2Nn8

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 45, No. 19

Variability of the Observed Midlatitude Storm Tracks in Relation to Low-Frequency

Changes in the Circulation Pattern

NGAR-CHEUNG LAU
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, New Jersey
(Manuscript received 29 October 1987, in final form 28 March 1988)

ABSTRACT

The principal modes of month-to-month variability of the wintertime storm tracks over the North Pacific
and North Atlantic are identified by empirical orthogonal function analysis of the root-mean-square statistics
of bandpass (2.5~6 day) filtered geopotential height data for 19 yr. One of the two leading modes depicts
fluctuations in the level of synoptic-scale activity without any noticeable spatial displacemient of the storm track
axes, whereas the other mode is associated with meridional shifts of the storm tracks from their time-averaged
positions. Higher order modes are indicative of diversion or truncation of cyclone tracks in particular geographical

ons. :

l-egllt is demonstrated that the leading storm track modes are linked to some of the best-known monthly averaged
teleconnection patterns. The dipolar western Pacific and western Atlantic patterns for the monthly mean flow
are seen to be accompanied by marked changes in the intensity of the.storm tracks over the western oceans,
whereas the more wave-like Pacific/ North American and eastern Atlantic teleconnection patterns are coincident
with north-south displacements of the storm track axes over the eastern oceans. The representative synoptic
scenarios for various storm track modes are portrayed using composite charts, These patterns illustrate the
strong modulation of the trajectory of weather systems by the intensity and steering action of the monthly
averaged flow field, so that the storm tracks are preferentially located at and slightly downstream of the quasi-
stationary troughs.

The shape and propagation of the synoptic scale eddies along the changing storm tracks, as well as the
barotropic interactions between these disturbances and the monthly mean flow, are diagnosed using composite
patterns of extended Eliassen-Palm vectors and eddy-induced geopotential tendencies at 300 mb. It is seen that
the synoptic-scale fluctuations are typically crescent-shaped, and sometimes undergo noticeable deformation
when they encounter quasi-stationary ridges. In the upper troposphere, enhanced eddy activity is accompanied
locally by eastward acceleration, as well as by positive geopotential tendency immediately to the south, and
negative geopotential tendency to the north, and vice versa. The distributions of eddy-induced geopotential
tendency for individual storm track modes indicate a near inphase relationship between the synoptic scale
barotropic forcing and the quasi-stationary flow pattern at 300 mb. The characteristic time scale for this forcing

is approximately 7--10 days.

The characteristic circulations at sea level associated with various storm track modes are examined using
composite charts of the sea level pressure field. Some of these composites resemble the patterns associated with

the North Pacific and North Atlantic Oscillations.

1. Introduction

The wintertime climatology of transient fluctuations
on subweekly time scales and their relationship with
the midlatitude tropospheric stationary waves have
been documented in a series of observational studies
by Blackmon et al. (1977, 1984a, 1984b) and Lau
(1978). By mapping the root-mean-square (rms) and
covariance statistics as well as one-point teleconnection
patterns based on time-filtered data which retain pe-
riods within the 2.5~6 day band, these authors reported
that the most active disturbances tend to travel east-
ward through continuous phase propagation within two
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elongated zones spanning the North Pacific and North
Atlantic (see stippled regions in Fig. 1). These maritime
sites are characterized' by maximum temporal vari-
ability in geopotential height, meridional wind, tem-
perature and vertical motion on synoptic time scales.
The most vigorous transports of heat and vorticity by
high-frequency eddies also take place in these regions.
It was further noted that the centers of enhanced eddy °

- activity depicted in Fig. 1 coincide closely with the

principal midtropospheric “storm tracks,” as inferred
independently from earlier surveys of the trajectories
of individual cyclone centers (e.g., Petterssen 1956).
Hence, the geographical distributions of the temporal
variance and covariance fields for a certain time period .
are good descriptors of the location and intensity of
the storm tracks during that period. More recently,
Wallace et al. (1988) have pointed out that, since the
propagation of both cyclones and anticyclones con-
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F1G. 1. Climatological distributions of the wintertime 500 mb height (contours) and rms of
bandpass filtered 500 mb height (stippling). Contour interval for the time averaged height field
is 50 m. The rms values falling within the ranges of 50-60, 60-70 and >70 m are indicated by

light, medium and dense stippling, respectively.

tributes to the temporal second-moment statistics, the
maxima in such statistics should more properly be re-
ferred to as “baroclinic waveguides,” which make no
explicit inference on the polarity of the fluctuations
concerned. However, these authors demonstrated that
the propagation characteristics of positive and negative
geopotential height anomalies through these baroclinic
waveguides are very similar. Hence, in conformity with
the terminology adopted in a majority of the published
works on this subject, we shall continue to refer to the
elongated maxima in the rms of bandpass (2.5-6 day)
filtered geopotential height as the “storm tracks,” with
the understanding that these storm tracks portray pre-
ferred migration paths of both positive and negative
synoptic-scale perturbations.

The climatological positions of the storm tracks are
intimately related to the configuration of the time-mean
flow, as represented in Fig. 1 by the time averaged 500
mb geopotential height contours. It is seen that the
Pacific and Atlantic storm tracks initiate in the vicinity
of the stationary troughs over eastern Asia and eastern
North America, and terminate near the stationary

ridges over the west coasts of North America and Eu-
rope, respectively. The principal storm tracks hence lie
downstream and slightly poleward of the vertical and
horizontal shear zones associated with the quasi-per-
manent jet streams over Japan and the eastern United
States seaboard. Modeling studies by Simmons and
Hoskins (1978), among others, suggest that the struc-
ture and transport characteristics of transient eddies
along the storm tracks may be interpreted in terms of
the life cycles of eastward propagating baroclinic waves.
The strong geographical dependence of these baroclinic
modes on the longitudinal phase of the stationary wave
is demonstrated by Fredericksen (1979), who per-
formed a series of instability analyses using zonally
asymmetric basic states.

The discussion above pertains to the long-term av-
eraged behavior of the storm tracks and the stationary
flow. Inspection of the counterparts of Fig. 1 for in-
dividual seasons or synoptic situations reveals consid-
erable variability from the climatological scenario. For
instance, Blackmon et al. (1977, Figs. 12 and 13)
pointed out that the Atlantic and Pacific storm tracks
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were located south of their time-mean positions during

the 1965/66 and 1969/70 winter seasons, respectively.’

Such displacements in the storm track axes occurred
in conjunction with similar shifts in the seasonally av-
eraged jet streams. Furthermore, the analysis by Wal-
lace and Gutzler (1981, Table 3) indicates that the sea-
sonally averaged flows for the 1965/66 and 1969/70
winters resemble the Eastern Atlantic (EA ) and Pacific/
North American (PNA) teleconnection patterns, re-
spectively. These teleconnection patterns correspond
to two of the most prevalent modes of wintertime geo-
potential height variability on monthly and seasonal
time scales, and are each associated with a well-defined
set of geographically fixed nodes and antinodes. Hence,
there exists some rudimentary evidence linking the
slowly varying component of the circulation with sys-
‘tematic changes in the orientation and/or intensity of
the storm tracks. This notion is substantiated by syn-
optic case studies of blocking ridges by Green (1977),
- Illari (1984), Dole (1986), Mullen (1987), and Hol-
opainen and Fortelius (1987), among others. These
investigations provided ample evidence of the strong

modulation of the synoptic-scale disturbances during-

selected blocking situations. Since most of these studies
use rather stringent selection criteria to identify block-
ing events, the numbers of cases treated therein are
necessarily rather limited. Moreover, these blocking
phenomena only account for a fraction of the low-fre-
quency variability. Further data diagnoses are therefore
needed to provide a full description of the relationships
between the low- and high-frequency components of
the extratropical circulation. -

Observational studies of low-frequency atmospheric
variability have mostly been concerned with first-mo-
ment quantities such as geopotential height, temper-
ature or wind. In view of the considerable variability
of the storm tracks described above, and noting the
rich amount of information on storm track behavior
extractable from variance and covariance statistics, it
would be of interest to explore the variability of second-
moment statistics as well. Since stable estimates of these
higher statistical moments often require long data rec-
ords, previous attempts to document the interannual
changes of rms and eddy flux statistics were somewhat
hindered by the limited sample size then available.
Furthermore, it was difficult to interpret the variability
of higher-moment quantities in the absence of a con-
_ ceptual framework founded on synoptical and dynam-
ical principles. As more extended observational datasets
become accessible, and with the advent of novel di-
agnostic tools designed for delineating various facets
of local eddy-mean flow interactions, this is an oppor-
tune time for undertaking a more systematic analysis
of the dominant modes of variability of the storm
tracks, as well as the relationship between such modes
and the quasi-stationary circulation. These issues are
addressed in the present study by identifying the spatial
patterns of the recurrent month-to-month changes in
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time-filtered rms statistics, and by associating these
patterns with some of the well-known teleconnection
patterns for the monthly averaged circulation, such as
those described in Wallace and Gutzler (1981), Esben-
sen (1984), and Barnston and Livezey (1987). Dy-
namical interactions between the monthly mean cir-
culation anomalies and transient disturbances with
subweekly time scales will be examined using local

. Eliassen—Palm vectors and eddy-induced geopotential

height tendencies.

