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ABSTRACT

The authors address the question of whether or not eddy feedback plays an important role in driving the
anomalous relative angular momentum associated with the zonal index (ZI) in the atmosphere. For this purpose,
composites of anomalous relative angular momentum and anomalous eddy angular momentum flux convergence
(eddy forcing) are examined with National Centers for Environmental Prediction–National Center for Atmo-
spheric Research Reanalysis data.

By using an empirical orthogonal function analysis, it is found that ZI behavior dominates the summer season
of both hemispheres and also the winter season of the Southern Hemisphere. For the summer season, the ZI is
characterized by meridional displacements of the midlatitude eddy-driven jet, and for the Southern Hemisphere
winter it is characterized by a simultaneous movement of the subtropical and eddy-driven jets in the opposite
direction.

For the ZI of each of the above seasons, unfiltered eddy forcing did not exhibit a prominent eddy feedback.
However, suggestive evidence for a feedback by high-frequency eddies (period less than 10 days) was found.
These eddies act to prolong the lifetime of the ZI anomalies against the dissipative influences of both low-
frequency (period greater than 10 days) and cross-frequency (eddy fluxes that involves the product of high- and
low-frequency disturbances) eddy forcing and the friction torque.

1. Introduction

Within the past several years, there has been a con-
troversy as to the manner in which the eddies force
meridional displacements of the zonally averaged zonal
jet. These meridional jet displacements, known as the
zonal index (ZI), have been found in observations (Rog-
ers and van Loon 1982; Kidson 1985, 1986, 1988; Ni-
gam 1990; Karoly 1990; Lyons and Hundermark 1992;
Hartmann 1995; Hartmann and Lo 1998) and in ide-
alized numerical models (Robinson 1991, 1996; Yu and
Hartmann 1993; Lee and Feldstein 1996; Feldstein and
Lee 1996). The modeling studies of Robinson (1991)
and Yu and Hartmann (1993) present results suggesting
that the ZI anomaly is maintained by an eddy feedback
in the sense that eddies are altered by the zonal mean
anomaly in such a manner so as to reinforce the zonal
mean anomaly. In contrast, the modeling studies of Lee
and Feldstein (1996) and Feldstein and Lee (1996) sug-
gest that an eddy feedback is not an important part of
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the flow evolution for the ZI. Their evidence for a lack
of an eddy feedback was the fact that the eddy forcing
of the ZI anomaly was confined to a period of time
when the ZI anomaly was growing. After the ZI anomaly
attained its maximum amplitude, the eddy forcing rap-
idly declined and lacked coherent spatial structure. In
another modeling study, Robinson (1996) found evi-
dence of an eddy feedback that depended upon the
strength of the surface friction, with an eddy feedback
being prominent (absent) if the surface friction is suf-
ficiently strong (weak).

The essence of wave–zonal mean flow interaction as-
sociated with ZI behavior can be simply described by
the equation for the tendency of the vertically integrated
zonal mean zonal wind in a quasigeostrophic system,
that is,

]{u}/]t 5 2]{(u9y9)}/]y 2 D, (1)

where u and y are the zonal and meridional winds, re-
spectively, with an overbar denoting a zonal average,
prime showing a deviation from a zonal average, curly
brackets indicating a vertical integral, and D is the sur-
face drag. This indicates that only the vertically inte-
grated eddy momentum flux convergence and the sur-
face drag can alter the vertically integrated zonal mean
zonal wind.
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When addressing the existence of an eddy feedback,
it is important to note that examining terms in (1) av-
eraged over a sufficiently long time period and/or at the
time of the maximum zonal mean zonal wind anomaly
can lead to a misleading conclusion; for a sufficiently
long time average, ]{u}/]t ø 0, and at the time of the
maximum zonal mean zonal wind anomaly, ]{u}/]t is
again equal to zero. Such a zero ]{u}/]t requires that
the vertically integrated eddy momentum flux conver-
gence must balance the surface drag, whether or not an
eddy feedback is operating. Nevertheless, the occur-
rence of this balance might lead one to conclude that
the ZI anomaly is maintained by an eddy feedback
against the effect of surface friction.

