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ABSTRACT
The angular momentum anomalies associated with the Antarctic and Arctic Oscillations are examined in a
coupled general circulation model. The size of the global-mean anomaly of the V angular momentum is unexpectedly larger than that of the relative angular momentum. The result is a simple consequence of mass
conservation. Since the mass anomaly at high latitudes is equal and opposite to that at low latitudes, and since
the high-latitude mass anomaly is relatively close to the rotation axis, the global-mean V angular momentum
is significantly nonzero. Analysis of the meridional mass transport indicates that the Antarctic and Arctic Oscillations are persistent but damped modes.

1. Introduction
Thompson and Wallace (1998, 2000) found that the
primary modes of the geopotential height field in each
hemisphere are remarkably similar. Both modes, referred
to as the Antarctic and the Arctic Oscillations (AAO and
AO), are related to meridional dipoles in zonal-mean
zonal wind field and to seesaws in atmospheric mass in
the polar regions and the low-latitude zonal rings. While
the similarity between the primary modes in the two
hemispheres became more apparent in the recent studies
of Thompson and Wallace, the AAO has been known for
a long time. One of the early descriptions of the mode
was given by Rogers and van Loon (1982).
This note studies the axial angular momentum of the
AAO and the AO, a feature that has not been systematically considered so far. The 1000-yr integration with
the coupled ECHAM1/LSG general circulation model
(the Hamburg version of the European Centre Model
coupled to the Large-Scale Geostrophic ocean model) is
used for this purpose. The coupled model is developed
at Max Planck Institute of Meteorology in Hamburg. A
description of the coupled integration is given by von
Storch et al. (1997). The early analysis using 500 yr of
this integration (von Storch 1999) was concentrated on
the first two EOFs of the global 200-hPa streamfunction
field. The first one is related to zonal wind anomalies
centered in the tropical upper troposphere and is highly
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correlated with the global relative angular momentum.
The second mode is related to zonal wind anomalies
similar to the AAO described by Thompson and Wallace
(2000, hereafter TW00) and is highly correlated with the
global V angular momentum. In the present note, the
early analysis is extended to the third EOF of the global
streamfunction field, which is related to zonal wind
anomalies similar to those of the AO described by TW00.
In the following, the modes related to the second and
third principal components (PC2 and PC3) of the 200hPa stream function in the ECHAM1/LSG integration
will be referred to as the (modeled) AAO and AO, respectively. The PCs are obtained from an EOF analysis
of 1000-yr monthly anomalies. The corresponding EOF
patterns are similar to those derived from 500 yr of data.
The first three EOFs explain, respectively, 41%, 5.8%,
and 3.4% of the variance of the 200-hPa streamfunction
field. They are well separated and pass the rule of thumb
of North et al. (1982). All results discussed below are
obtained by regressing the considered variables, that is,
1000-yr monthly anomalies of zonal-mean zonal and
meridional wind, [u] and [y ], and zonally averaged surface pressure, [p s ], upon the standardized PC2 and PC3.
The results correspond to anomalies related to one standard deviation anomaly in PCs.
The key variable used is 200-hPa streamfunction,
rather than geopotential height or pressure fields as in
many previous studies. Concerning the AAO and the
AO, the results of this paper are comparable to those
derived from geopotential height or pressure fields.
However, from the point of view of global angular momentum, both geopotential height and pressure are not
optimal, since they cannot describe the mode related to
global relative angular momentum (i.e., PC1 of 200-hPa
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FIG. 2. Regression patterns of zonally averaged surface pressure
[p s ] in hPa weighted by cosw, related to the AAO (dashed line) and
AO (solid line). The pressure anomaly at w is proportional to the
mass of the volume above the latitudinal belt at w with unit width.

