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Abstract. The probability density on a height-meridional tical propagation of planetary waves based on linear wave
plane of negative refractive index squar¢(h,%<0) is in- theory by calculating the effective index of refraction, which
troduced as a new analysis tool to investigate the climatol-depends on the distribution of the zonal mean wind and
ogy of the propagation conditions of stationary planetaryconcluded that the vertical propagation of stationary waves
waves based on NCEP/NCAR reanalysis data for 44 North-only happens when the zonal winds are westerly and not too
ern Hemisphere boreal winters (1958-2002). This analysistrong. Afterwards, Dickinson (1968) investigated in more
addresses the control of the atmospheric state on planetagetail the control of zonal mean wind on planetary waves.
wave propagation. It is found that not only the variability He found that the presence of a “polar wave guide”, created
of atmospheric stability with altitudes, but also the variabil- by the westerly jet of the winter upper stratosphere, refracts
ity with latitudes has significant influence on planetary wavethe propagating planetary waves, while the “equatorial wave
propagation. Eliassen-Palm flux and divergence are also arguide”, formed by the zero wind line in the tropics, absorbs
alyzed to investigate the eddy activities and forcing on zonalrather than refracts the planetary waves. At the same time, by
mean flow. Only the ultra-long planetary waves with zonal supposing the planetary waves in the stratosphere are prop-
wave number 1, 2 and 3 are investigated. In Northern Hemi-agating from the troposphere, Matsuno (1970) simulated the
sphere winter the atmosphere shows a large possibility foobserved vertical structure and horizontal pattern of station-
stationary planetary waves to propagate from the tropospherary planetary waves in the winter stratosphere by using a
to the stratosphere. On the other hand, waves induce eddyuasi-geostrophic model. He found that the results agree
momentum flux in the subtropical troposphere and eddy heatvell with observations. Schoeberl and Geller (1977) used
flux in the subpolar stratosphere. Waves also exert eddy moseveral models to test the wave response and also found great
mentum forcing on the mean flow in the troposphere andsensitivity of the vertical structure and propagation of plane-
stratosphere at middle and high latitudes. A similar analy-tary waves to the mean wind structure. Lin (1982) confirmed
sis is also performed for stratospheric strong and weak polathe sensitivity of vertical wave propagation to the mean wind
vortex regimes, respectively. Anomalies of stratospheric cir-structure. He also found that the latitudinal location of the
culation affect planetary wave propagation and waves alsgolar night jet has a significant influence on the wave propa-
play an important role in constructing and maintaining of in- gation. Chen and Robinson (1992) found that the key param-
terannual variations of stratospheric circulation. eters controlling the vertical wave propagation include not
only the vertical shear of zonal winds but also the vertical
gradient of buoyancy frequency. Limpasuvan and Hartmann
(2000) concluded that a large positive vertical shear of zonal
wind will impede the upward propagation of planetary wave.

. L . However, Hu and Tung (2002) indicated that rather than im-
The propagation and temporal variation of stationary plane-

tary waves in the atmosphere are fundamental problems iI;])edlng, the large positive vertical shear of zonal wind tends

observational and theoretical studies of dynamical meteorol-to enhance wave propagation. The enhancing influence of

. o . large positive vertical shear of zonal wind on wave propaga-
ogy. Chamey and Drazin (1961) first investigated the ver tion will be also confirmed in this current paper. All these

Correspondence toQ. Li studies indicated the controlling nature of the distribution of
(gian.li@zmaw.de) zonal wind and wind shear on planetary wave propagation.

1 Introduction
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184 Q. Li et al.: Climatology of stationary planetary waves in NH winter

On the other hand, based on the wave-mean flow intersonal frequency distribution of days with negative refractive
action theorem (Charney and Drazin, 1961; Eliassen andndex squared]((n,f<0)) is introduced in this paper. This
Palm, 1961; Andrews, 1985), planetary waves have alsallows estimating the probability that the atmospheric state
strong influences on winds. Planetary waves, generated ipermits propagation of planetary waves in specific periods
the troposphere by topography and diabatic heating, propaat different latitudes and heights and avoids the overlapping
gate upward from the troposphere to the stratosphere wheproblem. This new analysis may help to enhance our under-
zonal mean winds are positive and not exceeding the criticabtanding about the influence of the zonal mean wind structure
Rossby velocity (Charney and Drazin, 1961). These wave®n planetary wave vertical propagation from the troposphere
can change the stratospheric circulation when they break antb the stratosphere in a climatological sense.
get absorbed. However, when the zonal mean winds exceed Another popular diagnostic to investigate the planetary
the critical Rossby velocity, the upward propagating plan-wave propagation, is the so-called Eliassen-Palm flux and its
etary waves will be refracted downward and in meridional divergence (Eliassen and Palm, 1961; Andrews et al., 1987).
direction (Matsuno, 1970). These refracted waves may inContrasting to the refractive index, the Eliassen-Palm flux
turn influence the planetary wave pattern in the tropospherd€E-P flux hereafter) is a measure of wave activity and its
and could also induce changes in the zonal mean flow of thelivergence shows the eddy forcing on the zonal mean flow
troposphere. Boville (1984), by applying a general circu- (Andrews et al., 1987).
lation model, showed that (unrealistically) large changes in In this study, a climatological analysis was performed in
the zonal mean wind distribution of the upper troposphereNorthern Hemisphere boreal winter. Recently it was sug-
and lower stratosphere could produce dramatic alterations igested that there are two different circulation regimes in
the mid-tropospheric wave field. The wave number depenthe Northern Hemisphere stratospheric interannual variabil-
dent critical Rossby velocity determines that only ultra-long ity (Christiansen, 2003). In order to clarify the planetary
waves have the possibility to propagate into the stratosphereiave — mean flow interaction, the same analysis was also
in mid- and high latitudes (Charney and Drazin, 1961; Mat- performed for the two different circulation regimes: strong
suno, 1970). and weak stratospheric polar vortex regimes.

