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[1] Recent observations and theoretical work suggest that the 2 day planetary wave in the
summertime mesosphere is composed of multiple superposed zonal wave numbers.
Here we use EOS Aura Microwave Limb Sounder (MLS) temperature data to determine
the component zonal wave numbers of the 2 day wave in the mesosphere at latitudes of
70°S to 70°N from 2004 to 2009. We consider the effect of aliasing between different
wave numbers and note that significant aliasing can occur and result in spurious signals,
particularly at high latitudes in winter. The seasonal evolution of the different wave
numbers is investigated and found to be very different between the Northern and Southern
Hemispheres. In both hemispheres the wave is dominated by westward traveling waves
of zonal wave number 3 and 4 (W3 and W4). However, in the Southern Hemisphere
the wave is dominated by the W3 component, but in the Northern Hemisphere the W3
component is smaller and the W4 component is often of similar or larger amplitude.
A small‐amplitude westward traveling zonal wave number 2 (W2) wave is also evident in
both hemispheres. In the Northern Hemisphere, the W2 amplitudes never exceed 3 K,
the W3 amplitudes can reach 3.5 K, and the W4 can be the largest component,
reaching amplitudes of 4 K. In the Southern Hemisphere, the W2 amplitudes can reach up
to 3.5 K, the W3 amplitudes can be much larger, reaching 12 K, and the W4 amplitudes
are smaller than in the Northern Hemisphere, in 4 out of 5 years not exceeding 3 K.
The Northern Hemisphere W4 can reach large amplitudes in August when the W3 is small,
which means that the late summer Northern Hemisphere quasi‐2 day wave is usually a
W4 oscillation rather than the familiar W3. In contrast, in the Southern Hemisphere,
the W3 is often larger than the W4 around the summer solstice, and there are no
episodes observed where the wave becomes dominated by the W4 for an extended period
of time. A high degree of interannual variability is evident, particularly in the Southern
Hemisphere, where the W3 peak amplitudes vary from 12 K in January 2006 to 3 K
in January 2009. The height‐latitude structure of the W4 suggests that this wave is a
(4, 0) Rossby‐gravity wave.
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1. Introduction

[2] The 2 day planetary wave is one of the most important
features in the dynamics of the summertime middle atmo-
sphere. At its maximum it is the largest amplitude planetary
wave observed anywhere in the mesosphere, as large as 11 K
in the Southern Hemisphere [e.g., Limpasuvan and Wu,
2003]. The wave is usually observed for about one to two
months after the summer solstice when it is present from
the upper stratosphere to the lower thermosphere. Wave

temperature‐amplitudes maximize at midlatitudes and at
heights near the mesopause, and the wave is present from
equatorial to polar latitudes. Wave amplitudes are known
to be larger in the Southern Hemisphere than the Northern
Hemisphere and the wave is primarily a westward propa-
gating feature of zonal wave number 3, although other wave
numbers have been observed.
[3] The 2 day wave is important in the dynamics of the

middle atmosphere because it is known to strongly interact
with atmospheric tides and to modulate their amplitude
[e.g., Teitelbaum and Vial, 1991; Mitchell et al., 1996;
Palo et al., 1999; Pancheva et al., 2004; Wu et al., 2008].
Further, there is evidence that the 2 day wave can become
phase locked to the migrating semidiurnal and diurnal tides
(i.e., have a period of exactly 48 h) and through interaction
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with them generate a diurnal zonal wave number 6 feature
and lead to rapid amplification of the 2 day wave amplitude
[e.g., Walterscheid and Vincent, 1996; Hecht et al., 2010;
McCormack et al., 2010]. Interactions with tides can also act
to constrain 2 day wave amplitudes and results in a cascade
of variance to smaller scales within the atmosphere [Salby
and Callaghan, 2008]. The 2 day wave influences the photo-
chemistry and transport of minor species in the mesosphere
[e.g., Kulikov, 2007]. Nonlinear coupling between the 2 day
wave and the migrating diurnal tide has been proposed as a
mechanism capable of exciting other planetary wave modes
(e.g., eastward wave number 2 [Palo et al., 2007]). The
temperature perturbations associated with the wave have
been shown to control the variability of polar mesospheric
clouds [e.g., Merkel et al., 2009]. Evidence that the 2 day
wave at low latitudes influences polar summer time meso-
pause region temperatures by up to as much as 9 K has been
provided by Morris et al. [2009] based on the occurrence
frequency of polar mesosphere summer echoes. The 2 day
wave is also known to produce a strong modulation of the
ionosphere through mechanisms which remain poorly under-
stood [e.g.,Forbes et al., 1997;Forbes and Zhang, 1997], these
in turn produce a 2 day modulation of the geomagnetic field
[Yamada, 2009]. There are also suggestions that the equato-
rial quasi‐biennial oscillation (QBO) influences the ampli-
tude of the 2 day wave [Li et al., 2008].
[4] The 2 day wave was first detected in meteor radar

