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ABSTRACT

The variation of stratospheric equatorial wave characteristics with the phase of the quasi-biennial oscil-
lation (QBO) is investigated using ECMWF Re-Analysis and NOAA outgoing longwave radiation (OLR)
data. The impact of the QBO phases on the upward propagation of equatorial waves is found to be consistent
and significant. In the easterly phase, there is larger Kelvin wave amplitude but smaller westward-moving
mixed Rossby—gravity (WMRG) and n = 1 Rossby (R1) wave amplitude due to reduced propagation from the
upper troposphere into the lower stratosphere, compared with the westerly phase. Differences in the wave
amplitude exist in a deeper layer in summer than in winter, consistent with the seasonality of ambient zonal
winds. There is a strong evidence of Kelvin wave amplitude peaking just below the descending westerly phase,
suggesting that Kelvin waves act to bring the westerly phase downward. However, the corresponding evidence
for WMRG and R1 waves is less clear.

In the lower stratosphere there is zonal variation in equatorial waves. This reflects the zonal asymmetry of
wave amplitudes in the upper troposphere, the source for the lower-stratospheric waves. In easterly winters
the upper-tropospheric WMRG and R1 waves over the eastern Pacific region appear to be somewhat stronger
compared to climatology, perhaps because of the accumulation of waves that are unable to propagate upward
into the lower stratosphere. Vertical propagation features of these waves are generally consistent with theory
and suggest a mixture of Doppler shifting by ambient flows and filtering. Some lower-stratosphere equatorial
waves have a connection with preceding tropical convection, especially for Kelvin and R1 waves in winter.
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1. Introduction

Equatorial waves in the lower stratosphere are
known to be important in driving the quasi-biennial
oscillation (QBO) and the semiannual oscillation in
the equatorial stratosphere and are important in
stratosphere—troposphere interaction (e.g., Lindzen and
Holton 1968; Holton and Lindzen 1972; Hitchman and
Leovy 1988; Dunkerton 1997; Baldwin et al. 2001;
Fujiwara and Takahashi 2001; Giorgetta et al. 2002; Gray
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2010). Recent observational and model studies have re-
vealed more information on the contributions of equato-
rial waves to the driving of the QBO at different periods
(e.g., Ern and Preusse 2009; Kawatani et al. 2010a,b;
Alexander and Ortland 2010).

After the first discovery of observational evidence of
Kelvin wave and westward-moving mixed Rossby—
gravity (WMRG) wave in the stratosphere (Yanai and
Maruyama 1966; Wallace and Kousky 1968), there have
been many subsequent observational studies of equato-
rial waves in the troposphere and stratosphere, particu-
larly Kelvin and WMRG waves (e.g., Zangvil and Yanai
1980, 1981; Dunkerton 1993; Takayabu 1994; Dunkerton
and Baldwin 1995; Wheeler and Kiladis 1999; Wheeler
et al. 2000; Straub and Kiladis 2003; Yang et al. 2003;
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Randel and Wu 2005; Tindall et al. 2006; Yang et al. 2007
a,b,c; Alexander et al. 2008; Suzuki and Shiotani 2008;
Kiladis et al. 2009; Lott et al. 2009; Alexander and
Ortland 2010; Yang et al. 2011). However, there is rela-
tively less observational knowledge of the tropospheric
origin of the stratospheric waves, their zonal and vertical
propagation, and how the propagation is influenced by
ambient flows in the stratosphere. In particular, this is the
case for equatorial Rossby waves. In addition, most of the
observational studies are based on radiosonde or satellite
data, and many of them consider only temperature or
trace constituents. These data have one or more short-
comings, such as limited horizontal and vertical coverage,
very limited time period, or poor temporal and/or spatial
resolution, especially poor vertical resolution that limits
the ability to examine the critical-layer interaction
responsible for the QBO accelerations. Therefore, the
horizontal and vertical structures of the waves may not be
well delineated and the frequencies of the waves may
suffer from temporal aliasing.

Some studies used analysis datasets without such
shortcomings; nevertheless, there can be questions over
the techniques used to identify disturbances. In these
studies, the basis of the identification of the equatorial
wave modes was the theoretical dispersion relation for
a variety of specified equivalent depths, or the theoretical
phase relationships between variables (e.g., wind com-
ponents and temperature) that arise from such a frame-
work. However, in the real atmosphere the complicated
space—time dependence of the ambient state, the feed-
back from convective heating organized by the wave,
nonlinearities, and nonuniform damping can all be ex-
pected to lead to distortion of the theoretical dispersion
curves; at the very least there can be an expectation of
some Doppler shifting, and perhaps invalidity of the
modal separation in the vertical, and hence the concept
of equivalent depth. Consequently, different equatorial
modes may not, in reality, be well separated in the fre-
quency and zonal wavenumber domain. An example is
WMRG and n = 1 Rossby (R1) waves, which are often in
a very close zonal wavenumber—frequency domain, and
sometimes merge together, as shown in YHSO07c. Also, it
is unclear how much of the shallow water theory of
equatorial waves can be carried over to the real world.

A less constraining methodology for identifying equa-
torial waves—which does not assume that the linear
adiabatic theory for equatorial waves on a resting at-
mosphere is directly applicable, and is not limited to a
prescribed space—time spectral filter but accounts for
Doppler shift automatically—was developed in Yang
etal. (2003, hereafter YHS) and is briefly described in the
next section. This methodology, which depends on pro-
jection of fields onto a set of horizontal basis functions at
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each level, has been applied in a number of observational
studies of convectively coupled equatorial waves using
15-yr European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA-15) data (Yang
et al. 2007a,b,c, hereafter YHS07a,b,c) and has proved
useful in the evaluation of the ability of model perfor-
mance in the simulation of convectively coupled equa-
torial waves (Yang et al. 2009).

It has been shown in these studies that although dy-
namical fields are projected separately at each level,
they exhibited the general consistency of the space—time
structure of the individual wave components identified
in different periods, and also of the convection with them.
This gives confidence that the methodology was suc-
cessful in identifying equatorial wave structures and in
detecting some important characteristics of them. The
methodology is especially useful in identifying and sep-
arating some waves that tend to appear together and
have similar zonal wavenumbers and frequencies, such as
WMRG and R1 waves. Those waves are unlikely to be
separated using space—time filtering technique or filter-
ing based on dispersion curves due to Doppler shifting.
The methodology is also useful in detecting some upper-
tropospheric waves that tend to move in the opposite
direction to that expected from basic theory because of
strong ambient flows. Also, as indicated by a recent study
of Gehne and Kleeman (2012), who used parabolic cyl-
inder functions to project 20 years of brightness temper-
ature and dynamical data onto different wave modes and
then analyzed their space-time spectra, the projection
technique may help to reduce background noise and
distinguish equatorial wave modes from other modes,
such as extratropical waves.

Particularly relevant to the current study is that this
approach has recently been used to analyze multilevel
40-yr ECMWF Re-Analysis (ERA-40) data for two dif-
ferent half years (May-October in 1992 and 1993) to
investigate the behavior of the equatorial waves under
opposite phases of the QBO (Yang et al. 2011, hereafter
YHSI11). The study provided an unprecedented and de-
tailed view of 3D structures and of zonal and vertical
propagation of equatorial waves, including the R1 wave
in opposite QBO phases. Consistent with expectation, it
was found that in 1992, an easterly QBO phase in the
lower stratosphere, there was more upward propagation
of the Kelvin wave compared with 1993, a westerly QBO
phase, but less of the WMRG and R1 waves and vice
versa. It was shown that, for both years, waves in the
lower stratosphere have smaller zonal wavenumber,
shorter period, faster phase speed, and shorter vertical
wavelength than those in the upper troposphere, and that
waves show an upward group velocity and downward
phase speed in the lower stratosphere. In the year when
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the phase of the QBO is not favorable for particular
waves to propagate, their phase speed in the lower
stratosphere is larger than in the alternate phase, an in-
dication of Doppler shifting by the ambient flow and
suggestive of a filtering of the slow waves. These results
are generally consistent with the propagation theory of
equatorial waves.

In YHSI11 the analysis was only for two summers of
ERA-40 data. In this study we analyze 32 years of the
newer interim ECMWF Re-Analyisis (ERA-Interim)
data for 1979-2010, and also the whole ERA-40 reanalysis
data for 1979-2002, for both extended boreal summer and
winter. The main aim of the study is not just to analyze
more years of data, but to provide a systematic/robust
comprehensive view of the behavior of equatorial waves in
different QBO phases and to examine the extent of in-
terannual variability of equatorial waves associated with
different QBO phases in the upper troposphere and lower
stratosphere. The present analysis also reveals some in-
teresting features not seen in the previous analysis.

