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[1] We examine equatorial wave structure in temperature measurements from the High
Resolution Dynamics Limb Sounder (HIRDLS) on the Aura satellite. Waves with periods
longer than 1 day and zonal wave numbers up to 8 (depending on frequency) are derived
from an asynoptic Fourier transform analysis. HIRDLS measurement sampling and
resolution afford unprecedented views of the latitude‐height structure of equatorial Rossby
wave, mixed Rossby‐gravity wave, and Kelvin wave modes at altitudes above cloud tops
in the tropical upper troposphere and stratosphere. Wave modes with vertical wavelength as
short as 4 km can be clearly seen in the data. Kelvin waves comprise a dominant signal
throughout the 3 years of HIRDLS measurements, and we further examine time, height, and
longitude variations observed in the Kelvin waves. An annual cycle of Kelvin wave
temperature amplitudes near the tropopause is observed that may have implications for
annual variations in wave‐cirrus formation in the tropics. This annual variation can
be largely explained by effects of the background wind and stability on Kelvin wave
propagation and potential energy in the tropical tropopause layer. At altitudes 20 km and
above, the annual cycle gives way to an interannual cycle in Kelvin wave amplitudes that is
related to the quasi‐biennial oscillation in stratospheric winds. This interannual variation
is a signature of Kelvin wave forcing of the descent of westerly winds in the oscillation,
and we compute the Kelvin wave fractional contribution to the forcing.

Citation: Alexander, M. J., and D. A. Ortland (2010), Equatorial waves in High Resolution Dynamics Limb Sounder (HIRDLS)
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1. Introduction

[2] Equatorial waves forced by tropical convection drive
the quasi‐biennial oscillation (QBO) in lower stratospheric
winds and contribute to driving semiannual oscillations in the
winds at higher altitudes [Holton, 1972; Giorgetta et al.,
2002; Kawatani et al., 2010; Garcia et al., 1997; Sassi and
Garcia, 1997]. Circulation responses to equatorial waves
may also be important for transport of trace constituents and
water vapor in the tropopause transition layer (TTL) [Boehm
and Lee, 2003; Norton, 2006; Fueglistaler et al., 2009; Ryu
and Lee, 2010]. Kelvin waves have been observed to play a
role in the formation and modulation of tropical cirrus clouds
[Boehm and Verlinde, 2000; Fujiwara et al., 2009] and may
play an important role in tropical cirrus occurrence frequen-
cies [Jensen and Pfister, 2004] and stratospheric water vapor
concentrations through their modulation of the tropical cold‐
point tropopause [Tsuda et al., 1994; Ryu et al., 2008].
Equatorial waves in the troposphere also serve to organize
tropical convection as evidenced by the wave signatures in

the space‐time spectrum of tropical clouds [Wheeler and
Kiladis, 1999; Kiladis et al., 2009].
[3] Satellite observations provide global coverage for

characterization of equatorial waves. Early satellite data
provided only coarse vertical and horizontal resolution, but
identified Kelvin wave modes with deep vertical structure
[Salby et al., 1984; Canziani et al., 1994, 1995; Shiotani
et al., 1997; Srikanth and Ortland, 1998]. Several recent
studies have analyzed the properties of stratospheric equa-
torial waves in global positioning system (GPS) temperatures
[Tsai et al., 2004; Randel and Wu, 2005; Alexander et al.,
2008] and in SABER (Sounding of the Atmosphere using
Broadband Emission Radiometry) temperatures [Ern et al.,
2008]. Randel and Wu [2005], using the limited set of GPS
measurements available at the time, analyzed temperatures
between 10 and 32 km, and identified Kelvin waves with
zonal wave numbers k = 1 and 2 using data averaged over the
latitudes 10°S–10°N. More recently, Alexander et al. [2008]
using a larger set of GPS measurements resolved tropical
waves up to k = 9 and described Kelvin waves up to k = 5 in an
analysis using 10° latitude resolution. Ern et al. [2008] ana-
lyzed SABER data at 4° latitude resolution at altitudes above
20 km, and found Kelvin waves, equatorial Rossby (ER)
waves, and mixed Rossby‐gravity (MRG) waves in 31 day
samples, and examined variations with QBO winds during a
4 year period. From SABER, Ern and Preusse [2009] also
estimated the Kelvin wave contribution to QBOwind driving.
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[4] Temperature measurements from the High Resolution
Dynamics Limb Sounder (HIRDLS) are capable of observing
the three‐dimensional and time‐varying properties of equa-
torial waves at high vertical and latitudinal resolution.
HIRDLS is a limb‐scanning instrument on the Aura satellite
that orbits in the international A‐Train satellite constellation
at high inclination in a Sun‐synchronous orbit [Gille et al.,
2008]. A vertical field of view projection at the limb of
only 1.2 km and vertical oversampling provide the high res-
olution necessary to observe the broad range of equatorial
wave vertical wavelengths, which have been observed to be
as short as 3–4.5 km [Holton et al., 2001]. A fast vertical scan
rate permits close spacing between temperature profiles along
the measurement track, giving very high latitudinal resolution
near the equator. The vertical resolution of HIRDLS tem-
perature measurements is comparable to temperatures
derived from GPS radio occultation [Gille et al., 2008], while
the space‐time sampling in the tropical region is much greater
than GPS. Global coverage of HIRDLS measurements is
obtained every 12 h at altitudes between cloud tops and
60 km. The resolution in latitude is approximately 1°, and
over 650 profiles are obtained daily between 10°S and 10°N
latitude. In contrast, GPS observations from both COSMIC
and CHAMP combined still only provide approximately
200 profiles per day at these latitudes. The GPS sampling is
approximately random, so that the resolutions in latitude and
longitude are approximately equivalent. On average, profiles
collected in a 12 h period near the equator are spaced ∼8°
apart. SABER has coarser vertical resolution ∼2 km, and
coarser latitude resolution of 3°. It samples ∼200 profiles per
day in the 10°S–10°N latitude band. HIRDLS may therefore
be able to observe equatorial waves with shorter vertical
wavelengths, and can more clearly define the latitudinal
structure of equatorial waves than previous measurements.
[5] We will examine the spectrum of equatorial waves

