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An association is discussed among a midlatitude storm track, a westerly polar-front
jet stream and an underlying oceanic frontal zone. Their close association is observed
when a subtropical jet stream is weak, as in the Southern Hemisphere summer or in
the North Atlantic. Along a near-surface baroclinic zone that tends to be anchored
around a frontal zone, storm track activity is enhanced within a well-defined polar-
front jet with modest core velocity. This eddy-driven jet exhibits a deep structure
with the strong surface westerlies maintained mainly through a poleward eddy heat
flux. The westerly wind stress exerted along the frontal zone acts to maintain it by driv-
ing the oceanic current system, suggestive of a feedback loop via midlatitude atmos-
phere—ocean interaction. It is argued that the context of this feedback must be included
in interpreting the tropospheric general circulation and its variability. In fact, decadal-
scale sea—surface temperature anomalies observed in the North Pacific subarctic
frontal zone controlled the anomalous heat release to the atmosphere. Seemingly, the
local storm track responded consistently to the decadal-scale shift of the frontal axis,
acting to reinforce basin-scale flow anomalies. Over the North and South Pacific,
the association is disturbed in winter by an intensified subtropical jet that traps eddy
activity into its sharp core. The trapping impairs baroclinic interaction of upper-level
eddies with the surface baroclinicity along a midlatitude oceanic front, leading to
the suppression of eddy activity as observed in midwinter over the North Pacific.

1. INTRODUCTION

Synoptic-scale baroclinic eddies migrating along mid-lat-
itude storm tracks not only influence daily weather but also
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play a crucial role in the climate system by systematically
transporting heat, moisture and angular momentum. Seasonal
variations of synoptic-scale eddies have been examined for
the Northern Hemisphere (NH) [Petterssen, 1956; Klein, 1958;
Whittaker and Horn, 1984; Rogers, 1990] and the Southern
Hemisphere (SH) [Sinclair, 1994, 1995; Simmonds and Keay,
2000], by tracking the centers of individual moving cyclones
(or anticyclones) at the surface. The “Lagrangian-type”
approach based on cyclone tracks (“storm tracks” in this
framework) is a straightforward application of weather chart
analysis. Hoskins and Hodges [2002] applied this tracking
method to upper-level fields of other variables from which
planetary-scale signals had been removed.

In addition to the “synoptic” viewpoint, another approach
has been adopted, where emphasis is placed on propagation
behavior of wavy disturbances and their ensemble feedback on
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the time-mean flow in which they are embedded. This “Euler-
ian-type” approach is based on high-pass filtering of daily
time series at individual grid points, for extracting subweekly
fluctuations associated with migratory synoptic-scale eddies
[Blackmon et al., 1977, 1984]. In this “wave dynamic”
approach, regions of large variance in geopotential height or
meridional wind velocity or of a strong poleward eddy heat flux
are called “storm tracks”, and “storm track activity” signi-
fies the magnitude of the variance or heat flux. Wallace et al.
[1988] discussed the relationship between cyclone and anti-
cyclone tracks in the synoptic framework and storm tracks in
the wave dynamic viewpoint. Though critically argued recently
[Held, 1999], this approach has an advantage that local cor-
relation between high-pass-filtered time series of air temper-
ature and meridional wind velocity or vertical motion gives a
measure for baroclinic structure of migratory eddies. The high
positive correlation indicates baroclinic structure of those
eddies that allows efficient energy conversion from the time-
mean flow for their growth. Climatological seasonal varia-
tions observed in storm tracks were documented in this
framework by Trenberth [1991] and Nakamura and Shimpo
[2004, hereafter NS04] for the SH and by Nakamura [1992,
hereafter N92] for the NH. Some of the related dynamical
issues are discussed by Cai [2004].

As reviewed by Chang et al. [2002], recent studies have
substantiated a notion of downstream development, in recog-
nition of group-velocity propagation of synoptic eddies along
storm tracks [Chang, 1993, 1999; Lee and Held, 1993; Swan-
son and Pierrehumbert, 1994; Orlanski and Chang, 1995;
Berbery and Vera, 1996; Chang and Yu, 1999; Rao et al.,
2002]. The notion requires us to interpret eddy statistics in
relation to cyclogenesis from a viewpoint of an initial value
problem. This type of cyclogenesis has been known as the
“B-type cyclogenesis” [Petterssen and Smebye, 1971] or “cou-
pling development” [Takayabu, 1991], to which Hoskins et
al. [1985] added further elucidation from a potential-vortic-
ity (PV) perspective. In the “PV thinking”, baroclinic eddy
growth is interpreted as mutual reinforcement between PV
anomalies at the tropopause and those in the form of tem-
perature anomalies at the surface. In the downstream devel-
opment, the thermal anomalies are triggered by wind
fluctuations across a surface baroclinic zone induced by a
propagating upper-level vortex. Thus, surface temperature
gradient is of particular significance in baroclinic instability.
Nevertheless, in most of the studies from the wave dynamic
perspective, storm tracks have been regarded as a pure atmos-
pheric issue.

Forecast experiments have shown the importance of heat
and moisture supply from the warm ocean surface of the Gulf
Stream or Kuroshio in individual events of rapid cyclone
development [Nuss and Kamikawa, 1990; Kuo et al., 1991;

Reed et al., 1993; Neiman and Shapiro, 1993]. A regional-
model experiment by Xie et al. [2002] indicates that cyclone
development is sensitive to a fine frontal structure in a
sea—surface temperature (SST) field between the Kuroshio and
the shallow East China Sea. Climatologically, rapid cyclone
development over the NH is most likely along the Gulf Stream
and Kuroshio [Sanders and Gyakum, 1980]. Over the SH,
maritime cyclogenesis is most frequent around an intense
oceanic frontal zone in the Indian Ocean [Sinclair, 1995].
These observational tendencies suggest the oceanic influ-
ence on storm track formation. At the same time, storm tracks
can in turn influence the underlying ocean. By means mainly
of their poleward heat flux, eddies migrating along a storm
track transfer the mean-flow westerly momentum downward,
acting to sustain the surface westerlies [Lau and Holopainen,
1984]. In fact, Hoskins and Valdes [1990, hereafter HV90]
considered a storm track could be self-maintained under the
heat and moisture supply from a nearby warm ocean current
that is driven by the eddy-maintained surface westerlies.
Those eddies also supply fresh water to the ocean along the
storm track, influencing the stratification in the midlatitude
upper ocean [Lukas, 2001].

