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Abstract. Planetary and tidal wave activity in the of the longer period oscillations are provided in frequency
tropopause-lower stratosphere and mesosphere-lower thecontour plots for the TOMS satellite data to demonstrate the
mosphere (MLT) is studied using combinations of ground- differences between lower atmospheric and MLT wave mo-
based (GB) and satellite instruments (2000-2002). The reltions and their directions of propagation.

atively new MFR (mediu_m frequency radgr) at Platteville Key words. Meteorology and atmospheric dynamics (Mid-
(40° N’_ 103'W) has prowd_ed the Qpportunlty to create an gie atmosphere dynamics; Synoptic-scale meteorology;
operational network of middle-latitude MFRs, stretching Waves and tides)

from 81° W-142 E, which provides winds and tides 70—

100km. CUJO (Canada U.S. Japan Opportunity) com-
prises systems at London (48, 81° W), Platteville (40 N, i
105 W), Saskatoon (52N, 107 W), Wakkanai (45N, 1 Introduction

142’ E) and Yamagawa (3NN, 131" E). It offers a significant Studies of the dynamics of the atmosphere involving the

7000-km longitudinal sector in the North American-Pacific : .
lower and middle atmosphere are comparatively rare, at least

region, and a useful range of latitudes (12514t two lon- partly due to the limited range of sensitivity of many sound-
gitudes. Satellite data mainly involve the daily values of the.ng instruments. but also due to the interests of the authors.

total ozone column measured by the Earth Probe (EP) TOM ome of our early papers considered the winds MLT (60—

(Total Ozone Mapping Spectrometer) and provide a measurg og km) and the association of their variability with strato-

of tropopause-lovyer _;tratospherlc planetary wave activity, asspheric processes, e.g. Gregory and Manson (1975): and
well as ozone variability.

. : . . . . much more recently, Hoffmann et al. (2002) and Manson et
Climatologies of ozone and winds/tides involving fre- . o
: . al. (2002a) assessed the coupling between stratospheric win-
quency versus time (wavelet) contour plots for periods from

2-d to 30-d and the interval from mid 2000 to 2002, show ter warming events (using radiosonde and satellite sensors)

that the changes with altitude, longitude and latitude are veryand MLT winds, gravity waves (GW) and tides using MFR

. radars. Variability of str heric temperatures with I
significant and distinctive. Geometric-mean wavelets for the adars. Variability of stratospheric temperatures with scales

: ) . f several h I n i with variability of
region of the 40N MFRs demonstrate occasions during the o Severa days 1as a:so been associated with variability o
. . =~ .~ MLT tides and winds (Manson et al., 1982), but remarkably
autumn, winter and spring months when there are similar-. .
o ittle has been done since then.
ities in the spectral features of the lower atmosphere an

at mesopause (85km) heights. Both direct planetary wave A more recent study worthy of note is that by Lawrence
(PW) propagation into the MLT, nonlinear PW-tide interac- and Randel (1996), who used Nimbus 6 satellite data (PMR)

tions, and disturbances in MLT tides associated with fluc—tO demonstrate stratospheric-mesospheric coupling in three

) . . . .~ distinctive ways: the variance of the geopotential height
tuations in the ozone forcing are considered to be possible Y geop 9

counling processes. The complex horizontal wave numberaround latitude circles (50-70l) showed strong correla-
piing p ' P Tion throughout the atmosphere (35-83km); and episodic

Correspondence toA. H. Manson wave-like events, in particular westward propagating “nor-
(alan.manson@usask.ca) mal” PW modes (periods, 5 to 10-d band) having near global
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coherence, and eastward propagating PWs (4-d period) ifGW) filtering and breaking, and nonlinear interactions be-
southern winters (hereafter SH, Southern Hemisphere) assdween PW and tides.
ciated with an instability process, were identified throughout In this study we use the Earth probe (EP) TOMS data
the atmosphere. (level-3 product) for the time interval mid-2000 to 2002,
Most recently, and during the preparation of this paper,and wind data from the 5 MFR radars of the CUJO network
there have been three papers published which have interestgtlondon, Platteville, Saskatoon, Wakkanai and Yamagawa).
the authors and inevitably led to some of the directions pur-Wavelet analysis (a swept frequency spectral analysis), as de-
sued in our work here. Pogoreltsev et al. (2002) identified ascribed briefly below, is applied to TOMS and the MFR wind
6.5-d PW of wave number one (m=1) in the MLT using the data to assess PW activity and propagation throughout the
Saskatoon (52N) and Sheffield (53N) MFR and Meteor  middle atmosphere. It is then also applied to TOMS and the
radars, and explained this wave in terms of nonlinear inter-MFR tidal amplitude data (diurnal and semidiurnal) to assess
actions between the normal mode (m=2) of period 7-d andthe variability of tidal forcing and/or propagation processes
the standing PW (SPW) with m=1. UKMO (United King- at periods consistent with PW variability. It is appropriate at
dom Meteorological Office) assimilated stratospheric fieldsthis point to mention the very useful and insightful paper by
and a 2-D numerical model were used for explanatory pur-Schoeberl and Krueger (1983) that was brought to our atten-
poses within the study. A more general study by Fedulination by Randel (private communication, 2003). They demon-
et al. (2002) of the stratospheric PW at 1hPa using UKMOstrated, using SH data, that the variability of the total ozone
“data” preceded this work: longer period PWXT0-d) were  (column) parameter is a very useful diagnostic for wave-like
dominant during winter months in both hemispheres (SH,(PW) disturbances of medium zonal wave numbers. This is
NH), with eastward and westward propagating waves beinghased upon the slowness of photochemical processes in the
seen; in the SH at wavenumber one (m=1) eastward wavewer stratosphere and below, such that the ozone may be
had somewhat larger amplitudes, while westward wave aceonsidered a passive tracer. Their conclusion was that, be-
tivity was seasonally more sustained or of larger amplitudecause the meridional and vertical advection of ozone corre-
in the NH. Shorter period waves (4- to 5-d) were dominantly lates strongly, evanescent waves near the tropopause produce
westward propagating and while they were seen throughthe maximum ozone (column) signal. They studied examples
out the year, they increased in amplitude during the seasonalf these waves, including an m=5 eastward propagating PW
transitions. and also synoptic scale baroclinic waves (also eastward mov-
Pancheva et al. (2003) assessed the variability of thdéng) which decay above the tropopause (Charney and Drazin,
semidiurnal (12-h) tide (circa 92 km altitude) due to fluctu- 1961). They noted that the winter ozone fluctuations of the
ations in solar activity and total (column) ozone. The latter NH are a complex superposition of disturbances from meso-
is of interest to us here. They provided frequency spectra ofo planetary scale, while the SH disturbances are more reg-
TOMS data (Total Ozone Mapping Spectrometer) and Me-ular (hence their detailed study of the m=5PW); and also
teor radar semidiurnal tidal amplitude data (Sheffield,§8  that propagating winter waves (m=1, 2) will provide a more
for the entire autumn to spring intervals of 4 years (1989—complex signal in the total ozone, as the advection terms
1993), which then showed similarities in the bands of 8—will not act to strengthen the signal in the total ozone. It
12, 15-18 and 25-28 day oscillations; the cross products ofvill be shown here that wave number spectral analysis of the
the respective wavelet spectra showed strong features, esp®FOMS data distinguish these eastward propagating PW very
cially near 16 and 27-28 days, which were linked in their clearly. We shall also use cross products of the wavelet spec-
occurrences (1989-1993) to the QBO (Quasi Biennial Os+ra (for individual locations and also regions) to emphasize
cillation), stratospheric warmings, and solar variability. Fi- the similarities of variability at PW periods, and the cou-
nally, Lawrence and Jarvis (2003) assessed the austral wintgyling, between the stratosphere and mesosphere. There is
(1997-1999) PW activity in the stratosphere (the Europearalso discussion of the present and future use of UKMO data-
Centre for Medium range Weather Forecasting (ECMWF)assimilation products, which includes radiosonde and satel-
wind product at 30 km), upper middle atmosphere (an HFlite data, and allows for analysis to near 50 km in the middle
radar (interferometer) provided winds 75-95km) and ther-atmosphere.
mosphere (the HF radar operated as an ionosonde). The
radar is at Halley Bay, 76S. Their results were complex and
to some degree apparently inconsistent with the Northerrp  Systems and data analysis
Hemisphere study: there were times when strong PW ac-
tivity occurred in either the stratosphere or middle-upper at-2.1 Radars
mosphere, with no simultaneous activity in the other region;
perversely, evidence for PW activity in the mesosphere wasThe Saskatoon, London and Platteville MFRs (2.2 MHz) are
stronger when the stratospheric activity was more restrictedf very similar design, and have been well described in the
in latitudinal extent; and a quite consistent anti-correlationfirst CUJO papers (Manson et al., 2003a, 2004a). The spaced
existed between PW activity in the mesosphere and the Eantenna “full correlation analysis” method is used (Meek,
region. Processes suggested included re-generation of thE980). Vertical soundings provide wind sampling at 3km in-
PW component at higher altitudes through gravity wavetervals every 5 min from near 60 to 100 km. The MFRs are of
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Saskatoon Zonal Daily Mean Wind (solid) vs. TOMS DU (dashed) for 2001
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Fig. 1. Time sequences of daily mean zonal (east-west, EW) winds from the MF radar at Saskafod f(g2heights from 76- 94 km:

the distance between the 3km samples represents 50 m/s. The dashed lines are for TOMS values (median DU value in a 5*5 grid point cell
centred on Saskatoon): these are arbitrarily scaled according to the maximum variation during the year. The TOMS sequences are repeate
at each MFR height.

basically similar configuration, and any differences will not  All wind measurement systems have biases or selectivity
lead to differences in the measured winds; e.g. the MFRs irissues, so comments upon these for the radar winds are use-
Japan are Australian ATRAD systems (Igarashi et al., 1996ful. Examples of significant published comparisons include
Murayama et al., 2000), which although physically very sim- an MFR and Meteor Wind Radar (MWR) at 48 (Thaya-

ilar to the Canadian systems, use a more classical method gfaran and Hocking, 2002); MFRs and Fabry-Perot Interfer-
analysis which is closer to that described by Briggs (1984).ometers (“green line” and hydroxyl) at two SR locations
Comparisons have shown that no significant differences ex{Manson et al., 1996; Meek et al., 1997); and rockets and
ist between these methods (Thayaparan et al., 1995a). Thadars (MFR, VHF and EISCAT) near 7N (Manson et
Japanese radars provide samples of wind every 2 rather thaal., 1992). Most recently, there has also been an extensive
3km, and 2 rather than 5 min, on a continuous basis. Our eareomparison (Manson et al., 2004b) for the year 2000 involv-
lier detailed studies of PW (Luo et al., 2000, 2002a, 2002b)ing two MFRs and an MWR, which comprise the so-called
demonstrated that amplitudes=68 m/s from spectral analy- Scandinavian-Triangle (68-70l, radar spacings of 125-—
ses provided a geophysically realistic signal. 270km). In these studies the directions of the winds or their
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perturbations (tidal phases) have been satisfactorily consis- Tidal amplitudes are produced by analyzing 2-day se-
tent e.g. means within standard errors. However, while thequences shifted by 12h. Data must be available for 12h
Saskatoon optical-radar comparisons showed no speed bén each of the 2 days, following which a Fourier transform
ases, a limited “SKiYMET” MWR-MFR campaign at Saska- is done. Amplitudes at periods of 48, 24, 12, 8h are used
toon (spring-summer, 1998) showed modest differences, e.go order these components, which are then fitted separately
MFR/MWR ratios of about 0.75 near 88 km (Meek, Hock- by least-squares fit and subtracted in order of size, weith the
ing and Manson, private communication, 2002); at MD  largest first. For the wavelet analysis, time sequences of am-
Tromsg, the speeds from the MFR were 0.65 of those fronplitudes are used (with samples every 12 h), but the periods
the other types of radar and rocket systems for heights fromdisplayed start at 2-d (rather than the Nyquist period of 1-d)
82-97 km; and the Scandinavian-Triangle provided mediarto match the other analyses.

MFR/MWR ratios of 0.91/0.63 at 85/97 km. Finally, sys-

tematic differences between “satellite-winds” from HRDI- ) )

UARS (Doppler Imager) and radars have also been noted, 1€ daily background wind parameter comes from a least-
e.g. Saskatoon MFR speeds are 0.75-0.8 of HRDI Speedgquares fit of mean, 24-h and 12-h oscillations to single days.