2. Datasets

The primary database for this study consists of twice-
daily grid point analyses produced by the U.S. National
Meteorological Center. The variables selected include
geopotential height at 500 and 300 mb, and sea level
pressure. The data domain extends from 20°N to the
North Pole. The period of coverage extends from Jan-
uary 1963 to December 1981 for 500 mb height and
sea level pressure, and from January 1964 to December
1981 for 300 mb height. Temporal data gaps were filled
using linear interpolation in time. The winter season
is taken to be the 5-month period from November to
March. Hence, there are, altogether, 95 individual
winter months in the dataset for 500 mb height and
sea level pressure, and 90 months in the set for 300
mb height. '

In order to accentuate the synoptic scale disturbances
with characteristic periods of several days, the medium-
pass filter described in Blackmon (1976, Fig. 2 and
Table 1) has been applied to the twice-daily time series
of the geopotential height and sea level pressure fields.
This filter, often referred to in later works as the
“bandpass” filter, retains fluctuations with 2.5-6 day
periods. The filtered time series for 500 mb height were
then partitioned into individual monthly segments, one
for every winter month. For each monthly segment,
the mean values of that segment were subtracted from

all twice-daily data in the same month,' and the tem-

poral rms values were then computed for that segment.
Hence, one obtains, altogether, 95 data fields, with each
field corresponding to the bandpass filtered rms pattern
of 500 mb height for a certain winter month.

Throughout this study, removal of the climatological
seasonal cycle from the monthly mean or rms fields
has been accomplished by subtracting the long-term
averaged values for a given calendar month from cor-
responding values of the same month in individual
years.

! The monthly means of the bandpass filtered data for each segment
are typically several orders of magnitude smaller than the corre-
sponding twice-daily values. These averages were removed from the
time series in individual segments simply for the sake of numerical -
precision.



1 OCTOBER 1988

In summary, we shall be dealing with two types of
data fields in this study. The first type consists of
monthly mean patterns obtained from averages of un-
filtered data. These first-moment statistics describe the
slowly evolving component of the circulation. For the
sake of brevity, these patterns will be referred as the
“monthly mean” fields. The second type is composed
of the rms statistics of bandpass filtered data. Such sec-
ond-moment statistics depict the spatial configuration
of the storm tracks in individual months, and will be
collectively labeled as the “rms” fields in the following
discussion.

3. Principal modes of variability of the storm tracks
and their relationship with the monthly averaged
circulation

a. Eigenvectors of the rms fields

Characteristics of the most recurrent changes in the
location and intensity of the oceanic storm tracks are
identified here using empirical orthogonal functions
(EOFs), which yield a set of spatial patterns (i.e., the
eigenvectors) and temporal coeflicients accounting for
a substantial fraction of the variance of the dataset un-
der investigation. Readers unfamiliar with this analysis
technique are referred to a concise summary of the
basic methodology given in Kutzbach (1967). For the
present application, the analysis was performed on the
temporal covariance matrix computed using the rms
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fields of bandpass filtered 500 mb height for 95 indi-
vidual winter months (see section 2 for details). In
view of the organization of the enhanced bandpass eddy
activity into two distinct storm tracks, one over the
North Pacific and the other over the North Atlantic
(see Fig. 1), the EOF analysis was executed separately
for the Pacific and Atlantic sectors. Each of these mar-
itime sectors has a longitudinal span of 150°, and a
latitudinal span of 50° (from 20° to 70°N). The Pacific
sector extends from 100°E to 110°W, whereas the At-
lantic sector extends from 110°W to 40°E. The spatial
variations in each domain of analysis are depicted at
126 grid points, which are chosen such that they rep-
resent approximately equal areas. These grid points lie
on latitude rows spaced at 5° intervals. The longitudinal
positions of the points along neighboring latitude rows
are staggered. The grid resolution along the zonal di-
rection is 10° longitude between 20° and 40°N, and
20° longitude between 45° and 70°N. The climato-
logical seasonal cycle has been removed from the rms
fields prior to the EOF analysis.

Figures 2 and 3 show the spatial distributions of the
four leading eigenvectors for the Pacific and Atlantic
sectors, respectively. We shall hereafter refer to the first
four EOF modes for the Pacific Basin as P1, P2, P3
and P4. Similarly, the corresponding modes in the At-
lantic sector are labeled as Al, A2, A3 and A4. The
percentage of variance explained by the individual
modes is given at the top of each panel. It is seen that

P2

FIG. 2. Distributions of the four leading eigenvectors of the rms of bandpass filtered 500 mb height for the Pacific Basin. Extrema are
highlighted by dense or light stippling. The percentage of variance explained by each eigenvector is indicated at the top of the corresponding

panel. Arbitrary units.
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126% -

FiG. 3. As in Fig. 2, but for eigenvectors of the Atlantic Basin.

the first four eigenvectors collectively account for ap-
proximately 46% of the total variance in each domain.

Inspection of the panels in Figs. 2 and 3 reveals the
following types of spatial variability for the storm
tracks: .

e P1 and A2: These eigenvectors are characterized by
a monopole pattern. The locations of the elongated
extrema in these modes correspond closely with the
climatological positions of the major storm track axes
(see Fig. 1). These eigenvectors portray the strength-
ening or weakening of eddy activity, with almost no
spatial displacement of the storm track axes from

. their long-term averaged positions.

e P2 and Al: These patterns are noted for the presence
of a dipole structure over the central and eastern
parts of the ocean basins. The pair of extrema in
each pattern tend to straddle the climatological storm
track axis. These eigenvectors depict northward or
southward migration of the storm tracks from their
time-mean positions.

e P3: This eigenvector pattern consists of an extremum
situated over the eastern edge of the Asian land mass
with a southwest-to-northeast orientation, and a sec-
ond elongated extremum of the opposite polarity ex-
tending from the dateline to the western United
States. In its positive phase, this mode is associated
with deflection of the Pacific storm track towards the
Bering Sea/Alaskan region, and weakened eddy ac-
tivity over the eastern Pacific.

e A3 and A4: These modes are composed of multiple

centers of action with alternating polarities. They are
suggestive of wave-like modulation of éddy activity,
with above and below normal eddy amplitudes oc-
curring at preferred sites.

b. Relating the storm track eigenvectors to the monthly
mean flow

The month-to-month variation of each spatial mode
displayed in Figs. 2 and 3 during the 1963-81 period
may be represented by a time series of 95 temporal
coefficients. For a certain winter month m in the 95-
month dataset, the temporal coefficient associated with
a certain mode e is given by the spatial covariance be-
tween the eigenvector for ¢ and the anomalous rms
pattern during month m. The storm track behavior in
those months with high positive coefficients for mode
e would exhibit many of the modal characteristics as-
sociated with e. Conversely, large negative coefficients
signify spatial resemblance to the same eigenvector but
with the polarities of the extrema reversed. In order to
discern the relationships between the monthly averaged
circulation and the individual EOFs shown above,
temporal correlation coefficients have been computed
between the 95 time-coeflicients for each eigenvector
and the concurrent 95 monthly averaged 500 mb height
values at each grid point of the data domain. The cli-
matological seasonal cycle has been removed from the
monthly mean values prior to these calculations. The
geographical distributions of the correlation values thus
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obtained are mapped in Figs. 4 and S for the Pacific
and Atlantic eigenvectors, respectively. For a given ei-
genvector, a positive region in the corresponding panel
indicates that this mode tends to occur in conjunction
with above normal monthly mean heights in that re-
gion. Analogously, negative regions in these correlation
patterns imply an association of below normal heights
with the eigenvector in question. To provide a crude
measure of the statistical significance of the correlation
coefficients displayed in Figs. 4 and 5, we make the

{a)
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conservative assumption that there are only two degrees
of freedom in each 5 month winter, so that the dataset
yields a total of 38 degrees of freedom; the correspond-
ing threshold correlation values at the 95% and 99%
confidence levels would then be 0.32 and 0.41, respec-
tively.