Given the above pitfall, in this study, we address the
relevance of eddy feedback processes for the ZI in the
atmosphere, by examining the full composite temporal
evolution of both the zonal mean vertically integrated
relative angular momentum and eddy angular momen-
tum flux convergence. However, it is important to em-
phasize that although a composite analysis can dem-
onstrate that an eddy feedback is not taking place, the
converse is not the case, as this procedure cannot de-
finitively show that an eddy feedback is indeed occur-
ring. To demonstrate an eddy feedback, it would be
necessary to show that there is a mutual reinforcement
taking place between the zonal mean flow and the ed-
dies, which is beyond the scope of this study. Never-
theless, if an eddy feedback is indeed relevant, the com-
posite analysis will yield results consistent with such a
process, allowing one to make a suggestive statement
on the role of an eddy feedback.

The data and methodology used in this study are pre-
sented in section 2, followed by the results in section
3, and the concluding remarks in section 4.

2. Data and methodology

This study uses daily (0000 UTC) National Centers
for Environmental Prediction–National Center for At-
mospheric Research (NCEP–NCAR) Reanalysis data,
which extends from 1 January 1979 to 31 December
1995. All fields are truncated at a horizontal resolution
of rhomboidal 30. Two primary quantities will be eval-
uated in this study: the vertically integrated relative an-
gular momentum, denoted by MR, and the vertically
integrated eddy angular momentum flux convergence,
hereafter referred to as the eddy forcing. These quan-
tities are conveniently related in sigma coordinates
through the equation

2p 1 2]M 1 ] up y cos uR s5 2 a cosu ds dlE E 1 2]t cosu ]u g0 0

1 T 1 T 1 T 1 T , (2)F M C G

where

2p 12a
2M (u, t) 5 p u cos u ds dl; (3)R E E sg 0 0

ps denotes the surface pressure; s, l, and u are the
vertical, longitudinal, and latitudinal coordinates, re-
spectively; t is time; a is the earth’s radius; and g is the
gravitational acceleration. The various torques are TF,
the friction torque; TM, the mountain torque; TC, the
Coriolis torque (see Weickmann and Sardeshmukh
1994); and TG, the gravity wave drag torque. For times
of large ZI, we find that the dominant terms on the rhs
of (2) are the eddy angular momentum flux convergence,
that is, the u9(psy)9 contribution to the integrand of the
first term on the rhs of (2), that is, the eddy forcing,
and the friction torque TF. The remaining terms on the
rhs of (2) are typically about 3–4 times smaller in mag-
nitude than the maximum eddy angular momentum flux
convergence or TF.

The vertical integrals that are used to calculate the
MR and eddy forcing extend over all 28 of the reanalysis
model’s sigma levels, that is, from s 5 0.995 to s 5
0.0027. Essentially identical results to those presented
in section 3 are obtained if this vertical integration is
restricted to the troposphere. Nevertheless, complete
vertical integrals are retained in order to obtain the best
possible balance in (2). The MR and eddy forcing are
also presented as integrals over equally spaced latitu-
dinal bands of 2.258.

The analysis will be performed for two separate time
periods, November through March and May through
September, for both hemispheres. These periods will be
referred to as the Northern Hemisphere (NH) winter and
Southern Hemisphere (SH) summer, and the NH sum-
mer and SH winter, respectively. In this study, both
unfiltered and filtered eddy forcing will be presented.
For the filtered fluxes, both u9 and (psy)9 are separated
into high-frequency (hereafter HF) eddy (period less
than 10 days), low-frequency (hereafter LF) eddy (pe-
riod greater than 10 days with the seasonal mean sub-
tracted), and stationary eddy components. This filtering
is performed with a 31-point digital filter. This decom-
position allows the filtered eddy angular momentum
fluxes to be written as

u9(p y)9 5 u9 (p y)9 1 u9 (p y)9 1 u9 (p y)9s M s M M s L M s H

1 u9(p y)9 1 u9 (p y)9 1 u9 (p y)9L s M H s M H s H

1 u9 (p y)91 u9(p y)9 1 u9(p y)9 , (4)H s L L s H L s L

where the subscripts H, L, and M denote high-frequency,
low-frequency, and stationary eddies, respectively.

Anomalies of MR and the eddy forcing are defined
relative to the seasonal cycle. For both quantities, the
seasonal cycle is estimated by first calculating the cli-
matological value for each calendar day, followed by a
smoothing with a 20-day low-pass digital filter. The re-
sults to be shown in this study were found to be insen-
sitive to the cutoff frequency of this filter.

