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Low-Frequency Waves and Traveling Storm Tracks. Part I: Barotropic Component
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ABSTRACT

We have documented with the observed Northern Hemispheric 500 mb geopotential height data for ten
winter seasons that traveling storm tracks exist downstream of the troughs of traveling low-frequency waves.
The relation between the low-frequency flow and the traveling storm tracks is discovered with a novel observational
technique that records high-frequency activity in a framework traveling along with an identifiable low-frequency
structure. The vorticity flux of the high-frequency eddies associated with the traveling storm tracks acts both to
reinforce the low-frequency waves and to retard their propagation.

These findings strongly indicate that a substantial amount of the low-frequency variability of the midiatitude
atmospheric circulation is attributable to the forcing of the high-frequency eddies. These low-frequency waves
organize the high-frequency eddies in such a way that the latter tend to intensify preferentially downstream of
the troughs of the former. The symbiotic relation between the low-frequency flow and the traveling storm tracks
is dynamically equivalent to the relation between the stationary waves and the stationary storm tracks. This
mutual relationship is a necessary although not sufficient condition to parameterize high-frequency eddies in
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terms of low-frequency flow.

1. Introduction

The relation between the stationary waves and the
synoptic scale eddies in the earth’s atmosphere is a
subject of continued interest. It is well known that the
high-frequency eddies reach their highest amplitude
preferentially downstream of the major troughs of the
stationary waves, which statistically gives rise to the
stationary storm tracks (Blackmon et al. 1977). The
high-frequency transients organized by the stationary
waves, on the other hand, tend to have a positive (neg-
ative) feedback effect upon the barotropic (baroclinic)
component of the stationary waves (Lau and Holo-
painen 1984 ). The planetary scale waves, however, are
rarely in their exact climatological positions. We there-
fore ought to address a complementary question about
the relation between traveling planetary scale waves
and the synoptic scale eddies. Our observational effort
was very much motivated by a modeling study of Cai
and Mak (1990b, hereafter referred to as CM) on the
symbiotic relation between planetary and synoptic scale
waves in an atmospheric model with zonally uniform
forcing. It is found in CM that the internally generated
traveling planetary scale wave is responsible for the
existence of the model storm tracks that travel along
with the planetary scale wave. The spatially coherent
relation between the traveling planetary scale wave and
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its attendant storm tracks is dynamically reminiscent
of the relation between the atmospheric stationary
waves and the stationary storm tracks. In this study,
we wish to determine observationally the role of the
internal dynamics in generating the midlatitude at-
mospheric low-frequency waves and in organizing the
synoptic scale eddies.

The forcing mechanism of the low-frequency vari-
ability by high-frequency eddies is one of the recurrent
themes in the literature on the natural variability of
the climate. It has been theoretically demonstrated that
the nonlinear interactions alone may generate a sub-
stantial amount of low-frequency fluctuations in a
zonally forced atmospheric model through a systematic
energy transfer to the planetary scale waves from the
baroclinically unstable synoptic scale waves (e.g., Gall
et al. 1979; MacVean 1985; Hendon and Hartmann
1985). It also has been suggested in many observational
and theoretical studies that the local forcing associated
with the high-frequency eddies is a leading mechanism
in maintaining a blocking flow (e.g., Green 1977;
Shutts 1983; Hoskins et al. 1983; Illari 1984; Dole 1986;
Mullen 1987; Holopainen and Fortelius 1987). The
blocking flows, however, are rather exceptional (geo-
graphically fixed high amplitude cases), and it remains
unclear whether the high-frequency forcing would be
still working for the more common moderate and small
amplitude low-frequency fluctuations. Moreover, most
of the blocking case studies emphasized only the forcing
by synoptic scale waves and not the reverse problem,
namely, how such a blocking flow in turn organizes
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the synoptic scale waves so that the later may contin-
uously feed the former. Such interdependency between
the high-frequency eddies and the low-frequency flow
is a necessary although not sufficient condition to pa-
rameterize high-frequency eddies in terms of low-fre-
quency flow. Metz (1987, 1990) has shown that the
performance of a stochastically driven low-frequency
model that is initially formulated by Egger and Schilling
(1983, 1984) can be significantly improved if the “local
relationship” between cyclone-scale and low-frequency
eddies is taken into consideration.

Van den Dool (1982) and Kok et al. (1987) have
shown that the forcing by synoptic scale eddies appears
to be responsible for the major part of the monthly
anomalies. Lau (1988) has identified the coupling re-
lation between the monthly variability of the storm
tracks and that of the stationary waves by diagnosing
the dominant modes in the fluctuations of the second
moment statistics of the high-frequency eddies. It was
found that the eddy-induced geopotential tendency due
to monthly fluctuations of the storm tracks accounts
for a substantial amount of month-to-month vari-
ability of the stationary waves. Moreover, the modu-
lation in the stationary waves takes place in such a way
that the storm tracks are preferentially located down-
stream of the stationary troughs. Lau’s study clearly
indicates that such spatially coherent relation between
the monthly variability of the storm tracks and that of
the stationary waves closely resembles its counterpart
in the climate mean.

