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ABSTRACT

An analysis of 11 years of European Centre for Medium-Range Weather Forecasts data focuses primarily on
the vertically averaged high-frequency transients. The conclusions are discussed in the context of (&) the winter
storm track, (b) monthly variability, and (c) interannual variability. (a) Winter storm track: Results show that
the pattern of the forcing by the high-frequency eddies along the storm track is highly correlated with the
stationary circulation, and the forcing itself is primarily responsible for the location of the trough-ridge system
associated with the stationary flow. The results also clarify the role of wind component covariance terms u’v'
and (v2 — U’2) in the column-averaged vorticity forcing. The simpler term uv" has the well-known effect of
intensifying the anticyclonic (cyclonic) tendencies on the southern (northern) side of the jet, thereby producing
an increase in the barotropic component of the zonal jet. The (v'2 — u’2) term displays a quadrupole pattern,
which is also approximately in phase with the trough—ridge system associated with the stationary flow. (b)
Monthly variability: Eddy activity has been shown to possess a seasonal life cycle, increasing during the early
fall and reaching a maximum around the month of November, then decaying for most of the winter months.
Month-to-month variations in eddy activity over the Pacific Ocean show that energy levels increase up through
November, decreasing thereafter, at the same time the trough-ridge circulation pattern is intensifying. By De-
cember, baroclinicity in the western Pacific has increased substantially, and low-level eddies are found to break
by the middle of the ocean. Upper-level eddies start to break well before reaching the west coast of North
America, resulting in a displacement of the maximum in (v'2 — u’2) westward from its November position and
increasing the trough-ridge forcing by the high-frequency eddies. (c) Interannual variability: Wintertime eddy
kinetic energy is seen to extend further eastward through the Pacific Ocean during the warm phase but displays
an abrupt termination during the cold phase. Anomalies in the eddy transient forcing tend to be quite similar
to that of the Pacific-North American pattern itself. The extension of the storm track during the warm phase
resembles that of fall conditions and is present in the winter season because the source of low-level baroclinicity
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is extended well into the eastern Pacific for this EI Nifio-Southern Oscillation phase.

1. Introduction

Considerable progress has been made over the past
decade in understanding the general circulation of the
atmosphere, particularly with regard to the behavior and
characteristics of large-scale eddies and their interaction
with the mean flow. One technique that has proven use-
ful in obtaining insight into the role of eddies has been
the separation of processesinto high- and low-frequency
components. In particul ar the existence, shape, and other
characteristics of storm tracks have been found to be
intimately related to the configuration of the time-mean
circulation (Blackmon et al. 1977, Blackmon et al. 1984;
Lau and Holopainen 1984; Hoskins et al. 1982; Hoskins
and Valdes 1990; Held et al. 1989). The Pacific and
Atlantic storm tracks originate in the vicinity of the
stationary troughs over the western part of the respective
oceans and terminate near the stationary ridges over the
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west coast of North America and over Europe. It has
been also noted in these studies that the storm tracks
lie downstream and slightly poleward of the vertical and
horizontal shear zone associated with the quasi-per-
manent jet streams over Japan and over the east coast
of North America.

Hoskins and Valdes (1990) discussed the steady re-
sponse of the atmosphere to forcing by eddy heat fluxes,
eddy momentum fluxes, and diabatic heating. Using a
model linearized about the zonal flow, they suggested
that diabatic heating is essential in maintaining the high
baroclinicity in the vicinity of the storm track and is
essential to the maintenance of the storm track. Fur-
thermore, they speculated that since the diabatic heating
over the storm track is caused by horizontal and vertical
displacements associated with individual storms, it
could be concluded that storm tracks are self-maintain-
ing.

More recently, Chang and Orlanski (1993) offered a
complementary explanation for the observed distribu-
tion of eddy activity downstream of the strong baroclinic
regions that characterize the western oceans. Using an
idealized numerical model, they showed that small am-
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plitude eddies introduced into the baroclinic regions at
the entrance to the storm track grew by baroclinic pro-
cesses, but did not initially affect the baroclinic zone.
Farther downstream, however, the eddies became strong
enough for their heat fluxes to reduce the low-level bar-
oclinicity. The net result was a distribution of baroclin-
icity along the storm track, which is characterized by
large values at the entrance of the storm track and weak-
er values downstream, similar to that in the observed
oceanic storm tracks. Yet, despite the reduced baroclin-
icity in the middle of the storm track, eddies could attain
large amplitudes by virtue of energy fluxes from eddies
upstream. With this mechanism, a complete picture of
the evolution of eddies along the storm track could be
described. The land—sea contrast off the east coast of
the Asian and North American continents resultsin dia-
batic heating by the warm ocean and, in turn, enhanced
baroclinicity conducive to the generation of baroclinic
eddies. As these eddies complete their life cycle, they
flux energy downstream to new eddies, which, asacon-
sequence, require less baroclinicity in order to grow to
significant amplitude. These fluxes are also directed up-
ward, producing eddies that are deeper than those close
to the entrance of the storm tracks. These results are in
complete agreement with the description by Hoskins et
al. (1983) derived from an analysis of one winter using
European Centre for Medium-Range Weather Forecasts
(ECMWF) data.

This description gives a clear picture of the evolution
of eddies along the entrance and middle portion of the
storm track. However, a far less clear picture exists at
the termination of the storm tracks. Observational and
diagnostic studies of the linear response of the stationary
circulation have shown that the observed ridges in the
eastern oceans are one possible cause of the blocking
and termination of the eddy activity there (Lau 1988).
In fact, a number of studies have suggested that eddies
can reinforce blocking flow patterns (Shutts 1983; Illari
and Marshall 1983; Illari 1984). Experiments with a
nonlinear barotropic vorticity equation done by Shutts
(1983) show that dipol e blocking patterns can be created
by the action of the eddies. He concluded that eddies
alone are responsible for the block since the time-mean
vorticity equation had no external forcing functionssuch
as an orographic term. Furthermore, the time-mean an-
ticyclonic eddy vorticity forcing was located just up-
stream of the ““blocking high™ in agreement with data
analyzed by Illari (1984) for the anomalous circulation
over Europe of 1976. More recently, a number of ide-
alized mean flow studies have found that the eddiestend
to decay due to the strong deformation at the exit of
the mean jet (Witaker and Dole 1995; Mak and Cai
1989). Linear simulations of baroclinic development
with basic climatol ogical states performed by Branstator
(1995) suggest a consistency between the diffluence area
of the jet and the reduction of eddy activity. Yet, the
reason that ridges are found at the end of storm tracks
is more difficult to find. What is clear is that wherever
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the storm tracks end, aridge can be found. It also seems
clear from idealized model simulations that this ridge
is associated with the diffluence of the zonal jet stream
and this diffluence strains the eddies and contributes to
their decay.

Held et al. (1989) found—in examining the stationary
linear response forced by ororgraphy, transients, and
diabatic heating obtained from GCM simulations—that
the western mountains of North America and transients
seem equally responsible for the ridge formation at the
terminus of the Pacific storm track. The transients ap-
peared to produce positive height tendencies over the
eastern Pacific, while orography produced a maximum
over western North America. However, the ridge over
the eastern Atlantic was not well simulated, leaving the
authors to speculate that the GCM storm track was
weaker than observations and suggesting that transient
eddy forcing could be even more important than their
results suggest.

Lau and Nath (1991) addressed the question of high-
frequency forcing of the stationary component. They
found amajor trough over the central Pacific and arather
weaker high over northwestern North America, which
extended to the eastern and south central Pacific Ocean.
Their analysis also suggested that the high-frequency
transients produced significant negative height tenden-
cies over the western and central Atlantic and small
positive tendencies over the eastern Atlantic.