observations of mesospheric winds by Muller [1972]. The
wave has since been extensively studied by ground‐based
radar and satellites. Meteor and MF radars were first used to
investigate the structure and climatology of the wave in
wind perturbations. The majority of ground‐based studies
have been made at middle and low latitudes [e.g., Salby and
Roper, 1980; Craig et al., 1983; Plumb et al., 1987; Tsuda
et al., 1988; Harris and Vincent, 1993; Palo and Avery,
1996; Jacobi et al., 1997; Thayaparan et al., 1997; Jacobi
et al., 1998; Gurubaran et al., 2001; Manson et al., 2004a;
Pancheva et al., 2004; Riggin et al., 2004;Meek and Manson,
2009]. There have been comparatively few ground‐based
studies of the wave at polar latitudes [e.g., Nozawa et al.,
2003a, 2003b; Manson et al., 2004b; Merzlyakov et al., 2004;
Riggin et al., 2004; Nozawa et al., 2005; Palo et al., 2007;
Baumgaertner et al., 2008; Sandford et al., 2008; Tunbridge
and Mitchell, 2009]. These ground‐based radar observations
have led to a general overall understanding of the char-
acteristics of the 2 day wave, including its vertical structure,
period wind amplitudes and seasonal variability.
[5] However, ground‐based radar measurements are lim-

ited to a particular latitude and longitude making it not pos-
sible for a single instrument to determine the zonal structure
of the wave, i.e., to determine the zonal wave number. To
overcome this limitation, some studies have been conducted
using longitudinally spaced networks of two or more ground‐
based radars [e.g.,Glass et al., 1975;Muller and Nelson, 1978;
Clark et al., 1994; Pancheva et al., 2004]. However, they were
limited by instrument biases and spatial ambiguities due to
sparse sampling which is not necessarily present in satellite
observations.
[6] Satellite observations of the 2 day wave have been

made using various instruments that measure atmospheric
temperature including the Nimbus 5 SCR and Nimbus 6 PMR

[e.g., Rodgers and Prata, 1981], Microwave Limb Sounder
(MLS) on UARS [e.g., Limpasuvan and Wu, 2003; Riggin
et al., 2004] SABER on TIMED, [e.g., Garcia et al., 2005;
Palo et al., 2007] and EOS MLS on Aura [e.g., Limpasuvan
et al., 2005; Sandford et al., 2008; Meek and Manson, 2009].
Satellite instruments have also been used to measure atmo-
spheric wind values of the 2 day wave, e.g., HRDI on UARS
[e.g.,Wu et al., 1993; Riggin et al., 2004],WINDII on UARS,
[e.g., Ward et al., 1996] and more recently the line of sight
(LOS) winds from the EOS MLS on Aura [e.g., Limpasuvan
et al., 2005; Wu et al., 2008; Limpasuvan and Wu, 2009].
[7] These studies have complemented ground‐based obser-

