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Wavenumber–frequency spectral analysis of different atmospheric variables has been carried out
using 25 years of data. The area considered is the tropical belt 25◦S–25◦N. A combined FFT-
wavelet analysis method has been used for this purpose. Variables considered are outgoing long-
wave radiation (OLR), 850 hPa divergence, zonal and meridional winds at 850, 500 and 200 hPa
levels, sea level pressure and 850 hPa geopotential height. It is shown that the spectra of dif-
ferent variables have some common properties, but each variable also has few features differ-
ent from the rest. While Kelvin mode is prominent in OLR and zonal winds, it is not clearly
observed in pressure and geopotential height fields; the latter two have a dominant wavenumber
zero mode not seen in other variables except in meridional wind at 200 hPa and 850 hPa diver-
gences. Different dominant modes in the tropics show significant variations on sub-seasonal time
scales.

1. Introduction

The phenomena occurring on 20–80 day time scales
in the tropics, known as the tropical intrasea-
sonal variation (TISV), influence global weather
and climate. The most dominant mode in TISV
is the Madden Julian Oscillation (MJO) having
time scale in 40–50 day period (Zhang 2005). Pio-
neering theoretical work by Matsuno (1966) on
equatorial waves and spectral analysis of observed
station data by Madden and Julian (1971) laid
the foundation for a large number of studies to
follow (Zhang 2005; Lau and Waliser 2005 for
comprehensive reviews). Equations governing the
atmospheric flow contain wave-like solutions and
equatorial wave theory (EWT) forms the basis of
much of the theoretical explanations for TISV (e.g.,
Wang 2005). In EWT, shallow water equations on
the equatorial β-plane are solved, and the gover-
ning equations can be expressed as (e.g., Gill 1982;
Wang 2005):
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where t is time, u, v and ω are respectively zonal,
meridional and vertical (pressure) components of
velocity, φ is geopotential height, Fx and Fy are
frictional forces and M(u) and M(v) arise from
the mean background flow. Assuming a wave-
like solution (e.g., φ = φoe

i(kx−νt), where k and ν
are wavenumber and frequency respectively and
i is the imaginary unit) and an equivalent depth
(h), theoretical dispersion relations are obtained.
Equation (1) represents a set of coupled equations
to be solved simultaneously, and the final solution
takes into account all the dynamical interactions
among the variables. For a given solution, all
variables share the same k, ν and h.

The solutions consist of both symmetric and
antisymmetric waves, and their dispersion rela-
tions depend on meridional mode number (n) and
h (Gill 1982). Symmetric waves include eastward
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moving Kelvin waves, odd number modes of
westward moving Rossby waves and eastward and
westward moving inertio gravity waves. Antisym-
metric waves include even modes of westward mov-
ing Rossby waves and inertio gravity waves and
mixed Rossby gravity (MRG) waves. In addition,
Rossby–Haurwitz modes are observed at higher
equivalent depth (Kasahara 1980; Madden 1978).
Spectral analysis of atmospheric data in early
1970s did reveal certain preferred modes in the
tropics (e.g., Yanai and Maruyama 1966; Wallace
and Kousky 1968; Madden and Julian 1971),
however, concrete evidence in support of EWT
had to wait till 1999 (Wheeler and Kiladis 1999,
WK99 henceforth). WK99 computed wavenumber–
frequency (k–ν) spectra taking 18-year long out-
going longwave radiation (OLR) time series over
the tropics (15◦N–15◦S). The (red noise) normal-
ized spectra revealed several peaks that coincided
with theoretical modes predicted by EWT, in par-
ticular, Kelvin, Rossby and MRG waves. However,
MJO, the most energetic mode, does not directly
fall on any standard theoretical curve, and it has
been suggested that MJO could be moist Kelvin
wave (e.g., Wang 2005). WK99 also explored sim-
ilarities and differences between OLR spectra and
cross spectra between OLR, tropospheric temper-
ature and geopotential height. It was shown that
equivalent depths differ between OLR (25 m) and
other variables (200 m). Cho et al (2004), Roundy
and Frank (2004) and Masunaga (2007) also con-
firmed the existence of equatorial modes in OLR,
precipitation and precipitable water data.