(Meek et al., 1997). For our purposes here, and especiallﬂ—here must be data in at least 16 h of each da}y for the fit-
as we are using only MFR radars for the upper middle at-_t'ng to proceed. These background or mean winds are used

mosphere, we will simply bear in mind the potential speed” Fig. 1 and in the wavelet analyses. (The combination of

biases when any later comments are made on wave ammgiﬁerent analyses and wavelet selection criteria lead to ap-
tudes. parent, but unimportant, differences in data gap locations be-

tween background winds and tidal amplitudes in the figures.)
2.2 Analysis techniques

T ide inf i ( heri ilati ¢ 5 Geometric means have been used as a type of “cross-
0 provice information on almospRETIC oSCIlialions Irom 2= 5y e|et analysis (Figs. 5 and 6). These are the means of

d to 30-d at p_artlcular heights (Sept. 3). a ngelet_analysqNavelet amplitudes and do not involve the wavelet phases.
has been applied to the years of daily mean winds, tides (harThe geometric mean wavelets are useful in that all parame-

monic analyses described below) or TOMS data, with addi'ters must be relatively large for a large output, but there is

thngl dafta at" the ends pzmg us(;ad':tp co;/efrs theAfé” Sl'd_'ngno certainty that a high value refers to a coherent oscillation.
w!ndow c:crla Wr?vg berio T]use .(dlgs. —6). q %ugg'arf]However, there is discussion of the phases of the wavelets in
window o epgt times t € perio (truncated at 0.05 o later sections. The motivation for forming these “regional”

peak value) is used to approximate a Morlet wavelet analy'means (for the CUJO network of North American-Japanese

sis (Kumar and Foufoula-_Georgiou, 19_97)’ but one in WhiCh40° N locations) is due to the intermittency, both spatial and
gaps do not have to be filled. A Fourier transform (not antemporal found in our earlier studies of PW (Luo et al.
FFT) is therefore used and applied to existing data points,5-.-. Manson et al 2004a) ’

only. Data selection criteria require that 80% of the phase
values in two different periods are available. Breaks in the
heavy data-existence lines at the bottoms of the frames in- Wave number analysis of TOMS data (Figs. 7 and 8) is
dicate that there were no data for those days, and provide as follows: a 60-day time sequence is selected and then de-
warning that spectral data near the edges of and during theseended. This latter is done by fitting a mean plus an annual
intervals may be inaccurate. The period-scale uses 600 pixsine wave to 365 days of longitudinally averaged values, and
els and is linear in log (period) from 2 to 31 days. Each pixel then subtracting these from each longitude value (the “bins”
represents one spectral value, and there is no smoothing. are spaced by 1.2 Then frequency spectra (80% exis-
Amplitudes are increased appropriately during the calcu-tence criterion is required) are calculated for each 60-day
lations to correct for attenuation by the window, but on the detrended sequence and coherently averaged over a band of
assumption that there are no significant gaps. In the plot$ TOMS latitudes (this is then & Jverage). In this spec-
the value in dB (decibels) is equal to 20 jgdwave ampli- tral analysis the sampling times are pre-adjusted to refer to
tude in m/s for the MFR). This scale is used because of thehe same absolute time at different longitudes. This then pro-
large range of amplitudes that exist for the various types ofvides, for any chosen 60-day interval, complex amplitudes at
waves (tides to PW) in the MLT region. Color renditions each frequency for each longitude bin. The sequence of com-
are optimized by this scaling. There is discussion of signif-plex amplitudes versus longitude is then Fourier transformed,
icance levels for the more complex figures later, near theiresulting in amplitudes at positive and negative spatial wave
presentation, but for the basic wavelet figures significancesmumbers. We use the convention that a positive wave num-
have been taken to be as in Luo et al. (2002a). There theyer indicates westward propagation, as is frequently done for
were determined by comparison with “Lomb-Scargle” peri- tidal analysis, e.g. Manson et al., 2004c. A log scale is con-
odograms (Lomb, 1976; Scargle, 1982; Luo et al., 2002a)yvenient for showing a large range of amplitudes, and even
for which significance levels are available. Based upon thesethough dB (20 log rms DU (Dobson Units)) is a power unit
dB circa 17.5 (7 m/s, yellow) can be considered significant atand not normally applicable to total ozone, it is a well under-
the 99% level. stood unit.
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3 Comparisons of Tropopause-Stratospheric (TOMS) days) oscillations are smaller during the winter-like months,
and Mesospheric/MLT Data while the amplitudes of the summer’s 2-d wave are larger
(Manson et al., 2003a, 2004a) and are at times dominant. Fi-
3.1 Variability of Total Ozone and Mesospheric Winds at nally, the lags between oscillations in the lower atmosphere
CUJO sites and mesosphere were available from a modest number of se-
lected examples of the correlograms, and proved less noisy
Given the potential complexity of the linkages between thethan the phases from cross-spectral techniques; the lags were
different atmospheric regions, and indeed the different pahighly variable but are typically a few days.
rameters being used, we will mention and show a variety of The wavelets for the daily mean winds from the MFR
comparisons which range from simple time sequences andadars and for TOMS (at the same locations) are shown in
their correlations, to harmonic means (cross-products) of inFig. 2. We have placed the highest and lowest latitudes at
dividual wavelets. Time sequences of the daily mean zonathe top and bottom of the figure, with the data fron? 4t-
winds (eastward being positive) during the year 2001 areitudes in the middle for best comparisons. Spectra from the
plotted in Fig. 1 for the Saskatoon MFR; heights from 76— MFR radars for the first third (2000-2001) of this observa-
94km are provided, along with the TOMS data (the unitstional interval were shown in our earlier paper (Manson et
being Dobson Units, 300 DU is equivalent to a 3-mm col- al., 2004a). As in the earlier paper we show only 85-km
umn of ozone) for that location. The latter are medians in aspectra, as the spectral changes from 79-88 km (the height
5*5 degree cell area centred on Saskatoon. This figure prorange with best data for spectra) are usually quite modest.
vides substantial information. At the lowest heights the sum-We have used the same location for the TOMS data as for the
mer winds are near50 m/s, which are consistent with the MFR for several reasons: we follow Pancheva et al. (2003) at
stratospheric-mesospheric mid-latitude westward jet, whilethis stage for reasons of comparison; and the low frequency
in winter the circa 40 m/s values are consistent with the win-(temporal and spatial) PW are expected to be present over
ter eastward jet. Frequently, planetary waves of the tro-a significant range of latitudes and longitudes near the radar
posphere and stratosphere will not propagate through thisites (they are often described by global Hough modes). Un-
strong summer westward jet due to critical levels (wavecertainties about the latter expectation are the reason for the
phase speed matching the background wind speed) beinprmation of “regional” harmonic means for wavelets from
achieved; and indeed, a strong winter eastward jet will alsathe 3 radar locations of the CUJO network (North American-
inhibit propagation of the larger (&8 or 4) wave number Japanese 4N locations); this was mentioned in the Analy-
modes (Charney and Drazin, 1961; Luo et al., 2002a; Man-sis Sect. 2.2 and is discussed in Sect. 3.3 below.
son et al., 2003a, 2004a) due to their having small “critical Despite the inter-annual variability, which is expected with
speeds” (this parameter varies as the inverse square of thRWs whose forcings are variable in time and space, the sea-
horizontal wave numbers). Thus, strong differences betweewsonal variability of the oscillations in the MLT winds and
the oscillatory periods (and their amplitudes) of the winds, TOMS data is consistent with expectations based upon the
associated with PW, in the MLT region are expected for thetime sequences of Fig. 1. Generally, and except for Yam-
two solstices. agawa (31N), the wind oscillations at longer PW periods
Such is indeed the case, based upon visual inspection gfLl2- to 30-d) are stronger in winter-centred months (typically
Fig. 1 and the wavelet spectra which follow. Wind oscilla- November to March). For the MLT range of altitudes these
tions of near 20 m/s amplitude and within a 10- to 30-d periodoscillations are usually associated with the classical west-
are clearly evident from 76—94 km during winter and autumnward propagating Rossby “normal” PW modes (the so-called
months (exhibiting little phase shift with height), while the 5-, 10-, and 16-d waves), and the quasi-2-d Rossby-gravity
amplitudes are smaller and the periods shorter (e.g. 2-d osaormal mode (Q2D wave) (Luo et al., 2000). This latter wave
cillations are evident) during the spring and summer. Theis at the Nyquist period (2 days) here, but there is spectral
TOMS data share a rather similar morphology, although theenergy evident near 2 days in the plots as the bandwidth of
summer variability is comparatively less. There are also verythis wave is quite broad and aliasing has further spread the
modest visible indications of correlations between the TOMSspectral peak near 2 days. However, the PW amplitudes at
and MFR winds data during the autumn and winter e.g. the2-d (summer, NS) and 16-d (winter, EW) are quite compa-
91 km winds early in 2001, and 79 km winds at the end of thatrable at, say Platteville, which is similar to the results of the
year. Lagged cross correlations were calculated (not shownkpecific analysis of these two waves (Manson et al., 2004a).
and although there were indications of similarity near zeroThe ranges of observed periods for these PWs are typically
lag, the values were not high. It is evident from the fig- 2, 5-7, 8-10 and 12—22 days due to Doppler shifting by the
ure that there are differences in spectral content, and thabackground winds (Luo et al., 2002a, b). There is also spec-
has kept the calculated 60-day correlations rather modestral energy evident in Fig. 2 for those same winter months
Time sequences of the zonal winds from the other MFR loca-at longer periods (circa 22- to 30-d) associated with “extra
tions of CUJO demonstrated quite similar behaviour to thatlong periods” that have correlations with the solar rotation
of Fig. 1. In contrast, the meridional winds (northward be- period (Luo et al., 2001). For the remaining months the MLT
ing positive) provided modest differences from Fig. 1, as thewind activity is usually restricted to periods of less than 12
amplitudes of the PW responsible for the longer peris@ ( days. The color scale (range of dB with respect to color) was
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Daily Mean Wind vs. TOMS (DU)
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Fig. 2. Wavelet spectral plots for the 85 km daily mean winds (zonal EW, meridional NS) and the ozone (DU) values of TOMS for the radar
locations of the CUJO network.
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chosen to allow for a best comparison of the various MFRnormal modes) dominating the MLT wavelets.
wavelets. These do differ significantly between, say, London Our studies of PW, in particular the 16-d wave, have shown
and Wakkanai. We add, in revision, that the very detailedthat there is considerable intermittency in the wave activity,
assessment of the wind analysis used at London is revealingnd a lack of strong correlation in the occurrence of bursts
that a factor of typically 30% (smaller winds) is involved. of activity between radar sites (Luo et al., 2002a, b). Thus,
This correction would change yellow contours in Fig. 2 to only oscillations in that band (12- to 22-d) which are strongly
orange (2dB) and bring the wavelets into closer agreemengvident at several locations (simultaneous bursts of activity
with those for Platteville. The work is in progress and so noinvolving several complete oscillations) provide phase differ-
changes are made to the figure. ences consistent with coherent westward propagation and un-

