectra are input, and a range of different forcing al-
titudes in the troposphere are examined. This is a
linear model describing one-dimensional gravity wave
propagation through a vertically varying background
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atmosphere. The dispersion relation employed is

L N2k2 + F2(m? +a2), M
k? + m2 + aZ

where

w=w-—ku (2)
is the intrinsic frequency, k is the horizontal wavenum-
ber, @ is the background wind speed in the direction of
propagation, w is the ground-based frequency, N is the
buoyancy frequency, m is the vertical wavenumber, f is
the Coriolis parameter, o = (2H)~!, and H is the den-
sity scale height. This form of the dispersion relation
(1) includes nonhydrostatic effects that are important
at high frequencies, rotation effects that are important
for low frequencies, and compressibility effects on waves
with long vertical wavelengths (O ~ 4w H) [Marks and
Eckermann, 1995]. At 12°S, f =3 x 107° s™!, and the
inertial period is 2.4 days. This is the long-period limit
for gravity waves at the Cocos Islands.

The gravity-wave source is specified as a spectrum of
momentum flux versus phase speed in Figure 1. The
spectrum is treatzd discretely and the waves are as-
sumed to propagate linearly through a profile of back-
ground wind and stability. Each member of the spec-
trum in these calculations is assigned the same horizon-
tal wavelength, but that wavelength is allowed to vary
from case to case. The background fields are derived
from the monthly-mean soundings of wind and tem-
perature. Waves propagate vertically conserving action
flux unless their amplitudes exceed the limit defined by
the onset of convective instability. Then a “saturation”
condition is imposed that cuts the amplitude to that
limiting amplitude and considers the remainder of the
action flux dissipated. Although a dynamic instability
condition could be argued to be more appropriate in the
lower stratosphere, recent research [Lelong and Dunker-
ton, 1998a, b] suggests that the choice of the convective
versus dynamic instability condition will have little ef-
fect on the model results.
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Figure 1. Examples of the four model source spec-
tra described by equations (3) (solid line), (4) (dotted
line), (5) (dashed line), and (6) (dotted-dashed line).
The spectra describe the distribution of momentum flux
amplitudes as a function of phase speed for the case of
Go=12 m s}, ¢, =6 m s}, and B,,=0.1 m?s~2.
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In this one-dimensional model, the intrinsic frequency
and vertical wavenumber vary with the background
wind and stability, while the horizontal wavenumber re-
mains constant. In the lower stratospheric region that
we are studying, the buoyancy frequency N is approxi-
mately constant in both height and time, showing only
weak vertical and seasonal variations, and the density
scale height factor is also nearly constant, while the
zonal wind changes considerably (see Figures 1 and 2
in the companion paper). So @ and m are most directly
related to changes in the background wind via (1), as is
the intrinsic phase speed é = &/k = ¢ — u. The changes
in @ with @(z) are referred to as Doppler shifting, and
the changes in m with @(z) are referred to as refraction.

To infer gravity wave properties from the balloon
soundings, a parabolic fit to the profiles over the 18 to
25-km height range was first subtracted. The parabolic
fit procedure will remove the mean profile and greatly
reduce any gravity wave perturbations that have verti-
cal wavelengths longer than ~ 7 km. Although use of
this procedure carries the danger of distorting any long
vertical wavelength waves ~ 7 km, the signal in these
measurements of temperature and horizontal wind is
very small at such long wavelengths and instead peaks
near 2.5 km. Although longer vertical wavelength waves
no doubt exist at this location [McLandress et al., 2000],
such waves are likely associated with much higher @ and
will be more prominent in measurements of vertical ve-
locity [Alezander et al., 2000] or those that exclude the
shorter vertical wavelength waves [McLandress et al.,
2000]. The observations are also limited in their verti-
cal resolution, so only waves with vertical wavelengths
longer than 0.75 km can be observed. These effects will
be referred to as observational filtering effects.

The model accounts for the observational effect by
filtering the full, modeled spectrum in vertical wave-
length, retaining only those waves in the 0.75 to 7-km
range for the purpose of computing model energy den-
sities and momentum fluxes before comparison to the
data. Because the vertical wavenumber m changes with
u(z), the observational filter can greatly affect what
portion of the spectrum of waves is visible in the ra-
diosonde data.