A majority of the studies where k–ν spectra
are reported have analysed OLR, precipitation and
precipitable water or show cross-spectra of OLR
with zonal wind, temperature and geopotential
height. Only exception is a recent study by Hendon
and Wheeler (2008) where k–ν spectra of winds are
shown. It is seen from equation (1) that OLR and
precipitation are not the fundamental variables in
EWT but u, ν, φ are. In fact, OLR/precipitation is
an end-product of several complex processes taking
place in the atmosphere. In none of the previous
studies, k–ν spectra (and corresponding h) of dif-
ferent variables have been shown or compared in
one place.

Often, theoretical solutions are obtained under
several simplifying assumptions while the real
flow in the atmosphere is highly complex. There-
fore, it is important to look at the spectra of
the (observed) atmospheric variables and then
examine the agreement with theory. For a given
mode/solution, theory assumes the same values of
k, ν and h for all the variables and we expect some
similarity in their spectra. Having said so, we like to
add that few theoretical equatorial waves that are
symmetric in some variables but antisymmetric in

others. For example, an MRG wave is antisymmet-
ric in geopotential and zonal wind, but symmetric
in meridional wind (e.g., Wheeler 2002). Therefore,
while the precise nature of the theoretical spectra
may be variable and mode-dependent, the equiv-
alent depths should be comparable. What is not
clear from literature is how the spectra of different
variables observed in the tropical atmosphere look
like? Computing, comparing and contrasting k–ν
spectra of OLR, 850 hPa divergence, zonal (U) and
meridional (V ) winds, sea level pressure (SLP) and
850 hPa geopotential height (φ850) form the main
objective of this paper.

Events in the atmosphere are not periodic but
episodic and different equatorial modes have char-
acteristic seasonal/geographic preferences (e.g.,
Wheeler et al 2000; Zhang and Dong 2004). Sev-
eral studies have addressed this issue by employ-
ing band pass filtered data (e.g., Slingo et al
1996; Lawrence and Webster 2001; Teng and Wang
2003; Wheeler and Hendon 2004). For example,
Slingo et al (1996) used running mean variance
of 20–100 day filtered zonal mean 150 hPa zonal
wind to quantify TISV activity and study its inter-
annual variations and relation to El Niño. Wheeler
et al (2000) used wavenumber–frequency filtering
of OLR data to obtain temporal variations in dif-
ferent modes by taking time series in the region
where maximum variance in the mode of inter-
est is observed. The structure, spatial and tempo-
ral distribution of different modes are presented
using this method. Roundy and Frank (2004) pre-
sented climatological variations of different modes
over northern and southern hemispheres separately
using OLR and precipitable water data. Wheeler
and Hendon (2004) devised an index for MJO
from principal components of combined empiri-
cal orthogonal functions (EOFs) of zonal winds at
850 hPa, 200 hPa and OLR, and called it as real
time multivariate MJO (RMM) index. The first
two principal components (denoted by RMM1 and
RMM2) represent 25% of total variance in MJO,
and the sum of their squares (RMM12 + RMM22)
is RMM. MJO is considered to be active if RMM
exceeds 2. Using RMM, temporal and spatial evo-
lution of MJO could be followed continuously in
time. Masunaga (2007) presented regional and sea-
sonal variations of MJO and its relationship with
Kelvin and equatorial Rossby modes using season-
ally averaged wavenumber–frequency spectra for
four seasons. Masunaga (2007) also examined the
meridional variations over three latitudinal belts
namely 15◦–5◦S, 5◦S–5◦N and 5◦–15◦N.

Previous studies have mainly focused on sea-
sonal/temporal variations in MJO. Monthly clima-
tologies of different TISV modes have not been
reported, and computing this forms the second
objective of the paper. A combined FFT-wavelet
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transform is used to quantify the temporal vari-
ations in different modes. It is shown that the
spectra of different variables have some common
properties, but each variable also has few features
different from the rest. Almost all TISV modes
show significant variations on sub-seasonal time
scales. The paper is organized as follows. Section 2
describes the data and methodology, section 3
compares the spectral characteristics of different
variables, and section 4, the variations in spec-
tral characteristics of OLR with space and time.
Discussion and conclusions are given in section 5.

