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Abstract. Results from the analysis of MLT wind mea- Baines, 1976). This result is consistent with the day-to-day

surements at Dixon (73], 80° E), Esrange (68N, 21° E), wind variability during the observed QTDW events. An in-

Castle Eaton (UK) (53N, 2°W), and Obninsk (55N, teresting feature of the final stage of the observed QTDW

37° E) during summer 2000 are presented in this paper. Usactivity in summer 2000 is the occurrence of strong 4-5 day

ing S-transform or wavelet analysis, quasi-two-day waveswaves with S=3.

cHattdes and revel themaeives a5 several bursts ofway, 17ds: Meteorology and atmospherc cynarmics (ric
. . . o Gie atmosphere dynamics; waves and tides; general or mis-

activity. At first this activity is preceded by a 51-53 h wave cellaneous)

with S=3 observed mainly at mid-latitudes. After a short re-

cess (or quiet time interval for about 10 days near day 205),

we observe a regular sequence of three bursts, the strongeft

of them corresponding to a QTDW with a period of 47-48 h

and S=4 at mid-altitudes. There are not very many planetary-scale waves in the vicinity
We hypothesize that these three bursts may be the resuf the summer mesopause that have amplitudestefis m/s
of constructive and destructive interference between severgind are regularly observed from one year to another. First
spectral components: a 47-48 h component with S=4; a 60-yf |, there are diurnal and semidiurnal tides, and secondly,
component with S=3; and a 80-h component with S=2. Thetnere are QTDWSs (quasi-two-day waves). Herein, we con-
magnitudes of the lower (higher) zonal wave-number com-sider QTDWs to include those oscillations with frequencies
ponents increase (decrease) with increasing latitude. Th@etween about 0-50.1 cycles day! or periods of 40-60 h.
S-transform or wavelet analysis indicates when these specsince the early 1970s (Muller, 1972; Kal'chenko and Bul-
tral components create the wave activity bursts and gives gakov, 1973) these waves have been revealed in mesopause
range of zonal wave numbers for observed bursts from aboufind variations at low- and mid-latitudes. Glass et al. (1975)
4 to about 2 for mid- and high-latitudes. The main spec-estimated the zonal wave number of this oscillation to be
tral component at Dixon and Esrange latitudes is the 60-hs=3 At present two main mechanisms have been proposed
oscillation with S=3. The zonal wave numbers and frequen-g explain the occurrence of the QTDW at levels of the meso-
cies of the observed spectral components hint at the pOSSib'@phere/lower thermosphere (MLT). The first one considers
occurrence of the nonlinear interaction between the primaryhese waves as a manifestation of the Rossby-gravity (3,0)
QTDWs and other planetary waves. Using a simple 3-D nonnormal mode forced by the lower atmosphere (Salby, 1981).
linear numerical model, we attempt to simulate some of theThe second mechanism considers the waves as a result of
observed features and to explain them as a consequence gfe instability above the summer stratospheric westward jet
the nonlinear interaction between the primary 47-48 h andyg \was proposed by Plumb (1983) and extended to two-
the 9-10day waves, and the resulting linear superpositionjimensions by Pfister (1985). Salby and Callaghan (2001)
of primary and secondary waves. In addition to the QTDW explored the relationship between the Rossby-gravity mode
bursts, we also infer forcing of the 4-day wave with S=2 andan( the instability. Their analysis recovered major features
the 6-7 day wave with S=1, possibly arising from nonlinear of the QTDW, including twice-yearly amplification around
decoupling of the 60-h wave with S=3. The starting mecha-gg|stice through interaction with easterlies. Their calcula-
nism for this decoupling is the Rossby wave instability (€.9. tions also revealed a wave number 4 component that exhibits
less of the modal structure in comparison to wave number 3
Correspondence td. Merzlyakov component, and that should be more prevalent during July
(eugmer@typhoon.obninsk.org) than during January.

Introduction
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Fig. 1. (left) Zonal and (right) meridional components of the winds observed from day 153 (1 June) to day 244 (31 August) in 2000. Data
have been band-pass filtered to retain periods between 28 and 100 h. The longest gaps are shaded.

