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Abstract. A number of studies have shown that 5-day plan-
etary waves modulate noctilucent clouds and the closely re-
lated Polar Mesosphere Summer Echoes (PMSE) at the sum-
mer mesopause. Summer stratospheric winds should inhibit
wave propagation through the stratosphere and, although
some numerical models (Geisler and Dickinson, 1976) do
show a possibility for upward wave propagation, it has also
been suggested that the upward propagation may in practice
be confined to the winter hemisphere with horizontal prop-
agation of the wave from the winter to the summer hemi-
sphere at mesosphere heights causing the effects observed at
the summer mesopause. It has further been proposed (Garcia
et al., 2005) that 5-day planetary waves observed in the sum-
mer mesosphere could be excited in-situ by baroclinic insta-
bility in the upper mesosphere. In this study, we first extract
and analyze 5-day planetary wave characteristics on a global
scale in the middle atmosphere (up to 54 km in temperature,
and up to 68 km in ozone concentration) using measurements
by the Odin satellite for selected days during northern hemi-
sphere summer from 2003, 2004, 2005 and 2007. Second,
we show that 5-day temperature fluctuations consistent with
westward-traveling 5-day waves are present at the summer
mesopause, using local ground-based meteor-radar observa-
tions. Finally we examine whether any of three possible
sources of the detected temperature fluctuations at the sum-
mer mesopause can be excluded: upward propagation from
the stratosphere in the summer-hemisphere, horizontal prop-
agation from the winter-hemisphere or in-situ excitation as a
result of the baroclinic instability. We find that in one case,
far from solstice, the baroclinic instability is unlikely to be
involved. In one further case, close to solstice, upward prop-
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agation in the same hemisphere seems to be ruled out. In all
other cases, all or any of the three proposed mechanisms are
consistent with the observations.

Keywords. Meteorology and atmospheric dynamics (Mid-
dle atmosphere dynamics; Waves and tides)

1 Introduction

Large scale Rossby waves, planetary waves with horizon-
tal wavelengths of thousands of kilometers and with periods
up to several days, form a well-known class of atmospheric
waves. A prominent mode of this group in the stratosphere
and mesosphere is the 5-day wave which is the gravest sym-
metric wavenumber 1 westward traveling Rossby mode (An-
drews et al., 1987). Early theoretical predictions of the 5-day
planetary wave characteristics, for example, by Geisler and
Dickinson (1976) and Salby (1981a, b), have later been con-
firmed by both ground based and satellite observations (Hi-
rota and Hirooka, 1984; Hirooka, 2000; Lawrence and Jarvis,
2003; Garcia et al., 2005; Riggin et al., 2006). The temper-
ature disturbance is associated with the amplitude peaks at
midlatitudes and is symmetric about the equator at all heights
during equinox. During solstice conditions, the wave is not
symmetric about the equator in the mesosphere and wave am-
plitudes may be greater in the summer mesosphere (Geisler
and Dickinson, 1976; Salby, 1981b). The period of 5-day
planetary waves varies with season (Salby, 1981a, b). Re-
sults based on the space observations from Nimbus-6 (Prata,
1989) indicate a period closer to 6 days in spring and autumn
(equinox conditions) and about 5.2 days in summer and win-
ter (solstice conditions).
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In several papers a relationship has been found between
5-day planetary waves and other natural events in the sum-
mer polar mesosphere. For example, using local ground-
based radar observations and UKMO assimilated global data,
it was found that variations in Polar Mesosphere Summer
Echoes (PMSE) at heights 80–90 km are closely anti corre-
lated with temperature variations associated with 5-day plan-
etary waves in the stratosphere at the 1 mb level (Kirkwood
and Ŕechou, 1998; Kirkwood et al., 2002). In the experi-
mental studies by Kirkwood et al. (2002) and Kirkwood and
Stebel (2003) a correlation was demonstrated between the
probability of observing noctilucent clouds (NLC, which in-
clude the clouds known as PMC, but are observed by ground-
based instruments, at 80–85 km heights) and the combined
effects of stationary, 16-day and 5-day planetary waves at
the NLC location. In an experimental study based on data
from the Student Nitric Oxide Explore Satellite (SNOE) by
Merkel et al. (2003) it was found that variations in the bright-
ness of Polar Mesospheric Clouds (PMC) had a 5-day pe-
riod which corresponded to the 5-day wave observed in the
polar summer mesosphere at high latitudes. This result has
been confirmed in another paper by Merkel et al. (2008) who
also compared the brightness of PMCs seen by SNOE with
mesospheric temperatures by the SABER instrument aboard
the TIMED satellite, for the summer seasons in both hemi-
spheres during 2002–2003. Their results show the presence
of planetary wave activity in both PMCs and mesospheric
temperatures that are strongly correlated to each other and
one of the dominant waves is a 5-day wave with wavenum-
ber 1.

In another experimental study, von Savigny et al. (2007),
considered the NH summer of 2005, and reported a good
general agreement in the quasi 5-day wave activity of NLC
occurrence rates (using SCIAMACHY/Envisat limb scatter-
ing measurements) and the mesosphere temperature field
(from temperature profiles measured with MLS/Aura), indi-
cating that planetary wave signatures in the temperature field
are the main driver of corresponding signatures in NLCs.

The observations of 5-day wave effects at the summer
mesopause are somewhat surprising since the upward prop-
agation of 5-day planetary waves should be effectively hin-
dered by the prevailing westward winds in the summer strato-
sphere and mesosphere. Although some numerical models
(Geisler and Dickinson, 1976) do show a possibility for up-
ward wave propagation, it has also been suggested that the
upward propagation may in practice be confined to the win-
ter hemisphere with horizontal propagation of the wave from
the winter to the summer hemisphere at mesosphere heights
causing the effects observed at the summer mesopause.