2. Data and methodology

2.1 Data

Variables considered are OLR, 850 mb diver-
gence, SLP, φ850, zonal and meridional winds
at 200, 500 and 850 hPa pressure levels (U200,
U500 and U850 and V200, V500 and V850 respec-
tively). SLP, φ850, U200, U500, U850, V200, V500 and
V850 are NCEP (National Centers for Environ-
mental Prediction) reanalysis products (Kalnay
et al 1996) and are downloaded from the web-
site http://www.cdc.noaa.gov. The OLR data
is taken from National Oceanic & Atmospheric
Administration, USA (NOAA, Liebmann and
Smith 1996). 850 hPa divergence is taken from
ECMWF (European Centre for Medium range
Weather Forecasting) ERA-40 reanalysis (Uppala
et al 2005). NCEP does not give divergence as
a product (it can be computed), whereas diver-
gence is one of the products in ERA-40 dataset.
ERA-40 wind field is as reputed as that from
NCEP, and hence ERA-40 divergence data has
been used here. NCEP and NOAA data are daily
values with 2.5◦ × 2.5◦ spatial resolution for the
period January 1979 to December 2003 spanning
twenty five years. ERA-40 data is available at the
same spatial and temporal resolutions but only up
to August 2002. Hence the divergence data is taken
from January 1979 till August 2002.

The main focus in this study is on tropical
atmospheric variations on time scales ranging from
a few days to less than a season. Therefore, data
is filtered to remove time scales beyond 120 days.
Filtering is done in the following way. First, FFT of
the entire time series is taken (after applying cosine
tapering at the ends) and the filtered time series
reconstructed by retaining coefficients correspon-
ding to time scales less than 120 days. This filtered
time series was compared with that obtained from
Lancoz window cosine filter (e.g., Slingo et al 1996)
in few cases and the two curves are observed to
be visually indistinguishable from each other when

plotted. We believe that the results here are not
dependent on the method of filtering.

2.2 Wavelet analysis

Events in the atmosphere are episodic in nature
and their intensity/amplitude varies both in space
and time. Such variations in amplitudes corres-
ponding to different modes with time and space
cannot be resolved completely using the conven-
tional FFT. For example, while we find signifi-
cant energy in MJO mode in the spectra, when
in time this mode occurred and the corresponding
preferred frequencies cannot be known from stan-
dard FFT. Windowed Fourier Transform (Kaiser
1994; Torrence and Compo 1998) can give local fre-
quency information of a signal, however, the range
of scales that can be studied for a given window is
limited. When data contains a wide range of fre-
quencies and the predetermination of the range is
not possible, this method fails (Kaiser 1994). Now,
wavelet analysis is widely used for the study of
episodic processes (e.g., Gu and Zhang 2001; Wong
2009). The continuous wavelet transform W of a
time series X(t) at time t0 and scale τ is given
by the expression (e.g., Daubechies 1990; Rao and
Bopardikar 1998):

W (t0, τ) =
1√
τ

∞∫

−∞

X(t)ψ∗
(
t− t0
τ

)
dt. (2)

In equation (2), ψ is the mother wavelet function
and ψ∗ is its complex conjugate. The width of
the wavelet is the distance from the center of the
wavelet where the amplitude becomes 1/e times
the maximum amplitude. Wavelet function can be
either real or complex. Complex wavelet functions
can give both amplitude and phase information and
hence more useful for studying wave propagations
whereas the real wavelets can be used to identify
the peaks. The shape of the wavelet should reflect
the main features in the variable. The scale reso-
lution of a wavelet is also important. The scale of
the wavelet τ is not directly equal to the Fourier
period and is dependent on the mother wavelet
used (Torrence and Compo 1998). In the present
analysis, complex Morlet wavelet is used as the
mother wavelet function and is given by:

ψ(t) =
1√
π
e2iπte−t2/2, (3)

with t replaced by (t − t0)/τ when calculating
the transform. Morlet wavelet is ideal for the
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study of wave-like patterns in atmosphere and has
been used by many of the previous studies (e.g.,
Torrence and Compo 1998; Kailas and Narasimha
2000; Shanker and Nanjundiah 2003; Zhang and
Dong 2004). For the Morlet wavelet, Fourier period
is related to τ as 4πτ/[2π +

