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Abstract: A diagnostic framework is introduced in which anomalousaltysaveraged Rossby wave-activity injection into the
stratosphere is decomposed into a contribution solely fronally-confined upward-propagating Rossby wave packetsaaother
from interaction of the wave packets with the climatologjgteatospheric planetary waves. To pinpoint the troposptseurces of
the wave packets, a particular form of wave-activity flux valaated for the associated circulation anomalies. Thadveork is
applied to reanalysis data for the period prior to a majatssipheric sudden warming (SSW) event in January 2006 hwincs
associated with two successive events of above normatiofeof wave activity from the troposphere. In the earlieemty a pair
of Rossby wave packets that emanated from tropospheric @iemover the North Pacific and over Europe enhanced therdpwa
wave-activity injection, which was augmented further bgithinteraction with the climatological planetary wave.rnfrastingly

in the later period, a wave packet that emanated from anyaiitic anomaly over the North Atlantic is found to be thenpairy
contributer to the enhanced upward planetary wave-agtinjection, while its interaction with the climatologicplanetary wave
contributed negatively. The predominant importance ofstie contribution from a single wave packet is also found magor
SSW event observed in the southern hemisphere in Septe®®2r Phese results indicate that the diagnostic framewagented

in the present study is a useful tool for understanding tterdction between anomalies associated with zonally-cedfRossby
wave packets and climatological-mean planetary waveseistindy of stratosphere-troposphere dynamical couplingyfight(©)
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1 Introduction in late January (line (iv) in Figuréa) associated with an
major event of stratospheric sudden warming (SSW). The
In the boreal winter of 2005/06, the zonal-mean pOIaéilent was preceded by several events of upward injection

night jet (PNJ) in the stratosphere gradually WeakenSIdRossby wave activity from the troposphere associated

from late December and then rapidly turned into easte{,w[h planetary waves (line (i) in Figuréa). Many obser-

*Correspondence to: Department of Earth and Planetary Scient@tional and numerical studies, including a pioneering
Graduate School of Science, The University of Tokyo, Toky@-0033 .
Japan. E-mail: nishii@eps.s.u-tokyo.ac.jp study by Matsuno (1971), pointed out that enhancement
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2 K. NISHII ET AL.

of upward propagation of planetary waves from the tropdecomposed into the zonal harmonics. Recently, there are
sphere is necessary for the occurrence of an SSW eveoine studies conducted in another framework where local
El Nifio has been suggested as one of the possible exteanamalies defined as departures from a three-dimensional
factors that increase the occurrence of SSW events (Ldine-mean flow are regarded as being associated with
itzke 1982; Taguchi and Hartmann 2006). Owing to tlemnally-confined wave packets. For example, Nakamura
sporadic nature of SSW, however, intraseasonal amplgird Honda (2002) showed that the late-winter strato-
cation of the planetary waves and associated enhancenspheric planetary-wave field tends to be modulated signifi-
of upward wave-activity injection may be of more direatantly by interaction between the climatological planetary
importance than interannual variability of planetary waweave and a Rossby wave packet propagating upward from
activity associated, for example, with EIMd. In fact, the the anomalous surface Icelandic low. Nishii and Naka-
2005/06 winter was not an El Rid winter but rather a La mura (2004a) found that lower-stratospheric intraseasonal
Nifia winter. fluctuations observed in the southern hemisphere during

_ o late winter and early spring of 1997 were often associ-
The importance of tropospheric intraseasonal vari-

- ) ated with zonally-confined Rossby wave packets that had
ability for SSW events has been presented in ensemble

) . originated from quasi-stationary tropospheric circulation
forecast experiments for particular events through a com-

. anomalies. Nishii and Nakamura (2004b) showed that a
parison between successful and unsuccessful ensemble

) major SSW event observed in September 2002 for the first
members. For example, a forecast experiment by Muk-

) o ~_time in the southern hemisphere followed intraseasonal
ougwa and Hirooka (2004) indicated that the amplification

) ) amplification of a planetary-scale Rossby wave train in
of tropospheric planetary waves was essential for an SSW

) ) ) the stratosphere that had propagated from a tropospheric
event in the 1998/99 winter. On the basis of another fore-

. ) blocking flow configuration over the South Atlantic. By
cast experiment, Mukougawet al. (2005) pointed out

_ o virtue of the particular framework adopted, these three
that the formation of a blocking ridge over Europe was

) studies have successfully pinpointed tropospheric sources
a key factor for the enhanced propagation of planetary-

o . of Rosshy wave packets that led to the amplification of the
wave activity into the stratosphere during an SSW event

) _ stratospheric planetary waves.
in December 2001. These studies suggest that better pre-

diction of SSW events requires deeper understanding and

In this study, we adopt the same framework as in

improved prediction skill of tropospheric intraseasonal o
Nakamura and Honda (2002) and Nishii and Nakamura

variability and its interaction with the climatological plan- ) )
(2004a, b) to analyze propagation of zonally-confined
etary waves. ) _ )
Rossby wave packets into the stratosphere in relation
Most of the previous studies on the tropospherts tropospheric circulation anomalies during the 2005/06
stratosphere dynamical coupling via planetary-wave actwinter prior to the major SSW event. Particular empha-
ity propagation, including these two mentioned abov&is is placed on the upward propagating wave packets and
were conducted in a conventional framework where wavibeir tropospheric wave sources. We also analyze modifi-
are regarded as instantaneous departures from the zations in the upward propagation of the planetary wave

ally symmetric state for a particular latitude and they aeetivity in the presence of those wave packets. We discuss
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MODULATIONS OF STRATOSPHERIC PLANETARY WAVES BY ROSSBY WAVPACKETS 3

how those modifications are manifested as the amplifica- In this study, the net feedback forcing from synoptic-
tion or weakening of the individual zonal harmonics iacale transient eddies migrating along tropospheric storm
connection with the conventional framework in study dfacks has been evaluated locally as the 250-hPa geopo-
troposphere-stratosphere dynamical linkage. It is shotemtial height tendency (Lau and Holopainen 1984):

that while wave-packet propagation into the stratosphere

i i Wi V2 fQQ(lg) 872
by itself should enhance the entire upward wave-activity ap\Sap’) o
injection, the modifications of the climatological planetar — 2 0’0
J 9 P y = _iv ° ('U/CI) + Lﬁ (VO('IMO)) , (_']_)
g g 9p \—(96©/0p)

waves by Rossby wave packets do not necessarily con-

tribute positively to the entire upward wave-activity NG here 7 denotes the Coriolis parametéithe static stabil-

tion, but rather negatively in some occasions. To demcm/— parameterpZ /ot the low-frequency height tendency,

strate the usefulness of our framework, the same d'ag?;oberturbation wind velocity’ perturbation vorticityg’

sis was applied to a major SSW event over Antarcnca;')rérturbation potential temperature, aBdpotential tem-

