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[1] Temperature fields in the equatorial upper troposphere and lower stratosphere,
derived from GPS radio occultation measurements for 2001–2002, show evidence for
planetary-scale Kelvin waves. These waves have a characteristic eastward phase tilt
with height and typical vertical wavelengths of �4–8 km. The Kelvin waves exhibit
coherent vertical structure over �12–25 km, with maximum amplitudes near the tropical
tropopause (�17 km). The waves are often quasi-stationary near the tropopause but
exhibit regular eastward propagation in the lower stratosphere (with periods near 20 days).
The quasi-stationary waves modulate the climatological cold tropopause over
Indonesia. The transient lower stratospheric waves show enhanced amplitudes coincident
with the descending westerly shear phase of the quasi-biennial oscillation (QBO).
Correlations with outgoing long-wave radiation (OLR) data show that global temperature
patterns over �12–17 km (with characteristic Kelvin wave structure) vary coherently
with transient deep convection over Indonesia.

Citation: Randel, W. J., and F. Wu (2005), Kelvin wave variability near the equatorial tropopause observed in GPS radio occultation
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1. Introduction

[2] A large fraction of the space-time variance in tropical
zonal wind and temperature fields is observed to be asso-
ciated with equatorially trapped, eastward propagating
oscillations termed Kelvin waves. Kelvin waves have been
observed in the equatorial troposphere and stratosphere, and
are typically identified by regular eastward phase progres-
sion, maximum amplitudes near the equator, and a quadra-
ture relationship between temperatures and zonal winds
(plus an absence of perturbation meridional winds). Kelvin
waves have been observed in the troposphere coupled to
convection, wherein the active convective centers travel
eastward, coupled to the wind and temperature fields. Such
modes were first identified by Takayabu and Murakami
[1991], and have been analyzed in observational data by
Wheeler and Kiladis [1999], Straub and Kiladis [2002], and
Yang et al. [2003]. These convectively coupled waves have
typical periods of �5–10 days, zonal wave numbers �3–6,
and eastward phase speeds of �15 m/s.
[3] Kelvin waves are also observed to propagate verti-

cally out of the troposphere, with enhanced amplitudes near
the tropical tropopause and in the stratosphere (depending
on the background stratospheric zonal winds). While these
waves are also primarily forced by deep convection, they
are ‘‘free’’ modes in the sense that they do not propagate
coherently with the convective centers in the middle tropo-
sphere. Rather, the wave characteristics depend on the
space-time patterns of the convective forcing, plus the

structure of the background winds and temperatures into
which they propagate [e.g., Garcia and Salby, 1987]. Such
Kelvin waves in the tropopause-lower stratosphere region
have been observed by radiosondes [e.g., Wallace and
Kousky, 1968; Tsuda et al., 1994; Holton et al., 2001],
and are characterized by periods of �10–20 days, global
longitudinal structure (zonal waves 1–2), and phase speeds
of �20–30 m/s. Both the convectively coupled and ‘‘free’’
Kelvin waves can significantly affect the behavior of the
tropical tropopause, and have been shown to influence
dehydration and cirrus formation [Fujiwara et al., 2001;
Boehm and Verlinde, 2000], ozone transport [Fujiwara et
al., 1998; Fujiwara and Takahashi, 2001] and the occur-
rence of turbulence [Fujiwara et al., 2003] near the
tropopause. Low-frequency Kelvin waves in the lower
stratosphere have also been observed in satellite tempera-
ture measurements [e.g., Shiotani et al., 1997; Canziani,
1999], although the short vertical wave structure (wave-
lengths of �5–10 km) is poorly resolved by most satellite
instruments. Faster planetary-scale Kelvin waves in the
middle and upper stratosphere (with periods of�5–10 days,
and vertical wavelengths >10 km) are better sampled by
satellites [e.g., Salby et al., 1984; Mote et al., 2002; Smith et
al., 2002].
[4] Recently, Tsai et al. [2004] have shown evidence for

equatorial Kelvin waves in the tropical upper troposphere
and lower stratosphere using temperature profiles derived
from Global Positioning System (GPS) radio occultation
measurements. These GPS temperature data are character-
ized by high accuracy (�1–2 K) and high vertical resolu-
tion (�0.2 km) over altitudes �10–30 km, and are useful
for characterizing temperature oscillations with short verti-
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cal wavelengths (especially for gravity waves, as by Tsuda
et al. [2000]). Tsai et al. [2004] use GPS measurements
from the German CHAMP and Argentine SAC-C satellites
during 2001–2002 to show evidence for equatorial Kelvin
waves spanning the upper troposphere to lower strato-
sphere. This study complements and extends the analyses
of Tsai et al. [2004] by examining the detailed time
variation of Kelvin wave activity in these GPS data. Two
topics of particular emphasis here are (1) how the observed
Kelvin waves are influenced by the background stratospheric
zonal winds, and (2) how Kelvin waves near and above the
tropopause are linked with tropical deep convection.