Analysis of wind data taken from several sites situated inwind circulation there (Rster et al., 1988; van Eyken et al.,
a narrow latitudinal belt provides an opportunity to estimate2000). However, to date there have been no estimates of
the zonal wave number S of the investigated waves. Somé¢he zonal wave numbers for these waves at high latitudes.
recent results (Meek et al., 1996; Thayaparan et al., 1997The waves have been considered mainly at lower and mid-
Jacobi et al., 2001) demonstrate that the range of this numbdatitudes and the correspondence between the high- and mid-
is from 3 to 5 and more frequently, it is 3—4 for the Northern latitude waves has not been studied yet.
Hemisphere. A characteristic feature of the QTDW is its amplitude

Numerical simulations using linear models (Hagan et al.,modulation and the occurrence of several bursts of the wave
1993; Salby and Callaghan, 2001) and some global circulaactivity. During recent years some nonlinear features of the
tion models (Palo et al., 1999) suggest the QTDW with S=3QTDW were emphasized in relation to the amplitude modu-
to be the Rossby-gravity mode. However, the waves withlation. For example, Jacobi et al. (1998) demonstrated regu-
S=4-5 with slower phase speeds cannot as readily propagater occurrence of the nonlinear interaction between the prop-
from the lower to upper atmospheric levels and attain signif-agating 2-day wave and other planetary waves in the upper
icant amplitudes at MLT heights. Simulations with global mesosphere over Central Europe. This interaction results in
circulation models by Norton and Thuburn (1996), and Mayr an amplitude variability of the 2-day wave and forcing of
etal. (2001) demonstrate that strong QTDWSs with large wavesecondary waves with periods near two days. Similar results
numbers (4-5) can be forced in situ by baroclinic instability were obtained by Pancheva et al. (2000), where an attempt
in the presence of strong radiative and dissipative dampingvas made to support the hypothesis of nonlinear coupling
and full nonlinear dynamics. between the QTDW and the other planetary waves through

The presence of the QTDW in the high-latitude MLT re- bispectral analysis.
gion has been realized since the early investigations of the
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Fig. 2. S-transform spectra of the zonal wind variations with periods near 2 days.

The zonal wave numbers of the secondary waves are equd@ixon (73.5 N, 8(¢° E), Esrange (68N, 21° E), Castle Eaton
to the sum and difference of the zonal wave numbers of thgUK) (53° N, 2° W), and Obninsk (55N, 37° E) during sum-
primary waves. The secondary wave with a lower zonalmer 2000. We demonstrate a simultaneous manifestation of
wave number is more probably observed at higher latitudeshe QTDW events at high- and mid-latitudes. Secondly, we
than the primary 2-day wave (just due to decreasing of wavecarry out an analysis of the zonal wave numbers and frequen-
amplitudes as sitT16 when co-latitude tends to 0). An  cies for the observed waves and point out a possible occur-
analysis of wind observations during summer 2000 showedence of the nonlinear interaction between waves, including
that QTDWs had periods of about 58 h at Dixon and Esrangehe QTDW as well as other planetary waves. The third aim of
(Middleton et al., 2001; Merzlyakov et al., 2001). This value this work is to provide some explanation of the observed fea-
is greater than the typical values observed at mid-latitudegures with the help of numerical simulations using a simple
and greater than the QTDW periods at the same time at Obnonlinear 3-D model. We note the importance of the non-
ninsk and UK. It hints at a possible occurrence of the non-linear interaction mechanism for this explanation.
linear interaction between planetary waves during summer
2000. 2 Measurements and data analysis

The first aim of this work is to present results obtained This study is based on hourly mean wind measurements,
from analysis of neutral winds measured by meteor radars atarried out during summer 2000 at stations Dixon (78l5
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Fig. 3. As for Fig. 2, but for the meridional wind variations.

80° E), Esrange (68N, 21°E), UK (53 N, 2°W) and Ob-  absent for the meridional wind data. The longest gaps of the
ninsk (5% N, 37 E). The data series cover the time interval Esrange data are an interval of 30 h in length at 90 km and an
from 1 June to 31 August. Measurements for two oppositeinterval of 22 h in length at 87.5 km for both components in
meridional directions are available at Obninsk for this time July. The rest of the data are practically continuous.

interval. This gives two independent data realizations of the The gaps were interpolated using a least-squares fit with a
meridional wind at one site. Meteor radars are installed at allpolynomial of the second degree. This kind of interpolation
sites and the measurements at Esrange are performed withias carefully investigated by Portnyagin et al. (1999), and it
height finding. The average height of the measurements fowas found that it does not have any significant influence on
the other three stations is estimated to be 88-90km. Thehe results.

number of gaps in the Obninsk data is about 14% for June Data processing was performed with the S-transform
and the first half of July, and then the data are practically(Stockwell et al., 1996) and the continuous Morlet wavelet
continuous. There is one long gap of 63 h in length for bothtransform (e.g. Pancheva and Mukhtarov, 2000) to account
components. Each of the UK data gaps does not cover morfor nonstationary features of the QTDWSs in our analysis.
than several hours. The gaps are randomly distributed an8oth methods showed identical spectra of wind variations,
constitute less than 1% of the data length. The Dixon dateso to illustrate them we use mainly the results from the S-
gaps are also of a few hours in length, randomly distributed transform and only sometimes those from the wavelet trans-
and form 12% of the data length. There is a long gap of 50 hform.

in length for both components. Also, the last four days are
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Fig. 4. Morlet wavelet spectra of the wind variations at Esrange.

