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ABSTRACT

Atmospheric Kelvin waves, as revealed by temperatures obtained from the recent Limb Infrared Monitor
of the Stratosphere (LIMS) experiment, commonly occur in packets. A simple two-dimensional gravity-wave
model is used to study the upward propagation of these packets through different zonal mean wind profiles
derived from the LIMS data. The observed prevalence of high frequency waves in the lower mesosphere and
low frequency waves in the lower stratosphere can be explained by dispersion of energy associated with the
range of frequencies comprising a packet. Dominant wave frequencies at upper and lower levels are more
distinctly separated if the packet propagates through a layer of westerly winds. Due to dispersion and shear
effects, a packet of short temporal length at low levels will have a considerably extended impact on a layer of
westerly winds at higher levels. Observed and modeled westerly accelerations resulting from packet absorption
occur in the same layer, and are similar in magnitude and duration. These results support the theory that
Kelvin waves are responsible for the westerly phase of the semiannual oscillation.

1. Imtroduction

One of the most thought-provoking aspects of equa-
torial dynamics has been the discovery of recurring,
long-lasting layers of zonal mean westerlies in the al-
titude range 16-90 km. Zonal mean winds at extra-
tropical latitudes are never observed to have greater
angular momentum than the earth’s equator. Thus
equatorward motion can only generate easterlies over
the equator. The existence of these westerlies is now
believed to be due to the vertical redistribution of mo-
mentum by zonally asymmetric equatorial Kelvin
waves. In the altitude range ~ 16-40 km, successive
westerly and easterly regimes are observed to form at
upper levels and descend with time in the phenomenon
known as the quasi-biennial oscillation (QBO). At the
solstices, westerlies are observed to form near the me-
sopause (~90 km) and descend at a rate of ~10 km
per month to the middle stratosphere (~ 30 km), being
replaced twice yearly by easterlies in the more periodic
phenomenon known as the semiannual oscillation
(SAO). The structure of the Kelvin wave, the QBO
and the SAQO in the vicinity of the stratopause, and
the Kelvin-wave forcing mechanism, are reviewed by
Wallace (1973) and Holton (1975).

Kelvin waves of period r ~ 15 days and vertical
wavelength L ~ 6-10 km have been detected in trop-
ical rawinsonde data in the altitude range 16-30 km.
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They are more prevalent in easterlies and are believed
to explain the formation and descent of QBO westerlies.
Using Ascension Island rocketsonde data, Hirota
(1978) presented evidence for 15-20 km wavelength
Kelvin waves in the altitude range 25-60 km. He found
the waves to be more active during times of SAO east-
erlies and when QBO easterlies prevailed in the lower

" stratosphere. Using data from a nadir-viewing satellite,

Hirota (1979) was able to show evidence for 4-10 day
Kelvin waves in the same altitude range. These ob-
servations have provided somewhat limited descrip-
tions of Kelvin waves: station profiles sample only
limited regions, while nadir-viewing, polar-orbiting
satellites sample the globe, but with poor vertical res-
olution. They suggest, however, that short, low fre-
quency Kelvin waves are involved in the QBO and
that taller, higher frequency Kelvin waves are involved
in the SAO below 60 km.

The existence of the SAO in the layer 60-90 km
was detected in rocketsonde data taken at Ascension
Island (Hirota, 1978) and at Kwajalein (Hamilton,
1982). The data show that the SAO amplitude max-
imizes at the mesopause and stratopause, that it is
exactly out of phase at these two levels, and that time-
mean westerlies exist between. Indeed, Dunkerton
(1982) suggests that SAO easterlies at the two maxi-
mum levels have separate driving mechanisms. How-
ever, downward propagation of westerlies is contin-
uous from 90 to 30 km; Kelvin waves are again likely
to be responsible for mesopheric westerlies.

Evidence that Kelvin waves exist at levels above 60
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km has come from the recent Limb Infrared Monitor
of the Stratosphere (LIMS) experiment. With the com-
bined advantages of global data coverage and high
vertical resolution, the LIMS instrument has provided
a uniquely detailed picture of the temperature structure
in the equatorial middle atmosphere (Gille and Russell,
1984). Salby et al. (1984) present spectrally analyzed
data which reveal Kelvin zonal waves one and two to
each have power peaks at periods near 4 and 7 days,
with the higher frequency waves appearing mainly in
the lower mesosphere. Hayashi et al. (1984) have re-
cently detected Kélvin waves of periods ~ 15, 7 and
4 days in the lower stratosphere, upper stratosphere
and mesosphere, respectively, by spectral analysis of
disturbances in a general circulation model.