2002, which led to the breakdown of the ozone hole. perature of the background state. In Equatioy primes
signify the eddy-associated perturbations that have been
2 Dataand diagnostic methods extracted through 8-day high-pass filtering, and smooth-
In this study, we use a reanalysis data set produdag by 8-day low-pass filtering is denoted by an over-bar.
by the U.S. National Centers for Environmental PrediThe fluxes based on the 8-day high-pass-filtered data have
tion (NCEP) and the U.S. National Center for Atmoseen exposed to the low-pass filtering so as to represent
pheric Research (NCAR) (Kalnast al. 1996). The 6- feedback forcing independent of the phase of individ-
hourly global atmospheric data have been provided oal eddy components. It should be noted that Equation
a regular 2.5x 2.5° latitude-longitude grid at the 17(1) is based on the linearized potential vorticity equa-
standard pressure levels from 1000 hPa up to 10 h&en anddZ /ot thus evaluated includes the implicit effect
Daily climatological-mean fields of individual variablesf ageostrophic secondary circulations. It should also be
have been constructed for the period from 1979 to 20Adted that only the anomaly component @f /0t can
based on 31-day running mean fi€ldaind instanta- contribute to time evolution of quasi-stationary circulation

neous anomalies are defined locally as departures of dpemalies.

daily fields from the daily climatology for a particular

. . In order to represent three-dimensional propagation
calendar day. The following results obtained from the P propag

NCEP/NCAR reanalysis data set are found consistentw?t%a quasi-stationary Rossby wave packet in zonally-

those from a reanalysis data set (JRA-25) produced |Bpomogeneous westerlies, a particular form of wave-

the Japan Meteorological Agency (JMA) and the Centr%?tlwty flux formulated by Takaya and Nakamura (2001

Research Institute of Electric Power Industry (CRIEPBereafter referred to as TNO1) is used. The flux is, in

(Onogi et al. 2007). theory, independent of wave phase and parallel to the local

three-dimensional group velocity. In this study, the daily

 The field was 31-day moving averaged to obtain smooth evolation . . . . .
the circulation with seasonal time scale. The 25-year periosidong Climatological-mean state is regarded as the basic state in

enough to remove day to day fluctuations from the climatologgtas . . )
unfiltered daily fields for each calendar day. which quasi-stationary Rossby waves are embedded, and
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4 K. NISHII ET AL.

5- or 10-day averaged anomalies are regarded as wdkie- second, third and fourth terms represents the entire

associated fluctuations. modulations of the planetary waves.

Although zonally-confined Rossby wave packets can ) o ] )
Time series of the individual terms in Equatio) (

be well depicted by the flux of TNO1, the westerly )
at the 100-hPa level evaluated daily as average between

deceleration during an SSW event is caused by upward o )
50°N and 80N are presented in Figur#b, in order to

wave-activity propagation associated not only with those S
depict the upward wave-activity injection into the strato-

Rossby-wave packets but also with the climatological ) )
sphere. The climatological-mean and anomaly compo-

planetary waves. This total upward wave-activity propr)]—ents of the flux may be expressed as
agationi, after averaged zonally, can be represented by
the vertical component of the conventional Eliassen-Palm VT"e = [V Ter] + [Va Ta'le, (3a)
(E-P) flux (Andrews and Mclintyre 1976), which is pro-
portional to meridional eddy heat flux across a Iatitudinghd
circle. The flux may be decomposed as

V*T*|la = [V Ta* + Va*Te*] + [Va*Ta*|a, (3b)
V*T* | = [VTe' | + [VTa" +Va™Te'| + [Va*Ta™],

(2) respectively. The daily value of’a*Ta’] tends to be
wherelV” andT" denote the meridional wind velocity and,qsitive at the 100-hPa level, and so does its climatology
temperature, respectively, square brackets and aster'(?ﬁ*Ta*] ¢). This is because localized upward wave-
signify zonal averaging and deviations from the zonglyjity injection occurred spontaneously over the 25-year

mean (i.e., eddies), respectively, and the subscripts ¢ ?)'é?'iod, but not in a manner synchronized with the seasonal

a denote the climatological mean and deviations fromg{jc|e, associated, for example, with blocking formation. It

(i.e., anomalies), respectively. The first and fourth termagouid be noted thdV a*T'a*]c and[V ¢* T'e*] in Equation

on the right hand side of Equatiorz)(represent heat 3y contributes only to the climatological seasonal march
fluxes due solely to the climatological planetary wavgs the stratospheric zonal-mean zonal wind, and only the
and solely to anomalies associated with Rossby waye,malous flux component expressed by Equatii) (

packets, respectively. The latter corresponds to the vertical, contribute to the acceleration of zonal-mean zonal

component of TNO1's flux, representing vertical wavegindg anomalies.

packet propagation. When combined, the second and third

terms represent interaction between the climatological AS represented by line (i) in Figufia, the total wave-
planetary waves and these wave-associated anomaﬁ@gyityinjection into the stratosphere, which corresponds
or the particular modulating effect on the climatologicd? [V*7"], was modestly strong during the 2005/06 win-
planetary waves by Rossby wave-packet propagationtears It exceeded its climatological vale*T™]c (line (ii)

discussed in Nakamura and Honda (2002). The sumifigure 1a) only in the second half of November and

in late December through early January. Otherwise, the

*Longitudinal distribution of the total upward propagation tdrgetary . . . . . .