We will consider four types of gravity wave sources
specified as spectra of momentum flux versus phase
speed. An example of each of the four shapes is shown
in Figure 1. The analytical forms of these spectra are

Bo(c) = £ B exp[—(c/cyw)? In2], (3)

c—1u 2
0) ln2],
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where c is the ground-based phase speed and @ is the
background wind at the source altitude zy. The choice
of 4+ depends on the sign of the intrinsic phase speed
¢ = (c — @g) choosing the plus sign for ¢ > 0 and minus
sign for ¢ < 0. The first two forms are Gaussian with
half width at half maximum (HWHM) of ¢,,. Form (3)
always peaks at ¢ = 0. It will be anisotropic when-
ever %y # 0. Form (4) is instead antisymmetric about
¢ = (¢ — up) = 0, so it is an isotropic spectrum with
equal amounts of eastward and westward momentum
flux. The spectra given by (5) and (6) are both broader
in phase speed for a given choice of ¢, than the others.
In these cases, ¢, specifies the intrinsic phase speed
where the spectrum peaks; this peak location remains
constant for all values of #g, and ¢, also affects the
width of the spectrum. Form (5) is perfectly antisym-
metric and isotropic, while (6) is anisotropic, empha-
sizing the flux carried by waves propagating upstream
against the source level wind #g relative to the down-
stream component. Form (6) is an approximation to
the “transient mountain” forcing model for convectively
generated gravity waves [Pfister et al., 1993].

The coefficient B, is specified in m? s~2 and repre-
sents the peak amplitude in the spectrum. These spec-
tra describe the amplitudes of the pseudomomentum
flux per unit density carried by each member of the
spectrum. For the case of high-frequency waves this
is simply the amplitude of the wave-mean covariance of
horizontal and vertical wind u/w’ commonly reported in
observations. For low-frequency waves the pseudomo-
mentum flux per unit density includes an extra factor
uww (1— f?/&?). The choice of B, will have an effect on
the altitude where instability and dissipation occur for
each wave. The total magnitude of the pseudomomen-
tum flux (hereinafter referred to simply as the momen-
tum flux) carried by the spectrum in each case (3)—(6)
is given by a separate parameter Fgq related to By via

Fso=¢Y (polBo(c)]) (7

C—”t_to

— i 43
Bo(c) = Bm<c u0>exp<1 — 12—1;0 _

Cw

Cw

where pg is the background density at the source level.
Fso is the total momentum flux in the source spec-
trum. The factor ¢ is the intermittency of the wave
forcing. It is specified here as a constant for all waves
in the spectrum, but a choice of constant £ is made
only for lack of any constraints on its dependence on
wave properties. Constraints on the total flux cross-
ing the tropopause do exist [Alezander and Rosenlof,
1996; Dunkerton, 1997; Ray et al., 1998; Alezander and
Dunkerton, 1999]. The flux carried by waves in the
430 m s~! phase speed range at tropical latitudes is
expected to be approximately 2 — 3 x 1072 Pa. We
choose then to specify model parameters Bp,, ¢y, and
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Table 1. Model Gravity Wave Parameters and the
Values Considered
Parameter Description Values
By source spectrum shape equations (3), (4), (5), (6)
Cw source spectrum width ~ (4,6,10,15,20) m s~?
k horizontal wavenumber  2m/(300, 600, 1000, 1500,2000) km
B, spectrum armplitude (0.03, 0.10, 0.30) m2s~2
20 source altitude (1.25,8.75,11.75,14.75,17.75) km

Fsq. Then letting € be constant for all phase speeds, its
value is determined by (7); ¢ will vary with numerical
details of the specified spectrum, such as the number
of waves in the spectrum or the phase speed resolution
chosen. However, the physically important properties
B, and Fgq, which, respectively, determine the onset
of instability and the magnitude of the mean-flow forc-
ing associated with dissipating waves, are both observa-
tionally constrained and not sensitive to the arbitrary
choice of spectral resolution. Note that the portion of
the specified spectrum with ¢ ~ ug will not, in general,
be able to propagate vertically above the source level
because the instability threshold for those waves occurs
at very small amplitudes.

We focus here on the zonally propagating waves in
the observations. These carry the majority of the mo-
mentum flux and may be important in driving the QBO
in stratospheric winds. A discussion of the meridionally
propagating waves appears in section 4.