vations of the seasonal behavior, latitude and height struc-
ture of the wave. They also revealed that the zonal wave
number structure of the 2 day wave is a complex of several
different wave numbers. The largest amplitude wave numb-
ers are the westward propagating zonal wave numbers 2, 3
and 4 (hereafter W2, W3 and W4, respectively). So the
2 day wave complex is primarily made up of these wave
numbers with the W3 and W4 waves being the most sig-
nificant. The W3 reaches larger amplitudes in the Southern
Hemisphere than in the Northern Hemisphere. In contrast,
the W4 component reaches larger amplitudes in the North-
ern Hemisphere [e.g., Limpasuvan et al., 2000; Riggin et al.,
2004; Garcia et al., 2005]. These observations and others
have revealed a general structure for the 2 day wave in
temperature and wind amplitudes. The meridional wind
amplitudes were found to dominate over the zonal wind
amplitudes toward the equator. At midlatitudes meridional
and zonal amplitudes are similar and in general, the Southern
Hemisphere wind amplitudes are double that of the Northern
Hemisphere wind amplitudes in summertime. Temperature
and geopotential height amplitudes were also found to max-
imize at middle latitudes in summertime.
[8] A number of different mechanisms have been pro-

posed for the excitation for the 2 day wave. Salby and Roper
[1980] proposed it to be the manifestation of the gravest
zonal wave number 3 Rossby‐gravity normal mode. Alter-
natively, Plumb [1983] and Pfister [1985] proposed that the
wave is generated by a baroclinic instability of the sum-
mertime middle atmosphere westward zonal jet. Later work
has suggested that both mechanisms may play a part; in
particular, Salby and Callaghan [2001b] suggested the wave
exhibits characteristics of both the normal and unstable
modes and suggested that the global Rossby‐gravity wave
mode could grow by drawing energy from the zonal winds.
In this explanation, wave energy is transferred from the mean
flow to the wave in a relatively restricted region near the
wave’s critical line, and then disperses globally into the
planetary‐scale structure of the 2 day wave. In the case of
the W4, Plumb [1983] and Pfister [1985] suggested that the
W4 is solely due to an instability mode. Rojas and Norton
[2007], investigated how a global Rossby‐gravity normal
mode might amplify from a local instability. They examined
the growth rates of the wave in both linear and nonlinear
models and proposed that the summertime amplification of
the 2 day wave results from the interaction of the global‐
scale Rossby‐gravity mode and a local mode excited by
instabilities associated with the reversed potential vorticity
gradients caused by the summer westward zonal jet. Note
that the experimental study of Offermann et al. [2011]
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suggested that the wave amplitude is related to the meridi-
onal gradient of quasi‐geostrophic potential vorticity and
baroclinic instabilities.
[9] In this study we use EOS Aura MLS (Microwave

Limb Sounder) measurements of atmospheric temperature
in the stratosphere and mesosphere to investigate the sum-
mertime 2 day wave. Data between latitudes of 70°N and
70°S are used covering the time period of September 2004
to December 2009. These data are used to develop climatol-
ogies of the 2 day wave.
[10] The key focus of this work is (1) to determine the

seasonal evolution of the different wave numbers W2, W3
and W4 over the course of the summer, (2) to determine a
climatology of the different wave numbers over an extended
interval of time (5 years), and (3) to characterize the inter-
annual variability of each wave number W2, W3 and W4,
in terms of the interannual variability of the seasonal evo-
lution for each component and the interannual variability
in the amplitude of the 2 day wave in the summer hemi-
sphere iv) to determine the magnitude of any aliasing effect
that might produce spurious waves in the analysis used to
extract 2 day waves from the satellite data set.

2. Data Analysis

[11] The source of data used in this study is the Micro-
wave Limb Sounder (MLS) instrument aboard the NASA
Earth Observing System (EOS) Aura satellite, which is part
of the A train constellation of satellites. MLS uses micro-
wave emissions in the range 118 GHz to 2.5 THz to mea-
sure temperature and composition in the lower and middle
atmosphere. The Aura satellite is in a Sun‐synchronous
orbit, and so it passes through two local times at any given
latitude. The range of latitude accessible to the satellite is
approximately 82°N to 82°S. Measurements are performed
along the suborbital track. The spatial resolution is approxi-
mately 500 km horizontally and 3 km vertically, decreasing
to about 10 km near the mesopause [Livesey et al., 2007].
A more detailed description of EOS Aura MLS is given by,
e.g., Waters et al. [2006]. Here we use the temperature from
the level 2 version 2.2 data product over the height range
∼10–97 km. The data were screened as recommended by the
data quality document of Livesey et al. [2006]. This means
that the data products were only used if the precision was
positive, the quality was greater than 0.6 and convergence
is less than 1.2, and the status was even. The temperature
precision is 1 K or better from 316 to 3.16 hPa, degrading
to ∼3 K at 0.001 hPa. The vertical resolution is 3 km at
31.6 hPa and 6 km at 316 hPa and only ∼13 km at 0.001 hPa
[Schwartz et al., 2008]. The data are considered from the
interval September 2004 to December 2009.
[12] In order to extract the 2 day wave signal from the