After the theoretical study of Charney and Drazin (1961),
the refractive index of stationary planetary waves was firstly
introduced as a diagnostic tool by Matsuno (1970) and hag Dataand methodology

fre_quently been applied by a number of researchers thereaft% this paper we used daily mean reanalysis data of geopo-
I(\I/I_:Jnléotgi\zn’/aH:: dn%ﬁlggug an;gg&_lgti 2)’ ;uiri/r:edst?—ua?[g’ ﬁgggitential height, wind and temperature from the National Cen-
9 ' S gate p tre for Environmental Prediction — National Centre for At-

ey s o« sl IOSEHErc Research (NCEP-NCAR) (Kanay et al, 1996
Y propagaling p Y 9 Kistler et al., 2001) for the Northern Hemisphere boreal win-

number at a specific latitude depends primarily on the Vem_t_er months December, January and February (DJF hearafter)
cal structure of the atmosphere (Charney and Drazin, 19611, 958 t0 2002. The d is alobal 23 '
Matsuno, 1970). An important parameter is the vertical and rom L 5. o - The dataset s globa’ on g23.5 gri

! . at 17 vertical pressure levels extending from 1000 to 10 hPa.

meridional distribution of the zonal mean zonal wind. The- .
. : . In this paper, only between the troposphere and the strato-
oretically planetary waves tend to avoid regions where the . . :
; - .—_sphere the propagation and refraction of the stationary plan-
zonal winds are easterly or are westerly but exceed a critical

. étary waves is investigated, therefore, the 10 hPa top level of
wave number dependent velocity. They are attracted towardﬁCEP—NCAR reanalysis data is high enough for this study
regions where the value of refractive index squared is max- )

. : . : . The climatological mean is constructed by averaging over 44
imum. This theory provides an important paradigm of our . 1958-2002
thinking about the dynamic forcing of the stratosphere by thewmters_ (1958~ ) : Lo .

In this study, we applied the refractive index of stationary

f[roposphere and is a useful dlagnostlc for vertical _ar_1d merld-planetary waves developed by Andrews et al. (1987) based
ional planetary wave propagation. However, as it is shown

. R on the form of Matsuno (1970), and furthermore extended
from the equation of refractive index (Matsuno, 1970), eVen .\ 1y and Tun (2002):
though it is highly simplified, the high degree of freedom, 9 '
introduced by the number of parameters used to comput%z( 2 = 99 — k )2 ( f
the refractive index, still sometimes gives unsatisfying re- ¥ Y= a cos¢p 2NH
sults (e.g. Mukougawa and Hirooka, 2004). Another prob-
lem with the traditional analysis of refractive index is that ) ,
it generally lacks the ability to illustrate the climatological g, = 279 cos¢p — a% [(ué:gssg)¢] _ %(00%)1
state of the atmosphere for propagation of planetary waves ¢
due to the overlapping of positive and negative refractive
index squared, which often makes a mean refractive indexs the meridional gradient of the zonal mean potential vor-
squared hard to interpret. In order to improve this, the seaticity (PV). po=p; exp(—z/H) is the background air density.

)? (6N

where

)

Atmos. Chem. Phys., 7, 18360, 2007 www.atmos-chem-phys.net/7/183/2007/



Q. Li et al.: Climatology of stationary planetary waves in NH winter 185

Herek,N,H,f, a, Q and¢ denote the zonal wave number 3 Definition of frequency of negative refractive index
(ZWN hereafter), buoyancy frequency, scale height, Coriolis  squared of stationary planetary waves

parameter, Earth radius, Earth rotation frequency and latitude

respectively. Expansion of the third term on the right-handAs a powerful diagnostic to investigate the control of the at-

side of Eq. (2) yields mosphere on the propagation of stationary planetary waves,
the refractive index has been frequently applied since the first

2, f2 f2dN? 12 form introduced by Matsuno (1970). However, as mentioned

- %(mﬁ)z = (H_NZ + Wd_z)uz - muu €) above, the traditional analysis of refractive index lacks the

ability to illustrate the climatology of the atmospheric state

It can be seen from the above equations that the refractive inSUPPOrtive of vertical propagation of planetary waves due to

dex squared could be affected not only by atmospheric zondi"® overlapping of positive and negative valuepf Figure 1

wind and wind shear, but also by quadratic vertical shear ofshows the mean of? of 44 boreal winters (1958-2002), sin-

zonal mean zonal wind and atmospheric stability. gle winter (1958-1959 and 1978-1979), and single days (1
As discussed by Matsuno (1970), itis expected that planeJanuary 1959 and 1 January 1979) for ZWN 1, 2 and 3 plan-

tary waves of wave number k are able to propagate in region§tary waves, respectively. It can be seen for the ZWN 1 plan-

wheren?>0 and are refracted from regions whefe<Oand ~ Eary wave, that there are differences between the means of

that the larger the? in a region, the easier it is for planetary "1 for 44 winters (Flg.zla) and for single winters (Fig. 1d) for

waves to propagate there. the negative value of] near the northern pole. Differences

Based on the Charney and Drazin theorem (1961), onlyCan a!so be founq bet_ween the mean of 44 winters (_Fig._la)
the ultra-long waves can propagate vertically from the tro—and single day (Fig. 1)) not only at the pole but also in mid-

posphere to the stratosphere since the increasing ZWNs co atitudes. On the other hand, the meamgfis distributed

respond to decreasing critical Rossby velocities. Thereforeg!geremly for d'ff?rentt) smtg)jle erljtebrst\s\llzlgs. ]?d' lg)'d Cle?r
in this paper, for single zonal wave number (ZWN) station- Ierences can also be observed between singie days from

ary planetary waves, only ZWN 1, 2 and 3 (k=1, 2 and 3 different winters (Figs. 1j, m). Similar conclusions could be

respectively) planetary waves are investigated. drawn for ZWN 2 and 3 waves.

L In Fig. 1,72 shows different patterns when the time mean
It can be concluded from Eq. (1) that the refractive index. | gl ¢ ’;" Th lculat P f the ti éf'
reflects the atmospheric state for propagation of stationar;'/S calculated. . e cq cula '°T‘ 0 97 ime mea-n;? n-
duces a reduction of information, which makes it is hard to

planetary waves. On the other hand, analysis of the Eliassen- .
Paim flux (E-P flux) and its divergence is applied in this Interpret the results. In order to avoid the problem caused by

study to investigate the stationary planetary wave activitiesoverl"’lpplng of positive and negatm% when the time mean

and wave forcing on the mean flow in Northern Hemispherels of interest, the seasonal frequency distribution of days with
winter (DJF). The quasi-geostrophic version of E-P flux in negativen? (f (n2<0) hereafter) is introduced in this section.

2 . .
spherical geometry (Andrew et al., 1987) is employed: The f(n;<0) is produced from the daily mean data by
counting the number of days with negatw% in the whole

7 _ 2 T a2 dataset at all latitudes and heights. Dividing by the total num-
=ro [0’ ®,P;/fa, PO, /N ] 4 per of days, a two dimensional probability distribution of re-
fraction of planetary waves is obtained. At places where the
and its divergence is probability of negative:? is small, planetary waves have a
good chance to propagate, while large probabilities indicate
V x F that very seldom a planetary wave is allowed to propagate

F=—— (5) across these places. This analysis does not provide any in-
poa COSgp L ) .
dication of the direction and total energy flux of planetary
whered is geopotential field. waves, but it turns out that it clearly provides a picture of

By quasi-geostrophic approximation, Eq. (4) can be pre_probable wave propagation by “channels” of low probability
of negativen?.

sented as: o ) ]
It should be indicated that without the overlapping prob-
—— —=7 lem the climatology of E-P flux and divergence is constructed
j— — FTU 9/
F = [0’ Po(COSPIVU’, poa (COSP) fu' /90"] ©) by 44 winters averaging.

