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Abstract

A new aspect of dynamical linkage between the stratosphere and troposphere in the win-
tertime extra-tropics is proposed. Upward and downward propagation of Rossby wave activ-
ity across the tropopause associated with a zonally-confined Rossby wave train that consists
of submonthly fluctuations is found to play an important role in that linkage, by using a
phase-independent wave-activity flux and refractive index, both of which are suited for diag-
nosing stationary Rossby wave propagation on a zonally-asymmetric time-mean flow.

As a typical example of this linkage, a particular event of large-scale, quasi-stationary
cyclogenesis observed in the troposphere of the Southern Hemisphere (SH) in August 1997
is discussed, to which downward wave-activity injection from anticyclonic anomalies up-
stream that had developed in the exit region of the lower-stratospheric polar-night jet (PNJ)
contributed substantially. Consistent with that downward injection, phase lines of observed
streamfunction anomalies exhibited a distinct eastward tilt with height. The development of
the anticyclonic anomalies occurred at the leading edge of a quasi-stationary Rossby wave
train propagating along the PNJ that had originated from a tropospheric blocking ridge far-
ther upstream.

Though less often than upward wave-activity injection across the tropopause, similar
events of downward wave-activity injection occurred several times during late winter of
1997, primarily in the regions south of Australia and over the central South Pacific, over
each of which the PNJ exit overlapped with a tropospheric subpolar jet (SPJ) to form a
vertical waveguide locally. It is argued that the downward wave-activity propagation is es-

sentially due to refraction in the vertically sheared westerlies, and the zonal asymmetries



in the time-mean flow are a likely factor for the observed geographical preference of the
downward wave-activity injection.

The climatology and interannual variability of the upward and downward wave-activity
propagation across the tropopause are also studied in the SH late winter based on reanalysis
data from 1979 to 2003. The upward and downward wave-activity propagation is prominent
over the Southeastern Pacific and South Atlantic, where the axes of the climatological-mean
PNJ and SPJ are meridionally close to one another and submonthly circulation fluctuations
are active both in the lower stratosphere and troposphere.

Interannual enhancement in local downward wave-activity injection into the troposphere
to the south of Australia and over the South Pacific tends to be associated with a poleward
shift of the stratospheric PNJ axis upstream and the strengthened SPJ in the troposphere un-
derneath. These wind structure changes influence the formation of local waveguides across
the tropopause through the meridional and vertical curvature changes in the time-mean flow.
Downstream of enhanced regions of prominent downward wave-activity injection, tropo-
spheric submonthly fluctuations also tends to be enhanced.

Influence of interannual variability associated with the SH annular mode (SAM) and El
Nifilo/Southern Oscillation (ENSO) on downward wave-activity injection is also examined.
In association with the above-mentioned wind structure changes, downward wave-activity
injection does enhance significantly, but only slightly over certain regions in most cases.
Their influence on the tropospheric submonthly fluctuations is also limited.

These results are obtained on the basis of a particular framework in which a planetary-
scale wave in the lower stratosphere is considered as a zonally-confined “wave packet”
propagating zonally as well as vertically on a zonally-asymmetric time-mean flow. Such a
framework is rarely used in the previous studies on the stratospheric planetary-scale waves,
most of which do not take propagation in the zonal direction and dependence on a zonally-

asymmetric basic state of wave propagation into consideration.
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Chapter 1

General I ntroduction

1.1 Upward propagating planetary waves into the strato-
sphere from the troposphere

The vertical propagation of planetary Rossby waves has been recognized as one of the
most fundamental processes involved in the linkage between the tropospheric and strato-
spheric circulation. It is now widely accepted that the intensity and meridional-vertical struc-
ture of the zonal-mean westerlies significantly influence the vertical propagation of planetary
waves from the troposphere to the stratosphere (e.g., Charney and Drazin 1961; Dickinson
1968). Zonal asymmetries in the stratospheric stationary circulation over the wintertime
Northern Hemisphere (NH), as observed by Muench (1965) and others (Fig. 1.1a), are
generated by upward-propagating planetary waves forced by large-scale topography and/or
land-sea contrasts (e.g., Matsuno 1970). Figures 1.1a and d show the climatology of 10-hPa
geopotential height of the NH winter (January) and the Southern Hemisphere (SH) winter
(July). The former has larger deviations from zonal mean than the latter, which suggests that
the amplitude of the NH planetary waves is larger than the SH counterpart due to stronger

forcing in the NH.

Temporal variations in the upward propagation are considered to be one of the major

1
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Figure 1.1: Climatology of 10-hPa geopotential height on (a) NH January, (b) NH July, (c)
SH January and (d) SH July. Contour interval is 300 [m]. Heavy and lightly shading denotes
deviations from its zonal mean exceeds 200 [m] positively and negatively. The NCEP/NCAR
data set is used and the period is from 1968 to 1996.
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Figure 1.2: Time series of zonal-mean zonal wind (a line without a mark) and amplitudes
of k=1 (a line with open circles), k=2 (a line with closed circles) and k=3 (a line with open
squares) at 50-hPa level along 60°S from 1 August to 30 September, 1997. The unit of zonal
wind is [m/s] (right hand side) and amplitude, [m] (left hand side). All quantities are moving
averaged for 5 days.

causes of the fluctuations observed in the stratospheric circulation. For example, Hirota and
Sato (1969) focused the negative correlation between day-to-day variations in the zonal mean
westerly wind speed and the amplitude of the zonal wavenumber one (k=1) component of
stratospheric planetary waves (Fig. 1.2). Matsuno (1971) demonstrated that the breakdown
of a stratospheric westerly jet during a stratospheric sudden warming (SSW) event is caused
by planetary waves propagating from the troposphere. (Fig. 1.3) Temporal variations in the
upward propagating planetary waves have been considered to be caused by various tropo-
spheric processes, including the development of blocking ridges (Julian and Labitzke 1965;
Quiroz 1986), amplification of intraannual variation associated with Pacific North American
Pattern (Baldwin and O’Sullivan 1995; Itoh and Harada 2004), the “valving” effect of the
tropopause (Chen and Robinson 1992) and the nonlinear effect of ensemble of synoptic-scale

eddies (Scinocca and Haynes 1998; Hio and Hirota 2002).
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DAY 18

Figure 1.3: Time evolution of isobaric height (500 m contours) and temperature deviations
from initial state (°C, thin line) at about 13 hPa from output of a numerical experiment of a
SSW forced at the virtual tropopause. Adapted from Fig. 15 of Matsuno (1971).



1.2 Theoretical foundations of vertical propagating Rossby
waves

In this section, fundamental properties of extratropical planetary waves propagating in a
meridional plane are reviewed, which have been the basis of studies related to the dynamical
linkage between the stratosphere and troposphere including above-mentioned ones. First,
the condition for vertical propagation of planetary waves is discussed. On a 3 plane, quasi-
geostrophic potential vorticity q defined in the logarithm pressure coordinate (z= —H log p),

as

2 2
oy oy Po Oy
9= fo+By+ g0+ 5 1o po = <N2 az> (1.1)

satisfies a following equation under the condition of no viscosity and diabatic heating,

99, 99, 09
a s Vay =0 (1.2)

where H is the scale height. Y the geostrophic streamfunction, (u,v)T = U= (—y, )"
the geostrophic velocity, fo the Coriolis parameter at specified latitude,  meridional gradi-
ent of Coriolis parameter, pg air density (depends only on height) and N the Brunt-Véiséla

frequency. For simplicity, N is taken as a constant. Linearizing (1.2), we obtain

*

(2 + W+l o~ 13

where [()] and ()* denotes zonal mean and eddies (deviations from zonal mean), respectively.

g* may be written as

L0y oAyt 59 (pooyt
T="Za 15 +&a—z(m 62) (14)
and [g] may be written as
0%y] po (W]
[a] = fo+By+ =5 52 +p 5 (WE) (1.5)
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If the solution of the equation (1.3) is taken as harmonic waves with zonal and meridional

wavenumbers (k and |), respectively, and angular frequency w;

W (xy.2,1) = WD expli(loct Iy — o) + o), (16)

where W is a function only of z Substituting to the equation (1.3), we obtain

d2y

H?+szq (1.7)
where
N2 dly 2,12 1
"2 T g 49

and zonal phase speed Cpx = w/k. For vertical propagation, m? must be positive, thus the

condition of [u] for vertical propagation is

[aly Uge

Cpx < [U] < Cpx+ 2
(k2+|2+ 4|\I8H2)

(1.9)

This condition suggests that stationary (Cpx = 0) Rossby waves cannot propagate vertically
in the easterlies (Charney and Drazin 1961). This theory can be confirmed in the difference
between the wintertime and summertime stratospheric circulations (Fig. 1.1). In winter,
the zonal-mean zonal wind is westerly ([u] > 0) and the circulation is characterized by the
presence of the stationary planetary-scale disturbances associated with upward-propagating
Rosshy waves forced in the troposphere. Contrastingly in summer, the circulation is highly
zonally symmetric because the zonal-mean zonal easterlies ([u] < 0) prevent tropospheric
Rosshy waves from propagating upward. In the westerlies, only the Rossby waves with
planetary scales can propagate vertically in the strong wind speed. If the westerly speed
increases with height under condition of constant [q]y, upward propagating waves reaching

at some level where [u] = Uy for each k cannot propagate farther above that level. Since



U is larger for smaller k, waves with larger scales (smaller k) can propagate farther upward

than smaller scale waves can.

If [u] satisfies the above condition (1.9), W may be written as

W(2) = Yoexp(imz),

where g is a constant and i represents imaginary part. The equation (1.6) becomes

W (%Y, 2,t) = Woexp(i(kx+ly+mz—at) +2/(2H)),

for which we obtain a dispersion relation;

k[aly

2
2 fo
K+ Nz

w=[uk—

where

The group velocity, Cg = (Cgx, Cgy,Cgz) T, may be written as,

2[q]yk?
Co = chJr—[q]yf2 :
(K2+4HON2)2
Cy = 2[qyk
Y (K24 o y2'
4HN?Z
2
G, 2% [dlykm
. =

f02 \o
(K2+ 25@)?
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(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)



For stationary waves (Cpx = 0),

. 2[ulk fo?
Co=—"—17z xKlLzm (1.18)
K+ vz

holds. Thus, the group velocity of a stationary Rossby wave is tangent to phase lines in a
horizontal plane, phase lines associated with the upward- (downward-) propagating Rossby
wave group velocity are tilted westward (eastward) with height 1. It is also shown that the

magnitude of the group velocity is almost twice as large as [u].

In diagnosing Rossby wave propagation in a meridional plane, Eliassen-Palm (E-P) flux
(Eliassen and Palm 1961; Andrews and Mclntyre 1976) is a useful tool. By zonally averaging

the equation (1.3), we obtain
olal _ _9[qv]

prala oy (1.19)
Potential vorticity flux [gq*v*] satisfies following equation
oy _ _Ouv] 188 po 0w
[aVv] = — dy &G_Z(W[WED
= po'0-F, (1.20)
where the E-P flux F is defined as
= _ * psz al-IJ*
F = (0,—poluv'], 5 IV 5 -))- (1.21)

The y- and z- components of the E-P flux are proportional to meridional westerly momentum

and heat flux, respectively. Note that

oy Ra_,
0z _fo—HT’

(1.22)

LIn a vertically elongated coordinate where Z = %z, the group velocity is also tangent to phase lines in
meridional and zonal cross sections. Note that the group velocity of stationary Rossby waves is always east-
ward.



where T denotes air temperature and R, the gas constant of dry air. From (1.19) and (1.20),
we obtain
o[q] 0

- = —_-— _1_’ . =
o =gy D). (1.23)

which means that it is not the heat flux or westerly momentum flux alone but the E-P flux
whose divergence contributes to changes in the zonal-mean state. With adequate boundary
conditions, we can obtain the following relationship; the zonal-mean zonal wind is acceler-
ated (decelerated) with divergence (convergence) of the E-P flux. This explains the results of
Hirota and Sato (1969) and Matsuno (1971) that show zonal-mean zonal wind deceleration

in association with amplification of planetary Rossby waves.

Another important relation can be obtained from (1.3) by multiplying pog*/[q]y and ne-
glecting differential of [g]t as taken into differential operator (because it is second order term

as known by (1.19)),

0A - -
E—i—D-F_O, (1.24)
where
Polq*?]
A= , (1.25)
2[qly

is called wave-activity density that is proportional to the squared amplitude of waves. Taking

(1.11) into consideration, we obtain

f 2
A= (K2+ 4H0N2)2L|J(2J

; (1.26)
4[dly
and
= 1 ,1 2
F = (0, —5 Pkl g, 5 Porz ! Mbp)- (1.27)
Thus the following relation on a meridional plane can be obtained,
F=CgA, (1.28)

9



which shows that the E-P flux is proportional to group velocity and its proportionality con-
stant is wave-activity density A. Thus the E-P flux is also called as a wave-activity flux.
(1.24) and (1.28) express conservation relation of wave-active density under the condition
without friction and diabatic heating and thus wave activity is conserved along wave group
propagation. In addition, (1.23) and (1.24) suggest that the zonal-mean state would not be
changed by wave forcing if the divergence of the E-P flux is zero. Under this condition, di-
vergence of meridional heat and momentum fluxes is canceled out mutually, which is called

“nonaccelaration condition” (Charney and Drazin 1961).

The direction of wave propagation in a meridional plane is controlled by the zonal mean
westerly structures (Karoly and Hoskins 1982). If k is constant along a ray path, w is a
function only of y,zand K?;

w=F(y,zK?). (1.29)

Thus, the group velocity in a meridional plane may be written as

0w oF

Coy= 7 =2 K (1.30)
0w oF

cwzzgazzzmgﬁas. (1.31)

Thus the ratio of the vertical and meridional components of the group velocity is

% == tanem. (132)

For a prescribed wave frequency w, the corresponding Ky, is defined. Then

oF oF 0K3

Im L9 The 1.
oy To(K2) ay (13)
oF | OF oKG_ 130

o0z ToKD) 0z
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Using (1.31), (1.32) and

dgl oF
-~ __ 1.
dgm oF
S = 1.
dt 0z’ (1:36)
where % denotes the derivative along the group velocity vector, we obtain,
g _ Ko T-Cyx 0Ky, (1.37)

dt  KZ—k2

where T is a unit vector in the zonal (x) direction. Thus the ray is refracted toward the direction
of larger K,. If the westerly wind speed increases with height under the condition of constant
[aly, K2 decreases. Upward propagating waves (m > 0) cannot propagate beyond the level
[u] = Uk (m= 0) defined in (1.9), where the waves are refracted downward (m < 0). The

level is called a turning level?.

1.3 Dynamical influences of the stratosphere on the tropo-
sphere

Recently, the dynamical influence of the stratosphere downward on the troposphere has
been discussed intensively due to its implications for extended-range weather forecasting
and the climate variability. As a pioneer work on such an influence, Geller and Alpert (1980)
argued on the basis of their numerical experiment that variations in the stratospheric polar-
night jet (PNJ) induced by the anomalous solar ultraviolet radiation could influence the tropo-
spheric circulation by modifying vertically propagating planetary waves. Likewise, Boville
(1984) showed through his model experiments that changes in the stratospheric PNJ could

alter the tropospheric circulation characteristics by modulating planetary wave propagation.

>There is a term “critical level” in relation to vertical propagation. The critical level corresponds to the
level at which [u] = Cpx. Near the level, K2 increases toward infi nity and hence waves are directed toward and
trapped around the critical level with being their group velocity decreased.

11



Kodera et al. (1990) found that the enhanced upper-stratospheric PNJ in December tends to
be followed by the stronger tropospheric westerlies in February over the Arctic region (Fig.
1.4). In that process, weak anomalies in the zonal-mean zonal wind first appear in the strato-
sphere and then propagate downward into the troposphere within a month, accompanied by

anomalous meridional propagation of planetary waves (Kodera et al. 1991).

Kodera and Chiba (1995) argued that during and after an SSW event, the modification in
the zonal wavenumber 2 (k=2) component of tropospheric planetary waves tends to give rise
to a surface cold surge, which leads to the enhancement of stormtrack activity in the North
Atlantic and the subsequent blocking formation downstream. Yoden et al. (1999) showed
through a numerical experiment that zonally-symmetric warm anomalies in the stratospheric
polar region and the associated weak westerlies in midlatitudes both tend to propagate down-
ward into the troposphere only during an SSW event in which the k=2 planetary-wave com-
ponent plays a primary role. In winters of El Nifio years, the tendency of wetter and colder
weather in the southeastern United States and Mexico is intensified after SSWs (Taguchi and

Hartmann 2004).

Essentially the same downward influence of the anomalous stratospheric polar vortex in
the NH on the troposphere as mentioned above has recently been discussed in the context of
the NH annular mode (NAM). The NAM is characterized by a zonally-symmetric, barotropic
seesaw pattern between the polar region and mid-latitude in the troposphere and, in winter,
also in the stratosphere (Fig. 1.5). In the cold season, NAM anomalies that emerge rather ir-
regularly in the stratosphere tend to propagate slowly downward into the troposphere within
a few weeks (Fig. 1.6) (Baldwin and Dunkerton 1999; Kodera and Kuroda 2000ab; Kodera
et al. 2000; Kuroda and Kodera 1999, 2001; Christiansen 2001; Thompson and Wallace
2001; Polvani and Kushner 2002; Zhou et al. 2002), which is considered to be associated
with the interaction between the anomalous polar vortex and the anomalous propagation of
planetary waves. Similar mode is also observed in the SH and called SH annular mode

(SAM) (Thompson and Wallace 2000). Through the potential-vorticity (PV) inversion tech-
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Figure 1.4: Meridional cross sections of the correlation coefficients between the averaged
December mean zonal wind at 1 hPa, 50°N (noted by x in the figure) and the averaged
monthly-mean zonal wind at each grid point; December (top panel), January (middle panel),
and February (bottom panel). The left hand column is the correlation based on observed data
and the right hand side column is based on numerical experiments. Values in the figure have

been multiplied by 10 and region of negative values are stippled. Adapted from Fig. 2 of
Kodera et al.(1990).
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Figure 1.5: Signature of Arctic Oscillation (AO) at 10-, 200-, 1000-hPa levels. Adapted from
Fig. 1 of Baldwin and Dunkerton (1999).
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Figure 1.6: Correlations of 90-day low-pass-filtered AO signature at 10-hPa level on January
1 with AO signature at all levels. Adapted from Fig. 5 of Baldwin and Dunkerton (1999).

nique, Hartley et al. (1996) showed that the anomalous polar vortex in the lower stratosphere
can exert a significant influence upon the tropospheric circulation particularly over the North

Atlantic.