In the present study, we will try to elucidate from an
analysis of atmospheric data the relationship between
the poleward deflection of the storm track axis and the
evolution of the ridge at the end of storm tracks. High-
frequency forcing will be analyzed without resorting to
any other large-scale filtering. The emphasis will be on
describing the seasonal and interannual variability of
this forcing and assessing whether the storm track is
self-limiting by virtue of its tendency to produce a pole-
ward deflection. Because of the tendency for eddies to
flux energy upward and grow deeper downstream of the
strong baroclinic zone, their poleward momentum flux
tends to shift the westerlies northward. The poleward
momentum flux tendencies and/or the fact that as eddies
break they could enhance blocking highs downstream
may cause a series of eddies along the storm track to
follow a progressively more poleward path, and the
whole storm track will be deflected to higher latitudes.
This picture, in which the eddies themselves produce
the poleward deflection, is certainly consistent with the
large cyclonic tendencies produced by the transients in
the middle of the storm track, forcing the trajectories
of the surface lows at its termination well poleward of
the central storm track, as in the case of the Aleutian
and the Icelandic lows. The relation of the observed
quasi-stationary trough—ridge system in phase with the
entrance and termination of the storm track will be dis-
cussed.

The high-frequency transient forcing for thevertically
averaged mean vorticity analysis for the winter circu-
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lation will be presented in section 2, and will confirm
and support previous work by Lau (1988), Holopainen
et a. (1982), and Hoskins et a. (1983) using different
data. In section 3, the monthly variability of the eddy
statistics will be discussed. The statistics of the two
phases of the El Nifio—Southern Oscillation (ENSO) cy-
cle will be presented in section 4, with the summary
and conclusions in section 5.

2. The winter season
a. Dataset and analysis procedure

The dataset for this study consists of twice daily tem-
perature, wind, and heights for seven pressure levels
(1000, 850, 700, 500, 300, 200, and 100 mb), from
ECMWF data for 1980—90. The analysis approach is
similar to that used in previous studies (Lau 1988; Lau
and Nath 1991). In particular, the technique used by
Chang (1993) is adopted, in which only disturbances
with synoptic timescales are retained. Two 41-point
high-pass time filters with half-power points around 6
and 12 days, respectively, were examined (see appen-
dix). Theresults shown here are for eddies derived using
the 12-day high-pass filter.

b. Eddy characteristics for the winter

The time-mean December—February 500-mb height
for the 11 years of data is shown in Fig. 1a, together
with the corresponding vertically averaged (200-850
mb) eddy Kkinetic energy. The Atlantic and Pacific storm
tracks are readily apparent, as are the troughs and ridges
at the entrance and exit regions of each. The focus for
the current investigation will be the Pacific storm track,
in which the initial eddies are generated by baroclinic
processes in the western Pacific. Eddies forming though
the middle of the storm track do not require the same
level of baroclinicity because much of the energy is
derived from the convergence of fluxes from decaying
eddies upstream. Chang (1993) used a time-lag regres-
sion analysis to show a clear picture of this evolution
of eddies in the middle of the storm track.

At the exit region of the storm track in the eastern
Pacific, the situation is quite different. An analysis of
a 10° lat band, similar to that used by Chang (1993), is
summarized in Fig. 2, and reveals progressive eddies
upstream of 140°W, but weaker and more stationary
eddies east of 140°W, in the vicinity of the ridge dis-
played in Fig. 1a. One simple explanation is that this
ridge ‘‘blocks” the propagation of the eddies. Another
possible explanation is that the eddies decay as a con-
sequence of the strong diffluence in the vicinity of the
ridge. In al likelihood, both processes are important,
with some eddies tracking northward over the ridge and
some eddies undergoing decay. It should be noted that
the apparent extended lifetime of the eddies near the
ridge could be contributing to the ‘“‘stationary’ circu-
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lation itself, the eddies may appear stationary only be-
cause their eastward velocity decreases as they move
poleward over the ridge. However, it will be shown that
the eddies are indeed supporting the stationary circu-
lation.

What is important, then, is what controls the intensity
of the eastern Pacific ridge (hereafter, EPR), given the
roleit playsin the midlatitude winter circulation. A weak-
er EPR permits midlatitude synoptic systems easier en-
trance to the west coast of North America, a a latitude
close to the axis of the storm track. One specific case
wherethis happensis during the warm phase of the ENSO
cycle. During El Nifio years, the ridge is weaker and the
storm track lengthens toward the west coast of the United
States, whereasduring LaNiflayears, theridgeisstronger
and storms are more commonly deflected poleward into
northern Canada and Alaska. The following sections
present an analysis of the role of transient eddies in the
forcing of the stationary circulation.

c. Vertically averaged vorticity equation

The focus of this study is the large-scale circulation
that could arise from the high-frequency (HF) forcing
of the storm track. Thiscirculation hasalarge projection
onto the vertically averaged flow so that a vertically
integrated analysis will suffice. Conservation of pseu-
dopotential vorticity (PV) in quasigeostrophic theory
has an attractive simplicity that has stimulated a large
number of studies (Holopainen and Oort 1982a,b; Hol-
opainen et al. 1982; Lau and Nath 1991). But, as pointed
out by Hoskins (1983), quasigeostrophic PV analysisis
limited by the assumption of constant static stability,
which breaks down over synoptic scales, and by the
arbitrariness of fixing a specific latitude to determine
the coriolis parameter f,. Here we will avoid placing
such constraints on the analysis.

Let us then consider a vertical averaged statistic that
will be useful in analyzing the vorticity budget. The
time-mean vorticity equation is

D7 = (—Bv) + (f+ Z)aipw — K-V X Fy)

+k-VXNR+V, (21

where the D = (U/a cos$)(9/0r) + (vla)(9lae), ¢ is
the time-averaged vertical component of the relative
vorticity, B is the meridiona derivative of the Coriolis
parameter, R is the frictional dissipation, V represents
the vertical advection of mean vorticity and convergence
of the HF vertical vorticity fluxes. The term F; is the
high-frequency forcing and is given by

B 1 DTU’U +iu v’ COSd)D HJL tanci)D
a cow%% +ai¢v’v’ cos<;bD HJ— tan¢>D

(2.2)
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Fic. 1. (a) Mean 500-mb goepotential height and vertically averaged transient (12-day filter) eddy kinetic energy (shaded) for the winter
months of December—February for the period 1980—90. (b) Mean 500-mb goepotential height (contours) and the streamfunction tendency
from the vertically averaged transient forcing for the same period. For an estimate of the intensity for the streamfunction tendency, a difference
of 10 m? s~2in 10° lat corresponds to a wind acceleration of 0.85 m st day—*. (c) The deviation of zonal mean for the fields shown in (b).
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FiG. 2. Timelag regression of 300-mb meridional velocity for the months of December—February
for the period 1980-90. The location of the test function is at 140°W and is an average over a
10° band centered at 40°N; thisis approximately the mean location of the stationary eastern Pacific

ridge.

The vorticity equation (2.1) and the forcing (2.2) are
similar to that derived by Holopainen et al. (1982). The
vertical integral of (2.1) can be expressed as

Pr
f (D¢ + Bv) dp

PT
zf (-k-V X F, +k-VXN)dp. (23)
Po

Note that in (2.3) the tendency of the vorticity vertically
integrated from an upper pressure p; to the surface p,
does not include the stretching term f (w; — wo)/(Pr
— Po)- The thickness change (w; — w,) is given in the
guasigeostrophic framework by the thermodynamic en-
ergy equation at the corresponding boundary pressures
p; and p, [see Holton 1992, his Eq. (6.13)]. Although
under particular conditions this tendency could be sig-
nificant, in the time-averaged budgets this is assumed
to be small, and it has been neglected in previous studies
(e.g., Lau and Nath 1991). This assumption implies that
the heat fluxes can redistribute vorticity but will not
affect its column integral. Generaly, the stretching
forced by heat fluxes will produce vorticity of one sign
at low levels and the opposite sign at the upper levels
(see Lau and Nath 1991). Neglecting the integrated
stretching term removes the need for the heat budget
calculation at the lower boundary (1000 mb), which
could be of questionable accuracy.

