
Zonal Jet Structure and the Leading Mode of Variability

SCOTT J. EICHELBERGER AND DENNIS L. HARTMANN

Department of Atmospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 26 June 2006, in final form 1 February 2007)

ABSTRACT

An observational analysis of the Northern Hemisphere circulation during winter reveals that the leading
mode of variability depends on longitude. In particular, the first EOF of the zonal-mean circulation differs
over the Atlantic and Pacific sectors. These results provide motivation for a series of model runs where a
simple GCM is used to investigate the effects of the zonal jet structure on the leading mode of variability
in the Northern Hemisphere. Model results indicate that the leading mode of variability depends on the
distance between the eddy-driven and subtropical jets. When the jets are well separated, the leading mode
of variability describes latitudinal shifting of the eddy-driven jet. However, when the two jets are nearly
collocated, pulsing of the combined jet dominates the variability. This change coincides with a weakening
of the positive feedback between the eddies and zonal flow anomalies. These results provide a possible
explanation for the reduced amplitude of the Northern Annular Mode in the Pacific sector relative to that
in the Atlantic sector during Northern Hemisphere winter.

1. Introduction

The tropospheric zonal flow consists of two dynami-
cally distinct jets: the subtropical jet and the midlati-
tude eddy-driven jet. To first order, the subtropical jet
results from angular momentum transport by the Had-
ley circulation (Held and Hou 1980), which is driven by
thermal convection. The subtropical jet exists at the
poleward boundary of the Hadley circulation. The
eddy-driven jet results from the eddy-momentum flux
convergence of baroclinic waves that develop in a re-
gion of enhanced baroclinicity (Held 1975; Rhines 1975;
McWilliams and Chow 1981; Panetta 1993). Eddy-
driven jets typically develop in midlatitudes because
baroclinic eddies are most prevalent in midlatitudes, as
seen by the time-mean location of storm tracks. The
time-mean tropospheric zonal flow at most longitudes
can be described in terms of the strength and position
of these two jets.

Recently much progress has been made in under-
standing the variability of the zonal-mean state. Much
of this research has been motivated by Gong and Wang
(1999) and Thompson and Wallace (2000), who dem-
onstrated that the structure of the leading mode of low-

frequency variability in the Southern Hemisphere
strongly resembles that in the Northern Hemisphere.
This result was quite surprising considering the large
differences between the two hemispheres in terms of
topography and land–sea contrasts. Limpasuvan and
Hartmann (1999) named these leading modes the
Southern Annular Mode (SAM) and Northern Annular
Model (NAM), collectively the annular mode, because
of their near zonal symmetry. The annular mode is de-
fined as the leading empirical orthogonal function
(EOF) of geopotential height in the lower troposphere
over the extratropics of either the Northern or South-
ern Hemisphere. In terms of the zonal-mean zonal
wind, the annular mode describes latitudinal shifting in
the position of the eddy-driven jet (Lorenz and Hart-
mann 2001, 2003).

Lorenz and Hartmann (2001, 2003) provide a thor-
ough explanation of the eddy–zonal flow dynamics as-
sociated with the annular mode. Specifically, they dem-
onstrate the existence of a positive eddy–zonal-mean
flow feedback. The positive feedback between the ed-
dies and the zonal wind anomalies accounts for the in-
creased persistence and variance of the annular mode
over other patterns of variability. Thus, the annular
mode results as the leading mode of variability because
the eddies reinforce the annular mode.

Many questions remain unanswered concerning the
zonal asymmetries of the annular mode. In the South-
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ern Hemisphere the annular mode is nearly zonally
symmetric, but the NAM exhibits strongest amplitude
over the Atlantic sector with a weaker center of action
over the Pacific sector. A dynamical explanation for
this behavior does not exist and is the main investiga-
tion of this study.

The next section contains an analysis of Northern
Hemisphere January-mean observational data that
highlights the differences in the zonal jet structure and
leading mode of variability over the Atlantic and Pa-
cific sectors. Results from the observational analysis
provide motivation for a series of model runs described
in section 3. The numerical simulations investigate how
the structure of the zonal-mean flow affects the leading
mode of variability. Section 4 concludes with a com-
parison between the model and observational results.

2. Observations

In this section, we investigate the zonal asymmetries
of the Northern Annular Mode using observational
data. Specifically, we concentrate on the differences be-
tween the zonal flow and the leading mode of variabil-
ity over the Atlantic and Pacific sectors.

a. Data

Our analysis uses the 40-yr European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-
Analysis (ERA-40) daily January zonal wind and sea
level pressure data from 1970 to 2002. Data are distrib-
uted on a 2.5° � 2.5° latitude by longitude grid with 23
constant pressure levels in the vertical extending from
the surface to 1 hPa. ECMWF ERA-40 data have been
obtained from the ECMWF data server (http://data.
ecmwf.int/data/).

b. Hemispheric analysis

Thompson and Wallace (1998) originally defined the
Northern Annular Mode as the leading empirical or-
thogonal function of winter monthly mean 1000-hPa
geopotential height [via sea level pressure (SLP) data]
poleward of 20°N. Wallace (2000) then demonstrated
that the leading EOF of the zonal-mean zonal wind is
basically the same as the traditional annular mode. Fur-
thermore, Lorenz and Hartmann (2001) showed that
the principal component (PC) times series associated
with the leading mode of the tropospheric zonal-mean
zonal wind in the latitude–height plane matches very
well with the PC time series of the vertical-average
(from 1000 to 100 hPa) zonal-mean zonal wind. Figure
1 shows the leading EOF of January vertical-average
zonal-mean zonal wind along with the time-mean

zonal-mean zonal wind. The EOF is shown by regress-
ing zonal-mean zonal wind anomalies onto the stan-
dardized PC time series of the vertical-average zonal-
mean zonal wind, �u�. The zonal-mean zonal wind
anomalies are weighted to account for the decrease of
area toward the pole (North et al. 1982b). To facilitate
comparisons with our model results, we will use 1200
UTC daily instead of monthly mean observational data.
The leading EOF explains 36% of the variance and is
unique according to the North et al. (1982a) test. [All
leading EOFs shown within this paper pass the North et
al. (1982a) criterion for uniqueness at the 95% level.]