2. Data and Analyses

2.1. CHAMP and SAC-C Data

[5] The high vertical resolution and high accuracy of
GPS radio occultation temperature measurements was dem-
onstrated by the GPS/MET satellite, which collected data
during April 1995 to February 1997 [Kursinski et al., 1996;
Rocken et al., 1997]. In this work we use GPS data from
two follow-on satellite instruments, CHAMP (launched in
July 2000) and SAC-C (launched in November 2000), with
measurements available from both satellites since the
middle of 2001.
[6] Occultation measurements from CHAMP continue to

the present (early 2004), while the use of the SAC-C
instrument changed after November 2002 (to focus on
receiver testing). The analyses here concentrate on the time
period September 2001 to October 2002, when data from
both instruments are available. The temperature retrievals

were processed by the University Corporation for Atmo-
spheric Research (UCAR), but results are very similar to
independent retrievals performed at the Jet Propulsion
Laboratory (as used by Hajj et al. [2004]) and those from
the GeoForschungs Zentrum in Potsdam, Germany [Wickert
et al., 2001]. Hajj et al. [2004] have extensively character-
ized and compared the CHAMP and SAC-C temperature
retrievals, and demonstrate that individual profiles are
precise to <0.6 K over 5–15 km, increasing slightly to
�2K at 25 km. The vertical resolution of GPS retrievals can
approach �100 m, but the data used here are sampled on a
0.5 km grid.

2.2. Longitudinal Gridding

[7] Under normal conditions, daily occultations from both
CHAMP and SAC-C number �200 globally. However,
temperature retrievals can fail for a number of reasons, so
that in practice there are �100 temperature profiles per
day. The available measurements are approximately evenly
spaced in latitude, with slightly fewer near the equator.
Kelvin waves are centered over the equator with a symmetric
Gaussian latitudinal structure, with a typical meridional
e-folding scale of�15�–20� latitude [e.g.,Mote et al., 2002].
On the basis of this structure, we use all GPS measure-
ments over 10�N–10�S for each day to analyze Kelvin
wave variability. Figure 1 shows the data availability over
10�N–10�S for both CHAMP and SAC-C measurements,
for the period October 2001 to March 2002. The combined
sampling provides �20–30 measurements per day, approx-
imately evenly spaced in longitude (the detailed CHAMP
and SAC-C patterns in Figure 1 are different because of

Figure 1. Plots showing the location of individual (left) CHAMP and (right) SAC-C temperature
retrievals over 10�N–10�S for the period October 2001 to March 2002.
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differing satellite orbit inclinations). There are few lengthy
gaps in the combined data set during September 2001 to
October 2002, although one substantial gap occurs for the
period over 16–24 February 2002 (this period is omitted in
plots below).
[8] The data over 10�N–10�S at each altitude are gridded

in longitude and time based on a simple weighted average:

Tgridðl; tÞ¼
X
i

wiTiðl; tÞ=
X
i

wi ð1Þ

Here Ti(l,t) are the individual GPS measurements over

10�N–10�S for each day, and wi = exp � Dl
D

� �� 2þ Dt
T

� �2i� �

is a Gaussian weighting function in longitude and time,
using D = 10� and T = 1 day. The data are gridded on a 30�
longitude grid once daily, using (weighted) observations
within plus and minus two days. The profile data are
prescreened to remove outliers (data outside 3 sigma variance
at any level over 10–30 km). Overall, this mapping provides
a straightforward method to grid the irregular GPS measure-
ments, and effectively smooths over short data voids. Tests
with synthetic data show that the GPS sampling and gridding
via equation (1) can accurately resolve traveling planetary
waves with periods longer than �10 days; wave periods of
�6–10 days are resolved with approximately 1=2 their true
amplitude, while shorter periods are unresolved. The focus
here is primarily on waves with periods >10 days, for which
the gridding via equation (1) is well suited. Figure 2 shows an
example of the GPS measurements and gridded results for
one particular day (27 January 2002, at 18 km), showing a
reasonable fit of the large-scale structure. Note there is
considerable variability about the gridded fit, which is
probably true geophysical variability given the size of the
fluctuations (�2–5 K) and the precision of the GPS
measurements (�1 K at 18 km). We further analyze the
large-scale wave structure in the daily grids using zonal

Fourier analysis; results show that zonal waves 1–2 con-
tribute a majority of the gridded variance.

3. Results

3.1. Identification of Kelvin Waves

[9] To place the time period studied here in perspective,
Figure 3 shows altitude-time sections of equatorial zonal
mean temperature anomalies (deviations from the annual
cycle) and zonal winds for the period May 2001 to July
2003. The temperature anomalies (Figure 3a) are derived
from the combined CHAMP and SAC-C measurements,

Figure 2. An example of the longitudinal gridding of GPS
data for 1 day. Plus signs show individual GPS temperature
measurements at 18 km over 10�N–10�S, within ±1 day of
27 January 2002. The line indicates the mapped temperature
field derived from equation (1) on a 30� longitude grid.