There are five important free parameters in the model
described in section 2: B,,, cw, 20, k, and the spectral
shape (3)— (6). The sixth parameter Fiso behaves as a
simple scaling factor for the problem, and it is reason-
ably well constrained, so it can be determined from a
scaling analysis of the best fit later. The momentum
fluxes determined from the observations are uncertain
because of the unkown factor w. The best fit model
scaling factor for the flux may be thought of as another
means of estimating w for the observations.

Because the model is a simple linear one, we can per-
form many calculations to explore the parameter space:
1500 model runs were completed, and the observation-
ally filtered time series of momentum flux and energy
density were computed for each. The parameter val-
ues considered in this study are listed in Table 1. The
quality of the fit of the model will be judged from (1)
the magnitudes of the linear coefficients of correlation
between modeled and observed time series of zonal mo-
mentum flux and kinetic energy density and (2) the
smallness of the intercepts of these linear correlations.
A perfect correlation would have a coefficient of unity
and an intercept of zero.

3. Results

The observations clearly show a dominance of east-
ward propagating waves and eastward momentum flux.
A dominance of eastward propagating waves in obser-

vations of tropical gravity waves in the stratosphere has
been reported elsewhere [Hamilton and Vincent, 1995;
Sato and Dunkerton, 1997; Tsuda et al., 1994; Shimizu
and Tsuda, 1997]. Two hypotheses to explain this
anisotropy in gravity wave activity have been proposed.
(1) The waves are forced lower in the troposphere with
an approximately isotropic spectrum, but the westward
waves are preferentially filtered out as they propagate
through the westward winds in the upper troposphere
leaving the eastward waves to dominate the spectrum in
the lower stratosphere. (2) The mechanisms for gravity
wave generation preferentially excite waves in the up-
per troposphere that propagate eastward. We now test
these two hypotheses with the model and observation
comparisons.

3.1. Model Fit for a Low-Altitude, Isotropic
Source

Hypothesis 1 above can be tested by inputting an
isotropic gravity wave source to the model at low alti-
tudes and allowing the tropospheric winds to filter the
spectrum of waves before they reach the stratosphere.
Figure 2 shows vertical profiles of the zonal winds for the
two seasons (December-January-February and April-
May-June) in which the observed gravity wave activ-
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Figure 2. Background zonal winds for two seasons:
(1) December-January-February (solid lines) when the
gravity wave activity is at its peak and (2) April-May-
June (dashed lines) when wave activity is a minimum.
The thick lines include only years when the (quasi-
biennial oscillation) is in the easterly phase, and the
thin lines show only years with the QBO in the west-
erly phase.
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Figure 3. Time series showing results from a model
fit (solid lines) assuming an isotropic source spectrum
input lower in the troposphere. This is the best case
found for zp < 8.75 km. The momentum flux time se-
ries (a) is similar to the observations scaled by a factor
of 4 (dashed line). (b) Energy density time series for this
model case is very dissimilar to that observed (dashed
line). (c) Background zonal wind at zg. (d) Total mo-
mentum flux crossing the tropopause (27 = 17.75 km)
for this case.

ity is at its maximum and minimum, respectively (VA).
Profiles of the QBO easterly and westerly phases are
also shown for each of these seasons.

Figure 3 shows the best fitting model comparison to
the data for cases with an isotropic source specified
in the troposphere. The observations are plotted with
dashed lines and the model fit with solid lines. The
parameters for this case are listed in Table 2 (“low zo,
isotropic”). The predominantly westward tropospheric
winds (Figure 2) filter the wave spectrum, leaving pre-
dominantly eastward momentum flux in the strato-
sphere (Figure 3a) with time variations similar to those
observed. The model/data correlation for the flux time
series is fairly high (0.39), but the correlation between
the modeled and the observed energy density time se-
ries (Figure 3b) is quite low (0.24), and the fit very
unrealistic. So although the tropospheric wind filter-
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ing of a low-altitude, isotropic source of gravity waves
is a plausible mechanism for explaining the momentum
flux observations, the additional constraint provided by
the energy density time series tells us that this scenario
does not explain the radiosonde observations well at this
site. The flux carried by vertically propagating waves
into the stratosphere is plotted in Figure 3d. It varies
~ +25% about the mean value 0.014 Pa. This value is
larger than the constrained range of total gravity wave
momentum flux at tropical latitudes discussed in section
2 but includes a wider range of phase speeds. Although
the model specifies a purely constant flux input of 0.054
Pa (Table 2), some of the waves input near ¢ ~ ug in
the source spectrum are unstable and strongly damped,
and others are filtered via dissipation between zg and
the tropopause.

