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Abstract

Space–time spectral analysis of ERA-interim winds and temperature at 200 hPa for De-
cember 2012–February 2013 shows the presence of eastward propagating waves with
period near 18 days in mid-latitude meridional winds at 200 hPa. The 18 day waves
of k = 1–2 are dominantly present at latitudes greater than 80◦, whereas the waves of5

k = 3–4 are dominant at 60◦ of both Northern and Southern Hemispheres. Though the
18 day wave of smaller zonal wavenumbers (k = 1–2) are confined to high latitudes,
there is an equatorward propagation of the 18 day wave of k = 4 and 5. The wave
amplitude of k = 5 is dominant than that of k = 4 at tropical latitudes. In the Northern
Hemisphere (NH), there is a poleward tilt in the phase of the wave of k = 5 at mid-10

latitudes, as height increases indicating the baroclinic nature of the wave, whereas in
the Southern Hemisphere (SH), the wave has barotropic structure as there is no sig-
nificant phase variation with height. At the NH subtropics, the wave activity is confined
to 500–70 hPa with moderate amplitudes. It is reported for the first time that the wave
of similar periodicity (18 day) and zonal structure (k = 5) as that of extratropical wave15

disturbance has been observed in tropical OLR, a proxy for tropical convection. We
suggest that the selective response of the tropical wave forcing may be due to the lat-
eral forcing of the eastward propagating extratropical wave of similar periodicity and
zonal structure.

1 Introduction20

Charney (1963) pointed out that there could be possible forcing of the tropical atmo-
sphere from high latitudes. However, Charney (1969) showed that only Rossby waves
with westward phase speed greater than that of the zonal mean westward flow could
propagate to low-latitudes. The problem of high-latitude forcing was earlier thought in
terms of absorption of these westward propagating waves at critical lines of westward25

winds. However, Webster and Holton (1982) showed that extratropical Rossby waves
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could propagate into the tropics in regions of upper tropospheric eastward winds and
disperse across the equator into the Southern Hemisphere. These waves play a vi-
tal role in directly forcing equatorial waves including Kelvin waves (Lim and Chang,
1981). A number of studies have indicated the role of subtropical Rossby wave trains
in the initiation and intensification of the MJO, in addition to the influence of mid-latitude5

baroclinic systems and cold surges over South China Sea. These waves are associ-
ated with the intrusion of high potential vorticity (PV) air into low-latitudes, and they
modulate cloudiness, stability, and vertical motion in the vicinity of inter tropical con-
vergence zone (ITCZ). Tomas and Webster (1994) also identified strong PV signals
in conjunction with cross-equatorial wave activity during northern winter. The lateral10

forcing of equatorial perturbations by stationary and mobile forcings were comprehen-
sively studied by Zhang and Webster (1992) and Zhang (1993) respectively. Kiladis
(1993) presented strong evidence that the equatorward propagating Rossby wave ac-
tivity can trigger convection within the ITCZ through the dynamical effects of PV ad-
vection into low-latitudes. ITCZ convection is known to be influenced by many distur-15

bances other than those associated with upper-level Rossby waves. In spite of these,
Lamb (1973) suggested that the tropics selectively responds to lateral forcing gener-
ating equatorial wave disturbances with the wavenumbers and frequencies similar to
those of extra-tropical waves and these wave disturbances are further enhanced by
the effect of condensational heating. However, the observational evidence for this se-20

lective lateral forcing is still lacking. In the present study, we provide an observational
evidence for the equatorward propagation of an eastward propagating 18 day wave of
zonal wavenumber (k) 5 in the upper troposphere and excitation of a tropical wave of
similar characteristics.
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2 Data

2.1 ERA Interim data

In this paper, European Center for Medium Range Weather Forecasting (ECMWF)
reanalysis (ERA)-Interim winds and temperature for the period December 2012–
February 2013, which are available in the website http://apps.ecmwf.int/datasets/data/5

interim-full-daily/ for different pressure levels and for every 1.5◦×1.5◦ latitude–longitude
grid are utilized. This is the recent global atmospheric reanalysis of the period 1989 to
present, prepared by ECMWF using their variational data assimilation system (Berris-
ford et al., 2009).