observed by HIRDLS as well as the latitudinal and vertical
structure of the wave modes resolved. Using 3 years of
measurements, we will also examine the sensitivity of the
spectrum to the phase of the QBO. Kelvin waves are a
dominant component of the spectrum, and we examine both
seasonal and interannual variations observed in these waves
and also estimate their effects on the zonal mean circulation
in the lower stratosphere.

2. HIRDLS Temperature Observations

[6] We use version 5 HIRDLS temperatures in this study.
Version 5 temperatures are very similar to previous versions,
but with improvements in temporal coverage. The data we
analyze here span the available 3 year data record January
2005 to January 2008. HIRDLS flies on the Aura satellite in a
98° inclination orbit, and it scans the limb at a 47° angle from
the orbit track. Profiles are reported at ∼0.75 km vertical
resolution, although the effective resolution is ∼1 km
[Gille et al., 2008]. Our analysis is conducted on the native
pressure‐altitude grid (henceforth referred to simply as
“altitude” with the symbol z). HIRDLS data include a cloud
detection algorithm. At and below any level identified as
cloud, the reported values are the a priori temperatures
because clouds are opaque to the infrared emissions that
HIRDLS detects. We therefore treat data at and below the
cloud level as missing. The number of these “missing” values

increases below the tropopause, contributing to increasing
error (fewer measurements) at low altitudes. The a priori data
may contain waves, so prior to the spectral analysis we fill
missing values with the zonal and time mean temperature.
Latitudes viewed by HIRDLS range from 65°S to 84°N.
In the present analysis we focus on equatorial latitudes, but
all latitudes are analyzed in the same way. Although the
HIRDLS temperature measurements extend from cloud top to
60 km in altitude, we focus here on altitudes 15–35 km,
including the QBO and the tropical tropopause layer.

3. Asynoptic Fourier Analysis

[7] We use the Salby [1982] method for asynoptically
sampled satellite observations to derive temperature spectra
as a function of zonal wave number k and frequency w. At
2.5° latitude increments, HIRDLS temperature data are sep-
arated into ascending and descending time series as a function
of height. The mean in each latitude bin determines the zonal
mean as a function of height. We subtract time mean of the
zonal mean from the temperature profiles to subsequently
study the perturbations. The longitude and time series for a
given number of days of measurements are interpolated to a
regular grid. The interpolation fills small gaps and corrects for
small irregularities in scan rate or position, etc. Longitude
resolution is on average 24.72°, and the number of orbits per
day is 14.56. At each altitude and latitude, we apply the
asynoptic Fourier space‐time analysis [Salby, 1982] to
identify prominent equatorial modes in the k − w domain.
This method resolves w lower than 1 day−1, and ∣k∣ up to
8 (depending on the frequency). The data are divided into
60 day periods with 30 day overlap. Each 60 day time series is
windowed with a Hanning (cosine) taper after removal of the
time mean zonal mean to ensure stationarity in time prior
to the Fourier analysis. Reconstructed time series for each
period can later be superimposed to produce a continuous
record over the 3 year data period.
[8] The spectrum averaged over all 3 years is dominated by