The outline of this paper is as follows. Section 2 de-
scribes the data and methodology. Section 3 presents the
propagation theory and selection of easterly and westerly
QBO-phase years. Wave amplitudes, including their
power spectra and zonal and vertical variations, are shown
in section 4. Section 5 shows composite zonal and vertical
propagation features of the waves. Section 6 presents the
connection of waves with tropical convection. Some con-
clusions and a discussion are given in section 7.

2. Data and method

Data used in this study are the ERA-Interim data and
National Oceanic and Atmospheric Administration
(NOAA) interpolated daily outgoing longwave radiation
(OLR) for the period from 1979 to 2010. Interpolated
OLR data are provided by the NOAA'’s Office of Oce-
anic and Atmospheric Research Earth Systems Research
Laboratory, Physical Sciences Division (NOAA/OAR/
ESRL PSD), Boulder, Colorado (available online at
http://www.esrl.noaa.gov/psd/) (Liebmann and Smith
1996). ERA-Interim is the latest global atmospheric
reanalysis produced by the ECMWF. Multilevel ERA-
Interim 6-hourly data are stored with a horizontal reso-
lution of about 0.7° and at 37 pressure levels from 1000 to
1 hPa. Detailed information about the ERA-Interim data
can be found in Dee et al. (2011). The dynamical fields
used to analyze equatorial waves are 6-hourly hori-
zontal winds (u, v) and geopotential Z. The wind fields
used in this study are generally considered to be of high
quality because of their strong dependence on good sat-
ellite data. For comparison, the same analysis has been
performed on the ERA-40 data for the satellite period,
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1979-2002. This has a lower resolution, about 1.125° in
the horizontal and 23 pressure levels from 1000 to 1 hPa.

The methodology to identify equatorial waves de-
veloped in YHS does not assume that the linear adiabatic
theory for equatorial waves on a resting atmosphere is
directly applicable; in particular, the vertical structures
and dispersion relations of theoretical equatorial waves
are not imposed. As described in YHS and YHSO07a,
potential equatorial waves are identified by projecting the
dynamical fields at each pressure level onto the hori-
zontal structures given by equatorial wave theory. The
parabolic cylinder functions that describe the horizontal
structures of theoretical equatorial waves were used as
basis functions for projecting the wind and height fields,
and this was done independently at each pressure level.

Before projection, the dynamical fields are first sepa-
rated into eastward- and westward-moving components
using a space—time spectral analysis. The data are fil-
tered in a domain of zonal wavenumber k from *2 to
+10 and period from 2 to 30 days that contains most
equatorial waves. This filter includes a broader spatial—
temporal domain than that which fits the usual shallow
water dispersion curves and is necessary to represent the
structures in the ERA data. Wavenumber 1 is not in-
cluded in the analysis because of problems with the
ERA data, as also discussed in YHS. Also, westward-
moving zonal wavenumber 1 in geopotential height is
not equatorially trapped and is not relevant to this study
[also see Fig. 4.10 in Andrews et al. (1987), p. 171].

Meridional wind v is projected directly onto the para-
bolic cylinder functions, and, as in Gill (1980), the vari-
ables ¢ = aZ + u and r = aZ — u are also projected
independently onto the different modes. Parabolic cyl-
inder functions D take the form

D,(ly,) = exp[—(/2y,)*1P,(v1y,), 1)

where P, is a polynomial of degree r and y is the lat-
itudinal trapping scale.

Guided by basic equatorial wave theory and obser-
vational analyses, the parabolic cylinder function series
expansions are organized and described as follows:

n=co
q =qyDy + q,D; + _lqn+1Dn+1’
o
v= 0 +uy,D, + Y v.D,,
i
r= 0 + 0 + rn_]Dn_1
n=1
1 1 1
n=-1n=0 n=12.. 2)
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For our projection of the data at each level we will
consider the n = —1 field (q() and refer to the eastward
component as the Kelvin wave. Together the n = 0 fields
(g1 and vg) will be considered to describe the mixed
Rossby—gravity wave, with the eastward component
referred to as EMRG and the westward component as
WMRG. In theory, the n = 1 fields (g2, vy, r9) describe
three waves, the westward-moving Rossby wave, R1,
and the eastward- and westward-moving gravity waves.
As will be shown later, high-frequency gravity waves are
found to be weak so that the westward n = 1 structure is
considered to represent the R1 wave.

In YHS, y, is predetermined by a best fit of the tro-
pospheric v field in the latitude belt 20°N-20°S and it was
found that the best fit for y, is 6°. To examine if y is
different in different years and, in particular, if it is
sensitive to the ambient flows in different QBO phases
in the stratosphere, a similar analysis has been per-
formed for 23 years of ERA-40 data for v, g, and r. As in
YHS the best-fit y, is chosen so as to minimize analysis
errors for a truncated representation. The time-mean
analysis error is defined as follows:

2
N

20003 1) = 24 0,532 4)D,, 3413,)
P

% [f’(x," Vi lk) - ﬁ(xp y]‘)]z

EN(x,'vyj'vyo) =

®)

where (x;, yj, ;) is a space—time grid point of the data; v
represents one of the variables v, g, or r that is filtered to
give its eastward- or westward-moving component in the
specified zonal wavenumber—frequency domain {k, w};
v, is the coefficient of v projected onto the nth parabolic
cylinder function D, (y/yo); v is the seasonal mean of v
and hence the denominator of Eq. (3) is the variance of
v; and N is the truncation limit of the series.

We calculate errors in the fit of westward-moving
v and eastward-moving g and r as a function of y, and
truncation values N to examine the best fit for westward-
moving and eastward-moving waves. As in YHS (their
Fig. 6), it is found that the gravest modes n = 04 do-
minate. Figures la and 1b shows errors in the fit of
westward-moving v as a function of y, for N = 4 trun-
cation, at 100 and 50 hPa, respectively, for each easterly
and westerly QBO summer defined in the next section
(see Fig. 2 below). There is a distinct minimum at yg = 6°
in each case. At 100 hPa, the minimum error is below
5%, smaller than that in the troposphere (10%-15%)
and similar to that for 200 hPa in YHS. It is interesting
that at 100 hPa the errors are similar for easterly and
westerly seasons, but at 50 hPa there is a clear difference
between the two phases, with errors in the westerly phase
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(4% at yp = 6°) being consistently smaller than those in
the easterly phase (6% at y, = 6°). This suggests that in
the westerly phase WMRG and Rossby waves make
a larger contribution to the variability of meridional wind
in the lower stratosphere. As will be shown later this is
in agreement with that in the westerly phase there is
more westward-moving waves propagating into the lower
stratosphere. It is also evident that the best-fit y, is not
sensitive to the phase of the QBO. The error difference
at 50 hPa between different QBO phases is also seen at
70 and 30 hPa but with the difference in the former being
smaller.

Figures 1c—f show errors in the fit of eastward-moving
q and r. It is seen that for N = 4 there is also a minimum
error at y, = 6°. However, at 50 hPa, the minimum is not
as sharp as that for v. At 100 hPa the minimum error in
q and r is 10%—-12%, larger than that for v. In contrast to
westward-moving v, errors in g and r at 50 hPa are con-
sistently smaller in the easterly phase than those in the
westerly phase, with errors in g being smaller than in r.
This is also consistent with the idea that eastward-moving
waves, such as the Kelvin wave, can propagate more
readily into the lower stratosphere in the easterly phase.

As results for winter are very similar (not shown), in
this study y is chosen as 6° as it was in YHS. Gehne and
Kleeman (2012), who analyzed 20 years of brightness
temperature and dynamical data, also found an opti-
mum y, = 6°. It could be argued that, according to the g
error at 50 hPa, any value for y, between, say, 5° and 8°
could be relevant. However, in section 5c it will be
shown that the results obtained are not sensitive to the
choice of the trapping scale.

In the basic theory the trapping scale is related to the
gravity wave speed c,, and the equivalent depth 4 [c, =

(gh)"], by
Yo = (€,2B)"? = (gh)"1(28)">. (4)
Thus
h ~yé and c, ~y%. 5)

The powers of y, in these expressions indicate that the
horizontal structure functions used here may be much
less sensitive than the vertical structures and less sensi-
tive than the phase speeds. We allow these properties to
emerge from the data. However, in equatorial wave
theory, @ is taken to be equal to ¢, ! ~ y;2, and so there
could be some sensitivity in the current analysis tech-
nique in the separation of # and Z into g and r. It will be
shown below that analysis using different values for y,
shows that the structures and phase speed of equatorial
waves are not in fact sensitive to the choice of y.
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FIG. 1. Space-time mean analysis error in the fit of (a),(b) westward-moving v, (c),(d) eastward-moving ¢, and
(e),(f) eastward-moving r at (left) 100 and (right) 50 hPa, as a function of y, for a truncation N = 4 in the series
defined by Eq. (3). Only summers are shown and those with an easterly (westerly) QBO phase are indicated by

thick (thin) lines.