Perlwitz and Harnik (2003, hereafter referred to as PHO3; 2004) discussed the influ-
ence on the tropospheric circulation of the downward propagating planetary waves from the
stratosphere that have originated in the troposphere and then been reflected surface back at

a “reflecting surface” in the stratosphere that is formed in association with negative vertical
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Figure 1.7: (a) Composites of vertical profiles of monthly-mean, zonal-mean zonal wind
averaged between 58°N and 74°N for positively sheared (positive months; dashed line)
and negatively sheared (negative months; solid line) months between 2- and 10-hPa levels.
Adapted from Fig. 11c of Perlwitz and Harnik (2003). (b) The temporal expansion coef-
ficients determined from the time-lagged SVD analyses between 500-hPa k=1 and 10-hPa
k=1 components for JFM. The subset is chosen for negative or positive months. A positive
time lag indicates that the stratospheric field is leading. Note that in negative months (solid
line), signal of amplification of tropospheric k=1 component 5 days before stratospheric k=1
component. Adapted from Fig. 13 of Perlwitz and Harnik (2003).

westerly shear (Fig. 1.7). Meridional PV gradient may be approximately written as;

f2 f2
[y =B — [ulyy— W[U]zz‘l‘ W[U]z- (1.38)
The third term of the right hand side can be negative associated with a decreasing zonal-mean
zonal wind speed with height, which contributes to decreasing K (1.14) to yield m=0. Al-
though the downward propagation of planetary waves has been suggested by several authors
(Sato 1974; Bates 1977; Hayashi 1981), PHO3 is the first to clearly show the amplification

of k =1 component in the troposphere associated with the reflection.
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1.4 Zonally-propagating wave packets in the stratosphere

1.4.1 Wave-packet propagation in zonally homogeneous flow

Most of the previous studies as mentioned above focused on the entire field of strato-
spheric planetary waves or their zonal harmonics in relation to the variability of a zonally-
symmetric polar vortex and/or PNJ. However, not much attention has been paid to localized
circulation anomalies associated, for example, with a zonally-confined Rossby wave-packet-
like structure that propagates zonally as well as vertically. Specifically, not many attempts
have been made to identify which particular localized circulation anomalies in the tropo-
sphere are the origin of given anomalous behavior of stratospheric planetary waves.

Hayashi (1981) was perhaps the first to introduce such a wave-packet framework into
the study of the stratospheric planetary waves. He argued that the dominance of the Aleutian
high in the NH wintertime stratosphere in the climatological mean state could be explained if
the planetary waves are considered to behave as a wave packet that consists of the k=1-3 com-
ponents propagating from the tropospheric wave source over the Eurasian continent into the
stratosphere over the Aleutians (Fig. 1.8). He noted that application of such a wave-packet
framework to stratospheric planetary waves that consist of k=1-3 components might be not
adequate mathematically because the amplitude modulation of midlatitude planetary waves
consisting wavenumbers 1 ~ 3 cannot be easily distinguished fromtheir phase variation. In
other words, wave packets may not be confined locally enough to distinguish them from their
basic state, i.e. zonally-averaged state. This is the reason why most of the previous works on
planetary-scale waves in the stratosphere did not discussed zonally propagating wave pack-
ets, but focused on the propagation of zonal harmonics of planetary waves in a meridional
plane, which can be discussed under less assumptions without loosing mathematical strict-
ness. However, Hayashi (1981) also note that their envel ope can be visually traced by use of

a complex Fourier analysis 3, even if at the cost of mathematical strictness.

3The complex Fourier analysis is a method to obtain envelope of a wave packet that consists of arbitrary
zonal wavenumber components. The envelopeis presented in Fig. 1.8.
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Figure 1.8: Upper panel; Zonal cross sections of October-March averaged geopotential
height deviations from zonal mean along 50°E simulated by 11-year GFDL GCM. Lower
panel; their envelope consisting of k=1-3. Dashed line indicate the position of the zonal
maximum of the envelope. Envelop is obtained by a complex Fourier analysis. Adapted
from Fig. 3 of Hayashi (1981)
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Figure 1.9: Streamfunction response to orography in a QG model on a 3 plane with uniform
Brunt-Vaisala frequency, in which the mean zonal flow is linear in height below the tropo-
pause (at 10 km) and uniform above the tropopause. The orography and the solution are
assumed to be independent of latitude. The orography is centered at 0° longitude. Adapted
from Fig.4 of Held et al.(2002).

By using linearized QG model on a (3 plane with the zonal-mean flows being linear in
height below the tropopause and uniform above the tropopause, Held (1983) shows the two-
dimensional (x-z) response of streamfunction to a localized topographic source as a delta
function by integrating 1.3 4 (Fig. 1.9). The response shows that an eastward and upward
propagating wave train into the stratosphere of large scale and only eastward propagating
wave train with its maxima around the tropopause of small scale are observed separately.
This result is consistent with the condition of vertical propagation (1.9), which indicates that

only large-scale wave components can propagate upward into the stronger westerlies.

Plumb (1985) discussed localized sources of planetary waves in the wintertime NH tropo-

sphere including zonally-confined upward wave-activity propagation across the tropopause,

“4In actual, adamping term equivalent to 5 days is added.
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by deriving his wave-activity flux with log-pressure coordinate as

V2 v
—UVF 4 U , (1.39)

f * * T %
R (VT — ' Ty)

T
I
NI©T

which expresses three dimensionally propagating wave packets on zonally-symmetric basic
state. This is an extension of the conventional E-P flux (1.21). He suggested that the oro-
graphic effect of the Tibetan plateau and diabatic heating and/or interaction with transient
eddies in the western North Atlantic and North Pacific Oceans and Siberia are important for

the generation of upward propagating planetary waves into the stratosphere.

Randel (1988) presented a statistical signature of wave packets in the wintertime strato-
sphere propagating upward and eastward from localized tropospheric origins in the South-
ern Hemisphere (SH) by using one-point correlation in which base points were set near the
tropopause (Fig. 1.10). Especially in October (right column), a wave train that consists of
a sequence of positive and negative correlations propagates eastward and upward with time
that can be known from the fact that maxima of correlations move upward and downward

correlations with time.

Nishii and Nakamura (2004b) found that the breakdown of the SH polar vortex in late
September 2002 that led to the collapse of the ozone hole, associated with a major SSW
event observed for the first time in the SH, was associated with amplification of a Rossby
wave train in the stratosphere (Fig. 1.11a). The formation of this wave train was contributed
to by upward and eastward wave activity propagation as a form of a wave train (Fig. 1.11b),
which was excited by a blocking flow configuration over the South Atlantic (denoted by H
in Figs. 1.11b and c). This work was the first to pinpoint the wave source of stratospheric
planetary waves that amplified during a SSW event. In the study of Nishii and Nakamura

(2004b), zonally-propagating Rossby wave packets in the stratosphere were diagnosed by
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Figure 1.10: Longitude and height sections of height correlation coefficients with respect to
300-hPa, for time lags of 0 (top), +2 (middle), and +4 (bottom) days, for June (left column)
and October (right column). Contours for +0.075, +0.150,..,. The base grid of correlations

are shown by x. Note that a wave train propagating from the troposphere to stratosphere.
Adapted from Fig. 11 of Randel (1988).
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Figure 1.11: (a) 5-day mean map of the zonally-asymmetric component of 20-hPa height (m)
for 23 September, 2002. Contour lines : wave-associated cyclonic (dotted) and anticyclonic
(solid) eddies. Arrows: horizontal component of 20-hPa wave-activity flux (Plumb 1985)
with scaling (unit: m2 s—2) at the lower-right corner. Shading: the upward flux component
across the 100-hPa surface exceeding 0.04 (m2s—2). (b, ¢) As in (a), but for zonal sections at
50°S for (b) 23 and (c) 21 September. Height anomalies are normalized by pressure. Thick
line : tropopause. Arrows : Zonal and vertical components of the wave-activity flux (Plum
1985), with scaling (m? s—2) at the upper-right corner. Shading: the upward flux component
exceeding 0.04 (m? s—2). Adapted from Fig. 2 of Nishii and Nakamura (2004b).

wave-activity flux formulated by Plumb (1985). It is noteworthy in Fig. 1.11b, that in asso-
ciation with upward wave packet propagation, or more precisely, wave-activity propagation
(denoted by arrows and yellow shading), phase lines are tilted westward with height, which

is consistent with the discussion on (1.15) ~ (1.17).

1.4.2 Zonally asymmetric behavior of wave packets in the stratosphere

In those aforementioned studies, planetary waves in the stratosphere are regarded as de-
viations from the zonal-mean circulation field, i.e., zonally-symmetric field, on which char-
acteristics of the wave propagation depend. In constant, another framework in which cir-
culation fields are decomposed into fast and slowly varying components that are regarded
as wave and basic state components, respectively, is common in studies on a tropospheric
circulation. In this framework, wave disturbances can propagate zonally as wave packets
and their propagating characteristics depend on the zonally-asymmetric field, which modu-

lates a wave component as persistent deviations from the zonal-mean state. Therefore, wave

21



packets are part of the entire planetary waves.

One may raise a question whether propagation of a stratospheric Rossby wave can de-
pend on zonally-asymmetric basic state. In the work of Randel (1988) stated above (Fig.
1.10), 36 correlation patterns obtained for every 10° in longitude were averaged without
considering their differences. The data period for this study was only 8 years from 1979
to 1986. Now we re-examine his work especially on the longitudinal dependence of wave
propagation characteristics. The data set used here has been provided by the cooperative
project of the JRA-25 long-term reanalysis by the Japan Meteorological Agency (JMA) and
Central Research Institute of Electric Power Industry (CRIEPI). The data have been pro-
vided on a regular 2.5°x2.5° latitude-longitude grid at 23 pressure levels of 1000, 925, 850,
700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10, 7, 5, 3, 2, 1 and 0.4 hPa
levels. Since the production of this data set has not yet been completed, the data from 1980
to 1999 are used in this study. A low-pass digital filter with a cut-off period of 8 days has
been imposed on the data time series to remove high-frequency fluctuations associated with
migratory, synoptic-scale disturbances. Then its 31-day running mean is removed from the

data to obtain submonthly fluctuations.

Figure 1.12 shows one-point correlation maps based on the reference time series at 400-
hPa, (60°S, 90°W) over the eastern Pacific in August. On the lag of -3 day, a wave train
confined in the troposphere is observed. Then downstream (eastward) of the base point, neg-
ative signal elongated upward into the stratosphere for the lag of 0 day. On the lag of +3 day,
a wave train, which consists of positive (around 80°W), negative (around 100°W) and pos-
itive (around 60°E) correlations, is propagating eastward and upward into the stratosphere.
On the contrary, no significant signal is not observed in the stratosphere in the corresponding
correlation maps based on the time series at 400-hPa, (60°S, 90°E) over the Indian Ocean
(Fig. 1.13). This different behavior of the wave propagation between over the Indian Ocean
and eastern Pacific suggests that the characteristics of wave propagation depend on the lon-

gitudinal direction. This results indicate that a zonally-asymmetric basic state is important
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Figure 1.12: (a) Zonal cross section along 60°S latitude of one-point correlation maps based
on 400-hPa, 90°W-60°S grid with -3 lag day in August. Solid and dashed contours denote
positive and negative. Contour interval is 0.2 and zero lines are omitted. Heavy and lightly
shading denotes positively and negatively significant signal over 95% level, respectively. The
degree of freedom is estimated as such one month is equivalent to two. The reference grid is
pointed by a circle. (b) The same as in (a) but for lag 0 day. (c) The same as in (a) but for
lag 3 day.
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Figure 1.13: (a) The same as in Fig. 1.12a but for 90°E and 60°S grid. (b) The same as (a)
but for lag 0 day. (c) The same as (a) but for lag -3 day.

for Rosshy wave packet propagation even in the stratosphere.

1.4.3 Stratospheric wave packets propagating in zonally asymmetric
basic state

Applying a framework that a wave packet propagation depends on a zonally-asymmetric
basic state to the stratospheric planetary waves, Nakamura and Honda (2002; hereafter re-
ferred to as NH02) showed that tropospheric circulation anomalies in February over the
North Atlantic emit a quasi-stationary Rossby wave train upward into the lower-stratospheric

PNJ over the Eurasian continent.
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Nishii and Nakamura (2004a; hereafter referred to as NN0O4) analyzed dynamical char-
acteristics of submonthly geopotential height fluctuations observed in the SH lower strato-
sphere during late winter and early spring of 1997. They showed that those fluctuations
were often associated with zonally-confined Rossby wave trains that had originated from
quasi-stationary tropospheric anomalies. The upward and eastward propagation of those
wave trains was found sensitive to the zonally-asymmetric PNJ structure, which can be re-
garded as an important factor for the zonally-asymmetric distribution of the activity of the

submonthly fluctuations observed in the SH lower stratosphere.

1.4.4 A wave-activity flux defined for zonally asymmetric basic fields

In the studies of NH02 and NNO04, a wave-activity flux formulated by Takaya and Naka-
mura (2001; hereafter referred to as TNO1) was used to represent three-dimensional propa-
gation of quasi-stationary Rossby waves in the zonally-inhomogeneous westerlies. This isan
extension of Plum’s (1985) wave-activity flux (1.39) into a zonally-asymmetric basic state.

Its expression in the logarithm pressure coordinate may be given as

U(VZ =PV +V(—UV + ')
W= _—— U(—uV +'d) +V (U2 4+ 'u) : (1.40)

BB U (VT —WT) +V(-UT = Y'T))}

where a prime ()’ denotes perturbation from time-mean field, (U,V) the geostrophic basic-
flow velocity, p the normalized pressure and N the Brunt-Vaisala frequency defined for the

basic flow. This flux is also written as;

—

W = CgM, (1.41)

where M denotes the wave-activity pseudomomentum. This is an extension of (1.28) to

three-dimensional wave packet propagation. The wave-activity pseudomomentum is a linear
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combination of two quantities, one is proportional to wave enstrophy and the other to wave

energy, as;
p q/2 e
( )

= (—=—+— (1.42)
272|0hQ  U[-Cp

where Oy denotes a horizontal gradient operator, Q signifies quasi-geostrophic PV of the
basic flow, e wave energy and Cp wave phase speed. The first term of the right hand side
of (1.42) is equivalent to wave-activity density defined in (1.25), and the second term is
equivalent to pseudomomentum (Uryu 1974). These two quantities are equivalent if the per-
turbations (i.e. anomalies) are replaced with deviations from the zonal mean (i.e. eddies) and
then zonally averaged (TNO1). Since the first term is related to the square of ' (maximum at
awave loop) the second term to the squares of u’ and V' (maximized at a wave node), they are
90° out of phase. M and hence W are independent of wave phase if the wave has a sinusoidal
form. Moreover, W is parallel to the local three-dimensional group-velocity vector or, more
precisely, the “wave-activity velocity” (Harnik 2002). Hence W is suited for representing a

“snapshot” of a propagating Rossby wave packet. M and W satisfy conservation relation;

‘2—'1"+i-\7v:0, (1.43)

which is an extension of (1.24), showing that convergence (divergence) of W acts to increase
(decrease) M locally. It is noteworthy that W applied to quasi-stationary anomalies embedded
in a zonally-varying time-mean flow accounts only for a fraction of the corresponding flux
associated with the entire field of planetary waves that can be evaluated by using Plumb’s
(1985) wave-activity flux (1.39). Thus, the vertical propagation of stationary Rossby wave
trains can be either upward or downward depending on time and location, despite the general
tendency that the wave-activity flux of the entire planetary waves is upward because they are

forced in the troposphere.
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1.4.5 A refractive index

As another useful tool for diagnosing wave propagation characteristics, a so-called re-
fractive index (Ks) ° is used for representing mean-flow properties with respective to the
propagation of stationary Rossby waves. This index is an extension of K defined in (1.14)
on a meridional plane into a zonally-asymmetric basic flow, in a manner similar to those in

Karoly (1983) and Hoskins and Ambrizzi (1993):

(1.44)

In this definition, Oy denotes the horizontal gradient operator, Q, which signifies quasi-

geostrophic PV of the basic flow. The derivation is referred to NNO4.

As a extension of (1.37), a tendency in the direction of group velocity has the following
relation with the gradient of ks in a zonal cross section assuming that variations of Kk is

sufficiently small;
dgekm . Kg
dt  k2—

HRSE OKs, (1.45)

where tan 8y, is equal to the ratio of the vertical and zonal group velocity components, j
denotes unit vector in the meridional direction positive northward. A similar relation holds
for on the horizontal plane as well as the meridional plane. Hence, a wave packet tends to
be refracted toward the gradient of the refractive index. A band of maxima of the index, if
locally defined in the WKB sense, represents a localized waveguide of those waves if the

band is associated with a westerly jet.

In the derivation of the wave-activity flux and refractive index ks, so-called “local coor-

5The ordinary refractive index for each zonal wave number (ny) is equivalent to square root of |12 + m? and
the form is obtained from (1.13) and (1.14). Thus ks may be appropriate to be called as a “total wave number”.
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dinate rotation” technique is used (TNO1 © , NN04). (1.2) may be linearized as:

/
%—?+U-DHq'+U'-DHQ:O. (1.46)

By using the “local coordinate rotation” technique, (1.46) is converted onto the local X-Y
coordinate system with the X-axis taken in the direction of U and the Y-axis perpendicular

to it (poleward if Y > 0) at a particular location. It follows that,

o owaq aQow aQoY
St avox Tavax axaov ~ % (1.47)

Now, we consider a steady, nearly unforced basic flow,
U-04Q~0, (1.48)

which yields gii ~ 0 since the Y-component of the basic flow is zero. Thus (1.47) becomes,

aa—ctv—i-ug—?(/-i—g%%—gzo, (1.49)
which corresponds to (1.3) that is linearized about the zonal-mean flow in x-y coordinate.
The derivation of the wave-activity flux and refractive index are essentially the same as in the
X-Y coordinate system as in the case of a zonally uniform basic state in the x-y coordinate
system. It is important to note that the “local coordinate rotation” technique requires the
WKB-type approximation in which variations in the basic state are sufficiently weak. In
addition, (1.48) assumes an unforced time-mean flow, which strictly speaking, is not valid in

the real atmosphere. Therefore, our argument on results obtained under these assumptions

in the following chapters must be kept qualitative.

61n TNO1, derivation of the wave-activity fux using this technique is presented as a second way.
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1.4.6 An example of applying a wave-activity flux and refractive index
to the zonally-asymmetric PNJ

As an example for an application of the wave-activity flux and refractive index (Ks)
to upward wave-activity propagation from the troposphere into the stratosphere, some re-
sults of NNO4, which suggest importances of zonally-inhomogeneous westerly structure and
zonally-localized wave sources on upward wave propagation in the SH stratosphere, are re-

viewed in this subsection.