eastward propagating Kelvin waves in the lower stratosphere
below 30 km. Spectral power in westward propagating waves
in the ER band is second in importance. Dominant spectral
features are also known to be sensitive to the phase of the
QBO. To bring out weaker features in the spectrum and
examine the dependence on QBO phase, we average spectra
at different times/heights with positive shear in the equatorial
zonal winds (dU/dz) separately from times/heights with
negative shear. We use the entire 3 year period here and
altitudes in the lower stratosphere between 15 and 32 km.
Figure 1 shows the result. Eastward propagating waves are
plotted as positive wave numbers, and westward as negative.
Figure 1 (left) is the average spectrum at times and altitudes
when dU/dz > 0 and zonal wind is less than 8 m s−1. Figure 1
(right) is the spectrum averaged over times and altitudes when
dU/dz < 0 and zonal wind is greater than −20 m s−1. Black
regions at the extreme k are not resolved by the Salby method
applied to HIRDLS data. Low w waves with k = 0 are also
omitted because the diurnal migrating tide is aliased to this
position in the spectrum.
[9] Eastward propagating Kelvin waves remain the domi-

nant feature in both phases of the shear at k = 1–5 and w =
0.05–0.32 cy/d (periods 3–20 days). The dotted lines in
Figure 1 (left) outline phase speeds ranging from 7 to 75m s−1
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(equivalent to vertical wavelengths ∼2–24 km) and the above
k and w limits for Kelvin waves. Westward propagating ER
waves are also prominent in both phases at k = −1 and −2 and
periods longer than ∼10 days (w = 0.1 cy/d). The dispersion
curve for ER waves with meridional mode n = 1 [Matsuno,
1966] and vertical wavelength 20 km is also shown. When
shear is negative (descending easterly phase of the QBO),
power in the westward propagating MRG wave band with k
ranging −5 to 0 and periods ∼3–4.5 days (w = 0.23–0.32 cy/d)
becomes more apparent. The dotted lines on the right panel
show dispersion curves for MRG waves with vertical wave-
lengths 4 and 10 km. We can also see a weak signal of
eastward propagating inertia gravity waves with periods near
2 days in the spectra. Power at 1 day period will include
nonmigrating tides forced by latent heating at the diurnal
frequency.
[10] Figure 2 shows examples of equatorial wave modes

identified in the asynoptic Fourier analysis. Figure 2 (left)
shows a k = −2 mode with 4 day period in the MRG wave
region of the spectrum. The tropical confinement and asym-
metric structure across the equator with clear alternating
positive and negative phase with height are remarkable given

that the analysis at each latitude/height point is completely
independent of the others. The structure therefore confirms
the interpretation of this mode as a MRG wave. We also note
the very short vertical wavelength in this example, approxi-
mately 4 km, which is utilizing the full resolution of the
HIRDLS measurements. Figure 4 (middle) shows the struc-
ture of the k = −1mode with 20 day period that we interpret as
a n = 1 ER wave mode with symmetric structure across the
equator, largely confined to the lower stratosphere. Figure 4
(right) shows a Kelvin wave mode with k = 1 and 20 day
period. Note these are only examples. Other modes or at other
times can show much longer vertical wavelengths and/or
deeper structure extending into the mesosphere.
[11] Figures 3 and 4 show examples of the latitude, height,

and longitude structure of temperature filtered for the MRG
wave band and ER wave bands, respectively, during periods
of QBO westerly winds in the lower stratosphere. The MRG
filter corresponds to westward waves with k = 0–5 and ver-
tical wavelengths 4–10 km. Although theMRGwaves appear
weak in the averaged spectra in Figure 1, this is because they
are more sporadic in occurrence than the slower waves, and
they at times appear very clearly in the data. The character-

Figure 2. Examples of the latitude‐height structure of equatorial wave modes identified by the asynoptic
Fourier analysis of HIRDLS temperatures. The color scale is temperature (K). (left) MRG wave, (middle)
ER wave, and (right) Kelvin wave modes. Each panel is labeled with the mode zonal wave number and
period. The mode structures are clearest below ∼35 km in these examples.

