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ABSTRACT

The total direct transient eddy forcing of the vorticity balance in the upper troposphere during northern winter
is examined using 11 years of 2 to 8-day bandpassed global analyses. Most examinations of the importance of
high-frequency eddy vorticity fluxes to the maintenance of either the climatological standing waves or low-
frequency anomalous flows have focused on only the horizontal flow or the rotational component of the horizontal
transient flow. The latter simplification has been shown to be questionable for planetary scales. The vorticity
flux by the transient divergent flow produces a forcing of the mean streamfunction that is of comparable mag-
nitude with the equivalent rotational term. However, the streamfunction forcing by the sum of the transient
vertical advection and twisting terms largely balances the forcing by the vorticity flux convergence associated
with the divergent flow. The result is that the convergence of the eddy vorticity flux by the total transient flow
is not a good approximation to the total forcing of the long-term mean streamfunction by the high-frequency
eddies. These results are quantified for the mean northern winter season November—March 1980/81-1990/91.

The respective roles of each transient eddy term in the vorticity equation in maintaining two large-scale, low-
frequency anomalous flows are also examined. One case involves a pronounced circulation anomaly that persisted
for more than a decade over the North Pacific, and the second case relates to the maintenance of extremes of
the North Atlantic Oscillation. In both cases, transient vorticity fluxes systematically reinforce and help to
maintain the upper-tropospheric streamnfunction anomalies. Just as for the climatological standing waves, a
consideration of the total transient eddy forcing of the mean anomalous streamfunction yields a different inter-
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pretation than if only the convergence of the vorticity flux is considered.

1. Introduction

Determining the effects of transient motions on the
time-mean flow is one of the continuing problems in
understanding the atmospheric general circulation.
Much progress has been made in documenting the
three-dimensional distributions of the transient eddy
fluxes of heat and vorticity (or momentum) and in un-
derstanding the importance of these fluxes to the sta-
tionary flow. The studies of Holopainen (1978), Lau
(1979) and Holopainen and Oort (1981), for example,
indicate that transient eddy heat fluxes tend to destroy
the zonally asymmetric component of the mean tem-
perature field, while vorticity fluxes by the eddies are
commonly upgradient and help to maintain the sub-
tropical jet streams. These papers, as well as most ear-
lier investigations, treat the local effects of transient
heat fluxes independently from those of eddy vorticity
forcing.
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The goal of discerning the total impact of the eddies
on the time-mean flow has led to a large volume of
theory. For zonal mean flows, the Eliassen—Palm (E—
P) flux (Andrews and Mcintyre 1976; Edmon et al.
1980) provides a diagnostic of the net feedback of ed-
dies onto the mean flow that has been widely utilized.
Trenberth (1986) developed a localized E-P flux that
is related to the E-vector of Hoskins et al. (1983) and
other developments by Plumb (1985, 1986). When av-
eraged over the middle troposphere, Holopainen et al.
(1982) found that forcing by eddy heat transports dom-
inates over eddy vorticity forcing so that the net effect
is a dissipative influence on Northern Hemisphere
(NH) winter stationary waves. Lau and Holopainen
(1984) and Lau and Nath (1991) showed that lower-
tropospheric eddy heat and vorticity fluxes reinforce
one another and force cyclonic geopotential height ten-
dencies poleward of the NH storm track axes and an-
ticyclonic tendencies equatorward. In the upper tropo-
sphere, the polarity of the geopotential tendencies as-
sociated with eddy heat fluxes is reversed and values
are considerably smaller than the tendencies associated
with eddy vorticity fluxes.

Given the established importance of the transient
eddy heat and momentum fluxes to the maintenance of
the climatological standing waves, it is also important
to establish the relationship between synoptic-scale ed-
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dies and large-scale, low-frequency waves. The mod-
eling study of Cai and Mak (1990) demonstrated a
symbiotic relationship in which low-frequency, plane-
tary-scale waves gain energy barotropically from tran-
sient eddies which, in turn, develop in the baroclini-
cally favorable regions created by the internally gen-
erated, low-frequency waves. This relationship was
further explored using observational data for northern
winter by Cai and Van den Dool (1991, 1992). Bran-
stator (1992) used a linear budget to show that anom-
alous vorticity fluxes by high-frequency transients were
crucial to the maintenance of recurrent low-frequency
perturbation patterns in a general circulation model
(GCM) simulation. His results supported the observa-
tional studies of Lau (1988), Metz (1989), and Nak-
amura and Wallace (1990), among others, and suggest
that a substantial amount of the low-frequency vari-
ability of the midlatitude atmospheric circulation is at-
tributable to the forcing of high-frequency eddies.

The causal relationships between low-frequency and
high-frequency variability are difficult to establish be-
cause of nonlinear feedbacks. Recent work by Bransta-
tor (1995) suggests that anomalous fluxes by high-fre-
quency eddies do not occur at random but, rather, the
stormtracks are organized by the large-scale flow
anomalies. Furthermore, he shows that some large-
scale patterns organize storm track activity so that there
is a positive feedback with high-frequency momentum
fluxes while other patterns do not induce such a positive
feedback. This might help explain the existence of
prominent recurring low-frequency, large-scale circu-
lation anomalies in both models and observations, and
it points to a strong two-way interaction between low-
frequency flow anomalies and high-frequency tran-
sients.