Results using the source spectrum (5) with a smaller
¢y gave qualitatively similar results to those shown in
Figure 3. Both lead to the same conclusion, that an
isotropic spectrum input at low altitudes cannot fit both
the momentum flux and the energy density time series
derived from the observations.

3.2. Model Fit for a Tropopause “Transient
Mountain” Model

Source shape (6) was designed to mimic the results of
the “transient mountain” model for convective genera-
tion of gravity waves presented by Pfister et al. [1993].
In their model, the wave source is assumed to be a
time-varying, localized adiabatic perturbation to the
isentropic surface coinciding with the tropopause that
also moves horizontally with speed Ur relative to the
tropopause air parcels. The perturbation is assumed to
grow exponentially to some maximum value then de-
cay to zero with a time scale of ~5 hours that coin-
cided with an observed convection event and coincident
gravity wave observations in the stratosphere. As Up
increases in magnitude, the gravity wave spectrum be-
comes increasingly anisotropic with the flux in the up-
stream propagating waves exaggerated relative to the
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Figure 4. Source spectra for the “transient mountain”
type of source spectrum, equation (6) with various val-
ues of Up = @p. Compare to Pfister et al. [1993].
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Table 2. Cases From Section 3 Used to Illustrate the

Model Fit to the Observations®

Case Best Fit Low zg Transient Mountain
Model Isotropic Model
BO( ) equation (3) equation (4) equation (6)
w (ms™1) 6 15 10
27r/k (km) 1500 1000 1000
B (m?s~2) 0.3 0.3 0.1
s0 (Pa) 0.014 0.054 0.034
(km) 17.75 8.75 17.75
Mean flux 0.0012 Pa 0.014 Pa 0.023 Pa
across the
tropopause
Flux correlations
coefficient 0.57 0.39 0.61
intercept 0.4% 0.1% %
scale factor 8.0 4.0 14
KE correlations
coefficient 0.66 0.24 0.17
intercept 2% 100% 300%

tThe correlations between the modeled and observed energy density (KE correlations)
and zonal momentum flux (flux correlations) are described in terms of the linear correlation
coefficient and the intercept of the least squares linear fit (intercept) listed as the percent

of the maximum value in the time series.

High coefficients and low intercepts close to

zero indicate good fits. A correlation coefficient > 0.3 indicates > 99.5% significance of
the correlation relative to the null hypothesis but does not indicate a good fit unless the

intercept is also small.

downstream component [see Pfister et al.,
22].

The analytical approximation to this model in equa-
tion (6) becomes anistropic for nonzero winds in a man-
ner similarly proportional to Ur = g Figure 4. The pa-
rameter ¢, sets both the width of the spectrum and the
intrinsic phase speed at which the spectrum peaks. An
example fit using this type of source spectrum is listed
as the “transient mountain.” case in Table 2, and the
results are shown in Figure 5. Excellent fits to the mo-
mentum flux time series were obtained with a source at
the tropopause (Figure 5a), but the energy density time
series was very pootly represented by this case (Figure
5b).

The degree of anisotropy in this source mechanism
is tied to the tropopause wind speeds shown in Figure
5¢. The dominance of westward winds at the source
level then ensures that the source in equation (6) will
generate primarily eastward propagating waves, simi-
lar to the observations. The source spectrum for this
case will, however, always peak at the same intrinsic
phase speed given by the parameter ¢,,. Associated with
this constant peak intrinsic phase speed will be con-
stant peak vertical wavelength and intrinsic frequency
in time. These_constants will tend to keep the stability
characteristics of the source spectrum fairly constant in
time, and there are therefore only weak time variations
in the total magnitude of wave flux at the tropopause
shown in Figure 5d. The “best fit” model case described

1993, Figure

in section 3.3 will illustrate how variations in the total
flux propagating into the stratosphere are the key to
explaining the observed energy density time series.