FIG. 1. Regression patterns of zonally averaged zonal wind [u] as
a function of pressure (hPa) and latitude, related to (a) the AAO and
(b) the AO. The shaded areas indicate the areas where the regression
explains more than 10% of the total monthly variance. Contour intervals are 0.2 m s21 . Solid (dashed) lines represent positive (negative)
anomalies.

steamfunction). This mode is not associated with significant mass anomalies and does not show up in geopotential height or pressure fields. For the sake of completeness (in the context of angular momentum), this
paper uses 200-hPa streamfunction to represent the
AAO and the AO.

tures of the AAO and the AO are reproduced by the
ECHAM1/LSG model. It is noted that the ECHAM1
model extends to 10 hPa and coarsely resolves the lower
stratosphere.
The main difference between the model result and the
observations concerns the amplitudes of the modes.
Both modes, in particularly the AO, are underestimated.
For the high-latitude centers, the amplitude of zonalmean zonal wind near 200 hPa is about 3 m s21 in the
Southern Hemisphere and about 1.5 m s21 in the Northern Hemisphere in the observations (Fig.1 in TW00),
whereas the corresponding values in the model are about
2 and 0.6 m s21 , respectively. For the midlatitude centers, the underestimation is even stronger. Analyses of
the variability in the ECHAM1/LSG integration suggest
that the small amplitude of the modes reflects the general
feature that the coupled model systematically underestimates variability on almost all timescales.
b. Angular momenta of the AAO and the AO
Using the hydrostatic approximation, the global axial
relative and V angular momenta are given by
Mr 5

2. Results

MV 5

(1)

E

p /2
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a. Comparison with the observations
The regression patterns in [u] (Fig. 1) and the weighted surface pressure [p s ] cosw (Fig. 2) suggest that, as
in the observations, the AAO and the AO in the model
are characterized by the meridional dipoles in the fields
of zonal-mean zonal wind and mass. The nodes of the
pressure dipoles are located around 508, comparable to
the position of the nodes of geopotential height dipole
shown in TW00. As in the observations, the modeled
AAO is stronger than the AO in the troposphere. Furthermore, the observed tendency for the high-latitude
centers of [u] to be tilted poleward with height is also
evident in the model. Thus, the important spatial fea-
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2pr 2
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where # V dV is the integral over the volume of the model
atmosphere, r density, r the radius of the earth, V the
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TABLE 1. One std dev anomalies in relative (Mr) and V angular
momentum (MV ) of the AAO and AO. Here Mr is calculated from
the regression patterns of [u], whereas MV is calculated from the
regression patterns of [ps]. Both Mr and MV are given in 10 6 Hadley
seconds, where 1 Hadley 5 1018 kg m 2 s22 .

Mr
MV
|MV /M r|

FIG. 3. Meridional profiles of m r (dotted lines), mV (dashed lines),
and m r 1 mV (solid lines), in Hadley seconds, for (a) the AAO and
(b) the AO, where 1 Hadley 5 1018 kg m 2 s22 .

angular velocity of the earth, w latitude, g gravity, p
pressure, and m r and mV the relative and V angular
momenta of the volume above a latitudinal belt with
unit width.
Figure 3 shows m r (dotted lines) and mV (dashed
lines) calculated from Eqs. (3) and (4) using the regression patterns of [u] and [p s ]. Dipole structures in
m r and mV are found for both the AAO and the AO.
The amplitudes of the dipoles in m r (dotted lines) are
clearly larger than those in mV (dashed lines). Thus,
from a local point of view, the relative angular momentum is more important than the V angular momentum.
One might expect from the difference in the amplitudes of the dipoles in m r and mV that the global integral
of m r is also larger than the global integral of mV . Table
1 shows that this is not the case. For the AO, the amplitude of the global V angular momentum is about a
factor of 2.4 larger than that of the relative angular
momentum. This ratio is larger and reaches 4.5 for the
AAO.
The global angular momentum depends on the angular momenta of the low- and high-latitude centers in
Fig. 3, which cancel each other. Table 1 suggests that
the cancellation is much stronger for the relative angular