The dominant feature of the leading EOF shown in
Fig. 1 is the familiar dipole pattern centered on the
latitude of the eddy-driven jet. [Although the strongest
zonal wind values occur in the subtropical jet at 200 hPa
and 30°N, the surface westerly wind maximum marks
the location of the eddy-driven jet (Lorenz and Hart-

FIG. 1. Time mean and leading EOF of hemispheric zonal-mean
zonal wind.
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mann 2003).] Thus, the leading EOF of the hemispheric
zonal-mean zonal wind describes north/south shifting in
the position of the eddy-driven jet. A weaker third cen-
ter of action is apparent at high latitudes, centered at
72°N, and is not seen when using monthly mean data.
Despite this difference, the dominant feature of the
leading EOF and its association with the time-mean
flow remains the same whether we use monthly mean
or daily data.

c. Sectoral analysis

Next we compute the leading mode of variability
over the Atlantic and Pacific sectors individually. The
Atlantic and Pacific sectors are defined according to
Ambaum et al. (2001). The Atlantic sector extends
from 300°E to 0°, and the Pacific sector spans from 150°
to 240°E. The results presented below remain valid for
slightly altered sector definitions.

Our analysis focuses only on the difference of the
time-mean zonal-mean zonal flow and its variability
within each sector; that is, we assume that the zonal
flow is zonally symmetric within each sector. Thus, the
effects of stationary waves, which force zonal variations
in the time-mean flow, are neglected. Despite the ex-
pected importance of stationary waves, the results dem-
onstrate that the regional zonal-mean flow paradigm
can successfully explain observed differences in the
variability over the Atlantic and Pacific sectors.

The January-mean Atlantic sector zonal-mean zonal
wind, shown in Fig. 2, exhibits a two jet structure in the
troposphere. The distinction between the subtropical
and eddy-driven jets is very clear, with the eddy-driven
jet centered at 47°N. Figure 2 also displays the leading
EOF of the Atlantic sector �u� which explains 41% of
the variance. A dipole pattern centered on the eddy-
driven jet dominates the leading EOF. Thus the struc-
ture of the first EOF of the Atlantic sector zonal-mean
zonal wind compares well with the NAM, which de-
scribes north/south variability in the position of the
eddy-driven jet. Although the time-mean flow averaged
over the Atlantic sector differs from the hemispheric
mean, the relationship between the time-mean wind
and the leading EOF remains the same.

Figure 3 demonstrates that a single jet dominates the
time-mean tropospheric zonal-mean zonal wind aver-
aged over the Pacific sector during January. Unlike the
Atlantic sector, the subtropical and eddy-driven jets are
very hard to distinguish. The leading Pacific sector
EOF, also shown in Fig. 3, explains 42% of the vari-
ance. The leading EOF exhibits a dipole structure cen-
tered at 40°N. However, the latitude of the eddy-driven
jet, as defined by the surface westerly wind maximum,
is at 35°N. Thus the leading EOF does not purely de-

scribe north/south shifting of the eddy-driven jet. In-
stead, much of the variability of the leading EOF ap-
pears to be associated with a strengthening and weak-
ening of the upper-level jet at 200 hPa. Schubert and
Park (1991) reported similar results for the leading
EOF of the 20–70-day bandpassed zonally varying
zonal wind over the Pacific sector. They found that the
first EOF of zonal wind is associated with pulsing in the
strength of the westerly jet and also a lengthening and
shortening of the zonal extent of the jet. This relation-
ship between the leading EOF and the time-mean flow
in the Pacific sector differs from that observed for the
hemispheric zonal-mean or the Atlantic sector zonal-
mean flow.

d. Comparison and discussion

In the Atlantic sector, the node of the leading EOF
dipole is centered on the surface westerly wind maxi-

FIG. 2. Time mean and leading EOF of Atlantic sector
zonal-mean zonal wind.
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mum, that is, the eddy-driven jet. The situation is al-
tered for the Pacific sector, where the node of the first
EOF lies north of the surface westerly wind maximum.
Thus, the relationship between the leading EOF and
sector-averaged zonal flow changes between the Atlan-
tic and Pacific sectors. This is revealed in Fig. 4, which
shows a composite analysis of the vertical-average
zonal-mean zonal wind for the Atlantic and Pacific sec-
tors. Days when the standardized PC1 time series is
greater than 1 (less than �1) are averaged together to
form the high (low) index state. [We choose the sign of
the PC time series and EOFs such that the high (low)
index state refers to days when the eddy-driven jet lies
north (south) of its time-mean position.] In the Atlantic
sector (Fig. 4a) the latitude of the jet maximum shifts
from 53°N during the high index phase to 37°N in the
low index phase, but the amplitude of the jet stays
nearly constant. Therefore, EOF1 in the Atlantic sector
denotes latitudinal shifting of the jet. In the Pacific sec-

tor, the position of the jet maximum also shifts between
the high and low index phases (Fig. 4b). In addition, the
amplitude of the Pacific jet changes between the high
and low index phases, with the jet becoming much
stronger during the low index phase. Thus, EOF1 in the
Pacific sector depicts both a shifting and a pulsing of the
jet; while in the Atlantic sector, EOF1 describes only a
shifting of the jet. Therefore, the variability character-
ized by the leading EOF of the zonal-mean zonal flow
is not the same at all longitudes.