The wave amplitudes change only slightly, except for
the Kelvin wave. The latter finding is perhaps consis-
tent with the large theoretical sensitivity of a to y;2.
Since results from ER A-Interim and ERA-40 are very
similar, most results will be shown for ERA-Interim;
unless specified, the figures will be for this dataset.

3. Propagation theory and phases of the QBO

Details of the theory of the propagation of equatorial
waves can be found in Andrews et al. (1987), and some
aspects of the theory including equatorial R1 have been
summarized in YHS11. Here only a brief summary will
be given.

As in Andrews et al. (1987), the zonal and vertical
propagation of equatorial waves can be investigated

by considering solutions to the adiabatic, frictionless
equations of motion on an equatorial B-plane linearized
about a time mean zonal flow U(z) using the slow-variation
Wentzel-Kramers—Brillouin-Jeffries (WKBJ) approxi-
mation. Using standard notation, the horizontal and
vertical velocity (u', v', w") and geopotential Z fields can
be taken to be of the form

ePHA(y)expi(kx + mz — ot),

where the amplitude A and the vertical wavenumber
m are slowly varying function of z. Waves with zonal
phase speed c¢ can propagate vertically only in zonal
winds that satisfy

¢—U(z) >0 for Kelvin waves and

(6)
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—Blk* <c—U(z) <0

for WMRG and Rossby waves. (7)

Therefore Kelvin waves only exist in regions of easterly
or weak westerly winds in which they have an eastward
phase speed with respect to the ambient flow. Westward-
moving WMRG and R1 waves only exist in regions of
westerly or weak easterly, in which they have a westward
phase speed with respect to the ambient flow. However,
the magnitude of the zonal flow is limited so that their
westward phase speed relative to the flow is not larger
than B/k”. Therefore it is expected that an easterly phase
is favorable for Kelvin waves propagating upward into
the lower stratosphere, whereas a westerly phase is
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favorable for upward propagation of westward-moving
WMRG and R1 waves.
For the different waves, the vertical wavenumber is

Kelvin wave: m(z) = + c—LU(z)’ )
WMRG wave: m(z) = =+ N{B/]Ej j I[JC(Z_)]IZJ(Z)]} ®
R1 wave: m(z) = LNBn + 172 - A), (10)

K2[c — U(z)]?

where A = [(n + 1/2)* + {k*[c — U(z)]/B}(1 + {K[c —
U(2))/B})]"*. The vertical group velocity is

2
Kelvin wave: ¢, (z) = iW’ (11)
. _ . Ke-U@P
WMRG wave: ¢, (2) = NRBIKE T - U@ (12)
Rl wave e, () = = 20k[e — U(2)]? 03

For these waves, vertical group velocity increases with
|c — U| and becomes small as ¢ approaches U (a critical
level). As each wave approaches a critical line U(z) = c,
its vertical wavelength and group velocity tend to zero.
The asymptotic behavior as ¢ tends to zero was detailed
in YHS11. As their vertical group velocity and wave-
length decrease the waves become more susceptible to
dissipation. Therefore waves with larger magnitudes of
¢ can propagate upward more readily.

In the basic theory, the trapping scale y, = (c./28)"?
can be related to the vertical wavelength. It should be
noted that c, is the eigenvalue of the vertical structure
equation [c, = (gh)"?]. It is equal to the intrinsic phase
speed only for the Kelvin wave. For the Kelvin wave,
from Eq. (8) the vertical wavelength D = 27/m = 2mc;/N,
where ¢; = ¢ — U = c,. Then

vy = (c,2B)"* = (ND/4mg)"'>.

This equation gives that when the wave propagates into
the lower stratosphere, as D decreases, y also decreases.
For N = 2.2 X 10 2 s~ in the lower stratosphere, 8 =
23 x 10" m~' s, and then y, = 6.9, 6.3°, 5.9°, and
5.4° (corresponding to 764, 715, 661, and 604 km) for
D =8,7,6 and 5 km, respectively. This suggests that y,
may be different in different QBO phases because of the

TN@BIKE(n + 12)(n + 12 — A) + [c — U(2)]{3 + 2k2B[c — UQ)]})

change in D. Nevertheless, as will be shown in section 5,
the typical D of the Kelvin wave in the lower strato-
sphere is 8 km in the easterly phase and 6 km in the
westerly phase, corresponding to predicted y, of 6.9° and
5.9°, respectively. These values are close to the 6° used in
this study and, as will be shown in section Sc, the analysis
is not sensitive to yj.

Figure 2a shows the monthly mean equatorial (5°N-
5°S) zonal mean zonal winds in the period 1979-2010
between 100 and 5 hPa. In this stratospheric region, the
variability of the equatorial zonal winds are dominated
by the QBO, which is seen as downward-propagating
easterly and westerly wind regimes, with a variable period
near 26 months (Above 5 hPa, the semiannual oscillation
is dominant). Westerly shear zones show more regular
and rapid downward propagation than easterly shear
zones, consistent with other studies (e.g., Baldwin et al.
2001). It is seen that although the QBO is not an exactly
biennial oscillation, there is a tendency for the onset of
both easterly and westerly wind regimes at 50 hPa to
occur mainly during boreal late spring, as indicated by
Dunkerton (1990) and Baldwin et al. (2001). Because of
this seasonal preference in the QBO phase reversal and
also the large seasonal variability of equatorial waves, for
the analysis here the year is split into two 6-month pe-
riods, an extended boreal summer (May-October) and
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FIG. 2. (a) Time-height cross section of the monthly mean equatorial (5°N-5°S) zonal mean U (m s~ ') for 1979—

2010. Blue (red) boxes indicate the easterly (westerly)

phase in lower-stratospheric winds, as defined in (c).

(b) Seasonal mean lower-stratospheric (30-100 hPa) equatorial U in the “summer’ season (May—October; red)
and in “winter” (November—April; blue). (¢) As in (b), but for anomalies with respect to the average seasonal

cycle. Two red and blue lines indicate threshold U anomalies of =6 and =5 m s~

summer and winter, respectively. The numbers indicate
summer and winter.

winter (November—April). Hereafter these will be re-
ferred to as summer and winter.

Figure 2b shows seasonal mean zonal winds averaged
over the lower stratosphere (30-100 hPa). First, it is
seen that easterly winds are stronger than westerly
winds, which is a commonly observed feature (Baldwin
et al. 2001). Second, easterly winds in summer are stronger
than in winter. The average wind speed is —3.9 m s™ ! in
summer and —1.9 m s~ ! in winter. Consistent with this,
the easterly phase appears strongest in summer and the
westerly phase stronger in winter. In Fig. 2c the seasonal
means have been removed and it is seen that interannual
variability is slightly larger in summer. Reflecting this,
easterly and westerly seasons will be defined to be those

! used to define QBO phases in
the years for easterly and westerly seasons defined for

in which the amplitude of seasonal mean U anomaly is
larger than 6 m s~ ' in summer and 5 m s~ ' in winter.
The two wind thresholds are indicated by the red and
blue lines, respectively. In 1979-2010, there are 6
easterly summers (1984, 1992, 1994, 1996, 1998 and
2001), 10 westerly summers (1985, 1990, 1993, 1995,
1997, 1999, 2002, 2004, 2006 and 2008), 7 easterly win-
ters (1979/80, 1981/82, 1989/90, 1991/92, 1996/97, 2005/
06, and 2007/08) and 8 westerly winters (1980/81, 1982/
83, 1985/86, 1987/88, 1990/91, 1999/2000, 2006/07 and
2008/09). These seasons are indicated by the dates asso-
ciated with them in Fig. 2c. They are also shown as solid
red and blue boxes in Fig. 2a, for easterly and westerly
phases, respectively.
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FIG. 3. Zonal wavenumber—frequency raw power spectra for (a)-(d) u at 20 hPa and (e)-(h) v at 30 hPa, averaged for all easterly,
westerly, and nonclassified years, and the difference between the easterly and westerly phases. The power has been averaged over 15°N—
15°S. Superimposed lines are the two sets of dispersion curves for the equivalent depths of 100, 200, and 400 m, with solid lines including
a Doppler shift by the background winds indicated in each panel (m s '), and dotted lines for the resting atmosphere. The winds in the

former are obtained by weighted winds in a layer from 70 hPa up to the level presented. For the 70-, 50-, 30-, and 20-hPa levels the weights

are /8, /s, 14, and 1, respectively, for presentation at 20 hPa, and Y4, /4, 14, and 0 for presentation at 30 hPa. Units are m*> s~ 2.