The individual terms on the left of (2.3) arerelatively

large but for the most part cancel each other (Lau 1979),
as absolute vorticity contourstend to parallel time-mean
streamlines. The last term on the right of Eq. (2.3),
namely, the vertical integral of the curl of the frictional
forces, roughly balances the curl of the surface wind
stresses. Consequently, the vertical integral of the curl
of high-frequency forcing roughly balances the curl of
the total wind stress at the surface (Holopainen and Oort
1981a). B

The curl of the forcing term, F,;, in Eq. (2.3) can be
expressed as

(—k-V x Fy)
1 Voo~ =
__<acos¢>> £5<vv —uu)cosdn
L1 (i 1 d(cosp)> 1 8—2)(@\)
a2z cosp\dp cosp  IP COS¢h IN2

(2.4
where the vertical average of a quantity, Q, is defined

as
n 1 Pt
- dp.
Q (pT—po)f,,o Qb

Equation (2.4) is similar to that derived by Lau (1988)
in calculating geopotential height tendencies. Asintheir
presentation, the eddy forcing can be represented as the
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induced tendency of the vertically averaged stream-
function ¢, here expressed as

W = V-2(—k-V X F,). (2.5)

This approach is sometimes used to filter small-scale
noise from the eddy forcing. In this study, however, both
the streamfunction tendency and the eddy forcing terms
are examined.

Hoskins (1983) provided an extensive discussion of
the budget analysis made by Holopainen et al. (1982),
Lau (1979), Holopainen and Oort (1981a,b), and Hos-
kins et al. (1983), with respect to the vorticity equation
(2.3). The discussion below closely follows the main
conclusions of those studies.

d. High-frequency forcing in the winter circulation

The 11-yr wintertime mean streamfunction tendency
given by Eq. (2.5) is shown in Fig. 1b, corresponding
to the circulation depicted in Fig. 1a. Negative tenden-
cies are observed on the northwest side of the storm
track, with positive tendencies on the southeast side.
Thus, the eddies act to accelerate the westerlies in the
middle of the storm track but also deflect them poleward
at the exit of the storm track. Figure 1b depicts the
wintertime 500-mb height and streamfunction tendency
due to the vertically averaged high-frequency transient
forcing, whereas Fig. 1c shows the deviations from the
zonal mean of the samefieldsasin Fig. 1b to emphasize
the phase differences between the streamfunction ten-
dency anomalies and the 500-mb height anomaly. Over
the Pacific Ocean, the negative tendencies of the eddy
forcing are slightly downstream of the negative 500-mb
height, whereas the positive forcing is slightly upstream
from the positive height anomaly. We will come back
to this point later. The HF eddy forcing shown in Fig.
1b is very similar to the high-frequency forcing (2.5-6
days) obtained by Holopainen et al. (1982) for eight
winters of twice-daily data produced by the National
Centers for Environmental Prediction (NCEP). The
eddy vorticity flux and its convergence have been dis-
cussed by Hoskins (1983), who examined separately the
vorticity induced by the two termsin Eq. (2.4), namely,
(v'? — u’'?) and (u'v'). It has been argued that, at the
end of the storm track, synoptic timescale eddies tend
to elongate in the meridional direction. As a conse-
quence, v'? islarger than u’? and (v'?2 — U’'?) attains a
maximum at the end of the storm track. As we shall
see, v'? is larger than u’'? almost everywhere.

The contributions of these two terms are summarized
in the schematic diagram shown in Fig. 3. The merid-
ional momentum flux due to baroclinic waves is de-
picted in Fig. 3a. The important term for the meridional
momentum flux contribution is a2(u’v")/d¢?, so that the
induced vorticity is cyclonic on the poleward side of
the jet and anticyclonic on the equatorward side, and
the streamfunction tendency will have the same sign as
the momentum fluxes. Depending on the characteristics
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Fic. 3. Schematic of the correlation velocity patterns and the in-
duced circulation and vorticity tendency. (a) The meridional flux of
zonal momentum and its dipole circulation. (b) The variance of v
velocity minus the variance of the u-velocity and its induced quad-
rupole circulation. The quadrupole is centered at the maximum of
the variance difference and is stronger for more highly localized
maxima. (c) The total response of the eddy forcing.

--—’

of the mean flow and the scale of the eddies, the dipole
structure due to the meridional momentum fluxes could
be antisymmetric, enhancing the strength of the jet but
without displacement of its position, or asymmetric.
When the positive part of the forcing is stronger (asin
the figure), the jet will be enhanced and displaced pole-
ward. A negative bias will displace the jet equatorward.

The contours of (v'2 — u’?) in Fig. 3b exhibit a max-
imum close to the termination of the storm track. The
term —(9/d¢)(v'? — u"?) will be positive/negativeinthe
poleward/equatoward sides of the axis of maximum (v'?
— Uu’?). The induced vorticity (9/oA)(0lo¢)(v'2 — U'?)
will display a quadrupole pattern, as shown by the
dashed vectors in Fig. 3b, with anticyclonic tendencies
to the northeast and southwest and cyclonic tendencies
to the northwest and southeast.

The combined effects of the two terms (as shown in
Fig. 3c) isto tilt the storm track axis into a southwest—
northeast orientation. This effect is clearly identified in
the actual analysis shown in Fig. 1b. To interpret these
results, let us assume for simplicity that the eddies are
the only forcing (no thermal or orographic) in a zonal-
mean flow. Following Eq. (2.3), the expected response
would be a trough downstream of the storm track en-
trance (compensated by eastward vorticity advection)
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FiG. 4. Contours of the individual contributions to the streamfunction tendencies from (a) u'v” and (b) v'2 — U'Z, for the December—
February mean over the period 1980—90. The total streamfunction tendency from Fig. 1b is also shown as shaded bands for reference.

and aridge slightly east of the termination. It is clearly
shown in Fig. 1c that the position of the positive height
anomaly is consistent with the eddy forcing, in amanner
similar to the proposed mechanism for enhancing the
blocking high (Shutts 1983; Illari and Marshall 1983;
[llari 1984). However, the fact that the center of the low
anomaly is slightly west of the HF forcing suggests that
other forcing (land cooling, the Tibetan Plateau, etc.)
could be primarily responsible for the western trough,
and the eddy forcing only enhanced and extended east-
ward the existing trough.

The contributions to the streamfunction tendency
from the meridional momentum flux u’v" and from (v'?2
— u’?) for the winter circulation are shown in Fig. 4.
The streamfunction tendency (from Fig. 1b) is shown
as a shaded band for reference. In the Pacific, the u’v'
term displays large contributions to each side of the
storm track, consistent with Fig. 3a. This acts primarily
to intensify the westerly jet, enhancing the anticyclonic
shear to the south and the cyclonic shear to the north.
The (v'2 — u’?) term displays the quadrupol e signature
shown in Fig. 3b, primarily because of the presence of
the maximum (v'2 — u’?) in the eastern half of the storm
track. Notice that whereas the anticyclonic forcing is
mainly due to the contribution of u’v’, both terms con-
tribute to the cyclonic forcing on the northern side of
the storm track, although the contribution from (v'2 —

u’2) is slightly larger. The anticyclonic forcing due to
(v'? — u’?) has the effect of deflecting the axis of the
storm track poleward.