Figures 1.14a and c, taken from NNO4, show the meridional sections of the refractive
index Ks defined for 31-day mean, zonally-averaged field (1.14) with its maximum shaded
and averaged periods are for (a) 16 June ~ 16 July, 1997 (Period I) and for (b) 17 July ~
16 August, 1997 (Period Il). Waveguide structures of maximum Kg regions in the lower-
stratosphere are well defined in both periods. Activity of zonally-averaged submonthly fluc-
tuations, Zs = \/ﬁ, is shown in Figs. 1.14b and d are for Periods I and Il. The activity
of the tropospheric submonthly fluctuations, which are considered as a source of upward
propagating wavy disturbances into the stratosphere, is nearly the same between the two
periods. However, the stratospheric submonthly fluctuations are weaker in Period I. Simulta-
neously, the E-P flux (1.21), estimated with zonally-asymmetric components of submonthly

fluctuations (arrows in Figs. 1.14a and c), is also weaker in Period | than Period II.

This paradoxical result motivated us toward further analysis in which the zonally-asymmetric
basic filed and locally-confined wave propagation are taken into consideration. Figures 1.15a
and ¢ show 31-day mean 400-hPa westerly wind for Period | (16 June ~ 16 July, 1997) and
for Period Il (17 July ~ 16 August). Standard deviation of submonthly geopotential height
fluctuations corresponding to Periods | and Il are presented in Fig. 1.15b and d, respectively.

In both periods, geopotential height fluctuations are particularly strong in the Southeastern
Pacific and South Atlantic. However upward wave activity propagation over those regions is

much weaker in Period | than in Period II.

28



20
hPa

501
100 1
2001

400 -

800 -
20

hPa
50 1

100
200

400 -

- —c O .
905 605 305 90 605 305

Figure 1.14: Meridional sections of (a) the zonal-mean U (dashed lines: every 10 ms 1)
and refractive index for stationary Rossby waves (ks) defined for the zonal-mean flow (solid
line), superimposed on the E-P flux (arrow;scaling is at the right-upper corner; unit: m%s—2)
for Period | (16 June ~ 16 July, 1997). Shading indicates the regions for ks >3 and U >35
[ms—1]. A heavy line indicates the tropopause defined by the NCEP. (b) As in (a), but for the
standard deviation of submonthly geopotential height fluctuations normalized by pressure
(contoured for every 10 m). (c, d) As in (a) and (b), respectively, but for Period 11 (17 July
~ 16 August).
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Figure 1.15: (a) Mean 400-hPa westerly wind speed (U: every 10 ms—1; dashed for U=10
ms~2; shaded for U >25 ms—1) and (b) standard deviation of submonthly fluctuations a({)
in 400-hPa geopotential height (contoured for; 80, 110 and 140 m) superimposed on the
horizontal component of a mean wave-activity flux (arrows), for Period | (16 June ~ 16 July,
1997). In (b), shading indicates the upward component of the mean wave-activity flux at the
150-hPa level exceeding 0.01 [m2s—2]. Scaling of the arrows (unit; m?s—2) is given near the
lower-right corner of the panel. (c,d): Same as in (a,b), respectively, but for Period Il (17
July ~ 16 August).

30



This difference may be caused by difference in local waveguide structure over the South-
eastern Pacific between the two Periods (Figs. 1.16c and f). In Period I, the PNJ does not
fully develop right above the tropopause and the vertical waveguide structure is not well de-
fined, which is likely to prevent wave activity associated with submonthly fluctuations from
propagating upward into the stratosphere. In fact, 100-hPa westerlies are weak over that re-
gion associated with minima in ks (Figs. 1.16 aand b). In contrast, in Period 1, the westerlies
become stronger and 100-hPa Kg is maximized in this regions. Correspondingly, waveguide
structure well develops vertically across the tropopause over the Southeastern Pacific, which
leads to the enhanced wave-activity propagation into the stratosphere (Fig. 1.16f).

Thus, it is suggested that mismatch in longitudinal position between the localized tropo-
spheric wave forcing and the local well-defined vertical waveguide right across tropopause

may lead to the paradoxical results in the analysis based on the conventional framework.

1.5 Downward injection of wave activity from the strato-
sphere into the troposphere associated with wave packet
propagation

1.5.1 The purpose of this study

In the entire field of planetary waves, the upward propagating component should be dom-
inant because most of them are forced in the troposphere. However, one can image that a
PNJ with a substantial westerly vertical shear, even if it were zonally uniform, would act as
a “prism” that allows only the k=1 component (or maybe also the k=2 component) included
in the wave train to transmit farther upward. The rest of the wave activity, associated mainly
with the higher harmonics (k >2), would be refracted back into the troposphere as implied
by (1.37) and its related discussion.

Figure 1.17 illustrates this “prism effect” of an idealized PNJ in a 3 channel based on

the ray tracing method. The westerlies are assumed to be zonally symmetric with a uniform
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Figure 1.16: (a) Mean 100-hPa westerly wind speed (U: every 10 ms—1; shaded for U >35
ms 1), (b) refractive index (ks) of stationary Rossby waves at the 100-hPa level, represented
as the equivalent zonal wavenumber for each latitude, and (c) meridional section of K (solid
lines), U (dashed lines: every 10 ms—1) and the meridional and vertical components of a
mean wave-activity flux (arrows), all of which are averaged between 60°W and 120°W as
indicated in (a), for Period I (16 June ~ 16 July, 1997). In (b), shading is applied where
the upward component of mean wave-activity flux exceeds 0.01 [m2s~2]. In (c), shading
indicates the regions for ks >3 and U >25 [ms~1], and scaling for arrows is given at the
right-upper corner of the panel. A thick line the tropopause defined by the NCEP. (d,e,f):
Same as in (a,b,c), respectively, but for Period 1l (17 July ~ 16 August).
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Figure 1.17: Ray tracing of stationary Rossby waves in a 3 channel at 60° S for individual
zonal harmonics with zonal wavenumbers (k) 1 through 5 as indicated. The background
westerlies are zonally homogeneous with a uniform vertical shear of 10 [m s~1/10km] and
no surface wind. Scale height (H) is fixed to 10 [km]. The “tropopause” is placed at the
altitude of z= H, and the Brunt-Vaisala frequency is set to 0.02 [s~1] and 0.01 [s~1] above
and below z= H, respectively. Distance between any pairs of symbols along each of the rays
corresponds to the distance over which the ray can travel in a particular 24-hour period.

vertical shear and Brunt-Vdisala frequency in the stratosphere (above the 10-km altitude).

In contrast to PHO3, in which downward propagation of Rossby wave activity occurred
at a “reflecting surface” formated by anomalous negative vertical shear, downward wave-
activity propagation illustrated in Fig. 1.17 is due to refraction of wave activity in the pos-
itively vertically sheared westerlies. Furthermore, unlike in PHO3, where the downward
propagation of the entire planetary waves is discussed, our primary focus is placed on a zon-
ally confined wave packet that accompanies geographically localized circulation anomalies.
The anomalies are only a fraction of the entire planetary waves that are modulated due to
the superposition of those anomalies on the climatological wave field. This wave packet

behavior is further discussed in Appendix A.

In such an idealized situation as depicted in Fig. 1.17, the upward as well as downward
injection of Rossby wave activity across the troposphere can occur at any longitude. In
reality, however, the upward injection exhibits an apparent geographical preference even in

the SH in the presence of zonal asymmetries in the seasonal-mean westerlies (NN04). One
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would find a similar geographical preference also for the downward wave-activity injection,
if it really occurs, across the tropopause.

In this study we show that wave activity associated with zonally-confined Rosshy wave
trains in the SH lower stratosphere can indeed propagate downward, contributing positively
to the development of localized circulation anomalies in the troposphere. Localized in
the zonal direction, the upward and downward wave-activity propagation associated with
zonally-confined wave trains cannot be well depicted in the conventional framework of the
zonal harmonic decomposition nor the Eliassen-Palm (E-P) diagnosis, which has character-

istics as follows;

e The entire field at a given instance was decomposed into the zonally-symmetric com-

ponent and deviations from it (i.e., eddies).

e The deviations are considered as planetary waves and often decomposed into zonal

harmonics.
e Their propagation depends on the zonal-mean basic state.
e They propagate meridionally and vertically.
e A zonally-localized wave source can not be identified.
e Mathematically strict discussions can be made.
In contrast, those of the same framework as in NHO2 and NNO4 are;

e Theentire field at a given instance was decomposed into the three-dimensional, zonally-

asymmetric time-mean flow’ and deviations from it (i.e., anomalies).

e The anomalies are not decomposed into zonal harmonics and considered them as

Rossby wave trains or packets.

In this paper, we use the term “time-mean flow” to indicate seasonally varying fow whose time scales are
much longer than those of the evolution of quasi-stationary circulation anomalies.
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e Their propagation depends on the time-mean, zonally-asymmetric basic state.
e They propagate zonally as well as vertically and meridionally.

e A zonally-localized wave source can be identified.

e Mathematical strictness must be sacrificed to some extent.

Thus, in spite of loosing mathematical strictness, we will adopt the latter framework. Follow-

ing those two studies of NHO02 and NNO04, we applied diagnostics suited for that framework.

1.5.2 Data set and analysis method

The data set used is a reanalysis data set of the U.S. National Centers for Environmental
Prediction (NCEP) and the U.S. National Center for Atmospheric Research (NCAR) (Kalnay
et al. 1996) from 1979 to 2003. The data have been provided on a regular 2.5°x2.5° latitude-
longitude grid at each of the 17 standard pressure levels of 1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10 hPa. A low-pass digital filter with a cut-off
period of 8 days has been imposed on the four-time-daily data time series to remove high-
frequency fluctuations associated with migratory, synoptic-scale disturbances. Seasonal evo-
lution of the circulation is represented in the 31-day running-mean field, and the deviation
of the low-pass-filtered field from the running-mean field corresponds to submonthly, quasi-
stationary anomalies. Our choice of this filtering is to be discussed in Appendix B. Geopoten-
tial height anomalies have been multiplied by a factor (fo/f) to mimic streamfunction-like
anomalies (f: the Coriolis parameter; fo = f(43°9)).

In order to depict three-dimensional group-velocity propagation of quasi-stationary Rossby
wave trains both in the troposphere and lower stratosphere, a wave-activity flux of TNO1
(1.40) is used. In this study, the 31-day running-mean field is regarded as the basic state
in which quasi-stationary waves are embedded, and the low-pass-filtered anomalies are re-

garded as fluctuations associated with those waves.
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For representing mean-flow properties with respective to the propagation of quasi-stationary
waves, the refractive index K defined as (1.44) is used and the all quantities have been eval-
uated on the basis of the 31-day running-mean field as in NNO4. To keep consistency with
WKB-type assumptions used in the derivation of the wave-activity flux of TNO1, we use
locally evaluated N. The terms that include vertical derivatives of N, which were included
in the definition by Karoly and Hoskins (1982), have been neglected in our evaluation of K,
as in Chen and Robinson (1992), in recognition of the fact that vertical variations in N are
generally small except in the immediate vicinity of the tropopause. Still, a discontinuity is
present in Kg across the tropopause, reflecting the corresponding discontinuity in N. The Kg
field has been smoothed by retaining only its zonal harmonic components of k=0~4, so as
to be consistent with defining a waveguide structure for free stationary Rossby waves in the

stratosphere.

It should be noted that the wave-activity flux and refractive index used in this study have
been derived under WKB-type approximations of the sufficient slowness of zonal and time
variations in the basic flow. Unlike in the troposphere, the validity of the approximations is
not immediately obvious in the stratosphere, where only a few lowest zonal harmonics of
planetary waves are allowed to propagate. One way to assess their validity in space may
be through evaluating WKB parameters (Karoly and Hoskins 1982). For validity of WKB

approximations change of wavenumbers must be sufficiently small, i.e.;

ok—1
5l <L (1.50)
om-1
=5 I <L (1.51)
Since
ok—1 % Ks.3
—— = ()7 (1.52)
ox K2 k
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om-1 f % Ks .3
= ——= (5 1.53
az N Kg (%m) ’ ( )

(assuming that f /N variations are small) and the orders of ks/I and ks/(f/Nm) are unity, a

parameter
OKs
W= % (1.54)
S
for the zonal direction and another parameter
LS
W= — %2 (1.55)
N k2

for the vertical direction may be reasonable indices (Karoly and Hoskins 1982). However, we
do not have any appropriate method to estimate the validity of the WKB-type assumptions
for time variations. As argued in NHO02 and NNO4, hence, the validity of the assumptions in
our application may be justified only a posteriori in a qualitative sense by assessing a degree
of localization of the wave-activity flux and its geographical correspondence with localized
waveguide structure as revealed by the refractive index. Therefore, our argument in the rest
of the study must be kept qualitative.

The structure of this dissertation is as follows. In Chapter Il, case studies of upward
and downward wave-activity propagation across the tropopause observed over the SH in late
winter of 1997 are presented. Then the climatology and interannual variations of localized
wave-activity propagation across the tropopause and its influences on the stratospheric and
tropospheric circulations are explored in Chapter Ill. General discussions and concluding

remarks are presented in Chapter 1V.
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Chapter 2

Case studiesin SH late winter of 1997

2.1 Introduction

Figure 2.1a shows the vertical (net) component of the monthly-mean 100-hPa wave-
activity flux associated with the low-pass-filtered submonhtly fluctuations averaged zonally
along 60°S circle, which is considered to be an adequate indicator for wave-activity propa-
gation across the tropopause. Figure 2.1b shows the corresponding monthly mean, but for
the 100-hPa wave-activity flux. As a zonal average, the upward wave-activity propagation
into the stratosphere dominates over the downward wave-activity injection. Nishii and Naka-
mura (2004a, hereafter referred to as NN04) showed that the upward wave-activity injection
in the 1997 winter was in the form of zonally-confined wave trains. Meanwhile, the down-
ward injection of wave activity was more active than in any other years from 1979 to 2003,
the period in which the data set is available. As a typical example for depicting downward
wave-activity injection across the tropopause and its influence on the local tropospheric cir-
culation, we show a few cases observed in late winter of 1997 in the SH. Many of the results

presented in this chapter have been published in Nishii and Nakamura (2005).
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Figure 2.1: (a) Time series of zonal-mean monthly-mean vertical component of wave activity
flux of TNO1 at 100-hPa level along 60°S from 1979 to 2003. The unit is [m? s—2]. A thick
line with open circle denotes that of 1997. (b) The same as in (a) but for monthly mean
of daily value of only negative (downward) component of wave activity flux. Note that the
range of the vertical axes are different between (a) and (b).

40



2.2 An event of large-scale cyclogenesis in August 1997
2.2.1 Mechanisms of the cyclogenesis

As a typical example of a lower-stratospheric Rossby wave train influencing the tropo-
spheric circulation, an event of large-scale cyclogenesis that occurred around 10 August of
1997 off the Antarctic coast to the south of Australia is investigated in this section. The
quasi-stationary nature of the cyclogenesis is apparent in unfiltered sea-level pressure maps
shown in Figs. 2.2a-c. Over the 5-day period centered at 10 August, the cyclone center
exhibited its eastward phase migration of only ~2000 km, which is substantially slower than
a typical migration speed of an extratropical cyclone. In the NCEP/NCAR reanalysis data,
the surface cyclone center deepened below 960 hPa on that day. The surface cyclogenesis
was associated with the intensification of upper-tropospheric cyclonic anomalies (denoted
by a square in Figs. 2.2d-f) within the subpolar jet (SPJ 1 ; see also Fig. 2.7a). The cen-
ters of the surface cyclone and the cyclonic anomalies aloft (the former is also denoted by a
square in Figs. 2.2a-c) almost coincided with one another, indicative of their nearly equiv-
alent barotropic structure typical for low-frequency tropospheric anomalies over the ocean
(Blackmon et al. 1979). An incoming wave-activity flux into the cyclonic anomalies from
the tropospheric anticyclonic anomalies upstream was modest (Figs. 2.2d-f). The barotropic
feedback forcing from migratory synoptic-scale transient eddies ((%—f) HFT) on the cyclonic

anomalies was evaluated in a manner described in Nakamura et al. (1997);

<aa_f)HFT B SDZ [—ﬁ (VI—ZI+V—Z/+%)] ’

where over bar and primes denote the 8-day low-pass- and high-pass-filtered quantities,
respectively.  is the relative vorticity, fo the Coriolis parameter at 43°S (~ x10~%4s™1).

<%—f) e was quite weak around developing cyclonic anomalies when compared with the

Litisalso referred to as apolar-front jet.
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observed height tendency (Fig. 2.3) 2.

In the lower stratosphere (50 hPa), strong quasi-stationary anticyclonic anomalies were
observed over the Indian Ocean during the same period (Figs. 2.2g-i). They were located
slightly upstream of the developing tropospheric cyclonic anomalies of interest. This vertical
structure is well depicted in zonal-height sections along 60° S in Figs. 2.2j-1 3 In the lower
stratosphere (between the 200 and 50-hPa levels), phase lines of the streamfunction anoma-
lies exhibited an apparent eastward tilt with height between the stratospheric anticyclonic
anomalies upstream (around 100° E) and the tropospheric cyclonic anomalies downstream
(around 130°E, indicated with a square in Figs. 2.2j-lI), suggestive of downward propagation
of quasi-stationary Rossby wave activity. Our wave-activity flux diagnosis reveals that the
downward injection of wave activity across the tropopause was indeed pronounced within
the upstream half of the tropospheric cyclonic anomalies of interest . Especially on 8 Au-
gust (Fig. 2.2j), when the cyclonic anomalies began to develop, the flux was dominantly
downward below and slightly downstream of the stratospheric anticyclonic anomalies, ex-
tending downward into the mid- and lower troposphere. On 10 August (Fig. 2.2k), the flux
was still dominantly downward except in the lower troposphere.

For an assessment of the importance of the downward injection of wave activity relative
to its horizontal injection for a particular cyclogenesis of interest, the vertical and horizontal
convergence of the wave-activity flux was evaluated separately (Figs. 2.4a and b, respec-

tively). The vertical and horizontal convergence was found comparable in magnitude around

2 (%Z) et represents geopotential height tendency due solely to vorticity flux convergence associated with

the migratory transient eddies. Since the fg is a constant, (%Z)HFT is equivalent to a stream-function-like

tendency. This quantity tends to overestimate the net effect of those eddies because it does not include the
effect of eddy heat fux that acts to offset the barotropic feedback (Lau and Nath, 1991). In other words, the
barotropic feedback sets an upper bound of the net transient eddy effect, and therefore the smallness of the
former implies the primary importance of the low-frequency dynamics.

3In al the vertical sectionsin Figs. 2.2, 2.5, 2.12, 2.17, the wave-activity fLix is weighted by pressure asin
(1.40).