Two different perspectives exist concerning the vari-
ability of the Northern Hemisphere (Wallace 2000;
Thompson et al. 2002). In the annular mode perspec-
tive, the variability of the Northern Hemisphere is seen
as being analogous to the variability of the Southern
Hemisphere. In the regional perspective, Northern
Hemisphere variability results from locally occurring
dynamics, and the observed annular structure of the
leading mode of variability emerges merely as a statis-
tical artifact.

Ambaum et al. (2001) and Deser (2000) found that

FIG. 3. As in Fig. 2, but for the Pacific sector.

FIG. 4. Atlantic and Pacific sector vertical-average zonal-mean
zonal wind composites.
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the temporal correlation between the Atlantic and Pa-
cific sectors is very weak. Calculating the temporal cor-
relation between the leading EOFs of the Atlantic and
Pacific sectors shown above reveals similarly weak and
insignificant values. This is not surprising since the
leading mode of variability describes different behavior
over the two sectors. These results suggest that a re-
gional perspective may be appropriate for describing
Northern Hemisphere variability.

However, Lorenz and Hartmann (2001, 2003) dem-
onstrated that the dynamics that cause the annular
mode to be the dominant mode of zonal-mean variabil-
ity are very similar between the two hemispheres. This
result strongly supports the annular mode perspective
of Northern Hemisphere variability. Their analysis
though, provides no explanation for the reduced ampli-
tude of the NAM over the Pacific sector compared to
the Atlantic sector.

In the next section, we develop numerical model
simulations designed to investigate the asymmetries of
the NAM. The differences in zonal-jet structure over
the Atlantic and Pacific sectors motivate the formula-
tion of a hypothesis for the observed differences in the
leading mode of variability between the two sectors.

3. Model experiments

Results in the previous section reveal that the tropo-
spheric zonal jet structure differs over the Atlantic and
Pacific sectors. The differences in the zonal-mean zonal
wind can be associated with known differences in the
subtropical and eddy-driven jets. In an analysis of sub-
tropical jet strength, Krishnamurti (1961) found that
the subtropical jet is stronger and positioned farther
north over the Pacific sector compared to the Atlantic
sector during Northern Hemisphere winter. Nakamura
(1992) investigated the behavior of Northern Hemi-
sphere baroclinic waves during the winter season. He
demonstrated that the January-mean storm track (and
associated eddy-driven jet) develops farther south in
the Pacific sector than the Atlantic. Thus, in a linear
sense, the strong Pacific jet results from the superposi-
tion of a stronger subtropical jet and a more southerly
positioned eddy-driven jet. (Model results shown below
demonstrate that linear superposition is a valid ap-
proximation.) In the Atlantic sector, the double jet
structure of the zonal wind arises from the eddy-driven
jet being farther north combined with a weaker sub-
tropical jet. We hypothesize that the different zonal jet
structures lead to the observed differences in the lead-
ing mode of variability over the Atlantic and Pacific
sectors.

To test this hypothesis, we perform a set of numerical

simulations using a simple GCM. The model runs are
designed to investigate how the leading mode of vari-
ability changes with respect to both the position of the
eddy-driven jet and the strength of the subtropical jet.
These numerical experiments enable us to examine
separately the two main differences in zonal jet struc-
ture between the Atlantic and Pacific sectors.

a. Model description

The GCM used in this study solves the dry, hydro-
static primitive equations on a sphere. Saravanan
(1992) originally developed the model, and David A.
Ortland later converted the model to sigma coordi-
nates. Model resolution is T42 with 40 levels evenly
spaced in log pressure extending from the surface to
approximately 70 km. A scale-selective �8 diffusion op-
erator damps the smallest horizontal scales in the
model. Surface friction is applied in the lowest model
layer, and a sponge layer exists above 50 km to elimi-
nate spurious reflections from the top boundary.
Damping in the sponge layer is applied to the momen-
tum equations using the following coefficient:

��z� � 0.25 � �1 	 tanh�z � zsp

5 �� day�1, �1�

where zsp � 63 km. The model contains a flat bottom
boundary; thus, the effects of stationary waves are not
included in our simulations.

Forcing in the model is applied via Newtonian relax-
ation of temperature to a prescribed zonally symmetric
radiative equilibrium temperature field using a height-
dependent Newtonian cooling coefficient:

��z� � 0.05 	 0.2 exp���z � 50
10 �2� day�1, �2�

where z is the height in kilometers. Thus, the radiative
damping time is 20 days in the troposphere and de-
creases to 4 days at 50 km in the stratosphere.

The radiative equilibrium temperature field, Teq, is
defined as

Teq��, z� � �
Ttrop if z � zT

wTstrat 	 �1 � w�Ttrop if zT � z � zS

Tstrat if z � zS

,

�3�

where zT � 6 km, zS � 17.5 km, and

w �
z � zT

zS � zT
.