wave activity can be best represented by a wave-activity fluneefi INJeCtion was as strong as its climatology, and its pos-
by Plumb (1985) for a zonally symmetric background flow. If averaged ) o
zonally, the flux becomes identical to the E-P flux. itive anomaly never exceeded a unit standard deviation
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MODULATIONS OF STRATOSPHERIC PLANETARY WAVES BY ROSSBY WAVPACKETS 5

(line (iii) in Figure 1a) associated with its interannual varief cyclonic and anticyclonic anomalies over the north-
ability. In the course of the mid-stratospheric PNJ decelestern Pacific and Greenland, respectively, was associ-
eration observed from late December to mid-January, tited with eastward wave-activity flux from the former to
contribution from anomalies associated with Rossby watlee latter. As indicated with shading in Figuga, the
packetsVa*Ta*] (line (i) in Figure1b) exceeded its cli- anomalous upward wave-activity flux emanated into the
matological valuéV a*T'a*|c (line (iii) in Figure 1b). The cyclonic anomaly from a tropospheric cyclonic anomaly
contribution[Va*Ta*] also exceeded that from their interthat corresponds to the intensified surface Aleutian low.
action of these wave packets with the climatological plaithe corresponding 250-hPa cyclonic anomaly extended
etary wavegVc¢*Ta* + Va*Tc¢*] (line (ii) in Figure 1b) zonally almost across the Pacific basin, reaching just
except in early January, when the latter contribution waast of Japan (Figurgb). Our analysis of Rossby wave
equally important. source (RWS), as defined by Sardeshmukh and Hoskins

(1988), indicates that anomalous cyclonic vorticity forc-

3 Circulation anomalies associated with upward- ing over Japan was associated with upper-tropospheric

propagating Rossby wave packets anomalous convergence (not shown). Located upstream

of the cyclonic vorticity anomaly, this cyclonic RWS

As mentioned in section 1, the stratospheric circulation in ] )
acted as forcing of that anomaly in the presence of the

the 2005/06 winter was marked by the major SSW event ] ) o )
climatological-mean westerlies, contributing to the main-

in late January 2006 preceded by the gradual weaken- )
tenance of the enhanced Aleutian low. The anomalous

ing of the PNJ. The particular winter was also marked by .
convergence that accompanied the RWS over Japan was

series of extreme cold surges to Europe and the Far East ) ) ) )
observed in conjunction with anomalous upper-level out-

Areguezet al. 2006). Northern Japan suffered from hea
(Areg ) P VfYow from extremely active cumulus convection over the

snowfall (Mayes 2006). The cold surges were associated = . )
Philippines. The effect of the corresponding low-level

with pronounced quasi-stationary anomalies in the tropo- ,
anomalous divergence over Japan acted to offset the

spheric circulation that accompanied modulations of the . o )
anomalous positive planetary vorticity advection by the

planetary waves. In this section, characteristics of those ] )
effect. The advection arose from enhanced northerly wind

circulation anomalies in the troposphere and stratosphere ) )
associated with a surface cold surge from the Eurasian

are discussed with particular emphasis on their properties ) -
continent that occurred to the west of the intensified Aleu-

as upward-propagating Rossby wave packets. .
tian low (not shown).

3.1 Late December 2005 . . . N
As evident in a zonal section for 58 in Figure

As shown in Figurela, the PNJ gradually weakened frondc, the tropospheric cyclonic anomaly in the Aleutian
late December 2005 in the presence of the enhanciegion was connected to the lower-stratospheric cyclonic
upward E-P flux from the troposphere, whose intensignomaly with their phase lines tilting westward with hight.
reached its peak in early January 2006. Snapshots of Bbis phase tilt and the upward wave-activity flux suggest
hPa geopotential height anomalies for those two peridtiat wave activity was injected from the troposphere

are shown in Figuré. In late December (Figur2a), a pair into the stratosphere as a zonally-confined Rossby wave
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6 K. NISHII ET AL.

packet. The wave activity injected into the stratosphesgucture with phase lines tilting westward with height.
then propagated eastward through the PNJ, generatingArs@milar vertical structure but with the opposite signs is

pair of cyclonic and anticyclonic anomalies (Figuta). found over the Eurasian continent (3020°E).

In doing so, it modified the lower-stratospheric planetary Figure1b (line (i)) shows that a substantial fraction of

waves, which was manifested as the eastward shift of g enhanced upward E-P flux during this period was due

stratospheric Aleutian high. to a direct contribution from these upward wave packets.
A comparably large contribution arose also from their

3.2 Early January 2006 . . _ _ . .
interaction with the climatological planetary waves (line

In early January (Figured), a cyclonic anomaly over ) iy Figure 1b), which will be discussed in Section 4b.
the northern Far East and an anticyclonic anomaly over
the North American continent were observed in the lower
stratosphere. They accompanied horizontal wave-actvi Mid-January 2006
flux around their centers and upward wave-activity injec-
tion from the troposphere on their upstream sides (Figt Mid-January, just before the zonal-mean PNJ turning
ure 2d). These features suggest that those stratosph8He €asterly, the upward E-P flux slightly exceeded its
anomalies amplified with incoming Rossby wave packetématological strength (Figuréa). The flux was con-
from the troposphere. tributed to mostly by wavy anomalies themselves (line
In the troposphere, the cyclonic anomaly associatéyin Figure 1b), which was counteracted by a contri-
with the intensified Aleutian low had persisted over tHaution through their interaction with the climatological
North Pacific since late December (Figueb), while Planetary waves (line (ii) in Figurgb). As shown in Fig-
shifting its centre into the Northeastern Pacific from tH#€3, the enhancement of the E-P flux arose mainly from
south of the Aleutian islands (Figue). Over Europe, Strong upward propagation of a wave packet that emanated
a blocking dipole that consisted of cyclonic and an#itom a tropospheric anticyclonic anomaly observed over
cyclonic anomalies to the south and north, respectivefye North Atlantic and a cyclonic anomaly upstream (Fig-
was decaying after its mature stage at the end of Decéf 3b). The anticyclonic anomaly was deep, extending
ber (Figure2b), while emitting wave activity downstreaninto the stratosphere with a slight westward tilt of its
(Figure 2e). As illustrated in a zonal cross section foXis (Figure3c). In the mid-stratosphere above the 50-
50°N in Figure2f, the tropospheric anomalies associatd2 level, the anticyclonic anomaly and cyclonic anomaly
with the anomalous Aleutian low and the blocking dipofdownstream constituted a wave packet, accompanying
were located upstream of the regions of the upward wapEominent upward wave-activity flux between them (Fig-
activity injection into the stratosphere, indicating that thé{f€ 3¢). As the cyclonic anomaly amplifies with height,
acted as the sources of Rossby wave packets propagéﬁ\qagpair of the cyclonic anomaly and the anticyclonic
into the stratosphere. Specifically, a pair of the cyclor@omaly upstream becomes the dominant feature in the
anomaly at the tropopause level around M§0over the Mid-stratospheric anomaly field (Figusa).
Northeastern Pacific and the anticyclonic anomaly in the A zonal section for 50N in Figure 3c indicates