4. Variability of equatorial waves

To examine the overall variability of tropical horizon-
tal winds, their space-time power spectra will be dis-
cussed in section 4a. Following this, the horizontal winds
will be separated into the different wave modes, and their
amplitudes and the zonal and vertical variations of these
amplitudes will be analyzed in sections 4b—d.

a. Power spectra of tropical winds

Spatial-time power spectral analysis is performed for
the 32-yr data in 1979-2010 to investigate the overall
variability of tropical horizontal winds. Since Kelvin
waves are associated with eastward-moving u, and
WMRG and R1 waves with westward-moving v, we
first analyze power spectra for tropical u and v at each
latitude and average them over 15°N-15°S. Figure 3
shows the raw power spectra of u and v in the lower
stratosphere, averaged for all easterly (6 summer and 7
winter), westerly (10 summer and 8 winter), and other
unclassified seasons (16 summer and 16 winter). The
differences between the easterly and westerly phases
are also shown. Included also are two sets of theoreti-
cal dispersion curves for U # 0 (solid lines) and U = 0
(dotted lines) with various equivalent depths. The for-
mer takes account of Doppler shifting by typical

2

background winds in the different phases as indicated in
each panel.

It is seen that equatorial wave signals are evident even
in the raw spectra. These wind power spectra peak on
preferred space and time scales that are remarkably
consistent with the theoretical dispersion curves for var-
ious equivalent depths 4, fitting better to the Doppler
shifted curves. For the Kelvin wave, the central 4 for U =
0 is 100 m for the easterly phase and 200 m for the
westerly phase. However, when Doppler shifting is taken
into account (solid lines) the Kelvin wave shows a con-
sistent range of 4 between 100 and 400 m with a central
h about 200 m for both phases. For v spectra in the
westerly and nonclassified phases, a central /2 of 200 m for
U = 0 can be seen. However, for v in the easterly phase,
there seems to be no optimum /4 related to U = 0 because
of the power spectra being significantly Doppler shifted.

The Kelvin-like wave, seen in the eastward-moving u,
is stronger in the easterly phase (Fig. 3a) than in the
westerly phase (Fig. 3b), as highlighted in the differences
shown in Fig. 3d. In contrast, the WMRG-like signal seen
in westward-moving v is much stronger in the westerly
phase (Fig. 3f) than in the easterly phase (Fig. 3e). A
signal is also seen here in the region of R1 wave dis-
persion curves and this is also stronger in the westerly
phase than in the easterly phase. It is encouraging that
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FIG. 4. Vertical profiles of power spectra of tropical (a),(c) eastward-moving u and (b),(d) westward-moving v over the domain of k from
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the intensity of the power spectra for the nonclassified
years (with neutral or weaker winds in the lower
stratosphere) (Figs. 3c,g), is found to be between those
for the easterly and westerly phases.

Doppler shifting on dispersion curves gives w = wq +
kU (wis the frequency at U = 0). The degree of shift can
be estimated by considering the zero-frequency x axis
tilted to become kU. For U = 30 ms ' and zonal
wavenumber 15, the frequency change is about 1.0 day ',
so that the tilted x axis hits the edge of the plot. How-
ever, the zero-wavenumber y axis is unaffected, and so
the dispersion curves are warped. For U < 0 eastward-
moving waves are shifted to lower frequency and
westward-moving waves are shifted to higher frequency,
and vice versa for U > 0 where lower-frequency and
larger wavenumber Rossby waves can be shifted more
readily to the opposite quadrant. More detailed Doppler
shifting of dispersion curves can be found in YHSO07b
(their Fig. 7) and Hoskins and Yang (2000, their Fig. 3).

The Kelvin wave-like signal is concentrated at a higher
frequency in the westerly phase than in the easterly
phase, and the reverse is apparent for the WMRG- and
R1-like signals, probably indicative of a mixture of
Doppler shifting and filtering of the slower waves in
their upward propagation. Both mechanisms would lead
to the spectral distributions in the lower stratosphere
differing significantly from those in the upper tropo-
sphere, as found in YHS11.

In both phases tropical u also shows strong power at
zonal wavenumber k£ = 0 and also in the westward-moving

component. The former is associated with the zonal mean
zonal winds and the latter may be related to westward-
moving equatorial waves. On the other hand, power
spectra for v are dominated by westward-moving com-
ponent, although there is some power around k = 0 and
small positive k, which indicates signs of EMRG-like
waves.

The lower-frequency bands (periods >10 days) contain
more power in the westerly phase both for eastward- and
westward-moving components and for # and v fields, as is
clearly seen in the difference plots (Figs. 3d,h). This is
consistent with Doppler shifting: westerly winds would
shift the westward-moving waves to a lower frequency
region, and conversely for easterly winds. Also in the
westerly phase, westward-moving waves with very low
frequency, such as Rossby waves, can be Doppler shifted
to move eastward, as indicated by the dispersion curve for
the R1 wave (Fig. 3f) and found in YHS and YHS07a,b,c.

Figure 4 gives vertical profiles of power spectra for
each easterly and westerly summer and winter, averaged
over eastward and westward domains (k from *2 to =10
and period from 2 to 30 days), which contain most of the
power seen in Fig. 3. Although the wave amplitudes at
tropopause level are quite similar in years in the different
phases, significant differences are seen in the stratosphere
both in summer and winter. In each case, eastward-
moving u, mainly associated with Kelvin-like waves, is
consistently stronger in the easterly years than in the
westerly years in most of the stratosphere. In contrast, in
each case westward-moving v, dominated by WMRG and
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R1-like waves, exhibits more power in the westerly years
than in the easterly years, but the difference between
the two phases occurs in a relatively shallower layer in the
lower stratosphere than for the eastward-moving u. The
power of the eastward u at 20 hPa in the westerly phase
and the power of the westward-moving v at 50 hPa in the
easterly phase is less than 50% of that in the other phase.
In the lower stratosphere, power spectra for the non-
classified years are between the easterly and westerly
phase years (not shown).

There is some interannual variability in the upper tro-
posphere that appears to be associated with ENSO. For
instance, in summer season, the strongest and weakest
power of eastward-moving u in the upper troposphere
occur, respectively, in 1997 (El Nifio) and 1999 (La Nifia)
(Fig. 4a). This will be analyzed further in a later paper.
The strongest amplitude for the v spectrum in the 1985
summer is consistent with that found in Randel (1992).

Since in the filtering domain used here zonal wave-
numbers k range from *2 to =10 and periods from 2 to
30 days, gravity waves are negligible, and the EMRG
signal is weak, the focus will be on the remaining waves,
which will be referred to as Kelvin, WMRG, and R1.

b. Monthly wave amplitude

The power spectral analysis has shown that variability
associated with tropical winds in the lower stratosphere
is consistently different in the two phases of the QBO.
To further separate the variability associated with dif-
ferent equatorial wave modes, the tropical winds and
height fields at each level are projected into various wave
modes using the methodology outlined in section 2.
Figure 5 shows time-height plot of monthly zonal mean
standard deviation of the Kelvin, WMRG, and R1 waves
in the stratosphere, together with the zonal mean ambient
zonal winds. Kelvin wave amplitude is measured by the
equatorial u of the Kelvin wave component and WMRG
and R1 waves are measured by the equatorial and off-
equatorial v, respectively, of the relevant wave compo-
nent. Note that, because the horizontal structures are
those of the specified basis function used for projection,
the pictures for a particular wave are independent of the
latitude chosen and only the contour interval would
change.

It is seen that there is a remarkable consistency of
background winds (—10, 0, and 10 m s~ ! contours plot-
ted) and wave amplitudes. In Fig. 5a, Kelvin waves are
consistently stronger in areas of easterly winds than in
westerly winds. In contrast, in Figs. 5b and 5c, WMRG
and R1 waves are consistently stronger in areas of west-
erly winds. This indicates the ubiquitous impact of the
zonal winds in the lower stratosphere on the vertical
propagation of equatorial waves.
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It is interesting to see that Kelvin wave amplitudes
peak just below the zero wind lines of the descending
westerly phase and then decrease sharply. This is con-
sistent with the QBO theory that Kelvin waves act to
bring the westerly region downward. Similar features
also appeared in the analysis of Sounding of the Atmo-
sphere using Broadband Emission Radiometry (SABER)
data by Ern et al. (2008) and High-Resolution Dynamics
Limb Sounder (HIRDL) data by Alexander and Ortland
(2010).