The TOMS oscillations, while also maximizing in the win- ambiguous determination of wave number (m=1) (Luo et al.,
ter months, do have an additional temporal different charac2002b). Examples of such bursts are the circa 12- to 16-d PW
ter; and here some care is required by the reader, as the col¢EW) during April 2001, and spectral activity near 16 days
scale differs a little from that of the MLT winds, and was in January—February of 2001 and 2002; there are also several
chosen to optimize the TOMS regional differences. How- spectral peaks in the TOMS data at these times. Consistent
ever, the TOMS characteristics are unique: the interval ofwith that notion we will later show the harmonic means of the
enhanced broad-spectral activity (yellow-red) is longer in du-3 pairs of wavelets (London, Platteville and Wakkanai) for
ration and extends from November to April; and the activ- the daily mean winds from Fig. 2, and also harmonic means
ity in the remaining months is less at all periods/frequenciesincluding the TOMS wavelets. This analysis was used by
(whereas for the MLT winds, although spectral changes ocManson et al. (2004a). Those later figures will also include
cur, there are peaks of similar intensity in the summer andhe harmonic-mean wavelets for the tidal data, so that wind
winter months). It is interesting that the variation in intensity variability (directly related to PW) and tidal variability (e.g.
of ozone oscillations between sites also often differs fromdue to changes in tidal forcing at PW periods, or PW-tide
that of the MLT winds: although TOMS for the Wakkanai interactions) can be compared. However, we will first show
location also has higher intensities, values at the London sitghe wavelets appropriate to the individual sites for the MLT
are not low (they are similar to those at Platteville), and ac-tides, accompanied by only modest comment.
tivity at the Yamagawa site is very low.