temperature data, the least squares fitting method of Wu
et al. [1995] was used. This method has earlier been used
to identify the 2 day wave in UARS measurements. The
method has subsequently been successfully applied to EOS
Aura MLS temperature and geopotential height measure-
ments [e.g., Limpasuvan et al., 2005; Baumgaertner et al.,
2008; Sandford et al., 2008; Limpasuvan and Wu, 2009;
Offermann et al., 2011]. The method has the advantage that
it can be used with nonuniform or irregular sampling pat-

tern, but is more computationally intensive than alternative
approaches such as fast Fourier transform (FFT) or asy-
noptic transforms. The advantages and disadvantages of the
method have been discussed in depth by Wu et al. [1995].
[13] In our application of the method here, sinusoidal func-

tions with periods incremented in 1 h steps between 40 and
60 h period were least squares fitted to the satellite data in
a 12 day window on each pressure level in the data set.
On each pressure level the data were sorted into bands of
10 degrees latitude from 80°N to 80°S. The data points used
in the fitting thus consisted of those parts of the track pro-
files that fall within a particular 10 degree latitude band and
within a particular 12 day time window on a particular pres-
sure level. This window was then incremented through the
time series in steps of 3 days. The sinusoidal wave functions
fitted had zonal wave numbers 4 to −4, where positive wave
numbers correspond to westward propagating waves and neg-
ative to eastward propagating waves. For each wave num-
ber the wave period at which maximum amplitude occurred
was recorded and taken to be the period of the 2 day wave
in that particular 12 day window. The analysis was carried
out for latitudes between 82°N to 82°S and for heights
between ∼10 and 97 km. The pressure levels are converted
to height in the figure labels for easy comparison with radar
observations.
[14] This analysis yields a final data product which is time

series of temperature amplitudes, phases and periods for
wave numbers 4 to −4, within a particular latitude band.
Before these results can be interpreted, however, we need
to consider the effects of standard errors in the best fitting
process and the possibility of aliasing between different
wave numbers.
[15] First, we will consider the standard error in the

amplitude of the wave measured by the least squares fit. In
addition to the amplitude of a particular wave fitted to the
data, the least squares analysis also yields the standard error
of that fitted amplitude. Considering the whole data set,
these standard errors in amplitude are found to be generally
between about ±0.3 and ±1.2 K and mostly toward the lower
end of this range. As an example, Figure 1 presents contours
of the standard error for the case of the W3 wave as a
function of time and latitude at a height of 91 km. These
results are presented as being typical of the standard errors
yielded by this analysis. The standard errors in the case of
Figure 1 are not constant, but vary from less than ±0.2 K up
to about ±0.6 K. We examined the standard errors for other
heights and latitudes and for other wave numbers and found
the maximum standard errors in amplitude never exceeded
±1.4 K and were almost always ±0.5 K or less (results not
shown for reasons of space.) We therefore will use ±1 K as
a representative minimum amplitude a wave must have to
be regarded as significant, taking 2 times the standard error
as a threshold for significance. This is a slightly pessimistic
threshold, but does allow us to use a simple standard cut off
in the presentation of our results.
[16] Second, we will consider the effects of aliasing. The

nature of the sampling offered by satellite measurements
can lead to significant aliasing between different zonal wave
number and period combinations. This could give rise to
spurious results in which significant amplitudes are calcu-
lated for a particular wave number and frequency where no
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wave is actually present in the atmosphere with that wave
number and frequency, and the amplitude has actually been
aliased from another wave altogether.
[17] This problem has been considered in depth by Salby