lower stratosphere around 10 exhibited a wave-packetthat the tropospheric anticyclonic anomaly over the North
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MODULATIONS OF STRATOSPHERIC PLANETARY WAVES BY ROSSBY WAVPACKETS 7

Atlantic and the cyclonic anomaly over the Rockies, reBO°E). The wave activity was injected into those strato-
ognized as the source of the aforementioned upwasgheric anomalies from tropospheric wave sources that
propagating wave packet, developed in conjunction wiippear to be a pair of a cyclonic anomaly over Alaska and
quasi-stationary wave-like disturbances observed from tneanticyclonic anomaly over the subpolar North Atlantic
Pacific into the Atlantic across North America (Fig@®. (Figure 5b). The latter corresponds to a blocking high.
In addition, anomalous activity of migratory synoptick developed under the locally-acting feedback forcing
scale transient eddies also contributed to the developmieon transient eddies, which was modestly strong (20m
of the anomalies. As shown in Figuda, the anomalous per day) if measured by 250-hPa height tendency (Fig-
feedback forcing at the 250-hPa level evaluated througte 4b), and also under incoming Rossby wave activity
Equation () was generally anticyclonic over the Northacross the Atlantic (Figur&b). The cyclonic anomaly
eastern Atlantic (as strong as 100m per day in 250-hékaeloped over Alaska in association with injection of
height tendency) and cyclonic over northwestern AmdRossby wave activity from an anticyclonic anomaly over
ica (as strong as 60m per day), both of which acted ttee North Pacific (Figuréb), without any significant local
reinforce the quasi-stationary circulation anomalies effdeedback forcing from transient eddies (Figéts.

tively. This amplification of transient eddies were asso-

ciated with their downstream development (Chang 199%55 Upward wave-activity propagation and a local wave-

from the Pacific that started around 11 January (not guide structure

shown). In this section, we have identified events of local-
ized upward wave-activity injection into the strato-
3.4 Late January 2006 sphere. However, it remains unresolved why the injec-
In late January, when the zonal-mean PNJ turned ititon occurred in the particular regions mentioned above.
easterly, the upward E-P flux into the stratosphere agam discuss the wave propagation in connection with the
slightly exceeded its climatological strength (Figuad. zonally-asymmetric climatological-mean flow, we locally
Since the circulation field in the troposphere and lowevaluated the total wavenumber,) for stationary Rossby
stratosphere did not change substantially during thisives based on the zonally-asymmetric climatological-
period, the following analysis is based on 10-day mearean field, following Nishii and Nakamura (2004). In
fields for 21-30 January, as shown in Figdeln asso- theory, a wave packet tends to be refracted toward local
ciation with the SSW event, the Arctic stratosphere wasaxima ofrx, (Karoly and Hoskins 1982). Thus a local
covered entirely by an anticyclonic anomaly (Figied, domain ofx; maxima is favorable for wave propagation,
with their slight elongation toward Canada. The horizorgerresponding to a local waveguide.
tal wave-activity flux emanated from that anticyclonic  Figure6 shows meridional cross sectionsrqfaver-
anomaly to a cyclonic anomaly over Europe. A zonabed over the individual longitudinal sectors where our
section for 62.5°N in Figure 5¢c reveals some featuresanalysis in this section has revealed strong upward wave-
that characterize upward-propagating wave-packet sigaativity injection. Most of the sections in FiguBendicate
tures across the tropopause over the Pacific/North Am&irong upward wave-activity flux through or in the vicini-

ican (180W ~ 60°W) and European sectors (B0 ~ ties ofx, maxima (lightly shaded in Figur@) that extend
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8 K. NISHII ET AL.

upward from the bottom of the stratosphere between i@ interaction term in Equatior2 based on temperature

°N and 60°N. Each of them corresponds to a verticallgnd meridional wind fields shown in Figure Our evalu-
extending waveguide structure associated with meridiomdibn was performed separately for the NCEP/NCAR and
curvatures of the PNJHowever, an exception is the sitdRA-25 data sets, and the results based on the JRA-25 data
uation observed in early January over the Northeastane put in brackets into Tablésandll. Since the results
Pacific, where no well-defined vertical waveguide strubased on the two data sets are almost identical, in the fol-
ture is analyzed in the cross section in Figaee Never- lowing we present figures based on the NCEP/NCAR data
theless, strong upward wave-activity propagation occurreet.

between 5C°N and 70°N with notable poleward com-
ponent towards the core of the stratospheric PNJ as #5} Early January 2006

Rossby wave packet had avoided a midlatitude doméih early January, 100-hPa zonally-averaged poleward
(heavy shaded in Figui@ of imaginaryx,. eddy heat fluxV*T*] between 50N and 80N recon-
structed only from the zonal wavenumber 143=1-3)
components was 29 [K m~$] (Table I). As evident in

4 Modulations of climatological planetary

waves through their interaction with upward- Figure7a, a positive contribution came from the souther-

propagating Rossby wave packets lies with relatively warm temperatures over the Bering Sea

and the northerlies with cooler temperatures over west-

As shown withline (i) in Figuréb, enhancement of wave-y, pyssia. The temperature field includes the dominant

activity injection into the stratosphere as represented @antribution from thek=1 component. The correspond-
the E-P flux diagnosis in late December 2005 througly \eiocity field includes a larger contribution from the

late January 2006 arose mainly from a contribution d%gz component, yielding negative correlation with tem-

solely to zonally-confined Rossby wave packets, as refs o re over the Atlantic/North American sector (Figure

resented by the tenfi’a"T'a"] in Equation Q). As Was 74 45 redyce the heat flux associated with k& com-

pointed out in section 2, the peak of the upward E-P fly) o0t The.=1 component thus accounts for as much as