From Eg. (6), it can be seen that, the meridional vector com-
ponent of E-P flux indicates the eddy momentum flux and
the vertical vector component represents the eddy heat flux,
while the divergence of E-P flux (Eg. 5) implies the eddy
forcing on the mean flow (Andrew et al., 1987; Hartmann
and Lo, 1998; Chen et al., 2002).
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Fig. 1. Refractive index squareah‘{nz) for ZWN 1 (first column) ZWN 2 (second column) and ZWN 3 (third column) stationary waves
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Fig. 2. f(n]%<0) for stationary planetary waves in DJF (NCEP/NCAR RA 1958-20@))ZWN 1 wave;(b) ZWN 2 wave;(c) ZWN 3
wave. Unit off(n,§<0) is percent.

responds to the general knowledge that the ultra-long waves
can propagate from the troposphere vertically to the strato-
sphere (Charney and Drazin, 1961; Matsuno, 1970). It can
be observed that the waves exited from the lower troposphere
Figure 2 shows the distribution of (27<0) for stationary  (below 500 hPa) have less probability to propagate upward at
planetary waves in Northern Hemisphere boreal winter (DJFhigher latitudes (north of 50N). On the other hand, Fig. 2
of 1958-2002 on the meridional plane for ZWN 1, 2 and 3 shows that the potential of vertical propagation from the tro-
waves, respectively. Since this analysis was performed basegosphere to the stratosphere is not given on large parts of the
on the quasi-geostrophic theory, which is not appropriate inmeridional plane. This differs from former results of the gen-
the tropics, all figures were drawn only north of*20. I eral distribution of meam?, which showed positive values
order to enhance the clearness of the atmospheric state foy ”1% for ZWN 1 on the whole meridional plane (see Fig. 1a;
planetary wave propagation in both troposphere and strato,-_mang and Gambo, 1982, Fig. 7; Limpasuvan and Hartmann,
sphere and to avoid boundary effects of data sets, patterngooo, Fig. 8). It is noted that there is a small area above
are shown only between 700 hPa and 20 hPa in figures. the subtropical tropopause where the valuef@fz,f<0) is
There are common characteristics for all ZWN 1, 2 and 3ather high for all ZWN 1, 2 and 3 waves. This small area
waves. Itis clear that the planetary waves have rather a bigyas also found in Hu and Tung (2002, Figs. 5¢ and d) for

chance to propagate upward in the middle and upper tropozyN 1 wave. The location of this small area can be related
sphere for all ZWN 1, 2 and 3 (Figs. 2a, b and c). This cor-

4 Results and discussions

4.1 Boreal winter

www.atmos-chem-phys.net/7/183/2007/ Atmos. Chem. Phys., 720832007
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Fig. 3. Zonal mean zonal wind(m/s)(a), vertical shear of zonal mean zonal wié@l (s~1) (b), and quadratic vertical shear of zonal mean

zonal Wind% (m~1s71) (c) on meridional plane in DJF (NCEP/NCAR RA 1958-2002).
to another small area above the subtropical tropopause where There are also obvious differences between ZWN 1, 2 and
the negative vertical shear of the zonal mean zonal wind is3 waves of the distribution of(n,§<0). First of all, com-
centered (Fig. 3b). This finding corresponds to Chen andparing Figs. 2a, b and ¢ representifig:2<0) for ZWN 1,
Robinson’s (1992) conclusion, that larger negative verticalp and 3, respectively, the value gff(n%<0) on the whole
wind shear impedes wave propagation aCfOS?_thethPOPaUSﬁ‘)eridional plane increases with increased ZWNs, which
while the distribution of quadratic wind she%:zr% (Fig. 3c) implies that the probability of wave propagation decreases
on the meridional plane does not show any clear connectionwith the increasing ZWNs. This obviously agrees well
with the impeded wave propagation across the subtropicalith the ZWN-depending critical Rossby velocity (Charney
tropopause. This point has been also indicated by Hu andnd Drazin, 1961). The small area above the subtropical
Tung (2002). Another common characteristic is the exis-tropopause with rather higher values ﬁ(n,§<0) strength-
tence of a “channel” from the troposphere to the stratospherens with increasing ZWNs, but the general location does not
at mid-latitudes between high values ﬁtn,f<0) at rather move. The width of the narrow column at the north pole
higher latitudes and the small area indicated above. The preswith higherf(n,f<0) for ZWN 1 wave (Fig. 2a) increases
ence of this “channel” corresponds to the “wave guide” indi- strongly equatorward with increasing ZWNs (Figs. 2b andc).
cated by Huang and Gambo (1982, Fig. 7) from the lower tro-These two enhanced patterns finally narrow the “channel” in-
posphere at 40N toward high latitudes stratosphere. Hence. dicated above for wave propagation from the troposphere to
our analysis is able to cover all the individual findings that the stratosphere. This mainly reduces the probability of prop-
were made previously by other authors and this convinces uagation of ZWN 3 and smaller waves from the troposphere
of the appropriateness of our method. to the stratosphere.

Atmos. Chem. Phys., 7, 18360, 2007 www.atmos-chem-phys.net/7/183/2007/
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It should be mentioned that in the calculation of the re- Ns(y,z) dif.lat., Ns(z) DJF (NCEP 1958—2002)
fractive index the buoyancy frequency squanétlis treated . g
as a variable of both altitude and latitud®4(¢, z)). The 301