In assessing the impact of high-frequency eddy vor-
ticity fluxes on either the climatological flow or large-
scale, low-frequency perturbations, it has been com-
mon to make simplifying assumptions, such as only
considering the horizontal flow or, in particular, only
the vorticity flux convergence by the rotational com-
ponent of the transient flow. The validity of these as-
sumptions was questioned by Hoskins and Sardesh-
mukh (1987, hereafter HS) in a study of the total time-
mean vorticity budget for an upper-tropospheric level
for the mean northern winter season December 1983—
February 1984. They showed that the convergence of
the vorticity flux by the transient divergent flow is com-
parable on large scales with the equivalent rotational
term, and they argued that it should not be neglected
in either diagnostic studies or in parameterizations of
transient eddies in global-scale climate models. A pur-
pose of the present paper is to reexamine the results of
HS using ensemble mean eddy statistics for the north-
ern winters of November—March 1980/81-~1990/91.
Their primary result will be shown to be robust for the
longer-term mean; namely, an analysis of transient ef-
fects should include the divergent motions when plan-
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etary scales of motion are considered. Moreover, it will
be shown that the sum of the transient vertical advec-
tion and the twisting term is also important to the forc-
ing of the mean streamfunction, and the sum of these
terms primarily offsets the forcing by the vorticity flux
convergence associated with the divergent flow. The
result is that the convergence of the eddy vorticity flux
by the total transient flow is not a good approximation
to the total forcing of the long-term mean streamfunc-
tion by the high-frequency eddies.

The total direct transient eddy forcing of the vorticity
balance in the upper-troposphere will also be examined
for two cases of anomalous large-scale flow. One case
involves changes in the mean state and the associated
changes in the storm tracks and anomalous transient
eddy fluxes of vorticity associated with extremes of the
North Atlantic Oscillation, a primary mode of atmo-
spheric interannual variability (e.g., Wallace and Gut-
zler 1981). The second case relates to the influence of
high-frequency eddy vorticity fluxes on a pronounced
low-frequency circulation anomaly over the North Pa-
cific that persisted for more than a decade (Trenberth
1990a; Trenberth and Hurrell 1994).

2. Methodology
a. Data

The European Centre for Medium-Range Weather
Forecasts (ECMWF) global analyses used in this study
are described by Trenberth (1992). They are twice
daily (0000 and 1200 UTC) and have been processed
at T42 resolution with spectral transform techniques to
exactly compute vorticity, divergence, and the rota-
tional and divergent wind components. The transient
statistics were obtained by applying a bandpass filter
that retains fluctuations between 2 and 8 days. There-
fore, only the effects of synoptic timescale transients
will be considered. The bandpass filter, its response
function, and the percent variance retained for several
fields are presented in Trenberth (1991). Changes in
analysis procedures at ECMWEF since 1979 have intro-
duced spurious changes in several fields, although the
effects are mostly small on the filtered data, especially
in the extratropics ( Trenberth 1991), and are of no con-
sequence to the results presented here.

The results of HS were from ECMWEF analyses on
a global 5° latitude—longitude grid for the period De-
cember 1983—-February 1984. They examined the tran-
sient vorticity forcing by eddies for all subseasonal
timescales in addition to synoptic timescale transients,
which were isolated with a 31-point Lanczos filter ( Du-
chon 1979) applied to daily 1200 UTC data. This filter
passes periods from 2.16 to 6.15 days. Wallace et al.
(1988) show that the properties of high-frequency tran-
sients are fairly insensitive to the use of different high-
pass filters, so using the 2-8-day filter of Trenberth
(1991) should present no serious comparison prob-
lems.
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b. The vorticity equation

Following HS, the direct transient eddy forcing on
the seasonal-mean vertical component of the vorticity
equation in pressure coordinates is

ot _— v
o). VvV -kVXw o (1)
where frictional and small-scale processes have been
ignored, and the last term on the right-hand side of (1)
is the sum of the vertical advection and twisting terms.

Using the anisotropic eddy correlation components
discussed in Hoskins et al. (1983), the horizontal vor-
ticity flux by transient eddies can be partitioned as

~V-v'{'=GM,N)+k-V XVv'§,

so that (1) becomes

(2)

R GM N + KV XTF - kY x w2
or|, op
(3)
or
-‘K =G(M,N)—k-v><3w'v', (4)
. op
where
G(M,N)=2M,, + N,, — N..
and
M——( u?=v?), N=u"v.

In the above equations, { is the absolute vorticity, é is
the divergence, overbars represent the mean flow, and
primes represent the bandpass time-filtered transient
flow. All other symbols have their usual meteorological
meanings.