It is appropriate to comment further on the relationship 3.2 Variability of Total Ozone and Mesospheric Tides at
between spectral variability of the TOMS data (measured in CUJO Sites
DU) and PW activity. The considerations of Schoeberl and
Krueger (1983) have already been mentioned in the Intro-Time sequences of the daily mean tides (12-, 24-h), in com-
duction, where it was noted that they showed that evanesparison with the TOMS daily samples, were examined for
cent waves (including baroclinic waves) are most effectiveeach location. It was clear from these and from correlations
in providing an ozone perturbation. More recently, Fuscoover 60-day intervals that the linkages were not strong. Com-
and Salby (1999) demonstrated that “variations of up-wellingplex spectral structures for the two types of data sequences
wave activity” (as determined by the Eliassen-Palm flux) cor-were evident. The wavelets for the NS and EW components
relate very highly (99% level) with the increases in total of the respective tides at 85 km for the 5 MFR locations are
ozone. The variations in PW activity “modulate ozone trans-shown in Figs. 3 and 4, along with the same TOMS wavelets
port and chemical production by the diabatic mean circula-as before (Fig. 2). Variations in the tidal amplitudes at PW
tion” and “account for much of the variability in measure- periods can be caused by at least two different processes: the
ments of total ozone”. The PWSs involved have the great-temporal variation in the ozone associated with PW activity
est activity in the winter months, and include the baroclinic in the stratosphere can provide a temporal variation in the
waves of the tropospheric weather systems, which are largeljorcing of the tides, which will lead to variations or oscil-
absorbed in the lower stratosphere (Charney and Drazinlations in the local MLT tidal amplitudes at those same PW
1961). The scale sizes of these waves are of small to mediurperiods; or PWs, which have a signal within TOMS data,
size (typically more than zonal wave number 4), leading tomay propagate into the MLT where they non-linearly interact
small so-called “critical speeds” (which vary inversely as the with the tides to produce a beating or oscillation of the tidal
square of the wave numbers) in their formulation (see alscamplitudes, again at the tidal period. Pancheva et al. (2003)
Andrews et al. (1987) for a very nice presentation, pagemention other mechanisms (e.g. non linear interactions in the
178); even if the phase velocities (c) are relatively mod- stratosphere), and suggest that longer time lags may be asso-
est and westward relative to the eastward winter flows (u)ciated with processes involving propagation of PWs into the
the (relative) intrinsic phase velocities (u—c, Doppler shifted) mesosphere. Planetary scale oscillations in the background
will often easily exceed the “critical speed”, which is then winds of the stratosphere and mesosphere will also cause
the condition for negative squared refractive index. This insignificant variations in the tidal amplitudes (Jacobi et al.,
turn leads to wave dissipation and strong damping. Thus2001). Such processes lead to longitudinal changes in tidal
many of the smaller scale PWs effective in providing spectralcharacteristics, which may make it more difficult to discern
peaks in the TOMS wavelets are likely to be often different in other nonlinear PW-tidal interactions e.g. lower signal-to-
characteristic from those (westward propagating, large-scal@oise levels when the tidal amplitudes are small locally.
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of TOMS for the radar locations of CUJO network.
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Considering the 12-h tide firstly (Fig. 3), the EW and NS TOMS data of Fig. 6; while the paper by Lawrence and Jarvis
components are very similar for each location. This is con-(2003) provided information on the winds and could be com-
sistent with the circular nature of the tide and similarities in pared with the appropriate (lower) sections of Figs. 5 and 6.
the amplitudes of the two tidal components (Manson et al., We consider firstly the mean winds of Fig. 5. The wavelets
2003a). Seasonal variations in the tidal oscillations are somefor the mean or background winds provide a clearer summary
what less clear than for the mean winds of Fig. 2, althoughof the seasonal variations discussed in Sect. 3.1. The activ-
again the summer months are more likely to have less activity is dominant in the EW component, for periods longer than
ity and shorter periods. Despite the intermittency, there areabout 8 days, which is consistent with the polarizations of the
temporal and spectral similarities between the threeNI0O  “normal” waves at mid-latitudes; and winter-centred activity
MFR sites e.g. an 8-d burst during December 2000, and as dominant with the longest periods occurring in mid-winter.
12- to 16-d burst in early September 2001. There is signif-Although the spring activity is limited spectrally, the intensi-
icant spectral energy in the TOMS wavelets for the formerties remain large. There is considerable activity in the 16-d
event, so coupling could be involved. Otherwise, there isrange (12—-22 days), the 10-d and even in the Q2D ranges
activity at periods near 16 days during the middle of boththroughout the winter-centred interval. Bursts which are
winters. There is also an indication that the oscillations inorange-red in color (above 14 dB) have significance levels in
the tides are larger in the winter, and the autumn, when thehe individual wavelets (Figs. 1-3) in the 95-99% range (see
amplitudes of the 12-h tide are themselves largest (MansorBect. 2.2 for discussion of significances). Interannual vari-
et al., 2003a). This may well favour the nonlinear PW-tidal ability is evident and expected with such oscillations, which
process, as larger tides will lead to larger oscillations. are responding to geophysical “noise” and variability in the

Finally the wavelets for the 24-h tide (Fig. 4) are interest- system for their sources.
ing, in that the coupling of this tide with the stratospheric  The products of the wavelets for TOMS ozone and the
ozone and its variability has not been considered beforeMLT winds (Fig. 6) provide indications of coupling: the
However, the forcing of this tide by stratospheric ozone issummer-winter differences are enhanced due to the minimal
significant (Hagan, 1996), although it has often been ig-summer PW activity in the TOMS wavelets; and substan-
nored by some in discussions of this type. The differencedial bursts of activity are in common between the two atmo-
in wavelet intensities between the°4Q locations, and be- spheric regions, especially from December to May. Although
tween them and the 8N and 3% N sites, is quite consider- some of the PW-related variability in the TOMS data has not
able, and reflects to some degree the decreasing amplitude ofipacted the mesosphere (there was discussion in Sect. 3.1
this tide with increasing latitude. An example of a common on the PW of the lower atmosphere), it appears that much of
burst of MLT activity is at 16-d near March 2002, for both the PW flux detected by the TOMS systems has propagated
the EW and NS components; there is again spectral energglirectly into the mesosphere. Careful inspection also demon-
present in the TOMS spectra at this time, so that couplingstrates that it is for the bursts of activity greater than 10 days
may exist. The variation in seasonal activity of the 24-h tidein period that the similarities between the mean wavelets of
is not strong. This suggests that much of the MLT variability the MLT winds (Fig. 5) and MLT winds-TOMS products
in summer-centred months is not related to local TOMS (PW(Figs. 6) are the greatest. Features which were noted earlier

and ozone) variability. from perusal of Fig. 2 are very clear in both Figs. 5 and 6;
in particular the aforementioned 12- to 16-d (EW) event to-
3.3 PW activity and coupling over the CUJO region ward the end of April 2001, and the 16-d events in January—

February of 2001 and 2002. (These features are clearly ev-
As we discussed in Sect. 3.1 it is desirable to form geometident in the harmonic-mean TOMS wavelet (not shown).)
ric means of the three pairs of wavelets appropriate to the~or the winters of 2000/2001 and 2001/2002 there were also
4 N locations for the mean daily winds and for both tides. stratospheric warming (SSW) events (U.S. National Weather
This process effectively locates in time and spectral spacé&ervice, NCEP (National Centres for Environmental Predic-
the MLT events that are simultaneous and most likely to betion) data) which in both cases involved December pulses
coherent in the Pacific-North American sector sampled byat high and polar latitudes followed by events in February.
CUJO. We show in Fig. 5 the mean MFR wavelets (specifi- There was substantial MLT and stratospheric PW activity in
cally geometric means of the MFR wavelet amplitudes fromboth years near these times (Figs. 5, 6) but specific causal-
the three 40N locations are used), and in Fig. 6 we in- ity is difficult to establish. Jacobi et al. (2003), meanwhile,
clude the TOMS amplitudes in the mean wavelets. The lattenoted the presence of an intensifying PW of a 10 day pe-
should locate the bursts or events that are common betweeriod at the time of the SSW of 2000/2001 in the western-
the lower atmosphere (circa 100 mb) and mesosphere (0European and Scandinavian sector. Returning to the individ-
MLT) over this large region of the planet, and which should ual MFR wavelets of Fig. 2, there is activity near 12 days dur-
involve coupling of some type. Common dB values and col-ing February at Saskatoon, the most northern location; and
ors are used to allow for comparisons of components and ofhere is also a feature in the regional CUJO wavelet (Fig. 5)
wave type. For comparison with previous studies, the papeat this time. This result is encouraging, but a special inde-
by Pancheva et al. (2003) involved the 12-h tide for Sheffieldpendent study would be needed to verify the details, and this
(52° N) and a presentation similar to that of the MLT tidal- is an activity for the future.
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Fig. 5. Wavelet spectral plots for the 85 km daily winds, 12-h (semidiurnal) and 24-h (diurnal) tidal amplitudes (zonal EW, meridional NS).
These plots are geometric means of the individual wavelets for the three 4R-M¥ radars (London, Platteville, and Wakkanai) of the
CUJO network. A gap is shown if an amplitude value is unavailable for one or more sites.