Although we use data collected only by meteor radars,obtained by different techniques. All of these differences
there are some differences in the results obtained by differentnay in fact be real, and may not signal any experimental de-
radars. First of all, the amplitudes of oscillations observedficiency. We simply note these differences for completeness.

at Esrange are greater than the values obtained at Dixon and -, day-to-day wind variations with periods greater than

even of the same order as amplitudes of oscillations observeg days are considered separately because of the very large

at middle-latitudes. Mitc_hell et al. (2002) noted similar dif- amplitude of the QTDWSs. Therefore, the data were first fil-
ferences, except for the tides. Fortunately, the phases and fr?éred by a low-pass filter with a cutoff period of 72h. The

quencies of oscillations usually are very consistent for dataS-transform uses only neighboring spectral peaks of the Fast
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Fig. 5. Phase profiles for two main bursts of the QTDW activity at Esrange.

Fourier Transform to obtain a response to a given frequencybetween latitudes of Dixon and Esrange (about)bis ne-
Hence, we can treat the S-transform spectra of the day-to-daglected when comparing phases to interpret zonal wave num-
wind variations as if they had been calculated from hourlybers. As we shall see, such an approach is not always cor-
data. Then we can estimate the peak variance as Portnyagnect. Fortunately, latitudinal phase variations can be inferred
et al. (2000), but should take for an estimation of the primaryfrom the numerical model, and used to assess the reasonable-
data variance only independent values of the filtered wind.ness of this assumption. A description of our approach to the
Thus, we can find significance levels for every frequency innumerical simulation is presented in the Appendix.

the S-transform spectra. We used a periodogram analysis to

specify spectral content of the QTDWSs. 3 Results

The zonal wave numbers of the oscillations were estimated.1 QTDW bursts: wavelet analysis
from the phase values, directly obtained for each frequency
from the S-transform and from a least-squares fit of the windTo illustrate a general look at the QTDWSs in summer 2000,
data with corresponding spectral components (a value of théhe data were subjected to a band-pass filter with cutoff pe-
period is taken from the wavelet spectra) and tides. Theriods of 28h and 100h. Figure 1 shows the resulting fil-
last analysis also gives values of phase errors, which weréered winds. Days are numbered from 1 January. One can
used for estimating the wave number errors. The differencesee a typical picture of a QTDW manifestation as a set of
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Fig. 6. S-transform spectra of day-to-day zonal wind variations. The data are low-pass filtered with a cut-off period of 72 h.

several wave-intensity bursts for both the components. Thand IV. Note that the zonal wave numbers estimated here are
S-spectrograms of hourly mean wind data for Obninsk, UK, obtained from phase values at only two different points for a
Dixon and Esrange (at 87.5 and 90.5km) are presented iigiven latitudinal belt. So, these numbers are subject to uncer-
Figs. 2 and 3. The squares of amplitudes fishare shown tainty and should only be considered as tentative indicators
by shades of gray. Results for the zonal component are irof true longitudinal variability and only for the specified lon-
Fig. 2 and results for the meridional wind component are ingitudinal sector.

Fig. 3. At mid-latitudes the first interval | is characterized by
At first we consider mid-latitudes. There are two intervals (westward) zonal wave number S=2@8.3 (2.8), centered at

of wave activity: before day 205 and after it. A period of day 189 for the zonal wind component and S=303 (3.3),

about ten days exists between these intervals and it is chacentered at day 192 for the meridional one. The parentheses

acterized by weak intensity of the QTDWs. We designateinclude values estimated from the S-transform. This QTDW

the first interval as | and in the second one we select thredias a period of 51-53 h, so the wave is very similar to the

main bursts of wave intensity and designate them as I, llinormal Rossby-gravity wave mode.
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Fig. 7. As for Fig. 6, but for day-to-day meridional wind variations.
Burst Il is characterized by zonal wave number S22 There are only two common peaks for Dixon and Esrange