Another possible source for planetary waves in the sum-
mer polar mesosphere is the baroclinic instability of the east-
erly jet in summer time. Plumb (1983) discussed theoreti-
cally the possible occurrence of such baroclinic instability.
He pointed out that, around the solstices, the stratospheric
easterlies in the summer hemisphere intensify because of

heating in the high-latitudes regions. Almost at the same
time, a strong westerly shear develops in the upper meso-
sphere driven by internal gravity wave stress (Holton, 1982;
Matsuno, 1982). Eventually this shear may become so strong
that the jet becomes baroclinically unstable, a process that
could lead explain the appearance of the two-day planetary
wave. Garcia et al. (2005), who extracted planetary-scale
waves from temperature data measured by the SABER in-
strument, have found that not only the “2-day wave” attains
large amplitudes during the solstice in the summer meso-
sphere, but a spectrum of waves, including the 5-day wave,
that cluster along a line of constant westward phase velocity.
The observed structure of these waves, and the fact that they
were found to be present with high amplitude only close to
the solstices, was found to be consistent with excitation of
a spectrum of atmospheric normal modes by baroclinic in-
stability of the easterly summer jet in the mesosphere. In
another experimental study based on the SABER measure-
ments, (Riggin et al., 2006) found that the 5-day wave prop-
agated upwards in the winter hemisphere but was then am-
plified at the summer high-latitude mesosphere by baroclinic
instability.

In this paper we use both global satellite observations and
local ground-based radar observations to investigate the 5-
day wave behavior. Space and time filtering of satellite
and ground-based data are used to distinguish 5-day plan-
etary waves from other atmospheric phenomena and to in-
vestigate their propagation characteristics between the strato-
sphere and the mesosphere.

2 Data sources and technique of data analysis

The Odin satellite (Murtagh et al., 2002) was placed into a
600 km sun-synchronous, terminator orbit on 20 February
2001. One of the Odin instruments is an advanced sub-
mm radiometer (SMR) which is used for both astronomy
and aeronomy missions. In this work we use retrieved ozone
and temperature profiles (level-2 version 2.0) produced at the
Chalmers University of Technology (Gothenburg) from mea-
surements of the Odin Sub-Millimetre Radiometer (SMR) at
544.6 GHz (Frisk et al., 2003; Olberg et al., 2003; Urban et
al., 2005).

The principal data source for this study is the set of re-
trieved profiles (from Odin) of the temperature between 24–
54 km and ozone mixing ratio between 18–68 km (with verti-
cal resolution about 2 km). In this work we use Odin temper-
ature and ozone profiles with measurement response>75%
(i.e. the retrieved value is less than 25% dependent on the ini-
tial profile used in the retrieval). The estimated uncertainty
in the Odin profiles for temperature is about 0.5–1% at 24–
40 km and about 1–3% at 40–56 km, and for ozone is about
5–10% at 24–50 km and about 10–30% at 50–68 km. The
available periods of sufficiently continuous measurements
(each third day) are three NH summer periods 15 July–13
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August 2003, 14 June–11 August 2004, 27 July–17 Septem-
ber 2005. There is also one time period available with contin-
uous measurements each second day, 22 May–17 June 2007.

Note that the ozone retrievals are reliable over a much
larger height range than the temperature retrievals. The re-
trieved fields of temperature and ozone mixing ratio are avail-
able between 82◦ N and 82◦ S on a grid of about 7◦ in lati-
tude and 30◦ in longitude at mid-latitudes and 15◦–20◦ at
high latitudes. These data have been linearly interpolated to a
2.5◦

×3.75◦ latitude-longitude grid for the analysis described
in this paper. Missing orbits and short data gaps in time have
also been linearly interpolated. The fraction of missing orbits
in our case is about 5% of all available data.

Complete coverage of all longitudes is provided by Odin
in 12 h (using both ascending and descending nodes). In or-
der to extract the signatures of 5-day planetary waves, we
first extract the wave-component with spatial wavenumber 1
from each 12 h period of global coverage. This is done by
applying a spatial Fourier transform to the values of tem-
perature or ozone concentration around each latitude circle,
at each height. The lowest harmonic component represents
wavenumber one. In order to find the “5-day” temporal com-
ponent, we then apply a time-domain band-pass filter (4–6
day band-pass) to the time series of the complex amplitude
(equivalent to the amplitude and spatial phase) of this low-
est harmonic spatial component. By using a bi-directional
filter we avoid introducing artificial phase shifts and, by us-
ing a filter with complex coefficients, we are able to extract
only westward travelling waves. Odin’s observing sched-
ule is usually such that it makes atmospheric observations
in two consecutive 12-h periods, then there is a gap of 24 or
48 h (depending on measurement schedule), followed by two
more 12-h observation periods. This gap has to be filled by
interpolation of the wavenumber one amplitude and phase.
The 5-day waves should have slowly varying amplitude and
a steady phase progression around the globe, taking 5-days
for a complete circuit. Thus the interpolation can accurately
represent these waves provided there are no strong disturbing
signals from waves with shorter periods than the data gap.
Fortunately, according to published analyses of observations
from other satellites, we can expect 3-day and longer periods
to dominate at wave number 1 (Hirota and Hirooka, 1984;
Hirooka and Hirota, 1985; Venne, 1985). The final result of
this procedure is a time series, with 12 h time resolution, of
the amplitude and spatial phase of the westward travelling,
spatial wavenumber one, 4–6 day wave, separately for each
latitude and height in the original grid. This can be used to
recalculate the perturbation due to the wave as a time series
for any latitude, longitude and height. We call the tempera-
ture (or ozone mixing ratio) variation due to the 5-day wave,
calculated for a particular location, a “5-day perturbation”.