3.3. Best Fit Model Description, Tropopause
Source, ¢~ 0

The best fit example is shown in Figure 6. Figures
6a and 6b show the time series of zonal momentum
flux and zonal kinetic energy density respectively in
the stratosphere from both the radiosonde observations
(dashed lines) and the best fit model (solid). This best
fit was obtained for ¢, = 6 m s™!, zg = 17.75 km,
k = 27 /(1500 km), and the spectral shape in equation
(3). (See Table 2.) The input momentum flux in these
plots was scaled to give a slope of unity in the energy
density linear correlation. The value of Fgq input is
then 0.014 Pa. The momentum flux time series for the
observations in Figure 6a has been reduced by a fac-
tor of 8 from the scale on the left-hand side of Figure
10 in VA. This is well within the uncertainty for the
magnitude of the observed flux because it depends on
a parameterized value of @ (VA). The best fit results
suggest the mean value of w for the gravity waves in
these observations is 8 times smaller or @ = 2.1f. This
smaller intrinsic frequency is much closer to the fre-
quency obtained from the hodograph analysis in VA.
These model results suggest that these low-frequency
waves with observable rotation in the horizontal wind
hodograph dominate the total variances observed in the
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Figure 5. Time series showing results from a model fit
(solid lines) using the “transient mountain” type source
input at the tropopause. The momentum flux time se-
ries (a) is again similar to the observations, this time
scaled by a factor of 1.4 (dashed line). (b) Energy den-
sity time series (as in Figure 3b), (c) the background
wind at the source level zo=17.75 km, and (d) total
momentum flux crossing the tropopause for this case.

vertical profiles and that the hodograph analyses cap-

tured the average properties of the waves present in the

observations well.

The value of Fso of 0.014 Pa is about 5 times larger
than existing constraints on the cross-tropopause flux.
However, much of the flux input at the lower bound-
ary is distributed in parts of the spectrum that either
cannot propagate vertically as gravity waves (& < f)
or are unstable at the input amplitudes for the con-
ditions present at the source level. Figure 7a shows
the total magnitude of momentum flux being carried
by the vertically propagating gravity wave spectrum at
the tropopause (z7 = 17.75 km). The mean value over
the entire record is only 1.2 x 1073 Pa, and values range
from 0.5 to 5.4x 1073 Pa, much smaller than the orig-
inally specified flux of 0.014 Pa. These values are still
1.3-6 times larger than observed Kelvin wave fluxes [An-
drews et al., 1987; Sato and Dunkerton, 1997].
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It is apparent that the peaks in the cross-tropopause
flux time series (Figure 7a) coincide with the peaks
in both the observed energy and the momentum flux
time series. These time variations in the net flux enter-
ing the stratosphere are key to understanding the time
variations in the observed energy density. They arise
naturally from the input source spectrum characteris-
tics and the background atmosphere variations at the
tropopause.

Figure 7b shows the time series of background wind
at the source level 2o = 17.75 km. Since the peak in
the phase speed spectrum for this best fit case remains
fixed at ¢ = 0 m s~! (equation (3)), the peak in in-
trinsic phase speed ¢ and intrinsic frequency @ input
to the model vary considerably in time: ¢ and @ will
be small when g is weak and will be larger when g
is strong. Because the winds at zg are predominately
westward, the wave momentum flux spectrum is dom-
inated by eastward propagating waves in the best fit
model because the spectrum always peaks at ¢ = 0 m
s™L.

The best fit model suggests that the waves are forced
high in the troposphere near the tropopause and that
they have low phase speeds c¢. These are the two key
constraints on the model fit. The results are less sen-
sitive to the horizontal wavelength but constrain these
to be, on average, ~ 1000 km or longer. The sensitiv-
ity to the wave amplitudes at the source level (given by
the parameter Bp,) is similarly weak. Both k and B,
similarly control the degree of dissipation of the wave
spectrum and control the ratio of the maxima to the
minima in the modeled energy density time series.
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Figure 6. Time series of monthly mean (a) zonal mo-
mentum flux and (b) zonal kinetic energy density in the
stratosphere averaged over the altitude range 18-25 km.
The solid lines show the “best fit” model. The dashed
line in (Figure 6a) is the flux inferred from the obser-
vations divided by a factor of 8.0. This factor suggests
that the intrinsic frequencies of the waves observed are
on average, lower than assumed, closer to ~ 2f than

~ 16f.
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Figure 7. Time series showing results from the “best
fit” model. (a) Total momentum flux carried vertically
by waves across the tropopause. (b) Background zonal
wind at the source level. (c) Vertical wavelength as-
sociated with the peak of the spectrum at the source
level (solid line) and energy-weighted average vertical
wavelength in the stratosphere 18-25 km (dashed line).