The corresponding evidence for WMRG and R1
waves peaking just below the descending easterly phase
is less clear, perhaps because the contribution of the two
waves to the downward propagation of the easterly re-
gion is relatively small. This may explain the observed
feature seen in Fig. 2a that westerly shear zones show
more regular and rapid downward propagation than
easterly shear zones. However, there is an interesting
feature that during some periods of “‘stalling” in the
descent of the easterlies near 30 hPa, such as in 1986/87
and 1988/89, WMRG and R1 waves below 30 hPa are
less active than in years when there is no such stalling.
This suggests that WMRG and R1 waves are playing
some role in driving the descent of the QBO easterly
winds.

To help quantify the relationship of the QBO winds
and wave amplitudes, correlations have been calculated
between equatorial U in the lower stratosphere and
wave amplitudes in different lower stratospheric layers
(Kelvin wave at 20-30 hPa, WMRG at 30-50 hPa, and
R1 at 50-70 hPa). For Kelvin waves the correlations are
—0.96 in summer and —0.89 in winter, and for WMRG
waves, they are +0.92 in summer and +0.94 in winter.
For R1 waves, the correlations are slightly weaker but
still large: +0.85 in summer and +0.86 in winter.

c. Zonal variation of wave amplitude

YHS and YHS07a,b,c showed that wave activity ex-
hibited different characteristics in the Eastern Hemi-
sphere (EH) and Western Hemisphere (WH), partly
due to different background winds in the two hemi-
spheres. To contribute the analysis of the longitude—
height variation of waves and their relationship with the
zonal wind, Fig. 6 shows cross sections of equatorial U
and standard deviations of wave-related winds averaged
in the two QBO phases, and the differences between
them. In the upper troposphere the equatorial ambi-
ent flow (left panels) is very similar in the easterly and
westerly phases, in both cases being very different in the
two hemispheres with strong easterly in the EH and
westerly in the WH. The two westerly ducts over the
eastern Pacific and Atlantic in the upper troposphere
are much stronger in winter than in summer. In contrast,
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above approximately 100 hPa the zonal winds are clearly
very different in the easterly and westerly phases, but
there is very little zonal variation. In the easterly phase
the lower-stratospheric winds are much weaker in winter
than in summer. The next QBO phase, with opposite sign,
is evident above about 20 hPa.

Consistent with the ambient flows in the lower strato-
sphere, the amplitude of each of the waves shows very
different distributions for the two phases there for both
summer and winter. Kelvin wave activity is much stronger
in the easterly phase than in the westerly phase. In con-
trast, WMRG and R1 waves are stronger in the westerly
phase. Differences in wave amplitudes in the opposite

QBO phases are further highlighted in Figs. 6¢ and 6f.
This is in agreement with the result of power spectral
analysis and consistent with theoretical expectation and
the results for the analysis of two summers in YHS11.
Itis interesting that there is also longitudinal variation
in equatorial wave signatures in the lower stratosphere,
particularly in the favorable QBO phases in which up-
ward propagation occurs, although the zonal winds there
are quite zonally uniform. This zonal asymmetry appears
to reflect asymmetries in the upper troposphere. There
the largest variance of the Kelvin wave appears over the
warm waters of the EH, and larger amplitudes in the
WMRG and R1 waves occur in the WH, especially over
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the two westerly ducts of the eastern Pacific and Atlantic.
The preferred occurrence of WMRG waves in the eastern
Pacific upper troposphere is consistent with that found by
Randel (1992). For the Kelvin wave in the easterly phase,
its lower stratospheric maximum is over the upper tro-
pospheric maximum in winter and slightly west of it in

summer. For WMRG and R1 waves in the westerly
phase, their lower stratospheric maxima are east of the
upper tropospheric maxima, consistent with their east-
ward group velocity there as seen in Fig. 3f.

Therefore there is evidence that equatorial wave ac-
tivity in the lower stratosphere depends not only on the
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QBO winds there but also on the source strength and
background zonal winds in the upper troposphere. This
dependence on the background winds is consistent with
the fact that the EH upper-tropospheric easterly flow is
favorable for the upward propagation of the Kelvin
waves whereas the WH westerly flow is favorable for the
upward propagation of WMRG and R1 waves.

Another interesting point is that the upper-tropospheric
WMRG and R1 waves over the eastern Pacific westerly
duct are stronger in the easterly phase than in the
westerly phase, particularly in winter. It is found that the
amplitudes of the R1 waves in all seven easterly winters
consistently show positive anomalies over the region,
with four of them having the largest amplitude there, but
the opposite does not occur for westerly winters. For
WMRG waves, six out of seven easterly winters also have
positive anomalies there. However, the impact of the
QBO phase is less clear as the ENSO phase also ap-
pears to influence the wave. The WMRG and R1 waves
in most easterly summers also show positive anomalies,
but they are weaker than for the winter case. Analysis
suggests that this is because in summer there is a closer
relationship between the intensity of the westerly duct
and wave amplitudes in the region and the westerly duct
intensity is strongly influenced by the phase of ENSO.

However, the difference in WMRG and R1 wave
amplitudes in the upper troposphere in opposite QBO
phases cannot be fully explained by ENSO variability
alone, especially in winter. Excluding all the ENSO-
influenced winters, QBO winds in the lower stratosphere
correlated with the WMRG and R1 wave amplitudes
over the upper troposphere in the eastern Pacific region
indicate a significant relationship. Then a question is: how
in winter can the WMRG and R1 waves in the upper
troposphere be related to the QBO phase in the lower
stratosphere? A possible answer is that the easterly winds
in the lower stratosphere are not favorable for the R1 and
WMRG waves to propagate upward; therefore, the waves
accumulate in the upper troposphere and compared to
other years become larger in amplitude there before dis-
sipation. For the Kelvin wave, the opposite seems to be
true with its amplitude in the upper troposphere over the
eastern Pacific being weaker in easterly winters than in
westerly winters, as seen in Fig. 6. However, the difference is
much weaker than that for the WMRG and R1 waves. This
may be due to the fact that the zonal winds in the westerly
phase are much weaker than in the easterly phase and the
Kelvin wave itself has the fastest phase speed, so its upward
propagation is less hindered by the unfavorable winds.

d. Vertical variation of amplitude of individual waves

To examine in each year how the amplitudes of the var-
ious waves change with height in the lower stratosphere,
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Fig. 7a gives vertical profiles of the zonal mean standard
deviations of their characteristic velocity, together with
the equatorial U, in each easterly and westerly summer.
For westward-moving waves, the strongest wind magni-
tudes consistently occur near the tropopause. Kelvin
wave winds also peak at the tropopause but in the easterly
phase their strongest peak appears in the lower strato-
sphere. In all years and for all waves the wind magni-
tudes decrease sharply above tropopause between 100
and 70 hPa. The decrease is most rapid for the R1 waves,
for which the magnitude at 70 hPa is about half that at
100 hPa.

Consistent differences between easterly and westerly
phases become apparent above 70 hPa, in agreement
with the composites in Fig. 6. Compared with the power
spectral profiles in Fig. 4, the differences in wave am-
plitudes in different phases are further enhanced due to
the data being projected onto the different wave modes.
There is again very close consistency between the wave
wind magnitudes and the ambient zonal flow profiles.
For WMRG waves, the difference between the two pha-
ses begins at levels very close to where the reversal in the
ambient flow occurs. However, for the Kelvin wave there
is a slight vertical lag between the two, consistent with its
larger upward group velocity (shown in YHS11, and in
our Fig. 11 below). The picture for the R1 wave is less
clear: for it the difference between the QBO phases oc-
curs only in a shallower layer, consistent with its upward
group velocity being the smallest (as will be seen below
in Fig. 11). Plots with pressure up to 1 hPa also indicate
another vertical reversal for WMRG waves but not for
Kelvin waves, consistent with the power spectral profiles
in Fig. 4.

To indicate the contribution to kinetic energy, the im-
pact of decreasing density with height is included by
multiplying the magnitudes of the winds associated with
the waves by p'’> ~ exp(—z/2H). The results are shown in
Fig. 7b. All three waves now show amplitudes that gen-
erally decrease with height, particularly in the unfavor-
able years. However, the amplitude of the Kelvin wave in
the easterly phase shows no reduction with height in the
region 30-70 hPa but with a slight increase, consistent
with it experiencing least dissipation when propagating
upward into the lower stratosphere, because of its large
vertical group velocity (see Fig. 11 and Table 1 below).

Weighted wave velocity pictures for the winter case in
Fig. 7c show similar features to those in summer but as
above the difference between the QBO phases occurs in
shallower layer.