2.2 NOAA-OLR data10

Interpolated outgoing Long-wave radiation (OLR) data, obtained from the National
Oceanic and Atmospheric Administration and National Centers for Environmental Pre-
diction (NOAA-NCEP) for the period December 2012–February 2013 are used as
a proxy for deep tropical convection. The OLR data are indicators of cloud top heights.
Very high and cold clouds (low OLR) at tropical latitudes are presumed to be associated15

with deep convection (Liebmann and Smith, 1996).

3 Results

The two-dimensional spectrum of meridional winds at 200 hPa (Fig. 1) shows the dom-
inant presence of eastward propagating 18 day waves with k = 3 at 55◦ N and with
k = 5 at 45◦ N. It may be noted that the presence of the eastward propagating waves20

are not clearly observed in zonal wind and temperature. The longitude-time cross sec-
tion of 15–20 day filtered meridional winds at 200 hPa for the latitudes 55 and 45◦ N
shows that the 18 day wave is active around 200◦ E from day number 20. However, the
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wave activity increases from day number 39 and the eastward propagation is clearly
observed with large amplitudes.

In order to see the latitudinal structure of the waves, the latitudinal variation of the
wave amplitudes in meridional winds at 200 hPa for k = 1–5 is plotted in Fig. 2a.
Though the 18 day wave of k = 3 is dominant at latitudes greater than 50◦ of both5

hemispheres, the wave of k = 5 is dominant at latitudes 60◦ N–60◦ S. The 18 day wave
of k = 1 and k = 2 are dominant only at latitudes greater than 80◦ of both Northern and
Southern hemispheres. The latitudinal variations of the phase of the waves of different
k in meridional winds at 200 hPa are shown in Fig. 2b. From the figure, we can infer
that the phase shows irregular structure for the waves of k = 1–2. The wave phase of10

k = 4 occurs at latter time from high to low-latitudes indicating that the wave propagates
towards equator, whereas there is an advancement of the phase of wave of k = 3 to-
wards equator indicating the poleward propagation of the wave. The phase of the wave
of k = 5 remains constant at mid-latitudes and there is a rapid retreating of phase to
latter hours around 30◦ N indicating rapid propagation of the waves toward equator fol-15

lowed by a slow retreat in the latitude region 12–25◦ N. Hereinafter, the focus of the
present study will be on the dominantly present 18 day wave of k = 5.

The latitudinal variation of 18 day wave with zonal wavenumber 5 amplitudes in
meridional winds is plotted in Fig. 3 for all the pressure levels from 1000 to 1 hPa
to study the latitudinal-height cross section of the wave. The wave amplitude appears20

to increase with height from 1000 hPa at mid-latitudes. In both hemispheres, it reaches
the maximum value of 8–9 ms−1 at 250 hPa at 45◦ latitude. Though the wave ampli-
tude in Southern Hemisphere (SH) is larger than that in Northern Hemisphere (NH),
the wave signature is present only up to 50 hPa in SH, whereas it persists with smaller
amplitudes even above 1 hPa. Moderate amplitude enhancement (4–5 ms−1) is also25

observed around 20◦ N around 250 hPa. At this latitude, the wave signature is observed
only at pressure levels 500–70 hPa. Though similar enhancement in wave amplitude is
not there around 20◦ S, small amplitude of 1 ms−1 is observed at 250–175 hPa. Moder-
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ate amplitude enhancement (4–5 ms−1) is also observed around 20◦ N around 250 hPa.
At this latitude, the wave signature is observed only at pressure levels 500–70 hPa.