buoyancy frequency represents the stability of atmosphere.
In some other studies, the buoyancy frequency was treated a 50
a constant (Matsuno, 1970; Huang and Gambo, 1982; An- 44|
drews et al., 1987), or as a variable of altitudes only (Chen
and Robinson, 1992; Limpasuvan and Harmann, 2000; Hug
and Tung, 2002). Chen and Robinson (1992) found that the ™ 150
variation of N2 is not as negligible as it has been hypothe- 2001
sized in other applications (Matsuno, 1970; Andrews et al., 2501
1987). They concluded that the propagation of planetary d
waves from the troposphere to the stratosphere is sensitive ggg:
to the distribution ofN2(z) especially near the subtropical 600 =
tropopause. The value @¥2 near the subtropical and ex-  "°%c762 003015 0.0002 0.00025 0.0003 0.00035 0.0004 0.00045
tratropical tropopause has fairly strong vertical and merid-
ional gradients. This can also be concluded from the com+ig. 4. Buoyancy frequency of Northern Hemisphere winter (DJF)
parison ofN2(z) and N2(y, z) (Fig. 4). These gradients of N?(z) profile (Olark line) andN(y, z) profiles on different lati-
NZ influence the distribution of planetary wave propagation. tudes. Unit ofNZis s
Comparlngf(nk<0) which considers th&/? as being vari-
able of only altitudes (not shown) with the results consider-ter (DJF) for ZWN 1, 2, 3, ZWN 1+2+3 and all ZWNs waves,
ing the N2 as variable of both latitudes and altitudes (Fig. 2), respectively. It should be noted that, as shown in Fig. 5, the
it was found that the vertical gradient near the extratropicaldifference between ZWN 1+2+3 and all ZWNs (Fig. 5f) is
tropopause has an effect on the probability of planetary wavenegligible comparing with ZWN 1, 2 and 3 (Figs. 5a, b, and
propagation for all ZWN 1, 2 and 3 waves at the same re-c) which indicates that the shorter planetary waves with big-
gion. We conclude that the strong vertical gradient\o¥ ger ZWNs &3) are responsible for much less (more than
reduces the probability of wave propagation. This is con-one order of magnitude) eddy activity and eddy forcing on
sistent with the results of Chen and Robinson (1992). Itthe zonal mean flow. This clearly corresponds to the Char-
can also be concluded that the vertical distribution\ ney and Drazin Theorem (1961). Therefore, as mentioned
plays a more important role for propagation of planetarybefore, in this study only ZWN 1, 2 and 3 waves are inves-
waves than previously suggested (Andrew et al., 1987; Chemigated, ZWN 1+2+3 waves are supposed to represent the all
and Robinson, 1992). However, the vertical distribution of ZWNs waves.
N2 changes significantly with changing latitudes, especially There are two major branches of the vectors of E-P flux
300 hPato 70 hPa (Fig. 4). As it was observed in the analyfor all ZWN's stationary waves and they are exerted from the
sis of f (n,§<0), the planetary waves can propagate from theextratropical troposphere. One branch of the vectors starts
troposphere to the stratosphere in the “channel” crossing thérom the lower troposphere and points upward across the
tropopause. Therefore the great change of vertical distributropopause to the lower and middle stratosphere (Fig. 5d).
tion of N2 around tropopause should not be neglected. It islt is shown by Eq. (6) that the meridional and vertical vec-
necessary to treat the buoyancy frequené&(y, z) and not  tors of E-P flux represent the eddy momentum flux and eddy
to use the simplifiedv2(z). heat flux, respectively (Andrew et al., 1987; Hartmann and
As discussed above, the analysisfc(h,§<0) only gives Lo, 1998; Chen et al., 2002). Therefore, it can be concluded
the information of the state of the zonal atmospheric mearthat in Northern Hemisphere winter, the eddy heat flux dom-
flow for the probability of propagation of stationary plane- inates the wave activities between the troposphere and the
tary waves. The refractive index implies that it is useful in lower and mid- stratosphere, and therefore baroclinic energy
determining the influence of the mean flow on the waves. Orprevails there. These upward vectors of E-P flux also corre-
the other hand, the Eliassen-Palm (E-P) flux is of fundamenspond with the “channel” shown bﬁ(n,%<0) (Fig. 2). An-
tal importance in determining the wave forcing on the zonalother branch of vectors starts also from the surface but turns
mean flow. To study the wave activities on the meridional equatorward in the upper troposphere. This implies the im-
plane, E-P flux will help to understand the dynamics of plan-portance of the eddy momentum flux in the subtropical upper
etary waves — mean flow interaction between the troposphertroposphere. There are also two major regions where the E-P
and the stratosphere. Therefore, E-P flux for planetary waveflux converges, which indicates an easterly zonal momentum
is also applied to study the climatology of planetary wave forcing exerted by planetary waves on the atmosphere. One
propagation in this paper. is located in the extratropical upper troposphere and another
Figure 5 shows the cross section of E-P flux and its diver-in the subpolar mid- stratosphere. The latter one is relatively
gence on the meridional plane in Northern Hemisphere win-weaker.

100 A
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Fig. 5. Cross section of E-P flux for stationary planetary waves in DJF (NCEP/NCAR RA 1958-28P2)VN 1 wave;(b) ZWN 2 wave;
(c) ZWN 3 wave;(d) ZWN 1+2+3 waves(e) all ZWN waves;(f) difference between all ZWN waves and ZWN 1+2+3 waves. Divergence