The increase of Kelvin wave kinetic energy can be
explained by the fact that conservative waves conserve
their EP flux E, so that the wave action density E/w;
increases as w; = k[c — U(z)] decreases. Therefore, some
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FIG. 7. (a) Vertical profile of equatorial U and of the standard deviations (SD) of waves in each easterly (red or orange) and westerly
(blue or green) summer. (b) As in (a), but with SD weighted by the square root of the density [p/> ~ exp(—z/2H), where H is the scale

height, which is taken to be 7 km]. (c) As in (b), but for winter.

increase in wave kinetic energy might be expected ap-
proaching the critical level, unless dissipation dominates.

5. Composite propagation features

YHS11 analyzed in some detail features of vertical
propagation in one easterly and one westerly summer.
In the next section, a similar analysis is performed for all
32 years in 1979-2010. As the composites for winter and
summer stratified with respect to the QBO phase are
generally very similar, the sum of these will be shown
here, and since in the lower stratosphere the Kelvin wave
activity is stronger in the EH and WMRG and R1 waves

are stronger in the WH, some composite analysis will be
based on these regions.

a. Period, zonal wavelength, and phase speed

To obtain typical wave properties and examine how
they vary with height, autoregression of equatorial waves
is performed at each level as in YHS11. Typical periods,
zonal wavenumbers, and amplitudes can be determined.
When calculating the autoregression/correlation, ex-
tremes exceeding a threshold in a specified field in a
longitude—-time domain (one hemisphere and 6 months)
with data on a grid 2° X 1 day are selected. There are
typically of order 1000 extremes in each of the fields
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considered here. However, investigation suggests that the
number of degrees of freedom should be taken as one-
tenth of this sample number, and this assumption is used
in calculating the statistical significance of the linear re-
lationships found using a ¢ test.

Figure 8 shows the results of autoregression, as a func-
tion of lag time, averaged separately for easterly and
westerly QBO seasons. Note that here the troposphere is
shown as well as the stratosphere. A typical period can be
deduced from the two neighboring negative extrema to
the left and right of the central day. Several interesting
points emerge.

First, for waves in the unfavorable phase (the Kelvin
wave in the westerly phase and WMRG and R1 waves
in the easterly phase), regressed amplitudes decrease
sharply above about 70 hPa, indicating strong wind fil-
tering of the waves.

Second, wave periods are generally much shorter in
the lower stratosphere than in the upper troposphere.
The decrease of wave period with height was also noted
by Dunkerton (1993) using cross-spectra. In the tropo-
sphere the dominant period for Kelvin waves is about
10 days (individual years in the range of 812 days). In the
lower stratosphere their dominant period is reduced to
6 days in the easterly phase and 4 days for the westerly
phase. WMRG waves in the upper troposphere have a
dominant period of 10 days (8 days in summer and 12 days

in winter). Their dominant period decreases sharply in the
lower stratosphere to the 3—4 days in the easterly phase
and 4-5 days in the westerly phase. R1 waves in westerly
years have a period of 12-14 days (summer has a rather
shorter period) and through to the lower stratosphere
(10 hPa for westerly summer and 30 hPa in westerly
winter). This is consistent with the quite barotropic
structure found in the WH in YHSO7c. In the easterly
phase, the dominant period of R1 waves can reach 70 hPa
and then decreases sharply to 6 days in the region in
which its coherence is also much reduced.

Third, the period in the lower troposphere of both
WMRG and R1 waves is also shorter than that in the up-
per troposphere, in agreement with the finding of YHS11
that as WMRG and R1 waves propagate downward as
well as upward away from their upper-tropospheric
source region, their period decreases.

Autoregressions as a function of longitude and height
are shown in Fig. 9. Here, a typical zonal wavelength can
be deduced from the two longitudes corresponding to
the two neighboring negative extremes.

Zonal wavelengths increase with height so that the
zonal wavenumber k is smaller in the lower stratosphere
than in the upper troposphere. For the Kelvin wave, the
typical k is 6 in the upper troposphere and 3 in the lower
stratosphere. There is also an indication of a secondary
wavenumber 3 in the upper troposphere. The WMRG
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and R1 waves have a typical k of 7 in the troposphere. In
the westerly phase, between 70 and 50 hPa, the typical
k is 6 for WMRG waves and 5-6 for R1 waves, and re-
duces to 4-5 beyond 50 hPa (Figs. 9¢,f). In the easterly
phase, the typical k is 4-5 between 70-50 hPa, with a
weak signal of kK = 3-4 beyond 50 hPa (Figs. 9b,c), in-
dicating that only waves with longer wavelength can
propagate upward in the unfavorable phase. The dom-
inant zonal wavenumber for all waves in the troposphere
is 6-7, as was the case for convectively coupled waves
there (YHS07a,b,c).

The generally shorter periods and longer zonal wave-
lengths in the lower stratosphere shown in Figs. 8 and 9
imply that the phase speeds of the waves are larger there
than in the upper troposphere. This suggests that there is
either enhanced dissipation or filtering of the slow waves.
In addition, between 20 and 70 hPa all of the waves have
shorter periods and longer wavelengths in their unfa-
vorable years than in their favorable years. This implies
that the waves that are present in the unfavorable QBO
phase have larger phase speeds than those in the favor-
able phase: it is the faster waves that propagate into the
lower stratosphere, especially in an unfavorable year.
This is suggestive of a mixture of filtering and Doppler
shifting, consistent with theory and with the results shown
in YHS11.

To avoid excessive numerical detail in the text and to
help in the consolidation of the results, the period and
zonal wavenumbers, together with other propagation
parameters, as will be discussed below, are summarized in
Table 1. Note that this table shows propagation parameters

only in the lower stratosphere but separately for summer
and winter.

A quantitative estimate of the zonal phase speeds of
the waves can be obtained using the Radon transform
(RT) method (Radon 1917), as in YHS07b, Yang et al.
(2009), and YHS11, with details given in the former. The
vertical profiles of the derived zonal mean phase
speeds for the Kelvin, WMRG, and R1 waves for each
easterly and westerly in summer and winter are shown in
Figs. 10a and 10b. The phase speeds for all waves in the
stratosphere are seen to be generally larger than those in
the troposphere, as discussed above. Also, in the different
QBO phases the phase speeds are very similar in the
troposphere but quite different in the stratosphere. In the
lower stratosphere, the phase speed of the Kelvin wave
is smaller in the easterly phase than in westerly phase,
and the situation is reversed for the westward-moving
WMRG and R1 waves, again consistent with the previous
discussion. Comparing with the corresponding zonal wind
profile (left column of Fig. 7; note that the pressure levels
start from 100 hPa there), and noting that the phase
speeds have opposite tendencies where the zonal wind
differences reverse, it is clear that the phase speed dif-
ferences are consistent with a measure of Doppler shift-
ing by the ambient zonal flows. However, the magnitude
of the difference in phase speeds seems not to be as large
as the difference in the zonal winds, as also can be seen in
Table 1, where only the WMRG wave shows a similar
magnitude.

The WMRG wave in the easterly summer in 1984
is seen to have a very large phase speed of about
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TABLE 1. Zonal wavenumber k, zonal phase speed ¢, period p, vertical phase speed c_, vertical wavelength D, and vertical group velocity
¢, for EH Kelvin wave and WH WMRG and R1 waves in the lower stratosphere in the easterly and westerly summers and winters. The
lower stratosphere is for the region where a wave is prevalent, which is about 30-100 hPa for the Kelvin wave and 50-100 hPa for the
WMRG and R1 waves. Values of D and ¢, in parentheses indicate their theoretical values from Eqgs. (8)—(13), and ¢ <0 and ¢, <0
indicate westward phase speed and downward phase speed, respectively.

Wave Season Phase U(ms) k c(ms ) p (day) c. (km day ') D (km) Cgz (km day ™)

Kelvin Summer E -14 3 19 6 -14 8.0 (9.4) 2.4 (2.0)
W 3 3 28 4 0.9 6.0 (6.8) 1.1 (1.1)

Winter E -10 3 20 5-6 -1.2 8.0 (8.6) 1.8 (1.7)

w 3 3 29 4 -0.9 6.0 (7.4) 14(12)

WMRG Summer E -7 4-5 -26 3 -13 5.0 (3.6) 0.5 (0.2)
W 2 6 -17 4 14 8.0 (13.4) 12 (0.7)

Winter E —4 4-5 —24 4 -1.0 5.0 (4.2) 0.9 (0.3)

w 6 6 —14 5 —-1.4 8.0 (17.4) 1.2 (0.9)

R1 Summer E -7 4-5 -14 6 -14 10.0 (6.6) 0.5(0.4)
W 2 5-6 -10 12 -2.1 18.0 (16.0) 0.6 (1.4)

Winter E —4 5 -13 6 -13 10.0 (9.8) 0.5 (0.7)

w 6 5-6 -9 12 -23 20.0 (22.8) 1.1(21)

—80 m s~ ! at 30 hPa. Referring to Fig. 7a, the ambient
flow at 30 hPa in this summer is very strong easterly at
about —33 m s~ '. The phase speed for this summer is
consistent with the wave having a very short period of
2 days and small k of 3.