Figure 1. Temperature spectra averaged when zonal wind shear is (left) positive and (right) negative.
Dotted white curves follow constant vertical wavelength dispersion curves for equatorial Rossby (ER),
Kelvin, and mixed Rossby‐gravity (MRG) waves as described in the text.
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istic equatorially trapped and antisymmetric structure across
the equator of the MRG waves is very clearly resolved here.
The ER wave filter includes westward k = 1–5, periods
shorter than 32 days, and vertical wavelengths shorter than
∼20 km. These transient ERwaves display their characteristic
symmetric structure. The 60 day window we have applied in
the spectral analysis is not optimal for the nearly stationary
ER waves, so we are only well‐resolving the transient com-
ponents here with periods shorter than ∼30 days. The filtered
results will include extratropical Rossby waves at higher
latitudes. Figures 3 and 4 also show the MRG and ER phase

tilts westward with height, and in time series (not shown) both
also show their westward propagation.

4. Kelvin Waves

[12] Strong signals in the Kelvin wave band are observed
throughout the HIRDLS 3 year record. We next examine
the Kelvin wave signals in the data throughout this period,
January 2005 to January 2008. The Kelvin waves are isolated
in k − w space using the spectral limits: 1 ≤ k ≤ 5, .05 ≤ w ≤
0.32 cpd, 7 ≤ c ≤ 75m s−1, where c =w/k is Kelvin wave phase
speed. Note that our filter would largely omit any power
associated with the slow Madden‐Julian oscillation [Madden
and Julian, 1994]. After application of the Kelvin wave filter,
the data are reconstructed as a function of latitude, longitude,
height, and time.

4.1. Annual Cycle in the TTL

[13] Kelvin wave temperature fluctuations at the equator
and at 16 km altitude are shown as a function of longitude
and time in Figure 5. At this altitude, amplitudes reach ±2K
and show a clear annual variation, with maximum values in
the northern summer months between May and October.
During these times, the largest amplitude oscillations tend to
cluster in two longitude regions: Over the eastern hemisphere
(including Africa, the Indian Ocean and western Pacific),
and over the eastern Pacific. Although at times, particularly
in 2006 and 2007, the perturbations are strong at all long-
itudes including the region of dateline. The annual cycle
disappears by 20 km altitude, above which an interannual
cycle dominates.

Figure 4. Structure of temperature signals filtered for ER
waves on day 354 in 2006. (top) Latitude height structure at
186° longitude. (bottom) Longitude height structure at −15°
latitude.

Figure 5. Temperature anomalies (K) at 16 km altitude at
the equator associated with Kelvin waves as a function of lon-
gitude and time spanning the 3 years of measurements.
The labels on the right indicate month of the year (e.g., F =
February). Dashed lines mark the months ofMay and October.

Figure 3. Structure of temperature signals filtered for MRG
waves on day 305 in 2006. (top) Latitude height structure at
90° longitude. (bottom) Longitude height structure at −10°
latitude.
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[14] One possibility for explaining this annual cycle would
be a variation in Kelvin wave forcing. Tropical convection
has pronounced annual cycles with the centers of maximum
convection crossing back and forth across the equator about
one month behind the latitude of zero solar zenith angle, but
in the tropical latitudes the maximum following the equinox
in March–April is much stronger than in September–October
[Meehl, 1987; Mitchell and Wallace, 1992]. At periods and
wave numbers associated with convectively coupled Kelvin
waves, outgoing longwave radiation (OLR) and TRMM
rainfall show a seasonal variation with maximum in northern
winter (October to April) [Cho et al., 2004], opposite to
the annual cycle we observe in Kelvin waves in the TTL.
Similarly, Masunaga [2007] found the maximum Kelvin
wave signal in OLR on the equator in the March–April–May
season.
[15] To compare the convectively coupled Kelvin wave

signal to our stratospheric Kelvin waves more directly, we
compute the band‐pass filtered Kelvin wave OLR signal for
the same 2005–2008 period covered by the HIRDLS data
using the NOAA Interpolated OLR product [Liebmann and
Smith, 1996]. We space‐time Fourier analyze the symmetric
component of 2.5° × 2.5° OLR data at latitudes 5°S–5°N. The
same Kelvin wave filter previously applied for the HIRDLS
temperature analysis is applied in the k − w domain before
transforming back to longitude‐time. We then compute

monthly means of the maximum amplitude and show the
results in Figure 6. Figure 6 (top) shows changes in time in
this OLRKelvin wave signal, which does not correspondwell
to the variations we observe in TTL Kelvin wave temperature
amplitudes (Figure 6, middle). The convectively coupled
waves peak ∼April with minima ∼August. The monthly mean
in the maximum Kelvin wave amplitudes shown in Figure 6
(middle) varies from ∼0.5 K or less from November through
April to ∼1–1.5 K in the June–August period. A previous
multiyear analysis of GPS temperatures [Alexander et al.,
2008] did not specifically report an annual cycle in Kelvin
wave amplitudes at these altitudes, but they did report a
similar lack of correspondence between convectively coupled
Kelvin waves in OLR data and Kelvin waves in GPS tem-
peratures during a 6 month period in 2007. Randel and Wu
[2005] saw largest TTL amplitudes for k = 1–2 Kelvin
waves during December–February in GPS temperatures, but
only examined a 14 month data record.
[16] Errors in the HIRDLS Kelvin wave temperature

