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Abstract. This short-communication presents a new methodprohibited when the zonal mean flow changes its direction
for assessing the amplitude modulation of the stationaryfrom eastward to westward. Therefore, the transient behav-
planetary waves (SPWs). The suggested procedure alor of the planetary waves in general, and the vacillation of
lows estimating the contribution of the amplitude modulatedthe SPWs in particular, are defined mainly by the coupling
SPWs to the field of the zonally travelling planetary waves. processes and the dependence of their vertical propagation
The root of the method consists in calculating of a quantityfrom the variability of the zonal mean flow.

that is analogous to 2-D Lomb-Scargle amplitude spectrum The problem of planetary wave coupling between the
and also the relative error of the approximation. The ampli-stratosphere and mesosphere has attracted significant atten-
tude “spectra” of the SPWs give information about the pe-tion recently. It is supposed that much of the variability
riod(s) of modulation, while the relative errors - define the in the mesosphere and lower thermosphere (MLT) is a re-
coefficient(s) of modulation. The suggested method is apssult of upward propagation of disturbances from the strato-
plied to the UKMO temperature data for the Arctic winter of sphere, particularly during the winter. Analysis of the global
2004-2005. stratosphere data like UK Met Office (UKMO) assimilated

Keywords. Meteorology and atmospheric dynamics (Gen- fields (Swinbank and Ortland, 2003) or the National Centre

eral circulation; Middle atmosphere dynamics; Waves angfor Environmental Prediction (NCEP) reanalysis data (Ran-
tides) del, 1992) provided observational evidence for interactions

between the zonally propagating planetary waves, quasi-
stationary planetary waves and the zonal mean floviagier

et al., 2005; Pancheva et al., 2007, 2008a). The satellite mea-
surements as those of the HRDI and WINDII instruments
onboard the UARS satellite and particularly recent measure-
ments of the SABER and TIDI instruments onboard the
aI'IMED satellite were employed to explore not only the tem-

1 Introduction

The dynamics of the middle atmosphere in winter are known
to be dominated by planetary waves of large amplitudes

The most important are quasi-stationary Rossby waves an : .
P d y y oral behavior and spatial structures of the planetary waves

travelling planetary wave normal modes, also known as fre
modes with periods around 2, 5, 10 and 16 days. The interagrom lower stratosphere to the lower thermosphere (Wang et

tion of the planetary waves and the zonal mean flow is knownal" 2000; Forbes et al., 2002) but the coupling processes as

to be the major driver of the variability of the winter strato- well (Palo et al., 2005; Merzlyakov and Pancheva, 2007)'_
spheric dynamics (Andrews et al., 1987). It is known also Usually the UKMO or NCEP data, as well as satellite
that the zonal mean flow affects the planetary wave propagad@t@ have been used for studying a given planetary wave, i.e.
tion by changing the refractive index (Charney and Drazin,SPWS (Forbes et al., 2002) or some of the normal modes (Wu =
1961). The stationary planetary waves (SPWs) are particu€t @l-» 1994; Talaat et al., 2002; Palo et al.,, 2005; Azeem et 5
larly sensitive to the variations in the zonal mean flow and@!-» 2005). Recently however, Pancheva et al. (2008b) have &

their vertical penetration to the mesosphere could be fullySUg9ested a data analysis method where all types of plane- &
tary wave (stationary, zonally travelling and zonally symmet- ©

ric) with zonal wavenumbers up to 3 have been simultane- O

Correspondence tdD. Pancheva ously extracted from the UKMO data. The waves are derived O
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'spectra’ of SPW 2 Method for assessing the amplitude modulation of the
N N 1.07 SPWs derived by the simulated time series

It is known that usually the SPWs can be composed of sta-
tionary and quasi-stationary components. The latter compo-
0.87 nent is stationary in phase but it tends to fluctuate in ampli-
0.80 tude (if there is a phase modulation of the SPW this means
that it becomes a travelling wave). If we assume that the
amplitude of the quasi-stationary component of the SPW is
periodically modulated then it can be represented as:

Coefficient of modulation

O, A) = A1+ kcos(Qt — ¢)) cos(sh — ) (1)

where A is longitude; k=const as well as &k<1 and it

is known as a coefficient of modulation (or as a depth of
the modulation);A,s andr are respectively the amplitude,
wavenumber and phase of the SPW, wiileand ¢ are the
frequency and phase of the modulation. The expression (1)
can be rewritten as:

Coefficient of modulation

A cos(si — ) + A?k COS(Q — 5. — (¢ — )

Period (days)

+A—k Ccos(Q2t + sA — (¢ + ¥)) (2)
Fig. 1. Upper plot: Amplitude “spectra” of the simulated by Eq. (1) 2
SPW1 (for details see the text) derived from the data of the entireTherefore, in order to consider a SPW together with two trav-
time series; the procedure for least squares best fitting is performed|jing waves as an amplitude modulated SPW it is necessary
for periods of the modulating oscillation from 10 to 20 days with a not only the travelling in the opposite directions waves to
step of 0.5 day, phases froml8(C to 180 with a step of £ and have equal amplitude€\k/2) and wavenumbers Y, but also

for coefficients of modulation changing from 0 to 1 with a step of . .
0.1; bottom plot: Relative errors of the “spectra” expressed by thethelr phase difference has to be exactly the double phase of

standard deviation of the approximation normalized by the el‘fectivethe SPW. . .
wave amplitude (the amplitude divided ky2). The presence of the amplitude modulated SPW in the data

could be searched directly through finding a function de-

scribed by Eqg. (1) where the amplitudg frequency$?,
least-squares fitting procedure performed on running timephases) andy, and the coefficient of modulationare un-
windows with a given length. Later this approach has beerknown parameters and have to be determined by the least
successfully applied to the SABER satellite data (Panchev&quares best fitting procedure. Such problem however is a
etal., 2009a, b). In the latter case besides the planetary wavenlinear one and it requires the variation of some of the un-
the migrating and nonmigrating 24-h and 12-h tides with known parameters under the condition for the best fit.
zonal wavenumbers up to 4 have been added in the decompo- In order to demonstrate how the suggested method works
sition procedure as well. The main advantage of the simul-a2 two-dimensional (2-D) (time-longitude) time series is gen-
taneous extraction of the tides and planetary waves from th@rated with a length of 6 months (daily data) where only a
satellite data consists in avoiding a possible distortion of theSPW1 with amplitude of one and a phase of @present.
weaker waves by the stronger ones, as well as some aliasinghe SPW1 has modulated amplitude with a period of mod-
effects between the tides and SPWs. This analysis methotlation equal to 17 days and phase of3the coefficient
provides also a possibility for a detailed documentation of allof modulationk=0.5. The substance of the method consists
planetary waves and migrating and nonmigrating tides. in calculating a quantity which is analogous to 2-D Lomb-

In Pancheva et al. (2009b) has been noted that the use of @cargle amplitude spectrum (Lomb, 1975; Scargle, 1982) for

linear fitting procedure has some peculiarities connected witithe SPW1 taking into consideration that it is described by
the contribution of the amplitude modulated SPWs to theEQ. (1). The procedure for least squares best fitting is per-
determined zonally travelling waves. The basic aim of thisformed for periods of the modulating oscillation from 10 to
short-communication is to present a new method for over-20 days with a step of 0.5 day, phases frerh8(° to 180"
coming this limitation, i.e. a method for assessing the ef-with a step of 2 and for a coefficient of modulation changing
fect of the amplitude modulated SPWs (so called SPW vacfrom 0 to 1 with a step of 0.1. The calculated amplitudes and
illations) on the determined by the decomposition procedurephases of the SPW1 for each period and each coefficient of
zonally travelling planetary waves. modulation satisfy the least squares best fit condition out of

all phases of the modulating oscillation.
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Fig. 2. Longitude-time cross section of the daily UKMO tempera- 17.1

tures for 50 N latitude and at 40 km altitude for the period of time
from 1 October 2004 to 31 March 2005.
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The data from the entire simulated time series are used for. 183

deriving the likewise amplitude spectra of the SPW1. The £
results are shown in the upper plot of Fig. 1. A clear peak &
at 17 days can be distinguished from the “spectra”, however
because the problem is nonlinear the spectral amplitudes for Period (days)
k<0.5 are slightly larger that the simulated amplitude which

is equal to 1. However, for.modlljlatmg period ,Of 17 days Fig. 3. The same as Fig. 1 but the calculations are done for the
andk=0.5 the spectral amplitude is equal to 1, i.e. the bestk 1o temperature data shown in Fig. 2 and the procedure for least
fit result completely coincides with the simulated data. It is squares best fitting is performed for periods of the modulating os-
worth noting also that the derived phases of the SPW1 andillation from 5 to 30 days with a step of 0.5 day.

modulating oscillation coincide with the simulated ones (not

shown result).