The definition of the ZI is based on both the spatial
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FIG. 1. EOF1 (solid line) and seasonal mean relative angular momentum (dashed line) for (a) the NH winter, (b) the NH summer, (c) the
SH winter, and (d) SH summer.

structure of an empirical orthogonal function (EOF) of
the hemispheric MR and the sign of its principal com-
ponent (expansion coefficient). If an EOF exhibits a
dipolar spatial structure with its node located near the
latitude of the jet maximum, then that EOF represents
latitudinal jet displacements. For such an EOF, the sign
of the principal component that corresponds to pole-
ward (equatorward) jet displacements is referred to as
the high (low) ZI. Also, the phase of an EOF is defined
by the sign of its principal component. We define the
occurrence of a persistent episode based on the re-
quirement that the pattern correlation, defined as the
spatial cross-correlation between the anomalous MR(u,

t) and the anomalous MR(u, t 1 t ), where t is a time
lag, exceed the 95% confidence level for 5 or more
consecutive days (see Feldstein and Lee 1996 for de-
tails). The onset day is defined as the first day of a
persistent episode. Another requirement placed on the
onset day is that the magnitude of the principal com-
ponent of the EOF of interest exceeds one standard
deviation, otherwise that persistent episode is exclud-
ed. Furthermore, when the onset day of one persistent
episode occurs within 15 days of the last day of the
previous persistent episode, the latter episode is dis-
carded and is regarded as being part of the earlier ep-
isode. The main results of this study will be presented
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FIG. 2. Latitude–time diagram of anomalous MR/1.0 3 1024 for the SH summer of 1986–87. The contour interval is 0.4 kg m2 s21. Solid
contours are positive, dashed contours negative, and the zero contour is omitted. Shaded values exceed a magnitude of 0.4 kg m 2 s21, with
dark (light) shading denoting positive (negative) values.

as composites of anomalous eddy forcing and MR rel-
ative to the onset day.

3. Results

The various EOF1s (the first EOF) of the anomalous
MR, for both seasons and hemispheres, are shown in
Fig. 1. Each EOF1 was found to be distinct (North et
al. 1982). Other observational studies, for example, Ka-
roly (1990), Nigam (1990), Lyons and Hundermark
(1992), and Hartmann and Lo (1998), find extremely
similar spatial structures for the EOF1. Superimposed
upon the EOF1s are the climatological MR fields for the
same season. The role of each EOF1 can be inferred by
first comparing the location of the maximum climato-
logical MR with that of the observed upper-tropospheric
zonal mean jet maxima (cf. Peixoto and Oort 1992, 154).
For the NH and SH winters, the climatological MR max-
ima coincide with the subtropical jet maxima, and for
the NH and SH summers, the climatological MR max-
imum occur very close to the eddy-driven, or polar front,
jet maxima. Also, for the SH winter, there is a poorly
defined eddy-driven jet between 508 and 558S (Peixoto
and Oort 1992).

The above relationships imply the following inter-
pretation for the EOF1; the NH winter EOF1 primarily
represents a strengthening and weakening of the sub-
tropical jet, the NH and SH summer EOF1s correspond
to a latitudinal movement of the eddy-driven jet, and
the SH winter EOF1 represents simultaneous move-
ments of both the subtropical and eddy-driven jets in
the opposite direction. Although not shown, composites
of MR for large values of the principal component of
SH winter EOF1 indicate that this EOF corresponds to
a coalescence and spreading apart of the two jets. Thus,
ZI behavior is indeed the dominant form of variability
for the SH summer, SH winter, and NH summer. For
the NH and SH summers, this behavior corresponds to

an eddy-driven jet ZI, and for the SH winter it corre-
sponds to a mix of an eddy-driven and subtropical jet
ZI.

An example showing several persistent ZI events dur-
ing one particular season (1986–87 SH summer) is pre-
sented in Fig. 2. These persistent ZI events can be iden-
tified by MR anomalies that have a spatial structure that
closely resembles the SH summer EOF1, for example,
the low index event beginning on day 80. It is important
to note that the technique used in this study selects for
persistent events with little latitudinal propagation. As
can be seen in Fig. 2, such events do indeed occur,
although MR anomalies in both hemispheres and seasons
typically exhibit poleward propagation, as found by
Feldstein (1998).