Validation of the Odin ozone data has been reported
by Kopp et al. (2007), who made an intercomparison of
Odin-SMR ozone profiles with ground-based ozone obser-
vations. The results showed that the Odin measurements at

544.9 GHz yielded a systematic bias of 20–30% lower ozone
mixing ratios in the middle stratosphere than the ground-
based measurements. However, in our work, only perturba-
tions in ozone are evaluated and any systematic bias in the
absolute values of ozone mixing ratio should not affect our
results.

To check the Odin temperature retrievals (from the
544.9 GHz channel) we have compared with temperature
data (version 2.2, level 2) obtained by the Microwave
Limb Sounder (MLS) experiment during the Aura mission
(Schwartz et al., 2008) for the period 27 July–17 September
2005. The results show 5–15% lower values of the zonal
mean temperature from the Odin data compared to MLS.
A comparison (not shown) between the 5-day temperature
perturbations extracted from the Odin and Aura data demon-
strates that the perturbation amplitudes in the winter strato-
sphere, where planetary waves are strong, have almost the
same magnitude (1–4 K from Odin, 1–5 K from Aura) and
the perturbation phases and amplitude changes are very sim-
ilar between the data sets. Thus, it seems that the Odin data
are sufficiently reliable to estimate the properties of 5-day
planetary waves, at least for locations and time intervals with
reasonably large wave amplitude.

For additional information on planetary wave properties,
we use ground-based measurements obtained with meteor
radars located in northern Sweden at Esrange (67◦56′ N,
21◦04′ E), in northern Norway, at Andenes (69◦17′ N,
16◦00′ E), in northern Canada, at Resolute Bay, (74◦30′ N,
95◦00′ W) and at Yellowknife, (62◦30′ N, 114◦32′ W). The
decay time of meteor trails is used to provide estimates of
temperature between 85–90 km height. The technique of
deriving temperature from meteor echoes can be found in
Hocking et al. (2004) and references there-in. Ground-based
measurements in this case are the time series of average tem-
perature for each day. Temperature data for 2003 and 2007
were obtained from the meteor radar at Esrange; for 2004
– from meteor radars at Andenes, Resolute Bay and Yel-
lowknife; for 2005 – from meteor radars at Esrange, Resolute
Bay and Yellowknife.

The time series of temperature data from the meteor radars
have been filtered, using the same bandpass as for the Odin
data, to extract wave components with periods of 4–6 days,
to match the 5-day waves found from the satellite data.
Note that we cannot distinguish between perturbations due
to wavenumber 1 and higher-order waves, nor between west-
ward and eastward traveling disturbances, nor contributions
from non-periodic changes, in these temperature data.

To test the significance of the extracted 5-day waves, a
random permutation technique has been used. For the Odin
data, 10 000 random permutations have been applied to the
complex amplitudes of the wave number one components in
ozone and temperature. Then, the filtering procedure has
been performed to extract a 5-day wave from the each ob-
tained random wave number one. The obtained 10 000 ran-
dom 5-day waves are statistically independent with respect
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Fig. 1. Mean amplitude of the 5-day planetary wave as a function of latitude from measurements by Odin over the period 15–29 July,
days 196–210, 2003(a, b) and 7–17 September, days 250–260, 2005(c, d). Left hand panels are for the wave in temperature (K) at 38 km
(a) and 40 km (c), right hand panels are for the wave in ozone (ppmv) at 50 km (solid line) and 64 km (dashed line).

to the original 5-day wave calculated from non-permutated
wave number one. Finally, a comparison between random 5-
day waves and the original 5-day wave has been made on the
basis of the maximal wave amplitude (i.e. if the amplitude of
the original wave is higher than 80% of the wave amplitudes
resulting from random permutation of the data, we say it is of
80% significance). The significance of the 5-day temperature
waves from the meteor radar data has been tested in the same
way by applying the same random permutation technique but
to the daily temperature estimates, and then, amplitude com-
parison between the original and random 5-day waves.

An additional test on the significance of the calculated 5-
day waves in the Odin data has been performed using the
well-known physical property of this wave, that it should
show phase coherence between different latitudes at middle
latitudes. Latitude bands between 40◦–60◦ N and 40◦–60◦ S
have been considered for all heights and for each period to se-
lect those time intervals when the 5-day wave shows a phase-
coherent pattern for the whole latitude band. Only one or
two short time intervals have been found in each available
measurement period when this criterion is satisfied. Note
that for some intervals there is a substantial phase shift be-
tween the wave structures observed at the equivalent lati-
tude bands in opposite hemispheres. This behaviour is not a
contra-indication of 5-day waves. For example, Prata (1989)
demonstrated that the phase of the 5-day temperature wave,

derived using a barotropic normal mode model, could change
up to 180◦ between 60◦–70◦ S and 60◦–70◦ N (for solstice
conditions in the case of no background winds in the middle
atmosphere).

Finally, we use winds from the meteor-radar at Esrange
to give a measure of the 2-day wave amplitude at mesopause
heights. As discussed in the introduction, this wave is consid-
ered to be produced by baroclinic instability, so that changes
in its amplitude should give a good indication of whether the
latter source is generating strong waves, or not. Temperature
estimates from the meteor radars can be made only with 24-h
time resolution so they are not very suitable to look for 2-day
waves. Winds are routinely measured with 1-h time resolu-
tion, and the 2-day wave is readily detected in the winds (e.g.
Pancheva et al., 2004). For the present study we use merid-
ional wind and apply a filter with bandpass of 36–54 h.