The main purpose of this paper is to further discuss the
importance of the atmosphere—ocean coupling via storm
tracks in the tropospheric circulation system and its long-term
variability from the wave dynamic viewpoint, based on obser-
vational statistics. Our argument may be viewed as an exten-
sion of HV90, but unlike in HV90, we put emphasis on
oceanic frontal zones associated with major oceanic cur-
rents. As the surface air temperature over the open ocean is
linked to SST underneath, maritime surface baroclinic zones
tend to be anchored along oceanic fontal zones [NS04].
Though acting as thermal damping for the evolution of indi-
vidual eddies, heat exchange with the underlying ocean, on
longer time scales, can act to restore atmospheric near-sur-
face baroclinicity against the relaxing effect by atmospheric
eddy heat transport, as evident in sharp meridional contrasts
in upward turbulent heat fluxes observed climatologically
across midlatitude frontal zones [Oberhuber, 1988]. Some
observations are shown in section 2 to suggest that SST
anomalies in a midlatitude frontal zone can likely play a
more active role in the air—sea interaction than act to damp
atmospheric anomalies thermally. In section 3, we discuss
associations among storm tracks, polar—frontal (or subpolar)
jet streams and underlying oceanic frontal zones over the
two hemispheres. In section 4, we then discuss how such an
association can be disturbed in winter by the intensification
of a subtropical jet stream. In the final section, we propose
a working hypothesis through which our understanding might
be deepened on the observed tropospheric circulation system
and its variability.



2. IMPORTANCE OF STORM TRACKS AND
OCEANIC FRONTAL ZONES IN EXTRATROPICAL
COUPLED OCEAN-ATMOSPHERE VARIABILITY

2.1. Atmospheric Forcing Over Central/Eastern Basins

The interaction between the midlatitude ocean and storm
tracks is by no means a new concept. The importance has
been emphasized in the notion of the “atmospheric bridge”,
through which the effect of tropical Pacific SST anomalies
(SSTAs), associated with the El Nifio/Southern Oscillation
(ENSO), is transferred into midlatitudes to drive SSTAs
remotely with the opposite sign [Lau and Nath, 1994, 1996,
2001; Lau, 1997; Alexander et al., 2002, 2004; Hoerling and
Kumar, 2002]. A similar mechanism must be operative also in
decadal SST variability over the North Pacific driven by trop-
ical variability [Nitta and Yamada, 1989; Trenberth, 1990].
Pacific decadal variability is reviewed by Seager et al. [2004].
Once a stationary atmospheric teleconnection pattern forms
in response to tropical SSTAs with equivalent barotropic
anomalies at midlatitudes, local storm track activity and asso-
ciated poleward heat transport are altered [7renberth, 1990;
Hoerling and Ting, 1994]. It is this anomalous heat flux
through which anomalous upper-level westerly momentum
is transferred to the surface. Surface wind anomalies thus
enhanced drive SSTAs locally by changing surface turbulent
heat fluxes, entrainment at the oceanic mixed-layer bottom, and
a cross-frontal Ekman current [Frankignoul and Reynolds,
1983; Frankignoul, 1985; Alexander;, 1992; Miller et al., 1994].

The ocean—atmosphere interaction in the “atmospheric
bridge” paradigm is thus primarily one-way forcing by atmos-
pheric anomalies on the upper ocean. Thus, local correla-
tion must be negative between SST and upward turbulent
flux anomalies [Cayan, 1992ab; Hanawa et al., 1995; Ta-
nimoto et al., 1997; Alexander et al., 2002], and so is the
local correlation between a SSTA and anomalous surface
wind speed. Midlatitude SSTAs thus generated tend to have
large horizontal extent, reflecting the spatial scale of atmos-
pheric anomalies that have forced them [Namias and Cayan,
1981; Wallace and Jiang, 1987]. The one-way nature is con-
sistent with the fact that most of the atmospheric general
circulation models (AGCMs) fail to generate systematic
response to prescribed midlatitude SSTAs [Kushnir et al.,
2002]. Several experiments, however, in each of which an
AGCM is coupled thermally with a slab ocean mixed layer
model [Lau and Nath, 1996, 2001; Watanabe and Kimoto,
2000] showed that midlatitude SSTAs can reinforce atmos-
pheric anomalies that have driven them. This weak local
feedback is called “reduced thermal damping” [Kushnir et al.,
2002], as elucidated by Barsugli and Battisti [1998] in a
linearized one-dimensional coupled model.
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2.2. Oceanic influence from western-basin frontal zones

As discussed above, the atmospheric forcing dominates in
the coupled variability over the vast central and eastern
domains of a basin. SSTA formation, however, cannot be
interpreted solely with local exchanges of heat and momen-
tum through the surface around western boundary currents,
where the oceanic thermal advection is substantial in the
upper-ocean heat budget [Qiu and Kelly, 1993; Qiu, 2000,
2002; Kelly and Dong, 2004]. Thus, the role of SSTAs in
air—sea interaction can be more than the “reduced thermal
damping”. In fact, Nonaka and Xie [2003] found the SST—wind
correlation in satellite data to be positive along the Kuroshio
and its extension [Xie, 2004], indicative of modification in
near-surface stratification by underlying SSTAs. Analyzing
wintertime shipboard measurements compiled on a high-res-
olution grid over the North Pacific, Tanimoto et al. [2003]
found that turbulent heat flux anomalies are positively corre-
lated with SSTAs in the subarctic frontal zone located in the
Kuroshio-Oyashio Extension [Yasuda et al., 1996; Yuan and
Talley, 1996], and that the positive correlation is stronger
when the SSTAs lead the flux anomalies. Confined to a merid-
ionally narrow region along the Kuroshio or frontal zone, the
signal of this oceanic thermal forcing would hardly be captured
in data complied on a coarse resolution grid (with ~5? latitu-
dinal intervals) or through a statistical method that preferen-
tially extracts basin-scale anomaly patterns such as a
singular-value decomposition used by Deser and Timlin [1997]
and others.