amplitudes are also shown in Figure 6 (middle), and these do
display an annual cycle. Errors are smaller in boreal summer
and larger in boreal winter, opposite to the Kelvin wave
temperature amplitude cycle. The increase of noise in boreal
winter is caused by the decrease in the number of available
HIRDLS measurements (see section 2) due to the presence of
cirrus clouds in the colder TTL conditions during this season
[Massie et al., 2010]. The noise increase is however only
∼25–50% whereas the observed temperature amplitude
increases by a factor of ∼2. Selective data loss could poten-
tially exaggerate the decrease in temperature amplitudes if
larger amplitude waves preferentially induce cirrus forma-
tion, however this mechanism seems unlikely to fully account
for the observed annual cycle in amplitudes since it is seen at
altitudes as high as 18 km.
[17] Another explanation for the annual cycle at TTL alti-

tudes involves changes in the Kelvin wave potential energy
associated with changes in the background wind and stability.
To examine this effect, we start by considering conservative
propagation of Kelvin waves through the observed zonal
mean zonal wind and static stability fields as given by the
NCEP reanalysis. To isolate the effects of the background
atmosphere, we examine the case where wave action A in the
upper troposphere is constant in time. The assumption of
constant A is chosen as a way to place the focus on how
background wind and stability variations in time can affect
Kelvin wave temperature amplitudes. For Kelvin waves
propagating through a zonally uniform atmosphere, the wave
action flux (wave action times vertical group velocity Cgz) is
proportional to the momentum flux,

ACgz ¼ �u′w′

k
: ð1Þ

Perturbations (denoted with primes) are related to amplitudes
(denoted with tilde) as T ′ = ~Tei� where � is phase. Polariza-
tion relations for the Kelvin wave can be used to relate the
momentum flux to the Kelvin wave temperature amplitude ~T .
From the thermodynamic equation we can relate vertical
velocity and temperature perturbations,

w′ ¼ ig!̂

N 2

T ′

T
; ð2Þ

Figure 6. (top) OLR anomalies symmetric about the equator
associated with Kelvin waves as a function time spanning the
same period as in Figure 5. The values represent monthly
means of the maximum amplitude occurring in longitude.
(middle) Kelvin wave temperature amplitudes observed by
HIRDLS at 16 km altitude, also shown as monthly means of
the maximum values in longitude. (bottom) Time series of ~T
from (5) at 16 km altitude normalized by the minimum value.
Two curves are shown, for 10 m s−1 (solid line) and 15 m s−1

(dashed line) phase speeds.
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and horizontal wind perturbations can be related to vertical
wind perturbations via continuity,

u′ ¼ �m

k
w′: ð3Þ

Here � is the zonal mean′ density, g is gravitational acceler-
ation, !̂ = w − kU is the intrinsic frequency, and N is the
buoyancy frequency. Then using the Kelvin wave dispersion
relation !̂/N = −k/m,

ACgz ¼ �g2

2k

!̂

N3

~T

T

� �2

ð4Þ

If we assume A is constant in time, then at any one altitude,
the variations in Kelvin wave amplitude with time will be
governed by

~T

T
/ CgzN 3

!̂

� �1=2

¼ !̂N2

k

� �1=2

; ð5Þ

where the final equality uses Cgz = !̂/m and the dispersion
relation. At altitudes in the TTL between 13 and 18 km, the
variations in (5) show a clear annual cycle with phase that
matches the observed Kelvin wave amplitudes in the TTL.
Figure 6 (bottom) shows the results of (5) normalized by the
minimum in the time series at 16 km using observed winds
and stability and for two Kelvin waves with phase speeds
10 m s−1 (solid line) and 25 m s−1 (dashed line). The variation
in time is dominated by variations in N with a secondary
contribution from !̂. The latter effect means the variations are
more exaggerated for slower phase speed Kelvin waves. The
result illustrates that variations in energy flux and potential
energy associated solely with variations in the background
winds and static stability could largely explain the observed
annual cycle in Kelvin wave temperature amplitudes in the
TTL. Note that at lower altitudes, the time variations given by
(5) are very weak, and at altitudes above 18 km, the variations
have a QBO time scale.