Note that the periods under study here include different
seasonal conditions: 22 May–17 June, 2007 – represents
early summer and pre-solstice condition; 14 June–11 August,
2004 - covers the solstice; 15 July–13 August, 2003 – corre-
sponds to the period between the solstice and equinox; 27
July–17 September 2005 – contains a part of the transition
period and pre-equinox conditions.
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Fig. 2. 5-day perturbations from Odin temperature retrievals. Solid lines are for 60◦ N, dashed lines are for 60◦ S. (a) for period 15–27 July
2003; altitude=38 km, longitude=21◦ E. (b) for period 14 June–11 August 2004, altitude=40 km, longitude=16◦ E. (c) for period 27 July–17
September 2005, altitude=42 km, longitude=21◦ E. (d) for period 22 May–17 June 2007, altitude=46 km, longitude=21◦ E.

3 Results

3.1 Planetary wave characteristics from the Odin data

3.1.1 Mean amplitudes of the 5-day wave in temperature
and ozone

First, we consider the 5-day planetary waves (with signifi-
cance more than 80%) in the stratosphere obtained from the
temperature and ozone data using Odin. Figure 1 demon-
strates the mean amplitude of the 5-day wave for two short
time intervals when coherent wave–phase has been observed
between 40◦–60◦ N and between 40◦–60◦ S. The wave am-
plitude is shown as a function of latitude during the Northern
Hemisphere (NH) summer periods of 2003 (15–29 July, a,
b) and 2005 (7–17 September, c, d). Left hand panels are for
the wave amplitude in temperature (K) at 38–40 km and right
hand panels are for the wave amplitude in ozone (ppmv) at
50 and 64 km. The common feature of the curves in Fig. 1 is
that the 5-day wave is observed in both hemispheres but with
highest amplitude (more than 2 K in temperature and more
than 0.1 ppmv in ozone) in the winter hemisphere (Southern
Hemisphere, SH) at 50◦–60◦ S. In the summer hemisphere
(NH) the wave amplitude in temperature is equal to 0.2–0.6 K
and in ozone equal to 0.025–0.06 ppmv. These wave ampli-
tudes have the same range as Prata (1989, 1990) has obtained
for the 5-day planetary wave using temperature and ozone
from the SBUV-instrument on the Nimbus-6 and Nimbus-7
satellite data.

Note that the difference between wave amplitudes in op-
posite hemispheres in Fig. 1c, d (7–17 September 2005) is
slightly less than in Fig. 1a, b (15–29 July 2003), likely be-

cause the first case is closer to the equinox when the ampli-
tudes should be approximately equal and symmetric relative
to the equator.

3.1.2 Characteristics of the 5-day perturbations in ozone
and temperature at 60◦ N and 60◦ S

One of the typical characteristics expected for 5-day plan-
etary waves is a global pattern with a (usually) symmetric
phase structure relative to the equator. Study of the wave
phase has been performed (see the second last paragraph in
Sect. 2) for the latitude bands between 40◦–60◦ N and 40◦–
60◦ S and the results show that, even when the wave pat-
tern is coherent over the whole band in each hemisphere,
sometimes there is a phase difference between the latitude
bands in the opposite hemispheres. To see whether our ob-
servations usually show asymmetry about the equator we
compare the phases of the 5-day perturbations in the high-
latitude regions at 60◦ N and 60◦ S in Fig. 2, which repre-
sents the 5-day perturbations of temperature at 38–46 km for
the NH summers 2003, 2004, 2005 and 2007. The curves for
the different periods are shown at slightly different altitudes,
chosen to correspond to the highest significance (>75%) of
the 5-day perturbations. Figure 2a, c, d illustrates the per-
turbations at longitude=21◦ E, over Esrange and Fig. 2b at
longitude=16◦ E, over Andenes. This is for comparison later
with meteor-radar data and is of no importance for the com-
parison between the hemispheres. The 5-day perturbations
tend to have the same phase in both hemispheres most of the
time – days 175–184, 2004 (Fig. 2b), days 225–260, 2005
(Fig. 2c) and days 142–150, 2007 (Fig. 2d). For the other
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Fig. 3. 5-day ozone perturbations from Odin at 60◦ N for the NH summers of 2003, 2004, 2005 and 2007.

Table 1. Amplitudes of 5-day temperature perturbations at 38–
46 km height.

Summer Winter
hemisphere, hemisphere,

60◦ N 60◦ S

Fig. 2a (2003), 38 km 0.2–0.6 K 0.5–2.7 K
Fig. 2b (2004), 40 km 0.1–0.6 K 0.5–1.5 K
Fig. 2c (2005), 40 km 0.1–0.9 K 0.5–3.9 K
Fig. 2d (2007), 46 km 0.1–0.5 K 0.5–2.9 K

time intervals there is a phase shift between the perturbations
in the opposite hemispheres at 60◦ N and 60◦ S, at most 1.5
days, corresponding to∼108◦ for the 5-day wave.

Also the 5-day perturbation in ozone has been examined.
These perturbations are plotted in Figs. 5–8 as lines (b) and
(c) and will be discussed in detail later in Sect. 3.3. For the
moment we note only that the global pattern with approxi-
mately symmetric phase structure about to the equator, in-
cluding high latitudes (60◦ N and 60◦ S), is found in ozone
perturbations for days 196–214, 2003 (Fig. 5, curve b) and
days 210–224, 2004 (Fig. 6, curve b) at 64–68 km.

A further feature of the waves in temperature and ozone,
which is apparent in Figs. 2 and 5–8 is that the amplitudes
of 5-day perturbations are highest in the SH (dashed lines in

Fig. 2 only) for all periods. Tables 1 and 2 summarize the am-
plitudes of the 5-day perturbations in temperature and ozone
as plotted in the figures. Amplitudes in temperature are about
2–5 times more in the SH (winter) than in the NH (summer).
The 5-day perturbation amplitudes in ozone are also gener-
ally greater in the winter hemisphere (at 60◦ S) than in sum-
mer one (at 60◦ N). But there is one case when a large am-
plitude (∼0.1 ppmv) is observed at 60◦ N. This occurs just
before the equinox in September 2005 (days 240–250, upper
panel in Fig. 7, curves c, b) at 50 and 64 km, and the am-
plitude values have the same magnitude range as the ozone
perturbations in the opposite hemisphere at 60◦ S (days 240–
250, lower panel in Fig. 7, curves c, b). This is likely due
to the near-equinox conditions, when the 5-day perturbations
should have approximately equal amplitudes in both hemi-
spheres. In temperature perturbations for this interval the
amplitude is still greater at 60◦ S than at 60◦ N.