Figure 3. Height-time variations during 2001–2003 of
(top) equatorial zonal mean temperature anomalies and
(bottom) near-equatorial zonal winds (m/s). Temperature
contours are ±0.5, 1.5, 2.5, . . .. The thick line near 17 km is
the cold point tropopause. Temperature anomalies are
derived from the combined CHAMP and SAC-C time
series by removing the annual cycle at each altitude. The
arrow in Figure 3b shows the time period covered by both
CHAMP and SAC-C, used to study kelvin waves in the
remainder of this paper.
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and deseasonalized by fitting a harmonic annual cycle at
each altitude (as by Randel et al. [2003]). The zonal winds
(Figure 3b) are from Singapore radiosonde measurements
(an update of the work by Naujokat [1986]). Both temper-
atures and zonal winds show strong variability associated
with the stratospheric quasi-biennial oscillation (QBO),
with descending warm anomalies associated with westerly
shear zones during 2001–2002, and oppositely signed
anomalies in 2002–2003. The period of September 2001
to October 2002 covered by the combined CHAMP and
SAC-C data (analyzed throughout the rest of the paper)
occurs during a descending westerly shear phase, and
previous observations have shown lower stratospheric Kel-
vin waves to be enhanced in QBO westerly shear [Angell et
al., 1973; Maruyama, 1991; Shiotani and Horinouchi,
1993]. Below we analyze the detailed Kelvin wave varia-
tions with respect to the QBO wind changes.
[10] Figures 4a and 4b show longitude-time diagrams

of temperature variations at 17 and 19 km during October
2001 to March 2002, constructed from the gridded data.
The 17 km level is near the tropical cold point tropo-
pause, and Figure 4a shows the known climatological
structure of cold temperatures over longitudes �90–
180�E associated with maximum convection over Indo-
nesia [e.g., Highwood and Hoskins, 1998; Seidel et al.,
2001; Randel et al., 2003]. The temperature minimum in
the cold region varies episodically during these months
(in response to variations in deep convection, as shown
below), but overall the patterns are quasi-stationary. In

contrast, temperature variations at 19 km (Figure 4b) show a
zonal wave 1 structure with regular eastward propagation,
and a period near 20 days (zonal phase speed of �20 m/s).
Figure 5 shows a similar diagram of the 17 km (near-
tropopause) temperature variations during April–September
2002. In addition to quasi-stationary wave structure (as in
Figure 4a), there are periods when eastward propagating
anomalies are evident, namely during May and August–
September 2002. The waves during these months have
periods of �20 days (May) and �30 days (August–
September), and there is a significant component of zonal
wave 2 structure for these times.
[11] The vertical structure of temperature waves for four

selected days with large wave amplitudes are shown in
Figure 6. These patterns show eastward phase tilt with
height (characteristic of Kelvin waves), with coherent
vertical structure over �12–25 km, and largest amplitudes
near and above the tropopause (indicated by the heavy line
in each panel). Note the significant depression of the
tropopause altitude (by �1 km) near 60�E in Figure 6b
associated with the Kelvin wave. Vertical wavelengths
near and above the tropopause during December–January
(Figures 6a and 6b) are approximately 6–8 km, and this is
typical for the large amplitude waves during November–
March. Note that the phase lines extending into the upper
troposphere in Figures 6a and 6b show more upright
behavior, with correspondingly longer vertical wavelengths.
Observations in May and September 2002 (Figures 6c
and 6d) show shorter vertical wavelengths of �4–5 km.

Figure 4. Longitude-time diagrams of mapped temperature variations over 10�N–10�S during October
2001 to March 2002 at (a) 17 km and (b) 19 km. Contours are ±0.5 K, 1.5 K, 2.5 K, . . . (zero contour
omitted).
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[12] The Kelvin wave event shown in Figure 6b is
particularly strong, and Figure 7 shows the associated wave
patterns in the original CHAMP and SAC-C temperature
profiles over �0–180�E (where wave amplitudes are larg-
est). Here we have included measurements within ±24 hours
of 28 January 2002, and simply subtracted the average
background structure to highlight anomalies. The anomalies
in Figure 7 show the global-scale coherence and eastward
phase tilt with height characteristic of upward propagating
Kelvin waves; note also that while the mapped wave
structure in Figure 6b has maximum amplitudes of �±5 K,
the anomalies in Figure 7 approach 10 K in several
places.
[13] Further evidence of the wave structures and vali-