[18] For completeness, we also examined whether a sea-
sonal change in the latitudinal scale (Ly) of the Kelvin waves
might cause the seasonal variation in Kelvin wave amplitudes
we observe on the equator. Following Hitchman and Leovy
[1988], Ly / !̂1/2. As Ly shrinks, the amplitude on the
equator is expected to grow [Hitchman and Leovy, 1988].
However, seasonal variations in temperature amplitude due to
these changes in Ly are relatively small near the tropopause,
and are opposite in phase to the observed cycle in Kelvin
wave temperature amplitude, so this effect cannot explain the
observed annual cycle in the TTL.
[19] The local Kelvin wave amplitudes shown in Figure 5

that reach ±2 K at 16 km during the boreal summer months
are similar to observed temperature oscillations affecting
cirrus cloud formation [Boehm and Verlinde, 2000]. The
annual cycle in the Kelvin wave temperature oscillations also
therefore suggests a possible annual cycle in Kelvin wave
cirrus cloud effects.

4.2. Interannual Cycle in the Lower Stratosphere

[20] The interannual cycle in Kelvin waves above 20 km is
illustrated in the time‐height plot of amplitudes on the equator
shown in Figure 7. The solid lines mark the descent of the
zero wind line where the QBO shifts from easterly to west-
erly. Kelvin wave amplitudes are largest just below this line
and decrease rapidly above it. This is an expected pattern if
Kelvin waves are driving the descent of the QBO westerly
winds with time. Similar interannual patterns following the
descent of westerly winds appear in analyses of SABER data
[Ern et al., 2008], although different in detail. Randel andWu
[2005] analyzed 14 months of CHAMP and SAC‐C GPS
temperature data, isolating Kelvin waves with k = 1–2. Their
results show a peak in Kelvin waves near the tropopause in
the December–January–February months. They also exam-
ined the “residual temperature variance” that had shorter
scales with k > 2. This residual shows qualitatively similar
patterns to our k = 1–5 Kelvin wave signal, suggesting that
at least some of their residual is likely due to higher wave
number Kelvin waves.

Figure 7. (left) Kelvin wave temperature amplitudes as a function of time and height at the equator. The
dashed white lines show the descent of the zero wind contour below the westerly wind phase with time. Kel-
vin wave amplitudes tend to peak below these lines. (right) Zonal mean winds on the equator taken from the
NCEP reanalysis for this same period. The contour interval is 10 m s−1.
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4.3. Kelvin Wave Momentum Fluxes and Mean Flow
Forcing

[21] We next compute Kelvin wave momentum fluxes
throughout the HIRDLS observation period and examine
their role in driving the QBO. Momentum flux can be esti-
mated directly from the HIRDLS temperature measurements
with

M ¼ �

2

k

m

g~T

NT

� �2

: ð6Þ

Written in this form, all terms in the equation can be derived
directly from the HIRDLS measurements. Kelvin wave
modes are isolated as a function of w and k using the Salby
method. This defines the monthly averaged temperature
amplitude as a function of wave number and frequency and
height ~T (k, w, z) for each mode resolved in the Kelvin wave
band. The vertical structurem is estimated with two methods.
In the first method, we compute the vertical variation in ver-
tical wave number m(z) for each mode using an S‐transform
wavelet‐type analysis, and estimate momentum flux with (6).
In the secondmethod, we estimatem(z) using the Kelvin wave
dispersion relation,

m zð Þ ¼ N zð Þk= !� U zð Þkð Þ; ð7Þ

where U(z) is the zonal wind and N(z) is the buoyancy fre-
quency. This second method requires supplementary wind
information, that we get from the zonal mean of the NCEP
reanalysis. The result gives monthly mean momentum flux as
a function of height and time. In both cases, results are
averaged over 5°S–5°N latitudes. We also compute the force
on the mean flow F, which is related to the vertical derivative
of the flux,

F ¼ �1

�

@M

@z
: ð8Þ

[22] Momentum fluxes derived from the two different
methods are compared in Figure 8 at an altitude of 18 km, just
above the tropopause. The results of both methods are very
similar, and differ by ∼20%. The force profiles derived from
the wavelet method, however, suffer from spectral resolution

limitations. These give sudden jumps in m(z) and also M(z)
(via (6)), so the derivative in (8) shows artificial peaks
wherever m jumps from one value to another. The use of
(7) on the other hand gives more smoothly varying flux
profiles that appear more realistic. We subsequently use this
second method, using (7) to compute m(z) for both the fluxes
and the mean flow forcing. The results are shown as a func-
tion of time and height in Figure 9. This is similar to the
method used in SABER Kelvin wave momentum flux esti-
mates [Ern and Preusse, 2009]. Our momentum fluxes
appear to be somewhat larger than reported in the SABER
analysis, possibly because the improved vertical resolution
of HIRDLS may allow us to see more of the spectrum. The
improved vertical resolution along with the HIRDLS cloud
detection product [Massie et al., 2007] also allows us to study
Kelvin waves at lower altitudes, closer to the tropopause,
where the fluxes are larger.