√
(2 + 4π2)] (Torrence

and Compo 1998). The Fourier period is 0.99 times
the wavelet scale τ . Hence τ is taken as represen-
ting the period directly, and the corresponding fre-
quency is ν = 1/τ . Initially we considered using
a two-dimensional wavelet transform to calculate
k–ν spectrum. A recent study by Wong (2009)
has shown some of the usefulness and limitations
of this method in exploring convectively coupled
waves. Main limitation is at low wavenumbers and
wavenumber zero modes. Previous studies have
shown that most energy lies at low wavenumbers in
the intraseasonal time scales (WK99; Zhang 2005).
At scales corresponding to low wavenumbers, the
wavelet extends beyond one period and the inte-
gration domain practically covers the entire longi-
tudinal belt. Thus, using the wavelet analysis also,
longitudinal variations cannot be truly localized
at low wavenumbers. Therefore, the emphasis in
this study has been given to temporal variations
in different tropical modes. For this purpose, a
combined FFT-wavelet spectral method is used.
FFT is used in the wavenumber domain, which
also overcomes the cone of influence (Torrence and
Compo 1998) related issues at low wavenumbers.
Such combined FFT and wavelet method was used
earlier by Gu and Zhang (2001) to explore zonal
and temporal variations of synoptic scale distur-
bances in intertropical convergence zone.

To obtain the spectra, FFT coefficients are first
calculated in the spatial domain at each time step.
These FFT coefficients are functions of wavenum-
ber and time t0. Then, for each wavenumber, time
series of the FFT coefficients are subjected to
wavelet transform giving wavelet coefficients for
different t0 and τ . The resulting coefficients are
functions of t0, k and τ . As the length of time
series is sufficiently long (9132 days) compared to
the time scales under consideration (maximum
100 days), edge effect in time domain is negligi-
ble. This method enables the calculation of tem-
poral variations in ν–k spectra and also reduces
the computational efforts compared to the two-
dimensional wavelet analysis. Another advantage
of this method is its ability in calculating coef-
ficients at wavenumber zero (i.e., zonal average),
which is not possible in case of two-dimensional
wavelet analysis (e.g., Wong 2009).
k and wavelength (λ) are related by λ = 360/k

where λ is in degrees. Owing to the spherical geo-
metry of the earth, the two end-points are the same
in zonal direction. Hence wavelengths correspon-
ding to integer values of k are only considered in

this study. From the wavelet coefficients, the aver-
age spectrum for time range from t1 to t2 cor-
responding to frequency ν is calculated from the
expression below (Torrence and Compo 1998),

W 2(ν, k) =
1

(t2 − t1)

t0=t2∑
t0=t1

|W (t0, ν, k)|2. (4)

This can be extended in space by averaging
the square of coefficients in k space as well in the
case of two-dimensional wavelet spectra. Average
W obtained for a given wavenumber at a given fre-
quency is taken as the spectral intensity at that
particular wavenumber and frequency.

2.3 Spectral normalization

When the raw spectrum is examined, it is
observed that the energy is concentrated in certain
regimes/modes. However, these modes may not be
statistically significant while certain modes which
are not prominent here could be significant owing
to the fact that the background noise is not white
for atmospheric variables (Torrence and Compo
1998; Wheeler and Kiladis 1999). In order to
extract the modes which are significant, many of
the previous studies have normalized the raw spec-
tra with appropriate background spectrum (often
only the normalized spectra are shown). There-
fore, normalization of raw spectra with appropri-
ate background noise spectrum is important. Most
widely used background spectrum for climate data
is the red noise (e.g., Torrence and Compo 1998;
WK99; Masunaga 2007). Red noise is a function
of frequency and is given by (Torrence and Compo
1998):

Pk =
1 − α2

1 + α2 + 2α cos(2πν/N)