We next examine composites of anomalous MR at
different lags relative to the onset day (lag 0) for each
hemisphere and season (see Fig. 3). The number of
persistent events that make up these composites are
summarized in Table 1. In Fig. 3, the contours illus-
trate the anomalous composite MR and the shading
corresponds to those values that are statistically sig-
nificant above the 95% confidence level for a two-
sided t test. This test of statistical significance is de-
termined relative to a zero mean, since the seasonal
cycle has been removed at each latitude. If we define
the length of a persistent episode as corresponding to
the amount of time for which the anomalous MR is
statistically significant above the 95% confidence lev-
el, then it can be seen that most persistent episodes
last between 10 and 20 days. In each frame in Fig. 3,
it can be seen that the MR anomalies grow more rap-
idly than they decay. However, it is important to note
that this temporal asymmetry is due to the compos-
iting procedure (see Feldstein and Lee 1996 for ad-
ditional details), which selectively favors rapidly
growing MR anomalies for the onset day. Neverthe-
less, we concentrate on composites based on the onset
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FIG. 3. Anomalous composite MR/1.0 3 1024 as a function of lag and latitude for (a) NH winter, positive phase; (b) NH winter, negative
phase; (c) NH summer, high index; (d) NH summer, low index; (e) SH winter, high index; (f ) SH winter, low index; (g) SH summer, high
index; and (h) SH summer, low index. The contour interval is 0.2 kg m2 s21. Lag zero corresponds to the onset day. Solid contours are
positive, dashed contours negative, and the zero contour is omitted. Shaded values exceed the 95% confidence level, with dark (light) shading
denoting positive (negative) t values.

TABLE 1. The number of persistent events.

NH winter
NH summer
SH winter
SH summer

Positive phase
High index
High index
High index

19
27
27
34

Negative phase
Low index
Low index
Low index

34
25
28
28

day, because the amplitude of the eddy forcing is larg-
est at this time.

a. Unfiltered eddy forcing
For each season, the anomalous unfiltered eddy forc-

ing (see Fig. 4) is essentially confined to the time period
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FIG. 4. Anomalous eddy angular momentum flux convergence as a function of lag and latitude for (a) NH winter, positive phase; (b) NH
winter, negative phase; (c) NH summer, high index; (d) NH summer, low index; (e) SH winter, high index; (f ) SH winter, low index; (g)
SH summer, high index; and (h) SH summer, low index. These quantities are divided by 1.0 3 1018. Lag zero corresponds to the onset day.
The contour interval in (a) and (b) is 0.6 kg m2 s22 and in (c)–(h) is 0.4 kg m2 s22. Solid contours are positive, dashed contours negative,
and the zero contour is omitted. Shaded values exceed the 95% confidence level, with dark (light) shading denoting positive (negative) t
values.

when the MR anomalies are growing (see Fig. 3). Once
the MR anomalies attain their maximum amplitude, the
amplitude of the eddy forcing is substantially reduced
(the anomalous eddy forcing is no longer statistically
significant at this time) and, shortly thereafter, the anom-

alous eddy forcing remains disorganized with much
smaller amplitude.

Returning to the question raised in the introduction,
are the MR anomalies maintained by an eddy feedback?
Comparison between Figs. 3 and 4 leads us to conclude
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FIG. 5. Same as Fig. 4 except for the anomalous HF eddy angular momentum flux convergence.

that with the exception of the positive phase of the NH
winter (recall that EOF1 for the NH winter does not
correspond to the ZI), there is essentially no feedback
by the unfiltered transient eddies. This is simply be-
cause, after the MR anomalies reach their maximum am-
plitude, the anomalous eddy forcing is weak, mostly
disorganized, and no longer projects onto the MR anom-
alies. As a result, the decay of the MR anomalies due
to the friction torque is little influenced by the eddy

forcing. (The anomalous friction torque, although not
shown, is found to have essentially the same spatial and
temporal structure as the anomalous MR in Fig. 3, but
with opposite sign. Thus, the anomalous friction torques
also persist between 10 and 20 days.) The high index
of the SH summer may appear to be an exception. How-
ever, a close inspection reveals that by several days after
the maximum anomalous MR, the anomalous eddy forc-
ing and MR are in spatial quadrature.
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FIG. 6. Same as Fig. 4 except for the anomalous summation of the LF and CF eddy angular momentum flux convergence.