In the Atlantic storm track, the contribution from (v'2
— u’?) is predominantly positive and much larger in
magnitude than in the Pacific, forcing the entire storm
track axis more strongly into a southwest—northeast ori-
entation. While there are clear quantitative differences
between the storm tracks, the shape still possesses a
guadrupole character, as the strong positive contribu-
tions are flanked to the northwest and southeast by cy-
clonic contributions, albeit weak. At first glance one
may suspect that the northeast tilting of this contribution
may be due to the fact that the storm track itself has a
similar tilting as (v'? — u’2). Such tilting by itself could
have explained the enhanced anticyclonic tendencies to
the northeast but equally would have enhanced the cy-
clonic tendencies over the southwest as well (asin Fig.
3b); the opposite of thisisdisplayedin Fig. 4b. It should
be added that the structure of u’v’ does not depend very
much on the form of the decaying eddies. In fact, a
similar poleward flux of westerly momentum has been
shown in the evolution of baroclinic normal modes
(Simmons and Hoskins 1976). However, whether the
eddies decay reversibly asin downstream development,
fluxing energy downstream to a new eddy of the same
or dlightly larger horizontal scale, or irreversibly
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Fic. 5. (a) Curl of the 1000-mb surface wind drag normalized by the column pressure drop (900 mb). (b) Curl of the vertically averaged
eddy forcing.

through enstrophy cascade (e.g., by wave breaking),
could strongly influence the structure along the storm
track of (v'2 — u’'?) and consequently its contribution
to the streamfunction tendencies. We will address this
point later when discussion of the seasonal variability
is presented.

As mentioned earlier, the eddy forcing is partially
balanced by frictional forces. While we cannot accu-
rately calculate the total vorticity budget, it can be
shown that the two terms on the rhs of (2.3) roughly
balance, with the vertical integral of the curl of high-
frequency forcing balanced in part by the curl of the
wind stresses at the surface, as shown in the pioneering
work by Holopainen and Oort (19814a). They estimated
the zonal average of the curl of high-frequency forcing
over the Pacific basin and showed a close agreement
with the curl of the wind stress at the surface. Figure 5
shows the curl of the surface drag and the curl of the
vertically averaged eddy forcing. It should be pointed
out that two simplifications are limiting the accuracy of
the wind stress calculation shown in Fig. 5a. First, since
the ECMWF data do not include surface wind, the 1000-

mb winds have been used. These wind data are very
similar to the global ocean wind stress climatology used
by Trenberth et al. (1989). Second, because of the lack
of boundary layer values, it was decided to use a con-
stant value of C; = 1 X 1072 in the calculation of the
surface drag. Although the drag coefficient C, in the
wind stress formulation 7 = p CyV|V is a function of
the stability characteristics of the constant flux layer and
the roughness height z, over the ocean surfaces, and
can vary between 1.5 to 0.7 X 10-2 (Orlanski et al.
1991, for details), the constant C, value is expected to
give an acceptable qualitative pattern. Figure 5a shows
the distribution of the curl of the total (no time filter)
wind stresses, which is very similar to that calculated
by Trenberth et al. (1989) (note, the amplitude here has
been scaled by the integrated pressure of the air col-
umn). Figure 5b shows the vertically averaged eddy
forcing for the winter season, which displays qualitative
similarities, at least over the Pacific Ocean, with the curl
of the wind stresses. However, the amplitude of the eddy
forcing isabout twice that of the curl of thewind stresses
and the spatial distribution over the Pacific is more in
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phase than over the Atlantic Ocean. Probably the sta-
tionary component may have contributed more to the
wind stress over the Atlantic Ocean. It is interesting to
note that this difference is also present in the early es-
timates by Holopainen and Oort (1981a) using NMC
(now NCEP) data—not only isthe amplitude of the eddy
forcing larger than the total wind stress but the latitude
where the curl changes sign is slightly farther north for
the eddy forcing than for the wind stress. The zonal
variability of the two terms appears quite similar, al-
though the eddy forcing (Fig. 5b) has considerably more
high wavenumber amplitude than its streamfunction re-
sponse in Fig. 1b. The larger features as well as the
poleward extent of the anticyclonic tendency in the east-
ern Pacific are clearly detectable in both.

Cause and effect are difficult to infer from this anal-
ysis. It may not be possible to deduce whether the storm
tracks are asthey are because the stationary waves mod-
ulate them, or if the stationary waves are a response to
the eddy forcing along the storm track. However, the
answer should become clearer if one can determine how
the wintertime circulation evolves, and this can be ad-
dressed by analyzing the monthly variability of the eddy
forcing.

3. Seasonal variability

Eleven years of twice-daily ECMWF datawere band-
pass filtered over the entire period from January 1980
through December 1990 as described above. The re-
sulting filtered data were then collected into individual
months and monthly statistics were computed.

a. Eddy kinetic energy and streamfunction tendencies

The monthly mean 500-mb heights and vertically av-
eraged eddy kinetic energy for the individua months
October—February are shown in Fig. 6 and illustrate the
evolution of storm track activity from fall to winter. The
active region of the storm track at first intensifies and
expands from October to November, reaching a maxi-
mum over both the Pacific and Atlantic Oceans. How-
ever, by December, in particular over the Pacific Ocean,
eddy activity begins to diminish (actually its maximum
values), the storm track axis deflecting poleward while
the trough—ridge patterns begin to amplify. This de-
crease in eddy kinetic energy continues through January
and February while the stationary trough and ridges
exhibit further strengthening. This happens at a time
when baroclinicity over the western Pacific is actually
increasing, compared to fall, and could be a manifes-
tation of the so-called midwinter suppression phenom-
enon* (Nakamura 1992).

* It should be noted from Fig. 6 that whereas the monthly maximum
eddy energy decreases, the area covered is much larger in late winter
than in fall, and the total eddy activity integrated over the Pacific
Ocean in late winter is only slightly smaller than in late fall.
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A detailed discussion of the reasons for this minimum
will not be given here, but one interesting possibility is
the fact that while a number of eddies from the Siberian
storm track reach the warm waters of the Pacific Ocean
inthefall, fewer actually reach the entrance of the storm
track in the winter months, as evidenced in the decreased
levels of eddy kinetic energy over eastern Asiaaswinter
progresses (although Fig. 6 only depicts the vertically
integrated eddy kinetic energy, the decrease of eddy
activity over eastern Asia could be observed at all lev-
els). This contrasts with the situation in the Atlantic,
where eddy activity reaches a maximum in January,
presumably because of acontinuous and plentiful supply
of eddies reaching the entrance of the storm track. Two
possible explanations can be offered for the reduction
of eddy activity seeding the entrance of the Pacific storm
track. First, the surface air masses over Siberia tend to
be very stable, offering a reduced baroclinicity to sup-
port waves moving through eastern Asia. Second, asthe
main jet moves south in winter, it has a tendency to
become blocked by the Tibetan Plateau and the eddies
are disrupted or otherwise prevented from propagating
any further east. Either of these circumstanceswill have
astrongly negative effect on Pacific storm track activity.