This article is the first part of a study applying the
theory and methodology proposed originally in CM to
an atmospheric dataset to document statistically, on a
day-to-day basis, the symbiotic relation between the
low-frequency variability and the high-frequency eddies
for a broad spectrum of low-frequency phenomena.
The key questions to be addressed in this study are:
““Are there traveling storm tracks that move along with
traveling planetary scale waves? If so, what is the re-
lation between the traveling storm tracks and the trav-
eling planetary scale waves? What is the underlying
physics that is responsible for such scale interaction
and organization?” Answers to these questions would
give us considerable insight about the origins of the
low-frequency variability of the extratropic circulation
and presumably may help to improve our forecast skill
over times of weeks or longer.

The (stationary) storm tracks have mathematically
been defined as the local maxima of the variance field
associated with the high-frequency eddies. We here at-
tempt to document if the general level (i.e., the zonally
uniform part) of the variance field could arise from
traveling storm tracks. From a practical point of view,
the stationary storm tracks can be viewed as a mani-
festation of the existence of the geographically fixed
asymmetric conditions at the bottom of the atmo-
sphere, such as land-ocean contrast and large-scale to-
pography. It has been demonstrated, however, in a
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number of theoretical studies that the formation of the
stationary storm tracks is dynamically attributable to
the local instability of a zonally inhomogeneous at-
mospheric time-mean flow® (e.g., Frederiksen 1983;
Pierrechumbert 1984; Cai and Mak 1990a). It follows
therefore that there should also exist traveling storm
tracks associated with traveling planetary scale waves
because there is no dynamic basis to distinguish the
zonal inhomogeneity in the stationary planetary waves
from that in the traveling planetary waves. Mullen
(1987), Nakamura and Wallace (1990), and Mak
(1990) indeed found an (instantaneous) storm track
upstream of a (temporarily stationary) blocking cir-
culation.

The focus of the first part of this study is on the
existence of traveling storm tracks and the local forcing
mechanism of such a traveling storm track upon the
corresponding low-frequency flow using the 500 mb
geopotential height field. According to CM’s results,
one should be able to deduce the synoptic forcing of
the low-frequency fluctuations from one-level data
since it mainly takes place in barotropic form. In the
second part, we will attempt to determine the vertical
structure of the low-frequency planetary scale waves
and their associated traveling storm tracks with em-
phasis on organizing effects of the low-frequency flow
on the high-frequency eddies.

Following CM, we shall employ a so-called phase
shifting transformation to identify the time mean
structure of a low-frequency planetary scale wave and
its attendant traveling storm tracks. The phase shifting
transformation essentially is a special composite anal-
ysis that follows the flow in a frame moving with a
speed equal to the instantaneous phase speed of a plan-
etary scale wave, so that the traveling planetary scale
wave becomes stationary in the moving coordinate and
so is its attendant storm tracks (if there are any).

Data used in this study is described in the next sec-
tion. Section 3 contains a brief description of the win-
tertime climatology of the atmospheric statistics fo-
cusing on the relation between the stationary waves
and the transients. This serves mostly as a reference
for our study on the mutual dependence of the low-
frequency flow and the high-frequency eddies. The
phase shifting transformation used to identify the trav-
eling storm tracks is introduced in section 4. Section
5 contains the results showing the traveling storm tracks
associated with each of the first four low-frequency
planetary scale waves and the forcing mechanism of

! Obviously, part of the zonal inhomogeneity in a time-mean flow
may result from the geographically fixed asymmetric conditions at
the bottom of the atmosphere. It should be emphasized, however,
that part of the zonal inhomogeneity in a time-mean flow could also
result from the forcing field induced by the associated stationary
storm tracks themselves as suggested in the observational studies by
Opsteegh and Vernekar (1982), Lau and Holopainen (1984) and
the theoretical study by Cai and Mak (1990a).
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the high-frequency eddies associated with the traveling
storm tracks upon the low-frequency waves. The time-
mean structure and propagation of the low-frequency
planetary scale waves is also presented in this section.
Section 6 is devoted to the issue of separation of trav-
eling and stationary storm tracks with the means of
the phase shifting method used in this study. Conclu-
sions are given in section 7.

2. Data

The dataset used in this study are twice-daily 500
mb geopotential height derived from the U.S. National
Meteorological Center (NMC) analyses for ten winters
1967/68 through 1976 /77. The winter season is taken
to be the 90-day period starting 1 December. The data
are stored on a 4° X 5° latitude-longitude grid covering
the area from 22°N to the North Pole. Temporal data
gaps (about 1.1%) were filled through a linear inter-
polation in time. The corrections were made by B. Doty
and K. Mo and this dataset has been used in many
observational studies (e.g., Van den Dool 1989).

A simple harmonic technique is used to separate the
low-frequency fluctuations from the high-frequency
eddies. Specifically, the data at each grid point in each
winter season are temporally decomposed in the fre-
quency domain w,, where w, = 2xn/90 day !, n = 1,
2, -+, 90. The low-frequency and high-frequency
components of the geopotential height are then ob-
tained as

14
ZEON ¢, 1) = 2 [A4a(A, ¢) cos(wpt)

n=1

+ B.(\, ¢) Sil’l(w,,[)],

90
27N ¢, ) = 2 [Au(X, ¢) cos(w,?)

n=15
+ Bu(X, ¢) sin(w,)], (1)

where, A is longitude, ¢ is latitude, and ¢ is time. Here
Ay and B, are the Fourier coefficients of the time series
of the geopotential height at a grid point (A, ¢) in a
winter season. Therefore, the time series z© at each
grid consists of the fluctuations with periods between
a week and a season while z* consists of the fluctuations
with periods less than a week. The time-mean flow
Z(, ¢) of the ten winter seasons is determined as the
average of the zero-frequency components of ten win-
ters.