The above results also point to the fact that to eval-
uate the occurrence of an eddy feedback, it is nec-
essary to examine the full temporal evolution of the
anomalous MR and eddy forcing fields. As discussed
in the introduction, the examination of the eddy forc-
ing composites solely at times of extrema in the anom-
alous MR might lead one to the incorrect interpretation
that an eddy feedback is occurring. However, as can
be seen in Figs. 3 and 4, the eddy forcing at the time
of maximum anomalous MR is just a small remnant

of its value from several days earlier, consistent with
the idea that an eddy feedback is most likely not tak-
ing place.

b. Filtered eddy forcing

A different perspective can be obtained by exam-
ining the anomalous HF eddy forcing, [seeu9 ( p y )9H s H

(4)]. This quantity is illustrated for each season in
Fig. 5. The most striking feature of the anomalous
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HF eddy forcing is that it persists for a markedly
longer period of time than does the anomalous unfil-
tered eddy forcing. In fact, in some cases, the anom-
alous HF eddy forcing extends throughout most of the
persistent episode. The prolonged nature of the HF
eddy forcing, well beyond the lifetime of a single
synoptic-scale disturbance, suggests that an eddy
feedback may indeed be taking place for disturbances
within this frequency band, even though there is no
apparent feedback within the unfiltered eddy field.
However, as stated in the introduction, the above anal-
ysis cannot demonstrate with certainty that an eddy
feedback is indeed occurring. For example, the com-
posite analysis does not rule out the possibility that
the lengthy period of organized anomalous HF eddy
forcing simply results from the low-frequency vari-
ation of HF transients. One plausible example is a
baroclinic wave packet (Lee and Held 1993).

The sum of the anomalous low-frequency and
cross-frequency (hereafter CF, which involves prod-
ucts between high- and low-frequency eddies) eddy
forcing is shown in Fig. 6. With the exception of the
NH winter, where the stationary eddies are found to
make an important contribution to the eddy forcing
[the second through fifth terms in (4)], it can be seen
that the sum of the anomalous LF and CF eddy forcing
terms enhances the growth (decay) of the MR anom-
alies before (after) the MR anomaly maxima. A sep-
arate examination of the anomalous LF and CF eddy
forcing finds that these terms have a similar spatial
structure and amplitude, indicating that they play sim-
ilar roles in the evolution of the MR anomalies.

The overall picture from the above results is con-
sistent with an eddy feedback by the HF transients,
and these eddies, typically associated with synoptic-
scale disturbances (Hoskins et al. 1983), prolong the
lifetime of the MR anomalies against the effects of
both the friction torque and the LF and CF eddy flux-
es. Returning to the ZI modeling studies that suggest
that ZI anomalies are maintained by an eddy feedback,
Robinson (1991) and Yu and Hartmann (1993) find
that the eddy forcing is dominated by the HF eddies
and that eddy forcing from other frequency bands is
much smaller. Presumably it is the weak influence of
the LF and CF transients in Robinson (1991) and Yu
and Hartmann (1993) that accounts for the prolonged
unfiltered eddy forcing of the ZI in their models.

As discussed above, the positive phase of the NH
winter exhibits characteristics different from those for
the other seasons. This is found to be due to the terms
in (4) that involve the product of low-frequency and
stationary eddy terms, which prolong the persistence
of the anomaly. It is this characteristic that most likely
accounts for the fact that the NH winter EOF1 is dif-
ferent from that of the ‘‘classic’’ ZI, as described in
the beginning of this section.

4. Concluding remarks

The aim of this study was to examine the possible
role of an eddy feedback in the prolongation of the
anomalous MR field associated with the ZI. For both
the high and low ZI, during the SH winter and summer
and the NH summer (the ZI was not the dominant
form of variability for the NH winter), no prominent
eddy feedback was found if the eddy fields remained
unfiltered. However, when the eddy field was divided
into different frequency bands, evidence was provided
that is consistent with an eddy feedback by the anom-
alous HF transient eddies. Such behavior suggests that
a HF transient eddy feedback may indeed prolong the
MR anomaly against the dissipative effects of both the
friction torque and the CF and LF eddy fluxes.

Several important questions are raised by the results
of this study: 1) Why do the LF and CF eddy fluxes
contribute substantially to both the growth and the decay
of the MR anomalies? and 2) what type of eddy structures
can be identified with the LF and CF transients? The
answers to the these questions must await further re-
search involving a detailed analysis of the horizontal
structure of the low-frequency transient eddies at all
stages during the MR anomaly evolution.
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