contour interval is 1 ms! day~1, the unit of vector is kgs2.
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Considering the contribution of different ZWN waves, E- stratospheric interannual variability. The regimes correspond
P flux and divergence of ZWN 1 wave (Fig. 5a) show the to strong stratospheric polar vortex and weak stratospheric
same pattern as in the all ZWN waves (Fig. 5e) with two polar vortex. By studying the PDFs of the leading PC of the
major branches of vectors and two major convergent areaggeopotential height over the Northern Hemisphere averaged
while the amplitudes are relatively smaller. However, thereover the winter half-year (from October to March), he found
is only one major branch of vectors observed for both ZWN 2the existence of a bimodal probability density distribution in
wave and ZWN 3 wave. In ZWN 2 wave (Fig. 5b) only middle and lower Northern stratosphere. Similar results are
the upward branch exists and the amplitudes of the vectoround, if averages are taken over three winter months (De-
become weaker especially in the subpolar lower and mid-cember, January and February) (Christiansen, 2003). How-
stratosphere compared with ZWN 1 wave (Fig. 5a). In con-ever, if monthly means are used, Christiansen (2003) found
trast, for ZWN 3 wave (Fig. 5¢) only the equatorward branchthat the PDFs are unimodal as Gillet et al. (2002) reported
in the troposphere still exists. Above the two major E-P for daily values of temperature data, which probably lack the
flux convergent regions, similar as for ZWN 1 waves, they ability to illustrate the biomodal regimes. As indicated by
are reduced in ZWN 2 waves (Fig. 5b). However the con-Palmer (1993), the presence of higher frequencies can ob-
vergence in the subpolar stratosphere disappears in ZWN 8cure the existence of bimodality.
waves (Fig. 5¢) even though there is potential possibility for By studying the zonal mean zonal wind at 50 hPa and
wave propagation (Fig. 2c). 65° N, Walter (2003, 2004) found that the strength of strato-
To briefly summarize, as discussed above, stationary planspheric polar vortex shows 30-days persistence. They
etary waves can transfer eddy heat energy from the tropoeounted all months in which the monthly mean zonal wind
sphere to the stratosphere and eddy momentum energy to tfa 50 hPa and 65N is stronger than 20 m/s to the strong po-
subtropical upper troposphere by the two major branches ofar vortex regime and those months in which the monthly
E-P flux vectors. They also excert easterly zonal momentunmean zonal wind at 50 hPa and°@% is weaker than 10 m/s
forcing on the atmosphere at the extratropical upper tropowere counted to the weak vortex regime. This threshold has
sphere and at the subpolar lower and mid- stratosphere bipeen discussed in Castanheira and Graf (2003) but based on
the two E-P flux convergent regions. The ZWN 1 wave con-daily mean data. They concluded that this regime thresh-
tributes most for wave propagation from the troposphere toold is somehow arbitrary for the real atmosphere but it re-
the stratosphere, compared with ZWN 2 and 3 waves. flects the critical Rossby velocity (20 m/s) for ZWN 1 plane-
tary wave near the polar circle for a climatological Northern
4.2 Strong and weak stratospheric polar vortex regimes Hemisphere zonal wind profile.
In this study, in order to increase the clearness of the re-
In the study of planetary wave propagation, the wave-mearsults and to avoid the unimodal problem when the monthly
flow interaction should be considered with caution since themean is used, the definition of strong and weak polar vortex
distribution of zonal mean zonal wind (Charney and Drazin, regimes is based on daily means, which was also applied in
1961; Matsuno, 1970) and vertical shear of zonal wind (Lin, Castanheira and Graf (2003). Considering the daily means
1982; Chen and Robinson, 1992; Hu and Tung, 2002) play®f zonal mean zonal wind at 50 hPa and 85(ii5q (65° N))
a key role on the planetary wave propagation in both theof Northern Hemisphere winter (November to March), the
troposphere and the stratosphere. The stratospheric circtrong polar vortex regime (SVR hereafter) consists of all
lation is characterized by strong westerly flow in subpolar consecutive days in whiaksg (65° N)>20 m/s for at least 30
latitudes (Fig. 3a) in Northern Hemisphere winter. This so-days. The weak polar vortex regime (WVR hereafter) is de-
called stratospheric polar vortex usually forms in early win- fined as the regime including all consecutive days in which
ter as a consequence of the cooling of the northern polar reB<iisg (65° N)<10m/s and also is lasting at least 30 days.
gion due to the strong cooling above the winter pole. It is Based on this, the data are subdivided into the two polar vor-
well known that this stratospheric polar vortex undergoes in-tex regimes. The strong polar vortex regime (SVR) and weak
traseasonal and interannual anomalies (Baldwin and Dunkerpolar vortex regime (WVR) therefore will be discussed sep-
ton, 1999, 2001; Castanheira and Graf, 2003; Christianserarately below.
2003: Limpasuvan et al., 2005; Perlwitz and Graf, 1995, Table 1 shows the periods of SVR (Table 1a) and WVR
2000, 20014, b) which generally can be observed by the zonglTable 1b) in all winter seasons of 1958 to 2002 based on the
wind distribution and are separated into strong and weak pozonal mean zonal wind data from NCEP-NCAR reanalysis
lar vortex regimes. In the Northern Hemisphere, the link- daily mean data. There are 11 SVR cases and 12 WVR cases.
age between stratosphere and troposphere appears most oblieluding all days, SVR covers 777 days and WVR 529 days.
ous when the stratospheric polar vortex undergoes unusuallYhe shortest period of SVR includes 45 (22 January 1959 to
strong variation in wind strength and temperature (Limpasu-7 March 1959, Table 1a) days, which is longer than the one
van et al., 2005). of WVR with 33 days (26 February 1981 to 30 March 1981,
Christiansen (2003) presented evidence of the existence ofable 1b). This corresponds to the general knowledge that
two different circulation regimes in the Northern Hemisphere the stratospheric circulation in Northern Hemisphere winter
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Fig. 6. Zonal mean zonal wind (m/s) (left column) and its vertical sheat)gright column) on meridional plane for SVR (first row), WVR
(second row) and difference between SVR and WVR (bottom row) (NCEP-NCAR RA 1958-2002). The area with significant level more
than 95% is mediumly shaded, with significant level more than 99% is heavily shaded.

prefers to stay stronger westerly. It is obvious that there is naspheric polar vortex in Northern Hemisphere winter should
one winter in which both SVR and WVR happened and thisbe considered as annual patterns (Baldwin and Dunkerton,
corresponds to the understanding that the anomalies of stratd-999, 2001; Limpasuvan and Hartmann, 2000).
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The distribution of zonal mean zona! W'r,]d and verti- Table 1. Lasting periods of polar vortex regime&) strong po-
cal shear for SVR and WVR is shown in Fig. 6, respec- |5 yortex regime (SVR) an¢b) weak polar vortex regime (WVR)

tively. Both zonal mean zonal wind (Fig. 6a) and wind (NCEP/NCAR RA 1958 to 2002).

shear (Fig. 6b) of SVR are similar with patterns in all DJF

(Figs. 2a, b) except that the strength of wind at subpolar lat-
itudes is much stronger in SVR. It should be indicated that
there exists a positive wind shear at the subpolar latitudes

@)

Starting dates

Ending dates

in the lower stratosphere for both DJF (Fig. 2b) and SVR 26 Jan 1958 31 March 1958
. . . 1 Nov 1960 27 Dec 1960
(Fig. 6b), but the value is bigger in SVR. On the other hand,
both th i d th . ind sh h 28 Feb 1963 13 March 1963
oth the strong westerlies and the positive wind shear at the 12 Nov 1965 25 Dec 1965
subpolar stratosphere are reduced in WVR (Figs. 6c, d). In 20 Dec 1968 27 Jan 1969
order to clarify the mean flow anomalies, the difference of 26 Feb 1981 30 March 1981
zonal mean zonal wind and wind shear between SVR and 28 Dec 1984 13 Feb 1985
WVR is drawn in Figs. 6e and f. 24 Nov 1987 28 Dec 1987
The f(nf<0) is also analyzed in SVR and WVR for 14 Nov 1996 22 Dec 1996
ZWN 1, 2 and 3 stationary planetary waves, respectively 9 Dec 1998 11 Jan 1999
(Fig. 7). Comparing with DJF, similar general patterns ex- 8Nov2000 22 Dec 2000
4 Feb 2001 31 March 2001

ist in SVR and WVR except for the variation of the “chan-
nel” at mid latitudes between the troposphere and the strato-
sphere with increased ZWNs. For ZWN 1 wave, the “chan-
nel” which represents the high probability of wave propaga- (b)
tion is narrower in SVR (Fig. 7a) than in WVR (Fig. 7b), and
in DJF (Fig. 2a). This means that the ZWN 1 stationary plan-