A close association has been found in the extratropics
between frontal zones and decadal SST variability [Naka-
mura et al., 1997a; Nakamura and Yamagata, 1999; Naka-
mura and Kazmin, 2003]. Schneider et al. [2002] argued that
the Kuroshio Extension could be the key region for oceanic
feedback on the atmosphere for the Pacific decadal variabil-
ity, although the associated frontal zone is unlikely to be
resolved in their model. Tanimoto et al. [2003] argued how
SSTAs observed in the frontal zone with decadal variability
inherent to the North Pacific [Deser and Blackmon, 1995;
Nakamura et al., 1997a; Nakamura and Yamagata, 1999; Xie
et al., 2000; Tomita et al., 2001] can reinforce associated sta-
tionary atmospheric anomalies. Their results are summarized
in Figure 1, Plates 1 and 2. In the presence of warm (cool)
SSTAs in early part of winter (Plate 1a), latent heat release is
enhanced (reduced) along the frontal zone (Figure 1; Plate
2a). Linearization of heat flux anomalies [ Halliwell and Mayer,
1996] reveals that the enhanced (reduced) heat release is attrib-
uted to the effect of the local SSTAs (Figure 1; Plate 2b), part
of which is offset by a contribution from surface air-temper-
ature (and moisture) anomalies (Figure 1; Plate 2¢). A con-
tribution from wind anomalies is negligible in the subarctic
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Figure 1. Meridional profiles of anomalous upward latent heat flux
(W m2; solid line with closed circles; upward positive) at the surface,
as an average between 145°E and 165°E, for (a) Dec.—Jan. and (b)
Feb.—Mar. The subarctic frontal zone is between 36°N and 44°N.
Superimposed are individual contributions to the total anomalous
flux solely from (and proportional to) local SSTAs (solid line with
open circles), anomalous air temperature (dotted line with closed
squares) and anomalous surface wind speed (dotted line with open
squares). Anomalous 850-hPa poleward heat flux associated with
subweekly eddies (unit: 10 K m s7!; long dashed line), as an average
over the same longitudinal sector, is also superimposed. These pro-
files are based on the anomalies shown in Plate 2.

frontal zone (Figure 1; Plate 2d). As shown in Plate 2e, the local
storm track is displaced poleward (equatorward), probably in
response to changes in near-surface baroclinicity, as consis-
tent with the observed decadal shift of the frontal axis [ Naka-
mura and Kazmin, 2003]. This tendency is obvious particularly
in early winter, as the eddy heat flux is enhanced (reduced)
where the anomalous SST gradient is enhanced (relaxed) as
in Figure 1a. In the upper troposphere, the anomalous storm
track activity exerts anticyclonic (cyclonic) forcing over the
midlatitude North Pacific through anomalous vorticity trans-
port (Plate 2f), reinforcing the pre-existing stationary anticy-
clonic (cyclonic) anomalies. Consistent with this eddy forcing,
a wave-activity flux of stationary Rossby waves [Takaya and
Nakamura, 2001] is strongly divergent from the anomalies
that resemble the Pacific/North American (PNA) pattern [ Wal-
lace and Gutzler, 1981], which is regarded as a preferred
mode of variability in the exit of the North Pacific jet [Sim-
mons et al., 1983; Peng and Robinson, 2001]. As in the “atmos-

pheric bridge”, anomalous westerly momentum associated
with the PNA pattern is transferred downward by eddies, to
reinforce the anomalous surface Aleutian low (Plate 1e). Sur-
face wind anomalies thus reinforced exert thermal forcing
upon the upper ocean over the central and eastern North
Pacific, acting to extend warm (cool) SSTAs downstream of
the frontal zone and drive cool (warm) SSTAs off western
Canada, in a manner consistent with the observed tendency in
SSTAs to late winter (Plates 1a-c).

Kushnir et al. [2002] have postulated a similar mechanism
as a paradigm for the coupling between a meridional dipole of
atmospheric stationary anomalies and dipolar SSTAs as typ-
ically observed in the North Atlantic. Again, a critical factor
in forcing the atmospheric anomalies is anomalous storm
track activity in response to changes in surface baroclinicity
associated with the SSTAs. They considered a particular sit-
uation where the SSTAs have been generated by the atmos-
pheric anomalies, as in the “atmospheric bridge”. In contrast,
over the decadal SSTAs observed in the Pacific subarctic
frontal zone, surface wind anomalies are weak, especially in
early winter (Plate 1d), indicative of greater importance of
oceanic processes [Xie et al., 2000]. It has been suggested
that SST variations around the Kuroshio Extension are strongly
influenced by changes in oceanic condition [7omita et al.,
2002; Qiu, 2003; Kelly and Dong, 2004], including the gyre
adjustment to atmospheric forcing exerted far to the east
[Schneider et al., 2002]. Once zonally elongated SSTAs form
in a frontal zone through oceanic processes, they would act to
modify the surface baroclinicity locally.

Owing to the two-way interactive nature, a more convinc-
ing argument on the oceanic influence on atmospheric anom-
alies requires modeling studies. Part of the mechanisms argued
by Tanimoto et al. [2003] is essentially the same as what Peng
and Whitaker [1999] suggested from their careful diagnosis of
an AGCM response to warm SSTAs in the Pacific subarctic
frontal zone. They revealed the critical importance of a local
storm track in yielding a PNA-like stationary atmospheric
response in barotropic structure. A similar suggestion was
made by Watanabe and Kimoto [2000] for the North Atlantic
variability. Peng and Whitaker [1999] showed that their AGCM
response is sensitive to subtle differences in the model time-
mean flow. The sensitivity stems from how effectively the
baro-tropic response is excited under the storm track feed-
back from near-surface anomalies as the robust direct response
to the SSTAs. Since the SSTA pattern given in the model was
taken from the observation, a mismatch could happen in their
positions between the model storm track and the direct ther-
mal response. The model sensitivity suggests the potential
importance of their association, though may not be quite
robust, between the frontal zone and storm track in reinforc-
ing the PNA-like anomalies. The association may be part of
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Plate 1. Difference maps of bi-monthly SSTA (°C; reddish and bluish colors for warm and cool anomalies, respectively,
as shown below the panels) associated with the North Pacific decadal variability between 4-year composites for 1968/69~
1971/72 and 1982/83~1985/86 (i.e., “warm” minus “cold”). Based on the Comprehensive Ocean—Atmosphere Data Set
(COADS) complied on a 2°?2° lat.—lon. grid for (a) Nov.—Dec., (b) Jan.—Feb. and (c) Mar.—Apr. (d) As in (a), but for sur-
face wind velocity (arrows with scaling below the panels) and scalar wind speed (m s~'; bluish and reddish colors for
stronger and weaker winds, respectively, as shown below the panels) for Dec.—Jan. (e) As in (d), but for Feb.—Mar. After
Tanimoto et al. [2003].
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Plate 2. (a) As in Plate 1, but for Dec.—Jan. total upward latent heat flux anomalies at the surface (W m2; bluish and red-
dish colors for enhanced and reduced heat release, respectively, from the ocean). The subarctic frontal zone is indicated
with a rectangle. (b) As in (a), but for a contribution only from local SSTAs, based on linearization applied to the total
anomalous flux in (a). (c) As in (b), but for a contribution only from local air temperature anomalies. (d) As in (b), but
for a contribution only from local wind speed anomalies. () As in (a), but for storm track activity measured by 850-hPa
poleward heat flux associated with subweekly eddies (K m s7!; reddish and bluish colors for the flux enhancement and
reduction, respectively), based on the NCEP/NCAR reanalyses. (f) As in (e), but for 250-hPa height (contoured with 20-
m intervals), superimposed on feedback forcing from anomalous storm track activity measured by 250-hPa geopotential
height tendency (m day!; bluish and reddish colors for the cyclonic and anticyclonic tendencies, respectively) due only
to eddy vorticity flux convergence [Nakamura et al., 1997b]. After Tanimoto et al. [2003]. Coloring conventions are
shown below the panels.
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a feedback loop that is likely operative in the decadal vari-
ability inherent to the North Pacific.