To compare the importance of the flux of vorticity
by the divergent component of the transient flow to the
flux by the rotational component, it is useful to split the
convergence of the transient horizontal vorticity flux
into rotational (¢ ) and divergent (x) components:

Vv =-V-v,U' - Vv, T (5)

or

-V-v{ =GM,,N,)~V-v.T. (6)

3. Maintenance of the mean flow

One point made by HS was that the vorticity flux by
the transient divergent flow v}, ' was of similar mag-
nitude to that by the rotational flow v},{’ for the winter
of 1983/84. Figure 1 shows these fields at 300 mb for
the November—March 1980/81-90/91 ensemble
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mean. The 300-mb level was selected since it resides
within the troposphere at all latitudes. In addition, the
divergent flow is strong at this level, and the results
presented hereafter do not differ significantly from
those obtained at other upper-tropospheric levels.
Many of the same features discussed in HS are apparent
in Fig. 1 as well. In particular, the two vorticity fluxes
are of nearly equal magnitude, and the vorticity flux by
the transient divergent flow shows a very coherent
structure with maximum amplitude in the storm track
regions of both hemispheres. The result of this coherent
structure, however, is that the magnitude of the con-
vergence of this term is small compared to that of
v, ¢’ (Fig. 2). The relevant point from Fig. 2 is that
the traditional assumptions of the dominance of the ro-
tational component made in assessing the importance
of these terms in forcing the mean flow seem reason-
able. The pattern that emerges is one of cyclonic forc-
ing poleward and anticyclonic forcing equatorward of
the main storm tracks in both hemispheres. The con-
vergence of v, (' is strongest in the western Pacific and
Atlantic in the NH and primarily works to offset the
anticyclonic forcing from the transient rotational flow
on the equatorward side of the storm tracks.

If the focus is changed to planetary scales by ex-
amining the equivalent forcing of the mean stream-
function, the importance of the transient divergent vor-
ticity flux becomes more apparent. This is shown in
Fig. 3, which is simply the inverse Laplacian of the
fields in Fig. 2. The larger-scale features emphasized
by the streamfunction perspective are probably the ones
of greater significance on monthly and longer time-
scales relative to the smaller spatial scales brought out
by the vorticity view presented in Fig. 2. For the No-
vember—March northern winter season, the main effect
of —V-v,{’ on the mean streamfunction is a strong
cyclonic forcing in the vicinity of the East Asian jet,
with weaker cyclonic forcings on the poleward side of
the North Atlantic jet and near the Atlantic and Indian
Ocean portions of the Southern Hemisphere (SH)
storm track. The advection by the rotational component
of the flow, or equivalently —V-v,{’, makes up a
smaller part of the total advection in the North Pacific
but, on planetary scales, results in a clear pattern of
cyclonic forcing on the poleward side and anticyclonic
forcing on the equatorward side of the main storm
tracks, as in Fig. 2. The anticyclonic forcing in the
North Pacific is offset by the strong cyclonic forcing of
the —V-v. §’ term, however, so that the total effect of
the convergence of the transient horizontal vorticity
flux is a cyclonic tendency across this region.

The importance of the divergent flow is also evident
when one considers (2), which makes use of the aniso-
tropic eddy correlation components of Hoskins et al.
(1983). When the curl of the eddy divergence flux is
compared to G(M, N) (not shown), it again appears
as though the assumption of horizontal nondivergent
flow is good since G(M, N) is the dominant term.
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300 mb November-March 1981-1991
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Fi1G. 1. Vorticity fluxes at 300 mb for November—March 1980/81-1990/91 associated with (a) the transient rotational flow and (b) the
transient divergent flow. The scaling arrow is the same for both panels (100 X 107° m s7?). The results have been truncated to T21
resolution.
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300 mb November-March 1981-1991
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FiG. 3. The streamfunction forcing associated with the convergence of the vorticity flux by (a) the total transient flow, (b) the transient
rotational flow, and (c) the transient divergent flow. The contour increment is 5 m® s~ Negative values are dashed, and results are

truncated to T21 resolution.
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However, the assumption is poor when considering the
forcing of the mean streamfunction (Fig. 4). The curl
of the eddy divergence flux is responsible for a large
cyclonic forcing on the poleward side of the main storm
tracks (Fig. 4b), while G(M, N) acts to force anticy-
clonic tendencies on the equatorward sides and cy-
clonic tendencies on the poleward sides of the storm
tracks in both hemispheres (Fig. 4a). The similarity
between the streamfunction forcing by the curl of the
eddy divergence flux and —V-v {’ in Fig. 3c arises
from (2) and (6) because the eddy correlation tensor
components M and N are well approximated by M,, and
N, computed from the rotational flow alone (Hoskins
et al. 1983; HS). Indeed, for the November—March
1980/81-1990/91 ensemble mean, G(M,, N,) is an
order of magnitude smaller than G(M,, N,) (not
shown). The salient point is that both terms on the
right-hand side of (2) contribute significantly to the
forcing of the rotational flow by the transient eddy hor-
izontal vorticity flux shown in Fig. 3a.

The size of the eddy divergence flux in (2) is an
indication that —k-V X w’(8v’/dp) in (1) and (3)
needs to be considered more carefully to evaluate the
total eddy forcing of the mean flow. This term has tra-
ditionally been assumed to be relatively small, and in-
deed it is when the mean vorticity budget is examined.
When the forcing of the mean streamfunction is con-
sidered, however, this is not the case and —k-V
X w'(0v'/0p) is large and primarily works to reduce
the magnitude of the cyclonic forcing of ~V-v'{’ in
(1). In fact, it is roughly equal but of opposite sign to
the curl of the eddy divergence flux shown in Fig. 4b.