Starting dates Ending dates

etary wave has a smaller chance to force the stratospheric cir- 22Jan 1959 7 March 1959
culation in SVR than in WVR (Castanheira and Graf, 2003) 24 Dec 1963 28 Feb 1964
and in DJF. On the other hand, the probability of wave propa- 3Jan 1967 31 March 1967
gation between troposphere and stratosphere in WVR is big- 1Dec 1975 24 March 1976
ger. This point has been addressed by several other stud- 20Nov 1987 14 Jan 1987
ies (Perlwitz and Graf, 2001a; Castanheira and Graf, 2003; 16 Dec 1988 17 Feb 1989
Walter, 2003). This can also be observed for ZWN 2 wave 17 Dec 1989 31 March 1990
. w 2 Nov 1990 29 Dec 1990
(Figs. 7c, d). For ZWN 3 wave, on the other hand, the “chan- 24 Nov 1991 18 Jan 1992
nel” in which a wave has a chance to propagate from the 5 Dec 1992 11 Feb 1993
troposphere to the stratosphere is almost totally “blocked” 26 Nov 1994 18 Jan 1995

in SVR (Fig. 6e). This is different from DJF (Fig. 2c) and
WVR (Fig. 7f). Based on the analysis ¢f(n2<0), it can
be concluded that the anomalies of atmospheric mean flow

influence the probability of stationary planetary wave propa- ) ) )
gation. shown for ZWN 1 and 2 waves, but with less intensity. Op-

In order to enhance our understanding of wave-mean flonpositely, there is intensified divergence at polar stratosphere
interaction, the E-P flux and divergence are also analyzed" SVR, which can induce westerly zonal force on the mean
in SVR and WVR. Figure 8 shows the cross section on theflow at the polar lower and mid-stratosphere. Limpasuvan
meridional plane for E-P flux and divergence in SVR and and Hartmann (2000) also indicated that the baroclinic con-
WVR, for ZWN 1, 2, 3 and 1+2+3 waves, respectively. tribution can lead to strong westerly forcing in the middle

The major patterns of E-P flux and divergence as shown irstratosphere at high latitudes.
all DJF (Fig. 5) are well conserved in both SVR and WVR In order to clarify the potential influence of wave activ-
(Fig. 8). For ZWN 1+2+3, in both SVR and WVR, there exist ities on mean flow anomalies, the differences of E-P flux
the two major branches of vectors, as well as the two majorand divergence between in SVR and WVR are shown in
convergent areas. However, there is also an obvious differFig. 9. The equatorward vectors and the divergence of E-
ence between the two stratospheric polar vortex regimes. The flux in the extratropical upper troposphere are stronger in
convergent area at the subpolar stratosphere is strengthen&Y/R, while the upward vectors and divergence at the polar
both in amplitude and area in WVR (Fig. 8h). In fact, almost lower and mid-stratosphere are stronger in WVR (Fig. 8h).
the whole extratropical and subpolar stratosphere is covered@herefore, since the meridional vectors of E-P flux represent
by the convergence of E-P flux in WVR, which means the the eddy momentum flux and the vertical vectors represent
wave-exerted easterly zonal force the on mean flow is domithe eddy heat flux (Andrew et al., 1987; Chen et al., 2002),
nating in the stratosphere. A similar variation in WVR is also we can conclude that eddy momentum flux in the subtropical
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Fig. 7. f(n,%<0) for stationary planetary waves in SVR (left column) and WVR (right column) for ZWN 1 wave (first row), ZWN 2 wave
(second row) and ZWN 3 wave (bottom row). Unit f)(n,f<0) is percent.
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troposphere dominates in SVR, while in WVR the eddy heatwaves (Fig. 9a) and ZWN 1+2+3 (Fig. 9d) shows similar pat-
flux into the polar stratosphere dominates. The difference beterns. For ZWN 3 waves, stronger equatorward vectors in
tween SVR and WVR of E-P flux and divergence of ZWN 1 the extratropical upper troposphere in SVR can be observed.
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kgs 2.

However, for ZWN 2 waves, WVR shows stronger equa- 4.3 Correlations between E-P flux am"dn,f<0)
torward and upward vectors in the subtropical troposphere

(Fig. 9b). In order to improve the understanding of relation between
E-P flux andf (n,f<0), and therefore the propagation of sta-
Finally, it should be mentioned that the positive vertical tionary planetary waves between the stratosphere and tropo-

zonal wind shear is intensified in SVR (Fig. 6f) in the sub- sphere, the correlation between the vertical component of E-

2 .
polar lower stratosphere. However, a significant influence” flux (F; hereafter) andf (nj <0) at 70hPa, 35-80° N is

of this positive wind shear on stationary planetary waves isanalysed in Figs. 10 and 11. This analysis was performed for

not observed (Fig. 7). This is also indicated by Chen andeaCh DJF for all 44 w;nters. For single DJF, average of E-P
Robinson (1992) who showed that unlike the wind shear af!UX Was taken and(ni <0) was computed for this DJF.

the subtropical tropopause, the wave propagation is not sen- Figure 10 shows the scatter & and f (n,f<0) in DJF
sitive to wind shear in the stratosphere. Perlwitz and Harnikfor ZWN 1 (Fig. 10a), ZWN 2 (Fig. 10b) and ZWN 3
(2003) investigated the reflection of the ZWN 1 wave back to(Fig. 10c) waves, respectively. In Fig. 10a, the distribution
the troposphere when the polar vortex peeks at high latitudeshows that there is an assembly of cases with high value (up
In this study, it is found that the ZWN 3 wave has more ten-to 100 000 kg 52) of F, and small value (less than 50%) of
dencies to be reflected back to the troposphere in any casﬁ(n§<0), which presents that the connection of strong ver-
(Figs. 2, 7). tical E-P flux entering the stratosphere and high chance of
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Fig. 10. Scatter distributions between vertical component of E-P fluxﬁ(mi <0) at 70 hPa, 35-80° N for stationary planetary waves in
DJF (NCEP/NCAR RA 1958 to 2002) for ZWN 1 wave (first row), ZWN 2 wave (second row), ZWN 3 wave (third row), and the average of

F; with f(n2<0) for ZWN 1, 2 and 3 (bottom row).