Of course, Eq. (1) is not a perfect filter since the
time series is by no means periodic. A filtering tech-
nique such as employed by Blackmon (1976) has better
characteristics in this regard. Also our (or any other)
definition of high- and low-frequency fluctuations is
somewhat arbitrary. But with broadband resolution
sought, Eq. (1) should be adequate enough to distin-
guish the fluctuations in high and low frequencies. In-
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deed, the variance maps of the transients obtained with
(1) have the same characteristics as those of others’
studies in spite of the differences in the filtering tech-
nique and the definitions of the high- and low-fre-
quency fluctuations (e.g., our Figs. 1b—-c vs Figs. 3.1b-
¢ in Wallace and Blackmon 1983).

The wave portion, z% (), ¢, 1), of a flow z(\, ¢, ©)
can be obtained by performing a Fourier analysis in
the zonal direction

zZ%(\, &, 1)

36
= > H{¢,1) cos(

m=1

2mmA
360

+ Ol @, t)),a (2)

where H,,(¢, t) and O,(¢, t) are the amplitude and
the phase angle (in radians) of the wavenumber m at
the latitude ¢ and time ¢, respectively.

3. Basic statistics

In this section, we present statistics of the stationary
waves, the low-frequency fluctuations, and the station-
ary storm tracks of the ten winter seasons. The em-
phasis is on the relation between the stationary waves
and the transients. It primarily serves to be a reference
for the main theme of our study, namely, the symbiotic
relation between low-frequency waves and traveling
storm tracks.

Shown in Fig. 1a is the familiar time-mean flow of
the ten winters. It is seen that there are two major
troughs located along the east coasts of Asia and North
America, associated with which are the two major jet
streams. A third but much weaker trough is identifiable
over central part of the Eurasian continent. The two
zonally elongated local maxima over the exit regions
of the climatological jet streams are the most notable
features in the temporal root-mean-square (rms) field
of the high-frequency eddies (Fig. 1b). They are com-
monly identified as the stationary storm tracks of the
extratropic circulation. There is also a local maximum
over the downstream region of the Eurasian trough.
What has not been pointed out very often in the lit-
erature is the background value in the rms field of the
high-frequency eddies, which may be measured by the
minimum value of the rms field in the middle latitude
band. According to Fig. 1b, the minimum value is
about 40 gpm, which is still larger than the maxima in
the high or low latitudes. We are used to identifying
the climatological storm tracks as the local maxima of
70 or 80 gpm. But the background value is important
here because part of it could arise from the traveling
storm tracks. The rms field associated with the low-
frequency fluctuations exhibits somewhat less zonally
elongated maxima located farther downstream of the
jet streams (Fig. 1c¢). They are the regions for the fre-
quent occurrence of persistent, high-amplitude anom-
alies (Dole 1983). As documented in the earlier studies
(e.g., Wallace and Blackmon 1983), the low-frequency
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FiG. 1. Statistics of 500 mb geopotential height of the ten winter seasons. (a) Time-mean circulation, (b) Standard deviation of the high-
frequency eddies. (c¢) Standard deviation of the low-frequency eddies. The contour intervals for panels (a), (b), and (c) are 60.0, 6.0, and

12.0 gpm, respectively.

variability in the height field is about twice as strong
as the high-frequency variability.

Figure 2 displays a comparison of the time-mean
amplitude of the stationary, low-frequency and high-
frequency waves as a function of the zonal wavenumber
at latitude S0°N. To our knowledge the statistics pre-
sented in Fig. 2 are not available in the literature
(Blackmon 1976 showed that the power for frequency
1/15 day™! is maximum for planetary scale waves
whereas that for frequency 1/5 day ! is maximum for

synoptic scale waves). It is seen that wavenumber 1 is
the dominant component in the stationary wave field
and that the amplitude of the stationary waves drop
abruptly as the zonal wavenumber increases beyond
3. The amplitude spectrum of the low-frequency waves
is flat at the longer wave range (m < 4) and then de-
creases with increasing zonal wavenumber (m = 5)
but the decrease is much slower than for the stationary
waves. The amplitude spectrum of the high-frequency
waves is relatively flat with a weak maximum at wave-
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FiG. 2. The time-mean amplitude of the stationary, low-frequency,
and high-frequency waves in 500 mb geopotential height at latitude
50° as a function of the zonal wavenumber.

number equal to 6 or 7. Figure 2 also suggests that the
space and time scale of a disturbance are related. The
calculations at other middle latitudes reveal the same
result.

We have evaluated the instantaneous transient-eddy
forcing field in terms of an eddy-induced geopotential
tendency at each observation time for the ten winters
according to

w
xn 00 =(Z) - o~ Lp)

S R LUV BEY
4
where v’ and {’ are the geostrophic wind and vorticity
determined from the transient part of the geopotential
height z' [z’ can be either z¥(\, ¢, 1) or zE(}, ¢, 1)],
Jo is the Coriolis parameter at 45° latitude, and g is the
gravity constant. The superscript “w” in (3) stands for
the wave portion of the corresponding field (i.e., zonal
mean has been subtracted ). Hence the X field consists
of only the wave portion of the feedback tendency field.
The boundary condition for X at 90°N is taken to be
X = 0 since there is no wave at the pole. The boundary
condition for X at 22°N is artificially assumed to be
90X /¢ = 0. As found in Lau (1988), the solution for
X over most of the area poleward of 22°N is not sen-
sitive to the particular treatment for the southern
boundary condition except for the vicinity of the
boundary. The time-mean of X(A, ¢, ¢) has been in-
terpreted as the transient-induced forcing field upon
the stationary waves (Lau and Holopainen 1984).
We solve (3) for X with the boundary conditions
proposed in the last paragraph by a relaxation method
after replacing the spatial derivatives with centered fi-
nite difference formulas. Three other finite difference
schemes (e.g., upstream, downstream, and semi-spec-
tral) have been used as well. While the vorticity fluxes
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are somewhat sensitive to the numerical scheme, the
results indicate little sensitivity in the X field which is
due to the smoothing effect of the inverse Laplacian
operator.