Pancheva et al. (2003) noted several regular features duHowever, there was no 16-d burst for the autumn of 2001
ing the four years 1989-1993: 16-d PW bursts were im-when the flow was still easterly (the QBO was in the midst of
plicated (the oscillations were in the 12-h tide) in the au- a phase transition from the short-lived biennial oscillation). It
tumn (September—October) for each of the two years havis not surprising to see this difference for the 16-d PW during
ing easterly phases of the QBO (negative westward stratothese two different intervals (1989-1993 and 2000-2002).
spheric flow), and stronger 27-d oscillations were noted durLuo et al. (2000) assessed the 16-d PW activity at Saska-
ing winter for the other westerly QBO phases. In Figs. 5toon for 1980-1996 in comparison with the QBO phases, and
and 6 there is a much less clear morphology for the 16-dfound complex and often weak correlations. Some months
oscillation, based upon the National Weather Service (Cli-exhibited weak correlations with the westerly phase, and oth-
mate Prediction Service) analysis, whose QBO 30hPa iners the easterly phase.

dex indicated that easterly flow dominated the tropical lati- ¢ phase differences or lags between stratospheric and
tude circles for the last 6 months of 2000, and all of 2001. mesospheric PW activity are best assessed through 60-d cor-

The flow was westerly during 2002. In the mesosphereyg|ograms previously mentioned in Sect. 3.1. However, the
(Fig. 5) the 16-d PW winds have a modest autumn burst and §pase differences vary from site to site, and with the interval

stronger long period (circa 24-d) burst during the 2000/2001¢p6sen, as well as with the period dominating the correlo-
months (September—April) of easterly QBO phase (these féagrams, A broad generalization, based upon these correlations
tures are less evident in the TOMS/winds products of Fig. 6).5nq also phase differences from the complex wavelets, is that
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the MFR-derived phases for the longest periods often differtidal variability are potentially more complex and numerous
from the TOMS phases by only a few (+2) days. Itisin  than those for the background wind, so that identical activ-
fact not obvious what phases are to be expected. As noteily in all wavelets of Figs. 5 (and 6) are not to be expected.
by Schoeberl and Krueger (1983) the phase differences be~or the 12-h tide there are several 16-d bursts (in particu-
tween the vertical and horizontal perturbation velocities andlar the previously noted event of early September 2001, as
the maxima of ozone in the stratospheric-tropospheric PWwell as mid-winter events during both winters, in Fig. 3), 8-d
depend on the period of the wave; in addition, the propagabursts (that of December 2000 was seen in Fig. 3), and fre-
tion conditions and the vertical wavelength of the PW will quent 4- to 6-d activity. The cross-product with the three
affect the final phase difference between the TOMS oscilla-TOMS wavelets (Fig. 6) again provides a stronger seasonal
tion of interest and the mesospheric PW. trend, and accentuates some different bursts e.g. the Septem-

The patterns of activity at PW periods for the tidal ampli- P€r 2001 burst is missing. However, the 8- and 16-d bursts
tudes in Fig. 5 are quite different from the mean winds. The®f Deécember—January 2000-2001, as well as the 16-d event