wave propagation at 70 hPa,”380° N for ZWN 1 wave. For  ues ofF, for ZWN 1 wave are relatively bigger than ZWN 2
ZWN 2 wave (Fig. 10b), this assembly has a similar shape asvave. But Whenf(n,§<0)>50%, F, are negligible for both

for ZWN 1, but with smaller, values (up to 60 000 kg$), ZWN 1 and 2 waves. For ZWN 3 wave, the valuesrofare
which indicates that although the probability of ZWN 2 wave mostly around 0 and only small values are observed when
has relatively big chance to propagate from the tropospheref (n,f<0)<30%.

to the stratosphere, the realistic wave activity is not strong ]
as ZWN 1 wave. For ZWN 3 wave (Fig. 10c), the assembly The same analysis was also performed for SVR and WVR

at low values off (12<0) disappeared, and most cases occur(Fig- 11). It can be observed that the cases distribute more
atf(n§<0)>50% having values of,~0, which means for frequently arzound_the area Wlth high value Bf and. small
ZWN 3 wave, there is rare wave activity and small chancevg.Iue iflf (”l<03‘ n \|/|v;/v|3/|\(|F1|gZ 11db’3 d, ) tha_th SfVR :
for planetary wave to propagate from the troposphere to( igs. 11a, ¢, e) for a WIN %, 2 anc s waves. 1heretore, I
the stratosphere. In order to clarify the difference betweercan conclude that there is higher correlation between strong

ZWN 1, 2 and 3 waves, the averagefof with fixed values wave activity and big chance of wave propagation from the
of f(n?<0) was analysed (Fig. 10d). The average offall troposphere to the stratosphere in WVR.

at each value of (n2<0) was computed and 3-pointrunning  Based on this correlation analysis, the strong connection
mean was performed afterwards. Figure 10d shows that, fopetween wave activities indicated by extratropic upward E-P
ZWN 1 and 2 waves, wherf (n;<0)<50%, the values of flux at 70 hPa and probability of stationary planetary wave
F, decrease with increased valuesfc(h,f<0). And the val-  propagation is indicated.
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Fig. 11. Scatter distributions between vertical component of E-P fluxﬁmqf<0) at 70 hPa, 35-8° N for stationary planetary waves in
SVR (left column) and WVR (right column) (NCEP/NCAR RA 1958 to 2002) for ZWN 1 wave (first row), ZWN 2 wave (second row),

ZWN 3 wave (third row), and the average Bf with f(n,f<0) for ZWN 1, 2 and 3 (bottom row).
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5 Summary van and Hartmann, 2000; Perlwitz and Graf, 2000a; Walter,
2003). The analysis of(n,f<0) shows that the anomalies of
The climatology of stationary planetary wave propagation instratospheric circulation influence the probability of station-
the Northern Hemisphere winter is analyzed based on thery planetary wave propagation. In WVR, planetary waves
NCEP-NCAR reanalysis data 1958-2002. The frequency ohave more possibility to propagate from the troposphere to
negative refractive index squargi@n? <0) is introduced and  the stratosphere than in SVR. This possibility decreases with
applied to study the potential influence of the atmosphericincreasing ZWNs. Generally, planetary waves show stronger
mean flow on wave propagation. This zonal wind-dependenpropagation in WVR from the troposphere to the strato-
refractive index shows the control of atmospheric zonal flowsphere. In SVR, the planetary waves lead to strong westerly
on planetary wave propagation. As observed and publisheforcing in polar stratosphere while in WVR the easterly forc-
elsewhere, not only the zonal mean zonal wind but also théng prevails in both polar and sub-polar stratosphere. For
vertical shear of zonal wind affects the possibility of sta- planetary wave activity, the equatorward eddy momentum
tionary planetary wave propagation. The zonal mean flowflux in the extratropical upper troposphere is much stronger
controls the propagation based on the ZWN-depended critiin SVR, while the eddy heat flux from troposphere upward
cal Rossby velocity (Charney and Drazin, 1961). The windinto the stratosphere around northern pole is much stronger
shear above the subtropical tropopause also influences plaimm WVR. In general, the probability of negative refractive
etary wave propagation (Chen and Robinson, 1992; Hu anéhdex squared proves as a relatively simple but nevertheless
Tung, 2002). The sensitivity of wave propagation to atmo- powerful tool to investigate planetary wave propagation con-
spheric stability is also found by studying the influence of ditions. It allows to also considering other than mean wind
buoyancy frequency variations gf(n?<0). It is found that  and may be applied to assess atmospheric models’ perfor-
the atmospheric stability can also partly control the station-mance in planetary wave propagation.
ary planetary wave propagation, especially around the extra-
tropical tropopause area. On the other hand, the E-P flux andcknowledgementsThis work was supported by German BMBF
divergence (Andrews et al., 1987) illustrates the eddy forc-within the AFO2000 project.
ing on the mean flow. In Northern Hemisphere winter, sta-
tionary planetary waves have a big chance to propagate frorfrdited by: M. Dameris
the troposphere to the stratosphere for ZWN 1 and ZWN 2
waves. This also corresponds with the branch of upward E-P ¢
fluxes on the distribution of cross section of E-P flux (Figs. 5, References
8). To summ_ari;e, planetary wave p_ropagatiop is Contr(?"echndrews, D. G.: Wave, mean-flow interaction in the middle atmo-
not only by distribution of atmospheric zonal wind and wind  gphere, Adv. Geophys., 28A, 249-275, 1985.
shear, but also by distribution of atmospheric stability. The andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle Atmo-
variation of atmospheric stability with latitudes is consider-  sphere Dynamics, Academic Press Inc., 489 pp, 1987.
able. On the other hand, the planetary waves exert eddy maaldwin, M. P. and Dunkerton, T. J.: Propagation of the Arctic Os-
mentum flux in the subtropical troposphere and eddy heat cillation from the stratosphere to the troposphere, J. Geophys.
flux in the subpolar stratosphere. Waves also induce eddy Res., 104, 30937-30946, 1999.
momentum forcing on the atmospheric mean flow in both Baldwin, M. P. and Dunke_rton, T. J Stratospheric harbingers of
the troposphere and the stratosphere at middle latitudes. anomalous weather regimes, Science, 294, 581-584, 2001.
The correlation between wave activity and probability of Boville, B. A.: The influence of the polar night jet on the tropo-

. g . spheric circulation in a GCM, J. Atmos. Sci., 41, 1132-1142,
wave propagation was also analysed at in this paper. And the 1984

strong connection between the stationary planetary wave G astanheira, J. M. and Graf, H.-F.: North Pacific-North Atlantic

tivity and probability of propagation from the troposphere to  rejationships under stratospheric control?, J. Geophys. Res., 108,
the stratosphere was observed. Strong E-P fluxes to the NH 4036, doi:10.1029/2002JD002754, 2003.