The monthly variability of the streamfunction ten-
dency (deviations from the zonal mean) due to eddy
forcing is shown in Fig. 7, together with the deviations
from the zona mean of the 500-mb height contours
shown in Fig. 6. A few general points should be un-
derscored before discussing the characteristic forcing of
the individual months. First, the forcing tends to in-
crease from October through December, and decrease
thereafter. Second, there is a high degree of correlation
between the streamfunction tendency due to the high-
frequency forcing and the actual height anomaly. This
is perhaps the most important result supporting the
premise of this paper. Third, there are distinct charac-
teristics in the Atlantic and Pacific patterns. Over the
Atlantic and Europe there is a persistent high anomaly
and positive streamfunction tendency for most of the
fall and winter. Over the Pacific Ocean, however, amore
seasonal variability in the height anomaly and high-
frequency forcing can be detected. The hypothesized
role of the high-frequency eddies in forcing the quasi-
stationary circulation definitely has a more predominant
signature in the Atlantic storm track. However, the evo-
lutionary aspect of the quasi-stationary pattern over the
Pacific Ocean requires that a more rigorous argument
be offered for its cause, which can carry over directly
to the Atlantic storm track. A distinct intensification can
be observed on the height anomalies and eddy forcing
between November and December over the Pacific
Ocean. The pattern in November displays primarily zon-
al, antisymmetric, elongated cyclonic and anticyclonic
regions along each flank of the eddy kinetic energy max-
imum of Fig. 6. The height anomaly and streamfunction
tendency are considerably intensified in December, with
the streamfunction tendency displaying a pronounced
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Vertically Averaged Eddy Kinetic Energy and 500mb Heights
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FiG. 6. The vertically and monthly averaged (1980-90) eddy kinetic energy and corresponding
monthly average 500-mb geopotential height for October—February. Note the intensification of
the eddy energy up to November, followed by the development of the eastern Pacific ridge and
the subsequent decay of the eddy energy throughout the winter months in the Pacific storm track.
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500mb Height and of Stream Function tendency (Deviations from zonal mean)
{Monthly averages during 1980-1990)
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Fic. 7. Anomalies of the streamfunction tendency due to eddy forcing for the monthly average over the 11-
yr period, October—February. The 500-mb height deviations are shown for references. Deviations here are
the deviations of the zonal mean for each month. Notice the strong correlation between streamfunction
tendencies and height anomalies, in particular for the Atlantic storm track, and the enhanced quadrupole
signature in December over the Pacific region.
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positive amplitude in the eastern Pacific, and the area
of cyclonic tendencies shifts to the west. These anom-
alies have a similar phase relation to the trough and
ridge over the storm tracks, as was shown in Fig. 1c,
for the winter season. In fact, the similarity of the De-
cember case and that of the full winter shown in Fig.
1c gives statistical significance to this subset. At this
point, it will be instructive to analyze the individual
contributions to the tendency by u’v’ and (v'2 — u’?),
as was done for the mean winter circulation (Fig. 5).

b. Individual contributions

The total streamfunction tendency and its component
contributions for the month of November are shown in
Figs. 8a,b, and for December in Figs. 8c, d. In the case
of the Pacific storm track, the main contribution in No-
vember comes from the poleward flux of zonal mo-
mentum, u’v’ (Fig. 8a), which has a quite elongated
dipole structure about the mean jet. The contribution
from (v'2 — u’'?) (Fig. 8b) displays the characteristic
quadrupole pattern, but its magnitude is much smaller.

A distinct change in the pattern occurs in December.
The positive and negative amplitude of the quadrupole
contributions of (v'? — u’?) shown in Fig. 8d are now
considerably larger and contribute almost as much to
the total tendency as u’v’ (Fig. 8c). Note, also that the
positive areain the pattern of u’v’ is more meridionally
extended at its eastern end, probably suggesting the
presence of the ridge. The pattern of the streamfunction
tendency due to (v'? — u’?) is very much in line with
the increase in the amplitude of the trough—ridge system
observed in the mean monthly heights. These results
suggest that the high-frequency eddy forcing may well
be responsible for the slow changes in the atmospheric
circulation over the Pacific region. Because the winter
eddy forcing has already been shown to be larger than
the vertically integrated frictional effects (see Fig. 5),
it islogical to conclude that the rest of the eddy forcing
is showing up in the mean circulation tendency. The
question that remains unanswered then, is why (v'2 —
u’'?) (and to alesser degree u’v') behave so differently
during the evolution of the winter circulation.

c. Eddy correlations

Given that the streamfunction tendency differs so
markedly from November to December, it isinstructive
to examine the actual eddy correlations themselves(i.e.,
u'v’ and (v'2 — u'?). Figures 9a,b display these two
quantities for November and Figs. 9c,d for December,
along with the eddy kinetic energy for reference. Note
that both terms display a pattern similar to that shown
in the schematics of Fig. 3. In particular, (v'? — u’?) is
very elongated, with a maximum in the eastern Pacific,
which may be due to the irreversible decay of eddies
as they encounter the western North American orog-
raphy (Fig. 9b). There, wave breaking produces an en-
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strophy cascade, and the eddies become elongated in
the meridional direction, thus increasing v'2 far more
than u’2. Both u’v" (Fig. 9¢) and (v'2 — u’'?) (Fig. 9d)
for the month of December exhibit a difference in the
patterns compared to November (Figs. 9a,b), which is
consistent with the difference in vorticity forcing. In
December, the primary activity seems more confined to
the central and western Pacific, decaying quickly east
of 150°W. This suggests that, as the winter progresses,
eddies begin to decay sooner, closer to the baroclinic
source, at around 160°W compared to approximately
120°W in November. If the maximum in (v'?2 — u’'?) is
any indication, the decay is probably by irreversible
wave breaking.

d. Sources and sinks for the storm track

So far, only the relationship between the eddy forcing
and the stationary circulation has been discussed. To
fully interpret the difference in storm track behavior
between November and December, an analysis of the
sources and sinks of eddy energy due to the mean cir-
culation is needed.

1) THE BAROCLINIC SOURCE

It iswell known that baroclinic development operates
primarily in the lower levels of the atmosphere. The
700-mb Eady growth rate, estimated from the monthly
mean state as o = 0.31(f/N)(d/dz)U, can be a useful
measure of thelow-level baroclinicity (Hoskinsand Val-
des 1990). Here, f is the coriolis parameter, dU/dz is
the vertical shear of the zonal component of the mean
wind, and N is the local Brunt—Vaisala frequency. The
Eady growth rate for the mean November conditionsis
shown in Fig. 10a, and the November—December dif-
ference is shown in Fig. 10b. Another useful measure
of baroclinic eddy activity is the low-level meridional
heat fluxes due to high-frequency transients, v'T’. The
850-mb heat fluxes for November are shown in Fig.
10c, with the November—December difference shownin
Fig. 10d. One additional measure of eddy activity at
lower levels in the atmosphere is the variance of the
meridional velocity, v'?, which is shown in Fig. 10e at
850 mb, again with the November—December difference
shown in Fig. 10f. In al of these figures, the vertically
averaged eddy kinetic energy for the months of No-
vember (left) and December (right) are shown for ref-
erence. L

A strong correlation can be seen between cand v'T’,
consistent with the findings of Hoskins and Valdes
(1990). They cautioned, however, that horizontal shear
and moisture could modify the effectiveness of the bar-
oclinicity. James (1987) also pointed out that the hor-
izontal shear could reduce the effect of the baroclinicity
on the eddies. It should also be noted that any increase
in the strength of the low-level mean flow could be
unfavorable for baroclinic development because of the




15 AuGusT 1998 ORLANSKI 2589

Individual Contributions to the Vertically Averaged Stream Function Tendency
November 1980-1990
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Elements of the Horizontal Velocity Correlation Tensor (anisotropic part)
November 1980-1990
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November Difference (November-December)

Baroclinicity of the mean flow (700mb)
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reduced residence time of the eddies in the baroclinic
zone. These issues are discussed in greater detail later
in this section.