4Those anomalies were slowly moving eastward. Strictly speaking, the wave-activity fux plotted in those
fi gures thus represents group-velocity propagation relative to the slowly-moving wave phase (TNO1). Since the
group velocities of those wave packets are much larger than their phase velocities, the fux nevertheless depicts
the essential features of the observed wave packet propagation (Figs. 2.2d-j).
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Figure 2.2: Continued; (a-c) Maps of unfiltered sea-level pressure for (a) 8, (b) 10 and (c)
12 August, 1997. Solid lines are for 1005 and 1020 hPa, and dashed lines for 960, 975
and 990 hPa. (d-f) As in (a-c), respectively, but for 8-day low-pass-filtered geopotential
height anomalies (contoured for +50, 4150 and +250 m), and the horizontal component
of an associated wave-activity flux (arrows) at the 400-hPa level. Solid and dashed lines
represent anticyclonic (positive) and cyclonic (negative) anomalies, respectively. Scaling for
the arrows is given at the lower-right corner of each panel [Unit: m? s2]. Shading and
stippling indicate the upward and downward components, respectively, of the wave-activity
flux at the 150-hPa level whose magnitude exceeds 0.03 [m? s—2]. A square indicates the
400-hPa cyclonic anomaly center associated with the surface cyclone of interest, as also
plotted in (a-c). A circle and triangle denote the two 400-hPa anticyclonic anomaly centers
referred to in the text (also in other panels). (g-i) As in (d-f), respectively, but for 8-day low-
pass-filtered 50-hPa geopotential height anomalies (contoured for 60, +180, +300 and
+420 m), and the horizontal component of an associated wave-activity flux at the 50-hPa
level (arrow). (j-1) Zonal sections for 60°S of geopotential height anomalies (contoured for
+30, 90, +150 and +210 m) and an associated wave-activity flux (arrows). Scaling for
the arrows is given near the upper-right corner of each panel [Unit: m? s—2]. Shading and
stippling indicate the upward and downward components, respectively, of the wave-activity
flux whose magnitude exceeds 0.03 [m? s=2]. The anomalies have been normalized with
pressure. The 5-day mean tropopause defined by the NCEP is indicated with a thick solid
line.

(a) dzdt 1DAUG

Figure 2.3: (a) Anomalous 250-hPa feedback forcing on the geopotential height from the
vorticity flux due to high-frequency (under about 8 days) transient eddies on 10 August
1997. The contour interval is 30 [m/day] and zero lines are omitted. (b) Observed 250-hPa
geopotential height tendency on 10 August 1997.
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Figure 2.4: Zonal sections for 60°S over a longitudinal sector [100°E~180°] of (a) verti-
cal and (b) horizontal convergence of a wave-activity flux (contoured for —1, 1, 3, 5 [m
s~1/day]), respectively, for 10 August 1997. Shading denotes the time tendency of M de-
fined in TNO1 larger than 5 m s~ Y/day. The tendency was evaluated from anomaly data by
centered differencing. In (a) and (b), solid and dashed lines represent the flux convergence
(positive) and divergence (negative), respectively. A square denotes the center of the cyclonic
anomalies of interest.

the cyclonic anomalies near the tropopause. Therefore, both contributed to the increase in
wave-activity pseudomomentum M associated with the amplification of the cyclonic anoma-
lies, but the vertical convergence appears to correspond to the increase in M slightly better
than the horizontal convergence. Figure 2.4 thus suggests that the downward wave-activity
injection from the lower-stratospheric anomalies was, at least, as important as the horizontal
injection from the upstream tropospheric anomalies in the particular large-scale cyclogene-
sis.

It should be noted that, on 12 August (Fig. 2.2l), the upward wave-activity flux was
dominant in the mid- and lower troposphere in and around the cyclonic anomalies of interest,
while the flux was still downward across the tropopause converging into them. In the lower
troposphere, the upward flux was hinted as early as 10 August (Fig. 2.2k). The upward flux
is consistent with a slight westward phase tilt with height found in the lower-tropospheric
portion of the cyclonic anomalies (Figs. 2.2k-I), indicative of a contribution from baroclinic
processes to the amplification of the cyclonic anomalies. In fact, the anomalies developed

above an intense oceanic frontal zone (the Antarctic Polar Frontal Zone) along the Antarctic
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Circumpolar Current that accompanies sharp surface temperature gradient (Nakamura and
Shinpo 2004). It is thus conjectured that the upper-tropospheric cyclonic anomalies whose
development had been initiated by the downward wave-activity injection from the lower
stratosphere (Fig. 2.2d) induced the thermal advection across the near-surface baroclinic
zone, rendering the anomalies slightly baroclinic (c.f. Nakamura and Fukamachi 2004). This
baroclinic structure must be favorable for the further amplification of the anomalies within
the tropospheric subpolar jet. Nevertheless, Figs. 2.2 and 2.4 suggest that the downward
propagation of the Rossby wave train from the stratosphere contributed substantially to the

initial development of the cyclonic anomalies of interest.

2.2.2 Evolution of a lower-stratospheric wave train

A few days before the tropospheric cyclogenesis of interest, the aforementioned anticy-
clonic anomalies developed at the 50-hPa level over the South Indian Ocean, downstream
of the accompanying cyclonic anomalies over the South Atlantic (Fig. 2.5b). At that level,
the horizontal wave-activity flux was predominantly eastward across those two anomaly cen-
ters both located at ~60°S. It is thus suggested that these anticyclonic and cyclonic anoma-
lies were associated with a quasi-stationary Rossby wave train propagating along the lower-
stratospheric PNJ. The flux was strongly divergent in the upstream portion of the cyclonic
anomalies, where the flux was predominantly upward across the 150-hPa level. By August 4
(Fig. 2.5b), another cyclonic anomalies developed over the South Pacific with a wave-activity
flux diverging downstream. Again, the wave-activity flux was strongly upward across the
150-hPa level in the upstream portion of these cyclonic anomalies.

The vertical structure of the two wave trains on 4 August is elucidated in a zonal-height
section in Fig. 2.5c. The lower-stratospheric anticyclonic anomalies over the South Indian
Ocean, from which part of the associated wave activity was injected downward into the tro-
pospheric cyclonic anomalies under amplification (denoted by a square as in Figs. 2.2j-),

developed as a component of the lower-stratospheric Rossby wave train that had emanated
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Figure 2.5: (a-c) As in Figs. 2.2(d, g, j), respectively, but for 4 August.

from a tropospheric anticyclonic ridge located as far upstream as around the Drake Passage
(90° ~60°W, denoted by a circle in Fig. 2.5¢). Associated streamfunction anomalies exhib-
ited an apparent westward tilt of phase lines with height, which is consistent with the upward
emanating wave-activity flux associated with the wave train. The other wave train was found
to emanate from another anticyclonic ridge located southwest of New Zealand (indicated
with a triangle in Figs. 2.2j and 2.5c¢). Again, the wave train exhibited an obvious westward
phase tilt. The latter wave train appears to reinforce the former. Barotropic feedback forcing
from migratory eddies contributed positively to the amplification of each of those blocking
ridges (Fig. 2.6). Wave activity that had emanated eastward from the blocking near New
Zealand and then propagated along the SPJ across the South Pacific acted to reinforce the

blocking ridge around the Drake Passage (Figs. 2.2d, 2.5a and 2.7a).

2.2.3 Waveguide structure

It is evident in Figs. 2.2g-i that the eastward wave-activity propagation at the 50-hPa
level tended to be confined to a latitudinal band between 50°S and 60°S, which corresponds
to the prominent PNJ at that level (Fig. 2.7c). The upward wave-activity injection into
the stratosphere also tended to be confined to the same latitudinal band along the bottom
of the stratospheric PNJ (Fig. 2.5b). Both at the 50- and 150-hPa levels, the refractive in-

dex (Ks), defined locally for stationary Rossby waves through the formula (1.44), exhibits
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Figure 2.6: (a) The same as in Fig. 2.3a but on 4 August 1997. (b) The same as in Fig. 2.3b
but on 4 August 1997.

(a) U 400—hPa (b) U 150—hPa (¢) U 50-hPa

Figure 2.7: Mean westerly wind speed (U contoured for every 10 m s—1) for the 31-day
period centered at August 10 at the (a) 400-hPa, (b) 150-hPa and (c) 50-hPa levels. Shading:
(@ U>25[ms 1], (b)U>35[ms 1], (c) U>45[ms 1. Aline of small crosses in (a)
indicates the 50-hPa PNJ axis plotted in (c). A circle and square indicate the same 400-hPa
anomaly centers on August 10 as plotted in Fig. 2.2.

48



a zonally-elongated band of local maxima extending along the PNJ axis from around the
Drake Passage to the region south of New Zealand across the South Atlantic and Indian
Ocean (Fig. 2.8). This waveguide is also evident in a zonal-height section of ks along 60°S
(Fig. 2.9b). Around the tropopause level, the waveguide structure appears to be somewnhat
distorted within a longitudinal sector of ks minima over the South Atlantic between 20°W
and 40°E, in association with the equatorward displacement of the tropospheric SPJ relative
to the PNJ axis (Fig. 2.7a). This sector is located just downstream of the tropospheric block-
ing ridge of interest (indicated by a circle in Figs. 2.7-2.9). In the lower stratosphere, the
waveguide with relatively large ks extended zonally along the PNJ above those ks minima.
The anticyclonic ridge of interest developed at the exit of the Pacific SPJ (denoted as a circle
in Figs. 2.7-2.9), located right below the entrance of the stratospheric PNJ (Figs. 2.7, 2.8
and 2.9a). It is conjectured that, in the presence of this particular waveguide structure, wave
activity that had emanated from the anticyclonic ridge propagated selectively upward into
the stratosphere (Fig. 2.5c¢), leading to the formation of the wave train along the PNJ. The
rest of the wave activity emanated from the ridge was dispersed mainly equatorward over the
South Atlantic (Figs. 2.2d-f).

The downward wave-activity propagation across the tropopause occurred into the devel-
oping cyclone of interest, as the leading edge of the wave train approached the PNJ exit
around 120°E (Figs. 2.2j-1). Below that exit, ks was particularly large toward the tropo-
spheric SPJ (Fig. 2.9b). This region acted as a localized vertical waveguide or a “chimney”
through which the wave activity could be injected downward into (or could have emanated
upward from) the tropospheric cyclonic anomalies. The well-defined entrance and exit of
the PNJ as evident in Fig. 2.7c were apparently a manifestation of the k=1 component of the

persistent lower-stratospheric planetary waves.

2.2.4 Validity of WKB approximation
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(a) 150 hP
I

Figure 2.8: Maps of the refractive index ks for stationary Rossby waves represented as the
“equivalent zonal wavenumber” for each latitude (i.e. Ks divided by the earth radius and
cosine of each latitude) at the (a) 150-hPa and (b) 50-hPa levels, both based on the mean
circulation over the 31-day period centered at 10 August, 1997. Light and heavy shading
indicates regions where ks > 3 and 3.5, respectively, and U > 25 [m s~ 1]. A circle and
square indicate the same 400-hPa anomaly centers on August 10 as plotted in Fig. 2.2.
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Figure 2.9: Zonal sections for 60°S of (a) westerly wind speed (U; every 10 m s~ 1) and
(b) refractive index (kg) for stationary Rossby waves, both based on the mean circulation
in the 31-day period centered at 10 August, 1997. Kg is represented as the equivalent zonal
wavenumber for this latitude circle. Shading conventions in (b) are the same as in Fig. 2.8.
Heavy lines represent the tropopause. A circle and square indicate the same anomaly centers
on August 10 as plotted in Fig. 2.2.
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Figure 2.10: WKB parameters defined as (1.54) and (1.55) for the (a) 50-hPa and (b) 100-hPa
levels, respectively evaluated for 10 August 1997.

As stated in the preceding chapter, our diagnosis through the wave-activity flux and re-
fractive index is based on a WKB-type assumption that the fluctuations were slowly varying
both in space and time compared to the time-mean basic state. To assess the validity of this
WKB-type approximation, the WKB parameters defined as (1.54) and (1.55) are evaluated
for the 50-hPa and 100-hPa levels, respectively (Fig. 2.10). Their absolute values are suf-
ficiently less than unity at every longitude, which suggests the validity of the WKB-type

approximation both in the zonal and vertical directions.

As another assessment of the WKB-type assumption validity, the zonal and vertical group
velocities were estimated in three different ways. Our first estimation of the zonal group
velocity was based on a Hovméller diagram of 50-hPa height anomalies along the 60°S
circle by tracing cyclonic and anticyclonic anomaly centers alternatively toward downstream
(Fig. 2.11). The estimated 50-hPa eastward group velocity is about 17 [m/s], since the peak
time of the cyclonic anomaly center at 40°W was on 0400UTC 4 August and that of the
anticyclonic anomaly center at 85°E was 2300UTC 8 August. The estimation for the vertical
component is based on the fact that the peak time of the anticyclonic anomalies in the lower-
stratosphere (50 hPa, about 18 [km] above the sea level) was on 9 August and that of the
cyclonic anomalies in the upper troposphere (400 hPa, altitude of about 6 [km]) was on 12
August, which suggests that it took for the wave packet about 3 days to propagate downward
from the lower stratosphere to troposphere. The mean vertical group velocity thus estimated

is about 0.05 [m/s] (4 [km/day]).
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Figure 2.11: Hovmoller diagram of 50-hPa height anomalies [m] along the 60°S circle from
3to 11 August. Solid and dashed lines denote positive and negative anomalies, respectively.
Thick solid and dashed lines denotes 730 [m] and -540 [m], respectively. The estimations of
the zonal group velocity and the phase speeds are based on a red solid line and blue dashed
lines, respectively.

In our second estimation, group velocity was estimated as the ratio of wave-activity flux
and wave-activity pseudomomentum (TNO1; Harnik 2002) based on (1.41). However, the
quantity M defined as (1.42) is highly noisy because it contains a term that is the ratio of
squared PV fluctuations and basic-state PV gradient. Hence we estimated M by averaging
another term in (1.42) that includes wave energy
D)

_P_ e (2.1)
2°|U|-Cp

over half wave length. This procedure can be justified because those two terms in (1.42)
are equivalent, equally contributing to M over half a wavelength to eliminate the phase de-
pendency of M (TNO1). In the calculation, the phase speed was assumed to be zero due
to its smallness (about 4 [m/s] as estimated from the phase lines in Fig. 2.11), when it is
compared to the background westerlies about 50 [m/s] (Fig. 2.7¢). We estimated the 50-hPa

eastward group velocity from the ratio of the intensity of the wave-activity flux \\7V| and 2E
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averaged between 30°W and 90°E along the 60°S circle® on 7 August, which spans over
half a wavelength (Figs. 2.2k). The eastward group velocity is thus estimated as 19 [ms1].
The 100-hPa vertical group velocity was estimated similarly, but averaged between 60°E
and 150°E where downward wave-activity flux was prominent is about -0.027 [m/s] (2.3

[km/day]).

In the third estimation, we used the dispersion relation under assumption that the merid-
ional wavenumber is nearly zero (I ~ 0) in recognition of the fact that W was nearly eastward
along the PNJ and confined meridionally to it (Figs. 2.2g-i). The zonal group velocity (Cgx)

for stationary Rossby waves may be written as an expansion of (1.15) as follow;

SE'S
OHQI"

Cox (2.2)

On the basis of Fig. 2.9b, the 50-hPa eastward group velocity averaged between 30°E and
150°E along 60°S circle is estimated as 8 [m/s] and 34 [m/s] for the k=1 and k=2 compo-
nents, respectively. The zonal wavenumber corresponding to the observed 50-hPa eastward
group velocity, which is 17 [m/s] in our first estimation, is k=1.5. The estimation of the
vertical group velocity was not performed due to the difficulty in a quantitative estimation of

meridional and vertical components of wavenumber.

These estimations of the group velocity are qualitatively consistent, which justifies the
validity of the WKB-type assumption assumed in our diagnosis. Randel (1987) discussed
the vertical propagation of the planetary waves by using a cross correlation analysis. He
found that it takes 4 and 1-2 days for k=1 and k=2 components, respectively, to reach the
stratosphere (10 hPa, 30 [km]) from the upper troposphere (300 hPa, 10 [km]). His result
suggests that the mean vertical group velocities for k=1 and k=2 components are about 5

[km/day] and 10-20 [km/day], which is consistent with our results.

STaking an adequate averaging span, the contribution of E and the counterpart term to M is theoretically
identical. Thus E must be doubled for using E instead of M.
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2.3 A blocking event in September 1997

As our another example of downward wave-activity injection across the tropopause, we
briefly refer to a blocking event that occurred south of New Zealand in late September
of 1997 (denoted by a square in Figs. 2.12d-f). As evident in Fig. 2.12f, the blocking
anticyclonic anomalies were relatively shallow, confined mostly to the troposphere. Cy-
clonic anomalies located upstream, in contrast, were deeper, extending into the stratosphere.
Rossby wave activity was injected into the developing ridge horizontally in the upper tropo-
sphere from another anticyclonic anomalies farther upstream over the South Indian Ocean
through the tropospheric cyclonic anomalies (Fig. 2.12d). At the same time, part of wave ac-
tivity propagating eastward along the lower-stratospheric PNJ was injected downward across
the tropopause into the blocking ridge developing to the south of New Zealand (Figs. 2.12e-
). Consistently, phase lines of the streamfunction anomalies associated with the ridge ex-

hibited a distinct eastward tilt with height (Fig. 2.12f).

As indicated in Fig. 2.12f, the quasi-stationary Rossby wave train with deep structure
observed on 24 September originated from another tropospheric cyclonic anomalies located
farther upstream over the South Atlantic (denoted by a circle in Fig. 2.12). The cyclonic
anomalies had remained rather shallow, confined mostly to the troposphere for the past sev-
eral days. On 20 September (Fig. 2.12c), the cyclonic anomalies were situated below the
anticyclonic anomalies in the stratosphere over the South Atlantic (60°W~0°). While weak
downward injection of wave activity occurred across the tropopause into the upstream por-
tion of the cyclonic anomalies (Figs. 2.12a-c), wave activity emanated more strongly upward
into the stratospheric anomalies from the downstream portion of the tropospheric anomalies
(Figs. 2.12a-f). This upward wave-activity injection occurred where the stratospheric PNJ
partially overlapped with the tropospheric SPJ (Figs. 2.12g-h). It should be noted that dis-
tinct downward injection of wave activity into the blocking ridge of our primary interest did

not occur until the leading edge of the stratospheric wave train reached a “chimney” (vertical
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waveguide) in the exit region of the PNJ to the south of Australia, which was overlapped with
the tropospheric SPJ. The “chimney” was marked with local maxima of ks (>3.5) extending

from the 70-hPa level downward below the tropopause (Fig. 2.12i).