dation of the GPS measurements is provided by near-
coincident comparisons with radiosonde temperature
measurements at Singapore (1�N, 104�E), as shown in
Figure 8. Here the ‘‘full’’ temperature profiles and anoma-
lies (deviations from the time average background) for GPS
and radiosonde data are shown for 5 and 29 January 2002;
note this latter date corresponds to the event shown in
Figures 6b and 7. The anomaly vertical profiles show good
agreement between the two measurements in terms of both
amplitude and phase structure. This agreement is character-
istic of other comparisons at Singapore during the period
December 2001 to February 2002, and this prompts confi-
dence in the global patterns derived from GPS data.
[14] The statistical behavior of Kelvin waves is often

described by space-time cross-spectral analyses [e.g., Salby

et al., 1984]. We have analyzed the gridded GPS data
following the standard wave number-frequency decompo-
sition of Hayashi [1982], using overlapping 60-day time
series centered on each month. Eastward traveling zonal
wave number one features dominate the spectrum, and
Figure 9a shows an altitude profile of wave 1 power over
12–26 km for January 2002, together with a vertical profile
of the equatorial zonal winds. Figure 9a shows a strong peak
for eastward traveling wave 1 with period near 20 days, and
maximum amplitude over �18–23 km (over the region of
easterly zonal winds). Note that the transient wave power in
Figure 9a does not extend strongly down to the tropopause
level (�17 km) or below for this period, consistent with
Figure 4a. There is also evidence for faster eastward waves
(�10 day period) above 23 km in Figure 9a.
[15] Figure 9b shows a similar wave 1 power spectrum,

but centered on May 2002. By this time the QBO easterlies
have disappeared, and weak westerlies (]10 m/s) exist
throughout the lower stratosphere. Eastward waves with
period �20 days still dominate the spectrum, but wave
amplitudes are confined to a narrow vertical region near
and above the tropopause (�17–20 km). Note the wave
phase speed (c � 20 m/s) is faster than the observed zonal
winds (�u � 10 m/s), so that the waves do not reach a
critical line (where c = �u). Spectra for August–September
2002 (a period of transience seen in Figure 5) are similar
to Figure 9b, with traveling wave power for both zonal
waves 1–2 concentrated in a narrow region near and
above the tropopause.

3.2. Temporal Variations in Wave Amplitude

[16] The overall space-time characteristics of the plane-
tary-scale equatorial waves in GPS data are consistent with
Kelvin waves. Here we consider the detailed time variations
in wave amplitudes, and their relationship to the back-
ground wind structure. Figure 10a shows height-time var-
iations in large-scale wave variance, derived from the
gridded temperature data over the entire period September
2001 to October 2002. This is calculated from the daily
longitudinally gridded data (e.g., the line in Figure 2), and
averaged over monthly samples. Figure 10b shows a similar
plot, but for the variance associated with the residual to the
gridding (e.g., the variability of the individual measure-
ments about the line in Figure 2). For reference, Figure 10c
shows the equatorial zonal wind during this time period
(i.e., a subset of Figure 3b).
[17] The large-scale wave variance (Figure 10a) shows a

maximum near the tropopause region, with enhanced mag-
nitudes during December 2001 to February 2002. This
variance maximum near the tropopause contrasts with the
traveling wave spectra in Figure 9, which exhibit maxima
somewhat above the tropopause (^19 km); these are
reconciled by the fact that quasi-stationary waves contribute
much of the near-tropopause variance (e.g., Figure 4a). The
residual variance (Figure 10b) also shows a maximum near
the tropopause, and the residual variance magnitude is in
general 2–3 times larger than the mapped large-scale
variance. This is an important result, showing that small-
scale features (i.e., waves not resolved in our coarse 30�
longitude gridding) contribute a majority of the tropopause
temperature variance in these high vertical resolution data.
The residual variance also shows a clear maximum in the

Figure 5. Same as Figure 4, but for data at 17 km during
April–September 2002.
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stratosphere that descends with time during September 2001
to April 2002, and closely follows the evolution of the zero
line in zonal mean wind (Figure 10c). Close inspection
shows a similar but weaker amplitude maximum in the
mapped variance (Figure 10a). A simple interpretation of
the relationship in Figure 10b is that the vertically propa-
gating waves responsible for the temperature variations
(likely small-scale gravity, inertia-gravity or other equatorial
waves) interact with the zero wind line (�u = 0), resulting in
enhanced temperature perturbations below this level (see
Appendix A).
[18] Figures 11a and 11b show the detailed time varia-

tions of large-scale (mapped) and residual temperature
variance over 16–23 km during September 2001 to October
2002. The large-scale variance is characterized by a high
degree of transience, in terms of episodic wave maxima.
These maxima are often correlated between adjacent levels,
but not over the entire altitude range. Note the apparent
strong influence of the (�u = 0) line in Figure 11a, as the
large-scale wave variance at 20 km and above drops to very
small values after �April 2002. This behavior is consistent

Figure 6. Height-longitude diagrams of mapped temperature anomalies over 10�N–10�S for four
selected days with clear Kelvin wave structure. Contours are ±0.5, 1.5, 2.5, . . ., and the heavy line near
17 km is the cold point tropopause.