AAO

AO

0.38
1.72
4.5

20.25
0.61
2.4

momentum than for the V angular momentum. This
feature is further described in Fig. 4, which shows the
sums of, respectively, positive and negative m r and mV
anomalies. According to Fig. 3, the sum of positive m r
and that of negative mV represent essentially the angular
momenta at the high latitudes (bars labeled with H in
Fig. 4), and those of negative m r and positive mV the
angular momenta at the low latitudes (bars labeled with
L in Fig. 4). For the comparison, the global angular
momenta (black bars) are also given. The amplitudes of
the relative angular momenta in the low-latitude centers
are comparable to those in the high-latitude centers. It
is not clear which center has larger angular momentum.
For the AAO, the amplitude of the relative angular momentum in the high-latitude center is larger than that in
the low-latitude center, but the opposite is true for the
AO. The latter leads to the negative global value (see
also Table 1). In contrast to that, the difference in the
amplitudes of the V angular momenta of the low- and
high-latitude centers is much more distinct. For both
modes, the low-latitude center possesses significantly
more V angular momentum than the high-latitude center. The global V angular momentum is determined to

FIG. 4. The sums of positive and negative m r (left) and the sums
of positive and negative mV (right). The sums of the positive m r and
those of the negative mV represent essentially the relative and V
angular momenta in the high-latitude centers and are marked by bars
labeled with H. The sums of the negative m r and those of the positive
mV represent essentially the relative and V angular momenta in the
low-latitude centers and are marked by bars labeled with L. The black
bars indicate the global angular momenta. The unit is 10 6 Hadley
second.
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a large extent by the V angular momentum of the lowlatitude center.
3. Discussion
a. Why is the amplitude of the V angular momentum
so large?
The mass anomalies shown in Fig. 2 suggest that the
mass is, to the first order, preserved for each mode (i.e.,
the possible imbalance induced by precipitation and
evaporation is negligible). The integral of [p s ] cosw over
the low-latitude center, which extends with small amplitude across the equator into the other hemisphere,
equals essentially the integral over the high-latitude center. On the other hand, the V angular momentum is
obtained by weighting the mass anomalies with (r
cosw ) 2 [see Eq. (4)], which is the square of the distance
from the considered position at the earth’s surface to
the earth’s rotation axis. Since the high-latitude center
is located much closer to the rotation axis than the lowlatitude center, the condition of mass conservation must
lead to the result that the low-latitude center has more
V angular momentum than the high-latitude one, and
the global V angular momentum is dominated by the
V angular momentum of the low-latitude center.
Since the zonal-mean zonal wind is essentially in geostrophic balance with the meridional pressure gradient,
the above-discussed constraint in the mass distribution
can play an important role for the understanding of the
global dynamics of the two modes.
b. What maintains the anomalies in V angular
momentum?
Following Peixoto and Oort (1992, p. 248), the time
rate of change of the global V angular momentum is
essentially determined by the globally integrated meridional transport C (the vertical transport is zero in the
ECHAM model). Here C is defined by
C5

E

E

p /2

(22Vrry cosw sinw) dV 5
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c(w) 5 2

c(w),

(5)
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where the hydrostatic approximation is used. Further,
c(w ) is the net meridional transport within the volume
above a latitudinal belt with unit width. Note that c is
proportional to [y ] in the Southern Hemisphere but to
2[y ] in the Northern Hemisphere. Moving mass toward
the equator, that is, away from the rotation axis, will
result in a positive C, which leads to an increase in V
angular momentum.
Using Eq. (6), c(w ) is calculated from the regression
patterns of [y ] [not shown; the regression upon PC2 is

FIG. 5. Profiles of c u (w ) (dashed lines), c l (w ) (dotted lines), and
c(w ) (solid lines), obtained from the regression patterns of zonalmean meridional wind of (a) the AAO and (b) the AO. The transport
of the upper branch of the meridional circulation, c u , is obtained by
performing the vertical integration # dp in Eq. (6) from the top of the
model atmosphere to 700 hPa, and the transport of the lower branch
of the meridional circulation, c l , is obtained by performing the vertical
integration from 700 hPa to the surface. The unit is Hadleys.