4.4. Kelvin Wave Forcing of the QBO

[23] The momentum fluxes in Figure 9 show dramatic
decreases with height as the waves approach the zero wind
line associated with the descending westerly winds with time
(dashed lines in Figure 9). From (8), the force (Figure 9,
bottom) correspondingly shows Kelvin wave participation in
driving the descent of the westerly wind phase of the QBO.
The force is only very weak or absent during peak westerly
winds as expected from theoretical understanding of the
wave driving of the QBO [Plumb, 1977;Holton and Lindzen,
1972]. We compute the fractional contribution of Kelvin
waves observed with HIRDLS to driving the QBO wind
acceleration at the equator. The total force is estimated using
a one‐dimensional approach suitable for Kelvin waves as
the sum of the observed zonal wind acceleration ∂U/∂t and
the vertical advection of the wind w* ∂U/∂z and shown in

Figure 8. Comparison of two methods for computing Kel-
vin wave momentum fluxes at 18 km altitude. Both methods
compute the flux from the observed temperatures and Fourier
analyzed k using (6). The dotted line uses a wavelet method to
determine m(z) while the solid line uses the dispersion rela-
tion (7) to compute m(z) using the Fourier analyzed w and
NCEP zonal winds.

Figure 9. (top) Time‐height changes in Kelvin wave
momentum flux and (bottom) the force on the mean flow
due to dissipation of this flux. The dashed white lines show
the zero wind line associated with descending westerly
winds in this altitude region where the QBO dominates the
circulation.
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Figure 10 (top). U is the monthly mean zonal mean wind as
defined by the NCEP reanalysis, and w* is the vertical
component of the transformed Eulerian mean meridional
circulation in the tropics [Andrews et al., 1987]. We neglect
other terms in the total force, including meridional advection
(because the QBO wind is approximately symmetric about
the equator) and the Coriolis force (which vanishes at the
equator). We adopt a profile of w* based on work by
Schoeberl et al. [2008] as given in Table 1. We neglect any
seasonal variations in w*, which are small compared to the
uncertainties [Schoeberl et al., 2008]. The acceleration term
and vertical advection term are comparable in magnitude,
although the advection term becomes more important in the
middle stratosphere than in the lower stratosphere.
[24] We next compute the ratio of the Kelvin wave force to

the total force wherever the total force exceeds 0.2 m s−1 d−1.
In other regions the total force in the denominator can become
too small leading to erroneously high fractions. The fraction
is shown in Figure 10 (bottom). An average value at all
heights 18–32 km and times when the total force exceeds
0.2 m s−1 d−1 (excluding fractions > 100%) is 47%. Changing
the threshold for total force from 0.1–0.25 m s−1 d−1 gives a
range of 44–49%. This fraction lies at the upper end of the
range estimated for all equatorial waves in the westerly phase
of the QBO in the Kawatani et al. [2010] model study. It is
difficult to compare directly to the fractional QBO forcing
reported by Ern and Preusse [2009], but certainly our results
appear very similar at times. The HIRDLS 5°S–5°N frac-
tional forcing tends to be larger than the SABER 10°S–10°N
forcing at times and heights close to the zero wind line during
descending westerlies. This could be partly due to resolution:
The finer HIRDLS vertical resolution will allow observation
of Kelvin waves at shorter vertical wavelengths, which will
occur under conditions of descending westerly winds. Our
result is however in general agreement with all of these and

other earlier studies, that Kelvin waves are responsible for
roughly half of the forcing during the descent of the QBO
westerly phase.