The changing cross-tropopause momentum flux is re-
lated to the changes in m and ¢ in time. At 12°S the
minimum gravity wave ¢ is f/k=7 m s~! for the best fit
model (¢ =7 m s~! approximately defines the inside of
the dense ring of points plotted in VA Fig. 9). Therefore
when #g is small, most of the waves input to the model
have ¢ < 7 ms™! and & < f, so most of the spectrum
cannot propagate vertically, and the fluxes at that time
are very small. The time series of vertical wavelength
at the peak in the input spectrum is shown in Figure
7c (solid line). When the background zonal winds are
strongest, waves with ¢ = 0 have their largest verti-
cal wavelengths. Waves with very short vertical wave-
lengths have ¢ < 7 ms™! and & < f. Also shown with
the dashed line in Fig. 7c is the mean vertical wave-
length (weighted by u’2) observable in the stratospheric
zonal wind perturbations from the model. The average
value is comparable to the vertical wavelengths in the
observations.

The best fit model suggests that hypothesis 2 is more
correct for the waves observed in these Cocos Island
radiosonde data. In agreement with hypothesis 2, the
“best fit” model suggests that the dominance of east-
ward flux in these observations arises from a gravity-
wave source that preferentially generates waves with
phase speeds close to zero relative to the ground, and
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it generates them at high altitudes where the winds are
predominantly westward. The time variations in Figure
6 simply follow the variations in wave momentum flux
shown in Figuie 7a for this type of source.

3.4. QBO Forcing

The waves in the model suffer dissipation in the lower
stratosphere as they propagate vertically through the
background winds. Figure 8a shows the zonal force
driven by gravity wave dissipation in the 18 to 25-km
region in the best fit model case. The force X is com-
puted from the vertical gradient in the wave momentum
flux,

X = —;E(pu'w’).
The shaded background in Figure 8a shows regions of
westward background winds < —10 m s~ to illustrate
the QBO variations.

The total momentum flux carried by the waves in
the model is a substantial fraction of the total esti-
mated wave flux needed to drive the QBO [Dunkerton,
1997], but these fluxes are very irregular in time, and
the fluxes are strongly anisotropic, favoring eastward
flux. The result is that the mean-flow forcing is pri-
marily important in driving the descent of the eastward
shear of the QBO (called the “westerly phase”). Forcing
in the westward shear zones (easterly phase) is compar-
atively small. Figure 8a represents the total zonal force,
including all the waves in the model spectrum, but it
should be noted that the importance to the QBO could
be less than implied here if the waves at this site are
not representative of the latitude band.

(a) Force (m s"doy 1) M:n Max=—0.758—3.11

23
E 22
el 3
N 20}

19
18 A
92 93 94

Figure 8. Time-height cross sections of the gravity-
wave-driven force on the zonal winds (a) estimated from
the “best fit” model, and (b) the erroneous estimate
that would be derived using the same wave spectrum
as in the model but filtered to include only those waves
that could be observed in the radiosonde data. Arrows
mark the Oct 1994 example described in the text.
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Although it might be tempting to use the vertical
variations in momentum flux observed directly to com-
pute the mean flow forcing, we would next like to under-
score the errors that would result from such an analysis.
The radiosonde observations cannot see all the waves in
the model spectrum at all heights. Instead, the vertical
shear causes refraction of the waves, shifting them to
different vertical wavelengths at different heights, and
moving some of the wave activity in and out of the
observable range of vertical wavelengths, 0.75-7.0 km.
These effects were discussed by Alezander [1998]. When
these limitations of the observations are taken into ac-
count so that the model momentum fluxes are filtered
to include only the observable waves at each height, the
momentum flux then appears to have a different ver-
tical profile. If this vertical profile, including only the
observable portion of the momentum flux were used to
compute the zonal force on the background flow via
(8), the result shown in Figure 8b would be obtained.
The differences between 8a and 8b are dramatic, par-
ticularly in the westward phase (shaded regions) where
large ficticious eastward gravity wave forcing would now
be predicted.