(4.2) for the zonal component and S=40.1 (4.0) for the  and both are after day 205. Possibly it is a result of height
meridional one centered at day 211. For burst Ill we obtainedaveraging at Dixon. The wavelet spectra for the Esrange data
S=2.8+0.8 (3.0), centered at day 221 for the zonal compo-are presented in Fig. 4, where amplitudes in m/s are shown by
nent and S=34£0.2 (3.2) for the meridional one, respec- shades of gray. Significant variability of spectra with height
tively. Finally, burst IV has S=440.4 (3.8) for the zonal is well seen. It may be related to superposition of several
component and S=249.3 (2.2) for the meridional compo- waves with lower amplitudes than at mid-latitudes, as can be
nent, centered at day 228. For this last case different burstseen below. Among these waves there is an oscillation with
are observed in the zonal and meridional components witha period of 40 h and S=2. Due to its lower zonal wave num-
different zonal wave numbers and different periods of oscil-ber than that of the QTDWSs, this wave is more prominent at
lations. As can be seen from the above, values of the zonahigh-latitudes and introduces additional variability into the
wave numbers obtained from both methods are very closewavelet spectra. Another possible contributor to the observed
as was shown by Portnyagin et al. (1999). Similar values ofdifference could be latitudinal variation of phases and the dif-
the zonal wave numbers were obtained by the cross-wavelderence between Dixon and Esrange latitudes. A wave activ-
analysis, too. Therefore, for the sake of simplicity we esti- ity burst is occurring in the wavelet spectra, when spectral
mate the zonal wave numbers only from the S-transform incomponents forming this burst are in phase. A small phase
the next part of our study. shift between the spectral components could destroy a burst
considered at a given time moment.
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Fig. 8. (a) Spectra of zonal wind oscillations from 21 July 2000 to the end of measurements.

The first common burst of the high-latitude wave activity is of true longitudinal variability and only for the specific lon-
near day number 211 and so it coincides with burst Il at mid-gitude sector. Spectra of the long-period oscillations (with
dle latitudes. We obtained zonal wave number S=3.6 for theperiods greater than 4 days) are presented in Figs. 6 and 7. It
zonal component and S=2.5 for the meridional one. The nexis worth remembering here that all periods and time moments
common burst is near day 228 at high-latitudes. It has forof maximum activity are found by wavelet spectra with defi-
the zonal wind component S=2 and for the meridional wind nite errors (see Portnyagin et al., 2000), and the significance
component S=3.2. This burst coincides with burst IV at mid- of an oscillation depends on its duration. All of these wind
latitudes. There is also a weak burst in the meridional windvariations have small amplitudes and are presented because
component near day 221 with S=2.6. The vertical phase prothey are features of the spectra, which are significant. Al-
files for both high-latitude bursts are shown in Fig. 5. Their though they do not have large amplitudes, they are observed
vertical wavelength is about 100 km. The oscillation periodsalmost simultaneously at the different stations. While the
are different for the meridional and zonal wind components,spectral amplitudes may be significant at each station for a
and there is a tendency towards the occurrence of the longagiven period, the fact remains that the dominant fraction of

periods in the meridional wind. spectral energy at one station is often not at that common
) o period. However, the existence of an oscillation is not con-
3.2 Long-period £4 days) oscillations fined to contours of maximum amplitudes. For zonal wave-

Wi id hort d . fthe | il number estimation we use those time intervals when an oscil-
Ve now provide a short description of the long-term 0SCilla- 4 exists at two stations of different longitude. Additional

tions in the er.]d field '.n pursuit of our aim to concentrate on confidence in our wave-number estimations follows from the
the nonlinear interaction between the QTDW and the plan'fact that the phases of considered oscillations practically do

etary waves of longer periods. Note that the zonal Wave ot change during the time of their existence at stations un-

numb_ers estlmgted here are obt_amgd from phase values akr study (i.e. including time intervals with small and maxi-
two different points for a given latitudinal belt and for rather mum amplitudes). Therefore, there is a very small probabil-

small amplitudes. So, these numbers are subject to UnCefy ot these long-term neutral wind variations are stochastic
tainty and should only be considered as tentative indicators
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Fig. 8. (b) As for (a), but for meridional wind oscillations.

noise. Further, they may be indicative of the existence ofdefine a 9-day oscillation with S=2.2 at the beginning of the
larger magnitude waves with the same frequency and zonaineasurements. Near day 224 for both components a 4-day
wave number at lower latitudes. Incorporation of these oscil-wind oscillation is visible. We obtained 1.7 and 2.2 for zonal
lations and their zonal wave-number estimates into a theoryvave numbers of these oscillations for meridional and zonal
of QTDW variability is of course strengthened by corroborat- components correspondingly.