(
2σ2

N

)
, (5)

where σ2 is variance, N the number of data points,
α is lag −1 autocorrelation and ν = 0, . . . , N/2 is
the frequency. WK99 calculated the background
spectrum for normalizing the spectra as follows.
First the average of symmetric and antisymmet-
ric spectra is taken. This resultant spectrum is
smoothened repetitively in both wavenumber and
frequency using 3 point smoothening with 1–2–1
weighting. The smoothening is repeated till there
is no significant change in the spectrum with fur-
ther iterations. The resultant background spec-
tra for OLR using this method and theoretical
red noise formulations are similar in nature and
results obtained by normalizing with either of these
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Figure 1. Wavenumber frequency spectrum of the symmet-
ric part of OLR without normalization. The units are in
(W m−2)m s.

two are almost same (Hendon and Wheeler 2008).
Hence in this work, results are presented using the
background spectrum calculated following WK99.

The resulting normalized spectra with values
above a certain threshold are considered significant
at different levels of confidence. The significance
test is carried out assuming chi square distribution
for the spectral variations, with the null hypothesis
that the spectra are not different from background
noise. For the present time series, normalized spec-
tral values above 1.1 are significant at 95% confi-
dence. It is to be noted that the degrees of freedom
for the filtered data are different from that of the
raw data (e.g., Emery and Thomson 2001) and
this fact is taken into account while calculating the
significance level (Kiranmayi and Bhat 2008).

3. Spectral characteristics

To begin with, we show the time averaged raw
and normalized spectra of OLR in figures 1 and
2 respectively. To facilitate the comparison of
our results with those of WK99, average OLR
spectra are calculated for same latitude belt, i.e.,
15◦S–15◦N. The spectra are shown for wavenum-
bers −15 to 15 and frequency 0.01 cycles per day
(cpd) to 0.5 cpd. OLR is split into symmetric
(OLRsym) and antisymmetric (OLRantisym) parts,
where OLRsym = [OLR(+lat.) + OLR(−lat.)]/2
and OLRantisym = [OLR(+lat.) − OLR(−lat.)]/2.
Then the average from 15◦S to 15◦N is taken at
every time step at each longitude. In the raw
spectra (figure 1), more energy is contained in
the eastward propagating modes with wavenum-
bers 1–3 and time scale of more than 20 days
[eastward moving intraseasonal (EISV) mode].
Low wavenumber low frequency westward propa-
gating (Rossby) mode is also prominent. The
normalized spectrum looks different (figure 2a)

and here Kelvin mode emerges as one of the
prominent modes. Relevant theoretical dispersion
curves are shown in figure 2 for two equivalent
depths, namely, h = 40m and 75 m. Spectral power
is spread around the theoretical curves and rea-
sonable matching is observed between theory and
data for h = 40m for the Kelvin mode. Maximum
intensity in the normalized spectrum corresponds
to EISV mode. Other peaks observed in symmet-
ric spectrum are Kelvin mode, n = 1 Rossby mode
and TD (tropical depression) type variations. Anti-
symmetric part (figure 2b) includes EISV, MRG
and n = 2 Rossby modes. These observations are
in good agreement with figure 3 of WK99. Thus
the FFT-wavelet analysis method used in this
study is robust and gives results consistent with
those based on FFT. This has provided the confi-
dence that the FFT-wavelet method can be used
to study the features of TISV in more detail.

The next variable considered is 850 hPa diver-
gence. A negative value of low level divergence is
associated with deep convection. Figure 3 shows
the k–ν spectra for 850 hPa divergence. It is seen
that this variable has Kelvin and MRG modes in
common with OLR but EISV and Rossby modes
are nearly absent. k = 1 mode stands out above
noise level in EISV, that too barely. Another
main difference is a prominent k = 0 mode in the
symmetric part in the divergence spectra.