The results of Emanuel et al. (1987, hereafter EFT)
suggest that the enhancement of baroclinicity by mois-
ture in the atmosphere could be substantial. To help
explain the differences between November and Decem-
ber, we approximate, based on EFT numerical estimates,
a moist Eady growth rate as follows:

oy = o[l + (1 — ), (3.2)

where o, isthe Eady growth rate for the dry atmosphere
and r is defined as

I'y(L, da.\/dT -
' 1"D<Cp dz)(dz i FD) '
where ', and T', are moist- and dry-adiabatic lapse
rates, respectively; L, isthe latent heat of condensation;
C, is the heat capacity at constant pressure; and g is
the saturation specific humidity. The quantity r is the
ratio between the moist and dry quasigeostrophic po-
tential vorticiy, as defined by EFT, who showed that the
moist unstable Eady normal modes could have a growth
rate twice that of the dry atmosphere for r = 0. The
expression (3.1) is a good empirical approximation of
EFT’s results for values of n between 3 and 5. The
numerical values of o, are significantly different from
o, only when r is close to zero. Since the choice of n
will not affect the estimate much, we chose n = 3 in
(3.1). Wefind maximum differencesin growth rate with-
in 10% to 15% of the dry values, which is not signif-
icant. The geographical areas of high baroclinicity were
unchanged. The similarity between the dry and moist
Eady growth rates is most likely due to the fact that the
atmosphere in these months is quite cold. The moist
meridional flux at 850 mb was also computed (though
not shown here) and its characteristics were found to
be very similar to those of the heat and moisture fluxes.
This is consistent with our previous conclusion that the
winter atmosphere is so cold that no considerable |atent
heating is produced during moist development. Given
these results, the remaining discussion will be limited
to the dry atmosphere.

Referring again to Fig. 10, note the consistency be-
tween the changes in the distribution of baroclinicity
and that of the meridional fluxes. In general, December
displays a more equatorward and slightly more intense
low-level storm track than November (negative regions
in Figs. 10d,f). What is probably more interesting is the
fact that the negative changes (dashed contours) in the
eddy fluxes occur downstream of the changes in the
baroclinicity, with increases in the latter (negative re-
gion, Fig. 10b) occurring primarily in the western Pa-
cific. Thisis consistent with earlier suggestions that ed-
dies entering the baroclinic zone in November are al-
ready reasonably vigorous, while those entering the bar-
oclinic zone in December are much weaker and do not

(3.2)
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become as vigorous until they are further along the
storm track.

One thing common to both November and December
is the consistency between the distribution of low-level
eddy activity and the baroclinic zone, as defined from
the monthly mean flow; that is, the amplitude of the
meridional velocity variance is found slightly down-
stream of the baroclinicity maximum. As discussed by
Hoskins et al. (1983), and Chang and Orlanski (1993),
the eddies grow initially by baroclinic processes at the
entrance of the storm track. As they mature, they flux
energy upward and downstream, producing new eddies.
Because these new eddies already have a source of en-
ergy in the form of upstream energy fluxes, they do not
require as much baroclinicity. As a consequence, the
vertically integrated eddy energy will reach amaximum
well downstream of the actual baroclinic energy source.
If, during the winter months, there is a decrease in the
‘““seeding’” of eddies from the Asian storm track, the
overal level of eddy energy may decrease. Although,
the termination of the storm track cannot be so simply
attributed to this lack of seeding, we shall see that the
confined area of intense baroclinicity in the western Pa-
cific is of great importance to the downstream termi-
nation.

2) THE BAROTROPIC SINK

As shown above, the development of the eastern Pa-
cific ridge by the action of the HF transient eddies en-
hances the diffluence of the westerlies. It has been sug-
gested by Witaker and Dole (1995), Mak and Cai (1989)
and others, that ** stretching’” deformation isan effective
sink of eddy activity. Mak and Cai (1989), in discussing
the stability of a nonzonal barotropic jet, have shown
that the interaction between the time-mean flow and the
transient eddies in a Cartesian system could be ex-
pressed as an ‘“‘interaction” term as follows:

| = E-D{>0 eddiesgain energy fromthemean flow

<0 eddiesloseenergy tothemeanflow,
(3.3)

where E is the E-vector 3(v2 — u?), —uv) (Hoskins et
al. 1983; Lau 1988; Mak and Cai 1989) and D is the
deformation vector with components in the Cartesian
coordinates given by

R

ax oy’ ax  ady
The x component of the deformation vector represents
stretching deformation and the y component the shear
deformation. If the interaction term is positive (nega-
tive) the eddies gain (lose) energy. The components of
the E-vector already have been discussed (Fig. 9) for
both November and December, so the remaining dis-
cussions will concentrate on the components of the D
vector.
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Time Mean Westerly Wind and Deformation (vertically averaged)
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Fic. 11. Vertically averaged zonal wind and the two components of the deformation vector for November (left panels) and December
(right panels).

Figure 11 depicts the vertically averaged zonal ve- in the previous figure.) The vertically averaged eddy
locity, together with the two components of the D vector  kinetic energy for November and December are shown
for November and December. (Note that the fields for reference. The strongest barotropic winds occur over
shown are the complete fields rather than differencesas the entrance of the storm track, with December’s wind
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maximum (39.7 m s~*) stronger than November (32.01
m s1). This increased intensity is a negative factor for
baroclinic growth of eddies because it reduces the res-
idence time for eddies traversing the area of strongest
baroclinicity. The shear deformation for both months
mainly reflects the shear of the westerly flow, the stron-
ger flow in December contributes to larger cyclonic
(negative values) and anticyclonic shear (positive val-
ues), which is also less conducive to baroclinic devel-
opment. An inspection of Figs. 9a,c indicates that the
E-vector points northward on the poleward side of the
storm track axis and southward on the equatoward side
for both months. The meridional component of the de-
formation vector pointsin the opposite direction on each
side of the storm track so theinteraction (3.3) constitutes
a sink of eddy energy, which is stronger in December
than November. Finally, the stronger (negative) stretch-
ing deformation in the middle of the storm track during
December (Fig. 11f), combined with the primarily pos-
itive zonal component of the E-vector (see Figs. 9b,d)
could constitute a sink of eddy energy, which is con-
siderably larger in December.

To the extent that the eddy forcing as shown in Fig.
8d tends to enhance the trough-ridge system for the
month of December, it also intensifies the barotropic
shear deformation at the base of the trough and the
stretching deformation (diffluence) at the ridge. In this
way, the eddy activity actually appears to produce an
environment hostile to the eddies themselves. The com-
bined effect seen in the streamfunction tendency forced
by the eddies (Fig. 7) acts in such away as to enhance
the trough-ridge character of the storm track, intensi-
fying the barotropic flow and shear deformation in the
trough and the difluence and stretching deformation in
the ridge. These are precisely the conditions associated
with a loss of eddy energy. The extended baroclinicity
source, then, is perhaps the only reason that the storm
track is maintained. But aswe have seen, it isnot enough
to have intense baroclinicity at the entrance of the storm
track. In fact, such a condition could be counterpro-
ductive because the faster-developing low-level eddies
will develop faster, producing stronger heat fluxes,
which will dissipate the baroclinicity downstream
through vigorous heat fluxes. Without the extended
source of baroclinicity, the waveswill break, producing,
a poleward deflection, and a strong diffluence that will
inhibit baroclinic development of the eddies and ter-
minate the storm track. One way to test the role of the
downstream baroclinicity would be to examine the con-
ditions surrounding years in which the storm track is
unusually extended, such as that found during the warm
phase of the ENSO cycle (Lau 1985; Held et al. 1989).

4. Interannual variability
a. The mean circulation

Interannual variability of the mean circulation, in par-
ticular that associated with the ENSO cycle, includes
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differences in the shape and intensity of the Pacific
storm track (Lau 1985; Held et al. 1989). It might be
expected, then, that the monthly variations in the eddy
forcing patterns from fall to winter might have an analog
in the phases of the ENSO cycle. The 11 years of data
were sorted according to whether the sea surface tem-
perature (SST) anomaly in the tropical eastern Pacific
(the El Nifio 3 region) was greater than 0.75°C (warm
events) or less than —0.65°C (cold events). For the pe-
riod of the dataset being used, only two maor warm
events (1982, 1986) and two cold events (1984, 1988)
occurred, so the limited nature of this dataset must be
kept in mind when drawing any conclusions.