Here Ttrop is defined to be equal to the initial zonal-
mean temperature field, T0, and Tstrat is set equal to
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January radiative equilibrium temperature values (Shine
1987). The initial temperature field, T0, is defined to be
in geostrophic balance with the initial zonal-mean zonal
wind, u0. The initial zonal wind field is analytically de-
fined using the equations in Scinocca and Haynes
(1998); see appendix A. These equations allow the lati-
tude of the tropospheric jet maximum to be specified
without affecting the rest of the profile.

As mentioned above, the radiative equilibrium tem-
perature profile, Teq, equals T0 in the troposphere.
Thus, by moving the position of the tropospheric jet
maximum in the initial zonal-mean zonal wind profile,

2, we also change the latitude of the maximum me-
ridional temperature gradient of Teq via the thermal
wind relation. The latitude of the maximum meridional
temperature gradient of Teq defines the position of the
extratropical baroclinic zone. The time-mean position
of the eddy-driven jet will exist at the latitude of the
time-mean baroclinicity maximum. Therefore, the lati-
tude of the tropospheric jet maximum, 
2, determines
the center of the extratropical baroclinic zone and, in
turn, the region within which the time-mean eddy-
driven jet will be located. Shifting 
2 north or south will
cause a corresponding shift in the position of the time-
mean eddy-driven jet (all other parameters being
equal).

Additional forcing is applied in the model using a
zonally symmetric tropical heat source. The heating is
prescribed as follows:

Q��, z� � Q0 exp���� � �0

�w
�2� sin��z

z0
�, �4�

for z � z0. Parameters are chosen to represent the heat-
ing associated with tropical convection in the intertropi-
cal convergence zone (ITCZ), that is, a tropospheric
heat source centered south of the equator: Q0 � 2.0 K
day�1, 
0 � �6°, 
w � 4.5°, and z0 � 12 km. The
amplitude of the heat source asymptotically increases
to Q0 over the first 30 days and then remains constant.
This heat source drives a Hadley cell that typifies
Northern Hemisphere winter conditions. Running the
model with only the heat source forcing causes a Had-
ley circulation to develop that drives a subtropical jet of
25 m s�1 at 25°N.

In the winter hemisphere upper stratosphere and me-
sosphere, the meridional gradient of January radiative
equilibrium temperatures is very large. If these tem-
peratures are achieved, gradient wind balance implies a
polar vortex with westerly winds in excess of 200 m s�1.
Such strong winds are not observed in the real atmo-
sphere because gravity waves deposit easterly momen-
tum in the mesosphere (Holton 1983). To incorporate

the effect of gravity waves in our model, we apply a
constant flow-independent force per unit mass on the
zonal-mean zonal wind. This zonal-mean zonal wind
tendency is designed to provide the drag needed to
reproduce the observed distribution of zonal-mean
zonal winds in the upper stratosphere and mesosphere
in the model. Appendix B contains details on the cal-
culation of the zonal-mean zonal wind tendency.

The model is integrated forward using a Robert fil-
tered semi-implicit leapfrog scheme with a time step of
15 min. To initiate variability in the model, we add
white noise to the day zero vorticity, divergence, and
temperature fields. The initial vorticity and divergence
fields are calculated from the prescribed initial zonal-
mean zonal wind, u0. Model runs are integrated for
2500 days. The first 500 days of model data are not used
in the analysis, allowing time for model spinup. All
model parameters are held constant in time; that is, the
model is run under perpetual January-mean conditions.

b. Results

In this section, we show results from three model
runs using two different initial zonal-mean zonal wind
profiles. In the first run, denoted J45, the initial zonal-
mean zonal wind, u0, is defined using the equations in
appendix A with 
2 � 45°N and U0t � 45 m s�1. (As
mentioned above, the latitude of the u0 jet maximum,

2, corresponds to the latitude of the maximum meridi-
onal temperature gradient of Teq and, in turn, to the
position of the eddy-driven jet.) The two additional
runs, denoted J35 and J35–4K, use 
2 � 35°N and
U0t � 55 m s�1 to define u0. The magnitude of the jet
maximum, U0t, increases in the J35 and J35–4K model
runs so that the meridional gradient of Teq remains
constant among the runs. (Since the Coriolis parameter
decreases toward the equator, the thermal wind rela-
tion requires that the vertical gradient of u must in-
crease to keep the meridional gradient of temperature
constant.) Because the meridional gradient of Teq re-
mains constant among the model runs, the Eady wave
growth rate for the most unstable mode,

0.31�g�	0�|	y|�N,

also remains constant (Eady 1949).
The J35 and J35–4K runs differ only in the strength

of the tropical heating. The tropical heat source in the
J35–4K run is defined using Eq. (4) with Q0 � 4.0 K
day�1, that is, double the value used in the J35 and J45
model runs. Thus, in the J45 model run, the eddy-
driven and subtropical jets will be well separated. While
in the J35–4K model run, the two jets will be very close
together.
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1) LEADING MODE OF VARIABILITY

Figure 5 shows the time-mean zonal-mean zonal
wind of the J45 model run along with the first EOF of
the zonal flow. As in the previous section, EOFs are
shown by regressing zonal-mean zonal wind anomalies
onto the standardized PC time series of the vertical-
average zonal-mean zonal wind. Examining the time-
mean flow, we see a nearly two jet structure of the zonal
wind with a subtropical jet at 25°N and an eddy-driven
jet at 50°N. The time-mean eddy-driven jet is weaker
and shifted slightly north compared to the initial zonal-
mean zonal wind profile due to the eddies that develop
in the model.