similar to Fig. 3d in von Storch (1999)]. These patterns
suggest that, as in the observations, the mass dipole with
positive anomalies at low latitudes and negative ones
in the polar region is related to a meridional circulation
with a convergent flow in the upper troposphere and a
divergent flow near the surface. One can therefore further decompose the net transport c(w ) into c u and c l ,
which represent, respectively, the contributions to c(w )
from the upper and lower branch of the meridional circulation.
For both the AAO and the AO, a balance between
c u (w ) and c l (w ) is found (Fig. 5). The nodes of the
dipoles in c u (w ) and c l (w ) (dashed and dotted lines in
Fig. 5) are located near 408, where the center of positive
anomalies of mV situates (dashed lines in Fig. 3). Recall
the sign relation between c and [y ]. The dipoles in c u
and c l suggest a transport toward 408 by the upper
branch and a transport away from 408 by the lower
branch of the meridional circulation. To a large extent,
the two transports balance each other. This balance acts
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to maintain the mV anomalies at low latitudes centered
at 408. Since the low-latitude anomalies determine to a
large extent the global V angular momentum (Fig. 4),
the balance acts also to maintain the global V angular
momentum. Both the AAO and the AO appear therefore
as persistent modes.
The balance between c u (w ) and c l (w ) is, however, not
perfect. For both modes, c l (dotted line) dominates c u
(dashed line). This is particularly true at high latitudes,
resulting in large negative anomalies of c(w ) (solid line)
and a negative value of C 5 # c(w ) dw. One has a net
transport toward the poles and from that a removal of
the existing MV anomaly shown in Fig. 4. Thus, from
the point of view of V angular momentum balance, the
AAO and the AO are damped modes.
The meridional circulation is not only important for
V angular momentum but also for relative zonal momentum. For both modes, anomalous equatorward
(poleward) flow prevails in the upper troposphere at
latitudes of westerly (easterly) wind anomalies. The
Coriolis force acting on this flow produces a deceleration (an acceleration) of zonal momentum. In order to
maintain zonal momentum anomalies, this momentum
forcing must be balanced by an anomalous eddy convergence (divergence). Thus, as noted by Yoden et al.
(1987), Karoly (1990), Kidson and Sinclair (1995), and
Hartmann and Lo (1998), the meridional circulation,
together with eddy momentum fluxes, maintains the
zonal wind anomalies in the free atmosphere.
Thus, the meridional circulation affects not only the
balance of mass, but also that of zonal momentum. In
fact, the momentum balance is coupled to the mass balance through the meridional circulation (Peixoto and
Oort 1992). A complete understanding of the AAO and
AO requires the understanding of this coupling.
4. Conclusions
This paper studies the angular momenta of the AAO
and the AO modeled by the ECHAM1/LSG model. Both
modes, which are realistically simulated by the model,
show similar angular momentum variations. The main
result is that the global V angular momentum is about
a factor of 2–4 larger than the global relative angular
momentum. This result suggests that, even though the
momentum balance is locally important, it is globally
less significant than the mass balance.
The dominance of the V angular momentum is a consequence of mass conservation. If the mass deficit (ex-

cess) at the high latitudes results from the mass excess
(deficit) at the low latitudes, the global V angular momentum must be significantly nonzero, since the highlatitude mass is located much closer to the rotation axis
and has therefore less V angular momentum than the
low-latitude mass. This global constraint can be crucial
for the understanding of the global dynamics of the
modes.
The modeled AAO and the AO are accompanied by
a meridional circulation, as in the observations. This
paper shows that the upper branch of this circulation
tends to build up and the lower branch tends to remove
the V angular momentum of the low-latitude mass and
from that the global V angular momentum. To the first
order, the two branches balance each other and act to
maintain the V angular momentum anomalies, making
the AAO and the AO be persistent. The balance, however, is not perfect. The net meridional mass transport
is dominated by the transport of the lower branch, which
acts to remove the global V angular momentum. In this
sense, both the AAO and the AO are persistent but
damped modes.
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