Figure 7. Vertical profiles of GPS temperature anomalies
near the equator during 27–29 January 2002 (the period
shown in Figure 6b). Each profile shows anomalies
calculated by subtracting a background mean structure;
thick lines highlight positive temperatures. Temperature
scale is at top right.
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with the wave 1 power spectra and zonal wind changes
contrasted between Figures 9a and 9b (January–May 2002).
Time variations in residual variance (Figure 11b) also show
episodic behavior, but they are superimposed on a larger
amplitude ‘‘background’’ at each level (note the larger
residual variance values and different vertical scales in
Figures 11a and 11b). Note that the (�u = 0) line has a
somewhat different influence on the residual (Figure 11b) as
opposed to large scales (Figure 11a), as the residual vari-
ance above 20 km does not drop to near-zero values after
April 2002.

3.3. Links With Tropical Deep Convection

[19] Deep convection is a predominant source of wave
variability in the tropical atmosphere [e.g., Salby and
Garcia, 1987; Wheeler and Kiladis, 1999], and it is of
interest to study the relationship between the large-scale
Kelvin waves observed in GPS data and deep convection
during the same time period. As a proxy for deep convec-
tion, we analyze outgoing longwave radiation (OLR) mea-
surements, using the daily gridded OLR data available from
the NOAA Climate Diagnostics Center website http://
www.cdc.noaa.gov. These daily data are available on a
2.5� latitude-longitude grid, with data gaps filled by linear
interpolation to provide complete sampling. Tropical deep
convection is typically associated with OLR values below
�210 K. Figure 12 shows a longitude-time diagram of the
OLR data, averaged over 10�N–10�S, for the time period
October 2001 to March 2002 (identical to that in Figure 4).
The most intense and variable deep convection is observed
over the sector �60�–180�E (near Indonesia), and much of
the variability during this time period appears in slowly
eastward propagating features (phase speeds ] 5 m/s)
associated with the tropical intraseasonal or Madden-Julian
oscillation [Madden and Julian, 1971]. Note that the phase
speed of the traveling OLR patterns in Figure 12 is much
slower than the tropopause-lower stratosphere Kelvin waves
observed in Figure 4, so that the latter are not continuously
coupled to convection. Rather, the observed Kelvin waves

are more consistent with ‘‘free’’ modes forced by the broad
spectrum of convective variability, especially that over the
active Indonesian region.
[20] Daily variability in the intensity of convection near

Indonesia is quantified in Figure 13, showing OLR aver-
aged over 10�N–10�S and 60�–180�E for the period
September 2001 to October 2002. This reveals episodic
variations in convective intensity with a broad range of
timescales (�20–60 days). Figure 13 also shows time series
of large-scale (mapped) temperature variance at 16.5 km
derived from GPS data (the same time series shown in
Figure 11a). Figure 13 shows that peaks in wave variance
near the tropopause are often linked with peaks in deep
convection (as noted by the arrows in Figure 13), although
the correspondence is not exact (e.g., the convective peak in
June 2002 without a temperature wave maximum). The
correlation between the time series in Figure 13 is 0.54,
which is significant at the 1% level. Similar correlations
between OLR and large-scale temperature wave variance
are observed for all levels over 12–18 km. However, the
correlations do not extend to levels above 19 km, and this is
at least partly due to the strong influence of the stratospheric
zonal winds on wave amplitudes seen in Figure 11a.
[21] The spatial structure of equatorial temperature varia-

tions correlated with deep convection near Indonesia is
shown in Figure 14a. This shows a map of the correlations
between the OLR time series shown in Figure 13 (OLR
averaged over 10�N–10�S and 60–180�E) and the mapped
temperature fields at each longitude and height. The calcu-
lations are made for the period November 2001 to March
2002, which is the period of strongest wave activity.
Resampling calculations suggest that correlations with
magnitudes of �0.3 are significant at the 5% level. The
correlation patterns in Figure 14a show a clear eastward
tilting Kelvin wave structure spanning the upper tropo-
sphere-lower stratosphere, very similar to the individual
day ‘‘snapshots’’ shown in Figure 6. These correlations
with OLR demonstrate that the Kelvin waves are directly
related to episodic convective forcing. Upper tropospheric

Figure 8. Vertical profiles of temperatures (left lines) and temperature anomalies (right lines) for
Singapore radiosonde measurements (thin lines) and nearby GPS retrievals (thick lines). Two
comparisons are shown for (a) 5 January and (b) 29 January 2002. Anomalies are defined by subtracting
a seasonal mean background structure.