(or poleward eddy heat flux) in early January 2006 V8304 (27 [K m s'1]) of the heat flux associated with the

also due to a large contribution from interaction betwe%?]tire planetary waves (thie=1-3 components)

the climatological planetary waves and anomalies asso- The decomposition of the poleward eddy heat flux at

ciated with Rossby wave packets, as represented by ﬁ%elOO—hPalevel as in Equatio?) feveals that the clima-

term [Ve*Ta® + Va™Te™] in Equation @) and shown in 4 qical planetary waved ¢*T'c*] accounts only for 31%

Figure 1b with line (ii). On the contrary, the interactionOf the total flux (9 [K m s] out of 29 [K m s~']: Table

term was negative just before the PNJ turning into easte]r)l_y-l-he main contribution to this flux component came

in mid-January. In this section modulations of the entifﬁ)m the southerlies with warmer temperatures over the
planetary waves by the Rossby wave packets observe%g?ing Sea (Figur@b), which is in good agreement with

January were discussed mainly through an evaluatlonﬂqé region of the most enhanced upward wave-activity flux

§In Figure6, the vertically thin domain of., minima between the 200 at the 150-hPa level associated with the climatological-

and 150-hPa levels reflects rapid change in static stabilitysaciioe . .
troposphere. mean stationary waves as estimated by Plumb (1985). A
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MODULATIONS OF STRATOSPHERIC PLANETARY WAVES BY ROSSBY WAVPACKETS 9

stronger contribution (12 [K ms']) came from the wave- k=1 component. In the lower stratosphere (50 hPa), the
packet term [(Va*Ta*]), accounting for 43% of the totalclimatological-mean Aleutian high was elongated east-
flux (Tablel). It arose from anomalous southerlies colward in the presence of a positive anomaly over Canada
located with warm anomalies over Alaska and westefffigure 8e), whereas over Siberia a cyclonic eddy in the
Canada, and anomalous northerlies with cool anomal@isnatological-mean state was strengthened with an over-
over western Russia (Figuréc). These regions corre-lapped cyclonic anomaly. The planetary-wave field thus
spond to local maxima of the upward wave-activity flusnodified by the Rossby wave packets is projected strongly
(Figure 2d) to which thek=1 component contributed theonto thek=1 component (Figure8a and8b), which is
most (Figurerf), especially in the temperature anomaliesonsistent with the increased upward E-P flux associated
At the same time, the anomalous northerlies were cualith that component in both the troposphere and strato-
located with the climatological-mean cool temperaturephere (Tablé). No substantial change was observed in
over western Russia (Figurg). The anomalous southeramplitude and phase of thie2 component (Tablg.
lies acted to offset the climatological-mean northerlies The aforementioned wave structure is elucidated fur-
over western Canada, where the relatively warm temptrer in zonal cross sections in Figur8s and 8f. The
atures were observed in association with the climatologpward-propagating planetary waves with a westward
cal planetary waves. These features are consistent wihase tilt with height over Europe and Siberia (Figdce
positive contribution from an interaction terfiia*T'c*], can be interpreted as the intensified climatological plan-
which was as strong as 11 [K nT§ (accounting for 38% etary waves due to the almost in-phase superposition of
of the total flux (Tablel)). Meanwhile, the correspond-the anomalies associated with the zonally-confined wave
ing contribution from the other interaction tefic*Ta*] packets (Figure8f). The stratospheric climatological-
is weakly negative (-2 [K ms!]), since the correlation mean Aleutian high was intensified and extended eastward
betweerl/ ¢* andTa* is positive over Europe but negativby the anticyclonic anomaly that is associated with the
over Canada (Figurée). upward-propagating wave packet from the tropospheric
cyclonic anomaly over the Northeastern Pacific. This
At the tropopause level, the planetary wave field fsarticular strengthening of the climatological planetary
early January 2006 was dominated by #l compo- waves is consistent with the enhanced poleward eddy heat
nent (Figure8a), whose amplitude was more than twicgux due to interaction between the climatological plan-

as large as that in the climatological-mean field (Tdble etary waves and the wave-packet anomalies (Tgble

The anomaloug=1 component was characterized by an
anticyclonic anomaly over the Atlantic and Europe and'a? Mid-January 2006

cyclonic anomaly over the Pacific (Figusd). The former In mid-January (Tablel), the term [Va*Ta*] evalu-
strengthened a climatological ridge, while the latter actated at the 100-hPa level was prominent whose strength
to weaken another climatological ridge over the northeastached as much as 12 [K m'§ as the combined con-
ern Pacific, leading to the eastward extension of a clintabution from the £=1-3 components, while an inter-
tological planetary-wave trough over the Far East into thetion term[V¢*Ta*] was strongly negative (-7 [K m

North Pacific and thereby a stronger projection onto the']). The former was stronger than the contribution
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10 K. NISHII ET AL.

from the climatological planetary wave¥ ¢*T'c¢*] (11 the amplification of thé&=1 component (150m; Tablé).

[K m s~1]), indicating the primary importance of theThe k=1 component amplified also in the lower strato-
wave-packet propagation in the enhanced E-P flux irgphere (50 hPa). In the presence of anticyclonic anomalies
the stratosphere. The climatological-mean component veagr Canada and over Europe, the climatological-mean
almost as strong as in early January (Figuresand anticyclone (i.e., the Aleutian high) and the cyclonic eddy
9b). Nevertheless, the negati{€c*Ta*] arose from the over Eurasia at the 50-hPa level were elongated eastward
climatological-mean southerlies overlapping cool anomand westward, respectively (Figur@éb and10e), lead-

lies over the subpolar Northern Atlantic. It also aroseg to the amplification of th&=1 component (320 m;
from warm anomalies over Canada that overlapped ffableIl). These height anomalies were nearly 1&Wt
climatological-mean northerlies (FiguBe). These ther- of phase with the climatological-medr=2 component.
mal anomalies and climatological-mean meridional win@pecifically the overlapping of the anticyclonic anomaly
are projected mostly into the=2 component (not shown),over Canada with a weak climatological-mean trough led
whose contribution tdV ¢*T'a*] was negative and as mucthio the weakening of thé=2 component (40 m; Tablg).