The leading EOF for the J45 model run, shown in
Fig. 5b, consists of a dipole pattern centered on the axis
of the eddy-driven jet. Thus, the first EOF describes
latitudinal shifting of the eddy-driven jet. An additional

center of action exists near the axis of the subtropical
jet.

Figure 6 contains the time-mean zonal-mean zonal
wind and leading EOF of the J35 model run. The time-
mean wind consists of a single jet maximum. The eddy-
driven jet, based on the surface westerly wind maxi-
mum, is centered near 40°N. The leading EOF is a
dipole pattern centered on the axis of the eddy-driven
jet; therefore, the first EOF describes north/south shift-
ing of the eddy-driven jet position. Comparing Figs. 5
and 6, we see that the relationship between the time-
mean flow and the leading EOFs is similar in the J35
and J45 model runs.

Figure 7 reveals that the relationship between the
leading EOF and the mean flow changes for the J35–4K
integration. The J35–4K time-mean zonal-mean zonal
wind is dominated by a single, sharp jet centered at
30°N, and the eddy-driven jet exists near 35°N. The

FIG. 5. Time mean and leading EOF of J45 zonal-mean zonal
wind.

FIG. 6. As in Fig. 5 but for J35.
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leading EOF is centered on the axis of the eddy-driven
jet but, in contrast to the J45 and J35 model runs, the
eddy-driven jet in the J35–4K case is not located at the
same latitude as the upper-tropospheric jet maximum.
In particular, the negative lobe of the leading EOF is
collocated with the upper-tropospheric jet maximum at
30°N. Therefore, while the leading EOF denotes a me-
ridional shifting of the eddy-driven jet, it also repre-
sents pulsing of the upper-level jet.

To better illustrate the differences among the leading
mode of variability of the three model runs, we perform
a composite analysis of the vertical-average zonal-mean
zonal wind. Days when the standardized PC time series
is greater than 1 (less than �1) are averaged together to
form the high (low) index state. [As before, the sign of
the PC time series and EOFs is chosen such that the
high (low) index state refers to days when the eddy-
driven jet resides north (south) of its time-mean posi-

tion.] Figure 8 shows the high, low, difference (high �
low), and mean states of the vertical-average zonal-
mean zonal wind for the three model runs.

For the J45 run, the shifting of the eddy-driven jet,
located at 50°N, accounts for the largest difference be-
tween the high and low index states. Similarly in the J35
model run (Fig. 8b), the difference between the high

FIG. 7. As in Fig. 5, but for J35–4K.

FIG. 8. J45, J35, and J35–4K vertical-average zonal-mean zonal
wind composites.
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and low index states is dominated by latitudinal shifting
of the eddy-driven jet. However, in the J35–4K run,
changes in the strength of the jet account for the ma-
jority of the difference between the high and low index
states. The latitude of the jet also shifts back and forth
between the high and low index states in the J35–4K
model run, but the change is less than in either the J45
or J35 model runs. Comparing the high index and low
index phases of the J35–4K model run, we see that the
jet is stronger, sharper, and displaced slightly equator-
ward during the low index phase.

In summary, as the eddy-driven jet moves equator-
ward and the subtropical jet strength increases, the
time-mean flow transitions from a nearly two jet struc-
ture to a single, strong jet. [Son and Lee (2005) re-
ported a qualitatively similar shift in the time-mean
zonal jet structure in their study, which investigated the
response of the zonal jet stricture to changes in tropical
heating and high-latitude cooling.] As the zonal jet
structure changes, the leading mode of variability
changes from describing solely the position of the eddy-
driven jet in the J45 case to describing a mixture of
pulsing and shifting of the combined (eddy-driven and
subtropical) jet in the J35–4K model run. In the next
section, we attempt to find an explanation for this
change in the leading mode of variability by examining
the response of the eddies to the zonal wind anomalies
of EOF1.

2) EDDY FEEDBACK STRENGTH AND DYNAMICS

Lorenz and Hartmann (2003) demonstrated that a
positive feedback exists between the eddy momentum
fluxes and the zonal-mean zonal wind anomalies asso-
ciated with the leading modes of variability in the
Northern Hemisphere. This feedback is strongest for
the leading mode of variability and is responsible for
the leading mode’s increased persistence and variance
over the other modes. To calculate the strength of the
feedback, we first compute an eddy forcing time series
using the vertical-average zonal momentum equation:


�u�

t

� �
1

a cos2�
�
 cos2��u����


�
� � F. �5�

The vertical-average zonal-mean zonal wind is forced
only by the eddy-momentum flux convergence and re-
sidual forcing, F, which is dominated by friction.
(Mountain torque is not included because the model
does not have any topography.) We calculate the eddy
forcing time series by projecting the leading EOF pat-
tern of �u� onto the eddy momentum flux convergence
anomalies. The strength of the feedback is then evalu-

ated by taking the cross-covariance between the leading
PC time series of �u� and its eddy forcing time series.