5. Conclusions

[25] We have shown results of an asynoptic Fourier anal-
ysis of HIRDLS temperatures in the tropics, and demon-
strated the ability of HIRDLS to resolve fine structure of
equatorial waves in both latitude and height. Vertical wave-
lengths as short as 4 km can be clearly observed. These short
vertical wavelength waves are particularly visible in the lower
stratosphere at times and altitudes when the QBO winds
Doppler shift and refract the waves to low intrinsic frequen-
cies and high vertical wave numbers. MRG waves, ER
waves, and Kelvin waves are clearly resolved in the k − w
temperature spectrum at k and w regions of the spectrum
identified by their dispersion relations [Matsuno, 1966]. The
theoretical latitude and height structures of these waves
appear very clearly in the data despite the fact that the analysis
is carried out independently at each 2.5° latitude bin and
height resolved by HIRDLS. Power at inertia‐gravity wave
frequencies is weak but also evident in the spectra.
[26] Kelvin waves form the strongest signal in the data

throughout the 3 year data record. We identify an annual
cycle in the temperature amplitudes of Kelvin waves at alti-
tudes in the TTL (∼15–18 km). Temperature amplitudes vary
annually by a factor of 2 or more at 16 km altitude, where cold
anomalies as large as 2K are observed in boreal summer‐to‐
fall months (∼May to October). These temperature anomalies
are cold enough to affect cirrus formation. Possible causes of
the annual cycle are investigated. Annual changes in zonal
mean wind (U) and static stability (N) can lead to an annual
cycle in Kelvin wave potential energy with the same phase
as seen in the observations, and with amplitude variations
that are largest for slow Kelvin waves. These effects of the
background atmosphere on wave propagation may be the
primary cause of the annual cycle in temperature amplitudes.
Loss of data due to the presence of high cirrus clouds also
has an annual cycle, with peak losses in the cold tropopause
conditions during boreal winter, which leads to enhanced
noise during this season. If these cirrus occur primarily within
the largest Kelvin wave cold anomalies, it is possible that data
loss may selectively remove measurements with largest
Kelvin wave amplitudes. We cannot investigate this possi-
bility further using HIRDLS data alone, but future inves-
tigations with GPS measurements may be able to resolve
this question. GPS temperature retrievals are influenced by
water vapor but are not sensitive to clouds and so should have
fewer such problems at TTL altitudes.
[27] We also examine an interannual cycle in Kelvin

waves observed in the stratosphere between 20 and 35 km. A

Figure 10. (top) Time‐height changes in the total force
required to drive the QBO and (bottom) the fraction of this
force contributed by Kelvin waves observed with HIRDLS.
The fraction is only computed in regions where the total force
exceeds 0.2 m s−1 d−1. The dashed white lines are again zero
wind lines as in Figure 9.

Table 1. Vertical Velocity Profilea

Altitude (km) w* (cm s−1)

16.1 0.039
18.6 0.031
21.0 0.028
24.5 0.043
27.4 0.058
32.2 0.071

aBased on Figure 7 of Schoeberl et al. [2008].
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descending peak in amplitudes in time following the zero
wind line of descending QBO westerlies appears very similar
to the analysis of Kelvin waves in SABER temperatures [Ern
and Preusse, 2009] and to the “residual temperature vari-
ance” (due to k higher than 2) in the Randel and Wu [2005]
GPS analysis. We analyze this as a signal of Kelvin wave
forcing of the descent of QBO westerlies, and compute
momentum fluxes and mean flow force due to Kelvin waves,
similarly to Ern and Preusse [2009], but using the higher‐
resolution HIRDLS data. Kelvin waves contribute on average
∼47% of the total wave forcing during the descent of the QBO
westerly phase at altitudes between 18 and 32 km, a fraction
that is near the upper end or comparable to other recent
estimates [Ern and Preusse, 2009; Kawatani et al., 2010].
Although differences in detail would likely be apparent in
one‐to‐one comparisons, particularly as Kelvin waves are
refracted to short vertical wavelength in descending westerly
winds, our estimates are in general agreement with other
earlier studies that have concluded that Kelvin waves are
responsible for roughly half of the forcing of the QBO
westerly phase.
[28] We have also examined the common assumption that

the vertical wave number m can be computed from the dis-
persion relation (7) using observedw and k and auxiliary wind
data. The comparison of Kelvin wave momentum fluxes
using observed and calculated m shown in Figure 8 suggests
the two methods give very similar results. However the fine
structure of the vertical profile of the flux, and therefore the
force via (8), differed in detail because of the limited spectral
resolution of the wavelet analysis we used to derivem directly
from the wave vertical structure.
[29] Our results have generally shown that the high vertical

and latitudinal resolution of HIRDLS allow a clearer view of
the properties of equatorial waves in the upper troposphere
and stratosphere, and their interactions with QBOwinds, than
previous satellite measurements.

[30] Acknowledgment. We would like to thank Matt Hitchman,
Masatomo Fujiwara, Jung‐Hee Ryu, Eric Jensen, and John Gille for helpful
discussions during the preparation of this manuscript.
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