The validity of WKB-type approximation was assessed in the same way as in the August
case. The WKB parameters (1.54) for the 50-hPa level and (1.55) for the 400-hPa level are
presented in Figs. 2.13a and b, respectively, which show sufficient smallness of their abso-
lute values. The zonal group velocity estimated from a Hovmoller diagram along the 60°S
circle of 50-hPa height anomalies around 22 September is about 70 [m/s] (Fig. 2.14), as
estimated from the fact that the group velocity propagation occurred from the anticyclonic
anomaly center at 5°W to the cyclonic anomaly center at 105°E over 25hours. The zonal
group velocity estimated from ratio of the zonal wave-activity flux component and 2E (2.2)
on the 50-hPa level averaged between the anticyclonic anomaly center at 10°W and the cy-
clonic anomaly center at 90°E along 60°S circle on 22 September is about 52 [m/s]. Taking
the zonal phase speed of about 10[m/s] (Fig. 2.14) into consideration, this estimation based
on the wave-activity flux is about 62 [m/s]. The 50-hPa height anomalies on 50-hPa level
observed on 24 September were dominated by the k=3 component (Fig. 2.12¢). The zonal
group velocities based on the dispersion relation on the 50-hPa level averaged between 10°W
and 90°E along the 60°S circle are about 9, 35 and 77 [m/s] for zonal wavenumber k=1, 2
and 3 components, respectively. Those results are consistent with each other in a qualitative
sense. Meanwhile, the downward group group velocity estimated from the ratio of the ver-
tical component of the wave-activity flux and 2E averaged between 90°E and 150°E along
60°S on 25 September is -0.028 [m/s] ([2.3 [km/day]). Since the peak time of the tropo-
spheric blocking was about 4 days after (on 26 September) the peak time of the stratospheric
cyclonic anomaly center, the downward group velocity estimated is about -0.035 [m/s] (3

[km/day]).
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Figure 2.13: The same as in Fig 2.10 but for 24 September 1997.
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Figure 2.14: The same as in Fig. 2.11 but from 16 to 27 September. Thick solid and dashed
lines denotes 895 [m] and -1080 [m], respectively.
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2.4 Stratospheric wave trains in late winter of 1997

In the preceding sections two examples were presented in which downward wave-activity
injection from lower-stratospheric Rossby wave trains appeared to contribute toward the am-
plification of large-scale quasi-stationary anomalies in the SH troposphere. In those exam-
ples, the stratospheric wave trains propagating along the PNJ had originated from another
tropospheric anomalies located far upstream. In this section, we show that such upward
and downward injection of quasi-stationary Rossby wave activity across the tropopause was

observed over the SH rather frequently during late winter and early spring of 1997.

Figure 2.15 shows Hovmdller diagrams of low-pass-filtered geopotential height anoma-
lies at the (a) 50-hPa and (b) 400-hPa levels averaged between 50°S and 60°S. Shading and
stripping indicate the upward and downward wave-activity injection, respectively, across the
150-hPa level. As discussed in NNO4, formation of a zonally propagating quasi-stationary
wave train occurred frequently in the lower stratosphere in conjunction with enhanced up-
ward wave-activity injection across the 150-hPa level (Fig. 2.15a). One may notice that
the event of the lower-stratospheric wave train examined in our first example was one of
the earliest among such events as observed in the particular season. Though less frequently
than the upward propagation, the downward wave-activity injection across the 150-hPa level
did occur occasionally just downstream of an eastward propagating wave train at the 50-hPa
level. The downward wave-activity injection tended to be observed right over or slightly
upstream of quasi-stationary 400-hPa height anomalies from which the wave-activity flux
diverged eastward (arrows in Fig. 2.15b). In many of those occasions including the two
examples shown in the preceding sections, Rossby wave trains that had originated from the
tropospheric circulation anomalies propagated zonally in the lower stratosphere, and they

were then refracted back into the troposphere to form another wavetrains downstream.
Figure 2.16 also summarizes the activity of quasi-stationary submonthly fluctuations in

the lower stratosphere and upper troposphere, an associated three-dimensional flux of sta-
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Figure 2.15: Zonal-time sections for our analysis period (16 July ~ 16 October, 1997) of
geopotential height anomalies and the zonal component of a wave-activity flux (arrows),
based on the meridional averaging between 55°S and 60°S at the (a) 50-hPa and (b) 400-hPa
levels. Solid and dashed lines indicate anticyclonic and cyclonic height anomalies, respec-
tively. Contours are drawn for (a) 150, +£450, +750, 41050 and +1350 m, and for (b)
+100, +300 and £500 m. Scaling for the arrows is given at the upper-right corner of each
panel (unit: m? s—2). Shading and stippling indicate the upward and downward components,
respectively, of the wave-activity flux across the 150-hPa level whose magnitude exceeds
0.03 [m?s~2].
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tionary Rossby waves and the time-mean structure of the westerly jets for the three 31-day
periods of 17 July-16 August, 17 August-16 September and 16 September-16 October in
1997. Again, shading and stippling denote the upward and downward injection of wave-
activity across the 150-hPa level. As pointed out by NNO4 and confirmed by comparing
the left and right columns of Fig. 2.16, the upward wave-activity propagation tended to
be pronounced in regions below the lower-stratospheric PNJ where the tropospheric sub-
monthly fluctuations were particularly strong. In good agreement with Fig. 2.15, downward
wave-activity injection into the troposphere was pronounced right below or slightly down-
stream of local maxima of 50-hPa submonthly height fluctuations (Figs. 2.16a, d and g),
located right above or slightly upstream of the local maxima of the tropospheric submonthly
fluctuations (Figs. 2.16c¢, f and i). This result is suggestive of the significant influence of
stratospheric Rossby-wave anomalies that can be exerted on the development of tropospheric
quasi-stationary anomalies. As consistent with Fig. 2.15, the downward wave-activity injec-
tion occurred mainly to the south of Australia and in the central South Pacific (Figs. 2.16¢
and f), both along the tropospheric SPJ (Fig. 2.16b and e). After mid-September (Fig. 2.16i),
the downward injection weakened in the central South Pacific, while it was enhanced around
the Drake Passage, which is also along the SPJ, located just downstream of the exit of the
secondary PNJ core that formed over the eastern South Pacific (Fig. 2.16h). Still, the region
south of Australia remained as the primary region of the downward wave-activity injection.
In this region, the downward injection from the stratosphere was so dominant that the wave-
activity flux across the 150-hPa level was pointing downward even as the net over each of
the 31-day periods (Fig. 2.16a, d and g). In the two other regions, the upward wave-activity
propagation into the stratosphere dominated over the downward injection, which rendered
the net wave-activity flux at the 150-hPa level weakly upward in all of the three periods
(Figs. 2.16a, d and g). In each of those regions of active downward wave-activity injection,
a local “chimney” structure with vertically extending ks maxima is apparent in association

with the overlapping of the stratospheric PNJ and tropospheric SPJ (Fig. 2.17).
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Figure 2.16: (a) Standard deviation of submonthly low-pass-filtered fluctuations in 50-hPa
geopotential height (contoured for 120, 200 and 280 m), and the horizontal component of
a time-mean 50-hPa wave-activity flux (arrows). Scaling for the arrows is indicated at the
lower-right corner. Shading and stippling are applied to the regions where the vertical com-
ponent of the 31-day mean net wave-activity flux is upward or downward, respectively, at
the 150-hPa level, exceeding 0.01 [m2 s—2] in strength. (b) Mean 400-hPa westerly wind
speed (contour interval: 10 m s—1). Small crosses superimposed mark the 50-hPa PNJ axis
(their size is proportional to the corresponding local wind speed). Dashed lines surround
the regions where the 31-day mean downward wave-activity flux (but not the net flux) at
the 150-hPa level was stronger than 0.01 [m? s—2] in magnitude. (c) Standard deviation of
submonthly low-pass-filtered fluctuations in 400-hPa geopotential height (contoured for 80,
110 and 140 m). Stippling is applied where the 31-day mean downward wave-activity flux
as in (b) at the 150-hPa level exceeds 0.01 [m2s—2] in magnitude. The periods for (a-c), (d-f)
and (g-i) are for 17 July ~ 16 August, 17 August ~ 16 September and 16 September ~ 16
October, respectively.

61



16SEP—160CT

17AUG—16SEP

17JUL—16AUG

305 90S 60S

Figure 2.17: (a) Meridional section of Ks (solid lines), U (dashed lines for every 10 [m s~ 1))
and the meridional and vertical components of a mean wave-activity flux (arrows), all of
which are averaged between 80°E and 140°E for 17 July ~ 16 August. Shading indicates
the regions for ks >3 and U >25 [m s~1], and scaling for arrows is given at the right-upper
corner of the panel. A thick line indicates the tropopause defined by the NCEP. The wave-
activity flux was included in the averaging only when the flux was pointing downward. (b):
Same as in (a), but averaged between 110°W and 150°W. (c): Same as in (a), but averaged
between 80°E and 120°E for 17 August ~ 16 September. (d): Same as in (a), but averaged
between 160°E and 130°W for 17 August ~ 16 September. (e): Same as in (a), but averaged
between 110°E and 150°E for 16 September ~ 16 October. (f): Same as in (a), but averaged
between 40°W and 70°W for 16 September ~ 16 October.
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2.5 Concluding remarks

In our case study of the SH circulation in 1997, we have presented several pieces of evi-
dence that wave activity associated with a zonally propagating quasi-stationary Rossby wave
train along the lower-stratospheric PNJ that has emanated from quasi-stationary tropospheric
anomalies developing at a particular location can, in some occasions, be injected downward
into the troposphere, contributing to the development of another tropospheric anomalies at a
distant location. In one of our examples, the downward propagation of Rossby wave activity
across the tropopause contributed to large-scale quasi-stationary cyclogenesis to the south of
Australia. In our another example, such downward wave-activity propagation contributed to

the formation of a blocking ridge in nearly the same region.

For a quasi-stationary Rossby wave packet that consists mainly of the k=1, 2 and 3 com-
ponents, the stratospheric PNJ with a large wind speed and tight PV gradient acts as a better
waveguide than the tropospheric SPJ does. Therefore, Rossby wave activity, once injected
into the lower-stratospheric PNJ, propagates eastward through the PNJ nearly twice as fast as
it would through the SPJ, thus effectively transferring wave activity downstream. During the
August event (from 6 to 10 August), amplitudes of k=1 to k=3 component are about 390 [m],
350 [m] and 200 [m], respectively (Fig. 1.2, presented in p. 3). Thus the k=3 component,
which constituted the zonally-confined, “beam-like” wave packet in the lower stratosphere,
accounted for nearly 20% of the amplitude of the whole height anomalies along the PNJ at

the 50-hPa level.

At this stage, we are not quite certain whether wave-activity injection across the tropo-
pause alone could trigger the development of the tropospheric anomalies of interest in our
examples. Circulation anomalies initiated in the SPJ by tropospheric processes would am-
plify through downward injection of Rossby wave activity across the tropopause if another
anomalies with the opposite sign are or have already been present slightly upstream in the

exit of the lower-stratospheric PNJ. It should be stressed that, as mentioned in the introduc-
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tion, our argument must remain qualitative because of the WKB-type assumptions implicit in
our particular diagnosis tools whose validity is not immediately obvious in the stratosphere.
Nevertheless, our examples, especially the first one, suggest a potential importance of the
downward propagation of a Rossby wave train from the stratosphere at the early stage of the
development of large-scale tropospheric anomalies.

It has been shown in this chapter that zonal asymmetries in the time-mean westerlies
are important, even over the SH, for zonal and vertical propagation of Rossby wave trains.
Specifically, the vertical overlapping of the stratospheric PNJ with the tropospheric SPJ is
of particular importance in the local formation of a vertical waveguide across the tropo-
pause through which a quasi-stationary Rossby wave train can propagate upward or down-
ward. If such a cross-tropopause “chimney” forms around the exit region of the lower-
stratospheric PNJ, downward wave-activity injection will be possible through which a strato-
spheric Rossby wave train can contribute to the large-scale cyclogenesis or blocking forma-
tion in the troposphere. This is likely the reason why downward wave-activity injection into
the troposphere during late winter of 1997 occurred most frequently to the south of Australia,
where the overlapping of the PNJ exit and the SPJ was observed throughout the season. The
location of such a “chimney” must be sensible to the three-dimensional structure of planetary
waves included in the time-mean flow. We thus conjecture that the seasonal and interannual
changes in positions of the PNJ exits could result in the modulation of the downward prop-
agation of quasi-stationary Rossby wave activity into the troposphere, which will be a topic

of the next chapter.
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Chapter 3

Climatology and interannual variability
of vertical wave-activity propagation

3.1 Introduction

In the preceding chapter, we have shown that both upward and downward wave-activity
propagation across the tropopause occurred in association with the local amplification of sub-
monthly fluctuations in the stratosphere and troposphere in the Southern Hemisphere (SH)
winter of 1997. In this chapter, we show that such vertical propagation of submonthly wave-
train-like anomalies were also observed in other years over the SH winter. The distribution
and magnitude of vertical wave-activity propagation are found substantially different from
one winter to another. The results obtained in the preceding chapter suggest that the wave-
activity propagation is rather sensitive to the configuration of the stratospheric polar-night jet
(PNJ) and the tropospheric subtropical jet (SPJ) structures. One may conjecture that interan-
nual variations in the vertical wave-activity propagation may occur in association with those
of PNJ and SPJ.

The most dominant mode of interannual variability in the tropospheric circulation over
the Southern Hemisphere (SH) is called “Southern Hemisphere annular mode (SAM)” 1

(Thompson and Wallace 2000) or “high latitude mode (HLM)” (e.g., Kiladis and Mo 1999),

1SAM isalso referred to as Antarctic Oscillation (AAO)
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which is characterized by a zonally-symmetric out-of-phase relationship of geopotential
height anomalies between the polar region and the mid latitudes. The circulation anoma-
lies associated with the SAM, characterized by north-south fluctuations in position of the
zonal-mean westerly jet about 50°S, are sustained by a positive feedback from momentum
flux of migratory transient eddies (Limpasuvan and Hartmann 1999; Lorenz and Hartmann
2001). In winter, the SAM related anomalies are extended into the stratosphere and show
the barotropic structure over both the stratosphere and troposphere (Thompson and Wallace
2000). The second mode is characterized by a wave train that extends southeastward from
the central to the southeast Pacific then turns northeastward to South America. The third
mode represents a zonal wavenumber 3 (k=1) pattern with its maximum amplitude between
50°S and 60°S (e.g., Kiladis and Mo 1999). The second and third modes are considered to
be linked to EI Nifio/Southern Oscillation (ENSO) and referred to as Pacific South American
(PSA) patterns (Vera et al. 2004 and references therein).

Fewer studies have been done on interannual variations in the SH stratosphere than the
NH stratosphere due to the limited availability of hemispheric reliable data until recently.
The interannual variations has been studied mainly from a viewpoint of anomalous seasonal
march of the zonal-mean zonal wind and E-P flux propagation. In SH late winter and spring,
the core of the zonal-mean PNJ moves poleward and also downward from the upper strato-
sphere into the lower stratosphere. Interannual variability of the zonal-mean PNJ is related
to the year-to-year differences in the timing of the jet core shift associated with anomalous
E-P flux upward from the troposphere (Shiotani et al. 1993; Kuroda and Kodera 1998; Hio
and Yoden 2005). The descent of the zonal-mean zonal wind anomalies are regard as being
associated with the SAM, of which variability is extending over the stratosphere and tropo-
sphere (e.g. Thompson et al.2005). On the other hand, there is another viewpoint that the
stratospheric variability is associated with the polar-night jet oscillation (PJO) and it interacts

with the tropospheric SAM in winter (e.g. Kuroda and Kodera 2001).

Hio and Hirota (2002) found through the EOF analysis that the interannual variability
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in the zonally asymmetric components of the SH mid-stratospheric circulation in late winter
(September and October) can be decomposed into two components, one is amplification of
the stationary k=1 component and the other is a longitudinal phase shift of k=1 component.
They also found that the interannual variations in the stratosphere are associated with those
in the tropospheric subpolar and subtropical jets.

In this chapter, we begin our discussion by showing the climatological distribution of
vertical wave-activity propagation in late winter (August and September) and its relation
to the climatological distributions of submonthly fluctuations and the climatological west-
erly jet structure. Their interannual variations are then discussed. Meridional heat flux at the
100-hPa level associated with upward wave-activity propagation and its interannual variation
are known to be maximized from August to November (Randel 1988; Randel and Newman
1999). In normal years, breakdown of the stratospheric polar vortex associated with the final
warming occurs from October to November. During the final warming, the rapidly chang-
ing circulation can not be decomposed unambiguously into the submonthly fluctuations and
seasonally-varying basic state as was shown in the last chapter. As a measure of the lo-
cal intensity of submonthly fluctuations, the root-mean square of low-pass-filtered height
anomalies over a given months is used. At the most of the locations, the monthly mean
of the vertical component of the wave-activity flux is typically positive, masking the down-
ward wave-activity propagation, if exists. We therefore evaluated the upward and downward
wave-activity propagation across the tropopause separately by summing up the positive and
negative values of the vertical component separately within a given month then dividing them
by the numbers of days in the particular months. NCEP/NCAR reanalysis data set from 1979

to 2003 is used for this calculation.

3.2 Climatological distribution of late winter of the SH

In late winter (August-September) of the Southern Hemisphere (SH), the maximum cores
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Figure 3.1: (a) Climatological mean of zonal wind at the 50-hPa level in August and Septem-
ber from 1979 to 2003 (contoured for 40, 50 and 60 m/s). Southward from 40°S is shown.
(b) Same as (a) but for 400-hPa level (contoured for 15, 20, 25 and 30 m/s). In both panels,
red crosses and green dots show axes of 50-hPa and 400-hPa westerlies jets, respectively.

of the stratospheric PNJ and tropospheric SPJ are both observed over Indian Ocean (Fig.
3.1), but the axis of the PNJ is shifted poleward of that of SPJ. Their axes are overlapped
over the Pacific and Atlantic Oceans, where both the upward and downward components of
the 100-hPa wave-activity flux are pronounced (Figs. 3.2a and b). This supports the hy-
pothesis proposed in the preceding chapter that overlapping of the PNJ and SPJ leads to the
formation of a vertical waveguide (“chimney”) through which the wave activity can effec-
tively propagate vertically across the tropopause. Due to the pronounced upward injection of
wave activity from below, lower-stratospheric submonthly fluctuations are also the strongest

over the Pacific and Atlantic Oceans (Figs. 3.3a and b).

3.3 Interannual variations over the SH

Distribution of the climatological-mean downward wave-activity flux differs substan-
tially from that in late winter of 1997 shown in preceding chapter, which means large year-
to-year variations in the downward wave-activity propagation over the SH. To examine the
interannual variations in local downward wave-activity propagation and related anomalous

time-mean westerlies, the area averaged monthly-mean downward wave-activity flux across
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Figure 3.2: (a) Upward component of time-mean wave-activity flux at 100-hPa level (con-
toured for 0.004, 0.008 and 0.0012 m?s—2). Yellow shading indicates regions where the flux
is larger than 0.006 [m2s~2]. (b) Same as (a) but for downward component (contoured for
-0.004 m2s—2). Purple shading indicates regions where the flux is less than -0.006 [m%s~—2].
Red crosses and green dots are the same as in Fig. 3.1).