Figure 3a plots the wave portion of the wintertime
mean flow shown in Fig. la. We wish to compare it
with the wintertime mean tendency fields induced by
both high-frequency eddies and low-frequency fluc-
tuations (Figs. 3b and 3c) and to illustrate the different
roles of the transients in the two frequency bands in
maintaining the stationary waves. In agreement with
Lau and Holopainen (1984), the high-frequency eddies
tend to reinforce the barotropic component of the sta-
tionary waves while the barotropic tendency field of
the low-frequency eddies is nearly out of phase with
the stationary waves. From an energetics point of view,
the above statement is equivalent to stating that, on
average, the high-frequency eddies (low-frequency
flows) lose (gain) energy barotropicaily to (from) the
stationary waves. This agrees with the findings of Sim-
mons et al. (1983) and Branstator ( 1990) that the pri-
mary energy source for the low-frequency fluctuations
is the conversion from the basic kinetic energy to dis-
turbance kinetic energy. Cai and Mak (1990a) have
shown that the cyclone-scale eddies excited through
local baroclinic instability lose kinetic energy to the
basic flow. The tendency field associated with the low-
frequency eddies is twice as strong as that of the high-
frequency eddies. This is primarily due to the fact that
the low-frequency variability is twice as strong as the
high-frequency variability (cf. Figs. 1b and 1c).

4. Method of phase shifting

As shown in Fig. 1b, the high-frequency transients
tend to have larger amplitude over certain longitudinal
sectors in middle latitudes than over others, indicating
the existence of the stationary storm tracks. If, on the
other hand, traveling storm tracks exist, they would
only contribute to the zonally uniform part of the rms
field and thus they would not show up in a preferred
longitudinal sector. In order to detect traveling low-
frequency waves and their associated traveling storm
tracks, we have to travel along with the low-frequency
waves. This enables us to construct the time-mean of
the low-frequency flow and the rms map of the high-
frequency transients in that moving frame. We shall
refer to the flow “observed” in such a moving coor-
dinate as the phase-shifted flow. Ideally, one should
follow a specific trough (or ridge) of the total low-fre-
quency flow to identify the (total) traveling storm
tracks. Technically, this is not feasible because a trough
(or ridge) usually disappears afier some time. The al-
ternative is to follow an identifiable structure of the
low-frequency flow at a reference latitude, such as the
ridge (or trough) of a particular low-frequency wave
my at the reference latitude. In order to make the de-
tection of traveling storm tracks pure, all signals of the
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FiG. 3. (a) Total wave field of the time mean circulation shown in Fig. 1a. (b) Time-mean tendency field induced by the high-frequency
eddies. (c¢) Time mean tendency field induced by the low-frequency eddies. The contour interval for (a) is 24.0 gpm and that for (b) and

(c)is 2.0 X 107 gpm s~

stationary storm tracks have to be removed. This is a
major challenge addressed below at many places.

In general, we may construct a phase-shifted flow
Z(\, ¢, 1) at each time ¢ from the original flow z(A, ¢,
t) according to

Z(N, ¢, 1) = z(A — N(1;5 o), ¢, 1), (4)

where, ¢q 1s the reference latitude. It is obvious that
the transformation (4) is no more than translating the

whole flow at each time ¢ eastward by an angle \*(¢;
¢0). Therefore, the relative positions of troughs and
ridges at each time are exactly preserved under this
transformation. It follows that a manipulation with the
phase-shifted flow can be accomplished by applying
the phase-shift transformation to the fields resulting
from the manipulation applied to the original flow, as
long as the manipulation does not involve the time
derivative. Particularly, a quantity derived from a
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phase-shifted geopotential height Z(X, ¢, ), such as
geostrophic wind and vorticity, is still meaningful and
is exactly equal to its phase-shifted counterpart derived
from the original flow z(X, ¢, ¢). The same is true for
the product of two physical variables (e.g., vorticity
fluxes).

The exact expression for A*(¢; ¢o) is determined
from a particular identifiable low-frequency structure.
In this paper, we shall limit our discussions on the
method of phase shifting following a particular low-
frequency wave mo(mgy = 1, 2, 3, and 4) at a reference
latitude ¢p. In this case, the definition of N*(z; ¢,) is

360 Q7o(bo, 1) — Omy( o) — 27 Ry (1)

AN¥(t; do) = 3
™ my

(5)

where QF, (o, t) is the phase angle of the wave m, at
latitude ¢ of the low-frequency flow at time ¢. Here
Q5. (¢o) specifies the new longitude of the ridge of the
wave my at latitude ¢o of the phase-shifted low-fre-
quency flow.? The values of &,,(?) in (5) are R,(¢)
= 0; Ry(2) = (0 or 1); R3(¢) = (0, 1, or 2); Ry(2)
= (0, 1, 2, or 3). The equiprobable values of R, ()
are determined by a random number generator. The
randomizer R,,(t) may be viewed as a purely mech-
anistic device, allowing us to select randomly the my
possible positions for the low-frequency wave m, with
an equal possibility. Apart from the randomizer
R (1), the phase shifting method (5) is the same as
the one used in CM. We shall come back for the reason
of introducing the randomizer R,,,(f) in (5) in sec-
tion 6.