as -10 [K m s'!] (Table II). The wave-packet compo-The amplifiedk=1 and weakene&=2 components com-
nent[Va*Ta*], dominated by thé&=2 component (8 [K pared to their climatology (190 m and 130 m, respectively)
m s~1]) arose from high positive correlation both betweeare consistent with the enhanced and diminished upward
anomalous southerlies and warm anomalies over Can&dR flux associated with the=1 (17 K m s!) and k=2

and between anomalous northerlies and cold anomaligsK m s~!) components, respectively (Tablg.

over the subpolar Atlantic (Figur@c). The two terms In a zonal cross section along “®0 (Figure 10c),
[Ve*Ta*) and[Va*Ta*] in Equation @) thus almost can- an upward wave-packet-like structure is evident over the
celed out one another, resulting in the reduction of the mdtantic, which is nearly in quadrature with the cli-
contribution from thek = 2 component tgV*7*] at the matological planetary waves (FigurEd)). This phase
100-hPa level. The wind anomalies associated with thlgnment resulted in virtually no (or more precisely,
wave packet weakened the meridional winds associagfightly negative) contribution to the total eddy heat flux
with the climatological planetary waves over the Nortthrough the interaction between the climatological plan-
American-Atlantic sector that are dominated by the 2 etary waves and anomalies, as presented in Table
component. In this manner, they act to reduce a local nega-

tive contribution from the mean state[léc*T'c*] (Figures 4.3 An SSW event in September 2002 in the southern

9b and c) and thereby enhance the net upward injection hemisphere
of wave activity in the total planetary-wave field (Figurdo demonstrate the usefulness of our framework based

9a), as a contribution primarily from thie= 1 component on Equation 2), the same analysis as above was applied

(Tablel). to the period when upward wave-activity injection was
enhanced markedly during a major SSW event of the
As shown in FigureslOa and 10d, the 250-hPa southern hemisphere (SH) observed in late September
climatological-mean ridge over the Atlantic was strengt2002 (Nishii and Nakamura 2004b). The latitudinal aver-

ened by an overlapped anticyclonic anomaly, resultingage was taken between%080°S to obtain the statistics
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MODULATIONS OF STRATOSPHERIC PLANETARY WAVES BY ROSSBY WAVPACKETS 11

shown in Tabldll. Tablelll indicates that total eddy heaPNJ axis shifted poleward as discussed below, an increase
flux [V*T*] was 71 [K m s''], which is much greater in the zonally-averaged poleward eddy heat flux fdt-50
than its counterpart of the NH event we analyzed (Tab8®N was due both to a couple of upward-propagating
I andll). The wave-packet compondmta*Ta*] accounts Rossby wave packets by themselves and to their interac-
for 74 %, a fraction much higher than its NH countetions with the climatological planetary wave manifested
part. Reflecting larger amplitude of thke=1 component as the amplification of ité=1 component. Just before the
of the climatological planetary wave in the SH (90 [mJpSW event in late January, the enhanced eddy heat flux
in the SH than in the NH (60 [m]), its contribution tovas dominated by a contribution from another upward-
[Vc*Te*] and [V Ta* + Va*Tc*] for the SH event is propagating Rossby wave packet, which was counteracted
also greater than for the January NH event. The domlightly by its interaction with the climatological plan-
nance offV«*Ta*] is in agreement with Nishii and Naka-etary wave. The negative contribution arose because the
mura (2004b), who found the source of the amplified plapesitions of the tropospheric anomalies associated with
etary wave during the major SH SSW event to be localizéte wave packet relative to the climatological planetary
tropospheric anomaly associated with a blocking ridgeve pattern happened to be unfavorable for producing
over the South Atlantic. Emanating from a localized tratpward wave-activity injection. Therefore, the relative
pospheric wave source, the wave packet consisted of dayortance of the interaction effect added to the clima-
eral zonal harmonics and thus ttre2 and 3 yielded larger tological planetary wave field by a localized Rossby wave
contributions than thé=1 component t¢Va*Ta*]. Note packet depends on the relative position of the packet to the
that estimation of the interaction terms in Equati@) (phase of the planetary wave.
over the Antarctica exhibits non-negligible dependence of
the reanalysis data. The presence of tropospheric anticyclonic anomalies
that developed over Europe in early and late January 2006
5 Summary and Discussions is consistent with a composite analysis for SSW events by
Limpasuvaret al. (2004). Likewise, tropospheric cyclonic

In the present study, we have analyzed events of upwartbmalies that persisted over the Northeastern Pacific and
propagation of Rossby wave packets from the troposphétfe Northwestern America throughout January 2006 are
into the stratosphere before and during a major NH SSMéo consistent with their analysis, although the particu-
event in late January 2006 and just before a marked &irlcyclonic anomalies we observed were shifted slightly
SSW event in September 2002. Special attention was padtthward relative to their counterpart. We have confirmed
not only to local tropospheric anomalies that acted as that those cyclonic and anticyclonic anomalies acted as
localized sources of those zonally-confined wave packeéie sources of the aforementioned Rossby wave packets
but also to modulations of planetary waves caused by that propagated into the stratosphere. The apparent con-
superposition of those wave packets on the climatologigidtency between the results obtained from our case study
planetary waved f. interaction). and the composite analysis by Limpasuwral. (2004)