The latitudinal variations of amplitude and phase of the 18 day wave of zonal
wavenumber 5 in zonal and meridional winds and temperature at 200 hPa are shown
in Fig. 4. The amplitudes of the wave in zonal wind and temperature are less at 45◦ lat-5

itude. The wave in zonal wind shows large amplitude (6.5 ms−1) at 30◦ N, whereas the
wave amplitude in meridional wind shows a minimum (2 ms−1). It also shows a sec-
ondary maximum (4 ms−1) at the latitude of 54◦ of both hemispheres. The wave in
temperature shows maximum amplitude (1.5 K) at 48◦ latitude of both hemispheres.
The phase of the wave in meridional wind is constant from 66 to 36◦ N. However, it10

increases as the latitude decreases indicating that the wave propagates towards equa-
tor. The phase in zonal wind also increases towards equator from 42◦ N, though the
phase in temperature does not show clearly the equatorward propagation of the wave.
Dunkerton et al. (1991) observed that eastward disturbances were confined mostly
within the polar vortex, whereas quasi-stationary and westward traveling components15

propagated to the vortex periphery and beyond, into the tropics. Our observations sug-
gest that though eastward propagating waves of k = 1 and k = 2 are confined to polar
latitudes, the waves of higher zonal wavenumbers propagate towards tropics. Rossby
wave energy propagation into the tropics from higher latitudes is well known feature of
the general circulation of the atmosphere (Kiladis, 1998). Charney (1969) suggested20

that only Rossby waves having westward phase speed greater than the zonally aver-
aged westward zonal wind speed could propagate. When extratropical disturbances
propagate from mid-latitudes to tropics, the mean flow should possess certain charac-
teristics. Charney (1969) showed that the westward winds could act as an effective bar-
rier for the westward propagating wave disturbances from mid-latitudes into the tropics.25

Similarly it is expected here that the mean zonal flow over tropics must be westward for
the equatorward propagation of the eastward waves. The time-longitude cross section
of zonal wind averaged for the latitudes 0–20◦ N (Fig. 5) shows that the eastward winds
are present around 200◦ E and they become weaker after day number 40. Besides,
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there are regions (0–25◦ E during day numbers 25–35 and around 240◦ E during day
numbers 38–42), where westward winds are observed. Through these westward and
weak eastward winds, the eastward propagating disturbances could propagate to trop-
ical latitudes. Due to this, there is a convergence of the eastward wave energy flux at
tropical upper troposphere. Lamb (1973) suggested that the tropical atmosphere selec-5

tively could respond to lateral forcing from mid-latitudes and the generated equatorial
wave would have similar characteristics (period and wavenumber) as that of the mid-
latitude wave forcing. In order to check this, the OLR data at 15◦ N, the proxy for tropical
convection have been subjected to two-dimensional spectral analysis and the result is
shown in Fig. 6a. The spectrum of OLR clearly shows the presence of 18 day wave10

propagating eastward with zonal wavenumber 3. The 15–20 day filtered OLR (Fig. 6b)
shows eastward propagation in the longitude bands 300–360 and 200–260◦ E from day
number 20.

4 Discussion and conclusion

Time-space spectral analysis of ERA-interim winds and temperature at 200 hPa show15

the presence of an eastward propagating wave with period near 18 days with dominant
zonal wavenumber 5 in mid-latitude meridional winds at 200 hPa. The wave maximizes
at 250 hPa at the latitude of 45◦ of both northern and Southern Hemispheres. Unlike the
18 day wave of shorter zonal wavenumbers, which remain confined to polar latitudes,
the wave of k = 5 propagates towards equator, inferred from the latitudinal variation of20

the phase of the wave. The 18 day waves of k = 1–2 are dominantly present at lat-
itudes greater than 80◦, whereas the waves of k = 3–4 are dominant at 60◦ of both
hemispheres. Instabilities associated with their relation to the seasonal variation of the
mean zonal wind fields have been suggested to be the source for these waves (Hi-
rota, 1976; Shiotani et al., 1993). Previous studies showed that large eastward wave25

activity with various periods preconditioned the stratospheric circulation prior to the
stratospheric warming events and the amplitudes of these waves got reduced imme-
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diately prior to the onset of the SSW events (Labitzke, 1981; Limpasuvan et al., 2004;
Hoffmann et al., 2007; Pancheva et al., 2008). However, the present study indicates
that the wave of k = 5 amplifies during and after the SSW event of 2013, which oc-
curs during January 2013 (Nath et al., 2015). Shepherd and Tsuda (2008) observed
eastward propagating 10, 16 and 23 day periodicities with k = 1 and k = 2 in at high5