The results of the cross-covariance analysis are
shown in Fig. 9 for all three model runs. In addition to
showing the total eddy response, Fig. 9 also shows the

FIG. 9. J45, J35, and J35–4K cross-covariance between leading
PC time series and eddy forcing.
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contribution from the time-filtered synoptic and low-
frequency eddies. [The high-frequency (synoptic) ed-
dies are defined using a high-pass fourth-order Butter-
worth filter with a cutoff of 15 days. The low-frequency
eddies are simply the remainder after removing the
high-frequency eddies.] The covariance is largest for all
model runs at small negative lag, when the eddies lead
the zonal wind, because the eddies force the zonal wind
anomalies [see Eq. (5)]. As discussed in Lorenz and
Hartmann (2003), though, evidence of the feedback is
seen at large positive lags beyond the lifetime of an
individual eddy. This argument assumes that without
the low-frequency variability of the zonal-mean flow,
the eddies would have no long-term memory.

Examining Fig. 9 at large positive lags, both J45 and
J35 model runs exhibit positive covariance values. In
the J35–4K model run, the covariance values steadily
decrease with increasing lag, which implies that the
feedback mechanism is weaker for the J35–4K model
run. In the real atmosphere, covariance values are
strongest for the leading EOF, which purely describes
meridional displacement of the eddy-driven jet. Since
the leading EOF of the J35–4K model run describes
both pulsing and shifting of the jet, it was expected that
the feedback strength would be weaker for the J35–4K
model run compared to the J35 and J45 runs. [Lorenz
and Hartmann (2001, 2003) showed that meridional dis-
placements of the jet generate positive feedbacks that
add persistence to anomalies, whereas strengthening
and narrowing of the jet does not.] Figure 9 confirms
this.

To determine whether the eddies reinforce the zonal
wind anomalies, we calculate the lag regression of the
vertical-average eddy forcing, that is, the eddy-
momentum flux convergence. The regressions are av-
eraged over positive lags from day 8 to 30, which allows
us to isolate the part of the eddy forcing that responds
to the zonal wind anomalies from the initial surge of
eddy forcing that creates the zonal wind anomalies
(Lorenz and Hartmann 2003). Since the synoptic waves
dominate the eddy response to the zonal wind anoma-
lies (Fig. 9), our analysis of the eddy response focuses
solely on the synoptic eddies.

Figure 10 shows the vertical-average synoptic eddy
forcing along with the leading EOF (shown as the re-
gression of �u� anomalies onto the leading PC time se-
ries) for each model run. The synoptic eddy forcing
matches well with the leading EOF in the J45 model
run. Thus, the synoptic eddies reinforce the zonal wind
anomalies associated with the leading EOF. A similar
situation exists in the J35 model run, although the syn-
optic eddy forcing does not project as well onto the
southern branch of the leading EOF. The eddy forcing

is much weaker in the J35–4K model run and projects
poorly onto the leading EOF. In particular, the eddy
forcing is nearly zero south of the EOF1 node, that is,
during the low index phase. Figure 10c suggests that the

FIG. 10. J45, J35, and J35–4K lag regression of the
vertical-average synoptic eddy forcing (m s�1 day�1).
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eddy response to the zonal wind anomalies of EOF1
becomes weaker when the subtropical jet is very strong,
especially during the low index phase of the EOF. An
explanation for this behavior is found by examining the
index of refraction.

The index of refraction is calculated using the follow-
ing equation:

n2 �


q


�

u � c cos��cos�0
� � k

a cos��2

� � f

2NH�2

, �6�

where


q


�
�

2


a
cos� �

1

a2 ��u cos���

cos� �
�

�
f 2

�0
��0

uz

N2�
z

.

[Notation follows Andrews et al. (1987) where q is the
potential vorticity, N is the buoyancy frequency, H is
the scale height, and �0 is density.] Waves can propa-
gate within regions of positive refractive index and are
evanescent in negative regions. Waves also tend to
propagate toward regions with larger positive index of
refraction values. The phase speed, c, and zonal wave-
number, k, used in Eq. (6) are those values that maxi-
mize the phase speed/zonal wavenumber covariance
spectrum of the eddy kinetic energy at the latitude of
the jet core (Randel and Held 1991).

Figure 11 shows the time-mean vertical-average in-
dex of refraction along with composite values during
the high index and low index of EOF1 for the J35–4K

model run. (Zonal wavenumber 5 is dominant with a
phase speed of 4 m s�1 in the J35–4K model run.) Since
the strongest momentum fluxes occur in the upper tro-
posphere, the index of refraction is vertically averaged
from 200 to 500 hPa. The time-mean index of refraction
has higher values within the jet core than on the flanks
of the jet. Since waves tend to propagate toward regions
of higher refractive index, this implies that waves will
be less likely to propagate meridionally away from the
source region. Without sufficient meridional propaga-
tion of wave activity away from the source region, the
westerly momentum fluxes into the source region (the
positive feedback) will be very weak and the westerly
wind anomalies will not be self-maintaining (Robinson
2000). Thus, the eddy–zonal flow feedback is greatly
reduced during the low index of EOF1 in the J35–4K
model run. Only during the high index phase of EOF1,
when the jet is weaker and broader, does the index of
refraction have the opposite curvature, that is, higher
refractive index values on the flanks of the jet than in
the jet core. Thus, waves are able to propagate meridi-
onally away from the source region, generating mo-
mentum fluxes that will maintain the westerly wind
anomalies during the high index phase of EOF1. Com-
posites of Eliassen–Palm (EP) vectors during the high
index and low index (not shown) correspond well with
the index of refraction composites.

Figure 12a provides additional confirmation that the
magnitude of the eddy momentum fluxes decreases as
the strength of the subtropical jet increases. Figure 12a
shows the time-mean eddy momentum flux conver-
gence at 200 hPa for both J35 and J35–4K model runs.
The maximum flux convergence is 3.25 m s�1 day�1 for
the J35 run, but decreases by a third in the J35–4K
model run.