The residual between these two large terms of roughly.

opposite sign in (3) is the vertical momentum-flux con-
vergence in (4), —k-V X (8/9p)w'v’. This quantity
is largest in the East Asian jet region and represents a
cyclonic forcing in excess of 20 m* s~ (Fig. 4¢). A
latitude—height cross section of —k-V X w'v’ zonally
averaged across the Pacific storm track from 140°E to
170°E is shown in Fig. 5. This quantity is a maximum
from about 850 up to 500 mb, so that the vertical de-
rivative exhibits a maximum in the lower troposphere
with a secondary maximum of opposite sign in the up-
per troposphere.

The above results show that the net effect of the
transient eddies on the time-mean streamfunction
(Fig. 4d) is well approximated by G(M, N) (Fig.
4a), but in the upper troposphere G(M, N) alone
would underestimate the cyclonic forcing with the
largest error in the North Pacific. Perhaps more im-
portantly, the forcing of the mean streamfunction by
the convergence of the vorticity flux by the total tran-
sient flow in Fig. 3a is not a good approximation to
the net effect of the eddies (Fig. 4d), although it is
frequently used in this capacity. In particular,
V2(=V-v'{’) significantly overestimates the cy-
* clonic forcing on the poleward side of the storm tracks
in both hemispheres and underestimates the anticy-
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clonic forcing on the equatorward sides. In other words,
—k-V X w'(9v'/9p) in (1) makes a significant con-
tribution to the transient eddy vorticity forcing of the
climatological mean flow on planetary scales. More-
over, since on large scales —V-v, (' ~ k-V X v'§’
(Figs. 3¢ and 4b), it follows that -V -v. (' ~ k-V
X w'(dv'/8p), where —k-V X (8/9p)w'Vv’ is
small (Fig. 4c). The result is that the total eddy forcing
of the long-term mean November—March streamfunc-
tion is better given by —V-v,{’ or G(M, N) than by
the convergence of the vorticity flux by the total tran-
sient flow, =V -v'(’.

4. Maintenance of an anomalous flow in the North
Pacific

In a recent paper, Trenberth and Hurrell (1994,
hereafter TH) documented significant variations on
decadal timescales in the North Pacific that involved
both atmosphere and ocean. They focused particular
attention on a change that began about 1976 which,
within the atmosphere, corresponded to a deeper and
eastward shifted Aleutian Low pressure system in the
winter half year, November through March. The link
of the North Pacific circulation to the Tropics and the
Southern Oscillation was examined from a causal
perspective, as were the relationships between the
changes in the mean state and the associated changes
in the storm tracks and anomalous transient eddy
fluxes of heat and vorticity.

Because high-quality global analyses do not exist
prior to 1979, TH could not document the exact
changes in the storm tracks and the effects of the
changes in the transient eddy fluxes that occurred with
the change in 1976. To draw an analogy to the low-
frequency change, TH made use of the large interan-
nual variability in the North Pacific and contrasted win-
ters in which the surface pressure of the Aleutian low
was close to a climatological value (a ‘‘normal’’ win-
ter) against those in which the Aleutian low was an-
omalously deep (a ‘‘low’” winter). A simple index (re-
ferred to as the North Pacific or NP index) of the area-
weighted mean sea level pressure over the region 30°
to 65°N, 160°E to 140°W was defined to measure the
interannual variations (see their Figs. 6 and 7).

In the following discussion, the low NP index winter
composite is the average November through March
bandpassed ECMWEF analyses for the winters 1980/81,
1982/83, 1983/84, 1985/86, and 1986/87 (the given
year corresponds to January). The normal NP index
composite is the average of 1981/82, 1984/85, 1988/
89, 1989/90, and 1990/91 winters. The anomalous
streamfunction, low-normal NP values, at 300 mb is
shown in Fig. 6. A global map is used to illustrate the
extension of the anomalous wavetrain from the Tropics
across the North Pacific and downstream over the
United States. The dominant feature is a large cyclonic
circulation centered at ~45°N in the North Pacific, and
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November-March 1981-1991
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an anticyclonic circulation of equal magnitude ~2500
km directly to the south. The result is a westerly wind
anomaly greater than 15 m s~ near 30°N, with anom-
alous easterlies to the north and south. During low NP
years, TH showed that a shift occurs in the position of
the mean storm tracks with enhanced activity across

the North Pacific south of 40°N and downstream over
the southern United States, and reduced activity farther
north (their Figs. 13 and 14). This systematic change
allows the possibility that changes in the transient heat
and vorticity fluxes may have helped maintain the
anomalous mean circulation over the North Pacific.
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and results are truncated to T21 resolution.