AS

Figure 3.3: (a) Standard deviation of submonthly low-pass-filtered fluctuations in 50-hPa
geopotential height (contoured for 100, 150, 200 and 250 [m]). Light blue shading denotes
regions where the standard deviation is more than 220 [m]. (b) Same as (a) but for 400-
hPa geopotential height (contoured for 100 and 150 m). Light blue shading denotes regions
where the standard deviation is more than 120 [m]. Red crosses and green dots in (a) and (b)
are the same as in Fig. 3.1).
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the 100-hPa level are used for classifying active and inactive downward wave-activity prop-
agation months over indicated areas. Then composite maps of the wave-activity flux, west-
erlies and rms of submonthly height fluctuations are made for each of the categories. Signif-

icance of the difference between the two groups are estimated with Student t statistic.

3.3.1 South of Australia

Wave propagation statics over are between 120°E to 180° and between 55°S to 65°S,
where downward wave-activity injection is prominent in 1997 late winter, are discussed in
this subsection. Five months (8 months) when the area averaged magnitudes of the 100-hPa
downward wave-activity flux exceeds 0.009 [m2s—2] (is less than 0.001 [m2s—2]) have been
selected as months of active (inactive) downward wave-activity injection. The active months
thus selected are Sep. 1983, Sep. 1988, Aug. 1997, Sep. 1997 and Aug. 2003 and the
inactive months are Aug. 1979, Aug. 1980, Aug. 1985, Aug. 1987, Sep. 1990, Sep. 1992,
Aug. 1998 and Sep. 2001.

Figure 3.4a shows difference composite maps of the monthly-mean downward wave-
activity flux between the two groups. In the active months, downward wave-activity injec-
tion from the stratosphere is prominent to the south of Australia and New Zealand, whereas
upward wave-activity propagation into the stratosphere is enhanced over the southeastern
Pacific and over from the southeastern Atlantic to the southwestern Indian Ocean. Con-
sistently with this enhanced upward wave-activity injection, submonthly fluctuations in the
lower stratosphere are enhanced along the PNJ in all longitude in the active downward wave-
activity injection months downstream of the enhanced upward wave-activity injection (Fig.
3.5a). The enhancement of submonthly fluctuations in the troposphere occurs over the At-
lantic, Indian Ocean, the southwestern Pacific, where the downward wave-activity injection
from the stratosphere is intensified.

Associated with the variations of the downward wave activity propagation to the south

of Australia, the stratospheric PNJ axis over the Indian Ocean is shifted poleward with the
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Figure 3.4: (a) Difference of composite map for monthly-mean downward wave-activity flux
between “active” and “nonactive” downward wave-activity propagation months to the south
of Australia. Red and blue line denote positive and negative, respectively (contour interval is
0.004 [m?s—2] and a zero line is omitted). Enhanced downward wave activity is indicated by
the blue line. Yellow and purple shading denotes the difference is positively and negatively
significant at 90% level. (b) The same as (a) but for monthly-mean upward wave-activity
flux.

120-180 zz50 diff comps—compw 5 : 8 120—-180 zz400 diff comps—compw 5 : 8
. v ) .

1000

Figure 3.5: (a) Difference of composite map for variance of 50-hPa anomalous geopotential
height defined in each months between active and nonactive downward injection months.
The yellow and purple shading denotes the difference is positively and negatively significant
by 90% with Student t-test. (b) The same as (a) but for 400-hPa level.
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Figure 3.6: (a) The same as in Fig. 3.5 but for the 50-hPa monthly mean westerlies. Green
and purple crosses denote westerly axes for the active downward months and inactive down-
ward months, respectively. (b) The same as in (a) but for 150-hPa level. (c) The same as in
(a) but for 400-hPa level.

wind speed of its poleward side being stronger and of its equatorward side being weakened
(Fig. 3.6a). Near the tropopause and tropopause (Figs. 3.6b and c), wind speed is decreased
significantly at the equatorward of jet axes over the Indian Ocean. In the poleward side of

the jet axis, although not significant, tendency of stronger wind speed is observed.

Figure 3.7 shows vertical cross sections of the refractive index (ks), defined in (1.44),
along 150°E based on the active and inactive composites. Along that meridian, the enhance-
ment in downward wave-activity injection is prominent in the active months. In the active
months, maxima in Kg observed between 55°S and 60°S (ks > 0) in the stratosphere extend
downward into the upper troposphere (Fig. 3.7a), while the stratospheric maxima in K are
disconnected from the tropospheric maxima in the inactive months (Fig. 3.7b). In other
words, the “chimney” structure tends to be better established in the active months than in the
inactive months, reflecting the jet structure. More specifically, the stronger vertical curva-
ture of the westerly jet just above the tropopause contribute to the increasing K in the active

months (Fig. 3.7c).

To show the influence of the enhanced downward wave-activity injection on the tropo-

spheric circulation in a more specific manner, one-point correlation of anomalous geopoten-
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Figure 3.7: (a) Meridional section along 150°E of the refractive index (ks) composited for
the months of active downward wave-activity injection to the south of Australia. The contour
interval is 1. Light and heavy green shading denote the region where the refractive index is
more than 2.8 and 3.5. The definition of active and inactive months is refereed to text. (b) The
same as in (a) but for the months of inactive wave-activity injection. (c) Meridional section
along 150°E of the composite difference in a composited vertical curvature of the mean
westerlies jet. The negative curvature contribute to increasing ks as known from (1.38). The
contour interval is 5.0x10~8 [m~1s~1]. Yellow and purple shading denote regions where the
vertical curvature is more than 2.5x10~8 [m~1s~1] and less than -2.5*10 8 [m—1s1].

tial height field is constructed with 400-hPa height anomaly at (140°E, 55°S) as the reference
time series. The grid point is in the region where the downward wave-activity injection is
enhanced across the tropopause and submonthly fluctuations in the troposphere tend to be
enhanced to its downstream during active months. The evaluation is based on the JRA25
data from 1979 to 2000. Figure 3.8 shows zonal cross sections of the one-point correlation
for the “active” and “inactive” months. For the “active” months (Figs. 3.8a and b), a center
of negative correlation is evident for the lag of -1 day in the lower stratosphere upstream
(at ~120°E) of the reference grid point, and another center of positive correlation farther
upstream (at ~120°E), indicative of a wave train along the stratospheric PNJ. Between the
stratospheric domain of the negative correlation and the tropospheric domain of the posi-
tive correlation around the reference grid point, correlation contours are tilted eastward with
height, suggestive of downward Rossby wave-activity injection to the tropospheric anoma-
lies developing around the reference points from stratospheric anomalies that had developed

earlier. For the “inactive months”, in contrast, significant correlation is confined to the tro-
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Figure 3.8: (a) Zonal cross section along 55°S latitude of one point correlation maps based
on 400-hPa, 140°E-55°S grid with -1 lag day using active downward wave-activity injection
months defined in the text. Red and blue contours denote positive and negative. Contour
interval is 0.2 and zero lines are omitted. Yellow and purple shading denotes positively and
negatively significant signal over 95% level, respectively. (b) The same as in (a) but for using
nonactive downward wave-activity injection months.

posphere and no significant anomaly is present in the stratosphere (Figs. 3.8c and d).

3.3.2 Over the South Atlantic

Interannual variability in the downward wave-activity injection across the tropopause is
also strong over the South Atlantic, where the climatological mean downward wave-activity
injection is prominent (Fig. 3.2a). A relationship similar to that discussed in the preced-
ing subsection is found between anomalous structure of the westerly jet streams and the
anomalous vertical wave-activity injection, through the sample composite analysis as ap-
plied earlier. The area average of 100-hPa monthly-mean downward wave-activity flux from
30°W to 60°W in longitude and from 50°S to 60°S in latitude was used for selecting the
months of “active” and “inactive” downward wave-activity injection across the tropopause.
A particular month was selected as the “active” (“inactive”) months when the are-averaged
flux was stronger than 0.01 [m?s—2] (weaker than 0.0015 [m?s~2]). In this manner, five
months (Aug. 1988, Sep. 1990, Sep. 1991, Aug. 1992, Sep. 1996) have been selected
as the “active” months and another five months (Aug. 1984, Aug. 1989, Aug. 2000, Aug.
2001, Sep. 2003) for “inactive” months. When composited for the *“active months”, the

downward wave-activity flux over the South Atlantic and the upward wave-activity flux over
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Figure 3.9: (a) The same as in Fig. 3.4a but for over the South Atlantic. (b) The same as Fig.
3.4b but for over the South Atlantic.

the central Pacific both at the 100-hPa level tend to be more prominent than in the “inac-
tive” months (Fig. 3.9). Over south America, located upstream (downstream) of the region
of enhanced downward (upward) wave-activity propagation across the troposphere, the axis
of the lower-stratospheric PNJ shifts slightly poleward in the “active” months (Fig. 3.10).
The tropospheric SPJ tends to strengthen at its mean axis and weakens at the equatorward
side especially over the South Atlantic, where the downward wave-activity injection into the
troposphere is augmented (Fig. 3.9a), and its upstream over the South Pacific enhancement
of the tropospheric submonthly fluctuations is apparent particularly over the South Pacific,
where the upward wave propagation is stronger (Fig. 3.9b). Though slightly less apparent,
the enhancement in the tropospheric variability is also observed in the Southeastern Atlantic
(Fig. 3.11), slightly downstream of the region of the enhanced downward wave-activity in-
jection (Fig. 3.9b).

Figures 3.12a and b show meridional sections of kg along 320°E. In active downward
wave-activity injection months, the maximum of K is observed around 100-hPa level, which
is not in inactive downward wave-activity injection months. This maximum is contributed to
by both vertical and meridional curvatures as shown in difference composite of them (Figs.

3.12b and c).

One-point correlation maps have been constructed for low-pass-filtered submonthly height
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Figure 3.10: (a) The same as in Fig. 3.6a but for composite map over the South Atlantic. (b)
The same as in (a) but for the 150-hPa level. (c) The same as in (a) but for the 400-hPa level.

(b) 300-330 zz50 diff 7 & 7

(b) 300-330 zz400 diff 7 : 7

Figure 3.11: (a) Same as in Fig. 3.5a but for over the South Atlantic. (b) The same as Fig.
3.5b but for over the South Atlantic.
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Figure 3.12: (a) Same as in Fig. 3.7a but for a composite map for “active” months over
the South Atlantic and meridional cross section along 320°E. Shading denotes where Ks is
over 3.5. (b) The same as in (a) but for the months of inactive wave-activity injection. (c)
Same as in Fig. 3.7a but for a composite map for “active” months over the South Atlantic
and a meridional cross section along 320°E. (d) Same as in (c) but for meridional curvature.
The contour is for -1.5, -0.9, -0.3, 0.3, 0.9, 1.5 x 10~ [m~1s~1]. The negative meridional
curvature contribute to increasing Ks as known from (1.38).
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Figure 3.13: (a) The same as in Fig. 3.13a but for the base point is at 20°W-55°S grid with
-2 lag day using active downward wave-activity injection months defined in the text. (b) The
same as in (a) but for using nonactive downward wave-activity injection months.

anomalies with the reference time series at (20°W, 55°S) at the 400-hPa level. For the *“ac-
tive” months, significant negative correlation is apparent in the lower stratosphere upstream
of the tropospheric reference point over the South Atlantic with the lag of -2 days (Fig.
3.13a). In the correlation maps, contour lines are tilted eastward with height upstream of
the reference point, which suggests that the downward wave-activity injection tends to occur
across the tropopause. In the corresponding correlation map for the “inactive” months (Fig.

3.13Db), in contrast, no signal is found upstream in the stratosphere.

3.3.3 Influence of SAM

In the preceding subsections, it is suggested that the westerly jet structure variations are
important to determine downward wave-activity injection across the tropopause. As noted
in the first section, interannual variations associated with SAM is large in the troposphere.
Circulation variations associated with SAM are also observed in the wintertime stratosphere
(Thompson and Wallace 2000). Thus the interannual variations of wave-activity propagation

associated with SAM is expected through the PNJ and SPJ structure changes.

In this study, the SAM is defined as the leading empirical orthogonal function (EOF)
of anomalies in 850-hPa height in August and September. The region of poleward of 20°S

were used for our EOF analysis, where the local height anomalies have been weighted by
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the square root of cosine of latitude (Thompson and Wallace 2000 2 ). This leading EOF can
account for 22% of the total variance of the monthly 850-hPa height anomalies. The positive
and negative SAM events were defined by using the corresponding principal component
(PC) time series normalized by its standard deviation. A month with PC under -0.6 (over
+0.6) was regarded as a positive (negative) event of SAM. Composite maps were made for
monthly-mean geopotential height, westerlies, variances of submonthly height fluctuations
and their associated wave-activity flux. The 13 positive SAM events selected are Aug. 1982,
Sep. 1982, Sep. 1985, Sep. 1986, Aug. 1987, Sep. 1990, Aug. 1993, Sep. 1993, Aug. 1994,
Sep. 1995, Sep. 1997, Aug. 1998 and Sep. 2001, and 13 negative SAM events are Aug.
1980, Sep. 1980, Aug. 1981, Sep. 1981, Sep. 1983, Aug. 1984, Aug. 1986, Sep. 1988, Sep.
1994, Aug. 1996, Sep. 1996, Sep. 2000 and Sep. 2002.

Figures 3.14a and b show the difference composite maps of 850-hPa and 50-hPa height
anomalies, respectively, between the positive and negative events of SAM. A seesaw pattern
between the polar region and lower latitudes is evident both in the troposphere and the lower
stratosphere. In association with SAM, the SPJ in the lower stratosphere and the tropospheric
PNJ are also changing (Fig. 3.15). In the positive phase of SAM, the PNJ and SPJ tend to
strengthen around the 60°S circle, especially over the South Indian Ocean, south of Australia
and the Southwestern Pacific. They also strengthen slightly while shifting its axis poleward
over the Drake passage. Corresponding to the poleward shift of the PNJ axis, downward
wave-activity flux tends to be more active over the Drake Passage during the positive SAM
events than during negative SAM events (Fig. 3.16). In fact, a one-point correlation map
of the submonthly height anomalies for positive SAM months based on the reference time-
series at (30°W, 70°S), 400-hPa level displays significant negative correlation in the lower
stratosphere with the lag of -2 days upstream of the reference grid point (Fig. 3.17a), while
such negative correlation is missing for the corresponding map for the negative SAM months

(Fig. 3.17b). However, despite the significant changes in the PNJ and SPJ almost at every

2|n Thompson and Wallace (2000), SAM is defi ned using all year or cold months (May to October).
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Figure 3.14: (a) Difference composite maps (poleward of 20°) of monthly-mean 850-hPa
geopotential height between the positive and negative SAM months as defined in the text.
Contour interval is 50 [m] (zero line is omitted) and red and blue line denote positive and
negative difference, respectively. Yellow and purple shading is applied where the signifi-
cance of the positive and negative differences exceeds the 90% confidence level. based on
Student t-static. (b) Same as in (a) but for 50-hPa height.

longitude associated with SAM (Fig. 3.15), the anomalous downward wave-activity flux is
weaker than that shown in the previous sections, and its influence on the vertical propagation
of wave-like submonthly fluctuations can not be observed downstream of the the anomalous
downward wave-activity flux, over the South Atlantic (Fig. 3.18b). In addition, prominent
changes of submonthly fluctuations in the stratosphere is not observed (Fig. 3.18a). It is
therefore concluded that the dominant variability in the PNJ and SPJ associated with SAM
exerts only limited influence on the vertical propagation of submonthly wave-like fluctua-
tions across the tropopause, which tends to be more sensitive to local changes in the PNJ and

SPJ.

3.3.4 Influence of ENSO

a. Definition of the El Nifio and La Nifia years

To address the ENSO influence on vertical wave-activity propagation associated with
submonthly fluctuations, a composite analysis as in the preceding sections was applied sep-

arately to EI Nifio and La Nifia months that had been selected for August and September on
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Figure 3.15: (a) Same as in 3.14 but for 50-hPa zonal wind (poleward of 40°S). Contour
interval is 2 [m/s] and zero line is omitted. (b) Same as in (a) but for 50-hPa zonal wind with
contour interval of 3 [m/s].
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Figure 3.16: Same as in 3.14 but for 100-hPa (a) downward and (b) wave-activity flux with
contour interval of 0.002 [m?s—2.
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Figure 3.17: Same as in Fig. 3.13a but for (a) positive and (b) SAM months. Reference time
series are used at 400-hPa, 30°W-70°S.
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Figure 3.18: The same as in 3.14 but for 400-hPa submonthly height variance. The contour
interval is 5000 [m?] and zero line is omitted.

the basis of the Japan Meteorological Agency (JMA) definition. EIl Nifio (La Nifia) periods
are defined when 5-month moving averaged sea surface temperature (SST), averaged be-
tween 90°W and 150°W and between 4°N and 4°S in the equatorial Eastern Pacific, exceeds
(is below) the climatological SST 2 by 0.5°C successively for more than 6 months. Thus, 14
El Nifio months have been selected for August and September of 1982, 1983, 1987, 1991,
1993, 1997 and 2002, and 6 La Nifia months for August and September of 1985, 1988 and
1999. The other 30 months have been categorized as neutral months. The degree of freedom
used in our statistical tests is estimated not by the number of months but by the number of
years, taking the interannual nature of ENSO into consideration. It has been shown that a
typical circulation anomaly pattern in the troposphere during the El Nifio event is not the
perfect mirror image of that during a La Nifia event, especially in winter (e.g., Kiladis and
Mo 1999). Thus we made composite maps separately for each of those groups and then di-
agnosed their differences between the El Nifio and neutral months (EN-n) and between the

La Nifia and neutral months (LN-n).

b. Mean circulation anomalies associated with ENSO

3The climatological SST is obtained for 30 years from 1961 to 1990.
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Before discussing on the ENSO related modulations in the vertical wave-activity propa-
gation associated with submonthly fluctuations, we study the ENSO influence on the monthly-
mean circulation in the stratosphere as well as in the troposphere®. Figures 3.19 and 3.20
show the EN-n and LN-n composite maps of monthly-mean geopotential height, respectively,
in the stratosphere and troposphere. The associated wave-activity flux defined in TNO1 is
presented in Figs. 3.21 and 3.22. In the estimation of the wave-activity flux (1.40), fluctua-
tions were considered as the composite difference (i.e., EN-n and LN-n) and the basic state
was taken as the composite circulation fields for the neutral months. Thus the EI Nifio and
La Nifia related circulation anomalies are considered as waves propagating on the zonally-
asymmetric basic state that would be typically observed in the August and September period
in a non-ENSO year. In the EI Nifio months, the wave-activity flux in the troposphere shown
by arrows in Fig. (3.21b) reveals two wave trains, one is propagating southeastward over the
south of Australia, and the other propagating southeastward over the South Eastern Pacific
and then northeastward over the South Atlantic. In the La Nifia months of the troposphere
(Fig. 3.22b), a wave train that consists of anticyclonic anomalies to the south of Australia
and over the Drake Passage, and negative anomalies over the Ross Sea is prominent in the
troposphere (Fig. 3.22b). Those tropospheric anomaly patterns associated with EI Nifio and

La Nind are consistent with Figs. 8.4 and 8.5 of Kiladis and Mo (1999).