3. CLIMATOLOGICAL ASSOCIATIONS AMONG
STORM TRACKS, POLAR-FRONT JETS AND
MIDLATITUDE OCEANIC FRONTS

3.1. Southern Hemisphere (SH)

Figure 2 shows the SH climatology of storm track activity,
westerly wind speed and SST gradient. A prototype example

Ze, EP flux JA

U250, U925 JA

of a close association among a subarctic frontal zone, mid-
latitude storm track and polar-front jet can be found around
507?S especially in austral summer [Figures 2d-f; NS04]. In
winter, the association is still close over the South Atlantic
and Indian Ocean (Figures 2a-c). There the low-level storm
track activity is stronger than over the South Pacific, which
seems in correspondence with tighter SST gradient across
the Antarctic Polar Frontal Zone (APFZ) [Colling, 2001], a
subarctic frontal zone along the Antarctic Circumpolar

Current (ACC), over the former oceans. Along that frontal
zone, a strong baroclinic zone forms near the surface (Fig-

—VT, SSTy JA
<

Figure 2. (a) Climatological Jul.—Aug. distribution for the upper-level SH storm track activity (stippling) and horizontal
component of 250-hPa extended E-P flux (arrows indicating eddy transport of mean-flow easterly momentum; scaling at
the bottom: unit: m? s2), with 250-hPa westerly wind speed (U : m s7!; heavy solid lines for 30, 40, 50 and 60; heavy dashed
line for 20). Light and heavy stippling is applied where amplitude of subweekly fluctuations in geopotential height (Z,: m)
at the 250-hPa level is between 90 and 130 and above 130, respectively, with thin lines for every 10. Based on the NCEP
(National Centers for Environmental Prediction) reanalyses. (b) As in (a) but for 925-hPa U (m s~'; heavy lines for 3, 6,
9, 12 and 15; dashed for U = 0) and 250-hPa U (m s'; light stippling for 20~30; heavy stippling for 40~50). (c): As in (a),
but for 850-hPa poleward heat flux associated with subweekly eddies (heavy lines for 4, 8, 12 and 16 K m s7!). Light and
heavy stippling indicates oceanic frontal zones where meridional SST gradient (°C/110 km) exceeds 0.6 and 1.2, respec-
tively (thin lines are drawn for every 0.6), based on satellite and shipboard data complied by Reynolds and Smith [1994].
Dark shading indicates data-void regions. (d—f) As in (a—c), respectively, but for Jan.—Feb.



ures 3d-e). Both in the upper and lower troposphere (Figure
2), the storm track core forms in the southwestern Indian
Ocean, almost coinciding with the core of the APFZ. In fact,
Sinclair [1995] found that the most frequent cyclogenesis in
the SH occurs around this APFZ core. There, in the course
of the seasonal march, the low-level storm track activity
exhibits high positive correlation with baroclinicity for a layer
just above the surface. NS04 showed that the correlation is
even higher than that with the baroclinicity near the steering
(700~850 hPa) level of subweekly eddies, which is also the
case for the South Atlantic. Meridional sections in Figures
3d-e show a deep structure of the storm track over the Atlantic
and Indian Ocean. The structure reflects the pronounced baro-
clinic eddy growth above the intense surface baroclinic zone
and the downstream development of eddies along the upper-
level polar-front jet that acts as a good waveguide for baroclinic
wavepackets (Figures 3a-b). In fact, the extended Eliassen-
Palm (E-P) flux [Trenberth, 1986] has a strong eastward com-
ponent in the core of the upper-level storm track [NS04]. The
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jet is the sole westerly jet in summer. Even in winter when a
subtropical jet intensifies, the storm track core over the South
Indian Ocean remains preferentially along the polar-front jet
(Figure 2).

The SH storm track core is collocated with the core of the
surface westerly jet (Figure 2) as part of the deep polar-front
jet (Figures 3a-b) maintained mainly by the downward trans-
port of mean-flow westerly momentum via eddy heat fluxes.
The fact that the strongest annual-mean wind stress within
the world ocean is observed around the SH storm core [ Tren-
berth et al., 1990] suggests the importance of the storm track
activity in driving the ACC and associated APFZ. As shown
in Figures 4b and 4d, the annually averaged surface westerly
acceleration induced as the feedback forcing through heat
and vorticity transport by subweekly eddies is indeed strong
along or slightly poleward of the surface westerly axis, and it
is strongest near the core of the APFZ. The slight poleward dis-
placement of that axis relative to the APFZ (Figure 2) seems
consistent with a tendency for surface upward turbulent heat
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Figure 3. (a) Climatological Jan. section of meridional (m? s2) and vertical (Pa m s~%; proportional to poleward eddy
heat flux) components of the extended E-P flux (arrows; scaling at the lower-right corner), and U (contour ed for every 5
m s7!; dashed for the easterlies), both for the South Indian Ocean (50°~90°E). Based on the NCEP reanalyses. (b) As in
(a) but for July. (c) As in (a) but for Jul. in the Australian sector (120°~ 160°E). Hatching indicates topography. (d—f) As
in (a—c), respectively, but for eddy amplitude in geopotential height (Z_; unit: m; heavy lines for every 20 from 40) and local
baroclinicity (G; thin lines for every 0.05 from 0.15; light stippling for 0.2~0.35 and heavy stippling for above 0.35).
Here, G = |g/f|*| VOI(ON), where N denotes the Brunt-Viisdld frequency, 6 potential temperature, g the acceleration of grav-
ity, f'the Coriolis parameter and £, = /' (45°S). In linear theories of baroclinic instability for the zonally uniform westerlies,
the maximum growth rate of the most unstable mode is proportional to G. In (a—c), stippling for Z, > 80 (m). After NSO4.
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fluxes, wind stirring effect on the oceanic mixed layer, and
Ekman velocity to be all maximized along the wind velocity
axis. Consistent with an evaluation by Lau and Holopainen
[1984] for the NH, a contribution from eddy heat transport is
stronger than that from eddy vorticity transport, but their con-
tributions are more comparable (not shown).