general levels (in dB) are lower, with the 12-h tide showing I the mid-winter of 2002, are again evident. There is e>_<ce|_-
modest bursts (orange and reg14 dB) that are also more lent agregment be.tween the NS and EW wavelets, Wh!Ch is
limited temporally in the autumn and winter, and the 24-h encouraging; the tidal components are not completely inde-
having winter and spring bursts. The processes involved ifpendent in the analysis, but the strong similarities provides
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a robust indication of PW activity in common between the earlier studies include the seminal paper by Venne and Stan-
lower atmosphere and mesosphere. As discussed previousfprd (1982); they noted spectral energy for eastward and
(Sect. 3.2) the physical processes providing modulation ofwestward propagating waves of long period (above 5 days)
the tides do differ, at least in detail, from the PW signal in both hemispheres; however, the analysis of NH data was
in the winds; however, some of the features in the MLT hindered by poorer Nimbus 4 data (Nimbus 5 existed), signif-
tidal-TOMS wavelets coincide with features in the MLT icances were low, and unlike the SH, no clear predominance
(EW) wind-TOMS wavelet e.g. the 16-d features of January-of eastward motions was evident. Their results are, however,
February of 2001 and 2002, indicating the involvement of aqualitatively similar to Fedulina et al. (2002).
common PW in both. In contrast, the PW of the MLT most frequently studied,
Finally, the 24-h tidal wavelets demonstrate coupling be-and discussed here in Sect. 3.1, have been the Rossby or
tween the lower and middle atmosphere (Fig. 6), and some“normal” modes. Relatively well-behaved westward prop-
what greater inter-annual variability than for the 12-h tide agation has been demonstrated by the 16-d PW (e.g. Luo
(Fig. 5). The bursts of activity in the MLT tide-TOMS et al., 2002b), for large simultaneous bursts of activity, and
wavelets (Fig. 6) often occur at similar temporal-spectral lo-by the quasi 2-d Rossby-gravity normal mode (e.g. Thaya-
cations to that for the 12-h tide e.g. the 16-d burst of January-paran et al., 1997). We have also argued in Sect. 3.1 that
March 2002; but there are also striking differences e.g. thehe smaller scale (typically wave number m greater than 4)
24-h tidal activity during 2002 is clearly stronger than in synoptic waves of the troposphere and lower stratosphere
2001. Again, given that the 24-h tide’s mean wavelets for thewill be largely absorbed (due to their relatively small “crit-
mesosphere over London-Platteville-Wakkanai have winterical speeds”, or eastward motion relative to the background
spring maxima, closer in morphology to the TOMS variabil- wind).
ity, the MLT tide-TOMS products of Fig. 6 are very simi-  Nevertheless, the products of the wavelets for the TOMS
lar in temporal-spectral features to those for the mesospherezone and MLT winds in Fig. 6 showed considerable com-
(Fig. 5). mon activity in winter-centred months (temporally and spec-
The presence of the apparent coupling between the 24-krally), suggesting that significant portions of the PW flux
tide of the MLT and the TOMS parameter, which has both detected by the TOMS systems has propagated directly into
PW and ozone variability associated with it, is interesting andthe mesosphere. It is the bursts of TOMS activity with pe-
perhaps not expected as much as for the 12-h tide. This makiods greater than 5 days that have the greatest similarity to
suggest that the MLT spectral variability involves the interac-the MLT activity in the daily mean winds (Fig. 5). Itis worth
tions of PW and tides (in stratosphere or mesosphere) rathgtoting that the largest PW (m=1, 2), some of which may have
than the simple radiational forcing of the tide by variable eastward phase speeds (c) at the TOMS-data heights, and
ozone concentrations, given that processes involving watewhich may also be moving westward relative to the compar-
vapour are normally considered to dominate the forcing ofatively strong winter eastward flows (u) of the stratosphere
the 24-h tide in the lower atmosphere. However, as notecBnd mesosphere, appear to meet the conditions for propa-
from the modelling experiments of Hagan (1996), the rolegation into the middle atmosphere. These conditions are
of stratospheric ozone in the 24-h tide’s MLT amplitudes is that the intrinsic (relative-zonal) phase velocities (u—c) are
substantial. The lags between stratospheric and mesosphef®sitive, and also smaller than the relatively large “critical
activity are again available, in principle, from the correlo- speeds” for these large-scale waves (Charney and Drazin,
grams or complex wavelets. However, the assessments af961; Andrews et al., 1987). We discussed this formula-
again not simple, with phase differences varying with time tion briefly in Sect. 3.1. Such waves could be associated
interval, year and dominant period. Lags of several days aravith jet stream movement and vortex variability, and have
typical. not been recently considered as major contributors to MLT
dynamics. They appear to be worthy of renewed study with
models (Pogoreltsev, private communication, 2003). These
4 Wave numbers of PW in the stratosphere and meso- waves should propagate into the middle atmosphere more
sphere and discussion of coupling processes easily than the stationary PW and certainly more easily than
the westward moving (relative to the ground) Rossby PW of
There has been considerable discussion of the charactaimilar scale, since their intrinsic speeds are smaller. It is
of PW in the lower atmosphere/stratosphere and mesopossible, as suggested by a reviewer, that these waves may
sphere/MLT already in this paper. We noted in the Intro- propagate only to the stratopause; however they may become
duction that Fedulina et al. (2002) had shown that at 1 hPavanescent above there and reach into the mesosphere and
in the NH there was considerable spectral intensity for boththerefore be detected with the MLT radars. (The Charney
the eastward and westward propagating PW, with the westand Drazin (1961) formulation for propagation works quali-
ward PW of largest scale (m=1) dominating; and that Schoeiatively well for Rossby PW such as the 16-d wave: despite
berl and Krueger (1983) identified evanescent PW of synop+the intrinsic phase speeds being larger than for the station-
tic scale (including the baroclinic waves), which are mainly ary and largest scale eastward propagating PW, they are still
eastward propagating, as being most effective in producingisually smaller than the “critical speeds” in the NH winter
the maximum ozone signal in the column values. Somemonths. This is consistent with the climatologies shown in
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Fig. 7. TOMS wave number spectra for two latitude bands during the days 1-60 of 2001. The full set of available longitudes is used for these
spectra.

Figs. 2, 5 and 6. However, as discussed by Luo et al. (2002afrom October to April. Due to the limited number and lo-
using modelling results in the SH, the winter eastward MLT cation of the radar sites, aliasing was possible, and it was
winds are stronger, the intrinsic phase speeds larger, andrgued there that statistical coupling of mode-pairs whose
propagation is discouraged as the appropriate “critical speedivave numbers differed by +/3 may have affected the pro-

is exceeded.) cess. Thus numbers m=4 and could have been appro-
priate to an actual m=1. However, the originally calculated
galues could well be correct descriptors of the PW. The data
In this recent study were of the highest quality available, and
indeed are for the year 2000/2001 which is also used here for
the wave number analysis.

As a further diagnostic of the PW activity, wave-number
analysis has been described in Sect. 2 and applied to th
TOMS data. This will provide insights into the scales and di-
rection of propagation of the PW at the 100mb (circa 20 km)
level, and hence the processes for coupling with the MLT.
This follows our most recent work (Manson et al., 2004a), Wave number analysis of the TOMS data is now shown in
where the analysis of multiple-site radar data to obtain waveFigs. 7 and 8. Days 1-60, and 61-120 from each of the years
numbers for PW-scale oscillations in the wind field was pro-2001 and 2002 have been chosen, with latitude ranges of 39—
vided for the year 2000/2001. While for periods greater than44° N to cover the CUJO network of three 48 MFRs, and
7 days the preferred wave number was one (m=1, westward}9-54 N to include the Saskatoon MFR but also to provide
consistent with the frequently observed 16- and 10-d PWa range of latitudes for assessment of spatial variability. As
there was considerable spectral energy at m=3, 4-ahd described in Sect. 2, the spectra are coherently averaged over
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Fig. 8. TOMS wave number spectra for two latitude bands during the days 61-120 of 2001. The full set of available longitudes is used for
these spectra.

these latitude bands before wave number analysis is appliedhe intensities of those are comparable to the eastward com-
so that the intensity contours in these figures represent coponents. It has just been argued above, that eastward PW
herent averages. Based upon the analysis of global HRDbf large scale and long period-{0-d or so) should be able
data (UARS, Upper Atmosphere Research Satellite) for theo propagate into the stratosphere and perhaps mesosphere,
MLT winds, the results of which are contained within Luo along with the westward PW, providing that their intrinsic
et al. (2002a), strong variations of PW activity with latitude phase velocities are less than the “critical speed” (Charney
(even those oscillations having coherence at all longitudesand Drazin, 1961; Luo et al., 2002a). Indeed, there are high
are a common occurrence. Hence, variations in spectral feaspectral intensities (red contours) in Fig. 7 that often include
tures between 39-44 and 49-54N in our figures are ex- the PW wave numbers featured for the CUJO radar wind data
pected, and are indeed evident. (1, 3, 4 and—2; Manson et al., 2004a) for this same winter
The general trends in these plots of the winter and sprind2000/2001), although other wave numbers have comparable
PW activity are for dominant eastward propagation of Spec_mtensmes. Of course, all waves at 100 mb are not expec;ted
tral components m=1 to —5 for periods of typically 5 to to reach the MLT; and the CU_JO network is not global, while
30 days (there is also spectral energy at the lowest frequenci!® 9lobal data set was required for the TOMS wave number
appropriate to periods near 60 days that would be associ?‘”aly_s's; _Extended radar coverage is deswable._ Finally, there
ated with seasonal transitions). The westward component®$ Variability of the wave number contours of Figs. 7 and 8
are more restricted to periods of 12 days and more, aIthougN‘”th latitude (consistent with the HRDI analysis of the MLT