To examine the dependence of the phase speed on the
hemispheres, Fig. 10c shows the phase speed in the EH
(thick line) and WH (thin line) averaged in easterly (red)
and westerly (blue) summer. Note that the corresponding
equatorial U is also shown. It is interesting to see that in
the lower stratosphere, the difference in the phase
speed between the two hemispheres is just apparent,
especially in their favorable QBO phase. In their fa-
vorable phase, the lower-stratospheric phase speeds in
the unfavorable hemispheres—that is, the Kelvin wave
in the WH (thin red line) and WMRG and R1 waves in
the EH (thick blue line)—are faster than in the other
hemisphere (thick red and thin blue lines, respectively).
One may argue that the difference may be a continuation
of that in the upper troposphere presumably due to
Doppler shifting. However, the difference in the lower
stratosphere is larger than that at 150 hPa where the
zonal winds have the largest difference hence the largest
Doppler shifting. This indicates that the upper-tropo-
spheric ambient flows also act as a filter for slow waves,
consistent with that discussed previous.

b. Vertical propagation parameters

To obtain a composite view of the vertical structure and
vertical propagation of the waves and the dependence on
the QBO phase, their characteristic wind component at
all levels has been regressed onto extremes of the same
wind component at 100 hPa as a function of time lags
and composited for all longitudes in each hemisphere.
Figure 11 shows results for the EH Kelvin waves and WH

WMRG and R1 waves for the two QBO phases averaged
for summer and winter. Typical vertical phase speed,
vertical wavelengths, and vertical group velocities can be
estimated from this diagram. Table 1 gives these param-
eters but with summer and winter separately. It should be
pointed out that in the 100-20-hPa region, the vertical
resolution of the data is about 2-3 km, hence some waves
with small vertical wavelengths may be not accurately
represented by the data and this may also affect the
choice of optimum y,; however, as will be shown below,
the analysis is not sensitive to y.

It is seen that in the upper troposphere and the lower
stratosphere, all waves clearly show upward group ve-
locity but downward phase speed, consistent with theory
[Egs. (8)—(13) and Table 1]. As expected, in the un-
favorable phases (Figs. 11d,b,c), upward propagation is
less clear and the lower-stratospheric waves have smaller
vertical group velocities and vertical wavelengths than
those in the favorable phase (Figs. 11a,e,f), again con-
sistent with theory. Kelvin waves in the easterly phase
have an upward group velocity ¢, of 2.2 km day !, a
downward phase speed c. of 1.2 km day ', and a vertical
wavelength of 8 km. WMRG waves in the westerly phase
have an upward group velocity of 1.2 km day ',
a downward phase speed of 1.4 km day ', and vertical
wavelength of 8 km. The R1 wave in the troposphere is
dominated by the barotropic structure and smaller tilt in
the stratosphere. In the westerly phase the R1 wave has
an upward group velocity of 0.8 km day ' and a larger
downward phase speed of 2.3 km day !, consistent with
its longer vertical wavelength of about 20 km. It is of
interest that in the westerly phase, the WMRG wave
signal disappears at a lower level in the lower strato-
sphere than the R1 wave, although the latter, which
has slower phase speed, is expected to meet a critical line
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at a lower level. This is consistent with theory [Egs. (12)
and (13) in YHS11] that the WMRG wave is more sus-
ceptible to dissipation when approaching a critical line.

The WMRG and R1 waves appear to be initiated in
the upper troposphere near 150 hPa, and to then prop-
agate both upward and downward from there. Their
downward group velocities are about 1.9 and 1.2
km day !, respectively, somewhat larger than their up-
ward group velocities in the upper troposphere and
lower stratosphere. The two-way propagation of the
WMRG wave out of the upper tropospheric region was
also observed by Dunkerton and Baldwin (1995), who
used an objective rotated EOF method. The initiation of
the R1 and WMRG waves in the upper troposphere is
consistent with the middle latitude forcing of the waves
(YHSO07c) and their variability in the two westerly ducts
shown in Fig. 6.

The zonal and vertical propagation parameters ob-
tained in the composite analysis are quantitatively com-
parable to those obtained for the two summers in YHS11
using poorer vertical resolution ERA-40 data. The vertical

wavelength and vertical group velocity are compared
with those predicted by theory using Egs. (8)—(13) in-
dicated by values in the parentheses in Table 1. It shows
that they are in general agreement with theoretical
values, except for vertical wavelengths of WMRG
waves. In this case, the large discrepancy is consistent
with Eq. (9) and the implied sensitivity of m ' as /k* +
¢ — U(z) becomes small (see Fig. 2 of YHS11).

c. The sensitivity of analysis to the y,

To test the sensitivity of the analysis technique to the
choice of the trapping scale, as 6°, the analysis has been
performed using a range of alternate values of yo = 5,7,
and 8° for the ERA-40 24-yr data for 1979-2002. In this
period there are six easterly and six westerly summers,
and five easterly and six westerly winters, as for ERA-
Interim in this period. Confirming the result found in
YHS, the longitude-height structures of equatorial
waves are found to be insensitive to the choice of y,.
Zonal phase speeds and standard deviations of waves
averaged in the easterly and westerly summers are
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shown in Fig. 12. It is even found that the zonal phase
speeds are completely insensitive to the choice of y.
This contrasts strongly with the theoretical relationship
between y, and ¢, that underlies analyses based on
equivalent depths. As shown in Fig. 12b the meridional
wind amplitudes of WMRG and R1 change only slightly
with the trapping scale. However, the zonal wind ampli-
tude of the Kelvin wave is more sensitive to y,. This is
perhaps consistent with the projection of ¢ = aZ + u for
the Kelvin wave and the strong theoretical dependence of
a onyj (i.e.,y;?). Nevertheless, all the conclusions for the
differences between the opposite QBO phases, including
vertical propagation parameters, are found to hold for
these different values of y;.

6. Relationship with tropical convection

To investigate possible linkage between equatorial
waves in the lower stratosphere and tropical convection,
NOAA daily OLR data are first separated into eastward-
and westward-moving components. OLR at a particular
latitude is then regressed onto extremes in wind fields
characteristic of waves. Figure 13 shows the results for
wind fields at 50 hPa: the EH Kelvin wave equatorial u
for the eastward component and the WH WMRG equa-
torial v and R1 wave off-equatorial v for the westward
component. This calculation is performed at a range of

time lags/leads and composited for all longitudes in one
hemisphere. The choice of the different latitudes for the
convection is based on theory and results in YHS 07a and
YHSI11. The wind maximum is moved to 0° longitude and
day 0.

Itis seen in Fig. 13 that waves in the lower stratosphere
in their favorable QBO phase are, to some extent, related
to tropical convection. The relationship varies with sea-
son and the wave type. The convective signal associated
with the Kelvin wave and R1 waves is strongest in winter.
The signal associated R1 waves in summer and WMRG
waves in both seasons is weak. These convective signals
generally have bias to negative lag, indicating that con-
vection tends to appear before the stratospheric waves.
This bias is less clear for R1 waves, perhaps associated
with their deep vertical structure. Also, the convective
signal associated with Kelvin waves has a nondispersive
signature whereas those associated with the WMRG and
R1 waves exhibit eastward group velocities, consistent
with equatorial wave theory and the tropospheric char-
acteristics of convectively coupled waves found in YHS
07a,b and YHS11.

The convective signals have different zonal phase
speeds for different waves in different seasons. The
Kelvin wave is slower in summer, 16 m s~ ', than in win-
ter,22 m s~ '. The phase speed for R1 waves in winter is
the slowest, 7 m s~ '. Comparing with Fig. 10, except for
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the Kelvin wave in winter, these phase speeds are slower
than the corresponding speed of the typical dynamical
waves at 50 hPa, about 22 m s ! for the Kelvin wave and
10 m s~ ! for R1 waves. This suggests that convectively
coupled waves, with their slower phase speed, may be
more susceptible to dissipation. Nevertheless, they can
to some extent propagate into the lower stratosphere
when the phase of the QBO in the lower stratosphere
is favorable.

A similar analysis for the unfavorable phase shows no
significant convective signal associated with lower-
stratospheric waves. This lack of significant convective
signals is consistent with wave dissipation at a critical
level below 50 hPa. Analysis also shows a lack of sig-
nificant convective signals associated waves in the other
hemisphere even in the favorable year, except for weak
signals for the WH Kelvin waves in the easterly phase.
This is suggestive of the importance of upper-tropospheric
background winds and tropospheric forcing for the pres-
ence of upward-propagating convectively coupled waves,
a result consistent with the simulation study of Kawatani
et al. (2009, 2010b).