Over the South Pacific, the association among a midlatitude
storm track, polar-front jet and subarctic frontal zone is less
robust than over the Atlantic and Indian Ocean [NS04]. Though
vulnerable to the seasonal intensification of a subtropical jet,
their close association can still be found in austral summer
and autumn when the jet is diminished. In these seasons, the
Pacific storm track at the upper and lower levels is part of a
well-defined circumpolar storm track along the ~507S circle,
accompanied consistently by the deep polar-front jet (Figures
2d-f). The low-level eddy activity gradually weakens down-
stream across the Pacific, as the SST gradient relaxes eastward
along the APFZ (Figure 2f). The close association was
observed also in a very unusual winter at the beginning of
the 1998 La Nina event, in the absence of the intense sub-
tropical jet due to the marked interannual variability. In that
winter, the upper-level westerly bifurcation was much less
apparent than in the climatology, which marks a sharp contrast
with a distinct double-jet structure in the previous winter, as
in other El Nifio winters [Chen et al., 1996]. As well inferred
from a difference map in Figure 5a, no well-defined storm
track formed over the subtropical South Pacific in the 1998
winter, under the extremely weakened subtropical jet. Instead,
eddy activity over the South Pacific was enhanced at midlat-
itudes and organized into a single storm track along the polar-
front jet at ~557S throughout the troposphere (Figure 5), which
indeed resembled the summertime situation (Figure 2). In
1998, the midlatitude westerlies were stronger not only in the
upper troposphere but also near the surface (Figure 5), con-
sistent with coherent vertical structure of the midlatitude
storm track. In that winter, upper-level wave activity was dis-
persed strongly equatorward from the enhanced subpolar
storm track in the central and eastern Pacific, through which
the westerly momentum was transported poleward. Its down-
ward transfer by eddies sustained the strong surface wester-
lies. In a macroscopic view, the Pacific APFZ remained similar
between the two winters, seemingly to keep anchoring the
low-level storm track and polar-front jet (not shown).

3.2. Northern Hemisphere (NH)

Figure 6 shows the NH climatology of storm track activity,
westerly wind speed and SST gradient. Over each of the ocean
basins, a major storm track extends eastward from an intense
surface baroclinic zone anchored along a subarctic frontal
zone off the western boundary of the basin (Figure 6b), where

warm and cool boundary currents are confluent. In a macro-
scopic view, the storm track is along the boundary between
subtropical and subpolar gyres. In addition, the thermal con-
trast between a warm boundary current (the Gulf Stream or
Kuroshio) and its adjacent cooler landmass also influences
the storm track activity in winter [Dickson and Namias, 1976;
Gulev et al., 2003]. Over the North Atlantic, a belt of the sur-
face westerlies between the Icelandic Low and Azores High
is situated slightly to the south of the storm track axis. Over
the wintertime North Pacific, the poleward displacement of the
low-level storm track relative to the surface westerly axis is
more apparent. The latter is closer to the subtropical jet axis
aloft especially over the western Pacific, although the poleward
secondary branch of the surface westerlies is close to the
storm track.

Despite the modest intensity of the local upper-level west-
erly jet (Figure 6a), midwinter storm track activity is stronger

Figure 4. (a) Climatological annual-mean westerly acceleration
(solid lines at 0.5 m s™! day™! intervals with zero lines omitted;
dashed lines for easterly acceleration) at the 1000-hPa level over the
NH, as the feedback forcing from storm tracks evaluated in the same
manner as in Lau and Holopainen [1984] but based on 8-day high-
pass-filtered NCEP reanalysis data for 1979~98. Light and heavy
stippling indicates oceanic frontal zones where climatological annual-
mean meridional SST gradient (°C/110 km) is 0.8~1.6 and above
1.6, respectively, based on the data by Reynolds and Smith [1994].
(b) As in (a) but for the SH. (c) As in (a) but for the 1000-hPa west-
erly wind speed for the NH (solid lines for 2, 3, 4 and 5 m s71). (d)
As in (a) but for the 1000-hPa westerly wind speed for the SH (solid
lines for 5, 6,7 8,9 and 10 m s1).
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Figure 5. Difference maps over the South Indian and Pacific Oceans for Jul.~Aug. between 1997 and 1998 (1998 minus
1997). (a) Horizontal component of 250-hPa extended E-P flux (arrows; scaling at the bottom; unit: m? s~2) associated with
subweekly eddies, 250-hPa U (heavy lines for 10, 20 and 30 m s™'; dashed for the anomalous easterlies) and 250-hPa
storm tracks (stippling). Light and heavy stippling is applied where decrease and increase, respectively, in the frequency
of an eddy amplitude maximum passing through a given data point with 2.5° intervals on a given meridian, defined as the
number of days over a 62-day period, exceed 6 (thin lines for every 6). (b) 925-hPa U (heavy lines for 5, 10 and 15 ms™};
dashed for the anomalous easterlies) and 850-hPa poleward eddy heat flux (K m s~!; light contours for every 4; light and
heavy stippling for positive and negative values). Based on the NCEP reanalyses.

over the North Atlantic than over the North Pacific (Figure
6b). The low-level storm track axis is closer to a subarctic
frontal zone in the Atlantic than in the Pacific, and the cross-
frontal SST gradient is substantially stronger in the Atlantic
than in the Pacific (Figure 6b). While its main surface axis
extends along the Oyashio Extension at ~42?N, the North
Pacific subarctic frontal zone at the surface is meridionally
broader, including the Interfrontal Zone in the Kuroshio-
Oyashio Extension [Lin and Talley, 1996; Yasuda et al., 1996;
Nakamura and Kazmin, 2003]. The North Atlantic subarc-
tic frontal zone is shaper and more intense, contributing to the
more pronounced local eddy growth and perhaps to the
stronger eddy activity.