D03102 RANDEL AND WU: KELVIN WAVES NEAR THE TROPOPAUSE

7 of 13

D03102



temperatures (�10–14 km) show a dipole structure, with
warm anomalies near the dateline (east of convection) and
cold anomalies to the west. At tropopause level (17 km), the
temperature response in oppositely signed, with cold
anomalies over �120–210�E, and warm anomalies over
�0–90�E. These episodic dipole variations in equatorial
tropopause temperature are evident in Figure 4a. We note
that the eastward tilting temperature correlation patterns in
Figure 14a resemble the temperature anomalies isolated for
convectively coupled Kelvin waves of Wheeler et al. [2000,
Figure 7]. There is a substantial difference in zonal scales,
however, in that the convectively coupled waves span a

horizontal range of �100� longitude, whereas the patterns
in Figure 14a are truly global scale.
[22] Figure 15 shows an example of the relation between

convective forcing and global-scale temperature response
near the tropopause revealed in GPS data, based on the large
amplitude wave event of late January 2002 (see Figure 13).
During this time deep convection occurs over longitudes
�70–110 E and �140–170 E (see Figure 12), and reaches
altitudes of approximately 11–13 km (based on the OLR
values converted to brightness temperature, and then to
height based on the background temperature field). The
vertical profile of thermal forcing in these convective
systems typically has a broad maximum in the middle
troposphere over �2–8 km [e.g., Johnson and Ciesielski,
2000]. The mapped GPS temperatures highlight a global-
scale Kelvin wave response to this forcing near and above
the tropopause, with amplitudes of �±5 K (or larger; see
Figures 7 and 8b), together with a significant modulation of
the tropopause itself.
[23] The cold temperature anomalies that overly convec-

tion near and below the tropopause (�14–17 km) in
Figures 14a and 15 are consistent with cooling due to
convective detrainment above the level of neutral buoyancy
[Sherwood and Dessler, 2001; Kuang and Bretherton,
2004]. However, this local cooling is clearly embedded
within a larger (planetary) scale temperature pattern associ-
ated with the Kelvin wave. Thus the observed temperature
response to transient deep convection is consistent with both
convective cooling and a global-scale response, and these
may in fact reinforce each other in the tropopause region.
Note that because the overall temperature response is highly
nonload in space, estimates of temperature changes only
colocated with convection [e.g., Sherwood et al., 2003] will
neglect the important far-field response.
[24] Figure 14b shows a temperature-OLR correlation

map for the time period April–September 2002. Spatial
patterns similar to those in Figure 14a are observed in the
upper troposphere and near-tropopause level, but the corre-
lations do not extend above the tropopause. This simply
reflects the fact that the large-scale waves do not propagate
into the lower stratosphere during QBO westerly winds
(e.g., Figure 11a). The local cooling above convection
(�14–17 km) is again seen to be embedded in a plane-
tary-scale structure, with implications as discussed above.

4. Summary and Discussion

[25] GPS radio occultation measurements provide high
vertical resolution temperature profiles, which are useful
for quantifying and understanding thermal variability of
the tropical tropopause region. We have used GPS tem-
perature profiles derived from the CHAMP and SAC-C
satellites to study the variability of Kelvin waves near
and above the equatorial tropopause during 2001–2002.
The Kelvin waves have planetary zonal scales (zonal
waves 1–2), and are identified by a characteristic
eastward phase tilt with height. Vertical wavelengths of
�6–8 km are observed near and above the tropopause in
December 2001 to January 2002 (Figures 6a and 6b), while
shorter vertical wavelengths (�4–5 km) are observed in
May and August–September 2002 (Figures 6c and 6d). The
Kelvin wave temperature variations have (mapped) ampli-

Figure 9. Altitude profiles of zonal wave number 1 space-
time power spectra calculated from gridded GPS data, for
60-day time series centered on (a) January 2002 and
(b) May 2002. Numbers on the top axis refer to zonal
phase speed (m/s). Right panels show the corresponding
zonal mean zonal winds taken from ERA40 reanalyses.
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tudes of �2–4 K, but can approach 10 K in individual
profiles (Figure 7). The wave structures are often quasi-
stationary near the tropopause, but exhibit regular eastward
propagation in the lower stratosphere (with periods near
20 days). Eastward propagation is also observed near the
tropopause for several periods (May and August–September
2002). The temperature anomalies derived from GPS data
are in good agreement with near-coincident radiosonde
measurements (Figure 8), enhancing confidence in the
global GPS structures.
[26] The combination of quasi-stationary behavior near

the tropopause and eastward propagation in the lower
stratosphere is consistent with the modeling results of
Garcia and Salby [1987], who consider the atmospheric
response to a broad spectrum of transient tropical convec-
tive forcing. A combination of low- and high-frequency
convective forcings (e.g., the OLR variations seen in
Figure 12) result in a quasi-stationary temperature response
coincident with the forcing (with cooling near tropopause
level), together with vertically propagating Kelvin waves