In October 1994, for example, the stratospheric winds
increase from near zero to —20 m s~! (westward) then
decrease again to —5 m s™! by 25 km. This wind shear
causes refraction of eastward propagating waves to ver-
tical wavelength > 7 km above 19-km altitude. These
waves are then refracted again to smaller vertical wave-
length < 7 km above 22 km altitude. These waves suffer
no dissipation, hence no force appears in Figure 8a at
this time The fact that some of the waves are only vis-
ible in the radiosonde profiles at certain altitudes leads
to a nonzero gradient in the “observationally filtered”
flux and hence the force (8) is nonzero in Figure 8b
at this same time. This example illustrates the dan-
ger in using chserved momentum flux profiles to esti-
mate mean-flow forcing. Severe errors could arise due
to the natural limitations associated with the obser-
vation technique. Note that frequency analyses [e.g.,
Fritts and Vincent, 1987; Sato et al., 1994] are not sub-
ject to the same problem because the wave frequency
relative to the ground would not change across a shear
layer.

4. Discussion

How well does the “best fit” model constrain the na-
ture of gravity waves at this tropical site in the Indian
Ocean? To address this question, we must first examine
some of the assumptions inherent in the model design.
In each model case, several parameters are assumed to
be fixed in time. For the best fit model, the horizon-
tal wavelengths of the waves and the source altitude are
constant in time, and the ground-based phase speed dis-
tribution is also fixed in time. This spectrum has highly
variable anisotropies in zonal wave momentum flux.

The unique qualities of the source spectrum in the
“best fit” case (and those to which the model is most

17,991

sensitive) are (1) the high altitude of the source and (2)
the very low ground-based phase speeds in the spectrum
which lead to the flux variations in Fig. 7a. One does
not need to invoke time variations in the magnitude
of the flux in the wave source spectrum because the
background atmosphere variations give these naturally.

The fit constrains the ground-based phase speeds to
be small (clcse to zero) but not too tightly. The peak
in the spectrum could also be centered anywhere be-
tween +3 m s~! without significant degredation in the
model/data correlation. (This range is also somewhat
subjective and could be broadened to 45 m s~! with
only moderate effect on the fit.) In the work of Pfister et
al. [1993] the phase speed spectrum of the waves, gener-
ated with their transient mountain model, were depen-
dent on the timescale 7 over which the tropopause per-
turbations (the “mountain”) grew and decayed and on
the propagation speed of the convection. The timescale
was set at 7 = 5 hours based on cloud-top height ob-
servations associated with the storm case that was ex-
amined in their work, and the storm moved slowly east-
ward at 1.5 m s~1. In the limit that 7 — oo and the
storm speed — 0, the model should reduce to a station-
ary mountain wave model. Thus if the timescale is long
enough (7 > 5 hours), and if the convection is approxi-
mately stationary relative to the ground, the transient
mountain model would reproduce the wave source spec-
trum inferred from the best fit model, except that the
wave amplitudes need not vary with the strength of the
tropopause winds as they did in Pfister et al. [1993]
model. Perhaps the fact, that the convective perturba-
tions at the tropopause do not pose the rigid obstacle
to the wind that a mountain does, means that at high
wind speeds the obstacle in this case deforms in such
a way as to reduce the flux predicted by the mountain
wave analogy.

The convection need only be approximately station-
ary to give good agreement between model and obser-
vations. The Madden-Julian Oscillation (MJO) is an
important modulation of tropospheric convection in the
tropical Indian Ocean. The envelope of convection in
the MJO propagates eastward at ~ 5 m s=! [Dunker-
ton and Crum, 1995]. Tropical cyclones are also ob-
served to propagate at slow speeds < 3 m s™! in this
region [e.g. Pfister et al., 1993; May, 1996]. These may
be the source of slow-moving tropopause perturbations
that generate the low phase speed waves observed in
these radiosonde data via a mechanism like the “tran-
sient mountain.”

The model fit does not tightly constrain the horizon-
tal wavelengths of the waves because the model is less
sensitive to this parameter than to others. Still, long
wavelengths O ~ 1000 km or greater are implied by the
model/data correlation in section 3.3. In reality, these
wavelengths are likely distributed in a broad spectrum
rather than filling only a single wavelength peak. There-
fore we must not regard the horizontal wavelength result
too quantitatively.
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Does the “best fit” with a narrow phase speed dis-
tribution confined tightly near zero imply that higher
phase speed waves are absent? The answer is no, and in
fact, these waves are likely to be present in the tropical
stratosphere [Alezander and Pfister, 1995; McLandress
et al., 2000], but their time-integrated amplitudes of
momentum flux must be small relative to the low phase
speed waves. As a test, the “best fit” model was mod-
ified by adding a low-amplitude background flux at all
phase speeds. With this background flux set at <5%
of the peak value at zero phase speed, the fit to the
observations was not seriously affected. However, with
the background flux set to 10% or larger of the peak,
the additional high phase speed flux began to degrade
the correlation. Considering a total phase speed range
of £60 m s~!, the 5% background level increase would
represent 48% of the total flux crossing the tropopause
in the new spectrum leaving only 52% to the flux in the
low phase speed waves between +10 m s~!. So these
high phase speed waves may be present in the lower
stratosphere, and the fluxes they carry may be quite
important to the upper stratosphere and mesosphere
momentum budgets. Waves with phase speeds in the
range |c| ~ 10 to 30 m s~! may also be important to
the QBO forcing in the lower stratosphere.