To summarize, the 5-day perturbations in temperature and
ozone show larger amplitudes in the SH (winter) than in
the NH (summer), as expected because of more favorable
conditions for wave propagation in the winter hemisphere
than in the summer one, due to the eastward and westward
zonal winds in the stratosphere in winter and summer, re-
spectively. The global pattern with approximately symmet-
ric phase structure between the hemispheres, including high
latitudes (60◦ N and 60◦ S), is found most of the time in
temperature perturbations at∼40 km height and part of the
time in ozone perturbations at 64–68 km height. The higher
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Table 2. Amplitudes of the 5-day ozone perturbations (ppmv) at 48–50 km and 64–68 km, at 60◦ N and 60◦ S.

60◦ N, 48–50 km 60◦ N, 64 km 60◦ S, 48–50 km 60◦ S, 64–68 km

Fig. 5c, b (2003) 0.007–0.03 0.01–0.04 0.05–0.13 0.05–0.13
Fig. 6c, b (2004) 0.02–0.03 0.01–0.035 0.025–0.1 0.025–0.1
Fig. 7c, b (2005) 0.025–0.1 0.025–0.07 0.05–0.125 0.05–0.1
Fig. 8c, b (2007) 0.007–0.03 0.01–0.03 0.015–0.03 0.05–0.1

amplitudes in the winter hemisphere, the general phase-
symmetry but occasional lack of phase-symmetry about the
equator coincides with conclusions reached in several previ-
ous works. For example, Hirota and Hirooka (1984) showed
that spatially irregular patterns of the 5-day wave amplitude
appear in the winter season of both hemispheres with max-
imum amplitude near 70◦ latitude. The latter results were
obtained using TIROS-N and NOAA-A satellite temperature
measurements and demonstrated that 5-day wave amplitudes
in the upper stratosphere in the winter hemisphere are about
5 times more those in the summer hemispheres. Similar re-
sults have been found by Prata (1989, 1990) who also found
a small but noticeable asymmetry in the amplitude and phase
structure of the 5-day wave at 42 km during the solstices us-
ing observations from the Nimbus-6 and Nimbus-7 satellites
(up to 90◦/120◦ phase difference in temperature/ozone be-
tween opposite hemispheres). Also, the amplitude asym-
metry in the present data coincides with theoretical consid-
erations by Miyoshi (1999) who predicted that the 5-day
wave amplitude in the stratosphere in the winter hemisphere
is larger than in the summer hemisphere, based on a gen-
eral circulation model. Garcia et al. (2005) have demon-
strated, based on measurements in made in 2002–2004 by the
SABER instrument, that the global (symmetric) mode of the
5-day wave was detected clearly only in near-equinox data,
and the wave was not distinctly identified as a global mode
during the northern or southern winter solstice.

3.1.3 Phase change in the 5-day ozone perturbations with
height at 60◦ N

As the ozone data from Odin are available for a large height
range (up to 68 km), it is possible to study the phase change
in the ozone perturbation with height in the summer hemi-
sphere. Figure 3 shows the ozone perturbations at 48–50 km
and 64 km at 60◦ N for the NH summer of 2003 (a), 2004
(b), 2005 (c) and 2007 (d). In Fig. 3 one can see a phase
shift between the ozone perturbations by up to 180◦ for some
time intervals. Several previous studies show similar phase
shifts. The experimental study by Rosenlof and Thomas
(1990) has demonstrated a nearly 90◦ phase shift between
50 and 64 km (and 180◦ phase shift between 50 and 95 km)
in a 5-day ozone wave in the summer hemisphere (results
based on the Solar Mesosphere Explorer (SME) ozone data).

In the model simulation by Salby (1981b), it was found that
the phase shift between 50 and 70 km could be between 45◦–
135◦, depending on wind conditions. Another model result
by Geisler and Dickinson (1976) has shown a phase shift up
to 180◦ between 42 and 70 km at 60◦ latitude for the case of
strong solstice zonal wind. Thus, our results are not contrary
to the previous studies.

3.2 Planetary wave characteristics at the summer
mesopause obtained by ground-based meteor radars

Temperatures close to the mesopause (85–90 km), as mea-
sured by meteor radars, over northern Scandinavia (Andenes
and Esrange) and Canada (Yellowknife and Resolute Bay)
are used here to look for evidence of the 5-day wave at
mesopause heights. Statistical significances of the 5-day
temperature perturbations extracted from the meteor radar
temperatures are generally high, between 74% and 97%.

For the NH summers 2004 and 2005, the meteor-radar
temperature data sets are available for several locations and
the calculated 5-day perturbations from these data are pre-
sented in Fig. 4. The upper panel of Fig. 4 shows the 5-day
temperature variations over Yellowknife, Resolute Bay and
Andenes for 2004; the lower panel illustrates the 5-day os-
cillations over Yellowknife, Resolute Bay and Esrange for
2005. For the summers of 2003 and 2007, only temperature
data over Esrange are considered and the extracted 5-day per-
turbations for these periods are shown as line (a) in Figs. 5, 7
and 8 (these figures will be discussed further in Sect. 3.3).