Figure 4 shows the spectra of symmetric and
antisymmetric parts of zonal winds. The wavenum-
ber range shown in the spectra here on is limited to
−10 to 10 as the spectral powers beyond this range
are insignificant. Note that theoretical curve with
h = 75m fits the observed spectra better in case
of U850 and h = 40m for U200. For the symmetric
part, spectra of U850, U500 and U200 appear simi-
lar for the westward propagating (k < 0) modes,
whereas for the eastward propagating modes the
spectra of U850 and U200 are similar while that of
U500 is different. For U500, the energetic mode in
the eastward propagating wave regime is parallel
to the Kelvin dispersion curve but shifted to the
right in wavenumber space. In the antisymmetric
part, spectra of U850 and U500 are similar for k < 0
and that of U850 and U200 similar for k > 0. When
we examined the intensities in the symmetric spec-
trum, EISV mode is the most dominant mode at
all the levels. Two high intensity bubbles at k = −1
and −4 and frequency around 0.2 day−1 (period
∼5 days) correspond to Rossby–Haurwitz mode.
There is also another mode at k = −1 and hav-
ing period around 15 days that lies between Rossby
and Rossby–Haurwitz modes. In the antisymmet-
ric part, MRG mode is weak or absent and EISV
mode is seen at all the levels for k = 1 (figure 4b).

Figure 5 shows the symmetric and antisym-
metric parts of wavenumber–frequency spectra for
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Figure 2. Wavenumber–frequency spectra of OLR averaged between 15◦N and 15◦S and normalized by the red noise.
(a) Symmetric part and (b) antisymmetric part. The lines corresponding to the dispersion relations for different theoretical
modes with h = 40 m (solid line) and 75 m (dashed line) are shown. The spectral regime corresponding to EISV and TD
modes are shown in boxes in symmetric part.

Figure 3. Same as figure 2, but for 850 hPa divergence.

meridional winds. It has to be noted that modes
in meridional winds have different symmetry com-
pared to that of zonal winds (Wheeler 2002). The
meridional winds in MRG, n = even Rossby and
Rossby–Haurwitz modes have symmetric structure
whereas odd mode Rossby and Rossby–Haurwitz
modes have antisymmetric structure. It is seen that
the antisymmetric part doesn’t have significant
peaks except for Rossby–Haurwitz mode at 500 mb
level. Other features of the peaks are different from
zonal winds. Westward MRG mode is observed
for wavenumbers around −5. As per EWT, merid-
ional component of velocity is zero in Kelvin mode
(Gill 1982). Therefore, the lack of spectral power
in Kelvin mode is consistent with theory. Also
the spectrum of V200 has a peak in EISV regime
which is absent at 850 and 500 hPa levels. Another
important feature observed in V200 spectrum is
the peak at wavenumber zero for all the frequen-
cies. Also energy around Rossby–Haurwitz mode
is present in V200, and the peak shifts to higher
(negative) wavenumbers towards MRG mode at
other two levels. A peak at higher wavenumbers
parallel to Kelvin mode as observed in U500 is seen
in meridional winds also.

Figure 6 shows the wavenumber–frequency spec-
tra for SLP and φ850. (The antisymmetric parts
are not shown as their spectral intensities are not
significant.) Spectra of SLP and φ850 are somewhat
similar and in contrast to OLR and zonal winds,
low frequency zero wavenumber mode is most
dominant here followed by k = −1 mode; domi-
nant frequencies vary from less than 3 to 80 days.
Kelvin mode is limited to low wavenumbers and
importantly there is no clear Rossby mode.

4. Temporal and spatial variations

The results presented in section 3 represent aver-
age behaviour over a period of 25 years. In this
section, average spectra for the individual months
are discussed taking OLR as the variable. These
spectra are obtained by averaging the coefficients
corresponding to individual months, and normal-
izing the resulting value by the corresponding red
noise (characterizing the entire period). The out-
come of this exercise is shown in figure 7. Both the
areal extent (in ν–k space) and the intensity of dif-
ferent modes change from month to month clearly
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Figure 4. Same as figure 2 but for U850, U500 and U200. (a) Symmetric part and (b) antisymmetric part. Thick lines
represent theoretical dispersion curves for h = 40m (solid) and 75 m (dashed) and thin lines for Rossby–Haurwitz modes
(n = 1 and n = 3 in symmetric and n = 2 in antisymmetric) for h = 10km and a zonal mean wind of −15 m s−1.

bringing out the seasonal preferences of different
modes. For example, Kelvin mode is strongest dur-
ing April and May and weakest during August and
September. Wavenumbers 1 to 4 are prominent
during the boreal winter months in EISV whereas
mainly k = 1 mode dominates during July, August
and September (JAS). Rossby mode is strong dur-
ing boreal winter and much weaker during July to
September. TD type modes are stronger mainly
during July to September (i.e., Indian summer
monsoon period), and practically not seen during
December and January.