above this region. The stationary wave structure near the
tropopause region is also found in the modeling results of
Highwood and Hoskins [1998]. The eastward phase tilt of
the time-average temperature field near the tropopause
[Randel et al., 2003, Figure 6] reflects the quasi-stationary
Kelvin wave patterns shown here.
[27] The traveling Kelvin waves observed in the lower

stratosphere have periods �20 days throughout the record
here, while the vertical wavelength changes between 6–
8 km (December 2001 to January 2002) and 4–5 km (May
and September 2002). These variations in vertical wave-
length are consistent with the Kelvin wave dispersion
relation [e.g., Andrews et al., 1987] and changes in the
background zonal winds. For Kelvin waves, the vertical
wave number m is related to the background flow accord-
ing to:

m ¼ N

�u� cð Þ : ð2Þ

Figure 10. Height-time profiles of (a) mapped temperature variance, (b) residual temperature variance,
and (c) equatorial zonal winds (m/s) derived for monthly averaged data. Temperature variance units are
K2, with values above 2 and 4 K2 shaded in Figures 10a and 10b, respectively. The horizontal line near
17 km is the cold point tropopause, and the red line in Figures 10a and 10b corresponds to the �u = 0
line in Figure 10c.
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Here m = 2p
lz
, with lz the vertical wavelength, N is the

Brunt-Vaisala frequency (�2 � 10�2 s�1 in the strato-
sphere), �u is the background zonal wind and c the zonal
phase speed. For zonal wave 1 features with �20 day
period, c � 20 m/s. For the period December 2001 to

January 2002 the background zonal winds in the lower
stratosphere are �u � �10 m/s (Figure 9a), and this results
in a calculated lz � 9 km. During May (and September)
2002, the zonal winds are �5 m/s (Figure 9b), which gives
a calculated lz � 5 km. Thus the changes in vertical
wavelength seen in Figures 6a–6d are approximately
consistent with observed variations in lower stratospheric
zonal winds (which are in turn associated with the QBO).
[28] Previous analyses of radiosonde data [Angell et al.,

1973; Maruyama, 1991; Shiotani and Horinouchi, 1993;
Sato et al., 1994; Canziani and Holton, 1998] have shown
that lower stratospheric Kelvin waves achieve maximum
amplitudes when the background QBO winds have strong
westerly shear. The GPS observations here are consistent
with this: the strongest Kelvin waves are observed during
November 2001 to May 2002, coincident with the descend-
ing westerly shear zone of the QBO (Figure 10). The
altitude range of the Kelvin waves appears linked to the
strong westerly shear zone: during January 2002 the waves
extend over �17–24 km, whereas in May and August–
September 2002 a narrower vertical extent (�17–20 km) is
observed (Figure 9). Virtually no planetary-scale waves are
observed above �20 km after the QBO winds change to
westerlies (Figure 11a). We note that the Kelvin waves (with
phase speeds of^ 20 m/s) do not experience a critical region

Figure 11. Time series of daily temperature variance at
individual altitude levels during September 2001 to October
2002 derived from GPS data. (a) Large-scale (mapped)
variance and (b) residual temperature variance; note the
different vertical scales between Figures 11a and 11b. The
thick sloping line corresponds to the �u = 0 line from
Figure 10c.

Figure 12. Longitude-time diagram of outgoing longwave
radiation (OLR) over 10�N–10�S during October 2001 to
March 2002 (the same time period as in Figure 4). Blue and
green colors correspond to deep convection. The arrow (on
27 January) denotes the time period shown in Figure 15.
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(where �u = c; see Appendix A); the strong relationship with
background winds may rather be due to thermal damping
which is inversely proportional to the vertical group velocity
(Cgz � j�u � cj2) [see Shiotani and Horinouchi, 1993].
[29] A large fraction of the temperature variance in the

GPS measurements is associated with the residual to the
large-scale mapped data (see Figures 2 and 10b). These
small-scale features probably represent true geophysical
variability, given the accuracy of the GPS measurements,
and are likely attributable to smaller-scale waves, such as
gravity or inertia-gravity waves [Shimizu and Tsuda, 1997;
Tsuda et al., 2000], or a variety of other equatorially trapped
modes [e.g., Wheeler and Kiladis, 1999]. Enhanced ampli-
tudes of inertia-gravity waves in the deep tropics have been
observed [Allen and Vincent, 1995; Tsuda et al., 2000] and
have been explained by Alexander et al. [2002] as a
straightforward consequence of the latitudinal variation of
the Coriolis parameter. The observations here (Figure 10b)
show a clear maximum in small-scale wave variance near
the tropopause, and a similar temperature variance maxi-
mum near the tropical tropopause is found in the radiosonde
data analysis of Sato et al. [1994]. Sato et al. [1994]
furthermore show that this local variance maximum is
associated with wave periods longer than �3 days, but this
does not discriminate between equatorially trapped versus
inertia-gravity waves (which have periods longer than 3
days equatorward of 10� latitude). Further characterization
of these small-scale temperature variations near the tropo-
pause is important, for example for understanding the
details of dehydration and cirrus formation [Jensen and
Pfister, 2004; M. Niwano, Tenuous cloud in the tropical
tropopause layer as observed by HALOE, submitted to
Geophysical Research Letters, 2004]. The GPS data here
also show an intriguing enhancement of wave variance in
the lower stratosphere that descends with time in concert
with the descending QBO zero wind line. The residual
wave variance is a maximum approximately 1–2 km below