These figures show that, in general, the waves appear
in bursts in the summer mesopause region with amplitudes
reaching∼2.5–5 K. This is in agreement with experimental
results by Merkel et al. (2008) who found wave amplitudes of
2–3.5 K around the summer mesopause in 2002–2003 using
results from the SABER instrument on the TIMED satellite.
The maximum wave amplitude,∼15 K, is observed over Yel-
lowknife for the summers of 2004 and 2005 (dashed lines in
Fig. 4). This high wave amplitude supports the simulation
results by Geisler and Dickinson (1976) who suggested that
the 5-day wave amplitude in the summer mesosphere could
reach as much as 10 K.

In Fig. 4 (lower panel) one can see a 1.5-2 day time
delay during days 222–233 and about 2.5 day phase shift
for days 234–260 between waves observed over northern
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Fig. 4. 5-day wave perturbations obtained from ground-based radar measurements of temperature by meteor radars: Upper panel: for 14
June–11 August 2004. Solid line is from temperature data over Andenes (69◦17′ N, 16◦00′ E), at 90 km; dashed line is from temperature data
over Yellowknife, (62◦30′ N, 114◦32′ W) at 88 km; dotted line is from temperature data over Resolute Bay (74◦30′ N, 95◦00′ W) at 87 km.
Lower panel: for 27 July–17 September 2005. Solid line is from temperature data over Esrange (67◦56′ N, 21◦04′ E), at 85 km; dashed and
dotted lines are from Yellowknife and Resolute Bay, respectively.

Scandinavia (solid line) and over Canada (dotted line). The
phase shift of 1.5–2.5 days is a reasonable result if we con-
sider westward traveling planetary waves from 16◦ E–21◦ E
to the 95◦ W–114◦ W longitude sector, which is between two
sites separated by 111◦–135◦ in longitude. A 5-day (with pe-
riod varying between 4.5 and 6 days) planetary wave of zonal
wave number 1 propagates westward by 60◦–80◦ degrees of
longitude per day, thus it propagates 111◦–135◦ westward in
1.4–2.25 days. Figure 4 also demonstrates good coincidence
in phase for waves over Canada, at Resolute Bay (95◦ W)
and at Yellowknife (114◦ W), which are located quite close
to each other in longitude, for days 217–230, 2004 (upper
panel) and days 233–247, 2005 (lower panel).

Thus, the evidence is good that the meteor radars really do
see the temperature perturbations caused by 5-day, westward
traveling, planetary waves and that the temperature pertur-
bations are substantial (up to 15 K), particularly over Yel-
lowknife at 62◦ N. We note that latitudes near 60◦ are the
most favorable of all our meteor-radar latitudes for ground-
base NLC observations and 5-day periodicities have also
been reported in NLC observed from the ground (Kirkwood
et al., 2003).

3.3 Comparison of planetary waves between Odin strato-
spheric/mesospheric data and ground-based radar mea-
surements near the mesopause

In the upper stratosphere, where ozone concentration is pho-
tochemically controlled, i.e., ozone is very short lived and is
approximately in photochemical equilibrium (Brasseur and
Solomon, 1986), an increase in temperature will increase the
rate at which ozone is destroyed and therefore will tend to
induce a change in ozone of the opposite sign. So temper-
ature and ozone are anticorrelated. In the numerical sim-
ulation by Smith (1995) it was shown that the anticorrela-
tion of mean ozone and temperature is due primarily to the
temperature dependence of many of the photochemical reac-
tion rates. The experimental work by Calisesi et al. (2004)
has also demonstrated that the ozone is negatively corre-
lated with temperature above 40 km. Pendlebury et al. (2008)
calculated time-lagged correlation of temperature and ozone
in Northern hemisphere summer (at 52◦ N) using the Cana-
dian Middle Atmosphere Model (CMAM, a general circula-
tion model of the troposphere-stratosphere-mesosphere sys-
tem with fully interactive chemistry). They showed that,
above approximately 35 km, ozone anti-correlates with tem-
perature, suggesting that it adjusts almost instantaneously to
the temperature and an increase in temperature produces a
simultaneous decrease in ozone due to an increase in ozone
destruction. These results allow us to use ozone concentra-
tion above the middle stratosphere as a proxy for temperature
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Fig. 5. Wave perturbations for 15 July–13 August 2003: Upper panel: 2-day wave from ground-based radar measurements of meridional
wind (m/s) over Esrange (67◦56′ N, 21◦04′ E), at 90 km. Middle panel: 5-day perturbations: (a) from ground-based radar measurements of
temperature over Esrange (67◦56′ N, 21◦04′ E), at 85 km. (b–d) from Odin retrievals at latitude=60◦ N, longitude=21◦ E: for ozone (ppmv)
at 64 km (b) and at 50 km (c), for temperature (K) at 38 km (d), (Note: reverse scale for ozone). Lower panel: 5-day perturbations: (a) same
as on the middle panel. (b–d) from Odin retrievals at latitude=60◦ S, longitude=21◦ E: for ozone (ppmv) at 68 km (b) and at 50 km (c), for
temperature (K) at 38 km (d), (Note: reverse scale for ozone).

in order to trace the 5-day planetary waves to higher altitude.
We need to do this since good-quality temperature retrievals
from Odin are not available to such high altitudes as reliable
estimates of ozone concentration.

Our aim is to try to follow the wave perturbations from the
stratosphere up through the mesosphere to the mesopause,
to see if their behaviour is inconsistent with any or all of
the three possible sources we consider for 5-day waves at
the summer mesopause. The first possible source is verti-
cal wave propagation from lower to upper altitudes in the
summer hemisphere. The second possibility is the same pro-
cess but in the winter hemisphere, with subsequent horizontal
travel of the wave at mesospheric heights into the opposite,
summer, hemisphere. We use changes in amplitude of the
waves detected in the Odin data at different heights and in
different hemispheres as a diagnostic of the first two possible
sources. The third possible source is baroclinic instability of
the easterly jet in the in the summer mesosphere. Since this
instability is expected to be most effective in generating 2-
day waves (see introduction), we use the amplitude of 2-day
waves as a diagnostic of the third source.