Here we use daily values of temperature, rather than
values which have been band-passed in frequency, to
illustrate that Kelvin waves often propagate as wave
packets. The gravity-wave model is then used to study
Kelvin wave packet propagation through two different
mean wind profiles taken from the LIMS data. We
attempt to show that separation of dominant fre-
quencies with altitude may be due to packet dispersion
and selective absorption in shear. Mean flow changes
produced by model wave packets are then compared
with observed changes.

2. Observations -

The data used here are daily synoptic values of LIMS
temperature at 1200 GMT on 25 October 1978-28
May 1979. Thirteen zonal harmonic coefficients are
available at 4° intervals from 64°S to 84°N and at 18
standard levels between 100 and 0.05 mb (~16-70
km). Leovy et al. (1984) show that equatorial zonal
wind profiles derived from LIMS temperatures, ex-
hibiting regions of strong - vertical shear, agree re-
markably well with rocketsonde profiles of zonal wind.
They present a time-height section of the equatorial
SAO in zonal wind for the 216-day data record.

The two wind profiles in Fig. 1 were selected from
“the LIMS data as being representative of two different
phases of the SAO. The dashed curve corresponds to
mid-November 1978, when a layer of SAO westerlies
was centered near 40 km. The solid curve corresponds
to late January 1979, when the next westerly wind
layer (visible above 64 km in the dashed curve) has
filled out the lower mesosphere. Easterlies existed
throughout the region 24-51 km in January. QBO
westerlies are present below 24 km in both curves.
The presence of westerlies at the lowest levels may
help explam the near absence of the 15-day Kelvin
wave in the LIMS data.

Figures 2a and b show time-height sections of zonal-
wave-two amplitude at 0° longitude for the periods

25 October-7 December 1978 and 15 January-17

February 1979. Equatorial time-height sections of
LIMS wave temperatures exhibit considerable detail.

JOURNAL OF THE ATMOSPHERIC SCIENCES |

VoL, 41, No. 11

70

LIS '.' I;T/" T;l ¥ T "I'
65 e
601
£ |
2 sof
W g5 N
.8 N
+ 40 )
F -
2 35t -
30+
25F
20} . D
a3 el A s L s
-50 0 50 100

ZONAL WIND (m/s)

FIG. 1. LIMS zonal mean wind profiles at the equator corresponding
to mid-November 1978 (dashed curve) and late January 1979 (solid
curve).

With a nominal vertical field of view at the limb of
1.8 km, vertical wavelengths larger than ~6 km are
resolved. Random errors are smaller than 1 K, but
systematic errors can be ~2-3 K at levels below 1 mb
(Gille et al., 1984). Thus, the features of interest are
those which exhibit good coherence in time and space
and behave according to theoretical expectations. LIMS
wave temperatures have been examined in detail in
daily sequences of other projections (not shown). Most
of the perturbations seen in Figs. 2a and b may be
classified, according to behavior, as manifestations of
Kelvin waves, Rossby waves of midlatitude origin, or
inertial waves (which have only recently been predicted
by theory). In all LIMS sections in this paper, values
contoured are the average of those at 8°S, 4°S, 0°,
4°N and 8°N. Such an average emphasizes the Kelvin
wave, which is known to be symmetric about the equa-
tor. The straight lines indicate regions where groups
of vertically propagating Kelvin waves are present.

Since the horizontal wavelength is much larger than
the vertical wavelength, Kelvin-wave vertical motions
are essentially hydrostatic. The dispersion relation for
such a gravity wave is

w — uk = —Nk/\ (1)

(Holton, 1979), where w is the frequency, k the zonal
wavenumber, A the vertical wavenumber, # the zonal
average of the zonal wind, and N the buoyancy fre-
quency. For w > @tk and X\ < 0, there is eastward and
downward phase propagation and upward energy
propagation. The vertical group velocity G = dw/dA
is

G = Nk/\? = (w — uk)?*/Nk. 2)

Week-to-week variations in the intensity of equa-
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FIG. 2. Equatorial time-height sections of LIMS zonal wave 2 temperature at 0° longitude for the periods (a) 25
October-7 December 1978 and (b) 15 January-27 February 1979, and of model wave 2 temperature at fixed longitude
for runs using (c) the dashed initial mean wind profile of Fig. 1 and (d) the solid profile. Contour interval is 1 K.

torial tropospheric phenomena are likely to be re-
sponsible for the frequently observed packet nature of
Kelvin waves. Variations in forcing necessarily excite
a range of frequencies. Eq. (2) shows that, for a given
zonal wind, energy associated with different frequencies
travels at different rates and the waves disperse. Thus,
high frequency waves readily penetrate a layer in which
low frequency waves approach a critical level (w — ik
— 0). These low frequency waves will be absorbed by
damping processes as their wave energy remains in the
layer. Amplitude decreases with height are indicative
of wave absorption which, for the eastward-moving
Kelvin wave, implies an eastward acceleration of the
mean flow.