By comparing the eigenvectors in Figs. 2 and 3 with
the corresponding correlation maps in Figs. 4 and 5,
we note the following sets of relationships between the
storm tracks and the monthly mean flow:

F1G. 4. Distributions of the correlation coefficients {in percent) between the temporal coefficients of the four leading Pacific storm track
eigenvectors and the monthly averaged 500 mb height values at individual grid points. Contour interval: 10%. Regions with correlation
values above +30% and below —30% are highlighted by dense and light stippling, respectively.
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A2

FIG. 5. Asin Fig. 4, but for the four leading Atlantic storm track eigenvectors.

P1 and A2: These eigenvectors are seen to be asso-
ciated with dipolar structures in the monthly mean
circulation anomaly over the western portion of the
Pacific and Atlantic Basins (Figs. 4a and 5b). These
dipoles are oriented along a predominately north—
south axis, and tend to straddle the elongated extrema
appearing in the corresponding eigenvectors for the
rmas statistics (Figs. 2a and 3b). The intensity of eddy
activity is hence positively correlated with the
strength of the monthly mean westerly flow along
the storm track. For the Pacific sector (Fig. 4a), the
two opposite poles lie in the proximity of the centers

of action associated with the western Pacific (WP)"
pattern (Wallace and Gutzler 1981, hereafter referred
to as WG, Fig. 24). The comparatively weaker cor-
relation pattern associated with A2 (Fig. 5b) exhibits
some spatial resemblance to the teleconnection chart
for the western Atlantic (WA) pattern, as docu-
mented by WG (Fig. 20).

P2 and Al: Among the various correlation charts
displayed in Figs. 4 and 35, the patterns associated
with these eigenvectors contain some of the strongest
correlation coefficients. It is seen that southward mi-
gration of the storm track axes is accompanied by
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negative monthly mean height departures in the
midlatitude (40°~50°N) oceans, with strengthened
monthly mean westerlies along approximately 30°N,
and weakened westerlies within the zone between
50° and 60°N. Conversely, northward movement of
the storm tracks occurs in conjunction with above
normal monthly mean heights in the middle lati-
tudes, and with northward shifts in the westerly jet
stream. The characteristic monthly mean flow as-
sociated with P2 (Fig. 4b) bears a striking resem-
blance to the Pacific/North American (PNA) tele-
connection pattern (WG, Fig. 16). The maritime
centers of action in the monthly mean circulation
corresponding to the Al mode (Fig. 5a) coincide
with those appearing in the eastern Atlantic (EA)
pattern (WG, Fig. 12)

e P3: The positive phase of this eigenvector is asso-
ciated with above normal monthly mean heights over
the Bering Sea region and the United States-Mexican
border, below normal heights over the subtropical
central Pacific, and reduced midlatitude westerly flow
in the central and eastern Pacific (Fig. 4¢). The prin-
cipal features in Fig. 4c are similar to those appearing
in the Pacific (P) pattern at the 500 mb level, as
described by Hsu and Wallace (1985; left panel of
their Figs. 2 and 8). These authors noted that this
characteristic pattern may be linked to the preferred
occurrence of blocking ridges over the Aleutians.

e A3 and A4: The wave-like configuration of the ex-
trema in the eigenvector patterns (Figs. 3c and 3d)
bear an apparent quadrature spatial relationship with
the corresponding monthly mean geopotential height
anomalies (Figs. 5¢ and 5d), with regions of en-
hanced maritime eddy activity being straddled by a
positive height anomaly to the south and a negative
anomaly to the north, and vice versa. Strengthened
(weakened) storm tracks are hence coincident with
westerly (easterly) anomalies in the monthly mean
zonal flow. The characteristic monthly mean circu-
lation associated with A4 (Fig. 5d) resembles the
WA teleconnection pattern (WG, Fig. 20).

In summary, the results presented in Figs. 2-5 dem-
onstrate that the principal modes of variability of the
storm tracks exhibit well-defined relationships with
some of the best-known teleconnection patterns con-
structed using monthly averaged data. An ubiquitous
feature in these sets of charts is the collocation of above
normal eddy activity and westerly anomaly in the
monthly mean circulation. This relationship holds for
the WP, WA and P patterns, in which the dipole struc-
ture in the height field modulates both the monthly
mean zonal wind and the storm track intensity. It also
holds for the PNA and EA patterns, in which the
anomaly centers over the midlatitude Pacific and At-
lantic are accompanied by meridional shifts in both
the jet stream and storm track axes, as well as for the
wave-like patterns associated with A3 and A4.
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The salient relationships between the storm track
eigenvectors and the teleconnection patterns for the
monthly averaged flow are further quantified in Table
1, in which is shown the temporal correlation matrix
between the time coefficients for individual eigenvec-
tors (see beginning of this subsection ) and the five tele-
connection pattern indices documented in WG. The
teleconnection pattern indices were constructed fol-
lowing exactly the definitions given in WG. Such def-
initions entail a linear combination of the normalized
monthly mean height anomalies at the centers of action
for individual patterns, with the relative polarity of the
centers being taken into consideration. The pattern in-
dices computed in this manner depict the month-to-
month evolution of the strength and polarity of each
teleconnection pattern. The climatological seasonal
cycle has been removed in all of the above calculations.
In order to highlight the stronger correlation values,
only those coeflicients with absolute values equal to or
exceeding 30% are displayed in Table 1. According to
the crude estimate made earlier, this criterion corre-
sponds to a significance level of approximately 95%.
The eigenvectors P3 and P4 exhibit no significant cor-
relation with any of the five teleconnection patterns
and are hence not included in the table. This tabulation
confirms the strong connections alluded to earlier be-
tween WP and P1, PNA and P2, EA and Al, and WA
and A4. Generally speaking, the WP and PNA patterns
exhibit well-defined, one-to-one relationships with the
Pacific eigenvectors, whereas the EA and WA patterns
are each associated with multiple Atlantic eigenvectors.
The latter result is partially a consequence of the sub-
stantial overlap between the pattern centers for EA and
WA (see WG, Fig. 26). It is also worth noting that a
few of the eigenvectors (namely, P2, A2 and A4) are,
to a lesser degree, also correlated with the Eurasian
(EU) pattern. These relationships are to be expected
in view of the fact that the EU pattern exhibits non-
negligible correlations with each of the four remaining
teleconnection indices considered here (see WG, last
column of their Table 4).

The possibility of temporal relationships between the
storm track eigenvectors for the Pacific Basin and those
for the Atlantic Basin has been investigated by cross
correlating the temporal coefficients for P1, P2, P3 and
P4 with the coefficients for A1, A2, A3 and A4. The
resulting matrix (not shown ) does not contain any sig-
nificant correlation value. The storm track eigenvectors
for the two ocean basins are hence independent of each
other. These calculations provide a posteriori justifi-
cation for treating the variability of the rms fields in
each ocean separately in this study.

¢. Composite patterns of monthly mean and rms sta-
tistics for 500 mb height

The typical synoptic scenarios for the eigenvectors
described above are depicted here using composite
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TaBLE 1. Correlation coefficients (in percent) between monthly
temporal coefficients of leading storm track eigenvectors (P1, P2, Al,
A2, A3 and A4) and monthly indices of the western Pacific (WP),
Pacific/North American (PNA), eastern Atlantic (EA), western At-
lantic (WA) and Eurasian (EU) teleconnection patterns documented
in Wallace and Gutzler (1981). Correlations with absolute values
below 30% have been omitted from this tabulation.
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composites of monthly averaged 500 mb geopotential
height (contours) and the corresponding filtered rms
values (stippling) are shown in Fig. 6 for selected Pacific
eigenvectors, and in Fig. 7 for the Atlantic modes.
The most striking distinction between the two com-
posites for the P1 mode (Figs. 6a and 6b) is the relax-
ation of the monthly mean height gradient over the

eig::?:;gfors eigﬁ;lsgct:;grs Bering Sea regioq in the‘ low. con}posite: The weakeqed

Teleconnection monthly mean circulation in Fig. 6b is accompanied
patterns P1 P2 Al A2 A3 A4 byan equally drastic reduction in eddy activity, so that
the rms values everywhere in that panel lie below the

}?1/\1; A —48 168 threshold for the lowest stippling density (i.c., 50 m).