Trenberth and Hurrell (1994) examined this question
by computing localized E—P fluxes following the for-
mulation of Trenberth (1986). Since vorticity fluxes
dominate over heat fluxes in the upper troposphere, the
change in the horizontal E~P flux component is dom-
inant and it proves easier to summarize the results by

examining the transient eddy forcing of the mean
streamfunction. o

The quantity V(—V-v"{") at 300 mb for the low—
normal NP composite is presented in Fig. 7a. The clear
result is that transient vorticity fluxes systematically re-
inforce and help to maintain the anomalous upper-tro-
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pospheric rotational flow for a low NP index. Similar
results from linear model analyses of the role of tran-
sient eddy vorticity fluxes to the maintenance of anom-
alous extratropical wavetrains over the Pacific have
been noted in many studies (e.g., Kok and Opsteegh
1985; Held and Kang 1987; Held et al. 1989; Ting and
Hoerling 1993; Hoerling and Ting 1994). The largest
contribution to this pattern for the low—normal NP
composite arises from the convergence of the vorticity
flux by the transient rotational flow (Fig. 7b). The con-
vergence of the vorticity flux by the divergent flow is
significant, however, and it contributes to the overall
cyclonic tendency in the region (Fig. 7c).

The net effect of all eddy terms in the vorticity equa-
tion on the anomalous streamfunction-is shown in Fig.
8. This field is dominated by the anisotropic eddy cor-

_relation component G(M, N) in (4), which exhibits a
dipole structure of cyclonic forcing north of 40°N and
anticyclonic forcing southeast of there in the North Pa-
cific. The vertical momentum flux convergence term in
(4) (not shown) contributes a cyclonic tendency such
that neglect of this term would result in approximately
a 20% underestimation of the maximum cyclonic forc-
ing near 45°N, 165°W. An important point is that the
streamfunction forcing by —-k-V X w'(0v'/dp)
in (1) (not shown) primarily works to counteract
the forcing by ~V-v}{’ (Fig. 7c) so that, com-
pared to the convergence of the vorticity flux by the
total anomalous transient flow in Fig. 7a, the net vor-
ticity forcing (Fig. 8) shows a slight northwestward
displacement of the maximum cyclonic circulation and
a stronger subtropical anticyclonic forcing. The anom-
alous cyclonic forcing in Fig. 8, acting unopposed,
would spin up streamfunction anomalies of the ob-
served magnitude in ~6 days, compared to a faster
timescale of ~4 days implied by the convergence of
the vorticity flux alone (Fig. 7a). The anticyclonic
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forcing in Fig. 8 is in the same region noted by TH as
having statistically significant positive anomalies of
outgoing longwave radiation (see their Fig. 18), a sig-
nature associated with large-scale overturning. More-
over, the overall picture that emerges agrees with the
conclusion of Held et al. (1989) that significant central
Pacific subtropical convergence anomalies in the large-
scale mean flow are strongly related to anomalous tran-
sient vorticity fluxes, which then can feedback and re-
inforce the anomalous extratropical wavetrain.

5. Maintenance of an anomalous flow in the North
Atlantic

One of the primary modes of atmospheric interan-
nual variability is the North Atlantic Oscillation
(NAO) (e.g., van Loon and Rogers 1978; Wallace and
Gutzler 1981; Barnston and Livezey 1987; Kushnir and
Wallace 1989). The NAO corresponds to a meridional
oscillation in atmospheric mass with centers of action
near the Icelandic low and the Azores high. Although
it is evident throughout the year, it is most pronounced
during NH winter (Barnston and Livezey 1987) and
accounts for approximately one-third of the total vari-
ance of the sea level pressure field over the North At-
lantic Ocean basin (Deser and Blackmon 1993 ).

A time series of a simple index of the NAO reveals
considerable variability over the past century on inter-
annual and longer timescales (Hurrell and van Loon
1995).- Such variations over the Atlantic relate to dis-
tinct patterns of coupled ocean—atmosphere relation-
ships (Cayan 1992; Deser and Blackmon 1993; Kush-
nir 1994) as well as to significant changes and trends
in regional temperatures and precipitation (e.g., van
Loon and Williams 1976; van Loon and Rogers 1978;
Trenberth 1990b). The NAO index is defined as the
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difference in normalized December through March'
sea level pressure anomalies between Ponta Delgadas,
Azores, and Akureyri, Iceland (e.g., Rogers 1984).
The winter pressure anomalies at each station were nor-
malized by dividing each seasonal pressure by the long-
term mean (1894-1993) standard deviation. More
complex indices of the NAQO can be defined, but Wal-
lace and Gutzler (1981; their Fig. 7a) confirm that the
Azores and Iceland are the main centers of teleconnec-
tion in pressure associated with the oscillation.

Compositing the ECMWF eddy statistics over years
in which the NAO index (defined as above) is greater
than 1.0 and those when the index is less than —1.0
(high index years minus low index years) indicates a
clear shift in storm track activity (not shown) with sta-
tistically significant enhanced variance over the North
Atlantic and northern Europe and reduced activity over
the subtropical Atlantic. The high-NAO index winter
composite in the following figures is the average De-
cember through March bandpassed analyses for the
winters of 1980/81, 1982/83, 1983/84, 1988/89, and
1989/90, while the low NAO index winters include
1978/79, 1979/80, 1984/85, and 1986/87.

The anomalous 300-mb streamfunction for high-—
Jow NAO index winters (Fig. 9) consists of a pro-
nounced anticyclonic circulation stretching across the
Atlantic Ocean and Europe between about 35° and
55°N and a strong cyclonic circulation centered over
Greenland and Iceland. The forcing of this pattern
through the convergence of the vorticity flux by anom-
alous transients is presented in Fig. 10. As in the North

! Winter is better defined as the four-month season in the Atlantic
because November is more typical of a transitional month (see Hur-
rell and van Loon 1995).