Spectra of the antisymmetric part show less
intensity compared to the symmetric part during
all the months (figure 7b). Maximum observed
intensity is in the EISV mode. Monthly variations
in EISV activity in the antisymmetric part are
similar to that in the symmetric part but with
reduced intensity. The other dominant/significant
mode observed is MRG mode, again having a
strong seasonal dependence. This mode is weak-
est during February and strongest during April
and October. There is also a large variation

in the preferred frequencies and wavenumbers.
For example, it has eastward propagating modes
during January–March, whereas both eastward
and westward modes are equally prominent during
October–November.

Most of the features observed in figure 7 are in
broad agreement with earlier results based on sea-
sonal averages (taking May to October period as
boreal summer and November to April as boreal
winter). WK99 and Cho et al (2004) have observed
the peaks in EISV and Rossby modes during boreal
winter and TD type disturbances during boreal
summer. The annual variation of different modes
is given in Wheeler et al (2000) and Roundy and
Frank (2004). Wavenumber–frequency filtering is
done corresponding to the domain of each mode
and the running mean variance of this filtered data
over a window length corresponding to the high-
est time scale of the mode is used to quantify the
mode. In case of Wheeler et al (2000) the variation
at a single position where the variance of the mode
peaks is given while Roundy and Frank (2004)
presented global average variance over the tropics
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Figure 5. Similar to figure 4 for the meridional component of wind. The dispersion curves for MRG, n = 2 Rossby and
n = 2 Rossby–Haurwitz modes are shown in the symmetric part and n = 1 and n = 3 Rossby–Haurwitz and Rossby modes
in the antisymmetric part.

Figure 6. Symmetric part of the wavenumber–frequency spectra for SLP and φ850. Theoretical dispersion curves are same
as in figure 4.

(20◦S–20◦N). They show similar annual variations
as given in present study for all the modes. In
contrast, the present method gives variations in
monthly climatologies covering the entire spec-
tral space of interest. Also variations in preferred
wavenumbers and frequencies are presented.

4.1 Meridional variations

To study the meridional variations in the spec-
tral characteristics, 10◦ latitudinal belts are taken
between 25◦S and 25◦N, namely 25◦–15◦S, 15◦–5◦S,
5◦S–5◦N, 5◦–15◦N and 15◦–25◦N. The space time
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Figure 7. Monthly average spectra of OLR (a) symmetric part and (b) antisymmetric part. Theoretical lines for equatorial
modes with h = 40m are also shown.

spectra for each belt are calculated for the total
OLR following procedures similar to that in the
previous section. Here normalization is done with
red-noise spectrum calculated from average of all
the meridional belts so that the intensities for
different latitudinal belts can be compared directly.

Figure 8 shows the time averaged spectra for dif-
ferent latitudinal belts. It is seen that the maxi-
mum intensity occurs in the equatorial region
(5◦S–5◦N) and in the belt 5◦–15◦N for all the
modes. This agrees with the similar observations
made from OLR and precipitable water by Roundy
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Figure 8. Wavenumber–frequency spectra of OLR for
different latitudinal belts. (a) 15◦–25◦N; (b) 5◦–15◦N;
(c) 5◦S–5◦N; (d) 15◦–5◦S and (e) 25◦–15◦S.

and Frank (2004). The EISV mode is most promi-
nent in 5◦S–5◦N belt, and in a much weaker form
up to 15◦–25◦ belt on either side of equator as well.
There is difference in spectral distribution in EISV
mode between southern and northern hemispheres
with more spread in frequency in north and more
spread in wavenumber in the southern hemisphere.
Beyond 15◦ from the equator, the intensity corre-
sponding to this mode is reduced. Kelvin mode has
its peak in 5◦S–5◦N belt followed by the 5◦–15◦N
belt. Minimum activity is observed outside 15◦

latitude from the equator. This is expected since
the Kelvin wave is equatorially trapped. Rossby
mode is present throughout the tropics. Rossby and
MRG modes are stronger in 5◦–15◦N belt rather
than around the equator. This off-equatorial peak
is also in agreement with previous studies (e.g.,

WK99; Masunaga 2007). TD type modes are not
seen outside 15◦ from the equator.