The reference latitude ¢ in (5) has to be in the
middle latitudes since the zonally averaged rms of the
high-frequency eddies as well as that of the low-fre-
quency fluctuations reaches the maximum there. We
have made a series of experiments with 42°N < ¢,
< 62°N. Most results are not very sensitive to the
choice of the reference latitude ¢, in this latitude band.
Therefore, we shall in this article only report the results
obtained with ¢y = S0°N.

5. Low-frequency planetary scale waves and the trav-
eling storm tracks

This section reports the statistics of the 1800 phase-
shifted flows relative to a low-frequency planetary scale
wave with my = 1, 2, 3, 4. The geographic locations of
the statistics presented below are entirely determined
by the choice of Q5,(50°N) in (5), which has been
arbitrarily taken to be the phase angle of the corre-
sponding stationary wave. Hence, only the relative

2 Arbitrarily but intentionally, we take 03, (¢o) to be the phase
angle of the stationary wave m at latitude ¢,. This allows easy com-
parison of the time-mean structure of the traveling planetary scale
waves as well as the attendant rms statistics to the stationary coun-
terparts.
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geographical locations on these maps are dynamically
meaningful, but not the absolute geographical longi-
tudes.

a. Propagation of the low-frequency planetary scale
waves

Shown in Fig. 4 are the normalized probability
functions of AQF,(t) for my = 1, 2, 3, 4, where
AQ7,(t) is defined as

AQLA(D) = —(QL(50°N, 1) — QL(50°N, 1 — A?)),
(6)

with At = one day. A positive (negative) AQ7, (1)
means an eastward (a westward) propagation of the
low-frequency wave mg. The most striking feature in
Fig. 4 is that the probability functions all have a nar-
rowband distribution, indicating a gradual movement
of the low-frequency waves. It is also seen for my = 1,
2, 3 that the probability of a westward propagation is
slightly larger than that of an eastward propagation.
The low-frequency wave m, = 4 moves eastward more
than it moves westward. We may estimate the time-
mean phase speed of the wave m, from the time mean
value of AQF, (f)as |

AQEL (t '
Coo(60) = 5 sz( ) @ Cf;(%) ’

where g is the radius of the earth. It is found that
Ci(50°N) = =48 m s7!; C,(50°N) = —1.8 m s™};
C3(50°N) = —0.4 m s "; and C,(50°N) = 0.9 ms~.
We may also view AQ+, (¢) defined in (6) as a mea-
surement of the “smoothness” of the phase shifting
transformation. A positive (negative) value of
AQﬁ,o(t) means that a relatively westward (eastward)
phase shift has to be applied to the flow at time 7. It is
seen from Fig. 4 that at most times (>80%) we need
to shift the flow by no more than 1I/j2th of the wave
length (or +£30°) of the reference wave per day.

(7)

b. Statistics of the phase-shifted flow with my = 1

Shown in Fig. 5a is the time-mean circulation of the
phase-shifted low-frequency flow with m, = 1. It pri-
marily consists of the wavenumber 1 and therefore may
be regarded as the time-mean structure of that traveling
planetary scale wave. The dominance of my = 1 could
only be achieved by using several years of data. When
we used only one winter season of data, np = 1 showed
up but mixed with several other waves. These mixed-
in waves are different every year and disappear prac-
tically upon using all ten years of data.® The time-mean
amplitude of the traveling wave my = 1 is about 70%

3 A similar statement is also applicable for the time mean circu-
lations of the phase-shifted flows with m, = 2, 3, and 4 which will -
be presented in sections 5c~5e.
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FIG. 4. Histograms of the phase change during a day of the traveling low-frequency waves.
(@a)ymo=1.(bymy=2.(c)my=3.(d) my = 4.

of the amplitude of the stationary wavenumber 1 (cf.
Fig. 2). In sharp contrast with the stationary wave-
number 1 (not shown here but see Fig. 9, Shabbar et
al. 1990), the low-frequency wavenumber 1 changes
its polarity from the tropics to the midlatitudes and
from the midlatitudes to the higher latitudes. Madden
and Speth (1989) also identified such meridional
structure of the westward traveling wavenumber 1 in
a composite study. This alteration of the polarity in
the meridional direction of this low-frequency wave
could be viewed as the manifestation of a dipolar (or
tripolar) teleconnection pattern.

The rms of the high-frequency eddies phase-shifted
relative to the low-frequency wave my = 1 displays two
storm tracks (Fig. 5b). The one on the left appears to
be associated with the midlatitude trough shown in
Fig. 5a. The central path of this storm track is about
45°N. The other one is linked to the high-latitude
trough with the central path at about 55°N. Both storm
tracks are embedded in a westerly anomaly flow, a re-
current feature. It is noted that the maxima of the rms
shown in Fig. 5b are smaller than those shown in Fig.
Ib. This, however, does not necessarily mean that the
intensity of the traveling storm tracks is weaker than
the stationary storm tracks. This is partly because what
is shown in Fig. 5a are the traveling storm tracks as-
sociated with just one low-frequency planetary scale
wave whereas the stationary storm tracks shown in Fig.
Ib are associated with the total stationary waves.