stratosphere occur when and where the frequency of negativeharney, J. G. and Drazin, P. G.: Propagation of planetary-scale dis-
refractive index squared is smaller than 50%, for ZWN 1 and turbances from the lower into the upper atmosphere, J. Geophys.
2. ZWN 3 wave related E-P fluxes are not effective, even in Res., 66, 83-109, 1961.

the rare cases of low frequency of negative refractive indicegchen, P. and Robinson, W. A.: Propagation of planetary waves be-
squared. tween the troposphere and stratosphere, J. Atmos. Sci., 49, 2533—

2345, 1992.

ter were isolated into two major regimes — stron oIarvortexChen' W., Graf, H.-F., and Takahashi, M. Observed inter-
J 9 9p annual oscillation of planetary wave forcing in the North-

(SVR) and weak polar vortex (WVR) considering time series Hemisphere winter, Geophys. Res. Lett, 29, 2037,
of the zonal wind at 50 hPa and 6§ (1/_15(2)(65O N) as a diag- doi:10.1029/2002GI016062, 2002.

nostic. Itis found that the SVR lasts longer than WVR. Vari- christiansen, B.: Evidence of nonlinear climate change: Two strato-
ations of the polar vortex regimes can be related to the dif- spheric regimes and a regime shift, J. Climate, 16, 3681-3690,
ferent propagation structures of planetary waves (Limpasu- 2003.

The anomalies of mean flow in Northern Hemisphere win-

www.atmos-chem-phys.net/7/183/2007/ Atmos. Chem. Phys., 720832007



200 Q. Li et al.: Climatology of stationary planetary waves in NH winter

Dickinson, R. E.: Planetary Rossby waves propagating verticallyMatsuno, T.: Vertical propagation of stationary planetary waves in
through weak westerly wind wave guides, J. Atmos. Sci., 25, the winter Northern Hemisphere, J. Atmos. Sci., 27, 871-883,

984-1002, 1968. 1970.
Eliassen, A. and Palm, E.: On the transfer of energy in stationaryMukougawa, H. and Hirooka, T.: Predictability of stratospheric
mountain waves, Geofys. Publ., 22-3, 1-23, 1961. sudden warming: A case study for 1998/99 winter, Mon. Wea.

Gillett, N. P., Allen, M. R., Mcdonald, R. E., Senior, C. A., Shin- Rev., 132, 1764-1776, 2004.
dell, D. T., and Schmidt, G. A.: How linear is the Arctic Oscil- Palmer, T. N.: A nonlinear dynamical perspective on climate
lation response to greenhouse gases?, J. Geophys. Res., 107, D3,change, Weather, 48, 314-326, 1993.
doi:10.1029/2001JD000589, 2002b. Perlwitz, J. and Graf, H.-F.: The statistical connection between tro-

Hartmann, D. L. and Lo, F.: Wave-driven zonal flow vacillation in pospheric and stratospheric circulation of the Northern Hemi-
the Southern Hemisphere, J. Atmos. Sci., 55, 1303-1315, 1998. sphere in winter, J. Climate, 8, 2281-2295, 1995.

Hu, Y. and Tung, K. K.: Interannual and decadal variations of plan- Perlwitz, J.: The Dynamical Link Between the Troposphere and
etary wave activity, stratospheric cooling, and northern hemi-  Stratosphere and its Potential to Affect Climate, Ph. D. disserta-
sphere annular mode, J. Climate, 15, 1659-1673, 2002. tion, Max-Planck-Institut fuer Meteorologie, Hamburg, 145 pp,

Huang, R. and Gambo, K.: The response of a Hemispheric Multi- 2000.

Level Model Atmosphere to Forcing by Topography and Station- Perlwitz, J. and Graf, H.-F.: Troposphere-stratosphere dynamic
ary Heat Sources (I) Foring by Topography, J. Meteorol. Soc. coupling under strong and weak polar vortex conditions, Geo-
Japan, 60, 78-92, 1982. phys. Res. Lett., 28, 271-274, 2001a.

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Perlwitz, J. and Graf, H.-F.: The variability of the horizontal circu-
Gandin, L., Iredell, M., Saha, S., White, G., Woollen, J., Zhu, Y.,  lation in the troposphere and stratosphere — a comparison, Theor.
Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. Appl. Climatol., 69, 149-161, 2001b.

C., Ropelewski, C., Wang, J., Leetmaa, A., Reynolds, R., JennePerlwitz, J. and Harnik, N.: Observational evidence of a strato-
R., and Joseph, D.: The NCEP/NCAR 40-year reanalysis project, spheric influence on the troposphere by planetary wave reflec-
Bull. Amer. Meteor. Soc., 77, 437-472, 1996. tion, J. Climate, 16, 3011-3026, 2003.

Kistler, R., Kalnay, E., Collins, W., Saha, S., White, G., Woollen, J., Schoeberl, M. R. and Geller, M. A.: A calculation of the structure
Chelliah, M., Ebisuzaki, W., Kanamitsu, M., Kousky, V., vanden  of stationary planetary waves in winter, J. Atmos. Sci., 34, 1235—
Dool, H., Jenne, R., and Fiorino, M.: The NCEP-NCAR 50-year 1255, 1977.
reanalysis: Monthly means CD-ROM and documentation, Bull. Walter, K.: Changing patterns of tropospheric variability in the
Amer. Meteorol. Soc., 82, 247-268, 2001. north Atlantic region, Ph.D dissertation, Max Planck Institute for

Limpasuvan, V. and Hartmann, D. L.: Wave-maintained annular Meteorology, 157 pp, 2003.
modes of climate variability, J. Climate, 13, 4414-4429, 2000. Walter, K. and Graf, H.-F.: The North Atlantic variability struc-

Limpasuvan, V., Hartmann, D. L., Thompson, D. W. J., Jeev, ture, storm tracks, and precipitation depending on the polar vor-
K., and Yung, Y. L.: Stratosphere-Troposphere evolution dur- tex strength, Atmos. Chem. Phys., 5, 239-248, 2005,
ing polar vortex intensification, J. Geophys. Res., 110, D24101, http://www.atmos-chem-phys.net/5/239/2Q05/
doi:10.1029/2005JD006302, 2005.

Lin, B.: The behavior of winter stationary planetary waves forced
by topagraphy and diabatic heating, J. Atmos. Sci., 39, 1206—

1226, 1982.

Atmos. Chem. Phys., 7, 18360, 2007 www.atmos-chem-phys.net/7/183/2007/


http://www.atmos-chem-phys.net/5/239/2005/