ing experimental, theoretical and modeling evidence. Some

of this evidence is presented in the following. At high-latitudes there exists a 12-day oscillation during

the QTDW event and a 14-day oscillation at the end of this

. . . event in the zonal wind. These oscillations have the same
At mid-latitudes one can observe in the zonal component a

significant 5-day wind variation with S=1 near day 190 (days zonal wave numbers, 8L, and are possibly a manifestation
I - o_4 Of one and the same wave. It mainly occupies the lower part
176-190) and a 6—7 day oscillation near day 230 with S=1.5, o
. . ) _ o of the meteor zone. At the end of the studied interval there
a 12-day wind variation with S=0.5 near the beginning of the

measurements, and a 20-day variation with S=0.43. The 6-71¢ _6—7-day (_)scnlatlons_ o_bserve_d in the zonal wind for both
o . . . stations and in the meridional wind at Esrange. For the 6—
day oscillations are important for our following considera-

tion. Comparing zonal winds at Obninsk and UK one can 7-day wave observed in the zonal component we obtained

observe a strong peak at Obninsk and no peak at UK. But aS=0.54. It should be noted that these 6—7-day oscillations

. Co are observed at the same time as those at mid-latitudes. In
response at this frequency exists in the UK spectra and has . . . :
o . . is case we possibly observe one wave at different latitudes.
significant amplitude of the same order as that at Obninsk . . : . .
. g . . The wave number estimates at middle and high latitudes hint
This oscillation is observed at high-latitudes, too (see below).
. : .at a value of-1.
For an explanation of the difference we could suggest the si-
multaneous existence of two oscillations with close periods Besides these waves it is easy to find in Fig. 4 oscilla-
and different zonal wave numbers 1 and 2. Data from othettions with a period of about 4 days in the zonal and merid-
longitudes are needed for a comprehensive study of this feaonal wind near day 238 and an oscillation with a period of

ture. In the meridional mid-latitude prevailing wind we can about 4 days in the meridional wind near day 225. These
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oscillations are common for high- and mid-latitudes. The (1976) examined the barotropic stability of Rossby waves on
4-day wave in the meridional wind is a wave number 2 west-a sphere to small disturbances using numerical simulations.
ward propagating wave at high- and mid-latitudes near day Although the phase speed of the 4-day wave with S=2 is
225. Day 238 is too close to the end of our data to obtain rethe same as that of the 2-day wave with S=4 and the wave
liable wave-number estimations. We obtained S=3.4 for themay, therefore, be excited by the jet instability, this alterna-
zonal component and S=3 for the meridional component ative source for the wave is also plausible.
mid-latitudes. Only the wave number for the zonal compo- It is interesting to note that other periods different from
nent can be estimated from the high-latitude data. It equal$0h and 80 h are observed at middle and high latitudes. In-
3.3. These waves have periods that are slightly greater thadeed, we see the wave bursts, each of them containing several
4 days near day 225. The wave observed near day 225 existaain spectral components (47 h and 60h or 60 h and 80 h).
during the same time as the QTDWSs. Dixon is located at the highest latitudes and we obtain for
Note that the burst Il has S=4 for both components, whileits wind data mainly one QTDW spectral component with a
the latest burst has this zonal wave number only for the zonaperiod of about 60 hours and zonal wave number 3.
wind component. This can mean that the wave source is The first burst at Dixon has a period of 54 h for the zonal
changing. This is confirmed by an excitation of the waveswind component and 57 h for the meridional wind compo-
with a period of 4 days and S=3 after the 2-day wave eventsnent. At Esrange we obtained 50-52, 5h and 54 h, respec-
In particular, the velocity of the summer jet decreases andively. That corresponds to the simultaneous occurrence of
waves of longer periods and larger zonal wave numbers magwo spectral components with S=4 and S=3 and the influence

be forced by the instability. of the first of them is greater for the zonal component and de-
creases gradually to the pole. And this is the explanation of
3.3 QTDW bursts: spectral content our zonal wave number estimation pointed out above.

Burst Il is significantly weaker at Dixon than at Esrange.

The previous description is based on wavelet spectra anét middle latitudes we observe these oscillations with a pe-
does not distinguish spectral contents of different QTDWriod of about 50-54 h, but at Esrange the period is about
bursts. Now we will consider this for the sequence of the58 h for the meridional wind component and has variable
QTDW bursts after day 205. values as a function of height for the zonal component. It