EA —61 +42 The monthly mean height field in the high composite

WA -30 +30 +50. for P2 (Fig. 6¢)is characterized by a broadened trough

EU +41 -39 +32  over the central Pacific, and an amplified ridge along

charts. For the sake of brevity, we shall henceforth focus
our attention on the P1, P2 and P3 modes in the Pacific,
and the Al, A2 and A4 modes in the Atlantic. These
particular eigenvectors are selected mainly on the basis
of their close ties with the attendant monthly mean
circulation (see Figs. 4, 5 and Table 1). In constructing
the composite charts for the positive phase of a given
eigenvector mode, the monthly temporal coefficients
(see definition in section 3b) for this eigenvector were
ranked according to their magnitudes. Those 10
- months with the largest positive temporal coefficients
were then identified, and the meteorological quantity
of interest was then averaged over these 10 months to
form a composite field, hereafter referred to as the high
composite. Conversely, the negative phase of the ei-
genvector is portrayed by averaging over those 10
" months with the largest negative temporal coefficients,
so as to form the Jow composite. The winter months
entering into the high and low composites for different
eigenvectors are listed in Table 2. The high and low

the western seaboard of North America. The corre-
sponding storm track tends to be aligned with the cir-
culation around the midocean trough, and is apparently
truncated upon approaching the upstream side of the
pressure ridge over the North American coast. The low
composite (Fig. 6d) is noted for the zonality of the
monthly mean circulation over the eastern Pacific and
western Canada. Associated with this flow pattern is
the tracking of the transient disturbances along the
Aleutians towards the Gulf of Alaska. The storm track
in the low composite lies considerably north of its
counterpart in the high composite, and penetrates
farther east towards the North American coast.

The most prominent feature in high composite for
P3 (Fig. 6¢) is the pressure ridge extending northward
from the Aleutians to the Arctic. Immediately to the
south of this anticyclonic regime is a strong trough
over the subtropical Pacific. The shape of the storm
track in the high composite suggests that the eastward
migration of the midlatitude disturbances is impeded
near the dateline, with some of them being steered
northward along the western flank of the ridge (see

TABLE 2. Lists of winter months with the ten most positive and most negative temporal coefficients for selected storm track eigenvectors.
These ten-month groups are used to construct high and low composites of various circulation statistics, respectively. Each winter month in
this list is identified by the last two digits of the year, followed by a slash and then by a one- or two-digit number representing the calendar
month (1 for January, 2 for February, . . . , 12 for December). The winter months are arranged in descending order of the absolute values
- for the EOF temporal coefficients.

Pacific eigenvectors Atlantic eigenvectors

Pl _ P2 P3 Al A2 A4
High Low High Low High Low High Low High Low High Low
71/12 64/12 70/2 77/3 66/11 64/1 68/11 66/11 71/3 78/2 71/11 74/1
70/2 63/2 69/12 75/1 67/3 64/3 66/2 63/1 73/1 67/1 70/2 75/2
66/2 63/1 63/2 64/2 72/2 73/3 81/3 73/2 76/12 68/2 68/1 64/1
65/12 69/1 68/2 71/12 63/1 73/1 70/1 81/1 64/1 63/2 71/3 74/3
68/1 75/1 76/11 63/3 68/1 67/12 65/12 75/12 80/11 6972 69/2 78/11
70/11 78/2 65/3 68/12 63/12 66/1 7712 67/11 68/3 81/12 66/1 71/12
76/1 74/12 80/12 75/2 81/12 72/11 64/3 70/3 7712 - 69/3 69/11 63/2
66/1 68/11 68/3 76/2 64/12 63/11 66/1 80/12 74/2 7773 67/12 72/12
65/11 72/3 81/1 76/3 80/12 64/2 68/12 77711 80/3 65/3 66/12 70/12
69/2 77/11 66/12 71/11 74/2 78/2 68/3 72/2 69/1 69/12 65/3
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FIG. 6. High composite (left panels) and low composite (right panels) patterns of the monthly mean 500 mb height (contours) and rms
of bandpass filtered 500 mb height (stippling) for the Pacific storm track eigenvectors P1, P2 and P3. See section 3c for details of the
composite procedure. Contour interval for the 500 mb height field is 50 m. The rms values falling within the ranges of 50-60, 60-70 and
>70 m are indicated by light, medium and dense stippling, respectively. Dashed contours in panels (b) and (e) indicate weaker rms values
of 40 and 45 m, respectively.

dashed contour in Fig. 6e). A similar orientation of
the storm track has been noted by Dole (1986, Fig. 4a)
in episodes of persistent positive height anomalies over
the North Pacific. The absence of the midocean ridge
in the low composite (Fig. 6f) is seen to correspond
with frequent passage of active synoptic-scale systems
across the eastern Pacific.

In the low composite for Al (Fig. 7b), the amplified
pressure ridge over the eastern Atlantic is seen to be
accompanied by a storm track with a southwest-
northeast orientation, with much of the eddy activity
being confined upstream and poleward of the ridge.
Dole (1986, Fig. 5) and Mullen (1987, Fig. 3) have

observed a similar relationship between the storm track
and the quasi-stationary circulation during typical
North Atlantic blocking events. The high composite
for A1 (Fig. 7a) is characterized by a broad Atlantic
trough and a more zonally oriented storm track. Com-
parison between the two composites reveals a meridi-
onal displacement in the storm track axis by as much
as 20° of latitude over the eastern Atlantic.

The monthly mean circulation in the high composite
for A2 (Fig. 7c) is distinguished from that in the low
composite (Fig. 7d) by the considerable tightening of
the height gradients in the former pattern over the
Labrador Peninsula and the maritime region off the
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FI1G. 7. As in Fig. 6, but for the Atlantic storm track eigenvectors Al, A2 and A4.

southeastern coast of Greenland. Associated with the

more intense circulation over eastern Canada in the’

high composite is a region of vigorous eddy activity,
with rms amplitudes reaching as high as 90 m. The
level of transient activity in the low composite is much
weaker, with rms amplitudes peaking at only about 55
m. The eastward passage of weather disturbances in
the low composite appears to be interrupted by the
anticyclonic flow pattern occurring over southeastern
. Greenland.

Comparison of the monthly mean circulation ac-
companying A4 (Figs. 7e and 7f) suggests a systematic
eastward displacement of the long-wave trough and
ridge axes in the low composite relative to the corre-
sponding features in the high composite. The other
notable distinction between Figs. 7e and 7fis the much

stronger jet stream over eastern North America in the
low composite. These circulation changes occur in
conjunction with the eastward displacement as well as
amplitude enhancement of the main center of eddy
activity over the eastern seaboard of North America
in the low composite.

The underlying theme throughout the above dis-
cussion is the strong spatial relationship between the
monthly mean flow pattern and the storm tracks. Al-
most without exception, the synoptic-scale eddies attain
maximum amplitudes along a belt of strong prevalent
westerlies located slightly downstream of the monthly

‘mean troughs. There is ample evidence in these com-

posite charts (e.g., see Figs. 6¢, 6e, 7b and 7d) of the
tendency for amplified quasi-stationary ridges to block
the advance of weather systems. The marked influence
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of the mean flow curvature on the shape of the storm
track (e.g., see Figs. 6e, 7b, 7e and 7f) is indicative of
the steering effect of the slowly varying circulation on
the transient waves.

d. The Eurasian sector

The pattern in Fig. 1 indicates a third region of en-
hanced synoptic scale activity in Siberia. In order to
offer a more complete survey of the variability of win-
tertime storm tracks in the Northern Hemisphere, and
to test whether the relationships between the oceanic
storm tracks and the monthly mean flow are applicable
to the Eurasian sector, we show in Fig. 8 the distri-
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butions of (a) the first eigenvector for the rms of band-
‘pass filtered 500 mb height over Eurasia, and (b) the
correlation coeflicients between the temporal coeffi-
cients for the first eigenvector and the monthly mean
500 mb heights at individual grid points. The proce-
dures for the eigenvector analysis are identical to those
outlined in section 3a, with the exception that the do-
main is now taken to be the region situated between
the Greenwich Meridian and 150°E. In analogy to P1
(Fig. 2a) and A2 (Fig. 3b), the leading eigenvector for
the Eurasian region, which accounts for 15.1% of the
domain-integrated variance, is characterized by a
monopole pattern. The primary center of extremum
in Fig. 8a is located near the climatological position of