For the El Nifio months in the lower-stratosphere (Fig. 3.19a), the persistent anticy-
clonic anomalies over the Drake Passage are statistically significant, showing an equivalent
barotropic structure from the troposphere to the lower stratosphere (Figs. 3.19b and c). The
upward wave-activity flux from the troposphere through the upstream portion of the anti-
cyclonic anomalies and the eastward wave-activity flux through the anomalies in the lower
stratosphere suggest that the lower-stratospheric anticyclonic anomalies are part of the wave
train propagating upward the Australian region (Fig. 3.21a). A zonal cross section along

70°S (Fig. 3.23) confirms that the stratospheric anticyclonic anomalies over the Drake Pas-

4We could not fi nd any previous study on ENSO infuence on the stratospheric circulation in the SH.
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(a) ENSO.s—n z50 diff 14 : 30 (b) ENSO.s—n z150 diff 14 : 30 (c) ENSO.s—n z400 diff 14 : 30
‘ 20 ‘

Figure 3.19: (a) A composite difference map of monthly-mean 50-hPa geopotential height
between El Nifio and neutral months (EN-n). Red and blue contours denotes positive and
negative anomalies with intervals of 30 [m]. Zero contour is omitted. Yellow and purple
shading is applied where the difference is significant positively and negatively, respectively.
Note that southward of 20° S is shown. (b) The same as in (a) but for the 150-hPa level with
contour intervals of 20 [m]. (c) The same as in (b) but for the 400-hPa level.

(a) ENSO.w—n z50 diff 6 : 30 (b) ENSO.w—n 2150 diff 6 : 30 (c) ENSO.w—n z400 diff 6 : 30

,,\Z‘:‘

Figure 3.20: (a) The same as in 3.19a but for difference between La Nifia and neutral months
(LN-n). (b) The same as in (a) but for the 150-hPa level and with intervals of 20 [m]. (c) The
same as in (b) but for the 400-hPa level.
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(a) ENSO.s—n.z—tnf z50 diff 14 : 30 (b) ENSO.s—n.z—tnf z400 diff 14 : 30
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Figure 3.21: (a) Contours are the same as in Fig. 3.19a for El Nifio months (EN-n). A
wave-activity flux (TNO1) associated with the monthly anomalies shown in Fig. 3.19 is su-
perimposed with green arrows [m2s~2], and scaling for the arrows is given at the right-lower
corner of the panel. Yellow and purple and shading denote where the vertical component
of the 100-hPa wave-activity flux (TNO1) exceeds 0.0005 [m2s—2] in magnitude positively
and negatively, respectively. (b) The same as in (a) but for the 400-hPa level. The contour
interval is 30 [m] and the shading is the same as in (a).

(a) ENSO.w—n.z—tnf z50 diff 6 : 30 (b) ENSO.w—n.z—tnf z400 diff 6 : 30

Figure 3.22: (a) The same as in Fig. 3.21a but for the La Nina months (LN-n). (b) The same
as in Fig. 3.21b but for LN-n.
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Figure 3.23: A zonal cross section of geopotential height anomaly composited along 70°S for
the El Nifio months (EN-n). Height anomalies are normalized with square root of pressure.
The wave-activity flux associated with monthly anomalies is presented with arrows [m?s—2]
and scaling for the arrows is given at the right-lower corner of the panel. Yellow and pur-
ple shading denotes vertical components of the wave-activity flux above 0.005 [m?s—2] and
under -0.005 [m2s—2].

sage (around 90°W) are associated with the weak upward wave-activity flux from the tropo-

spheric cyclonic anomalies upstream.

In contrast, the La Nin&-related persistent circulation anomalies in the lower stratosphere
are characterized by a pair of significant cyclonic (negative) anomalies over the South Pa-
cific and significant anticyclonic anomalies over the South Indian Ocean (Fig. 3.20a). In the
lower-stratosphere (Fig. 3.22a), wave-activity propagation from the anticyclonic anomalies
to cyclonic anomalies is evident along the PNJ. The upward wave-activity flux across the
tropopause is evident in the downstream portion of the anticyclonic anomalies to the south
of Australia, from which the eastward wave-activity flux is divergent through the cyclonic
anomalies downstream (Fig. 3.22a). A zonal cross section along 55°S shows the upward
wave-activity propagation from the deep anticyclonic anomalies around 120°E in the tropo-
sphere into the deeper cyclonic anomalies over the eastern Pacific in the lower stratosphere
(Fig. 3.24). The upward flux and stratospheric anomalies tend to be much stronger than in
the EI Nifio months. The composited analysis above suggests that remote influence of ENSO
in the wintertime extratropical SH is not only in the troposphere as shown in the previous

studies but also extending into the lower stratosphere in the form of the stationary Rossby
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(a) ENSO.w—n.z—tnf 55S diff 6 : 30
Il

Figure 3.24: The same as in Fig. 3.23 but for the La Nifia months (LN-n) and along 55°S
circle.

waves, especially in La Nifia years. The robustness of the stratospheric anomalies, however,
may not be particularly high, especially for the La Nifia composite based only on the three

events.

c. Changes of monthly-mean westerly jet structures and vertical wave-activity propa-
gation associated with submonthly fluctuations

The above-mentioned ENSO-associated monthly-mean anomalies modify the structure
of the monthly-mean westerlies, which can influence activity and propagation of submonthly
fluctuations. In the El Nifio years, the PNJ tends to be enhanced over the Antarctic coast
around 90°E and to the south of Drake Passage (Fig. 3.25a), indicating the shift of the PNJ
axis in the regions. The westerlies are slightly enhanced also around the tropopause and
troposphere over those regions (Fig. 3.25b and c). In addition , the tropospheric SPJ is in-
tensified also to the south of Australia and from the South Atlantic to the southeastern Indian
Ocean (Fig. 3.25c). Associated with the shift of the stratospheric PNJ axes, downward wave-
activity injection into the troposphere is enhanced significantly over the southern Indian and
the South Pacific (3.26a). Upstream of each of those regions, upward wave-activity propa-

gation into the stratosphere is more active than in the neutral months over the South Atlantic
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(0) ENSO.s—n u50 diff 14 : 30 (b) ENSO.s—n u150 diff 14 : 30 (c) ENSO.s—n
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Figure 3.25: (a) The difference of 50-hPa monthly-mean westerlies composite map between
El Nifio and neutral months. The contour interval is 2 [m/s] and red and blue denote positive
and negative values, respectively. Yellow and light purple shading denotes the significant
differences positively and negatively at the 90% confidence level diagnosed by the Student t
statics. Green and purple crosses show axes of westerlies jets in EI Nifio and neutral months,
respectively. (b) The same as in (a) but for 150-hPa level. (b) The same as in (a) but for
400-hPa level.

and the Southwestern Pacific (Fig. 3.26b), where the tropospheric SPJ is intensified up to
the tropopause level (Fig. 3.25). Associated with the upward wave-activity propagation into
the stratosphere, the lower-stratospheric submonthly fluctuations over the southern Indian
Ocean and the South Pacific are strengthened substantially (3.27a). However, the activity
of tropospheric submonthly fluctuations is not changed significantly even in the downstream
of downstream regions of the prominent downward wave-activity injection (Fig. 3.27Db).
Therefore, the enhancement of submonthly fluctuations in the lower stratosphere is not due
to corresponding enhancement in the tropospheric activity, but rather it is due to the changes
in the vertical waveguides as a remote influence of El Nifio.

In the La Nifa years, the PNJ is weakened over the Ross Sea, around 150°W (Fig. 3.28a).
Although insignificantly, the PNJ tends to be enhanced over the Antarctic coast around 90°E.
In the troposphere, the SPJ is strengthened to the south of Australia and New Zealand and its
axis is shifted equatorward over the Southeastern Pacific, where the westerlies are weakened
above the Antarctic coast (Fig. 3.28c). Figure 3.29a shows that downward wave-activity in-

jection across the tropopause is enhanced over the Southwestern Pacific, much more strongly
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(a) ENSO.s—n tnfzn100 diff 14 : 30 (b) ENSO.s—n tnfzp100 diff 14 : 30
v .

Figure 3.26: (a) The difference of 100-hPa monthly-mean downward wave-activity flux be-
tween El Nifio and neutral months. The contour interval is 0.001 [m2s~2] and red and light
blue denote positive and negative values, respectively. Yellow and purple shading denotes
the significant difference positively and negatively at 90% confidence level diagnosed by the
Student t statics. (b) The same as in (a) but for 100-hPa monthly-mean upward wave-activity
flux.

(a) ENSO.s—n zz50 diff 14 : 30 (b) ENSO.s—n zz400 diff 14 : 30

Figure 3.27: (a) The difference of 50-hPa submonthly height variance between EIl Nifio
and neutral months. The contour interval is 10000 [m?] and red and blue denote positive
and negative, respectively. Yellow and purple shading denotes the significant difference
positively and negatively at 90% level diagnosed by Student t statics. (b) The same as in (a)
but at 400-hPa level and the contour interval is 4000 [m?].
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in the months of EI Nifio. The enhancement is associated with the stronger PNJ. Enhanced
upward wave-activity injection across the tropopause is observed over the South Pacific,
downstream of the region of the enhanced downward wave-activity injection (Fig. 3.29b).
submonthly fluctuations in the lower stratosphere are enhanced where upward wave-activity
propagation in the stratosphere is enhanced over the South Pacific (Fig. 3.30a). In the tro-
posphere, submonthly fluctuations are enhanced over the South Pacific just around the re-
gion of the enhanced downward wave-activity injection across the tropopause (Fig. 3.30a).
The enhancement of the tropospheric submonthly fluctuations associated with the downward
wave-activity injection over the Southwestern Pacific in the La Nifia winters is confirmed by
a one-point correlation map based on the reference time-series at (30°W, 50°S), the 400-hPa
level with the lag of -1 day, where negative correlation is observed in the stratosphere up-
stream of the tropospheric reference grid point (Fig. 3.31a). Contrastingly, in the neutral
months, no such negative correlation is observed in the stratosphere (Fig. 3.31b). In good
correspondence to Pacific, the enhanced downward wave-activity injection, Ks shows a belt
of maxima extending vertically from the lower-stratosphere into the troposphere between
60°S and 65°S, (200-hPa to 300-hPa level) in the La Nifia months (Figs. 3.32a), whereas
such vertical waveguide structure is less obvious in the neutral months (Figs. 3.32b). A
difference composite map of the meridional curvature of westerlies between La Nifia and
neutral months shows that the larger Ks is due to the larger meridional curvature of the west-

erlies associated with enhanced the SPJ (Fig. 3.32c).

3.4 Discussion

In this chapter, we have shown that in association with enhancement of downward wave-
activity injection, the PNJ axes tend to shift poleward upstream of the region of downward
wave-activity injection. To confirm the influence of the PNJ axis shift on the downward

wave-activity injection, composite analysis is done for months when the monthly-mean PNJ
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(a) ENSO.w—n u50 diff 6 : 30 (b) ENSO.w—n u150 diff 6 : 30 (c) ENSO.w—n u400 diff 6 : 30
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Figure 3.28: (a) The same as in Fig. 3.25a but for difference of 50-hPa monthly-mean
westerlies composite map between La Nifia and neutral months. (b) The same as (a) but for
150-hPa level. (b) The same as (a) but for 400-hPa level.

(a) ENSO.w—n tnfzn100 diff 6 : 30 (b) ENSO.w—n tnfzp100 diff 6 : 30

,va
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Figure 3.29: (a) The same as in Fig. 3.26a but for difference between La Nifia and neutral
months. (b) The same as in (a) but for 100-hPa monthly-mean upward wave-activity flux.
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(a) ENSO.w—n zz50 diff 14 : 30 (b) ENSO.w—n zz400 diff 14 : 30

Figure 3.30: (a) The difference of 50-hPa submonthly height variance between La Nifia
and neutral months. The contour interval is 10000 [m?] and red and blue denote positive
and negative, respectively. Yellow and purple shading denotes the significant difference
positively and negatively at 90% level diagnosed by Student t statics. (b) The same as in (a)
but at 400-hPa level and the contour interval is 4000 [m?].
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Figure 3.31: Same as in Fig. 3.13a but for (a) La Nifia and (b) neutral months and at the lag
of -1 day. Reference time series are used at 400-hPa, 30°W-50°S.
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Figure 3.32: (a) Same as in Fig. 3.12a but for La Nifia months and for 180% in longitude.
Heavy and light shading denotes for 3.5 and 3. (b) Same as in (a) but for neutral months. (c)
Same as in 3.12d but for difference composite maps between La Nifia months and neutral
months.
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axes of particular longitudinal regions shift poleward and equatorward, respectively. In sec-
tion 3.3.1, interannual variability of the downward wave-activity injection to the south of
Australia was discussed. There, the downward wave-activity injection was shown to be en-
hanced associated with the poleward shift of the PNJ axis upstream (from 50°E to 80°E).
Thus, September months are categorized when the monthly-mean PNJ axis, zonally aver-
aged over the longitudes (from 50°E to 80°E) was shifted poleward (65°S; 1988 and 62.5°S;
1996 and 2002) and equatorward (55°S; 1980, 1985, 1987, 1994 and 2000). August months
are not used in this analysis since the PNJ axis stays either at 55°S or 57.5°S, i.e., within 2.5°

in latitude, corresponding to the interval of the NCEP/NCAR reanalysis data.

Figure 3.34a shows a difference composite map of 50-hPa westerlies between the “poleward-
shifted-axis” and “equatorward-shifted-axis”Septembers. The PNJ axis shifted poleward
with enhanced westerlies over the eastern Antarctic coast and weakened westerlies in the
midlatitudes. Similar anomaly pattern is also observed around the tropopause level and in
the troposphere (Figs. 3.34b and c¢). Thus, the axes of the westerly jets over the Eastern
Hemisphere shift poleward in the stratosphere and troposphere. Associated with this jet axis
shift, the downward wave-activity injection across the tropopause is observed over the South
Indian Ocean (Fig. 3.35a) and the upward wave-activity injection is observed upstream
of the region of the enhanced downward wave-activity injection (Fig. 3.35b). With the up-
ward wave-activity injection from below, stratospheric submonthly fluctuations are enhanced
over the Southwestern Indian Ocean (Fig. 3.36a) The enhanced region of the tropospheric
submonthly fluctuations covers from the Southeastern Atlantic to the Indian Ocean, which
suggests that the tropospheric fluctuation may be a source of the enhanced upward wave-
activity flux and the downward wave-activity injection may contribute to the development of
the tropospheric fluctuations. Meridional cross sections along 100°E of a composite refrac-
tive index Ks for months when the PNJ axis shifts poleward and equatorward, respectively
(Figs. 3.37a and b). In the former months, a belt of ks maxima across the tropopause is more

obvious, connecting the troposphere and stratosphere, than in equatorward-shifted months.
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Figure 3.33: (a) The same as in Fig. 3.13a but for along 60°S latitude cross section and
the base point is at 120°E-60°S grid with -1 lag day for the “poleward-poleward-shift-axis”
months. (b) The same as in (a) but for “poleward-poleward-shift-axis” months.
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Figure 3.34: (a) The same as in Fig. 3.6a but for composite between composite maps for
September between the “poleward-shifted-axis” and “equatorward-shifted-axis” year. (b)
The same as in (a) but for 150-hPa westerlies. (c) The same as in (a) but for 400-hPa wester-
lies.

This maxima in Ks is associated with the minima of the vertical curvatures of monthly-mean
westerlies at 55°S around the 150-hPa level.

One-point correlation maps have been constructed for submonthly height anomalies with
the reference time series at (120°E, 60°S) on the 400-hPa surface. For the poleward-shift-
axis September, negative correlation in the lower stratosphere is found, though not quite
significantly, upstream of the tropospheric reference point over the Indian Ocean with the
lag of -2 days (Fig. 3.33a). We consider that this rather significance is due to the small
number of sample months (2). It is interesting to note that, although all the signals are

insignificant, positive and negative correlations are found farther upstream of the lower-
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(a) 50-80 tnfzn100 diff 3 : 5 (b) 50-80 tnfzp100 diff 3 : 5

Figure 3.35: (a) The same as in Fig. 3.4a but difference between composite maps for
“poleward-shift-axis” months and “equatorward-shift-axis” months. (b) As in (a), but for
the 100-hPa monthly-mean upward wave-activity flux.

(b) 50-80 zz50 diff 3 : 5 (b) 50-80 zz400 diff 3 : 5

Figure 3.36: (a) The same as in Fig. 3.5a but difference between composite maps for
“poleward-shift-axis” months and “equatorward-shift-axis” months. (b) As in (a), but for
the 400-hPa level.
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Figure 3.37: (a) Meridional section along 100°E of the refractive index (ks) composited for
the months of the “poleward-shift-axis”. Australia. The contour interval is 1. Light and
heavy green shading denote the region where the refractive index is more than 3 and 4. The
definition of active and inactive months is refereed to text. (b) The same as in (a) but for the
months of the “equatorward-shift-axis”. (c) Meridional section along 100°E of the difference
composite map of a vertical curvature of the mean westerlies jet between “poleward-shift-
axis” and “equatorward-shift-axis”. The negative curvature contribute to increasing K as
known from (1.38). The contour interval is 5.0x10~8 [m~1s~1]. Yellow and purple shading
denote regions where the vertical curvature is more than 2.5x108 [m~1s~1] and less than
-25*11 -8 [m~1s1].

stratospheric negative correlation, suggestive of a wave train emanated over the Southeastern
Pacific propagating eastward and upward in the stratosphere and then refracted back to the
troposphere. In the equatorward shift PNJ axis months, no negative correlation is found in
the lower stratosphere upstream of the tropospheric reference point is not observed. These
results confirm that the meridional shift of local PNJ axis can affect the downward wave-

activity injection into the troposphere.