Spectra of the wind variations after day 205 are presentedgneans again the coexistence of two spectral components.
in Figs. 8a—b. Only part of the whole spectrum is shown for The meridional component of the wave with S=4 or 3 is
convenience. It is seen that the QTDW consists mainly oflarger than the zonal one. Therefore, the period of the merid-
two spectral components: about 47 h and about 60 h. Thereéonal component is less variable and that is why phase pro-
are additional peaks with periods of 80 h and 100 h. From thdiles of the zonal components differ from those of the merid-
cross-spectra for UK and Obninsk data we founreB3or the  ional components in Fig. 5.
60-h oscillation, $-2.5 for the 80-h oscillation and~S3 for At middle latitudes Burst 1V is characterized by periods of
the 100-h oscillations. The 100-h wave is possibly due to the55h (UK) and 51 h (Obninsk) for zonal wind components.
instability. It is clear that the nonlinear interaction between For meridional components we found a period of 64 h for
the 47-h wave and another wave with a longer period mayboth stations. These periods are changing with latitude: we
force two secondary waves with peaks that are 60 h and 80 Hfound for the zonal component a period of 62 h at Esrange
This interaction needs a wind oscillation with a period of 9— and a period of 57 h at Dixon; for the meridional component
10 days and this oscillation is not visible at the heights of ourthey were 66 h and 55 h, respectively. One can see that burst
observations but could exist at lower altitudes and/or at othetV is formed at Dixon by two close oscillations. One of them
latitudes. Indeed, this wave is revealed from the stratospheribas a period of 62—64 h. It is worthwhile to note an increas-
data for the 2000th year (Pogoreltsev, private communicaing influence of a 40-h oscillation on the S-spectra at Dixon,
tions, 2002) and an average over ten years spectra for therhich is possibly a normal mode (2, 0) and appears near the
Southern Hemisphere are presented by Fedulina et al. (2003RQTDW activity.
and this is a common normal-mode frequency of the atmo- To summarize our observational results, the QTDW activ-
sphere. Note that there is a peak with a period of 6—7 daysty observed during summer 2000 consists of several spectral
and we have obtained 1/66:1/100 h+1/(6—7days). It pos- components with periods from about 47 to 66 h and zonal
sibly means decoupling of the 60-h wave with S=3 into the wave numbers from about 2 to 4. This activity is started by
waves with S=1 (about 6—7 days) and S=2 (about 100 h), anthe 51-53 h waves with S=3, interpreted as a manifestation
these waves are forced in the mesosphere. So, the 4-day wae¢ the normal Rossby-gravity mode (3,0), probably ampli-
observed near day 225 might be a result of this decouplindied by the instability (Salby and Callaghan, 2001). After a
process. The starting mechanism for this decoupling couldecess of the wave activity (for about 10 days) we observed
be the Rossby wave instability (e.g. Baines, 1976) connected regular sequence of wave activity bursts. The strongest
with nonlinear resonant wave triads composed of one finiteburst is connected to the spectral component with a period of
and two infinitesimal components. Two infinitesimal compo- 47-48 h and S=4 and located at mid-latitudes. Although the
nents are provided by noise and conditions for the creation obursts demonstrate different periods and zonal wave numbers
the resonant triad select oscillations from the noise. Bainest different latitudes for both wind components, their spectral



784 E. Merzlyakov et al.: High- and mid-latitude quasi-2-day waves

content is rather simple and includes mainly 3 spectral com- The first model run tested the possibility to excite the
ponents. The frequencies of these spectral components saRTDW with S=4 as a secondary wave resulting from the in-
isfy the condition for nonlinear interaction with the 9-10 day teraction between a long-period planetary Rossby wave (or
planetary wave, and this wave was observed in the stratoa stationary wave, too) with S=1 and the normal Rossby-
sphere of the Southern Hemisphere. gravity QTDW with S=3. Both waves are considered as
It should be emphasized here that the observed variabiliypropagating upward from the bottom. The reference distri-
of periods and zonal wave numbers is based upon On|y twd)ution of temperature for Stationary wave 1 was taken from
latitudinal points, and thus, open to uncertainty. Thus, weBarnett and Corney (1985) for July. There was no strong re-
can only suggest possible hypotheses within the scope of théPonse for the 2-day wave with S=4. This means that another

obtained results. source of wave 4 should be suggested. The jet instability is
suggested through this work. It is interesting to note that
3.4 Model results the secondary wave from the considered nonlinear interac-

tion could serve as an initial wind perturbation for such an

. he 2-d ith S= i instability development.
During summer the 2-day wave with S=4 cannot readily We now turn to the use of our numerical model to simulate

propagate from heights of the troposphere and the Stratogome salient features of the observations, particularly how

sphere to the mesopause, due to its slow zonal phase spegel, 1o hjinear interaction between the QTDW and a plane-

and the occurrgnce of critical levels. One_ needs unreahstl-tary wave may create a sequence of three wave bursts that
cally large amplitudes at the bottom to obtain observable valﬂnave different periods and different zonal wave numbers at

ues at the mesopause (see, e.g. Salby and Callaghan, 200{),1, and middle latitudes. A lot of variants (more than 100)
Unfortunately, only a few nonlinear numerical studies havewith different parameter values were considered. Compari-

been published recently that attempt to explain the wave 0Cgq, peyween numerical and experimental results was carried

currence at the summer mesopause of the Northern Hemig ., \sing the S-spectra for meridional wind components
sphere (i.e. Norton and Thuburn, 1996; Mayr et al., 2001).