FIG. 8. Distributions of (a) the leading eigenvector of the rms of bandpass filtered 500 mb height for the
Eurasian sector, arbitrary units; and (b) correlation coefficients (in percent) between the temporal coefficients
for the leading eigenvector and the monthly averaged 500 mb height values at individual grid points; contour
interval is 10%.
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the Siberian storm track (see Fig. 1). This distribution
suggests that the principal mode of variability in this
region is associated with enhancement or reduction in
the intensity of the storm track, but with little spatial
displacement from its time mean location. The char-
acteristic monthly mean circulation accompanying this
eigenvector mode is portrayed in Fig. 8b, which exhibits
a dipole-like pattern. The primary extrema in this cor-
relation chart coincide with the centers of action as-
sociated with the intermonthly signal of the Northern
Asian (NA) teleconnection pattern (Esbensen 1984,
Fig. 6a). Comparison between the two panels in Fig.
8 reveals that eddy activity increases when the monthly
mean heights over Mongolia are above normal, and
the heights over the Arctic coasts of the Soviet Union
are below normal, so that strengthened mean westerlies
prevail along the storm track. These results confirm
that the Eurasian sector exhibits some of the same
storm track/mean flow relationships discerned over
the two ocean basins.

v

4. Dynamical interactions between the storm tracks
and the monthly mean circulation

We now investigate in some detail the properties of
synoptic-scale eddies during the anomalous episodes
identified in section 3. Particular emphasis is placed
on the implications of anomalous eddy behavior on
dynamical interactions between the low- and high-fre-
quency components of the atmospheric circulation. We
focus our attention on the circulation at 300 mb, and
limit our diagnosis to barotropic processes only. The
relevant circulation features at sea level will be docu-
mented in section 5, whereas the important problem
concerning the role of baroclinic processes in atmo-
spheric variability will not be attempted here.

Various analysis tools aimed at diagnosing eddy be-
havior and eddy-mean flow interactions have been de-
veloped during the recent years. Holopainen (1984,
section 4) has offered a comprehensive review of such
diagnostic tools. In the present study, we shall make
use of the extended Eliassen—Palm vectors to illustrate
the characteristics of transient eddies in various types
of synoptic scenarios, and then apply the insights thus
gained to interpret the eddy-forced geopotential ten-
dencies for the same set of scenarios.

a. Extended Eliassen-Palm vectors

The extended Eliassen-Palm vectors were devised
by Hoskins et al. (1983 ) for illustrating local interactive
processes between transient eddies and the time mean
flow. Variants of the local Eliassen-Palm vectors,
hereafter referred to as E, have thereafter been intro-
duced by different investigators (e.g., Plumb 1985,
1986; Henden and Hartmann 1985; Trenberth 1986).
In this study, we shall use Trenberth’s version of E,

with the horizontal components being given by (v'2
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— u'>)i — u'v'j. Here u and v are the zonal and me-
ridional wind components, respectively, the overbars
represent time averages, and the primes denote devia-
tions from the corresponding time mean quantities.
Trenberth (1986) showed that the E vector defined in
this manner provides useful information on the fol-
lowing eddy properties:

e The eddy-induced accelerations of the zonal and
meridional wind components due to barotropic pro-
cesses are given by the divergence and curl of E (i.e.,
V-E and k- V X E), respectively.

e The major or minor axis of the anisotropic part of
the eddy stress tensor, from which the characteristic
shape and horizontal tilt of the eddy can be deduced,
subtends with the zonal direction an angle equal to
one-half of the corresponding angle for the E vector
(see Hoskins et al. 1983).

o In the barotropic case, the group velocity of the tran-
sient disturbances relative to the local time mean
flow is parallel to E.

The eddy behavior associated with various storm
track modes identified in section 3a is examined here
using composite charts of the E and eddy kinetic energy

[4(u'? + v'?)] fields at 300 mb. The composite pro-
cedure is almost identical to that used in constructing
the composite patterns of monthly mean and rms
heights at 500 mb (see section 3c).2 For each of the
winter months constituting the high and low compos-
ites for a given storm track mode, the variance and
covariance statistics #’2, v'? and u'v’ were computed.
Here the time averaging operation is performed over
the given month, and the eddies are defined as depar-
tures from the corresponding monthly mean. The
twice-daily zonal and meridional wind components
were computed from the bandpass filtered geopotential
height field at 300 mb using the geostrophic approxi-
mation. The wind statistics for individual months were
then summed over each of the 10-month groups, and
the resulting E and eddy kinetic energy patterns are
displayed using arrows and stippling, respectively. The
composite patterns thus obtained are shown in Figs. 9
and 10 for the Pacific and Atlantic storm track modes,
respectively.

Comparison between the stippling patterns in Figs.
6 and 7, and those in Figs. 9 and 10 reveals that the
regions of enhanced geopotential height variability are
also characterized by high eddy kinetic energy. The
strong similarity between the time-space behavior of
the rms height and eddy kinetic energy fields implies

2 Since the 300 mb height data were not available for 1963, those
winter months listed in Table 2 which fall within this particular year
have been replaced by months in the 1964-81 period with rankings
just lower than the months appearing in the last row of this table.
The reconstituted 10-month groups for individual storm track ei-
genvectors were then used to construct composites.
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F1G. 9. High composite (left panels) and low composite (right panels) patterns of extended Eliassen-Palm vectors (arrows) and eddy
kinetic energy (stippling) at 300 mb for the Pacific storm track eigenvectors P1, P2 and P3. Both quantities are based on geostrophic wind
values derived from bandpass filtered geopotential height data. The scale for the arrow lengths is given at the top center of the figure. Eddy
kinetic energy values falling within the ranges of 70-90, 90-110 and >110 m? s~2 are indicated by light, medium and dense stippling,
respectively. The dashed contour in panel (b) correspond to weak kinetic energy values of 50 m? s~2,

that the time-filtered variance statistics for either the
geopotential height or the wind fields are equally robust
descriptors of the midlatitude storm tracks, and that
the storm track eigenvectors documented in Figs. 2
and 3 are not too sensitive to the particular variable
being analyzed. However, it is worth noting that
whereas the pattern of v'? is very similar to that of the
rms of geopotential height for synoptic scale eddies (see
Blackmon et al. 1977, Fig. 5b), the distribution for
u'? is characterized by a dumbbell shaped pattern, with
highest amplitudes occurring just to the north and

south of the maximum in v'2, so that the storm track
axis corresponds to a saddle point (Blackmon et al.

1977, Fig. 5a). Taking also into account that v"2

> u'? for bandpass filtered data, one would expect the
meridional width of the maximum in {(u'2 + v'?) to
be slightly larger than that of the corresponding feature
in the rms of geopotential height.

Turning our attention now to the patterns of E in
Figs. 9 and 10, and recalling the three applications of
this diagnostic aid as outlined earlier, we note that the
following features are common to most of the com-
posite charts:

e Spatial variations of E along the storm tracks are
generally weaker than variations transverse to the
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FIG. 10. As in Fig. 9, but for the Atlantic storm track eigenvectors A1, A2 and A4. Values of maximum
kinetic energy are indicated in panels (c¢) and (d).