5. Discussions and conclusions

The wavenumber–frequency spectral characteris-
tics of atmospheric variables in the tropics are pre-
sented. Spectra are obtained by the combined FFT
and wavelet transforms. In the previous studies,
main emphasis was given to variables connected
with convection, namely OLR, precipitation and
water vapour. It is shown here that some of the
peaks observed in OLR corresponding to differ-
ent theoretical modes in EWT are not as clear
as in the case of SLP and φ850. Spectra of each
variable have some characteristics different from
others. Spectral characteristics of U200 are more
close to OLR compared to other fields and SLP
is completely different from other variables with
maximum intensity at lower wavenumbers and no
significant power beyond wavenumbers ±5. The
zero wavenumber mode (i.e., zonal average) domi-
nates SLP, φ850 and V200. Any change in zonal aver-
age SLP implies change of mass in the atmospheric
column above, and the mass adjustment has to
take place in the meridional direction. In the case
of SLP, the zero wavenumber mode has strong
meridional connections with variations in tropics
and high latitudes (∼60◦ on either side of the
equator) significantly correlated at zero time lag
but out of phase (Kiranmayi and Bhat 2008). In
the OLR spectrum, Kelvin wave peaks around
0.15 day−1 frequency whereas in the case of zonal
winds, the corresponding frequencies are lower.
Spectra of zonal winds have peaks corresponding to
Rossby–Haurwitz modes. OLR and U200 spectrum
show peaks corresponding to an equivalent depth
of 40 m, while zonal winds at 850 mb, SLP and φ850

have higher equivalent depth around 75 m. EISV
mode is present in the spectra of all the variables
except V850 and V500.

Deep convection is associated with low level con-
vergence. Therefore, we expected 850 hPa diver-
gence and OLR to have similar spectral patterns.
Examination of figures 2 and 3 shows that the
equivalent depths are comparable; however, there
are some important differences too. In particu-
lar, the symmetric part of 850 hPa divergence
has a prominent zero wavenumber mode which is
absent in OLR. Perhaps, this mode in divergence
is connected with the Hadley circulation, which
in the mean transports mass from mid latitudes
to inter-tropical convergence zone at low levels.
A prominent k = 0 mode suggests that the zonal
mean mass transport from extra tropics to trop-
ics at low levels is not uniform in time but fluc-
tuates (very likely to be associated with the deep
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convection in the tropical belt). There are other dif-
ferences as well, in particular in the EISV regime in
the symmetric part of the spectra. In the antisym-
metric spectra, OLR has higher energy in westward
propagating modes, whereas for the 850 hPa diver-
gence, more energy is in the eastward propagating
modes.

It is observed that, in the case of OLR almost
all the modes vary even on monthly time scales.
In general, intraseasonal variations are stronger in
the northern hemisphere compared to that in the
southern hemisphere.

In Kelvin waves (Gill 1982), meridional compo-
nent of velocity is zero and so is zonal component
at mid levels for baroclinic mode one. The U500

spectrum does show that in the spectral region cor-
responding to Kelvin wave, there is no significant
power. Similarly, Kelvin mode is absent in meri-
dional winds. These features are correctly reflected
in the spectral analysis of U and V . However, there
is a region shifted to the right on wavenumber axis
with significant energy in both meridional winds
and U500. Nature of this mode needs to be under-
stood. Another point that needs further investiga-
tion is, why some variables have 40 m equivalent
depth while others 75 m.

To end, the main conclusions are:

• Winds, pressure, geopotential height show spec-
tral characteristics different from that of OLR.

• OLR has peaks corresponding to an equivalent
depth of 40 m, whereas it is 75 m for horizontal
components of wind velocity except at 200 hPa,
SLP and φ850.

• Rossby–Haurwitz modes are observed in zonal
winds and to some extent in SLP and meridional
winds.

• For OLR data, all the equatorial modes show a
certain degree of seasonality.
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