L L . at a height of 90 km and latitudes of Obninsk and Esrange.
The numeqcall Investigation qf Mayr et al. Sh?""ed smulta- Only a few of them demonstrated results for the QTDW sim-
nsous e>_<CItat|(§>n_of Whaves with S:f2_4' consistent with OL;Jrilar to the observations. The simplest variant consists of non-
observations during the summer of 2000. However, W€ ODYinear interaction between a transient 10-day wave with S=1
serve rather regular sequences of three bursts, and this featusg § 5 transient 47-h wave with S=4. Note that we did not

possibly points to a rqle of the nonlinear ir}terac.tion betyveentake into account the spectral content of the QTDW bursts
waves. We now consider wave-wave nonlinear interaction ag,oun from the experimental results and just tried to repro-

a source of QTDW variability within the context of a numer- duce the observations. An important numerical result is the

ical model. appearance of a large-amplitude wave with 60 h period and
In our numerical simulations, the 2-day wave with S=4 5=3. |n the first run we demonstrated that it is impossible
was excited artificially at about 60km, i.e. near a level of for the 47-h wave with S=4. This result has rather a simple
maximum QTDW amplitudes in the simulations of Mayr et explanation for barotropic waves; see Baines (1976). In its
al. (2001) and Norton and Thuburn (1996). As sources oftyrn the 60-h wave interacts with the 10-day wave, too, and
planetary waves we used thermal sources with amplitudeshen a wave of an 80-h period is forced. The last wave has
depending on time, like the Gauss function. For the case of small amplitude and appears later than the two previous
the QTDW the latitudinal structure of the source was takengnes. The initial 47-h wave is practically absent by this time.
in such a way as to obtain the same latitudinal temperaturgn Fig. 9 the S-spectra of the numerically simulated series are
structure as presented by Norton and Thuburn (1996). It impresented for latitudes of Obninsk (left) and Esrange (right).
pIieS indirectly that we consider the Jet |nstab|||ty as a sourceTyo cases are presented' which differ from one another by a
of the 2-day wave with S=4. The wave activity before day |atitudinal shift of the 2-day wave source. The two top panels
205 is considered independent of events after that day. ~ show zonal and meridional components of the QTDW events
The amplitude and duration of the thermal forcing for the for the case when a temperature source is near the equator,
2-day wave with S=4 were tuned to the experimental resultsand the two bottom panels do it for the second case with a
Additionally, one or two planetary waves with zonal wave source shifted towards the pole. At the latitude of Dixon the
numbers 1 and 2 were forced near the bottom of the modelS-spectra are similar to those of Esrange. The zonal wave
Periods of these waves were changed from 5 to 20 daysaumbers are marked in the figure above each burst. These
A corresponding Hough mode was taken as the latitudinahumbers were obtained in the same way as those for the ex-
structure of the thermal source for these waves. Again, amperimental data and contain errors due to the latitudinal effect
plitudes and durations of the thermal forcing for these plane-that increases a zonal wave number by values from 0.2 t0 0.3
tary waves were tuned to reproduce the experimental resultdor the last two bursts at high latitudes. Apparently, there is
Amplitudes of wind variations in each burst of the QTDW a strong dependence of the results on a source location. Ir-
activity, the width of the burst, and the number of the burstsrespective of this fact, for both cases three wave bursts are
and their distribution in the wavelet spectra at different lati- obtained as a result of the nonlinear interaction between the
tudes significantly depend on values of all these parametersQTDW and a planetary wave with a period of 9-10 days.
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Fig. 9. Results of numerical oscillations for two different locations of the 2-day wave source.
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Thus, using only the S-spectra from the experimental datssummer 2000 is an occurrence of the strong 4-5 day waves
we could (1) obtain the observed spectral content of thewith S=3.
QTDW bursts; (2) suggest an explanation for their appear-
ance and reproduce the number and spacing of the bursts;
and (3) reproduce observed periods and zonal wave numbeisppendix
for the meridional components.
The nonlinear time-dependent model used in our analysis
employs a background wind field similar to the climatic em-
4  Summary pirical model of Fleming et al. (1988). The numerical model
is based on that of Rose (1983), Jacobs et al. (1986). The
We conclude that the QTDW activity observed during the horizontal momentum equation, the thermodynamic equa-
summer of 2000 is a complex event. It is possibly a result oftion, the continuity equation and the hydrostatic equation
the combined influence of the nonlinear interaction betweerin spherical log-pressure co-ordinates are solved by the ex-