In Figs. 5–8 the 2-day wind perturbations (upper panel)
and 5-day temperature perturbations (middle and lower pan-
els), close to the summer mesopause at 68◦–69◦ N, are plot-
ted together with the perturbations at lower altitudes (38–
68 km) in both hemispheres at 60◦ N (middle panel) and
60◦ S (lower panel). The curves (a) in the middle and lower

panels represent 5-day temperature perturbations (obtained
from the meteor radar data). Other curves are calculated from
the Odin data: lines (b) and (c) show the 5-day ozone per-
turbations at 64–68 km and 48–50 km, respectively; line (d)
shows the 5-day temperature perturbation at 38–46 km. Note
that a reverse scale is applied for ozone, on plots (b) and
(c), because we use ozone as a proxy for temperature in the
upper stratosphere and higher up, where an anticorrelation
should be observed between temperature and ozone. The
perturbation amplitudes and phases have been discussed ear-
lier in Sect. 3.1.2, so now we pay the most attention to the
wave envelope, i.e. to the amplitude changes over time at the
different heights. Each year is discussed separately in the
following paragraphs.

Figure 5 shows the 5-day perturbations for the summer of
2003. One can see a similar wave envelop for days 197–210
in both hemispheres at 38–68 km (middle and lower pan-
els). At the summer polar mesopause (a), the amplitude is
highest between days 200–213 and at the beginning of this
interval (days 200–207) the perturbation amplitude is also
high at lower altitudes (38–68 km) in the same hemisphere
at 60◦ N and in the opposite hemisphere at 60◦ S. As the
highest amplitude is observed almost simultaneously in the
both NH and SH, the origin of the wave around the summer
mesopause could be located in either hemisphere at lower
heights. In spite of the wave attenuation that is observed be-
low the mesopause in both hemispheres for days 208–213,
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Fig. 6. Wave perturbations for 14 June–11 August 2004: Upper panel: 2-day wave from ground-based radar measurements of meridional
wind (m/s) over Esrange (67◦56′ N, 21◦04′ E), at 90 km. Middle panel: 5-day perturbations: (a) from ground-based radar measurements of
temperature over Andenes (69◦17′ N, 16◦00′ E), at 90 km. (b–d) from Odin retrievals at latitude=60◦ N, longitude=21◦ E: for ozone (ppmv)
at 64 km (b) and at 48 km (c), for temperature (K) at 40 km (d), (Note: reverse scale for ozone). Lower panel: 5-day perturbations: (a) same
as on the middle panel. (b–d) same as on the middle panel but for latitude=60◦ S. (Note: reverse scale for ozone).

the perturbation amplitude around the summer mesopause re-
mains large. This could in principle be a result of a change in
wave amplification as it propagates upward, due to changes
in background winds. However, considering the amplitude
in the 2-day wave (upper panel), we see that it has maxima
around days 206 and 212. These occur in about the same in-
terval as the maximum amplitude of the 5-day wave at 85 km,
so it is possible that they are both influenced simultaneously
by the baroclinic instability.

A similar comparison of the wave pattern in both hemi-
spheres for the summer of 2004 is shown in Fig. 6. Curve (a)
demonstrates that the 5-day perturbation amplitude at the
summer polar mesopause is rather high for days 175–205.
In the NH (middle panel) the perturbation amplitude at 40–
48 km (d, c) is high during days 170–185 but it is attenu-
ated at 64 km (b). Note that this interval covers midsummer
(day 175), when the stratospheric easterlies are strongest, and
direct upward propagation through those easterlies should be
most difficult. Starting at day 195 the perturbation ampli-
tude at 64 km in the NH grows and could be the source of
the increase in wave amplitude seen at 90 km, lasting until
day 208 (middle panel, curve (a)). In the opposite, winter,
hemisphere at 60◦ S (lower panel), the perturbation ampli-
tude is high for days 175–188 and increases between 48 and
64 km. So the wave seems to propagate upwards in the SH
and could in principle propagate to the summer hemisphere
at mesospheric heights. However, the 2-day wave (upper

panel) shows 2 bursts of higher amplitude which correlate
well with the 5-day wave at 90 km, days 175–190 and 194–
200, so the baroclinic instability seems a good candidate for
both waves in this case (which is very close to solstice).

Figure 7 shows the 5-day perturbations for the summer of
2005. The highest amplitudes around the summer mesopause
(curve a) at 85 km are seen for days 225–240. At the same
time, the waves in the NH (middle panel) at lower levels do
not show any increase in amplitude before day 240. How-
ever wave amplitude at 64 km is as high as that at 50 km so
it is possible that the wave propagates vertically in the polar
summer hemisphere between 64 and 85 km, and that the in-
creased amplitude at 85 km is due to changes in background
wind. There is no information about planetary waves in the
SH (lower panel) above 42 km for these days but there is a
noticeable amplitude increase at 60◦ S at 42 km at about the
same time. So we cannot rule out the possibility that the
wave packet at the NH mesopause has its source in the SH.
The timing of the wave packet, days 225–240, is long after
solstice and coincides with a reduction in the amplitude of
the 2-day wave (upper panel) – so it seems unlikely that the
baroclinic instability can be the source in this case. Further,
it should be noted that the high wave amplitudes in the NH at
50 and 64 km from day 240 on, correspond to the period close
to autumnal equinox when stratospheric winds have gener-
ally turned to westerly, favoring upward propagation. On the
other hand, no amplitude growth is observed at 85 km for this
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Fig. 7. Wave perturbations for 27 July–17 September 2005: Upper panel: 2-day wave from ground-based radar measurements of meridional
wind (m/s) over Esrange (67◦56′ N, 21◦04′ E), at 90 km. Middle panel: 5-day perturbations: (a) from ground-based radar measurements of
temperature over Esrange (67◦56′ N, 21◦04′ E), at 85 km. (b–d) from Odin retrievals at latitude=60◦ N, longitude=21◦ E: for ozone (ppmv)
at 64 km (b) and at 50 km (c), for temperature (K) at 42 km (d), (Note: reverse scale for ozone). Lower panel: (a) same as on the middle
panel. (b–d) from Odin retrievals at latitude=60◦ S, longitude=21◦ E: for ozone (ppmv) at 68 km (b) and at 50 km (c), for temperature (K) at
42 km (d), (Note: reverse scale for ozone).