[1982a, 1982b], Wu et al. [1995] and Meek and Manson
[2009], who also considered aliasing in the specific case of
2 day waves. In the analysis presented here, we are aware
that aliasing between different wave numbers could be a sig-
nificant issue. In particular, we need to be able to distin-
guish between real waves in the atmosphere and spurious
results caused by the aliasing of amplitude from other wave
numbers.
[18] We have examined the possible impact of aliasing on

our results by modeling as follows. For each wave number
−16 to 16, a synthetic data set was created in which a wave
of arbitrary amplitude was present at that particular wave
number with a wave period of 48 h and of constant ampli-
tude from pole to pole. This data set was then sampled using
the same spatial and temporal sampling as that of the EOS
Aura MLS data and the results examined to see how much
amplitude was present in other wave numbers and frequen-
cies as a result of aliasing from this particular wave.
[19] Figure 2 presents the results of this analysis for wave

numbers −7 to 7 (the higher wave numbers not plotted
because they are unlikely to correspond to real features in
the atmosphere). Figure 2a presents the example case of a
W3 wave of frequency 0.5 cycles per day (cpd) at a lati-
tude of 70°S and a height of 59 km. In addition to a spectral
peak corresponding to the synthetic wave, a number of other
peaks are evident. In particular at wave number W3 there
are a series of small “sidelobe” peaks at frequencies slightly
higher and lower than 0.5 cpd. There are also three smaller
peaks at frequency, wave number coordinates of 0.5, −2;
1.5, −1 and 1.5, 4 (where wave number −1 is an E1 wave,
etc.). Note that such aliasing can also occur from a genuine
wave at these latter periods and wave numbers resulting in a
spurious aliased signal at the 0.5, 3 frequency/wave number
coordinate. However, some of the signals aliased from W3
are unlikely to be mistaken for a genuine planetary wave
because they occur at frequencies higher than expected for a
planetary wave (e.g., the two signals at 1.5 cpd). This result
shows that a significant fraction of the amplitude of a W3
2 day wave can be aliased into an E2 2 day wave (and visa

versa). Finally, note that there are also signals aliased to
wave number frequency coordinates outside of the regions
plotted in Figure 2a. For example the 0.5 cpd W3 wave also
produces an aliased signal at a wave number and frequency
of 1, −11. However, these peaks are at such extreme wave
numbers that we will not consider them further.
[20] A similar analysis is presented for aliasing from a

0.5 cpd W2 and W4 waves in Figures 2b and 2c, respectively.
Figures 2b and 2c also reveal a pattern of aliased peaks. Again
there are three peaks in each case one at 0.5 cpd and two at
1.5 cpd. Figure 2b shows an aliased signature at frequency,
wave number coordinates of 0.5, −1 wave, and Figure 2c
shows an aliased signature at frequency, wave number coor-
dinates of 0.5, −3. There are again two signals for each wave
number at a frequency of 1.5 cpd.
[21] We noticed that there is considerable variation in the

population of aliased waves as a function of latitude. To
investigate this further, we calculated the fraction of a syn-
thetic waves amplitude that would be aliased into other
wave numbers as a function of latitude. The results of this
investigation are summarized in Figure 3.
[22] First, we will consider the impact on our results of an

E2 wave present in the atmosphere. Such waves with peri-
ods near 2 days are known to exist in the atmosphere [e.g.,
Nozawa et al., 2003a; Palo et al., 2007; Sandford et al.,
2008]. Figure 3a presents the case where a synthetic E2
wave of constant arbitrary amplitude is modeled as present
in the atmosphere. Figure 3a indicates the fraction (as a
percentage) of the amplitude of this wave which will be
aliased into W2, W3, and W4. From Figure 3a it can be
seen that there is no significant aliased signal for the W2
and W4 components. However, a W3 aliased signal does
result. This aliased signal varies strongly with latitude due
to the nature of the sampling. The aliased W3 amplitude
exceeds 40% of the E2 amplitude poleward of about 65°
and decreases to very small values near the equator. This
means that at high latitudes an E2 wave may produce sig-
nificant amplitude aliased into the W3 wave. It is known
that 2 day E2 waves exist in the high‐latitude wintertime
stratosphere and mesosphere [e.g., Nozawa et al., 2003b;
Sandford et al., 2008].
[23] Consequently, any 2 day W3 signal observed at high