different planetary waves and jet instability. The QTDW ac- plicit finite-difference method. Unlike the models referenced
tivity is observed simultaneously at high- and mid-latitudes above, we used an expansion in Fourier harmonics in longi-
and is manifested as several bursts of wave activity, revealetlde, and instead of a gravity wave parameterization we used
using S-transform or wavelet analysis. Initially, this activity a body force like that proposed by Fritts and Luo (1995).
is preceded by the 51-53 h wave with S=3, which is observed'he radiation processes are parameterized by the Newto-
mainly at mid-latitudes. After a short recess (for about 10nian cooling asx(T —Tp), where the rate coefficient was
days near day 205) we observed a regular sequence of thremlopted from Zhu (1993) anty is the reference tempera-
wave activity bursts, the strongest of them being connected toure from Fleming et al. (1988). The finite difference grid
a QTDW wind oscillation (spectral component) with a period has a step of Bin latitude and 0.25 in height frorr=0 to
of 47-48h and S=4, mainly at mid-latitudes. We hypoth- z=20. Herez=—In(P/Ps), P is pressure, anés is a con-
esize that these three bursts may be created by destructiveant reference pressure (1000 mb). The expansion in lon-
and constructive interference between a few spectral compogitude is performed in terms of egma), wherem (= —6,
nents. The component set includes the primary QTDW and..+6) is a zonal wave number ands longitude. The coeffi-
two secondary waves could arise from a sequence of the noreients of dynamic molecular viscosity and molecular thermal
linear interactions with a 9—10 day oscillation. A 9-10 day heat conduction were taken from Forbes and Garrett (1979),
oscillation during the interval of our observations has beeneddy viscosity was adopted from Hagan et al. (1995) and
located in the stratosphere by A. Pogoreltsev (private comhydromagnetic effects are included in a simple form as in
munication, 2002). The superposition leads to an appearandeorbes and Garrett (1979). Some horizontal smoothing was
of bursts with new frequencies and fractional zonal waveapplied to calculated fields that is equivalent to horizontal
numbers in the observations. We do not explain all fractionaldissipation of the fourth order with a rate of about16*/s.
zonal wave numbers only by the existence of a few spectraBackground field distributions are obtained from a model run
components. This result follows from numerical simulations with initially motionless atmosphere and horizontally uni-
and serves as an additional source for understanding the eferm temperature.
perimental results. It is also revealed that the zonal wave
numbers of observed bursts range from about 4 to about Boundary conditions
for mid- and high-latitudes. The main spectral component at
Dixon and Esrange latitudes is the 60-h oscillation with S=3.At the bottom we imposed the condition that the vertical ve-
Thus, it is demonstrated that the correspondence between tHecity is 0. It means!®/dt=0 atz=0, whered is geopoten-
high- and mid-latitude 2-day events may be understood in thdial. For velocity components and the nonzonal component of
framework of nonlinear wave interaction, linear wave inter- temperaturer;£0) we take the conditions like those utilised
ference and instability. The wave coupling can explain theby Forbes (1982) to simulate the surface interactions. For the
source of the new waves, but it also defines the time of themean zonal component of temperature we take a time inde-
wave occurrence. It should be emphasized here that the olpendent temperature distribution from Fleming et al. (1988).
served variability of periods and zonal wave numbers is only The log-pressure vertical velocity{/dt), vertical gradi-
based upon two latitudinal points, and thus, open to uncerents of velocities and nonzonal components of temperature
tainty. Thus, we can only suggest possible hypotheses withirfm £0) are set equal to 0 at the upper horizontal boundary.
the scope of the obtained results. In addition to the QTDWThe mean zonal component of temperatune@) does not
bursts, we obtained as well a forcing of the 4-day wave withdepend on time at the upper boundary and was estimated
S=2 and the 6-7-day wave with S=1 due to the nonlinear defrom models of Fleming et al. (1988). As sources of plane-
coupling of the 60-h wave with S=3. The starting mechanismtary waves we used thermal sources. The source of the long-
for this decoupling could be the Rossby wave instability (e.g.period wave was placed near the tropopause and had a lati-
Baines, 1976). This result corresponds to the observed daytudinal distribution corresponding to that of a normal mode.
to-day wind variability during the QTDW events. An inter- The source of the 2-day wave with S=4 was placed at level
esting feature of the final stage of the two-day-wave events in=8 and had a latitudinal distribution which is like a hump
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