time interval indicating no direct connection with perturba-
tions from lower heights.

Figure 8 shows the 5-day perturbations for the period
22 May–17 June 2007. Around the summer mesopause,
curve (a), the highest amplitudes are observed for days 150–
162.

At the lower heights at 60◦ N (middle panel) the pertur-
bations show close phase consistency and increasing ampli-
tude with height, consistent with vertical propagation dur-
ing days 150–155 between 46 and 85 km. In the SH (lower
panel) the perturbations are extremely small at 48 compared
to 64 km, so the data is hard to interpret. The 2-day wave
(upper panel) shows a clear amplitude maximum at the same
time as the maximum in the 5-day wave, so that baroclinic
instability seems also to be a possible source in this case.

In summary, 5-day wave energy at mesopause heights is
generally seen in short “packets” of a few cycles of higher
amplitude. Amplitude changes are sometimes correlated
at all heights between 40 and 85 km but more often it is
hard to see clear correlation over all heights. When we
test whether Northern-Hemisphere or Southern-Hemisphere
planetary waves at lower altitudes are a possible source of
the fluctuations at the summer mesopause we find that both
are possible in all except one case (close to solstice when
we find evidence against a NH source). Correlation between
bursts in 5-day and in 2-day waves at mesopause heights is
rather good in two cases, supporting the possibility that both

are caused by baroclinic instability. However in one case of
a 5-day wave, 50–65 days after solstice, the baroclinic insta-
bility seems an unlikely source.

4 Conclusions

In this paper we have used global observations from the
Odin satellite data and ground-based meteor-radar observa-
tions from Scandinavia and Canada to investigate the propa-
gation of 5-day waves from the stratosphere to the mesopause
in the Northern Hemisphere summers of 2003, 2004, 2005
and 2007.

The satellite data show 5-day planetary waves in temper-
ature up to 54 km height. These waves have the expected
higher amplitudes in the winter hemisphere and (usually)
inter-hemispheric symmetry in phase. Wave amplitudes are
about 2 K (maximum∼4 K) in the winter stratosphere and
about 0.5 K (maximum∼1 K) in the summer stratosphere.

The Odin data show 5-day waves in ozone concentration
at 24–68 km height. In general the wave amplitude in ozone
is about 0.0025–0.05 ppmv in the summer hemisphere and
about 0.05–0.1 ppmv in winter. There is one case when al-
most equal amplitudes in the ozone wave (∼0.1 ppmv) were
observed in both hemispheres: during the NH autumnal
equinox of 2005 when the 5-day waves have approximately
the same magnitudes relative to the equator.
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Fig. 8. Wave perturbations for 22 May–17 June 2007: Upper panel: 2-day wave from ground-based radar measurements of meridional
wind (m/s) over Esrange (67◦56′ N, 21◦04′ E), at 90 km. Middle panel: 5-day perturbations:: a) from ground-based radar measurements of
temperature over Esrange (67◦56′ N, 21◦04′ E), at 85 km. (b–d) from Odin retrievals at latitude=60◦ N, longitude=21◦ E: for ozone (ppmv)
at 64 km (b) and at 48 km (c), for temperature (K) at 46 km (d), (Note: reverse scale for ozone). Lower panel: (a) same as on the middle
panel. (b–d) same as on the middle panel but for latitude=60◦ S. (Note: reverse scale for ozone).

Study of the phase change in the ozone perturbations with
height in the summer hemisphere at 60◦ N shows phase shifts
up to 180◦ between 48–50 and 64 km, which can in principle
be explained by different background wind conditions.

The 5-day temperature perturbations at the summer
mesopause, derived from the meteor-radar observations at
85–90 km height show high amplitudes (up to 15 K) and
1–2.5 day phase shifts between Scandinavia and Canada,
consistent with the expected westward propagation of 5-day
planetary waves.

Wave amplitudes are highly variable in time, with “pack-
ets” of high amplitude lasting only few cycles. Comparison
between wave envelopes in both winter and summer strato-
sphere/lower mesosphere and at the summer mesopause
shows no evidence that wave propagation to the summer
mesopause is inhibited in the summer hemisphere, except in
one case, close to equinox. For some periods, simultane-
ous amplitude changes are seen at all heights in both hemi-
spheres, so that the possibility that waves reach the summer
mesopause by upward propagation through the winter strato-
sphere and mesosphere cannot be ruled out. For other peri-
ods, no good correlation is seen between amplitude changes
at the mesopause and at lower heights, suggesting sensitiv-
ity to other factors. One such factor could be background
atmospheric winds (as in the numerical simulation results of
Geisler and Dickinson, 1976). Another possible influence
is in-situ generation or amplification of the 5-day wave in

the summer mesosphere as result of the baroclinic instability
(Plumb, 1983; Garcia et al., 2005; Riggin et al., 2006). How-
ever this is unlikely to be effective late in the summer when
high-amplitude 5-day waves can still be seen.
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