latitude in wintertime must be treated with caution because

Figure 1. The temperature amplitude uncertainties of the W3 2 day planetary wave. The results are
shown for a height of 91 km in the mesosphere as a function of latitude and time.
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it may be aliased from the E2 rather than being a genuine
wave in the atmosphere. However, in summer it is not
believed that there exists a large amplitude E2 2 day wave at
high latitude so any W3 signal observed in summer will thus
be genuine. We note that our conclusion that amplitudes of
up to about 40% may be aliased from a 2 day E2 to a W3 is
in good agreement with the value derived by Wu et al.
[1995] in their consideration of aliasing.

[24] Second, a similar technique was applied to the E1 and
E3 waves and the results are shown in Figures 3b and 3c,
respectively. In Figure 3b a synthetic E1 wave of constant
arbitrary amplitude is modeled as present at all latitudes.
Figure 3b shows that the E1 wave produces an aliased signal

Figure 3. The fraction of wave amplitude aliased from a
primary 2 day planetary wave into zonal wave numbers
W2, W3, and W4 as a function of latitude for (a) an E2 pri-
mary wave, (b) an E1 primary wave, and (c) an E3 primary
wave. Spacecraft sampling from July 2008 is used in the
analysis.

Figure 2. Aliased signals from a primary 2 day planetary
wave at 0.5 cpd. This is for (a) a W3 primary wave, (b) a
W2 primary wave, and (c) a W4 primary wave. Negative
wave numbers refer to eastward traveling waves, and posi-
tive numbers refer to westward traveling waves.
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in the W2 wave but no significant aliased signals for the W3
and W4 waves. The aliased W2 wave has a similar profile of
amplitude with latitude to the results presented in Figure 3a
in that it exceeds 40% of the amplitude of the E1 wave
poleward of about 65° and decreases to very small relative
amplitudes near the equator. Therefore, at high latitudes an
E1 wave may produce a W2 wave with a significant aliased
amplitude. Similarly in Figure 3c, a synthetic E3 wave is
modeled as present at a constant arbitrary amplitude at all
latitudes. In this case it can be seen that a significant W4
aliased amplitude can occur at high latitudes.
[25] From the above analysis we conclude that for 2 day

waves, high‐latitude spurious signals may arise as a result of
aliasing. In particular there may be aliasing between zonal
wave numbers E2/W3, E1/W2 and E3/W4. Note that
aliasing between other pairs is possible if wave periods other
than 2 days are considered. It is known that E1 and E2
waves exist in the atmosphere at high latitudes in winter and
so the possibility of aliasing must be considered in results
showing W2 and W3 waves at these latitudes and in this
season. However, at middle and low latitudes the magnitude
of the aliased signals is very much smaller and so aliasing is
probably not a significant problem. Finally, note that this
analysis cannot detect waves of tidal period. So, for exam-
ple, the W6 diurnal tide proposed by Walterscheid and
Vincent [1996] to be generated by interaction of the 2 day
wave and diurnal tide cannot be detected.

3. Results

[26] The studies described in section 1 suggest significant
wave amplitudes occur for components W2, W3, W4 and
E2. The temperature amplitudes of the W2, W3, W4 and E2
components as a function of time, height and latitude were
determined as described above and used to investigate the
variability of the 2 day wave.
[27] We will now present the results for two particular

heights. These are 91 km, taken as a representative height
for the mesosphere and lower thermosphere (MLT) region
(and because the radar results described in section 1 indicate
that the summertime 2 day wave reaches maximum ampli-
tudes at about this height) and 56 km, taken as a represen-
tative height for the stratopause.
[28] First, we present in Figure 4 the temperature ampli-

tude time series of the 2 day wave for W2, W3, W4 and E2
components at a height of 91 km and for latitudes between
75°N and 75°S (latitudes poleward of this are not plotted
because of the aliasing issues discussed in section 2). The
data span the interval September 2004 to December 2009.
Contours are not plotted for amplitudes smaller than the 1 K
threshold identified in section 2.
[29] We will now consider the variability of these waves