Figure Sc is the map of the geopotential height ten-
dency induced by the phase-shifted high-frequency ed-
dies. The tendency flow also primarily consists of
wavenumber 1. It also has the pattern of meridional

alteration in the polarity. It is easy to see that the ten-
dency field captures most of the main features shown
in Fig. 5a, indicating a forcing mechanism of the low-
frequency wave by its associated traveling storm tracks.
The trough (or ridge) position of the tendency field
over the midlatitude band appears to be a few degrees
east of its counterpart shown in Fig. 5a. Recall that the
low-frequency wave 1 travels westward in the mean.
This implies that the vorticity flux by the high-fre-
quency eddies on average tends to retard the westward
propagation of the planetary scale wave.

c. Statistics of the phase-shifted flow with my = 2

The time mean flow of the phase-shifted low-fre-
quency flow with m, = 2 (Fig. 6a) is, as desired, char-
acterized by wavenumber 2. This wave field has a di-
polar pattern in the meridional direction, which again
could account for some of the dipolar teleconnection
patterns. Compared to its stationary counterpart, this
traveling wave has smaller meridional scale. The rms
of the phase-shifted high-frequency eddies relative to
this low-frequency wave (Fig. 6b) reveals two major
storm tracks downstream of the two troughs shown in
Fig. 6a. The intensity of the traveling storm tracks is
about the same as that associated with the traveling
wavenumber 1. The downstream shift of the traveling
storm tracks associated with the low-frequency wave-
number 2 is more pronounced than those for mg = 1
(Fig. 5). There are also two additional slightly weaker
storm tracks over the northwest flank of the high pres-
sure centers where the anomaly flow is westerly. The
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(b)
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(c)

F1G. 5. Statistics of the phase-shifted flow with m, = 1. (a) Time-mean circulation. (b) Standard deviation of the phase-shifted high-
frequency eddies. (c¢) Tendency-field induced by the phase-shifted high-frequency eddies. The contour interval for (a) and (b) is 6.0 gpm
and that for (¢) is 1.0 X 107° gpm s ', Only the relative geographical locations in this figure are dynamically meaningful but not the absolute

geographical longitudes.

feedback field calculated with the phase-shifted high-
frequency eddies (Fig. 6¢) resembles closely the time-
mean structure of the low-frequency wave. It is seen
that the trough (or ridge) positions of the tendency
field is slightly east of the low-frequency wave. There-
fore, the vorticity flux associated with the high-fre-
quency eddies tends to reinforce the low-frequency

wavenumber 2 as well as to retard its westward prop-
agation in the mean.

d. Statistics of the phase-shifted flow with my = 3

The time-mean structure of the traveling planetary
scale wavenumber 3 is shown in Fig. 7a. The amplitude
of this wave is comparable to the stationary wavenum-
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FIG. 6. As in Fig. 5 except for the phase-shifted flow with m, = 2.

ber 3. Like its stationary counterpart, its meridional
structure is primarily monopole. The meridional scale
of this low-frequency wave is about the same as its
zonal scale. As shown in Fig. 7b, there is a well-defined
storm track located at the downstream region of each
trough of the traveling planetary scale wave. It is in-
teresting to note that there are no storm tracks over
the northern flank of the ridges in this case, in contrast
to the cases of my = 1 and 2. The feedback field of

the corresponding phase-shifted high-frequency eddies
mainly consists of the wavenumber 3 (Fig. 7¢), indi-
cating again the forcing mechanism of the planetary
scale wave by its attendant storm tracks. The positions
of the trough and the ridge of the feedback field now
are 1o the west of their counterparts in the low-fre-
quency flow. Therefore, the forcing field induced by
the high-frequency eddies statistically tends to move
low-frequency waves westward.
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FIG. 7. As in Fig. 5 except for the phase-shifted flow with mo = 3.

e. Statistics of the phase-shifted flow with my = 4

The time-mean flow of the phase-shifted low-fre-
quency flow relative to the low-frequency wave mg = 4
(Fig. 8a) consists mainly of wavenumber 4. It has a
monopole structure in the meridional direction. The
amplitude of this wave is about twice as large as that
of the stationary wavenumber 4 (cf. Fig. 2). There are
four local maxima in the rms field of the corresponding

phase-shifted high-frequency eddies (Fig. 8b). These
maxima are located in downstream regions of the
troughs of the traveling low-frequency wave. There is
no evidence showing storm tracks associated with the
ridges of this low-frequency wave. The tendency field
induced by the four traveling storm tracks is dominated
by wavenumber 4 (Fig. 8¢). The lows and highs of the
tendency field are slightly westward relative to the cor-
responding low-frequency wave. Therefore, the high-
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FI1G. 8. As in Fig. 5 except for the phase-shifted flow with m, = 4.

frequency eddies act to reinforce the low-frequency
wave and to slow down its eastward propagation.