We have found that during the preconditioning stageiggests that amplification mechanism of planetary waves

of the NH SSW event in early January 2006, when tlaerring the SSW event may be typical. Further analysis is
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required, though, to generalize the findings based on tle Arctic PNJ acceleration/deceleration during the same
particular framework. period of the winter. In recognition of the proportional
Our analysis has been extended to a major SH S$@nstant to be almost unity between the standardized PNJ
event observed in late September 2002. We have foageleration/deceleration and the normalized upward E-P
that a zonally-confined Rossby wave packet by itsélfix observed for the same 40-day period for every win-
carried most of the wave activity into the stratospherier (Figure 11), we speculate that other factor(s) must
Its interaction with the climatological planetary wavée operative in the outstanding PNJ deceleration in the
accounted for a much smaller fraction, butitsl compo- 2005/06 NH winter. One of those factors may be the east-
nent contributed significantly to larger in the SH than Nkrly phase of the stratospheric quasi-biennial oscillation
which reflects the weaker climatological planetary wavéQBO), in which the equatorward dispersion of planetary
of its k=2 and 3 components in the SH. Investigation wave activity tends to be reduced (e.g., Labitzke 1982).
now under way through composite analysis on wheth&nother factor may be a poleward shift of the PNJ axis
the differences in relative importance of those heat fllpefore the SSW event, which has been pointed out as a
terms between the NH and SH observed in the two casegrig-conditioning for an SSW event that acts to confine the
typical. The difference in amplifying mechanism of plandpward E-P flux to the polar stratosphere (e.g., Limpa-
etary waves between enhanced wave-activity propagatioivanet al. 2004). Actually in the 2005/06 winter, the
events in which the interaction terms contribute as in te&atospheric zonal-mean zonal wind at the equator was
early January case and those in which contribution fraeasterly with speed of about 30 [nT'§, and the zonal-
interaction terms was less important as in the mid-Januargan PNJ axis in early January was shifted poleward by
case is also to be investigated. 5° in latitude from its climatological-mean position (62.5
The tropospheric anomalies analyzed in the preséhb (not shown). Furthermore, Limpasuvenal. (2007)
study were not particularly strong in the NH event in Jagrgued about a potential contribution of episodic breaking
uary 2006. Although the upward E-P flux observed duwef orographically forced gravity waves to the deceleration
ing most of our analysis period for the NH event wa&f the PNJ, which is, however, difficult to evaluate using
stronger than its NH climatology, the positive anomalganalysis data.
of the flux never exceeded a unit standard deviation in
strength (Figurda). In fact, the upward E-P flux averaged

both in space between 99 and 8GN and in time from Analyzing an ensemble forecast product, Hiroeka

late December 2005 to late January 2DGGas equiv- al. (2007) have recently found a tendency that major SSW
alent to +0.74 if normalized by the standard deviatigiYents with higher wavenumber components preceded by
of its interannual variability estimated from 1979/80 tB1inor SSW events have lower predictability than those
2005/06. As shown in Figurél, however, the deceler-With dominantk=1 component preceded by no minor
ation of the PNJ during this winter was twice as strory€Nts- The predictability of an SSW event depends not

as the standard deviation of the interannual variability fly On such stratospheric conditions as mentioned above

but also on the predictability of tropospheric anomalies

9The 40-day averaged upward E-P flux is suggested by Polvani and .
Waugh (2004) as a good indicator for the strength of the polaexort that can act as the sources of upward-propagating Rossby
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Table I. Contribution from the zonal harmonids=(l, 2 and 3; and their sum) to the zonal-mean poleward heatdl(ix m/s) at the
100-hPa leve[V*T*], the four terms as in Equatior)(that comprisglV *T"*], amplitude of 50- and 250-hPa height [m] and their
climatology for the period. All based on the spatial and terapaveraging between %8 80°N and for the period from 1 to 5 January
2006, respectively. Quantities are rounded off to the whaimber and thufl’* 7] in the second column is not necessarily equal to the
sum of the third through fifth columns. Amplitudes of height @ounded to the nearest ten. Numbers in brackets are éstmfisom the

JRA-25 reanalysis data, and other estimations are basdetdMGEP/NCAR reanalysis data.

WN (VT | [V'Tce'] | [VeTa™] | [Va™Tce™] | [Va*Ta™] Z250 Zc250 Z50 Zc50
k=1-3 | 29 (30) 9(10) -4 (-1) 11 (11) 12 (10) - - - -

k=1 27 (27) 5 (6) -2 (0) 11 (11) 13(11) 160 (160) | 60 (60) | 310 (310)| 150 (160)
k=2 2(3) 4(3) -2 (-1) 1) -1(-1) 120 (100) | 100 (100)| 130 (130)| 130 (130)
k=3 0(0) 0(1) 0(0) -1(-1) 0(0) 30 (30) 60 (60) 30 (30) 30 (30)

Table Il. The same as in Tabldut based on averaging from 16 to 20 January 2006.

WN (VT | [V'Tce™] | [VerTa™] | [Va™Tce™] | [Va™Ta™] 7250 Zc250 Z50 Zc50
k=1-3 | 21(20) | 11(11) 7(-8) 5(11) 12 (11) - - - -

k=1 17 (17) 7 (6) 1(0) 7(7) 3(3) 150 (140) | 60 (60) | 320 (320)| 190 (190)
k=2 -1(-1) 4(4) -10 (-10) -3(-3) 8(7) 90 (90) | 100(100)| 40(30) | 130 (130)
k=3 5(5) 0(0) 2(2) 1(1) 1(2) 60 (60) 60 (60) 50 (50) 40 (40)

Table Ill. The same as in Tablebut being based on the spatial and temporal averaging betd@e- 80°S and for the period from 21
to 25 September 2002, respectively. The sign is reversegifcn of the heat flux terms in such a way that a positive valtresponds to
upwrd wave activity injection.

WN | —[V*°T"] | —-[VeTe] | —[VeTa] | —[VaTe] | —[VaTa'] | 2250 | 2c250 | 250 Z¢c50
k=1-3 | 71(71) 9(7) 909 0(-2) 53 (53) - - - -

