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Space-time variations of Equatorial Kelvin Wave Activity and

Intraseasonal Oscillation around the tropical tropopause region

“Junko Suzuki and Masato Shiotani
Research Institute for Sustainable Humanosphere (RISH), Kyoto University

Abstract

Space-time variations of the temperature and the zonal wind around the tropical tropopause region
are examined using the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis
data set (ERA-40). The spectral analysis is performed to calculate power spectra in the zonal wavenumber
and frequency domain for the zonal wind data. Two spectral peaks are found: one is in a region with
frequency 0.035-0.25 [1/day] and zonal wavenumber 1-10 for the Kelvin wave, and the other in a region
with frequency 0.011-0.035 [1/day] and zonal wavenumber 1-10 for the Intraseasonal Oscillation (ISO).
On the basis of these frequency-wavenumber domains the grid data are reconstructed to represent Kelvin
wave and the ISO activities, and the variances are calculated from the gridded data to see space-time
variations of the Kelvin wave and the ISO. The ISO activity is clearly related to the eastward propagating
convections, though the Kelvin wave activity is organized around 60°E (the western Indian Ocean)
throughout the year. We selected Kelvin wave events from the reconstructed zonal wind data with a
threshold of -2.938 [m/s] to see the life cycle of the Kelvin waves. Kelvin waves with high activity around
60°E begin mostly around 30°W to 60°E and disappear around 60°E to 150°E. By performing the
composite analysis for the Kelvin wave events we found that the Kelvin wave generation is closely coupled
with the convective event, though the area of the Kelvin wave generation does not correspond to the active

convective area such as in the western Pacific.

Keywords

equatorial Kelvin wave, tropical tropopause region

1. INTRODUCTION

Many types of the atmospheric waves with various periods and wavenumbers are found around
tropics. The latent heat release due to evaporation in deep convections is an important energy source for
these waves. Among them the Kelvin wave is one of the most dominant equatorial waves. In the

stratosphere, the Kelvin wave has been mainly studied for understanding mechanisms of the Quasi-Bienniel



Oscillation (QBO) and the Semi-Annual Oscillation (SAO) from the view point of its possible transport of
momentum. In the troposphere, the Kelvin wave is assumed as a convectively coupled wave and is detected
in the wavenumber-frequency spectra of tropical clouds using the outgoing longwave radiation (OLR) data
(Wheeler el al., 2000). They specified the wavenumber and frequency domains of the Kelvin wave under
the linear theory for zonally and vertically propagating equatorial waves. In the tropical tropopause region,
a transition layer between the troposphere and the stratosphere, it is emphasized that the Kelvin wave plays
a critical role in mixing and possible exchanges between the troposphere and the stratosphere (Fujiwara et
al., 1998). Moreover there is another eastward propagating signal with different periodicity. Eguchi and
Shiotani (2004) investigated distributions of meteorological fields associated with the Intraseasonal
Oscillation (ISO) using satellite data. However, Kelvin wave and ISO activities around the tropopause have
not been clearly ducumented in view of the global and seasonal characteristics with use of the long term
data. In this study we will investigate these activities on the basis of the European Centre for Medium-

Range Weather Forecasts (ECMWF) Re-Analysis data set (ERA-40).

2. DATA AND METHODOLOGY

Two datasets are utilized in this study: European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40) data and OLR data from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites. In order to investigate signals in the dynamical fields, we
used the ERA-40 data that is available on a 2.5° x2.5° grid and every 6 hours over the period from
September 1957 to August 2002. The OLR data are available on a 2.5° x2.5° grid over the period from
January 1979 to August 2002, and used as a proxy of convective activity.

Because the Kelvin wave has a symmetric structure about the equator, antisymmetric-symmetric
decomposition is used for the data; the gridded field as a function of latitude, @, can be written as OLR(¢) =
[OLRA(p) + OLRS(p)]. where OLRA(p) = [OLR(9) — OLR(-9)]/2 is the antisymmetric component, and
OLRS(¢) = [OLR(p) + OLR(-¢)]/2 is the symmetric component (Wheeler and Kiladis, 1999). Then, the
space-time spectral analysis is performed to calculate power spectra in the zonal wavenumber and
frequency domain. These are averaged over the latitudes between 15°S and 15°N. In order to see features
about Kelvin waves in the zonal wavenumber and frequency domain, power spectra calculated from
symmetric data (hereafter symmetric power spectra) are divided by those calculated from the original data
(hereafter background power spectra). Since the raw but unfiltered power spectra have large estimated

errors especially in high frequency, the power spectra are smoothed with a 1-2-1 filter.