S Phase-shifted flow relative to the traveling storm
tracks

The results reported in sections Sb-Se are obtained
by performing the phase shifting transformation fol-
lowing a low-frequency wave of the geopotential height.
We have repeated the above calculations with a phase

shifting transformation that follows a low-frequency
wave in the tendency field induced by the high-fre-
quency eddies. To do so, we need to change the defi-
nition A* in (5) to
N(2; go)
_ 360 (95,(Po, 1) = Ine(db0) = 2R, (1))
27 iy ’
¢0 = SOON,

(8)
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where, 0&,{,( do, 1) 1s the phase angle of the m, wave of
XE(X, ¢o, 1), the low-frequency component of the ten-
dency field induced by the high-frequency eddies.
5, (o) is deliberately taken to be the phase angle of
the time-mean tendency field shown in panel (c) of
Figs. 5-8 so that we may compare the new results to
those found in sections Sb-5e. We may interpret the
resulting flow as the flow phase-shifted relative to the

(b)
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traveling storm tracks, If the symbiotic relation between
low-frequency flow and high-frequency eddies were to
hold not only in the statistical sense but equally at each
observation time, the phase-shifting transformation (8)
would be identical to the phase-shifting transforma-
tion (5).

Here we only present a representative case of such
a phase-shifted flow, namely for mg = 4 (Fig. 9). The

(c)

FIG. 9. As in Fig. 5 except for the phase-shifted flow following the low-frequency Wavenumber 4
of the instantaneous tendency field induced by the high-frequency eddies.
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Fig. 10. Histograms of the frequency of occurrence of the first ridge position east of Greenwich of low-frequency
wave my at 50°N as a function of longitude boxes (the shaded area). The width of each of the boxes is 5 /m; degrees.
The curve connecting the squares is the amplitude (in the unit of gpm) of the wave averaged over all the cases of the
ridge occurring in the same longitude box. (a) my = 1. (b) np = 2. (¢) my = 3. (d) mp = 4.

same relation between the low-frequency planetary
scale wave and its traveling storm tracks identified with
(5) and presented in Fig. 8 is now also seen in Fig. 9.
Particularly, the phase difference between the traveling
wave and the high-frequency forcing field is about the
same for the two phase-shifted flows. The intensity of
the traveling storm tracks deduced with (8) appear to
be stronger. The amplitude of the feedback field is
about twice as large as that shown in Fig. 8c whereas
the amplitude of the corresponding traveling planetary
scale wave is only about half of that shown in Fig. 8a.
The difference between Figs. 8 and 9 suggests that the
symbiotic relation between low-frequency flow and
high-frequency eddies deduced from the statistics of
the phase-shifted flows does not hold equally at all
times. In the mean the feedback field is neither slower
nor faster than the low-frequency waves. But the rel-
ative phase does change over time, the forcing and the
slowing-down relationship being the most common.

6. Separation of traveling and stationary storm tracks

Obviously, panel (a) of Figs. 5-8 has no signal from
the stationary wave since we have removed the sta-
tionary waves from the data prior to our analyses. One
may question, however, whether the zonal inhomo-
geneity in panel (b) of these figures could only consist
of traveling storm tracks. Unlike the stationary waves,

we cannot remove the stationary storm tracks prior to
our analyses because the storm tracks are mathemat-
ically defined in terms of the time-mean of a second-
moment quantity. The purpose of this section is to
report the results of a series of experiments using the
10 year winter data, showing empirically that the zonal
inhomogeneity on a rms map of the phase-shifted high-
frequency eddies (i.e., panel (b) in Figs. 5-8) has little
signal from the stationary storm tracks so that we may
attribute the zonal inhomogeneity on such a map to
the traveling storm tracks.

Intuitively, it is quite reasonable to assume that the
zonally inhomogeneous part of the rms field observed
in the original coordinate (i.e., Fig. 1b) would become
zonally uniform in a moving frame provided that the
moving frame does not have too much preference in
some particular longitudinal sectors in time. To ex-
amine whether the frame moving with a low-frequency
wave my has a preference to occur in some longitudinal
sectors, we plot in Fig. 10 the histogram of the first
ridge position east of Greenwich of a low-frequency
wave myg at 50°N as a function of longitude boxes from
0° to 360°/my, for my = 1, 2, 3, and 4. The width of
each of the boxes is 5/m, degrees. Also shown in Fig.
10 is the amplitude of the wave averaged over all the
cases when the first ridge hits the longitude box in
question. Obviously, the frame moving with low-fre-
quency wave mip is not purely uniform in longitude
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(otherwise the number of cases in each box would be
exactly equal to 25). Particularly, the frame moving
along with my = 1 has some preference over the lon-
gitude sectors where the low-frequency variability is
maximum. It is also not surprising to see the frequent
occurrence of the higher amplitude of the wavenumber
1 of these two longitude sectors. As », increases, the
frequency of occurrence of the ridge east of Greenwich
becomes nearly uniform in longitude over the domain
of (0°, 360° /my). The randomizer R,,(?) effectively
enlarges the nearly uniform domain to the full range
(0°, 360°) by randomly selecting the m, possible po-
sitions for the low-frequency wave m, with an equal
possibility. Hence, the moving frame defined in (5)
with my = 2 practically has little preference over any
longitudinal sector.