Another factor that contributes to the Atlantic-Pacific dif-
ference in wintertime storm track activity is latitudinal dis-
placement between a storm track and subarctic frontal zone.
In the course of its seasonal march, the North Atlantic storm
track stays to the north of the subarctic frontal zone, and it is
nearest to the front in midwinter when eddy activity peaks
(not shown). The westerly jet axis closely follows the under-
lying frontal zone, especially downstream of the jet core (Fig-
ure 6). The North Pacific storm track undergoes larger seasonal
migration in its latitudinal position [N92], and eddy activity
tends to be suppressed in midwinter when the storm track
axis stays to the south of the Pacific subarctic frontal zone
[Nakamura and Sampe, 2002; hereafter NS02]. NS02 found
that upper-level eddies traveling from the Asian continent
tend to propagate above the surface baroclinic zone along the
frontal zone when the storm track activity peaks in spring and
late fall [N92]. In those seasons, the upper-level westerly jet
core is substantially weaker than in midwinter and located
somewhat poleward [NS02]. The suppression occurs despite
the fact that the tropospheric baroclinicity peaks in midwin-

ter. NS02 pointed out that midwinter eddy activity has
enhanced substantially since the late 1980s, as the Pacific
storm track tends to stay over the subarctic frontal zone under
the decadal weakening of the subtropical jet. They found that,
for most of the time during the recent midwinter periods, the
eddy amplitude maximum stayed at the midlatitude tropopause
right above the frontal zone (Figure 7a), which allowed eddies
efficient baroclinic growth through their interaction with a
surface baroclinic zone along the frontal zone, as in fall and
spring. In fact, eddies exhibited a deeper structure with vig-
orous poleward heat transport (Figure 7a). In each of these
situations over either the Atlantic or Pacific, the extended E-
P flux is strongly divergent in the upper troposphere out of the
storm track core (not shown). Thus, a westerly jet with mod-
est core velocity bears an eddy-driven nature, a characteristic
of a polar-front jet [Lee and Kim, 2003]. These results suggest
that the association with the underlying frontal zones con-
tributes to the enhancement of the NH storm track activity.

Despite pronounced seasonal march in the axial position
and intensity of the NH storm tracks, especially over the
Pacific, the annually averaged surface westerly acceleration
induced as the feedback forcing from the storm tracks is
strongest along the poleward flank of a subarctic frontal zone
over each of the ocean basins (Figure 4a), driving oceanic
gyres. In the winters of enhanced eddy activity (Figure 8a),
the surface westerly axis was situated along the northern
fringe of the subarctic frontal zone in the western Pacific,
and it was systematically below the upper-level storm track
axis over the eastern Pacific. N92 showed that, in the course
of the seasonal march, the axis of the low-level westerlies
tends to follow the upper-level storm track over the eastern
Pacific, indicative of the reinforcement of the westerlies by
the storm track.
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4. INFLUENCE OF A SUBTROPICAL JET ON A
STORM TRACK AND ITS ASSOCIATION WITH AN
OCEANIC FRONT

4.1. Southern Hemisphere (SH)

In the SH climatology (Figure 2), the influence of the sea-
sonal evolution of a subtropical jet stream on storm track
activity is apparent only over the South Pacific [NS04]. Its
wintertime intensification disturbs the association among a
midlatitude storm track, polar-front jet and subarctic frontal
zone observed over the South Pacific in austral summer and
autumn. In the presence of double-jet structure [Karoly et al.,
1998; Bals-Elsholz et al., 2001], upper-tropospheric storm
track activity bifurcates from the core region into the main
branch along the strong subtropical jet and the sub-branch
along the weaker polar-front jet (Figure 2a). Thus, the west-
erlies and storm track are no longer circumpolar. The intense
velocity core of the subtropical jet confined to the tropopause
(Figure 2c) acts as an excellent waveguide for synoptic-scale
eddies. In fact, the extended E-P flux associated with sub-
weekly eddies is consistently eastward along the jet (Figures
2a). Located above a surface subtropical high-pressure belt,
however, the jet does not favor baroclinic eddy growth, despite
the modest surface baroclinicity across the underlying sub-
tropical frontal zone (Figure 2c). Consistently, the subtropical
jet does not accompany the strong westerlies at the surface
(Figure 2b), thus yielding no significant contribution to the
local mechanical driving of the ocean circulation. Over the

extratropical SH, the annual-mean surface westerly accelera-
tion induced as eddy feedback forcing is weakest over the
South Pacific (Figure 4b), due to the winter-spring break-
down of the well-defined midlatitude storm track.

In winter and spring, the main branch of the low-level storm
track is still along the polar-front jet (Figures 2b-c), though dis-
placed poleward above an enhanced low-level baroclinic zone
that forms along the seasonal sea-ice margin (Figure 3f). The
low-level storm track forms despite the upper-level wave activ-
ity from upstream core region is mostly dispersed toward the
subtropical jet (Figures 2a and 3b), suggestive of the impor-
tance of surface baroclinicity in the storm track formation.

4.2. Northern Hemisphere (NH)

A factor that contributes to the Atlantic-Pacific difference
in storm track activity is the midwinter eddy-activity mini-
mum (suppression) in the North Pacific [N92]. As opposed to
linear theories of baroclinic instability [Charney, 1947; Eady,
1949], this unique aspect of the seasonal cycle occurs despite
the local westerly jet is strongest in midwinter. Bosart [1999]
speculated critically that the minimum might merely be an
artifact due to the sampling by N92 on the 250-hPa surface that
tends to be above the tropopause only in midwinter. How-
ever, his speculation is inconsistent with the activity mini-
mum also observed at the lower levels [N92; Nakamura et
al., 2002]. The minimum has been reproduced in AGCMs
[Christoph et al., 1997; Zhang and Held, 1999; Chang, 2001].
In reanalysis data, Nakamura et al. [2002] found the activity
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Figure 6. (a) Climatological Jan.~Feb. distribution of 925-hPa U (heavy lines for every 3 m s™!) and 250-hPa U (light and
heavy stippling for 30~40 and 50~60 m s!, respectively), based on the NCEP reanalyses. (b) As in (a) but for 850-hPa pole-
ward eddy heat flux (heavy lines for every 4 K m s™'). Light and heavy stippling indicates oceanic frontal zones where merid-
ional SST gradient (°C/110 km) is 0.6~1.2 and above 1.2, respectively (with thin lines for every 0.6), based on the data by

Reynolds and Smith [1994].
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Figure 7. Meridional structure of a typical baroclinic eddy in the North Pacific storm track (170°E~170°W). Based on sub-
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(°C/110 km). Based on the NCEP reanalyses. After NS02.

minimum, which had been found by N92 for 1965~84, has
disappeared since the late 1980s, under the decadal weaken-
ing of the East Asian winter monsoon and associated relaxing
of the subtropical jet. This modulation has been confirmed
in Chang’s [2003] analysis of unassimilated aircraft and raw-
insonde data. As the mechanism of the activity suppression,
Chang [2001] argued that enhanced precipitation in out-break-
ing cold air behind individual cyclones in mid-winter does
not favor the generation of eddy available potential energy.
Alternatively, we argue in the following that the suppression
can be interpreted as the dynamical influence of a seasonally
intensified subtropical jet.