320 A. H. Manson et al.: Wave activity over the CUJO network

activity), and also with interval (1-60, 61-120 days of 2001 Summarizing, wave number analysis of the winds (zonal)
and 2002), as expected from Figs. 5 and 6. demonstrates that during winter and at the 50-km level the
The analysis of Figs. 7 and 8 is consistent with a “movie” higher frequency €10-d) eastward PW modes are largely
of TOMS activity which was prepared before the above waveremoved, and eastward and westward PW modes of lower
number analysis was developed. It proved to be a usefufrequency &10-d) and smaller spatial frequency (m=+3 to
guide to the study and is available at the following web site: —3) remain (they then have quite comparable amplitudes).
www.usask.ca/physics/isa¥he visual identification of mo-  This is consistent with a reviewer’s view that such eastward
tion of the structures is consistent with the quantitative anal-propagating PW may only reach the stratopause. However,

ysis.

the UKMO analysis is also consistent with the general pic-

It is possible to identify spectral features in Figs. 7 and gture of MLT dynamics which emerged from the figures of
which are associated with PW that could propagate througibects. 3 and 4.

to the mesosphere and hence lead to the common activity
in the MLT wind-TOMS wavelet products demonstrated in
Sect. 4. In three of the four plots for each of 2001 and 2002

5 Further comments and conclusions

there are well-defined maxima (yellow-red mainly), with rhere have been rather extensive discussions throughout the

m=1 (westward) and periods of 10- to 20-d, which are a fac-

paper, within the sections where the results of the various

tor of only 1.4 smaller than the more obvious eastward wavey4iq analyses have been presented. However, it is useful

number features. These are likely to be the "normal” modey, make additional comments here on the various wave pro-
features, usually considered to dominate the MLT region. It osses which could be involved in the coupling between the
was noted by Lawrence and Randel (1996) that the energy,yer stratosphere and mesosphere evident in Figs. 2-6:

associated with these normal modes is small compared with

other stratospheric and tropospheric features. There is alsog) Propagation of PW from the tropopause-lower strato-

considerable spectral activity in the eastward wave number
sectors, with m=1, —2, and—3 and periods of 10-20 days,
which could be associated with the jet stream’s variability,
fluctuations of the zonal vortex, and PW associated with in-
stability processes. As noted above, it appears possible that
such PW may propagate into the eastward circulation of the
winter and spring, with comparable ease to the standing PW
features, at least to the stratopause. The standing PW are
known to be important within the MLT e.g. CIRA 1986. The
m=-2 spectral features of Manson et al. (2004a) could well
be an example of this wave activity.

There is an enormous vertical distance between the 100 mb
pressure level near 20 km that is best associated with the
TOMS data and the PW processes inherent within the MFR
data (85km). \Variations in the global temperatures and
winds will affect the propagation of the PWs, whose paths
are unlikely to be vertical but may involve oblique paths link-
ing SH and NH. There may indeed be PW sources between
the two heights. Thus, correlations between specific features
of the wavelets for TOMS and MFR data are not expected to
be numerous (as in Sect. 3); and the relationship between the
wave number spectra are even more likely to be somewhat
tenuous or lacking in exact correspondence. In this latter
case the spectra for TOMS involved all longitudes, making
it a more global analysis, while the MFR spectra involved
only 7000 km of longitudinal variation. To help bridge the
altitude gap, we have just completed a study (Chshyolkova
et al., revised, 2009 involving UKMO (United Kingdom
Meteorological Office) data-assimilation products (100 and
0.46 mb pressure levels) along with TOMS and MFR data.

1chshyolkova, T., Manson, A. H., and Meek, C. E.: Planetary
wave coupling processes in the middle atmosphere (2090 km): a
study involving TOMS, UKMO and MF radar data, Ann. Geophys.,
revised, 2005.

sphere (circa 20 km) into the upper stratosphere (circa
50km) and MLT: as already noted these can be west-
ward propagating “normal” or Rossby waves, which are
of small amplitude at the heights near 20 km most rep-
resentative of TOMS variability. However other east-
ward propagating PW of large scale ¢#), associated
with vortex and standing PW variability, along with
waves associated with instability processes, have been
discussed. On simple physical grounds, based upon the
seminal Charney and Drazin (1961) paper, such waves
should propagate to the stratopause and their pertur-
bations may reach the MLT. The latter waves require
more study based upon GCMs of the most realistic na-
ture; models with tropospheric data-assimilation (e.g.
UKMO) are most desirable so that comparisons with
MLT observations are more realistic. The sudden strato-
spheric warmings (SSW) are of great interest since the
changing background winds significantly modify PW
and tidal propagation. The new SCOSTEP (Scientific
Committee on Solar-Terrestrial Physics) program for
2004-8 called CAWSES (Climate and Weather of the
Sun-Earth System) will include investigation of these
wave processes and the SSW.

b) Nonlinear interactions between PW and tides in ei-

ther the stratosphere or MLT: instances in our Fig. 6,
where regional (North America-Japan sector) products
of wavelets for the MFR and TOMS data show spectral
maxima at PW periods for the winds and the 12-h tides
(for the 16-d PW especially), are indicative of such lo-
cal interactions in the mesosphere. Wavelet tidal spectra
(Manson et al., 2003a, 2004a) are broad at these times,
generally consistent with the side-lobes associated with
such interactions (e.g. Manson et al., 1982; Mitchell et
al., 1996; Pancheva et al., 2002). The latter study was
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d)

very detailed, and provided the zonal wave numbers of It is expected that all four mechanisms will provide cou-
the secondary waves, in selected cases. The commopling between the PW of the tropopause-lower stratosphere
features of variability at PW periods in the tidal and region and the MLT. Of these, the latter three will also pro-
TOMS data are evidently complex, however, as the 24-hduce tidal modulations. The nonlinear PW-tidal interactions
tide also evidences coupling, but at times which differ are perhaps the easiest to identify, due to the spectral features
from the 12-h tide. The phase differences between thgtemporal and spatial) they create, although the analyses are
TOMS (20km) and MFR (85 km) data are also highly complex and generally better global coverage of the planet is
variable, suggesting a variety of causes and locations fodesirable (space- and ground-based). Some details of these
the coupling processes. processes and their relative importance will be perhaps best
assessed with state-of-the-art GCMs of the lower (with data
assimilation) and middle atmosphere, which have both dy-

winter months of both years discussed in this paper namical and chemical processes that are realistically param-

and while some spectra reveal side-lobes for the tideseterized' Programs such as CAWSES (2004-8) are expected

at spectral positions, consistent with the simultaneous_to make considerable contributions to the overall understand-

existence of PW spectral energy, other spectra do not"Y of atmospheric coupling processes.
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