3. RESULTS
3.1, Power spectra

Figure 1 shows a contour plot of the symmetric power spectra divided by the background power
spectra for the zonal wind field at 100 [hPa] around the tropical tropopause region. There exist two strong

powers in the eastward propagating signals. One has zonal wavenumbers from 1 to 4 and frequencies from



0.011 to 0.035 [1/day], and the other has wavenumbers from 1 to 10, frequencies from 0.035 to 0.25
[1/day]. The equivalent depth which can be transformed into phase speed is also plotted. Additionally, by
executing the wavenumber-frequency cross-spectral analysis between zonal wind and temperature at 100
[hPa], we found the phase for the temperature field precedes that for the zonal wind about 90° (not shown).
This result consists with the theoretical structure of the Kelvin wave. The ISO spectral peak has a period
close to the Madden-Julian oscillation (MJO). The MJO is an eastward moving system with a period
around 35 — 95 [day] (Hendon and Salby, 1994) in the troposphere. The ISO peak suggests that the MJO

influences dynamical fields around the tropopause region.
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Figure 1. Zonal wavenumber-frequency plot for the symmetric zonal wind power spectra divided by the
background power spectra averaged over the latitudes between 15°S and 15°N at 100 [hPa]. Contour

interval is 0.1. Shading is also incremented in a step of 0.1.

3.2.  Wave activities

Gridded data are restructured as representing space-time variations of the Kelvin wave (hereafter
Kelvin wave data) and the ISO (thereafter ISO data) using the FFTs and the inverse FFTs for the spectral
regions mentioned above. Figure 2 shows Hovmoller diagrams (time versus longitude plot) for the
restructured zonal wind data at 100hPa and OLR data averaged over the latitudes 15°S and 15°N in 1990.
This year is recognized as a normal one from the view point of the ENSO cycle. Eastward propagation is
clearly seen throughout the year especially in the eastern hemisphere during the northern winter. The
Kelvin wave signal prevails more uniformly, but the amplitude is smaller than that of the ISO. Since the
eastward propagating signals of easterly (westerly) wind anomalies are in-phase with the negative
(positive) OLR anomalies for the ISO, almost all the signals are recognized as being convectively coupled
systems. The phase speed increases, and the amplitude is reduced in the western hemisphere. These
features are similar to those of the MJO (e.g. Hendon and Salby, 1994). For the Kelvin wave, however, it

does not seem to be clearly related to the convectively coupled system.
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Figure 2. Longitude-time section of the Kelvin wave and ISO filtered zonal wind anomaly (shading) and
OLR anomaly averaged between 15°S and 15°N in 1990. Contour intervals are 8.0 [W/m”].

3.21 ISO activities

Figure 3 shows time-longitude section of climatological ISO activity as represented by the square
amplitude calculated for each month and longitude grid. The amplitudes are averaged over the latitudes
between 5°S and 5°N for the zonal wind field at 100 [hPa] (top) and for the OLR (bottom). The ISO
activity in the zonal wind field has an annual maximum during the northern winter and May with large
values on the eastern hemisphere, especially around 130°E. These spatial and temporal variations agree
closely with those of deep convection activity inferred from the OLR data, and they might be related to the
annual variation of the MJO (Jones et al., 2004). This suggests the most of the ISO signals are coupled

with convections, and are probably coupled with the MJO systems.
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Figure 3. Time-longitude section of ISO activity for the zonal wind field at 100 [hPa] (above) and OLR
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(bottom) described as the squared amplitude averaged over the latitudes between 5°S and 5°N. For the
upper figure contour interval is 2.5 [m?*/s°] and shading levels are 15.0, 20.0, 25.0 and 30.0 [m?*/s°]. For the

bottom figure contour interval is 25 [Wz/m4] and shading levels are 100, 150.
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Figure 4. Same as Figure 3 but for Kelvin wave activity. Contour interval is 0.5 [m*/s*] and shading

levels are 5.0, 6.0, 7.0 and 8.0 [mz/sz].