In the wintertime Far East, the low-level monsoonal norther-
lies and the enhanced subtropical jet aloft, as observed before
the late 1980s, are associated with the marked deepening of
a planetary-wave trough, and a polar-front jet tends to merge
itself into the subtropical jet [Mohri, 1953]. By the northerly
component behind the trough, upper-level eddies are driven
strongly toward the intensified subtropical jet and then trapped
into its core at ~327N at the 200-hPa level. The core is ~12 km
in altitude, ~3 km higher than the midlatitude tropopause (300
hPa) at which eddies have been propagating through the polar-
front jet over the Asian continent. In fact, the storm track
underwent greater equatorward excursion from its annual-

mean position in five midwinter periods with the most distinct
eddy-activity minimum than in five other midwinter periods
without the minimum [NS02]. Trapped by the subtropical jet
core, eddies were lifted up by ~3 km and then staying 500~800
km away from the surface baroclinic zone above the subarc-
tic frontal zone at ~40?N (Figure 7b). Thus, eddy interaction
with the surface baroclinic zone tended to be impaired, while
eddies underwent substantial distortion in their structure. The
coherency is thus lowered between subweekly fluctuations in
temperature and the meridional or vertical wind component
[N92; Chang, 2001; Nakamura et al., 2002], leading to the
less efficient energy conversion for eddy growth. As shown in
a meridional section in Figure 7b, under the trapping, eddy
amplitude rapidly decays downward and the associated heat
flux was reduced by as much as 40%.

As in the South Pacific case discussed earlier, the North
Pacific subarctic frontal zone remained very similar between
the two types of winter regardless of the substantial changes
in storm track activity (Figure 8). Only the noticeable differ-
ence is the slightly enhanced cross-frontal SST gradient for the
winters with eddy-activity minimum, indicating that the anom-
alous surface baroclinicity was unlikely the reason for the
observed changes in the activity. The axes of the upper- and
lower-level storm tracks and surface westerlies were more
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closely located along the subarctic frontal zones in the winters
of stronger eddy activity (Figure 8a). Rather, the axis of the sur-
face westerlies nearly followed the subtropical jet axis in the
winters of the suppressed storm track activity (Figure 8b).

5. DISCUSSION

The association among a storm track, polar-front jet and a
subarctic frontal zone (including the APFZ) seems crucial for
two-way interaction between the midlatitude atmosphere and
ocean, as exemplified in an observational study by Tanimoto
et al. [2003] and in an AGCM experiment by Peng and
Whitaker [1999] both on the decadal variability inherent to the
North Pacific [Nakamura et al., 1997]. Furthermore, the whole
dynamical picture of storm tracks and polar-front jets, includ-
ing the localization of their core regions, can unlikely be
obtained without considering their interaction with the under-
lying ocean, as first argued by HV90 and recently by NS02,
Inatsu et al. [2003] and NS04. In particular, key aspects of
seasonal variations of a storm track can be interpreted rea-
sonably well from a viewpoint of how strongly its associa-
tion with the underlying subarctic frontal zone is disturbed
by the seasonal intensification of a subtropical jet [NS02,
NS04]. From this viewpoint, an insight can be gained into the

mechanisms that cause the “midwinter activity minimum” of
the North Pacific storm track [NS02], a puzzling feature of its
seasonal cycle that cannot be explained by linear theories of
baroclinic instability. The recent disappearance of the activ-
ity minimum may be interpreted as the consequence of the
decadal weakening of the subtropical jet. In the absence of
such a marked change in the subtropical jet, even subtle
changes in the Pacific storm track activity could be observed
in response to decadal SST changes in the subarctic frontal
zone from the late 1960s into the 1980s [Tanimoto et al.,
2003]. Of course, the total baroclinicity within the tropo-
sphere must be considered in interpreting the profound sea-
sonal march in eddy amplitude along the NH storm tracks,
as discussed by HV90. They also emphasized the latent heat
release along the storm tracks also acts to anchor them by
forcing the planetary wave pattern.

It is well known that differential radiative heating acts to
restore the mean baroclinicity at midlatitudes against the relax-
ing effect by eddy heat transport, but it provides no clear
explanation why such intense surface baroclinic zones as
observed are maintained. A tendency for major maritime sur-
face baroclinic zones to be placed near midlatitude oceanic
frontal zones [NS02, NS04] suggests the effective restoring
of the atmospheric baroclinicity, owing to the large thermal
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Figure 6. (a) Climatological Jan.~Feb. distribution of 925-hPa U (heavy lines for every 3 m s™') and 250-hPa U (light and
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Reynolds and Smith [1994].
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Figure 9. Schematics of different types of tropospheric general circulation over an ocean basin. (a) When a subtropical jet
(STJ) is weak, the main storm track (thick dashed line) forms over a surface baroclinic zone (stippled at ~45° lat.) anchored
by a subarctic frontal zone (SAFZ), as in the summertime SH, the North Atlantic or the North Pacific (in spring and fall).
Wave-activity dispersion to the STJ (wavy arrow) leads to the formation of a deep polar-front jet (PFJ) above the SAFZ.
Eddy downward transport (open arrow) of the mean-flow westerly momentum maintains a surface westerly jet (circled W)
along the SAFZ. (b) When a STJ intensifies as in the wintertime South Pacific, the jet traps most of the upper-level eddy
activity. Thus, the main branch of the upper-level storm track forms along the STJ with suppressed baroclinic eddy growth
below, while the low-level storm track forms along a weak PFJ above a baroclinic zone anchored by the SAFZ.

inertia of the ocean mixed layer and the differential thermal
advection between to the north and south of the frontal zones
by strong oceanic currents [Kelly and Dong, 2004]. Enhanced
heat and moisture fluxes over a warm current just south of a
subarctic frontal zone has been known to contribute to cyclo-
genesis and thus storm track formation [HV90]. In addition,
a sharp decline of the surface heat release poleward across
the frontal zone acts to restore the mean atmospheric near-
surface baroclinicity, thus also contributing to the anchoring
of the storm track. This anchoring, however, can be disturbed
by the seasonal intensification of a subtropical jet or its inter-
annual modulations due to a teleconnection from the tropics
or an upstream continent. An important scientific issue to be
clarified is how the near-surface baroclinicity is determined
and maintained in the marine boundary layer.