In Fig. 2a, a group, or energy envelope, appears to
originate at the tropopause in the pericd 5-12 No-
vember and ascend at a rate of ~2.8 km day™! to near
40 km, above which it is not observed to propagate.
The packet appears to be absorbed near this level,
where there is a westerly wind maximum of 28 m s™.
Individual waves are seen to form on the leading edge
of the packet and propagate downward at about the
same rate. Near 15 November and 30 km, 7 ~ 6 days
and L ~ 15 km. There is a tendency for waves to the
upper left of the straight line to be taller and of a higher
frequency, and for waves to the lower right to be shorter
and of lower frequency. However, using these modal
values of v and L in (2), the lines of constant phase

should move downward at the rate w/A ~ —2.5 km
day~! and the vertical group velocity (taking N = 0.02
s~ 'and k = 2/6.4 X 10° m~") should be 3.1 km day ™.
The wave motions are explained fairly well by simple
gravity-wave theory.

The situation in Fig. 2b is more complex. Two pack-
ets appear to propagate readily through easterlies until
the westerlies are reached near 55 km. Individual waves
above this level have distinctly higher frequencies and
larger vertical wavelengths than those below. Near 65
km and 28 January, L ~ 20 km and 7 ~ 3.5 days,
hence this wave has a zonal phase speed of ~65 m
s~L. It is this type of wave which is likely to reach the
mesopause and instigate the next SAO westerly layer.

3. Numerical model

To investigate the vertical propagation of Kelvin
wave packets, a iwo-dimensional, hydrostatic, internal
gravity wave model was integrated using typical Kelvin
wave parameters. The model (Coy, 1983) is similar to
other two-dimensional gravity-wave models (e.g., Jones
and Houghton, 1971; Breeding, 1972). The equations
describing a two-dimensional gravity wave are the zonal
momentum, thermodynamic energy, continuity and
hydrostatic equations. A semi-implicit time-differenc-
ing scheme leads to a single equation for the vertical
structure of perturbation geopotential height at the
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new time. This vertical structure equation is then solved
by using a tri-diagonal algorithm, as in atmospheric
tidal theory (Chapman and Lindzen, 1970). The new
velocity field can then be calculated from the new
height field. The model is “quasi-linear” in that the
wave stress is allowed to change the mean flow, and
mean flow changes affect wave propagation, but only
a single zonal harmonic is considered so that wave-
wave interactions are neglected. Both the scale height
H and the buoyancy frequency N are assumed to be
independent of height and are taken to be 7 km and
0.02 s7!, respectively. The vertical model domain is
16-91 km. A rigid lid is used as the upper boundary
condition. Reflections from the upper boundary are
prevented by including a large damping above 70 km.

Kelvin waves in the middle atmosphere have periods
longer than one day, are trapped at low latitudes, and
do not propagate meridionally. Wave amplitudes de-
crease exponentially away from the equator, with
quarter-power distances being ~ 15° latitude (Salby et
al., 1984). Rotation is neglected in the present model.
We have seen that, to a large extent, the Kelvin wave

resembles a two-dimensional gravity wave propagating

. in longitude and altitude. However, the size of the
energy envelope in latitude is known to depend on
the zonal mean wind. Thus, accurate wave amplitudes
and momentum fluxes may not be realizable in this
model, where meridional structure of the Kelvin waves
and zonal mean meridional circulations are ignored.
In particular, magnitudes of calculated changes in zonal
mean wind should be interpreted with some caution
(see Plumb and Bell, 1982). However, the present
model is in the spirit of the Kelvin wave models con-
sidered by Plumb (1977) and Dunkerton (1981). Here
we concentrate on the effects of forcing variations in
time.

Waves in the model are forced at the lower boundary
by specifying the temperature perturbation as

© T = AF({) sin(Kx — ), 3)

where 4 = 1.73 K, @ = 1.1 X 107 s}, K ='2/6.4
X 10 m™!, and the packet is due to the modulation

. of® 0 <
s (2 4 days) ‘ ay

0, t > 8 days.

RO = @

The modal wave will have a zonal phase speed Q/K,
or35ms .