3.2.2. Kelvin wave activities

Figure 4 shows time-longitude section of Kelvin wave activity averaged over the latitudes
between 5°S and 5°N for the zonal wind field at 100 [hPa]. Annual maxima are seen in January to March
and May to August. The most active region throughout the year is located in the eastern hemisphere,
especially around 60°E. Of most relevance for the propagation of the Kelvin wave is the presence of zonal
wind flow from the source region to the arrival region. The eastern hemisphere is a good condition for the
propagation of Kelvin wave, because there are easterly winds between the upper troposphere and the cold
point tropopause in the eastern hemisphere; on the other hand, the condition is opposite in the western

hemisphere.

3.2. Composite analysis for Kelvin wave

In order to investigate signatures of the Kelvin wave life cycle, we defined the start location and
the end location of the Kelvin wave event in the zonal wind where the anomaly becomes below —2.9376
[m/s] for about 45 years, and found there are 2715 Kelvin wave events. Figure 5 shows the Kelvin wave
activity in a solid line, the accumulated number of the start point in a dotted line, and that of the end point
in a chain line. Kelvin wave activity has two maxima around 60°E and 150°E. The number of the start
point has maxima around 60 degrees west of the activity maxima, and that of the end point has a peak
around 30 — 50 east of that. The peak of the start point is sharper than that of the end point. This suggests
the Kelvin waves appear around 0°E and propagate eastward with the maximum amplitude around 60°E,
and then they disappear around 120°E. We are able to refer to the westerly wind area in the western

hemisphere 100 [hPa] as a factor of decrease.
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Figure 5. Longitude structure of event number and activity for the Kelvin wave at 100 [hPa]. The Kelvin
wave activity is drawn in a solid line, the accumulated number of the start point in a dotted line, and that of

the end point in a chain line.



Figure 6 show longitude-time sections of the composite zonal wind anomaly (contours),
temperature anomaly (above; shading of blue color) at 100 [hPa], and total OLR (bottom; shading of red
color). All diagrams are drawn by use of the unfiltered data. The eastward propagating signals in the zonal
wind and temperature agree with the theoretical structure of the Kelvin wave, because a phase for the
temperature field precedes that for the zonal wind about 90°. It is consistent with the result of the spectral
analysis that the propagation speed is about 29 [m/s]. The amplitude in zonal wind filed is around 6.5 [m/s]
as peak-to-peak, and it is equivalent to 10.56 [m*/s’] in variance. The beginning of the wave event has
about a -4 day lag. Since the local convections affect the composite Kelvin wave, the signals disappear in
the east of around 60 to 120 [degree] in +10 day lag. The lifetime of the Kelvin wave can be assumed about

two weeks.
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Figure 6. Longitude-time sections of composite zonal wind anomaly [m/s] (contours), temperature
anomaly [K] (shading of blue color) and total OLR [W/mz] (shading of red color). Contours intervals are
0.5 [m/s].



4, SUMMARY

We have conducted the spectral analysis to investigate characteristics of the disturbances in the
zonal wind field at 100 [hPa] around the tropical tropopause. From the wavenumber-frequency structure,
two spectral peaks are evidently separated each other. We have identified the peaks as the Kelvin wave and
the ISO, based on their frequencies, zonal wavenumbers and equivalent depths. It is found that the
horizontal distributions of the Kelvin wave and ISO activities are higher during northern winter and in the
eastern hemisphere. In the ISO data, the eastward propagating signals in the zonal wind field are clearly
coupled with convective activity, and the space-time signatures are consistent with the MJO. In order to see
the relationship between the Kelvin wave and convection, we have selected 2715 cases as the Kelvin wave
events and made a composite analysis. The lifetime of Kelvin wave is about 16 days, and the phase speed
of the wave is approximately 29 [m/s]. The structure in composited fields clearly agrees with the theoretical

Kelvin wave, and the eastward propagating signal seems to accompany with convection.
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