Another important aspect of the air—sea coupling associ-
ated with a storm track is that the mean westerly momentum
carried downward with upward wave-activity transfer in a
storm track is organized into a surface westerly jet, which
drives oceanic gyres (or the ACC) and thereby contributes to
the maintenance of subarctic frontal zones. Along the ACC, the
core regions of the storm track, surface westerlies and APFZ
almost coincide with each other, indicative of the presence
of a local feedback loop. Over each of the NH ocean basins,
the frontal zone is located at the confluent region of the west-
ern boundary currents driven mainly through gyre adjustment
by the surface westerlies that are strongest farther to the east
(Figure 4c). A storm track acts to maintain the westerlies,
especially along or slightly to the north of the subarctic frontal
zones (Figure 4a). The surface westerlies along the storm
track also enhance the surface evaporation, whereas precipi-
tation associated with migratory storms largely determines
the fresh water supply to the midlatitude ocean [Lukas, 2001].

Kinetic energy input into the ocean by the strong surface west-
erlies and vigorous storm activity acts to sustain the mixed
layer structure. The input also becomes an important source
of oceanic turbulence available for deep-layer mixing [Naga-
sawa et al., 2000].

Findings in this and related papers [NS02, NS04] may require
some modifications to conceptual models for the zonally sym-
metric circulation in the wintertime troposphere, including a
well-known model by Palmén and Newton [1969]. While
resembling its original version proposed by Rossby [1941],
it emphasizes more the concentration of westerly momentum
into subtropical and polar-front jets and their respective asso-
ciation with the Hadley cell and a polar frontal zone. On the
basis of the argument by HV90 and our findings, a funda-
mental modification we would add to Palmén’s model is the
possible association among a polar-front jet, storm track, sur-
face baroclinic zone over a subarctic frontal zone, as postulated
in Figure 9a, which may add further significance to the mid-
latitude air—sea interaction. Unlike the polar frontal zone tilted
distinctly poleward, a polar-front jet and associated baroclinic
zone extend more vertically down to the surface just above the
frontal zone (Figure 3). The jet is accompanied by a major
storm track, and its deep structure is a manifestation of its
eddy-driven nature [Lee and Kim, 2003].

Another point emphasized in Figure 9 is their distinct char-
acteristics between the two types of jets, as a factor that influ-
ences the observed seasonal evolution of storm tracks. In fact,
two types of schematics are presented in Figure 9 depending
upon the strength of a subtropical jet, as in Lee and Kim
[2003]. As speculated by Palmén [1951] and later elucidated
theoretically [Held and Hou, 1980; Lindzen and Hou, 1988],
the jet is formed through poleward transport of angular
momentum by the Hadley cell, and the jet is much stronger in
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the winter hemisphere where the Hadley cell is stronger. Zonal
asymmetries in tropical SST distribution or the presence of a
tropical landmass can lead to the localization of the jet [Inatsu
et al., 2002]. In fact, the formation of the SH subtropical jet
is related to the Asian summer monsoon. Not driven by eddies,
a subtropical jet may not necessarily accompany a distinct
surface baroclinic zone. Indeed, the jet axis is between the
subarctic and subtropical oceanic frontal zones over the North
Pacific (Figure 6). Over the SH, the jet is located above a
subtropical high-pressure belt, which is unfavorable for baro-
clinic eddy growth. Thus, a subtropical jet is shallow and con-
fined around its tight core at the high tropopause, unless
merged with a polar-front as in the wintertime North Pacific
associated with a planetary-wave trough.

Through idealized numerical experiments, Lee and Kim
[2003] examined how storm track activity depends on the
subtropical jet intensity. They found that the main storm track
forms along a polar-front jet, as in Figure 9a, only when a
subtropical jet is weak, consistent with the observations [NS02,
NS04]. However, the greatest discrepancy is that a subtropi-
cal jet, as it intensifies in the model, becomes increasingly
favorable for baroclinic eddy growth. As opposed to their
experiments, the jet intensification in the real atmosphere is
unfavorable for storm track formation. Over each of the North
and South Pacific, an intensified wintertime subtropical jet
traps eddies into its core, keeping them away from a surface
baroclinic zone anchored by a subarctic oceanic frontal zone.
The trapping thus impairs eddy growth, despite the marked
baroclinicity below the jet core. Over the South Pacific, where
the two jets are well separated, the trapping leads to the merid-
ional separation of the main storm track branch between the
upper and lower levels [NS04]. We suggest this is a typical
situation of the subtropical-jet-dominant regime (Figure 9b).
No such separation occurs over the North Pacific, where the
two jets are merged. Still, the subtropical jet traps eddy activ-
ity, resulting in the midwinter suppression of storm track
activity. This is an intermediate situation between the two pro-
totype situations in Figure 9. The storm track activity is
enhanced in fall and spring when eddies can propagate above
the subarctic frontal zone. This “weak subtropical-jet regime”
(Figure 9a) appears more typically over the North Atlantic
and the summertime SH. In the real atmosphere, the main
storm track branch exhibits an apparent preference for stay-
ing with a polar-front jet, perhaps due to the anchoring effect
by an underlying oceanic frontal zone. This preference may be
underestimated in the idealized experiments by Lee and Kim.
Their experiments would have been more realistic if well-
defined surface baroclinic zones as observed had been pre-
scribed.

Of course, the schematics in Figure 9 are nothing but a
working hypothesis. Further observational and modeling study

is hence needed to assess how relevant they are to extracting
the essence of the atmospheric general circulation observed in
the extratropics. More study is also needed to assess the robust-
ness and detailed mechanisms of the positive feedback loop,
if really exists, among a polar-front jet, storm track and sub-
arctic frontal zone, and its importance in the climate vari-
ability. Especially, the significance of the anchoring effect by
oceanic frontal zones should be confirmed in experiments
with an AGCM with resolution high enough to resolve the
cross-frontal thermal contrasts. It is also important to study how
the oceanic fronts are maintained under the forcing from over-
lying storm tracks.
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