One possible mechanism that induces the interannual variability of westerly jet struc-
tures both in the stratosphere and troposphere is ensemble effect of eddy momentum and
heat fluxes. To estimate the effect of eddy momentum flux on the interannual variations of
westerlies by eddies associated with low-pass-filtered submonthly anomalies the feedback
forcing on the geopotential height field is estimated through a formula analogous to (2.2.1).
In this evaluation, primes in (2.2.1) should denote low-pass-filtered anomalies and the over

bars indicate monthly mean. Then the wind acceleration within a month due to the eddy
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momentum flux is estimated as the corresponding geostrophic westerly tendency. The zonal-
mean feedback forcing of high-pass-filtered eddies with cut off period of 8 days, which are
equivalent to baroclinic, transient migratory eddies, are also diagnosed in the troposphere.
In section 3.3.1, it was shown that the downward wave-activity injection to the south of Aus-
tralia (Fig. 3.4) is associated with poleward shift of the PNJ axis over the southern Indian
Ocean (Fig. 3.6). Figure 3.38 suggests that enhanced westerly wind acceleration due to
the feedback forcing from submonthly anomalies contributes positively to the maintenance
of the poleward shift of the PNJ in the lower-stratosphere and also around the tropopause
and troposphere. In the South Atlantic case mentioned in section 3.3.2, the poleward shift
of the stratospheric PNJ and the enhancement of the tropospheric SPJ (Fig. 3.10) are main-
tained in part by the westerly wind acceleration due to the feedback forcing from submonthly
anomalies (Fig. 3.39). However, high-frequency eddies do not seem to contribute to the en-
hancement of the SPJ over the South Atlantic (Fig. 3.40). We must note that the eddy forcing
often tends to sustain the westerlies jet anomalies by changing eddy amplitudes, latitudinal
positions or eddy shapes, for example in the variability of NAM and SAM (Limpasuvan
and Hartmann 1999; Lorenz and Hartmann 2001). Thus the above-mentioned results do not

exclude other possible mechanisms on the variation of the westerly jet structures.

3.5 Conclusion

We have discussed the climatology and interannual variability of local vertical wave-
activity propagation in SH late winter (August and September), particularly on the downward
wave-activity injection into the troposphere, associated formation of local waveguide around
the tropopause and enhancement of submonthly fluctuations both in the troposphere and
the stratosphere. The climatology of upward and downward wave-activity propagation is
active in the South Pacific and the South Atlantic. There, the axes of the PNJ and SPJ

are overlapped each other, which contributes to suitable condition for vertical propagation.
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Figure 3.38: (a) Composite difference of monthly-mean westerly acceleration due to the
momentum flux of low-pass-filtered submonthly eddies on 50-hPa level between “active” and
“inactive” months to the south Australia. Contour interval is 1 [m/s/day] and zero contours
are omitted. Yellow and purple shading denotes the difference is positively and negatively
significant at 90% level. Red crosses and green dots are the same as in Fig. 3.6a. (b) The
same as in (a) but for 150 h-hPa level. (c) The same as in (a) but for 250 h-hPa level.
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Figure 3.39: (a) The same as in Fig. 3.38a but for a difference composite map between
“active” and “inactive” months over the South Atlantic. (b) The same as in (a) but for 150
h-hPa level. (c) The same as in (a) but for 250 h-hPa level.
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Figure 3.40: The same as in Fig. 3.39c but for feedback forcing from high-pass-filtered
eddies.

Associated with this upward and downward propagation, submonthly fluctuations are active
in the stratosphere and the troposphere.

As for the interannual variability, we show interannual variations of locally averaged
downward wave-activity flux as it is, to the south of Australia, where prominent cases were
observed in 1997, and the South Atlantic, where is maximum area of climatological-mean
downward wave-activity injection. Associated with upstream of or around the enhanced
downward wave-activity injection, the stratospheric PNJ shifts poleward and the tropospheric
SPJ is enhanced.

Interannual variability in vertical submonthly wave-activity propagation under the influ-
ence of SAM and ENSO, which are the dominant modes of interannual variability in the SH
troposphere, is also discussed. We have revealed that their influence is limited except for the
La Nifia case observed over the Southeastern Pacific. It is thus concluded that downward
wave-activity injection tends to be more sensitive to local changes in the PNJ and SPJ rather
than global changes associated with SAM and ENSO.

In association with changes of the SPJ and PNJ, especially when large downward wave-
activity injection is observed, the waveguide structures around the tropopause become more
preferred structures for the vertical wave-activity injection, which is linked to enlarged Ks

there. The contributors to increased Kg depend on case by case, the meridional curvatures
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and/or the vertical curvatures of monthly-mean westerlies.

Since the reliable data period is restricted from 1979 when the observation of artificial
satellites came to be available, the statistical significance of our analysis may be not enough
to discuss the interannual variations owing to the little number of the sampled events. Thus
for the further analysis, numerical model experiments would be required to confirm the

above-mentioned results to obtain the larger number of samples.
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Chapter 4

General Conclusion

Through a case study and statistical study, we have proposed a new aspect of the dy-
namical linkage between the stratosphere and troposphere in the wintertime extratropics. In
most of the previous studies, planetary waves in the stratosphere are considered as devia-
tions from the zonal mean state and their propagation characteristics in a meridional plane
are discussed for each harmonic component. In this conventional framework, however, a
localized wave source of the planetary wave, if exist, cannot be identified. In contrast, we
take another framework in which the stratospheric wave disturbances propagate as “wave
packets” defined as circulation anomalies from the time-mean field and observed as wave-
train-like structure. The three-dimensional propagation of a wave packet depends on local
waveguide structure associated with the zonally-asymmetric field that is slowly varying in
time and space.

The essential features of the downward wave-activity propagation associated with wave
packets observed in the SH are illustrated in a schematic diagram in Fig. 4.1. (i) Tro-
pospheric circulation anomalies amplify at a particular location associated with an incoming
quasi-stationary Rossby wave train and/or the local feedback forcing from synoptic-scale mi-
gratory eddies; (ii) wave activity emanating upward from the developed anomalies reaches

the lower stratosphere, if exists, through a localized vertical waveguide or “chimney”, lead-
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Figure 4.1: Schematic diagram of a quasi-stationary Rossby wave train with a tropospheric
origin propagating in the lower stratosphere. Because of the “prism effect”of the verti-
cally sheared PNJ, only the wave activity associated with the lowest zonal wavenumber(s)
can keep propagating farther upward. The rest of the wave activity associated with higher
wavenumbers can be refracted back downward to the troposphere if the wave train reaches
the PNJ exit where a vertical waveguide (or “chimney”) forms. The downward injected wave
activity can trigger the development of tropospheric anomalies locally, which can further am-
plify in the presence of feedback forcing from a local storm track and/or through interaction
with near-surface baroclinicity.

ing to the development of circulation anomalies with the opposite sign in the stratosphere;
(iii) if a waveguide extends downstream along the PNJ, the wave activity propagates eastward
along it, forming a zonally and meridionally-confined wave train in the lower stratosphere;
(iv) anomalies developing at the leading edge of the lower-stratospheric wave train, if they
reach the PNJ exit where another “chimney” forms, release part of the associated wave activ-
ity downward across the tropopause, contributing to the local development of tropospheric
circulation anomalies with the opposite sign; and (v) downstream wave-activity emanation
from the matured tropospheric anomalies occurs with the subsequent formation of another
wave train in the troposphere, or in some occasions, wave activity re-emanates back into the

stratosphere.
In Chapter 2, case studies of downward wave-activity flux observed in the late win-
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ter of 1997 are presented. There, submonthly fluctuations in the troposphere are amplified
with the downward wave-activity injection from a locally-confined wave train in the lower-
stratosphere. The wave trains formed with upward wave-activity injection from another
tropospheric circulation anomalies farther upstream. Upward and downward propagation
are consistent with waveguide structures suggested by maxima of the refractive index for

stationary Rossby waves.

The climatology and interannual variability of vertical wave-activity propagation are dis-
cussed in Chapter 3. Upward and downward propagation is prominent over the South Pacific
and South Atlantic, where the climatological mean axes of the lower-stratospheric polar-
night jet (PNJ) and the tropospheric subpolar jet (SPJ) are overlapped one another. As-
sociated with prominent vertical wave-activity propagation, submonthly fluctuations in the
stratosphere and troposphere are active in these regions. In association with interannual
variability, enhanced downward wave-activity injection across the tropopause in late winter
(August and September) to the southeast of Australia and over the South Atlantic tends to be
associated with the poleward shift of the SPJ axis and the strengthened SPJ. Downstream of
the regions of enhanced downward wave-activity injection, tropospheric submonthly fluctu-
ations also tend to be enhanced. Hemispheric variability associated with the Southern Hemi-
spheric annular mode (SAM) or El Nifio/Southern Oscillation (ENSO) tends to yield only
limited influence on downward wave-activity injection, which implies the greater importance
of local anomalies in the jet structures in the stratosphere and troposphere for interannual

modulations in the downward wave-activity injection.

As mentioned in the introduction, the dynamical linkage between the stratosphere and
troposphere has been discussed primarily in the context of SSW and/or the annular modes
(e.g. Baldwin and Dunkerton 1999), in relation to the interaction between the entire polar
vortex and planetary waves. Among those literature, one may think Perlwitz and Harnik
(2003, hereafter referred to as PHO03; 2004), in which downward wave propagation from

the stratosphere to the troposphere is discussed, may be similar to our analysis. As already
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mentioned, however, the mechanisms discussed in PHO3 differ fundamentally from those in
our examples. PHO3 discussed the reflection at a “reflecting surface”, which is formated by
negative vertical zonal wind shear, of the entire planetary waves embedded in the zonally
uniform westerlies, which should be distinguished from the downward wave-activity injec-
tion in our examples due to the refraction of a zonally-confined Rossby wave packet in the
positively vertically sheared westerlies through their “prism” effect (Fig. 1.17). Thus, down-
ward influence on the tropospheric circulation tends to be more localized in our examples
than the corresponding downward influence as the reflection of the entire planetary waves
presented in PHO3 or associated with the annular modes.

By using a model that is linearized around zonally-symmetric zonal mean wind, Chen
and Robinson (1992) argued that the large vertical wind shear tends to suppress the upward
planetary wave propagation from the troposphere into the stratosphere. Our study shows that
for the formation of local waveguide structure around the tropopause through which wave
activity propagates upward and downward, the meridional and vertical curvatures are also
important, which are not considered in the work of Chen and Robinson (1992).

An implication of our study is that realistic representation of the localized three-dimensional
waveguide structure associated with the lower-stratospheric PNJ, including those *“chim-
neys”, in an operational model is potentially an important factor for successful extended
weather forecasts in the cold season. Another implication of our study is that in the study
of quasi-stationary tropospheric circulation anomalies in the wintertime extratropics, wave-
activity injection from lower-stratospheric wave trains must be considered as a possible con-

tributor to their development.
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Appendix A

A wave-packet behavior of stratospheric

waves in a simple numerical model

In a strict definition of a wave packet, a zonal scale of a wave packet must be sufficiently
smaller than that of the basic state. In this study and some previous studies mentioned in
Chapter 1, however, a zonally-confined wave packet structure that consists mainly of the
zonal wavenumber one to three (k=1-3) components has been discussed, whose zonal scale
is not necessarily sufficiently smaller than the length of the latitude circle. In this Appendix,
a wave-packet behavior of a stratospheric wave is discussed by using a simple numerical

model.

The model equation is based on a time-dependent, quasi-geostrophic potential vorticity
equation linearized about the zonally uniform westerlies (1.46; p.27) in a beta channel (Held
1983) along the 60° latitude circle. The lower-boundary condition is given with linearized
thermodynamic equation as

0 op* N2 0 oP* oayrou N2 ohr

_ AT 9oy* oyg*ou N7 ohr ,
dt( 0z g P )+U0X oz X 02 o (U o +aly )’ (A1)

where a is the diffusion coefficient equivalent to 5-day damping, and the orography ht [m]
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Is given as a Gaussian-type mountain with its peak at 0° longitude.

21— A t — 4[day]

hr (A,) = 100 (exp(—4096A°) +exp(—4096(~-=)°)) x xp(— (o

%) (A2)

for t < 4[day| and
ht (A, t) = 100 x exp(—4096)?) (A3)

for t > 4[day]. The amplitudes are the almost the same among the cosine components of ht
for k=1-3. The model domain is set from 0° to 720° in longitude to eliminate the upstream
influence of the mountain under the cyclic boundary condition imposed. The top of the model
domain is set at the level as high as 300 km in altitude and the integration was terminated
before the streamfunction response would reach the top boundary. The mean westerly wind
speed is 5 [m/s] at the surface and linearly increases with height by 8 [m/s] for every 10 km.

The Brunt-Vaisala frequency is set to 0.016 [1/s] for all altitudes.

By the 10th day of the numerical integration (Fig. A.1a), a wave train propagates upward
from the forcing region and then downward after reaching 100°E. Wave activity that propa-
gated through the bottom of the stratosphere has already reached the troposphere in the far
field between 120° and 240°. By the 16th day (Fig. A.1b), the stratospheric response has
amplified further, and the tropospheric response around 200°E has further amplified along
the ray for the k=2 component. The turning level for the response roughly corresponds to

that predicted theoretically for the k=2 component.

Eddy streamfunctions on the 16th day associated with the individual zonal harmonic
components of k=1-31 are shown in Fig.A.2. Phase lines of the k = 1 component are tilted
westward with height, implying its upward propagation, but no signature can be seen that
suggests its downward refraction. The other components are in equivalent barotropic struc-

tures without suggesting any obvious signature of their vertical propagation.

!Because the model domain is set from 0° to 720° in longitude, those components are equivaent to the k=2,
4 and 6 components in the model domain.
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Figure A.1: (a) The same as in Fig. 1.9, but for the response on the 10th day in a numerical
model where a localized orographic forcing is placed at 0° longitude under the zonally uni-
form westerlies with linear shear. Closed circles, closed squares, open circles with vertical
lines and crosses denote the rays of the k=1, 2, 3 and 4 components, respectively. (b) The

same as in (a) but on 16th day.
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Figure A.2: (a) As in Fig. A.1b, but for eddy streamfunction only for the k =1 component.
The contour interval is half of that in Fig. A.1. (b) The same as in (a) but for the k =2
component. (c) The same as in (a) but for the k = 3 component.
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However, combinations of two of the three harmonic components hint wave-packet struc-
tures suggestive of vertical propagation. The combination of the k=1 and 2 components (Fig.
A.3a) suggests eastward and upward propagation of a wave-packet structure as far as 200°E
and the following downward propagation around 240°E with eastward tilted phase lines. The
combination of the k=2 and 3 components (Fig. A.3b) also suggests an upward and down-
ward wave-packet structure in the upstream half of the model domain with westward and
eastward tilted phase lines around 40°E and 120°E, respectively, although the signal is con-
fined mainly in the lower stratosphere and troposphere. The wave-packet structure depicted
in Fig. A.1b can be well reproduced as the combination of the k=1, 2 and 3 components
(Fig. A.3c)2. Those model results support the notion that stratospheric wavy disturbances
composed mainly of the zonal harmonics of k=1, 2 and 3 can form wave packet structures.
It is therefore more straightforward to interpret the amplification of localized tropospheric
circulation anomalies as seen in Fig. A.l as being associated with local downward wave
packet propagation than as being associated with propagation of the decomposed indivisual

harmonics.

°Note that k=0.5, 1.5 and 2.5 components, which come from the double length in longitude of the model
domain, are not included in Fig. A.3c.
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Figure A.3: Reproduction of the wave packet structure depicted in Fig. A.1b through (a) the
combination of the k=1 and 2 components (Figs. A.2a and b), (b) the combination of the k=2
and 3 components (Figs. A.2b and c), and (c) the combination of k=1-3 components (Figs.
A.2a, b and c).
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Appendix B

On the use of timefi Itering

In this study, we analyze anomaly fields associated with submonthly fluctuations, which
have been defined as local deviations of an 8-day low-pass filtered time series from the 31-
day running-mean fields. Here, we show that the submonthly fluctuations thus defined are
adequate to analyze the linkage between the stratosphere and troposphere in the form of
wave-packet propagation.

Figure B.1a shows the same one-point correlation maps as in Fig. 1.12c (p. 23) but based
on the unfiltered daily time series. Though the statistical significance is lowered slightly,
upward-propagating wave-packet signature is noticeable as observed in Fig. 1.12c. Such
an upward-propagating wave-packet signature as in Fig. B.la is not obvious in the corre-
sponding one-point correlation maps based on the 31-day moving averaged time series and
the 8-day high-pass filtered time series (Figs. B.1b and c, respectively). These differences
in reproducing the upward propagating wave-packet signature among the three kinds of time
series justify our definition of anomalies based on the two kinds of time filtering.

As another confirmation, coherency of the tropospheric circulation at a base grid with
the stratosphere is analyzed. Before showing the result, the power spectra for the unfiltered
and anomaly time series of 400-hPa and 50-hPa level at (90°W, 60°S), the reference grid

point for Fig. B.1, have been evaluated for the late-winter period from 1st August to 3rd
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Figure B.1: The same as in Fig. 1.12c but based on (a) unfiltered time series, (b) 31-day
running mean, and (c) 8-day high-pass-filtered time series.
October over the 20 year-period between 1980 to 1999 (Fig. B.2). The two kinds of filtering
used for our definition of the anomaly retains the power for the periods from 8 to 32 days,
while efficiently reducing the power on other time scales both in the troposphere and lower
stratosphere.

Figure B.3 shows maps of the coherency squared between local height fluctuations and
the 400-hPa height at (90°W, 60°S) as the reference time series for the three subseasonal
time scales as indicated. In this “one-point coherency-squared map” for the periods from
8 to 32 days (Fig. B.3b), the coherency is high not only in the vicinity of the reference
point but also in remote domains upstream and downstream of the reference point. The
secondary maximum (~0.3) is observed in the stratosphere about 60° downstream of the
reference point. This downstream stratospheric signal weakens in the corresponding map for
64-day period (Fig. B.3a), since most of the upward-propagation signal is confined to the
submonthly time scales (B.1b). The coherency squared in the far field is also weak for the
subweekly periods (between 4.2 and 7.1 days) (Fig. B.3c). Figure B.3b suggests the linkage
between the troposphere and lower stratosphere is strongest in submonthly periods. Thus it
is conjectured that our definition of the anomalies as submonthly fluctuations is adequate in
the study of the linkage between the stratosphere and troposphere in the form of wave-packet

propagation.
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Figure B.2: Power spectra for geopotential height fluctuations at (90°W, 60°S) in the late

winter period between 1st August and 3rd October for 20 years from 1980 to 1999. The

spectra for unfiltered and low-pass-filtered anomaly time series of 50-hPa level are shown

by thin and thick solid lines, respectively, and spectra for unfiltered and low-pass-filtered

anomaly time series of 400-hPa level by thin and thick broken lines, respectively.
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Figure B.3: Zonal-height sections for coherency squared between local geopotential height
fluctuations and the 400-hPa height fluctuations at (90°W, 60°S) for the late-winter period
between 1st August and 3rd October over 20 years from 1980 to 1999. For the periods of (a)
64 days, (b) 8-32 days, and (c) 4.2-7.1 days. The contours are for 0.2, 0.5 and 0.8. Shading
denotes regions coherency squared exceeds 0.3.
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