The bottom plot of Fig. 1 presents the relative errors of g1 ingicates that the first part of the winter is dominated by
the “spectra” expressed by the standard deviation of the apaasward propagating waves, while from December to March
proximation normalized by the effective wave amplitude (the \he Spw1 situated near longitude of 2@8clearly outlined.
amplitude divided by/2). In this case the minimum of the o figure shows also that while the phase of the SPW1 is
error (which is zero for the simulated time series) coincidesy mqst stable its amplitude is variable with the time, hence
exactly with the given modulating period of 17 days and co- s is an amplitude modulated SPW1. In order to define the
ef.f|C|ent“of modlilat|ork=0.5. Therefore, Fhe calculated am- parameters of the modulation we apply the above suggested
plitude “spectra” of the SPW1, shown in the upper plot of athod to the daily UKMO temperature data.

Fig. 1, indicate the period of the modulation while the de- . ) B .
rived minimum of the relative errors (bottom plot of Fig. 1) The upper plot of Fig. 3 shows Fhe amplltude spectra” of
) the SPW1 calculated for modulating periods between 5 and

defines the coefficient of modulation. It is worth noting that . - .
; . . 30 days with a step of 0.5 day and coefficients of modulation
the above suggested method actually gives full information .
L . etween 0 and 1 with a step of 0.1. There are two clearly
about that part of the SPW which is the amplitude modulate : . i .
. . o : outlined maxima at modulating periods of 11 and 24 days.
one, i.e. described by Eq. (1): its amplitude, phase and co-

efficient of modulation as well as the period (frequenc )andThiS means that the amplitude of SPW1 during the Arctic
. o P q y winter of 2004—2005 is modulated with periods of 11 and 24
phase of the modulating oscillation.

days. In order to define the mean coefficients of modulation
for each modulating period we calculate the relative errors
3 Application of the suggested method on the UKMO and the result is presented in the bottom plot of Fig. 3. The

temperature data for the Arctic winter of 2004—2005 result first confirms that the modulating periods are 11 and
24 days because there are two outlined minima and second,

In order to demonstrate how the suggested method works wehe coefficient of modulation for period of 11 daysi8.275,
investigate the UK Mett Office (UKMO) temperature data while that for period of 24 days ~0.225. It is worth noting
for the Arctic wintertime from 1 October 2004 to 31 March that in this case the error is different from zero because it
2005. Figure 2 shows the longitude-time cross-section of thas defined by: (i) all waves with periods between 5 and 30
daily UKMO temperatures for latitude of 30l and at alti-  days but with zonal wavenumbers larger than 1; (i) 2-4.5-
tude of 40 km (where usually the SPWs have the largest amday waves with all zonal wavenumbers, and (iii) the noise of
plitudes in the stratosphere). A careful inspection of the rawthe data.

cient of modulation

12.4
11.4
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tude of the SPW1 is equal to the found average amplitude of
\évll Amp SPW1=7 K the modulated component of the sum SPW1 shown in the up-
per plot of Fig. 3. This result indicates that in the Arctic win-
ter of 2004—2005 the SPW1 seen in the UKMO temperature
data consists mainly of an amplitude modulated component.
Additionally, the Lomb-Scargle results for the zonally prop-
agating waves with periods of 11 and 24 days are affected
by the amplitude modulated SPW1 and the genuine zonally
e — propagating E1 and W1 waves are weaker than those shown