First the model was run linearly (no mean flow

changes) with no initial mean wind and no damping,
except for the sponge layer above 70 km. The duration
of forcing (8 days) is close to the modal period (6.6
days) so that dispersive effects should be important.
The results for this run (Fig. 3) show that the wave
envelope spreads out as it goes up. High frequency
components appear at upper levels while low frequency
components remain at lower levels.
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FI1G. 3. Time-height section of model zonal wave 2 temperature
at a fixed longitude for a run with a nonvarying zero initial mean
wind profile. The results are scaled by exp(z/2H) and the contour

interval is 1 K. i

Figures 2¢ and d are results of model runs using the
dashed and solid curve initial mean wind profiles of
Fig. 1. To offset the exponential growth with height
of wave amplitudes due to decreasing density, a New-
tonian temperature perturbation damping coefficient,
zero below 27 km, and increasing linearly from zero
at 27 km to 1 per day at 70 krn, was included. Mean
wind variations with height distort the dispersion pat-
tern of Fig. 3. As in the observations, there is a marked
frequency separation above and below the mean wind
peak of 28 m s™! at 40 km in the November case and
the critical level (for the modal wave) at 57 km in the
January case.

Another strong similarity with the observations is
the tendency for some of the wave activity to linger
in westerly shear below the mean wind maximum in
the two cases. However, observed packet absorption
appears to be stronger than in the model for the No-
vember case. Model damping may be too weak. Per-
haps the forcing should be longer than 8 days. This
would increase the amplitude of the 35 m s™! wave
relative to slower and faster waves. A third possibility
is that the curious layered disturbante present above
45 km is obscuring or disrupting Kelvin wave prop-
agation. These long-lasting, non-propagating temper-
ature perturbations occur during periods of strong
cross-equatorial shear. They are believed to indicate
the presence of low-wavenumber circulation cells in
the latitude-height plane, correspond well with inertial
instability theory, and will be the subject of a future
paper. '

In the January case, modeled and observed disper-
sion patterns near 50 km are remarkably similar. What
appears to be two packets in the observations may
actually be the result of one forcing event. The model
results also show that if a 35 m s™' wave is forced for
a sufficiently short time, enough amplitude will exist
at higher frequencies to account for the observed 65
m s~! wave in the lower mesosphere.
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FIG. 4. Time-height sections of (a) observed and (b) modeled changes in zonal mean wind u — #, for the January
case. In (a), it is the LIMS profile for 15 January 1979 and the contour interval is 10 m s™'. In (b), % is the solid
curve initial mean wind profile in Fig. 1 and the contour interval is 2 m s,

Figure 4 shows the time change in zonal mean wind
as observed and modeled for the January case. The
LIMS data have been smoothed with a 1-2-1 filter in
time to reduce day-to-day noise. The model wave
packet accelerates the mean flow near 50 km for over
two weeks (Fig. 4b), although the wave forcing lasts
only 8 days (Fig. 2d). Observed wave activity (Fig. 2b)
and accelerations (Fig. 4a) are strongest at the base of
the descending SAO westerly layer during 24 January-
9 February.

During this time at 50 km, observed flow acceler-
ation averages 2.5 m s~' day™’, although the largest
model accelerations are only ~1 m s™! day™. In the
real atmosphere wave-one packets would also be ex-
pected to contribute to this large observed acceleration.
In the LIMS data, zonal-wave-one packets (not shown)
are incident on the westerlies near 50 km at much the
same iime as the wave-two packets, but with temper-
ature amplitudes about twice as large. Downward ad-
vection of westerlies by Kelvin-wave induced mean
meridional circulations may also contribute signifi-
cantly to the observed westerly acceleration.

Wave dispersion and trapping near critical levels
ensure that a packet of rather short duration near its
forcing level has a protracted effect on the mean flow.
In both the model results and observations, the ten-
dency for wave activity to linger in the westerly shear
is associated with further acceleration at levels below
50 km. These results support the hypothesis that ir-
regular forcing of Kelvin wave packets near the equa-
torial tropopause can result in the observed smooth
descent of SAQ westerlies.

4. Conclusions

The LIMS data show that Kelvin waves in the region
of the SAO vary in amplitude. These variations can
be described as wave packets propagating with the ver-
tical group velocity given by linear wave theory. The
separation into progressively higher dominant fre-

quencies found to be associated with the QBO, the

stratopause SAO and the mesopause SAO can be ex-
plained in terms of packet dispersion and selective
absorption. Modeling results show that the mean flow
changes produced by the waves can account for the
westerly winds of the SAO. A more quantitative study
using observed wave amplitudes to calculate expected
accelerations for the whole data record is currently
being pursued. The modeling studies could be im-
proved by developing more realistic radiative damping
and including a tropospheric source region. Any com-
plete simulation should also consider the meridional
variations of both the waves and mean flow.
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