k=1 | 37(36) 9(7) 13 (9) 4 (7) 12 (13) | 120 (120)| 90 (80) | 450 (460)| 200 (190)
k=2 | 20 (22) 0(0) 0 (4) 3 (4) 22 (22) | 120 (130)| 20 (20) | 340 (360)| 20 (30)
k=3 | 15 (14) 0 (0) 4 (-4 0(0) 18 (18) 90 (90) | 20 (20) | 170 (170)| 10 (20)
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Figure 2. (a) 50-hPa height anomalies averaged over thedogom 26 to 30 December 2005 (contoured 4680, 180 and+300 m)
and the horizontal component of an associated wave-acfluit (arrows). Solid and dashed lines represent anticycl@uositive) and
cyclonic (negative) anomalies, respectively. Those afiesiare multiplied by a factof(43°N)/ f(lat) to mimic streamfunction-like
anomalies. Scaling for the arrows [Unit2ra~2] is given at the lower-right corner of each panel. Shadinticates the upward component
of the wave-activity flux at the 100-hPa level whose magritagceeds 0.02 [fns2]. (b) The same as in (a) but for the 250-hPa level.
(c) Zonal section for 50N of height anomalies (contoured feir60, 180 m,+300 m,+420m andt- 540 m) and an associated wave-
activity flux (arrows). Scaling for the arrows is given ndae tipper-right corner of the panel [Unit?ra~2]. Shading indicates the upward
component of the wave-activity flux whose magnitude exc&@gn? s=2]. (d), (e), () As in (a), (b) and (c), respectively, but foret
period from 1 to 5 January 2006.
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Figure 3. (a) (b) (c) As in Figureza, 2b and2c, respectively, but for the period from 16 to 20 January 2006
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(a) 16-20Jan2006 (b) 21-30Jan2006

Figure 4. (a) The net anomalous feedback forcing by highefeacy transient eddies through their vorticity and heaeBUyEquation))

averaged from 16 to 20 January 2006, represented as 250bRebus height tendency (contotr20, 60 and 100 [m day']). Heavy

and light shading denotes the height tendency exceedinm2y '] in magnitude positively and negatively, respectively. As in (a)
but for the period from 21 to 30 January 2006.

0.03
(a) Za50 21-30Jan2006 (b) Za250 21-30Jan2006 (c) Za 62.5N \2/1 -30Jan20061 <30

/I\ 1 1
60E 120E 180

Figure 5. (a)(b)(c) As in Figureza, 2b and2c, respectively but for the period from 21 to 30 January 2006c), zonal cross section was
constructed for 623N.
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(a) 150-180E 26-30Dec2005 021,10 (b) 50-80E 1-5Jan2006 (c) 210-240E 1-5Jan2006
, % ©
il
‘ 50
OF o
- 100-
A"

4001 i e i i 4001 4
40N 50N BON 70N 80N 90N 40N 50N BON 70N 80N 90N 40N 50N BON 70N SON QON

(d) 300-330E 16-20Jan2006 (e) 0-30E 21-30 Jan2006 S) 240-270E 21-30Jan2006

50 50 -
b4
100~ 100-9
200 5 200 -
( )/ i 00 "I'/ \

400 i S s 400 e T 1
40N 50N GON 70N 80N 90N 40N 50N 60N 70N 8ON 9ON 40N 50N 60N 70N 8ON 90N

Figure 6. (a) Total stationary Rossby wavenumbey) @veraged zonally from 150 to 188 based on the climatological-mean state for
the period from 26 to 30 December 2005, represented as thevédent zonal wavenumber” (thin line) for each latitude (i s divided
by the earth radius and cosine of the latitude). Heavy sigadiapplied where: is imaginary and light shading where exceeds 2.5.
Thick contours denote the upward wave-activity flux of 0.2 [gn?] averaged for the period. Arrows indicate the meridional wertical
components of a wave-activity flux. Scaling for the arrowsifum? s=2] is given at the upper-right corner. (b) The same as in (ajdmut
the zonal average betweensénd 80 E for the period from 1 to 5 January 2006. (c) The same as inufepbthe zonal average between
210 and 240E for the period from 1 to 5 January (2006). (d) The same as)ibugfor the zonal average between 3Gthd 33GE for
the period from 16 to 20 January 2006. (e) The same as in (Zpial average betweefi @nd 30E for the period from 21 to 30 January
(2006). (f) The same as in (a) but for the zonal average bet®é4€ and 270E for the period from 21 to 30 January 2006.
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(a) VT k=1-3 1-5Jan2006

Figure 7. (a) Planetary waves in meridional wind (contoyr@ad temperature (shaded) fields at the 100-hPa level aciiag 1-5
January 2006, reconstructed only from ttrel-3 components. (b) As in (a) but for the climatology for Jdnuary. (c) As in (a) but
for the reconstructed wind and temperature anomalies. (@nalous meridional wind velocity (contoured) and clintagical-mean
temperature (shaded). (e) Climatological-mean tempergontoured) and anomalous temperature (shaded) (f) As)ibut for the
anomalies associated only wikt¥1 component. In each of the panels, meridional wind vejdsitontoured (fort2, +6, £10 [m s~ 1];
dashed for northerlies). Heavy (light) shading is appl@démperatures warmer (cooler) than the zonal mean by rharez K.
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Figure 8. Planetary waves in mean geopotential height f@ld {5 January 2006 reconstructed only from kfwl-3 components. (a)

Geopotential height at the 250-hPa level. (b) As in (a) buhat50-hPa level. (c) As in (a) but for zonal cross sectior6f@M. (d) As

in (a) but for height anomaly (contoured) and climatologga¥y shading for 60 [m] or more and light shading for -60 [m]ess). (e)

As in (d) but at the 50-hPa level. (f) As in (d) but zonal crosst®n for 60N. In each of the panels, the height field has been multiplied

by a factorf(43°N)/ f(lat) to mimic streamfunction-like anomaly. The contours arenirdor +60, =180, +300[m] and dashed for
negative values.
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(a) VT k=1-3 16-20Jan2006 (b) VcTe k=1-3 (c) VaTa k=1-3

(e) VcTa k=1-3
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Figure 10. Same as in FiguBebut averaged for the period from 16 to 20 January 2006. Natezitnal sections in (c) and (f) are taken
for 50°N.
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Figure 11. A scatter diagram showing the relationship betwgoleward eddy heat flux averaged from 21 December to 3@daand

20-hPa zonal-mean wind tendency taken as difference battheewo periods, one from 21 to 30 January of a given year la@ather

from 21 to 30 December of the preceding year, for individuialters from 1979/80 to 2005/06. Each of the quantities isayed between

50°N and 80N and normalized with the standard deviation for its intexzal variability. Their correlation coefficient is -0.85ll&d and

open circles denote winters in which 30-hPa Equatorial Eorean zonal wind was westerly and easterly, respectif@iythe period 21
December through 30 January. The 2005/06 winter is empdthgiith a cross.
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