The mean wintertime (December—February 1980—
1990) 500-mb heights are shown in Fig. 12, together
with the height anomalies associated with the warm and
cold events. Although the patterns displayed have sim-
ilarities with the well-known Pacific-North America
(PNA) pattern (Horel and Wallace 1981), the differences
are notable. In particular, the position of the high anom-
aly over North America shown for the warm events in
Fig. 12ais considerably east of that reported by Horel
and Wallace (1981). Probably two major factors are re-
sponsible for such a distinction: (a) two large atypical
events were present in this dataset—E|l Nifio of 1982
and La Nifia of 1988, and (b) the criterion for selecting
the warm and cold events was somehow weaker than
used by other researchers (e.g., T > 1.0°C for warm
eventsand T < —1.0°C for cold events).? However, this
selection was sufficiently adequate to separate the dis-
tinct characteristics of the Pacific storm track in the so-
called warm and cold events. The selected warm events
capture reasonably well the tendency to have an elon-
gated westerly jet over the Pacific Ocean and a weaker
ridge in the eastern Pacific, whereas a pronounced east-
ern Pacific ridge was found for the cold events.

b. Eddy characteristics

The eddy kinetic energy and the corresponding 500-
mb heights associated with the warm and cold ENSO
phases are shown in Fig. 13. In the Pacific, the eddy
activity during the warm phase is slightly stronger and
lacks the southwest—northeast tilt (poleward deflection)
present in the cold phase. In contrast, the eddy activity
in the Atlantic is stronger during cold events. The eddy
kinetic energy distributions for the warm and cold
phases display a striking similarity with those of No-
vember and December, respectively (as shown in Fig.
6). The 500-mb heights are quite similar in the overall
patterns during warm and cold events. However, it is
clear that the position of the ridge in the eastern Pacific
and western North America is displaced eastward for

2Using the more traditional values for selecting warm and cold
events was found a slightly better comparison with the PNA pattern,
but this reduces considerably the number of days in each class.
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Fic. 12. The 500-mb geopotential height anomaly for a composite of the ENSO (a) warm events and (b) cold events. The anomaly is
calculated with respect to a total 11-yr winter mean (December—February), and contours of the 500-mb geopotential height for that total

mean are shown for reference.

the warm phase. The differences between the 500-mb
heights are more clearly detected when the deviations
from the zonal average are displayed. Figure 14 shows
the deviation from the zonal mean for the 500-mb
heights (contours) together with the deviation of the
streamfunction tendencies (bands). The positive height
anomaly covers most of western North America in the
warm events and is displaced westward by about 20°
long in the cold phase.

Although the height anomaly in Fig. 12 could be
related to the PNA pattern, this pattern could also be
attributed to a longitudinal displacement of the trough—
ridge system over the Pacific Ocean. The most revealing
differences are seen by inspecting the anomalies of the
streamfunction tendencies for warm and cold events in
Fig. 14. The elongated shape of the positive and negative
anomalies in the warm events (Fig. 14a) covers most
of the Pacific Ocean and is in agreement with the elon-
gated shape of the eddy kinetic energy displayed in Fig.
13a. In the cold events, however (Fig. 14b), a markedly
different pattern is observed. The streamfunction anom-
alies are partially in phase with the heights anomalies.
The positive streamfunction tendency has a large me-
ridional extent, slightly upstream of the positive height

anomaly over the eastern Pacific Ocean. The overall
pattern of the deviation streamfunction tendency of the
cold events is quite similar and more intense than the
that for the mean winter shown in Fig. 1c. As a matter
of fact the tendencies for the two phases (shown in Fig.
14) are very similar to the tendencies in November and
December (Fig. 7). Thissimilarity isnot surprising since
as previously mentioned the eddy kinetic energy isquite
similar aswell. These results justify the need to analyze
the interannual variability of the storm tracks to find
out why some winter seasons do not exhibit the char-
acteristic decline of eddy activity observed in normal
years.

The eddy vorticity forcing terms contributing to the
streamfunction tendencies for the two ENSO phases are
shown in Fig. 15. As one would imagine, the fields
display pronounced high-wavenumber variability. The
elongated forcing for the warm events and the strong
poleward deflection in the cold eventsis clearly evident.
Given the direct relationship between this and the curl
of the surface wind stresses, it should come as no sur-
prise that the curl of the surface drag (not shown here)
displays a similar pattern for the warm and cold events.
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Fic. 13. Vertically averaged eddy kinetic energy and the 500-mb geopotential heights for the composite ENSO (a) warm events and (b)
cold events.

¢. The interannual variability of sources and sink

The 700-mb baroclinicity and 850-mb fluxes for the
warm events are shown in Fig. 16, together with the
differences between the warm events and the cold
events. The actua distribution of baroclinicity and flux-
es for the warm events (Figs. 15a,c,e) have a similar
appearance to those of the November mean shown in
Figs. 10a,c,e, consistent with the similar patterns ob-
served in the eddy kinetic energy and streamfunction
tendencies. However, the differences between the warm
and cold events are quite revealing. A large area of
enhanced baroclinicity is present in the eastern Pacific
during warm events; this is highly correlated with the
differences in both the heat fluxes and the variance in
the meridional velocity that are both larger in the eastern
Pacific for the warm events. The extra source of eastern
Pacific baroclinicity by itself could explain why the sea-
sonal deterioration of the storm track for regular winters
is prevented in the case of warm events (cf. Figs. 6b
and 13a).

The barotropic flow and the deformation vector for
the warm and cold events (not shown) are qualitatively
similar to the monthly variability displayed in Fig. 11.
The similarities between these fields and those for No-

vember and December confirm the observation that the
shape of the storm track (elongated or deflected pole-
ward) is highly correlated with the pattern of the de-
formation fields. These results strongly suggest that the
winter circulation during warm eventsis associated with
an extension of baroclinic development well into the
eastern Pacific. This produces an elongated storm track
which, in turn, prevents (a) the westward displacement
of the trough-ridge pattern and (b) the negative feed-
back due to the mean flow deformation field that is
characteristic of normal winters. It may be concluded
that the westward or eastward shift of the EPR from
average winters due to the variability of the storm track
determines the strength of the PNA pattern. This non-
linear processis distinct from the formation of the PNA
pattern by linear Rosshy waves generated by equatorial
SST anomalies.

5. Summary and conclusions

An analysis of 11 years of ECMWF data has been
completed, focusing primarily on the vertically averaged
high-frequency transients. The results support the con-
clusions of earlier studies and clarify some issues con-
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FiG. 14. Deviation of zonal mean for the streamfunction tendency and 500-mb geopotential heights for the composite ENSO (a) warm
events and (b) cold events.

cerning the evolution of the wintertime circulation. The
conclusions will be discussed in the context of (a) the
winter storm track, (b) seasonal variability, and (c) in-
terannual variability.

a. Winter storm track

Results show that forcing by the high-frequency (HF)
eddies along both the Atlantic and Pacific storm tracks
of the Northern Hemisphere is consistent with the pole-
ward deflection of its axis and a positive feedback to
the stationary circulation. Furthermore, they suggest
that the forcing itself is responsible for enhancing the
trough at the entrance and forcing the ridge at the ter-
mination of the storm track. The results also clarify the
role of u'v’ and (v'?2 — u’?) in the column-averaged
vorticity forcing. The simpler term, u’v’ has the well-
known effect of intensifying the anticyclonic (cyclonic)
tendencies on the southern (northern) side of the jet,
thereby producing an increase in the barotropic com-
ponent of the zonal jet. The (v'2 — u’'?) term displays
a quadrupole pattern that is also approximately in phase
with the trough-ridge system associated with the sta-
tionary flow. Cyclonic forcing is located to the north-

west and southeast of the maximum in the (v'2 — u’?)
pattern, with anticyclonic forcing to the northeast and
southwest, but the bulk of the cyclonic and anticyclonic
forcing is found northwest and northeast of the storm
track, respectively. This quadrupole effect is present
only if the storm track has alocalized maximum of (v'?
— u’'?) with more intense effects occurring with more
localized maxima. It has also been shown that, in agree-
ment with previous results, the curl of the HF eddy
forcing has a spatia distribution similar to the curl of
the total wind stresses over the ocean surface, but with
a larger magnitude.