The change in the time-mean eddy momentum flux
convergence could be caused by a decrease in the wave
activity near the surface. To investigate this possibility,
we compute the eddy heat flux at 890 hPa since the
eddy heat flux is proportional to the vertical flux of
wave activity (via the Eliassen–Palm relation). Figure
12b displays the time-mean eddy heat flux at 890 hPa
for both model runs. Increasing the strength of the sub-
tropical jet, via a stronger tropical heat source, causes
the latitude of maximum eddy heat flux to shift equa-
torward. The magnitude of the eddy heat flux, though,
does not significantly change. Thus, the eddy heat flux,
that is, the vertical flux of wave activity, near the sur-
face remains nearly constant as the subtropical jet
strength increases. This supports our argument that the
zonal-mean jet structure controls the strength of the
positive feedback between the eddies and zonal wind
anomalies associated with the leading EOF.

FIG. 11. J35–4K index of refraction composites.
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In summary, as the distance between the eddy-driven
and subtropical jets decreases, the leading mode of
variability changes. In the J45 and J35 model runs,
where the subtropical and eddy-driven jets are well
separated, the leading EOF describes shifting in the
position of the eddy-driven jet. The synoptic eddies re-
inforce the zonal wind anomalies associated with the
leading EOF in both the J45 and J35 model runs. In-
creasing the subtropical jet strength in the J35–4K
model run, via increased tropical heating, causes the
subtropical and eddy-driven jets to be positioned closer
together. The leading mode of variability in the J35–4K
model run is dominated by pulsing of the jet strength,
and the positive feedback between the eddies and zonal
flow weakens. The feedback weakens in the J35–4K
model run because the increased jet strength reduces
meridional wave propagation out of the jet, which then
reduces the restoring momentum fluxes. In other
words, the strong jet of the J35–4K model run acts as a
waveguide whose strength determines whether the ed-
dies will reinforce the zonal wind anomalies or not. This

behavior is not seen in either the J35 or J45 model runs
because 1) the time-mean upper-tropospheric jet is
weaker and 2) the wave source region is situated away
from the subtropical jet axis. In the J35–4K run the
eddy-driven jet, that is, the wave source region, is lo-
cated very close to the axis of the subtropical jet, which
magnifies the importance of the upper-tropospheric jet
structure on the eddy feedback process.

These results correspond well with Lee and Kim
(2003), who investigated how the strength of the sub-
tropical jet affects the development of the most un-
stable baroclinic wave in a primitive equation model. In
their runs, when the subtropical jet is weak, the waves
develop an eddy-driven jet positioned far poleward of
the subtropical jet. Thus, a two-jet zonal wind structure
is achieved. When Lee and Kim increase the subtropi-
cal jet strength, the waves develop on the poleward
edge of the subtropical jet, resulting in a single-jet zonal
wind structure. In addition, they note that meridional
wave propagation decreases as the subtropical jet
strength increases. Although we have not investigated
the eddy life cycles in our model runs, the results de-
scribed by Lee and Kim (2003) are consistent with the
time-mean statistics presented in the previous sections.

4. Comparison to observations and conclusions

In this section we apply the findings of our idealized
model experiments to the real atmosphere. The results
from the previous section are used to help understand
the differences between the leading modes of variabil-
ity over the Atlantic and Pacific sectors discussed in
section 2.

The time-mean zonal flow of the J45 simulation pro-
vides a good approximation to the January-mean zonal-
mean zonal flow over the Atlantic sector because the
eddy-driven and subtropical jets are well separated
from one another, and a double-jet structure is nearly
achieved. The J45 leading mode of variability describes
north/south shifting of the eddy-driven jet, as does the
leading mode over the Atlantic sector. The synoptic
eddies in the J45 model run positively reinforce the
zonal wind anomalies associated with the leading mode.

The time-mean zonal wind of the J35–4K model run
is stronger than observed over the Pacific sector, but it
does capture the two defining characteristics of the Pa-
cific zonal flow. First, the time-mean position of the
January-mean storm track (and associated eddy-driven
jet) over the Pacific is near 35°N (Nakamura 1992).
Second, tropical heating in the Pacific sector exceeds
that in the Atlantic sector due to increased convection
over the West Pacific warm pool, which drives a stron-
ger subtropical jet. In addition, the leading mode of

FIG. 12. J35 and J35–4K time-mean eddy fluxes.
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variability of the Pacific sector is qualitatively consis-
tent with the J35–4K model run. The variability de-
scribed by EOF1 in both the J35–4K run and observa-
tions over the Pacific sector during January is domi-
nated by pulsing of the combined eddy-driven/
subtropical jet, though shifting in the position of the jet
is also noticeable. Therefore, we feel that the J35–4K
model run qualitatively approximates the observed
conditions over the Pacific sector.

The synoptic eddies in the J35–4K model run initially
reinforce the zonal wind anomalies associated with the
leading mode, but this response weakens with increas-
ing positive lag. Our analysis reveals that this positive
feedback occurs mainly during the high index phase of
EOF1 and is greatly damped during the low index
phase. The damped eddy response during the low index
phase of the leading EOF is caused by trapping of the
eddies within the stronger jet that develops during the
low index phase.