storm tracks, so that the divergence and curl of E
are approximately given by derivatives in the merid-
ional direction. For a given longitude, the meridional
component of E, denoted as E,, tends to diverge

from the storm track axes, with poleward directed -

arrows north of the latitude of maximum kinetic en-
ergy, and equatorward arrows farther south. Hence
the centers of eddy activity are characterized by 4E,/
0y = —du'v’'/dy > 0, and the eddy momentum
transports, therefore, act to accelerate the westerly
mean flow along the storm tracks. We also observe
that, at a fixed meridian, the zonal component of E,
denoted as E, is strongest near the storm track axes,
and decreases in amplitude farther north and farther
south, so that —9E,/dy = —4(3/dy)(v'? — u'?) is
positive poleward of the storm track axes, and neg-

ative in locations farther south. This configuration
implies that the synoptic-scale eddies induce pole-
ward accelerations of the mean flow north of the
storm track axes, and equatorward accelerations in
regions farther south. Some of the composite patterns
shown here indicate a tendency for the E vectors to
“fan out” at the eastern end of the storm tracks (e.g.,
Figs. 9¢, 9¢ and 10f), with the arrows turning in a
counterclockwise (clockwise ) fashion north (south)
of the downstream regions of the storm tracks. The
derivative 9 E,/dx is therefore positive north of the
exit zones of the storm tracks, and negative farther
south. The corresponding mean flow acceleration is
hence directed poleward (equatorward ) in the sector
situated northeast (southeast) of the center of eddy
activity. '
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¢ The orientation of the minor axis of the eddy stress
tensor may be estimated by taking half of the angle
made by E with the longitudinal axis. Since E along
the storm track axes is mostly dominated by the zonal
component, the angles subtended with the zonal di-
rection are small. In these locations, the minor and
major axes are directed almost exactly east-west and
north-south, respectively. This preferred elongation
of the bandpass eddies along the meridional direction
is consistent with_the eastward directed E vectors,
since E, = (v'? — u'?)/2 > 0 is a direct consequence

of v’2 > u’?. Immediately to the north of the storm
track axes, the E vectors acquire a northeastward
orientation, which implies that the major axis of the
stress tensor (or, in synoptic terms, the trough and
ridge axes) in these locations is tilted in the north-
west-southeast direction. Analogously, the south-
eastward E vectors south of the storm track axes in-
dicate the prevalence of southwest to northeast tilts
of the eddy axes. The notable meridional changes in
the orientation of the trough and ridge axes suggest
that the disturbances are typically crescent shaped.
Blackmon et al. (1984a,b) and Lau and Nath (1987)
have arrived at similar conclusions on the basis of
one-point teleconnection maps, and cross-spectral
analysis, respectively. A closer scrutiny of some of
the patterns for E reveals distinct changes in the shape
of transient waves as they advance along certain
storm tracks. The most striking example is given in
the low composite for the A1 mode (Fig. 10b), which
shows a storm track first curving northeastward up-
stream of the monthly mean ridge centered near
30°W (see contour field in Fig. 7b), and then south-
eastward downstream of the same ridge. The corre-
sponding E vectors are mostly dirécted eastward up-
stream and north of the quasi-stationary pressure
ridge, whereas their orientation over western Europe
is seen to turn markedly towards the equator. This
pattern indicates that the meridionally elongated
fluctuations west of the ridge tend to evolve into
zonally elongated disturbances farther downstream.
This transformation in the eddy structure is also ev-
ident in the Atlantic blocking episode cited by Hos-
kins et al. (1983, Fig. 16), and in the composite of
17 blocking cases over the same region as constructed
by Mullen (1987, Fig. 17a).

e The general direction of the eddy group velocity rel-
ative to the time mean flow, as inferred from the
orientation of E, tends to be aligned with the axes
of the corresponding storm tracks. The meridional
component of E exhibits a distinct tendency to di-
verge from the storm track axes, thus indicating the
occurrence of poleward and equatorward energy ra-
diation from the centers of eddy activity. Comparison
between the composite E fields and the accompa-
nying monthly mean height contours (Figs. 6 and
7) offers a vivid illustration of the steering action of
eddy energy propagation by the quasi-stationary flow
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pattern. It is seen that the E arrows follow closely
the cyclonic and anticyclonic meanders of the local
mean circulation. Particularly convincing examples
of this eddy-mean flow relationship may be found
in the high composite of P3 (Figs. 6e and 9e¢), the
low composite of Al (Figs. 7b and 10b), as well as
the high and low composites of A4 (Figs. 7¢, 7f and
10e, 10f).

b. Geopotential height tendencies

Although the E field yields considerable insights on
eddy-induced accelerations of the mean flow, the in-
ferences drawn from visual inspection of these patterns
remain rather qualitative. Additional analysis tools are
needed to present the intensity and vectorial nature of
the eddy-forced circulation in a more explicit manner.
A diagnostic technique which has proven to be useful
for delineating the quantitative aspects of local eddy-
mean flow interactions is the geopotential tendency
method outlined in Lau and Holopainen (1984 ). This
method makes use of the quasi-geostrophic potential
vorticity equation to relate the temporal tendency of
geopotential height to convergences of transient eddy
fluxes of heat and vorticity. By examining climatolog-
ical eddy statistics for an eight-winter period, Lau and
Holopainen showed that the geopotential tendency in
the upper troposphere is mostly determined by eddy
vorticity fluxes. These authors further reported that the
vertical variation of the geopotential height tendency
associated with vorticity fluxes is characterized by an
equivalent barotropic structure, with strongest ampli-
tudes in the upper troposphere, and that the secondary
circulations induced by the vorticity fluxes are generally
rather weak. In view of the above findings, we shall
restrict our present investigation to the geopotential
tendency associated with vorticity fluxes at 300 mb.
The three-dimensional formulation of Lau and Hol-
opainen (1984) may then be simplified to a two-di-
mensional vorticity equation applicable at the 300 mb
level; with the geopotential height tendency 9z/d¢ being
expressed in terms of the inverse Laplacian of an eddy
forcing term, i.e.,

%j=§v-21r, (1
where
1 a1 4 1 & \—
”Em(aas‘asaw”‘amv) v

1 &
a’ cos? N8
is the convergence of the transient eddy vorticity fluxes
(see Holopainen, 1978, Eq. 14). Here a is the earth
radius, f the Coriolis parameter, g the acceleration due

to gravity, and A, 8 denote longitude and latitude, re-
spectively.
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Composite charts for dz/dt were constructed using
the same procedure described in sections 3¢ and 4a
(see also footnote 2). For each winter month in a com-
posite, the wind statistics #'%, v'? and u'v’ were com-
puted using the bandpass filtered time series of 300 mb
geostrophic wind data for that month. These statistics
were substituted into Eq. 2 to obtain the forcing term
«, and the associated geopotential tendency was then
calculated by inverting the two-dimensional Laplacian
in Eq. 1. The latter operation was accomplished using
the subroutine PWSSSP in the NCAR software library.
In order to lessen the impact on the solution due to
the uncertain boundary condition at 20°N latitude,
which corresponds to the southernmost extent of the
NMC data, the solution to Eq. 1 was sought for the
entire Northern Hemispheric domain, with the eddy
forcing within the zone between 0° to 20°N being ob-
tained by linear extrapolation from the known values
at 20°N to uniformly zero values at the equator. Equa-
tion 1 was then solved by assuming that dz/d¢t = 0 at
" the equatorial boundary. In view of the somewhat ar-
bitrary treatment of the buffer region between 0° and
20°N, we shall simply discard the solution for dz/dt
within that zone. A variety of numerical experiments
suggest that the solution for dz/dr poleward of 20°N
is not sensitive to the particular procedure for specifying
the condition at the southern boundary. Finally, sum-
mation of the monthly dz/dt fields over the individual
10-month groups for each storm track eigenvector was
performed to yield composites.

The difference patterns obtained by subtracting the
low composites from the corresponding high compos-
ites are mapped in the right panels of Figs. 11 and 12,
for the storm track eigenvectors of the Pacific and At-
lantic Basins, respectively. For comparison with the
accompanying monthly mean circulation patterns, the

difference charts between the high and low composites

for the monthly mean 300 mb heights are displayed in
the left panels. The composite patterns in the left panels
of Figs. 11 and 12 are qualitatively similar to the cor-
responding correlation charts shown in Figs. 4 and 5.
The composite maps tend to place a stronger emphasis
on the anomaly centers located poleward of 40°N,
.where the level of variability is generally higher than

. that in the subtropics. The features within the 20°—
40°N zone. show up much more clearly in the nor-
malized correlation statistics presented in Figs. 4 and
5 (e.g., compare Fig. 4a with Fig. 11a).

Comparison between the distributions of dz/d¢ in
Figs. 11 and 12 and the corresponding eigenvector pat-
terns in Figs. 2 and 3 confirms many of the inferences
on eddy-induced acceleration drawn earlier from the
E vectors. For instance, zonally elongated positive ex-
trema in the eigenvector patterns (i.e., above-normal
synoptic-scale activity) are accompanied by positive
height tendencies immediately to the south, negative
height tendencies to the north, and eastward acceler-
ations at the sites of the extrema. The northward
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(southward) accelerations occurring north (south) of
the downstream region of these positive extrema are
consistent with the cyclonic (anticyclonic) curvature
of the E vectors in these regions. The reverse situation
is seen to hold for zonally elongated negative extrema
in the eigenvectors. In summary, we discern a near-

-quadrature spatial relationship between the distribution

of dz/dt and the corresponding eigenvector patterns.
Monopolar eigenvector modes of the rms height sta-
tistics (i.e., P1, A2) are characterized by geopotential
tendencies with a dipolar configuration (Figs. 11b and
12d). Dipolar eigenvector modes (i.e., P2, Al) are
concurrent with height tendency patterns having three

_principal extrema (Figs. 11d and 12b), so that nodes

in the eigenvector coincide with antinodes in the height
tendency field, and vice versa.