4 6 8 10 12 14 16 18 20 22 24 26 28 30 in Fig. 4.
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Fig. 4. A 2-D Lomb-Scargle amplitude spectra for zonal wavenum-
ber 1 calculated for periods between 5 and 30 days; the spectrum
the E1 waves is in red color, while that of the W1 ones — in blue;
the mean amplitude of the SPW1 is noted in the upper right side offhe main focus of this short-communication is to present a
the plot. new method for assessing the amplitude modulation of the
SPWs. The suggested procedure allows estimating the con-
tribution of the amplitude modulated SPWs to the field of the
The application of the suggested new method for assessingonally travelling planetary waves described by the expres-
the amplitude modulation of the SPW1 seen in the UKMO Sion (2). The root of the method consists in calculating the
temperature data for S0 latitude and 40km altitude re- likewise amplitude “spectra” of the SPW (see upper plots of
vealed that the SPW1 with average amplitude~dfK (see  Figs. 1 and 3) taking into consideration that it is described
upper plot of Fig. 3) is amplitude modulated with periods by Eq. (1). These "spectra indicate the period(s) of modula-
of 11 and 24 days and coefficients of modulations respec.tion, while the relative errors of the approximation (see bot-
tively ~0.275 and~0.225. Then according to Eq. (2) the tom plots of Figs. 1 and 3) define the coefficient(s) of modu-
modulated SPW1 can be expressed as a sum of a SPWation of the found period(s). We remind that the suggested
with constant amplitude of-7 K and two couples of prop- new method define also the phase of the amplitude modu-
agating in the opposite directions planetary waves with zonalated SPW as well as the phase of the modulating oscillation.
wavenumber 1 and periods of 11 and 24 days with ampli- The suggested method has been applied to the UKMO
tudes of~1 K and 0.8 K respectively. Therefore, if the plan- temperature data for the Arctic winter of 2004—2005. In or-
etary waves from the UKMO data are extracted by a linearder to demonstrate how the procedure works the data at al-
two-dimensional (time-longitude) least-squares fitting proce-titude of 40 km and latitude of 30N have been analyzed in
dure (Pancheva et al., 2008b), then we have to have in mindetail and the SPW1 have been considered particularly. The
that the results for the zonally travelling waves with zonal same analysis could be done for the SPW2 but in this case
wavenumber 1 (i.e. eastward E1 and westward W1) and pethe modulation will affect the zonally travelling waves with
riods of 11 and 24 days would be affected by the amplitudezonal wavenumber 2. The derived results shown in Fig. 3
modulated SPW1. indicated that: (i) the SPW1 seen in the UKMO temperature
Figure 4 shows the 2-D Lomb-Scargle amplitude spectradata in the Arctic winter of 2004-2005 consists mainly of an
for zonal wavenumber 1 calculated from the UKMO tem- amplitude modulated component, (i) the amplitude of SPW1
perature data for the Arctic winter of 2004—2005, where theduring the considered winter is modulated with periods of 11
spectrum for E1 waves is in red color, while that for W1 — in and 24 days, and (jii) the average (for the entire winter pe-
blue. In general, the E1 waves with periods near 11, 20 andiod) amplitude of the E1 and W1 propagating waves gen-
24 days (there is a peak at the end of the period range but itsrated by the 11-day modulation-sl K, while that for the
exact period cannot be defined) prevail in the Northern Hemi-24-d modulation —~0.8 K. The investigation of the Arctic
sphere (NH) stratosphere during the winter of 2004—-2005 winter of 2004-2005 revealed also that the eastward propa-
which is quite unusual situation. We remind that the pres-gating planetary waves dominate the thermodynamic regime
ence of eastward propagating planetary waves is clearly eviln the NH stratosphere particularly in the first half of the win-
dent even in the raw data (see Fig. 2). The above mentionetr, which is quite unusual situation.
periods have also W1 components, but they are weaker than It has been mentioned that usually the SPW can be com-
the E1 ones. The 15-d W1 planetary wave however is a domposed of stationary and quasi-stationary (i.e. amplitude mod-
inant westward propagating wave during the considered win-ulated) components. The presented new method gives full
ter. The average amplitude of the SPW1 for the entire periodnformation for the amplitude modulated component of the
of time (October 2004—March 2005) is 7 K and it is noted in SPW, described by Egs. (1) or (2). If we apply the decom-
the upper right side of Fig. 4. Therefore, the average ampliposition procedure (Pancheva et al., 2008b) on the same data

OA]', Discussion
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used for investigating the amplitude modulation of the SPW  Topical Editor C. Jacobi thanks A. Pogoreltsev for his help in
the following output will be obtained: evaluating this paper.

Ao COS(sA—@p) +Ay, COS(QU+sA—py) +A, (R —s)i—p,) (3)
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