Pacific case study, the eddies generally reinforce and
help to maintain the anomalous upper-tropospheric ro-
tational flow for a high NAO index. The convergence
of the vorticity flux by the transient rotational flow
again makes the largest contribution (Fig. 10b), al-
though V2(—V-v (") is locally significant and pri-
marily forces a cyclonic circulation over the Norwegian
and North Seas (Fig. 10c).

The net effect of all transient eddy terms in the vor-
ticity equation on the anomalous streamfunction is
shown in Fig. 11. There are significant differences from
the forcing by V2(=V-v’'{’) (Fig. 10a), which is the
lone term that is most frequently used to represent the
effect of the transient eddies. In particular, the net cy-
clonic forcing in Fig. 11 is less and is further west than
in Fig. 10a and, as for the North Pacific case, would
spin up streamfunction anomalies of the observed mag-
nitude in ~6 days if acting alone. The anticyclonic
forcing near 45°N is also stronger and is slightly more
extensive when all transient eddy terms are considered.
In general, the net streamfunction forcing corresponds
well to the anomalous circulation centers evident in
Fig. 9. The pattern in Fig. 11 is dominated by the aniso-
tropic eddy correlation component G(M, N), with the
vertical momentum flux convergence term (not shown)
making a smaller contribution than for the North Pa-
cific case. Just as for the climatological standing waves
and the North Pacific case, the importance of —k-V
X w'(0v'/dp) in (1) to the forcing of the anomalous
streamfunction is evident in that the total transient eddy
forcing is better approximated by —V-v/{’ than by
-V-v'('.

6. Summary

Hoskins and Sardeshmukh (1987) examined the to-
tal time-mean vorticity budget at 250 mb for the mean
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and results are truncated to T21 resolution.

northern winter season December 1983—February
1984. The principal finding of their work was that terms
associated with the horizontally divergent transient mo-
tions are important, especially when planetary scales of
motion are considered. In particular, the convergence

of the vorticity flux associated with the divergent mo-
tion is comparable with the equivalent rotational term
when the forcing of the mean streamfunction is ex-
amined. This result was shown to be robust in this paper
using 11 years of bandpass-filtered analyses from
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ECMWEF that retain fluctuations between 2 and 8 days.
For the mean northern winter season November—
March 1980/81-1990/91, the streamfunction forcing
associated with —V v, {’ is largest is the East Asian
jet region where it produces a cyclonic tendency of
nearly 45 m? s~2 (Fig. 3c¢). This term also produces
significant, although smaller, cyclonic forcings in the
North Atlantic and SH storm track regions, so that
a consideration of the streamfunction forcing by
—V-v,C’ alone produces a substantially different in-
terpretation of the transient forcing.

A new finding is the importance of —k-V
X w'(8v'/8p) in (1) and (3), which is the sum of the
transient vertical advection and twisting terms. In the
vertical integral when w’ is zero at the upper and lower
boundaries, this term vanishes, which is one reason
why it has been neglected in previous studies (e.g.,
Holopainen and Oort 1981). The importance at any
particular level in the troposphere is less clear, how-
ever, as discussed by HS. They present maps of the curl
of the eddy divergence flux, k-V X v’é’, and the
vertical eddy momentum flux convergence, —k-V
X (8/9p)w'v’, at 250 mb, but they conclude that the
similarity of these terms confirms the negligible value
of —k-V X w'(9v'/3p) in the upper troposphere. This
assumption appears to be untrue when the forcing of
the long-term mean streamfunction is considered. In
fact, —k-V X w'(0v'/dp) largely balances the curl of
the eddy divergence flux in (3) (Fig. 4b), Jeaving the
forcing given by —k-V X (8/8p)w’v’ in Fig. 4c. The
primary effect of the ~k-V X w'(8v'/8p) in (1),
therefore, is to reduce the magnitude of the cyclonic
forcing of —V-v’{’ on the poleward side of the storm
tracks in both hemispheres (cf. Figs. 3a and 4d). The
result is that an approximation of the total transient-
eddy forcing of the mean streamfunction is better given

by G(M, N) in (4), although the vertical eddy mo-
mentum flux convergence makes an important contri-
bution in the vicinity of the East Asian jet. Furthermore,
it is interesting to note that since G(M, N) ~ G(M,,
N,) = =V-v)’, the total eddy forcing on planetary
scales is better approximated by the convergence of the
vorticity flux by the transient rotational flow than by
the total transient flow, —V-v’(’. This is true to
the extent that the streamfunction forcing by —k-V
X w'(0v'/0p) balances -V v, L' in (1).

The role of each transient eddy term in maintaining
large-scale anomalous flows was also examined. In
both the North Pacific and North Atlantic case studies,
transient vorticity fluxes systematically reinforce and
help to maintain the upper-tropospheric rotational flow
anomalies. This finding agrees with the model analyses
of Held et al. (1989), Lau and Nath (1990), Kushnir
and Lau (1992), and Branstator (1992) among others.
Just as for the climatological flow, consideration of all
eddy terms in the vorticity equation yields a different
result than when the transient contribution is given
solely by V2(—~V-v’{’). In particular, the conver-
gence of the vorticity flux by the transient flow signif-
icantly overestimates the cyclonic forcing by the eddies
and underestimates the induced anticyclonic tenden-
cies. This may be an important point to consider when
the vorticity forcing by transient eddies is examined
with simple linear models of the atmosphere, for in-
stance.