The time series of the meridional component of the
momentum flux (see Figure 10 in VA) shows an annual
variation with very little interannual variability. When
the parameters from the best fit model were applied
to the meridionally propagating waves, this time series
was not well reproduced. Instead, the meridional waves
require some seasonal variation in the model forcing
with peaks during the February-March-April season and
minima during August-September-March, in phase with
the occurrence of deep convection (Fig.5 VA). With this
seasonal cycle in forcing and an isotropic spectrum of
waves input at 10.75 km, the meridional momentum
flux time series can be approximated with a data/model
correlation of ~ 0.5. Because the meridional winds
are very weak relative to zonal, the transient moun-
tain mechanism may not generate these waves. They
may instead be forced by the latent heating in deep
convection. Cloud-resolving models of deep convection
with weak shear in the upper troposphere [Alerander
and Holton, 1997; Piani et al., 2000] generate gravity
waves with roughly isotropic phase speed distributions
via this mechanism. However, low-frequency meridional
gravity waves propagating from ~ 10 km to the strat-
osphere may travel 10° of latitude or more before ap-
pearing over Cocos Island. Our one-dimensional (1-D)
model assumes the background atmosphere is horizon-
tally homogeneous, a potentially poor assumption in
the meridional direction. A 3-D ray-tracing model may
instead be required to study the meridionally propa-
gating component of the wave spectrum in more detail.
Note that the background zonal winds at the latitude of
Cocos Island are fairly zonally symmetric so that prop-
agation over large horizontal distances for the zonally
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propagating waves is not likely to seriously violate the
model assumptions.

5. Summary

A linear model of gravity wave propagation was em-
ployed to clarify the interpretation of analysis results of
radiosonde observations at Cocos Island. The observa-
tions show large oscillations in gravity wave activity on
both seasonal and interannual timescales. The model
study considered a broad range of gravity wave sources
and possible characteristics of waves generated. The
observed properties of the monthly-mean background
winds and static stability were included as input to the
model. The background winds, in particular, greatly
affect the propagation properties of the waves and con-
tribute to the seasonal and interannual variations in
gravity wave activity observed in the stratosphere.

The model results suggest that the zonally propagat-
ing waves observed in the radiosonde data are forced
at high altitude near the tropopause and have consis-
tently very small zonal phase speeds less than 10 m s~?
and long horizontal wavelengths ~1500 km. The source
for these waves need not vary on seasonal or interan-
nual timescales. Instead, the variations in the back-
ground wind preferentially allow propagation of larger
or smaller amounts of wave activity into the strato-
sphere if the properties of the waves generated are as
described above. This is not an effect of critical-level
filtering of waves by the mean flow but more a result
of time variations in the stability of waves with low
ground-based phase speeds and long horizontal wave-
lengths near the tropopause.

The wave source is probably large-scale, slow-moving
convection that causes perturbations at high altitudes
near the tropopause. Higher phase speed waves could
still be present in the stratosphere at this site but have
amplitudes too small or vertical wavelengths too large
to be observed. Their absence in the data do not imply
any lack of importance of high phase speed waves to the
middle-atmosphere momentum budget.

The waves observed have low intrinsic frequencies,
~ 2f on average, and they seem to be well characterized
by the separate hodograph analysis of the observations
reported in the companion paper.

These waves probably contribute significantly to the
descent of eastward shear zones in the eastward phase
of the QBO (up to ~50% if the waves at this site are
representative of the latitude band) but punctuated in
time. These waves will contribute relatively little to
the QBO westward phase because most of the momen-
tum flux they carry is eastward. Westward propagating
waves important in the QBO westward phase may still
exist but cannot be easily seen in these radiosonde ob-
servations.
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