Model results in the previous section suggest that the
dynamics of the Atlantic and Pacific sectors are broadly
similar in the sense that a positive feedback exists be-
tween the eddies and the zonal wind anomalies associ-
ated with the leading EOF. The positive feedback
causes the variability to be dominated by meridional
shifting of the eddy-driven jet, that is, annular-mode-
like variability. Model results also indicate that this
feedback mechanism is damped when the zonal jet be-
comes quite strong and sharp, as observed in the Pacific
sector. This implies that in the Pacific sector, annular
mode variability, that is, meridional shifting of the jet, is
not as dominant. Analysis of the leading mode of vari-
ability over the Pacific sector during January supports
this contention.

Comparing the leading EOFs over the Pacific sector
when the tropospheric jet is strongest [January and
February (JF)] against the rest of the winter season
[October–April (ONDMA) excluding January and
February] yields additional support for our argument.
Figure 13 shows the regression of 300-hPa zonal wind
anomalies onto the leading PC of the Pacific sector �u�
for the two periods. During the majority of the winter
season (ONDMA), the jet maximum, shown by the
bold dotted line, is collocated with the node of the lead-
ing EOF; thus, the leading EOF over the Pacific sector
during ONDMA describes meridional shifting of the
jet. When the Pacific jet strength is strongest during JF,
though, the jet maximum lies near the center of the
negative lobe of the leading EOF. This equates to the
variability being dominated by pulsing of the jet strength.

Lorenz and Hartmann (2001, 2003) demonstrated
that the eddy–zonal flow feedback is critical for select-
ing the annular mode as the leading mode of zonal-

mean variability in both hemispheres. This study fur-
ther demonstrates the importance of the eddy–zonal
flow feedback in helping to explain the observed dif-
ferences in the structure of the NAM between the At-
lantic and Pacific sectors during the winter season. Spe-
cifically, our model results reveal that the strength of
the eddy–zonal flow feedback is stronger for the zonal

FIG. 13. Regression of 300-hPa zonal wind onto the leading PC:
ONDMA and JF. Contour interval is 2 m s�1, and the 0 m s�1

contour is omitted.
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wind distribution over the Atlantic sector than for that
over the Pacific sector. The jet structure over the Pacific
sector inhibits the necessary wave propagation to pro-
duce the positive eddy–zonal flow feedback, especially
during January and February. Therefore, the feedback
between the transient eddies and the local jet is weaker
in the Pacific sector as compared to the Atlantic sector,
and this leads to corresponding differences in the
strength of the NAM over the two regions.

Codron (2005) has shown that the structure of the
SAM also depends on the zonal jet structure during
Southern Hemisphere summer. He found that the lati-
tude of the node of the SAM shifts during the summer
season, with the node located more equatorward during
December than March. Unlike the NAM, Codron
(2005) shows that the SAM describes meridional shift-
ing of the jet at all longitudes, which explains the in-

creased symmetry of the SAM compared to the NAM.
The changes in the structure and variance of the SAM
are associated with changes in the strength of the posi-
tive feedback between the eddies and zonal flow. These
results correspond well with our results for the NAM.
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APPENDIX A

Initial Zonal-Mean Zonal Wind

We use the equations in Scinocca and Haynes (1998)
to define the initial zonal-mean zonal wind field. The
equations are given as follows:

U�z, �� � G����Utrop�z�Ftrop��� 	 Ustrat�z�Fstrat���
, �A1�

where

Utrop�z� � �
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U0t sech2��z � z2��c2
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2
,

Fstrat��� � sech2�� � �1

b1
�,

G��� � tanh��

5� tanh�90 � �

5 � .

The stratospheric jet is located at (
1, z1), and its me-
ridional and vertical half widths are given by b1 and c1,
respectively. Here U0s denotes the amplitude of the
stratospheric jet. Similarly, the parameters 
2, z2, b2, c2,

and U0t described the position, width, and amplitude of
the tropospheric jet. The above equations are suitable
for defining a hemispheric zonal-mean zonal wind field,
but a global field is required for model initialization.
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To create a global initial zonal wind field, we define
a zonal wind field for the Southern and Northern Hemi-
sphere separately and then merge the two fields to-
gether. The following parameters are used for the
Southern Hemisphere: 
1 � �37°, 
2 � �45°, z1 � 65
km, z2 � 12 km, b1 � 30°, b2 � 10°, c1 � 34 km, c2 �
7.5 km, U0s � �70 m s�1, U0t � 35 m s�1, and zt � 7.5
km. For the Northern Hemisphere, 
2 and U0t are var-
ied depending on the run, while the rest of the param-
eters are held constant: 
1 � 60°, z1 � 53 km, z2 � 12
km, b1 � 16°, b2 � 12°, c1 � 22 km, c2 � 7.5 km, U0s �
80 m s�1, and zt � 7.5 km.

APPENDIX B

Zonal-Mean Zonal Wind Tendency

We use a separate model run to calculate the zonal-
mean zonal wind tendency. In this model, damping is
applied toward the initial state with a time scale of 20
days. The zonal-mean zonal wind tendency is calculated
by taking the difference of the initial and final (steady
state) zonal-mean zonal wind fields of this run and mul-
tiplying by the 20-day damping time scale. Our zonal-
mean zonal wind tendency qualitatively resembles that
shown in Fig. 1b of Sassi et al. (2002). [The zonal-mean
zonal wind tendency in Sassi et al. (2002) is calculated
from a spectrum of nonstationary gravity waves.] We
performed additional simulations using different ver-
sions of the zonal-mean zonal wind tendency. Model
results remained consistent among all runs.
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