b. Seasonal variability

Eddy activity on the Pacific storm track has been
shown to possess a seasonal life cycle, increasing during
the early fall and reaching amaximum around the month
of November, then decaying for most of the winter
months. Month-to-month variations in eddy activity
over the Pacific Ocean show that energy levelsincrease
through November, and decrease thereafter, reaching a
winter minimum at the same time that the axis of the
storm track is deflected poleward and the trough—ridge
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circulation pattern is intensifying. One of the more sig-
nificant differences between November and December
is that, in November, the storm track extends across the
entire Pacific Basin, whereas in December the eddy ac-
tivity terminates at roughly 140°W. The forcing from
the HF eddies shows similar differences, with the pattern
in November being elongated, due mainly to u’v'. In
December, the effects of (v'? — u’?) become more prom-
inent, producing a trough-ridge tendency.

The transition from a fall to a winter circulation has
anumber of manifestations. During the fall, upper-level
eddies from Asia undergo additional development when
they reach the relatively warm waters of the Pacific
Ocean. Although wave breaking may occur, the eddy
amplitudes in the lower levels are not particularly large,
and the modest amounts of energy gained viabaroclinic
conversion are transferred to upper levels, whereit flows
downstream, extending the eddy activity over the entire
ocean basin. But as the jet moves southward during the
transition from fall to winter, eddies are partialy
blocked upstream by the Tibetan Plateau. This, com-
bined with increased low-level cooling/stabilization
over the Asian landmass, results in fewer (and weaker)

eddies reaching the Pacific Ocean by early winter. By
December, baroclinicity in the western Pacific has in-
creased substantially, and low-level eddies are found to
break by the midocean. Upper-level eddies start to break
well before reaching the west coast of North America,
resulting in a displacement of the maximum in (v'2 —
u’?) westward from its November position and increas-
ing the trough—ridge forcing by the HF eddies. This
phenomenon has two negative feedbacks for eddy ac-
tivity. First, the intensification of the trough in the west-
ern Pacific accelerates the barotropic zonal jet, reducing
the residence time of the eddies in the baroclinic zone.
Second, the intensification of the ridge in the eastern
Pacific enhances the barotropic stretching deformation
of the mean flow, adversely affecting the development
of baroclinic eddies and making the termination of the
storm track more abrupt. This negative feedback con-
tinues for the entire winter, reducing the kinetic energy
of the transients. Although the Atlantic storm track has
considerable larger poleward deflection and fully con-
forms with the arguments discussed here, the large con-
stant seeding of waves from North America diminishes
the seasonal effect observed in the Pacific storm track.
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c. Interannual variability

Wintertime eddy kinetic energy is seen to extend far-
ther eastward through the Pacific Ocean during warm
events, but displays an abrupt termination during cold
events. Anomalies in the eddy transient forcing tend to
be quite consistent with that of the height anomalies
pattern itself. The extension of the storm track during
the warm phase resembles that of fall conditions, and
could be maintained for the entire winter because the
source of low-level baroclinicity extends well into the
eastern Pacific for this ENSO phase. However, it is not
clear from this analysis what the source is of this en-
hanced baroclinicity. Whether it isa product of thewarm
tropical SST and colder extratropical watersin the east-
ern ocean, or the increase in the moisture fluxes from
the Tropics, this source of baroclinicity in the eastern
Pacific provides eddy energy, preventing the localiza-
tion of (v'2 — u’?). Thus, the negative feedback mech-
anisms detrimental to eddies is inhibited during the
warm events and enhanced during the cold events. From
these results one may predict that the so-called mid-
winter suppression may not be found in years of warm
events. Although the period used in this study certainly
is short for a detailed seasonal variability analysis in
warm and cold events, preliminary results suggest that
indeed winter months in the warm cycle do not have
less energy than those of the fall months. These results
should be confirmed with a more extended dataset.

This study has pointed out many consistencies be-
tween the HF forcing and the time-mean circulation, but
it is difficult to prove cause and effect. It is not possible
to determine whether the diffluence found at the ter-
mination of the storm track is produced by the HF tran-
sients, or whether the storm track displays this pattern
because the mean circulation has a difluent region there.
Similarly, the possibility that Rosshy waves originating
in the equatorial Pacific are responsible for inhibiting
ridge formation by the eddies during the warm events,
or that enhanced baroclinicity in the middle of the Pa-
cific acts to extend the storm track and prevent the for-
mation of the east Pacific ridge, cannot be conclusively
determined from this analysis. The possibility should
be considered that the storm track mechanism could by
itself at least enhance the observed PNA pattern ob-
served in the ENSO cycle. A series of numerical ex-
periments with idealized conditionsis under way to help
identify cause and effect. Nevertheless, the present re-
sults show that the HF transients not only play an im-
portant role in determining the stationary circulation,
but by themselves could produce its decay. Finally it
may be concluded that the storm tracks are not neces-
sarily self-maintaining, but may in fact tend to produce
an environment hostile to their existence, and without
a constant supply of low-level baroclinicity or seeding,
they decay.
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APPENDIX
High-Frequency Filter

Time filters that separate the slowly varying scales
from the more synoptic timescales have been used in
many studies (e.g., Blackmon et a. 1977; Lau and Hol-
opainen 1984). More recently, Chang (1993) pointed
out that the high-frequency selection for the filter could
affect the interpretation of the signal in a study of the
downstream characteristics of eddiesin the Pacific storm
track. He found that atime filter with ahalf-power point
of 12 days retains most of the characteristics of high-
frequency eddies, whereas a filter with a 6-day half-
power point could significantly distort the signal. The
current study employs a 41-point high-pass filter with
half-power points around 12 and 6 days as in Chang
(1993)(see his Table A1 for the numerical values of the
coefficients).

Both filters were tested and it was decided that, given
that its main use would be to evaluate the role of high-
frequency transients in the time-mean flow in genera
and the forcing of the eastern Pacific ridge in particular,
the 12-day filter introduced less distortion. A compar-
ison of the time lag regression of the meridional velocity
for the nonfiltered data and the 12- and 6-day filters at
longitudes near the wintertime eastern Pacific ridge was
performed and the horizontal scales for the 6- and 12-
day filtered data were found to be very similar. But, in
aresult similar to that found by Chang (1993), the prop-
agation characteristics are quite distorted for the 6-day
filter. When the zonal speed of synoptic-scale distur-
bances dropsin thevicinity of theridge, they will appear
to have timescales longer than those found over regions
of strong advection, and the 6-day filter may prove less
accurate in representing the intensity of these systems.
It should be noted that while downstream propagation
was found for the unfiltered and 12-day filter regres-
sions, the 6-day filter regression showed a clear up-
stream propagation. The effect could be, as previously
discussed, the result of the filter distortion (Chang
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1993). However, unfiltered regressions with zonal wave-
let analysis have also shown an upstream propagation
for the shorter waves. It seems that these shorter waves
in the blocking region are more a product of large-scale
wavebreaking than synoptic waves. These results are
still under investigation.

The streamfunction tendency for winter conditions
(December—February) from 1980—90 for both the 12-
day (@) and 6-day (b) half-power point filter is shown
in Fig. A1, in a manner analogous to Fig. 1b. Despite
a considerable degree of similarity between them, the
data obtained with the 12-day filter possess propagation
characteristics more similar to the unfiltered time series.
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