It was observed in section 3b that the storm track
eigenvectors are closely related to the monthly mean
circulation. The monopolar eigenvector modes were
shown to be associated with the dipolar WP and WA
teleconnection patterns, whereas the dipolar modes are
correlated with the more wave-like PNA and EA pat-
terns. Hence, the storm tracks are not only in near-
quadrature with the geopotential tendency patterns,
but they also exhibit an analogous phase relationship
with the monthly averaged height anomalies. These
results imply that the monthly mean height anomalies
and the eddy-forced height tendencies should also bear
well-defined spatial relationships with each other. -
Comparison between the left and right panels in Figs.
11 and 12 reveals that the height composite for a given
mode indeed resembles the eddy-induced height ten-
dency composite for the same mode. This correspon-
dence is particularly evident for the Atlantic modes
(Fig. 12), in which each anomaly center in the 300
mb height composite may be identified with an extre-
mum of the same polarity in the composite for 9z/dt.
The spatial correlation between the height and geo-
potential tendency composites is somewhat weaker for
the Pacific modes (Fig. 11).

The spatial resemblance between the left and right
panels in Figs. 11 and 12 is suggestive of a near in-
phase relationship between the barotropic eddy forcing
and the prevalent monthly mean circulation. The
characteristic time scale of this forcing, as estimated
by taking the ratio of the amplitudes of the monthly
mean height anomalies to those of the geopotential

. tendencies at representative sites, is approximately 7-

10 days.

In order to ascertain the generality of the spatial re-
lationship between eddy forcing and the monthly mean
flow, as well as to identify those geographical regions
where this relationship is most prominent, we have
constructed the dz/d¢ field at 300 mb for every winter
month in the 90-month dataset, and then computed
the temporal correlation coefficient between the values
of 0z/0t at each grid point and the values of monthly
mean 300 mb height at the same grid point. Clima-
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FI1G. 11. Difference charts obtained by subtracting the low composites from the corresponding high com-
posites of monthly averaged 300 mb height (left panels, contour interval is 30 m) and 300 mb height
tendency associated with vorticity transports by bandpass eddies (right panels, contour interval is 5§ X 1073
m s7"), for Pacific storm track eigenvectors P1, P2 and P3. Regions with large positive and negative values

are depicted by dense and light stippling, respectively.
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FIG. 12. As in Fig. 11, but for Atlantic eigenvectors Al, A2 and A4.
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FI1G. 13. Distribution of temporal correlation coefficients (in percent) between monthly averaged 300 mb height
and the local 300 mb height tendency associated with vorticity transports by bandpass eddies. Contour interval is
10%. Regions with correlation values exceeding 30% and 50% are depicted by light and dense stippling, respectively.

tological seasonal cycles for dz/dt and monthly mean
height have been removed in these calculations. In Fig.
13 the hemispheric distribution of the correlation coef-
ficients thus obtained is shown. It is seen that the cor-
relation is positive throughout much of the extratropics,
with centers of maximum occurring near the Aleutians,
Labrador Sea and northern Europe. These areas of
strong positive correlations are coincident with en-
hanced geopotential height fluctuations with time scales
between 10 days and a season, as can be inferred from
the maxima appearing in the rms pattern for lowpass
filtered data shown in Lau and Nath (1987, Fig. 1c¢).
These same regions are also noted for the frequent oc-
currence of persistent, high-amplitude meteorological
anomalies (Dole 1983, Fig. 4.2).

Mullen (1987) has also investigated the nature of
synoptic-scale eddy forcing during representative North

Atlantic blocking events. He noted that the positive
geopotential tendency associated with eddy vorticity
fluxes is centered approximately 20° longitude up-
stream of the blocking ridge at 300 mb (see his Fig.
5c). The results presented by Holopainen and Fortelius
(1987, Figs. 2a and 4a) for a single blocking episode
in February 1979 also suggest that the maximum eddy
forcing is located slightly west of the pressure ridge
over western Europe. A careful inspection of the com-
posite patterns for the A1 mode (Figs. 12a and 12b), -
which is known to be related to North Atlantic block-
ing, reveals that the extremum of eddy-induced geo-
potential tendency near 50°N, 45°W is shifted west-
ward by about 10° longitude relative to the corre-
sponding extremum in the composite monthly mean
height field. However, there also exist in Figs. 11 and
12 many other situations when extrema in the right
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and left panels occur over almost the same sites. The
strong positive correlation coeflicients in Fig. 13 over
northern Europe as well as the extratropical North Pa-
cific and North Atlantic suggest that, in a statistical
sense, collocation of the eddy forcing and height
anomaly tends to prevail in the 90-month sample ex-
amined here.

In presenting the difference maps in Figs. 11 and
12, we have implicitly assumed that the relationships
between the eddy-induced tendency and the monthly
mean circulation hold equally well for the positive and
negative phases of each eigenvector mode. The validity
of this assumption may be evaluated by comparing the
high composite anomaly patterns of dz/df and monthly
averaged heights for a given storm track mode with
the corresponding low composite patterns. An example
of such a comparison is given in Fig. 14, which shows
separately the high and low composites for the Al
mode. It is seen that the strong spatial relationships
between the eddy forcing and the monthly mean cir-
culation are evident in both the positive and negative
phases of Al. In particular, the slight westward dis-
placement of the extremum in 3z /9t near 50°N, 45°W
relative to the monthly mean height anomaly, as noted
in the preceding paragraph, is discernible when the
anomalous circulation over the North Atlantic is either
cyclonic (see Figs. 14a and 14b) or anticyclonic (Figs.
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14c and 14d). Inspection of the high and low com-
posites for the other eigenvector modes (not shown)
also indicates that, except for a sign reversal, the op-
posite phases of each mode are characterized by rather
similar anomaly patterns of dz/d¢ and monthly mean
heights. We hence conclude that the spatial relation-
ships between transient eddy forcing and the quasi-
stationary circulation do not exhibit any notable de-
pendence on the polarity of the circulation anomalies.

5. Circulation changes at sea level associated with
" storm track variability

In order to describe the characteristic circulation
patterns at sea level related to different modes of vari-
ability in the midtropospheric storm tracks, the pro-
cedure outlined in section 3c has been used to compute
high and low composites of the monthly averaged sea
level pressure (SLP) field from the NMC dataset. These
SLP composites are hence averages for the 10-month
groups listed in Table 2, which have been determined
on the basis of the coefficients for the storm track ei-
genvectors at the 500 mb level. The difference charts
obtained by subtracting the low composites of the SLP
field from the corresponding high composites are dis-
played in Figs. 15 and 16 for the Pacific and Atlantic
eigenvectors, respectively.

Al
300mb

FIG. 14. High composite (upper panels) and low composite (lower panels) anomaly patterns of 300 mb height (left, contour interval is
20 m) and 300 mb height tendency associated with vorticity transports by bandpass eddies (right, contour interval is 2 X .10‘5 m s"), for
Atlantic storm track eigenvector Al. Regions with large positive and negative values are depicted by dense and light stippling, respectively.
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FiG. 15. Difference charts obtained by subtracting the low composites from the corresponding high com-
posites of monthly averaged sea level pressure, for Pacific storm track eigenvectors P1, P2 and P3. Contour
interval is 2 mb. Regions with values above +6 mb and below —6 mb are depicted by dark and light stippling,
respectively.
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FIG. 16. As in Fig. 15, but for Atlantic storm track eigenvectofs Al, A2 and A4,

¥
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Comparison between the 300 mb height composite
for the Pacific modes, shown in the left panels of Fig.
11, and the SLP composites in Fig. 15 indicates con-
siderable spatial resemblance between the monthly
mean anomalies at the two levels, especially over the
maritime areas. This result is consistent with the strong
local correlations between monthly averaged heights
at various tropospheric layers over the two ocean ba-
sins, as was pointed out by Blackmon et al. (1979, Fig.
2). For the P1 mode, the extremum over the Kam-
chatka Peninsula in the SLP pattern (Fig. 15a) is dis-
placed eastward of the corresponding feature at 300
mb (Fig. 11a) by almost 40° of longitude. Another
noteworthy phenomenon in the SLP field is the ten-
dency for the Aleutian anomaly in the P3 pattern (Fig.
15¢) to spread across the Alaskan Peninsula towards
the leeslopes of the Canadian Rockies. The polarity of
the near-surface fluctuations in the latter region is hence
opposite to that at 300 mb (Fig. 11e). This baroclinic
behavior on the leeward side of the Rocky Mountains
has been noted in the Pacific (P) pattern described by
Hsu and Wallace (19835, left panel of Fig. 5). The over-
all pattern in Fig. 15c also resembles that associated
with the North Pacific Oscillation (Rogers 1981,
Fig. 3).