latitude Southern Hemisphere (60–75◦ S). Alexander and Shepherd (2010) noted more
eastward wave activity than westward wave activity in both hemispheres, when the sta-
tionary wave components were removed. Earlier, Dunkerton et al. (1991) observed that
the eastward propagating wave disturbances were confined to polar latitudes and the
superposition of traveling and quasi-stationary waves led to constructive interference10

that was responsible for the SSW events. The present study shows that though east-
ward propagating 18 day waves of smaller k (1–2, in particular) are confined to high
latitudes, there is an equatorward propagation of 18 day wave of zonal wavenumber 5.
In the NH, there is a poleward tilt in the phase of the wave at mid-latitudes, as height
increases indicating the baroclinic nature of the wave, whereas in the SH, the wave15

has barotropic structure as there is no significant phase variation with height. At the
NH subtropics, the wave activity is confined to 500–70 hPa with moderate amplitudes.
It is similar to the characteristics of westward propagating Rossby waves confining
themselves to upper troposphere as they approach the tropics under the effect of the
easterly dome (Magana and Yanai, 1995). Similarly in the present case, the presence20

of westerly dome could be the reason for the confinement of the eastward propagat-
ing disturbance to upper tropospheric heights. It is interesting to note in the present
study that the wave of similar periodicity (18 day) and zonal structure (k = 5) as that of
extratropical wave disturbance has been observed in OLR, a proxy for tropical convec-
tion. We suggest that the selective response of equatorial wave forcing in the tropical25

convection may be due to the convergence of eastward wave flux at low-latitudes. To
the best of our knowledge, only mixed Rossby waves have been reported to be excited
over tropics due to the lateral propagation of westward propagating Rossby waves
(Mak, 1969; Lamb, 1973; Kiladis, 1998; Hoskins and Yang, 2000). These waves are
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associated with the intrusion of high PV air into tropics, where they modulate cloudi-
ness, stability and vertical motion in the vicinity of the ITCZ (Kiladis, 1998).

Probably due to the lateral forcing of wave convergence at low-latitudes, an eastward
propagating 18 day wave of zonal wavenumber 5 is selectively generated due to trop-
ical convection as inferred from the space–time spectral analysis of OLR, a proxy for5

tropical convection. This is the first observational evidence demonstrating the excita-
tion of an eastward propagating wave of similar periodicity and zonal structure as that
of extratropical wave disturbance.

Acknowledgements. Interpolated OLR data were provided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA from their Web site at http://www.esrl.noaa.gov/psd/. The ERA-interim10

data used in the present study were provided by BADC and downloaded from the website
http://apps.ecmwf.int/datasets/data/interim-full-daily/.
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Figure 1. (a) Space–time spectra of ERA-interim meridional winds at 200 hPa at 55 and 45◦ N
and (b) 15–20 day filtered ERA-interim meridional winds at 55 and 45◦ N for the period Decem-
ber 2012–February 2013.
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Figure 2. Latitude variation of the 18 day wave amplitudes in ERA-interim meridional winds at
200 hPa for the zonal wavenumbers (k) 1–5 for the period December 2012–February 2013.
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Figure 3. Latitudinal variation of the amplitude of 18 day wave with zonal wavenumber (k) 5 in
ERA-interim meridional winds for all the pressure levels from 1000 to 1 hPa.
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Figure 4. Latitudinal variations of amplitude and phase of the 18 day wave of zonal wavenumber
(k) 5 in ERA-interim zonal and meridional winds and temperature at 200 hPa.
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Figure 5. Time–longitude cross section of ERA-interim zonal wind at 200 hPa averaged for the
latitudes 0–20◦ N.
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Figure 6. (a) Two-dimensional spectrum of NOAA OLR at 15◦ N and (b) 15–20 day band-pass
filtered NOAA OLR at 15◦ N.
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