Since our hope on separating the traveling storm
tracks from the stationary ones is placed on the phase
shifting technique, it is desirable to confirm whether
the same technique is capable of separating the trav-
eling from the stationary waves. Applying (5) to the
unfiltered wave flow z " (), ¢, ¢) (which includes sta-
tionary waves, low-frequency waves, and high-fre-
quency eddies) and constructing the time mean map
of the phase-shifted flow thus obtained yields that

_—
2%\ ¢, 8) = 2PN, ¢, 1)

PN
(note that z"(\, ¢, t) corresponds to the map shown
in panel (a) of Figs. 5-8). This implies that the phase
shifting operation relative to a low-frequency wave #z
(my = 1,2, 3,and 4) can remove not only the stationary
waves but also all other transient waves so that the

only survivor on the map z"(\, ¢, 1) is the low-fre-

quency wave my itself. Hence the phase shifting tech-

nique is as good as a filtering technique in terms of

removing the stationary waves from the data. This also

suggests that Fig. 10a features a distribution that is suf-

ficiently uniform in longitude for the current purpose.
As discussed in section 4, we have

Xi(A, ¢, 1) = —V“z[f V-(W”)} = Xu(\, ¢, 1)
= —V“Z[fv-(vh(")], 9

where X;(}, @, t) is the instantaneous feedback field
calculated from the phase-shifted high-frequency eddies
and X;(\, o, 1) is the phase-shifted instantaneous feed-
back field associated with the (unshifted) high-fre-
quency eddies. Equation (9) enables us to apply (5)
directly to X,(\, ¢, t) to recover the maps shown in
panel (c) of Figs. 5-8, since
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Xn(\ &, 1) = X(\, &, 1)

We have particularly applied (5) to X,(A, ¢, t) field,
the transient part of the tendency field induced by the
high-frequency eddies (Xi(A, ¢, 1) = Xp(X, ¢, )
~ Xn(\, ¢, t)). Since we have interpreted X, (A, ¢, t)
as the feedback field of the stationary storm tracks upon
the stationary waves, the maps shown in panel (c¢) of
Figs. 5-8 would be completely free from the feedback

field of the stationary storm tracks if Xh(N, &, t)
= Xi(X, ¢, 1). The results of this set of experiments
indeed show that X},(X, ¢, 1) =~ Xz(X, ¢, £). This find-
ing again strongly suggests that the zonal inhomoge-
neity in the rms map of the phase-shifted high-fre-
quency eddies [i.e., panel (c¢) of Figs. 5-8] practically
is free from the zonal inhomogeneity shown in Fig. 1b.

7. Conclusions

This paper has documented the existence of the
traveling storm tracks and their relation to the low-
frequency flow with 10-year winter data of 500 mb
geopotential height over the Northern Hemisphere. The
symbiotic relation between the low-frequency waves
and the traveling storm tracks is found in a coordinate
system that moves with the phase speed of an individual
low-frequency planetary scale wave. The main conclu-
sions are:

1) The phase-shift technique is capable of separating
the traveling from the stationary storm tracks. This
technique is useful for studying the time mean structure
of the low-frequency wave and their propagation. By
following a well-defined structure in the low-frequency
field, we can isolate both this structure and the atten-
dant storm tracks.

2) The decrease of the amplitude of the low-fre-
quency waves with the zonal wavenumber is much less
dramatic than is the case for the stationary waves. The
ratio of the time mean amplitude of a low-frequency
wave to that of a stationary wave is 0.7 for m = 1, 0.8
for m = 2, 1.0 for m = 3 and much larger than 1.0 for
m > 3. The low-frequency waves m = 1 (m = 2) exhibit
a well-defined tripolar (dipolar) pattern in the merid-
ional direction. The low-frequency wavenumber 3 and
4, on the other hand, are dominated with a monopole
structure in the meridional direction. In general the
meridional scale increases with the zonal wavenumber.

3) Statistically, there exists a traveling storm track
downstream of each trough of a traveling planetary
scale wave. For m = | and 2, there are also traveling
storm tracks northwest of the ridges. The vorticity flux
of the high-frequency eddies associated with the trav-
eling storm tracks tends to reinforce the low-frequency
waves and to retard their propagation. The effect of
the vorticity flux associated with the high-frequency
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eddies on the propagation of the low-frequency waves
perhaps explains the large discrepancy between the lin-
ear and actual phase speeds of the Rossby waves. The
relation between the low-frequency flow and the trav-
eling storm tracks resembles that between the stationary
waves and the stationary storm tracks.

Our findings support earlier works indicating that a
substantial amount of the low-frequency variability of
the midlatitude atmospheric circulation can be ex-
plained by the forcing of the high-frequency eddies.
These low-frequency waves appear to organize the high-
frequency eddies so that the latter preferentially inten-
sify downstream of the troughs of the former.

We have not addressed in this paper why each of
the low-frequency planetary scale waves has its own
storm tracks. One of the potential mechanisms is the
local instability of a single planetary scale wave
embedded in the zonal flow. If that is the case, then
the intensification of the high-frequency eddies down-
stream of each trough of a planetary scale wave would
have to occur simultaneously. Another potential can-
didate is the local instability of the (instantaneous) total
low-frequency flow embedded in the zonal flow. In this
case, the preferential development of the high-fre-
quency eddies would primarily take place downstream
of the major troughs that are contributed collectively
by all the low-frequency waves. As a result, it would
still be possible that there exist statistically a storm track
downstream of each trough of an individual low-fre-
quency wave.

Other issues to be addressed later include: (i) Can
one identify the life-cycle of a low-frequency event?
Nakamura and Wallace (1990) speak about the life-
cycle of low-frequency “events,” by which they mean
the growth, mature, and decaying stages of a blocking
at some fixed geographical locations. We could greatly
expand that idea by allowing the low-frequency
“events” to move. (ii) In our statistics some of the low-
frequency anomalies may actually not be traveling, but
are stationary oscillations. Is there a need to distinguish
traveling and standing low-frequency variations?
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