The maritime features in the SLP patterns for the
Atlantic modes (Fig. 16) also exhibit a strong corre-
spondence with their counterparts in the upper tro-
posphere (left panels of Fig. 12). The Greenland SLP
anomaly in the A2 mode (Fig. 16b) is seen to be located
considerably east of the 300 mb center over the Lab-
rador Peninsula-Hudson Bay region (Fig. 12c¢). The
surface circulation associated with the A2 mode is also
reminiscent of the characteristic pattern accompanying
the wintertime temperature seesaw between Greenland
and northern Europe, as documented by van Loon and
Rogers (1978, Fig. 3).

The eigenvector patterns for the midtropospheric
storm tracks (Figs. 2 and 3) are evidently related to
the monthly mean circulation at sea level. Above nor-
mal eddy activity at 500 mb is seen to be associated
with enhanced surface westerlies equatorward of neg-
ative SLP anomalies, whereas the eddy amplitudes are
reduced in regions with anomalous surface easterlies.

6. Discussion

This study has been devoted to a better understand-
ing of the relationships and interactions between two
distinct classes of atmospheric fluctuations with dis-
parate time scales. The first type of disturbances cor-
respond to weather systems with typical periods of sev-
eral days. The second type consists of those slowly
varying phenomena which retain their identities on
monthly mean charts. We have identified a set of well-
defined relationships between the behavior of the syn-
optic-scale eddies and the spatial configuration of the
monthly averaged circulation anomalies. As is evident
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from the composite charts in Figs. 6 and 7, the corre-
spondence between the storm tracks and the concurrent
monthly mean flow pattern is so robust that one could
locate with little difficulty the regions of enhanced eddy
activity by inspection of monthly averaged 500 mb
height charts alone. The strong association between
the storm tracks and the low-frequency component of
the circulation allows for a systematic investigation of
the dynamical forcing of the quasi-stationary flow by
the synoptic-scale eddies. It is shown that the barotropic
eddy forcing is nearly in phase with the monthly mean
anomalies.

We began our analysis of the eddy-mean flow prob-
lem by partitioning the first- and second-moment sta-
tistics according to the conventional monthly calendar,
and then by exploring relationships among various
quantities for individual months. Whereas the monthly
calendar offers a convenient framework for organizing
the dataset, the approach adopted here may not be the
optimal procedure for capturing the outstanding syn-
optic events of interest. For instance, a strong signal
which happens to fall within the latter part of a certain
month and the first part of the following month would
be poorly represented in the time-average for either
month. An alternative approach is to identify the pre-
cise dates for the occurrence of individual episodes by
a set of predetermined criteria, and to examine the
data for these interesting time periods exclusively. The
advantages of this methodology have been exploited
in the case studies by Dole and Gordon (1983), Illari
(1984), Mullen (1987) and Holopainen and Fortelius
(1987). In comparing the findings from the latter stud-
ies with those based on continuous time series such as
the present work, one needs to recognize that the case-
study approach is focused on atmospheric phenomena
which meet rather specific standards, whereas corre-
lation analyses of entire datasets are aimed at atmo-
spheric behavior common to a wide diversity of cir-
culation types. A case in point is the maintenance of
the unique flow configuration and persistence char-
acteristics associated with the blocking ridges. By ex-
amining 17 blocking events occurring over 20 winters,
Mullen (1987) presented convincing evidence of the
preference of the anticyclonic eddy forcing to be located
distinctly upstream of quasi-stationary high pressure
ridges. On the other hand, the correlation chart in Fig.
13 of this study, which is constructed on the basis of
all 90 winter months available in our data archive, sug-
gests that the eddy forcing generally exhibits consid-
erably less spatial displacement from the corresponding
monthly mean circulation anomaly. Hence the behav-
ior of high-frequency transients during blocking epi-
sodes appears to be rather exceptional. _

In the present study, we have emphasized the forcing
by eddy vorticity fluxes of the upper tropospheric flow.
Bearing in mind the highly baroclinic nature of the
cyclone eddies, the heat fluxes associated with the
bandpass fluctuations cannot be ignored in any com-
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"plete treatment of the eddy-mean flow interaction
problem. The geopotential tendency calculations per-
formed by Lau and Holopainen (1984, Figs. 3 and 4)
indicate that the forcing at the 300 mb level due to
eddy heat transports is opposite to, but considerably
weaker than the forcing due to eddy vorticity trans-
ports. Hence, the inclusion of the effects of eddy heat
fluxes would not alter the qualitative aspects of the
inferences drawn from the barotropic calculations in
section 4b. However, Lau and Holopainen noted that
the eddy forcing at 1000 mb is dominated by the eddy
heat fluxes, with the tendency associated with the
‘baroclinic effects being almost in phase with that due
to barotropic processes. A full description of the eddy
effects associated with various storm-track configura-
tions must await the solution of the three-dimensional
geopotential tendency equation forced by composites
of both heat and vorticity fluxes for all pressure levels
in the atmospheric column.

In computing the eddy vorticity fluxes, the variance
and covariance circulation statistics were compiled us-
ing geostrophic wind data. Effects associated with the
divergent component of the transient motion are hence
neglected in our calculations. Hoskins and Sardesh-
mukh (1987) have recently pointed out that the con-
vergence of vorticity transport due to the divergent eddy
flow field is comparable to its counterpart associated
with-the rotational component. The results in section
4 of our study should therefore be interpreted with this
approximation in mind.

We have thus far been concerned with the simul-
taneous relationships between the storm tracks and
various characteristic teleconnection patterns on a
month-to-month basis. It is equally important to de-
termine if systematic temporal leads or lags exist be-
tween the occurrence of the synoptic-scale eddies and
the establishment of the slowly varying teleconnection
patterns. Our synoptic experience suggests that such
temporal lags would be rather short, perhaps on the
order of several days. These lag relationships could also
exhibit a considerable geographical dependence, so that
their precise nature may vary for different teleconnec-
tion patterns. To address these issues properly, the
temporal evolution of high- and low-frequency com-
ponents of the circulation needs to be examined on
time scales much shorter than the monthly intervals
used here. A fuller understanding of such temporal be-
havior would yield fresh 1n51ghts on the fundamental
role of baroclinic waves in the atmospheric general cir-
culation; i.e., Is the occurrence of these transient dis-
turbances simply a passive response to the planetary
wave pattern, or do these disturbances actively con-
tribute to the establishment of persistent circulation
anomalies?

The subweekly time scale has been chosen for the
present analysis primarily because it is associated with
baroclinic instability. Blackmon et al. (1984a,b) have
discerned several other frequency bands in the atmo-
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spheric spectrum which are of equal interest. In par-
ticular, these authors have interpreted circulation fea-
tures with intermediate time scales between 10 and 30
days in terms of Rossby wave dispersion, whereas those
phenomena with even longer periods have been iden-
tified with barotropically unstable fluctuations (see
Simmons et al. 1983). Furthermore, Wallace and Lau
(1985) have pointed out that the patterns of extended
Eliassen-Palm fluxes for these longer time scales are
radically different from those associated with synoptic-
scale eddies. Lau and Holopainen (1984) have also
shown that the eddy-induced geopotential tendency in
the upper troposphere is largely determined by vorticity
transports by disturbances with characteristic periods
of 10 days and longer, and that the forcing associated

‘with these low-frequency eddies exhibits a near out-of-

phase relationship with the stationary wave. In view of
the rather distinct behavior of perturbations with longer
time scales, it would be of considerable interest to apply
the analysis tools developed here to these low-fre-
quency phenomena. Our understanding of the nature
of atmospheric variability would not be complete
without a comprehensive investigation of the myriad
interactive processes involving the multiple frequency
ranges noted above.
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