7. Summary and discussion

The variations of stratospheric equatorial wave char-
acteristics with the phase of the QBO have been analyzed
using ERA-Interim data for the period 1979-2010 for
extended boreal summers and winters. Along with the

Kelvin and WMRG waves, the n = 1 Rossby wave has
also been analyzed. The analysis reveals the zonal and
vertical behavior of equatorial waves and their zonal and
vertical propagation wavelengths, phase speeds, and
group velocities, and also their relationship to tropical
convection.

A similar analysis has also been performed for the 24
years of ERA-40 data for 1979-2002. The results have
been found to be extremely similar to those shown here
for ERA-Interim. Taken together with the similarity of
the results shown in YHS11 for two summers using ERA-
40 data; this is indicative of the robustness of the results.

The fact that ambient flows act as a filter for the waves
has been clearly demonstrated: upward-propagating
Kelvin waves have larger amplitudes in the easterly QBO
phase than in the westerly phase, and westward-moving
WMRG and R1 waves are larger in the westerly phase.
These characteristics are generally consistent with theory,
indicating filtering/dissipation dependent on the ambient
flow, especially in unfavorable QBO phases. This differ-
ence in the wave amplitude exists in a deeper layer in the
lower stratosphere in summer than in winter, consistent
with the seasonality of the ambient zonal winds.

The R1 wave in the stratosphere has in the past re-
ceived less attention than the Kelvin and WMRG waves.
This study has revealed general features of the propa-
gation of the R1 wave in the lower stratosphere, their
source region in the upper troposphere, and their asso-
ciation with NH off-equatorial convection.



OCTOBER 2012 YANG ET AL. 2979

0°N, Kelvin 7.5°N, WMRG 20°N, R1
Summer  EH, easterly , WH., westerly , WH, westerly

10 == - 10 10

81 (a) < b 81(b) 81 (c)

6' :16 .'.':-" r 6' 6'
—~ 41 € - 4 4
& 2 2 21
Z 0 01
()]
g ]
-

90
=
@©
Z
[®)]
(0]
-
-10 T T T v v -10 T T T v v -10 T T T v v
90 -60 -30 0O 30 60 90 -90 -60 -30 O 30 60 90 90 -60 -30 O 30 60 90
Longitude Longitude Longitude

F1G. 13. OLR at different latitudes regressed onto 50-hPa equatorial wave characteristic velocity fields in favorable QBO phases. (a),(d)
EH eastward-moving equatorial OLR regressed on Kelvin wave equatorial u in the easterly phase; (b),(e) WH westward-moving OLR at
7.5°N regressed on WMRG wave equatorial v in the westerly phase; (c),(f) WH westward-moving OLR at 20°N regressed on R1 wave v at
&N in westerly phase. Dashed (solid) contours denote negative (positive) OLR, with contours starting from +0.6 W m~2 and with an
interval of 0.4 W m 2. Shaded areas denote exceedence of the 90% significance level. The regression value is taken to be 1.5 times the

standard deviation peak of the waves. In significant cases, the phase speed (m s~ ') is indicated.

There is interesting evidence of enhancement of Kelvin
wave activity entering the descending westerly phase for
each QBO, with Kelvin wave amplitudes peaking just
below the zero wind lines of the westerly phase and then
decreasing sharply. This supports the QBO theory that
Kelvin waves are driving the descent of the QBO west-
erly winds. For the WMRG and R1 waves, the corre-
sponding feature with peaking just below the descending
easterly phase is less clear, perhaps because the contri-
bution of the two waves to the downward propagation of
the easterly region is relatively small. This may explain
the observed feature that westerly shear zones show more
regular and rapid downward propagation than easterly
shear zones. However, there is an interesting feature that
during some periods of “‘stalling” in the descent of the
easterlies near 30 hPa, WMRG and R1 waves below
30 hPa are less active than in years when there is no such
stalling. This suggests that WMRG and R1 waves are
playing some role in driving the descent of the QBO
easterly winds.

The presence of vertically propagating equatorial
waves in the stratosphere has also been found to depend
on upper-tropospheric ambient zonal winds and tropo-
spheric forcing. The longitudinal variation of equatorial

waves in the upper troposphere, with Kelvin waves be-
ing stronger in the EH and WMRG and R1 waves being
stronger in the WH, appears to continue into the lower
stratosphere, resulting in longitudinal variation in equa-
torial waves in the lower stratosphere, particularly in the
QBO phases in which upward propagation occurs.
Composite propagation features in opposite QBO
phases have also been revealed. Waves with large zonal
wavelengths and short periods, and therefore faster phase
speeds, can propagate more readily. The increased phase
speed indicates a filtering of the slow waves. In addition,
when the phase of the QBO is not favorable for waves to
propagate, their period is shorter, zonal wavenumber is
smaller, and phase speed is faster in the lower stratosphere,
suggesting a Doppler shifting by the ambient flow and a
further filtering of the slow waves. All waves in the upper
troposphere and lower stratosphere exhibit downward
phase speed but upward group velocity. However, for WH
WMRG and R1 waves in the troposphere the sense in the
vertical phase speed and group velocity is reversed, sug-
gesting that the waves are initiated in the upper troposphere
and then propagate both upward and downward from
there. These results are consistent with the previous study of
two summers in YHS11 and with wave propagation theory.
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Analysis of the relationship between the lower-
stratospheric waves and tropical convection has revealed
that tropical convection and convectively coupled equa-
torial waves act as sources for some waves up to 50 hPa
in the stratosphere in the QBO favorable phase and the
favorable hemisphere (i.e., the EH warm water for
Kelvin waves in the QBO easterly phase and the WH for
WMRG and R1 waves in the QBO westerly phase).
These locations suggest that a tropical convective source
is important for the presence of vertically propagating
convectively coupled Kelvin waves, whereas, according
to YHSO07c and as hinted at by the larger WMRG and
R1 wave amplitudes over the WH westerly ducts, mid-
latitude forcing is important for the presence of verti-
cally propagating convectively coupled WMRG and R1
waves. It has also been shown that the connection be-
tween the waves and convection varies with season and
the wave type, with the Kelvin and R1 waves in winter
having the strongest connection with convection. On
average, convective signals have smaller phase speeds
than those of the lower-stratospheric waves and the
convective coupling is much less significant than that
in the troposphere (see YHS 07a,b,c). This indicates
that, in general, when convectively coupled equatorial
waves propagate vertically into the stratosphere, they
become disconnected from the space—time patterns of
the convective forcing.

While the propagation of equatorial waves is sig-
nificantly influenced by the phase of the QBO, wave-
induced momentum fluxes in the equatorial stratosphere
also produce a feedback onto the mean flow. As men-
tioned above, there is strong evidence of enhancement
of Kelvin wave activity entering the descending
westerly phase for each QBO. Many recent GCMs that
try to internally generate a QBO have difficulty with
the downward propagation into the lower stratosphere.
Since our study suggests that convectively coupled waves
are important in the lowermost stratosphere, it might
be hypothesized that part of this difficulty could be the
lack of simulated convectively coupled waves. It is
known that convectively coupled equatorial waves can
be poorly simulated in current tropospheric models
(e.g., Ringer et al. 2006; Yang et al. 2009), and this
inability may have implications not only for tropical
weather and climate but potentially also for strato-
spheric dynamics.

Another interesting aspect that has been emerged
from the analysis is that the intensity of equatorial waves
in the upper troposphere seems to be influenced by the
QBO phase in the lower stratosphere. In easterly phase
the upper-tropospheric WMRG and R1 waves over the
eastern Pacific region appear to be somewhat stronger
compared with climatology, especially in winter, perhaps
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due to the accumulation of waves that are unable to
propagate upward into the lower stratosphere. In summer
this relationship is less clear perhaps due to the large
ENSO impact on the wave activity in the western Pacific
westerly duct.

There has been increasing evidence over recent years
that the state of the lower stratosphere can have an
impact on tropospheric flow. However, this is mostly
for wintertime at high latitudes (e.g., Baldwin and
Dunkerton 2001; Barriopedro et al. 2008; Marshall
and Scaife 2009; Gray 2010), and there has previously
been little evidence of influence on the tropical tro-
posphere. There has been long-standing observational
study of the QBO influence on Atlantic hurricane activity
(e.g., Gray et al. 1993; Camargo and Sobel 2010). Some
recent studies find that the QBO can influence tropical
convection, especially in the tropical Pacific (Garfinkel
and Hartmann 2011; Liess and Geller 2012). The present
work suggests that an important research for future is
the understanding and quantifying of the extent of the
stratospheric influence on the underlying tropical
troposphere.
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