The mean flow terms in the vorticity budget for the
North Pacific and North Atlantic anomalous flows
were not presented. Results indicate that the mean
advection and stretching terms in the upper tropo-
sphere act to destroy and advect away the flow anom-
alies in opposition to the transient eddy terms. This
is in contrast to the roles of the mean flow and anom-
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alous eddy heat fluxes in the lower troposphere,
where the eddy vorticity forcing is much smaller.
Trenberth and Hurrell (1994) showed for the com-
posited low—normal NP difference the high-fre-
quency transient eddies act to destroy the mean tem-
perature perturbation in a diffusive manner on an e-
folding time of nearly 2 weeks. This finding is similar
to the result for the North Atlantic flow anomaly as
well, and it is compatible with the view that the tran-
sients are baroclinic eddies influenced by the anom-
alous temperature gradients on which they feed to
produce downgradient transports (e.g., van Loon
1979).

As noted by HS, the real importance of the eddies is
difficult to evaluate from budget computations alone.
Modeling studies, such as those cited previously, per-
haps allow for a better assessment of the net impact of
the high-frequency transients through simulations per-
formed with and without their presence. Nonetheless,
this study points to the fact that the importance of all
terms in the vorticity equation needs to be realized,
especially when planetary scales of motion are consid-
ered.

Acknowledgments. The author thanks the anony-
mous reviewers as well as Dr. Kevin Trenberth and Dr.
Grant Branstator for their useful comments and sug-
gestions.

REFERENCES

Andrews, D. G., and M. E. MclIntyre, 1976: Planetary waves in hor-
izontal and vertical shear: The generalized Eliassen—Palm re-
lation and the mean zonal acceleration. J. Atmos. Sci., 33,2031-
2048.

Barnston, A. G., and R. E. Livezey, 1987: Classification, seasonality
and persistence of low-frequency atmospheric circulation pat-
terns. Mon. Wea. Rev., 115, 1083-1126.

Branstator, G., 1992: The maintenance of low-frequency atmospheric
anomalies. J. Atmos. Sci., 49, 1924-1945.

——, 1995: Organization of stormtrack anomalies by recurring
low-frequency circulation anomalies. J. Atmos. Sci., 53,
207-226.

Cai, M., and M. Mak, 1990: Symbiotic relation between planetary
and synoptic-scale waves. J. Armos. Sci., 47, 2953~2968.
——, and H. M. van den Dool, 1991: Low-frequency waves and
traveling storm tracks. Part I: Barotropic component. J. Atmos.

Sci., 48, 1420~-1436.

, and ——, 1992: Low-frequency waves and traveling storm

tracks. Part II: Three-dimensional structure. J. Atmos. Sci., 49,

2506-2524.

Cayan, D. R., 1992: Latent and sensible heat flux anomalies over the
northern oceans: The connection to monthly atmospheric cir-
culation. J. Climate, 5, 354-369.

Deser, C., and M. L. Blackmon, 1993: Surface climate variations over
the North Atlantic Ocean during winter: 1900—1989. J. Climate,
6, 1743-1753.

Duchon, C. E,, 1979: Lanczos filtering in one and two dimensions.
J. Appl. Meteor., 18, 1016—-1022.

Edmon, H. J., B. J. Hoskins, and M. C. Mclntyre, 1980: Eliassen—
Palm cross sections for the troposphere. J. Atmos. Sci., 37,
2600--2616.

Held, I. M., and L.-S. Kang, 1987: Barotropic models of the ex-
tratropical response to El Nifio. J. Atmos. Sci., 44, 3576—
3586.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 52, No. 12

——, 5. W. Lyons, and S. Nigam, 1989: Transients and the extra-
tropical response to El Nifio. J. Atmos. Sci., 46, 163—174.
Hoerling, M. P, and M.-F. Ting, 1994: Organization of extratropical

transients during El Nifio. J. Climate, 7, 745-766.

Holopainen, E. O., 1978: On the dynamic forcing of the long-term

mean flow by the large-scale Reynold’s stresses in the atmo-

sphere. J. Atmos. Sci., 35, 19561604,

,and A. H. Oort, 1981: On the role of large-scale transient eddies

in the maintenance of the vorticity and enstrophy of the time-

mean flow. J. Atmos. Sci., 38, 270-280.

——, L. Rontu, and N.-C. Lau, 1982: The effect of large-scale tran-
sient eddies on the time-mean flow in the atmosphere. J. Atmos.
Sci., 39, 1972-1984.

Hoskins, B. J., and P. D. Sardeshmukh, 1987: Transient eddies
and the seasonal mean rotational flow. J. Atmos. Sci., 44,
328-338.

—, I. N. James, and G. H. White, 1983: The shape, propagation
and mean-flow interaction of large-scale weather systems. J.
Atmos. Sci., 40, 1595-1612.