in terms of their seasonal and latitudinal behavior. We will
also consider differences between the Northern and South-
ern Hemispheres. Figure 4 shows there are significant 2 day
wave amplitudes in all four wave numbers and these wave
amplitudes vary strongly with season and latitude.
[30] The W2 amplitudes of Figure 4a are largest at middle

to low latitudes and occur throughout the year as a series of
isolated bursts of activity lasting a few tens of days and
generally having amplitudes of less than 2.5 K. Significantly
larger wave amplitudes occur in January of each year, where

wave amplitudes exceed 3 K. This occurs simultaneously
in both hemispheres and so the W2 activity is strongest in
Southern Hemisphere summer and Northern Hemisphere
winter. For example, in January 2006 wave amplitudes
exceed 3 K in both hemispheres at latitudes near 20°. A
similar burst of increased wave activity is evident in January
2008. In both cases the wave amplitude is largest in the
Southern Hemisphere in summer. Strong interannual vari-
ability is evident. For example, in January 2006 and 2008
wave amplitudes exceed ∼3 K in both hemispheres in 2006
and in the Southern Hemisphere only in 2008. For the rest of
the years wave amplitudes are smaller, reaching only ∼2 K.
[31] The W3 amplitude of Figure 4b include episodes

where the wave amplitudes are significantly larger than those
of the W2 component. A very clear seasonal behavior is
again evident and there are some significant differences in
the wave between the Northern and Southern Hemispheres.
[32] Considering first the Southern Hemisphere, it can be

seen that the W3 reaches amplitudes in excess of 3 K in
January of all years. This summertime wave activity extends
from very close to the equator to the highest latitudes observed.
The largest amplitudes generally occur at latitudes near
40°S. There is little evidence of significant W3 amplitude
at other times of year in this hemisphere. Considerable inter-
annual variability is evident. For example, in January 2006
wave amplitudes exceed 3.5 K for latitudes ranging from
25°S to 50°S. The peak amplitude is 12 K. In contrast, in
January 2008 amplitudes never rise above 3.5 K and wave
activity is confined to a relatively narrow range of latitudes
from ∼20°S to 60°S. Note that the large‐amplitude W3 wave
event in January 2006 was extensively studied by Limpasuvan
and Wu [2009].
[33] In contrast to the Southern Hemisphere, significant

W3 wave amplitudes occur in both summer and winter in the
Northern Hemisphere. Wave amplitudes are quite variable
and sometimes the winter maxima equal the summer ones.
Amplitudes are rather less than in the Southern Hemisphere
and peak amplitudes are usually only about 3 K. Peak ampli-
tudes occur at latitudes of ∼30°N–40°N. It is noticeable that
when large W3 amplitudes occur in the Northern Hemi-
sphere winter they occur simultaneously with the strong W3
activity in the Southern Hemisphere summer, suggesting
significant interhemispheric propagation of the W3 wave
under those conditions. Interannual variability is again evi-
dent. For example wave amplitudes in the summer of 2006
exceed 3 K whereas in summer 2005 they reach only ∼2.2 K.
[34] The W4 component is presented in Figure 4c. Again,

a strong seasonal cycle and clear interhemispheric differences
are evident. In contrast to the W3, the largest amplitudes are
observed in the Northern Hemisphere. Again, wave activity
occurs in relatively short‐lived bursts. These occur most
strongly in Northern Hemisphere summer (July–August)
where wave amplitudes reach ∼3.5 K. Largest amplitudes
occur between 30°N and 40°N and wave amplitudes are
insignificant poleward of 60°N. The amplitude again varies
from year to year. No significant W4 wave activity is evi-
dent in Northern Hemisphere winter.
[35] In the Southern Hemisphere, the W4 also occurs only

in summer and is strongest in February of all years observed.
W4 wave amplitudes are smaller than in the Northern
Hemisphere with peak amplitudes ranging from 1.5 to 2.5 K,
except for in 2009 where they reach 3.5 K. Again, strong
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Figure 4. The temperature amplitude of 2 day planetary waves at a height of 91 km in the mesosphere as
a function of latitude and time. Amplitudes below 1 K are not plotted. The results are shown for wave
numbers (a) W2, (b) W3, (c) W4, and (d) E2.
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