the (�u = 0) line, and this maximum is qualitatively consis-
tent with the expected behavior of gravity or inertia-gravity
waves (see Appendix A).
[30] Tropical Kelvin waves are primarily forced by tran-

sient deep convection, and we have studied this relationship
using global OLR data as a proxy for convective activity.
Large-scale wave amplitude variations throughout the upper

Figure 13. Time series of large-scale temperature variance
at 16.5 km (top curve) and OLR averaged over 10�N–10�S,
60�–180�E (near Indonesia, bottom curve). Note the
relationship between maxima in wave variance and transient
convection, as indicated by the arrowed events.

Figure 14. Correlation maps between OLR variations over
10�N–10�S, 60�–180�E (the location is indicated by the
thick arrows; the time series is shown in Figure 13) and
mapped GPS temperature data at each longitude and
altitude. The temperature time series have been lagged by
2 days with respect to OLR to maximize the overall
correlations. The sign of the correlations is such that
negative (dashed) lines refer to cold temperature anomalies
during enhanced convection (low OLR). Contours are ±0.2,
0.3, 0.4, . . .. The thick line is the cold point tropopause.
Results are shown for the periods (a) November 2001 to
March 2002 and (b) April–September 2002.
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troposphere are linked with the magnitude of transient
convection near Indonesia (Figure 13). The spatial patterns
of temperature correlations show a characteristic Kelvin
wave structure (Figure 14), demonstrating that the Kelvin
waves observed in GPS data are a response to transient deep
convection. The Kelvin waves extend into the lower strato-
sphere when QBO easterlies are present (November 2001 to
March 2002, Figures 14a and 15), whereas the response is
confined mainly to the upper troposphere when the QBO is
in the westerly phase (April–September 2002, Figure 14b).
In both cases, transient convection near Indonesia causes a
planetary-scale temperature response near the tropical tro-
popause, with a dipole pattern of warm and cold anomalies
(with cold temperatures overlying the convection). These
patterns are in good agreement with the calculated response
to a broad spectrum of tropospheric convective heating
[e.g., Garcia and Salby, 1987]. However, the cold anoma-
lies overlying convection over �14–17 km are also con-
sistent with cooling due to convective detrainment above
the level of neutral buoyancy [Sherwood and Dessler, 2001;
Kuang and Bretherton, 2004]. Thus both of these effects
(global-scale wave response and convective cooling) may
contribute to the observed cooling of the tropopause region
above deep convection, and may in fact reinforce each
other. The global-scale temperature response to localized
forcing is important to recognize in assessing the impacts of
convection on the tropopause region.

Appendix A: Increase of Residual Temperature
Variance Below the ���u == 0 Level

[31] The increase in residual temperature variance in
the lower stratosphere (below the �u = 0 level) seen in
Figure 10b, and its coherent descent in time with the �u = 0
level, suggest an interaction between the small-scale waves
and the �u = 0 region. Assuming that the small-scale features
observed in GPS temperature data are associated with

tropical gravity or inertia-gravity waves [Tsuda et al.,
2000], this variance increase can be attributable to two
(related) processes. First, temperature perturbations associ-
ated with vertically propagating gravity waves in back-
ground shear flow have a functional dependence like dT �
j�u � cj�1/2 [Lindzen, 1981, equation (6)], and thus temper-
ature variance will behave as j�u � cj�1. For a spectrum of
tropical inertia gravity waves with phase speeds centered
around c = 0 [e.g., Alexander and Holton, 1997], temper-
ature variance will increase as the �u = 0 (critical) level is
approached. Nonlinear effects and dissipation will limit this
growth close to the critical level, so that temperature
variance will maximize below; Figure 10b shows the
temperature variance maximum 1–2 km below the �u = 0
level.
[32] A second process that may contribute to the variance

increase is that the vertical group velocity for inertia-gravity
waves slows down as the waves approach a critical level
(Cgz � j�u � cj2). For intermittent wave sources (e.g., from
transient tropical convection) and ‘‘snapshot’’ observations
(like GPS), the probability of observing wave temperature
perturbations is proportional to Cgz

�1, or j�u � cj�2 [see
Alexander et al., 2002]. Both the intrinsic growth in
temperature perturbations and the increased ‘‘observability’’
near the critical line may contribute to the observed behav-
ior in Figure 10b.
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