Hurrell, J. W., and H. van Loon, 1995: Analysis of low-frequency
climate variations over the Northern Atlantic using historical
atmospheric data. Preprints Sixth Symp. on Global Change Stud-
ies, Dallas, TX, Amer. Meteor. Soc., 174-179.

Kok, C. J., and J. D. Opsteegh, 1985: Possible causes of anomalies
in seasonal mean circulation patterns during the 1982-83 El
Niiio event. J. Atmos. Sci., 42, 677~694.

Kushnir, Y., 1994: Interdecadal variations in North Atlantic sea sur-
face temperature and associated atmospheric conditions. J. Cli-
mate, 7, 141-157.

——, and J. M. Wallace, 1989: Low-frequency variability in the
Northern Hemisphere winter: Geographical distribution,
structure and time-scale dependence. J. Atmos. Sci., 46,
3122-3142.

——, and N.-C. Lau, 1992: The general circulation model response
to a North Pacific SST anomaly: Dependence on time scale and
pattern polarity. J. Climate, 5, 271-283.

Lau, N.-C., 1979: The observed structure of the tropospheric station-
ary waves and the local balances of vorticity and heat. J. Atmos.
Sci., 36, 996-1016.

——, 1988: Variability of the observed midlatitude stormtracks in
relation to low-frequency changes in the circulation pattern. J.
Atmos. Sci., 45, 2718-2743.

——, and E. O. Holopainen, 1984: Transient eddy forcing of the
time-mean flow as identified by geopotential tendencies. J. Ar-
mos. Sci., 41, 313-328.

——, and M. J. Nath, 1990: A general circulation model study of the
atmospheric response to extratropical SST anomalies observed
in 1950-79. J. Climate, 3, 965-989.

——, and ——, 1991: Variability of the baroclinic and barotropic
transient eddy forcing associated with monthly changes in the
midlatitude storm tracks. J. Ammos. Sci., 48, 2589-2613.

Metz, W., 1989: Low-frequency anomalies of atmospheric flow and
the effects of cyclone-scale eddies: A canonical correlation anal-
ysis. J. Atmos. Sci., 46, 1026—-1041.

Nakamura, H., and J. M. Wallace, 1990: Observed changes in baro-
tropic wave activity during the life cycles of low-frequency cir-
culation anomalies. J. Atmos. Sci., 47, 1100-1116.

Plumb, R. A., 1985: On the three-dimensional propagation of sta-
tionary waves. J. Atmos. Sci., 42, 217-229.

——, 1986: Three-dimensional propagation of transient quasi-geo-
strophic eddies and its relationship with the eddy forcing of the
time-mean flow. J. Atmos. Sci., 43, 1657-1670.

Rogers, J. C., 1984: The association between the North Atlantic Os-
cillation and the Southern Oscillation in the Northern Hemi-
sphere. Mon. Wea. Rev., 112, 1999-2015.

Ting, M.-F., and M. P. Hoerling, 1993: The dynamics of stationary
wave anomalies during the 1986/87 El Nifio. Climate Dyn., 9,
147-164.

Trenberth, K. E., 1986: An assessment of the impact of transient
eddies on the zonal flow during a blocking episode using local-




15 June 1995 HURRELL 2301

ized Eliassen—Palm flux diagnostics. J. Atmos. Sci., 43, 2070—  van Loon, H., 1979: The association between latitudinal tem-

2087. perature gradient and eddy transport. Part I: Transport

——, 1990a: Recent observed interdecadal climate changes in the of sensible heat in winter. Mon. Wea. Rev., 107, 525-
Northern Hemisphere. Bull. Amer. Meteor. Soc., 71, 988—993. 534.

——, 1990b: Atmospheric circulation changes and relationships with ——, and J. Williams, 1976: The connection between trends of mean
surface temperature and precipitation. 1990 IPCC Scientific As- temperature and circulation at the surface. Part I: Winter. Mon.
sessment, J. T. Houghton, G. J. Jenkins, and J. J. Ephraums, Wea. Rev., 104, 365--380.

Eds., University of Cambridge Press, XXV1-XXV24. ——, and J. C. Rogers, 1978: The seesaw in winter temperatures

——, 1991: Storm tracks in the Southern Hemisphere. J. Atmos. Sci., between Greenland and Northern Europe. Part I. General de-
48, 2159-2178. scription. Mon. Wea. Rev., 106, 296-310.

——, 1992: Global analyses from ECMWEF and atlas of 1000 to 10  Wallace, J. M., and D. S. Gutzler, 1981: Teleconnections in the geo-
mb circulation statistics. NCAR Tech. Note, NCAR/TN- potential height field during the Northern Hemisphere winter.
373+STR, National Center for Atmospheric Research, Boulder, Mon. Wea. Rev., 109, 784-812.

Colorado, 191 pp. + 24 fiche. , G.-H. Lim, and M. L. Blackmon, 1988: Relationship between
, and J. W. Hurrell, 1994: Decadal atmosphere—ocean variations cyclone tracks, anticyclone tracks, and baroclinic waveguides.

in the Pacific. Climate Dyn., 9, 303-319. J. Atmos. Sci., 45, 439-462.



