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ABSTRACT

The internally generated interannual variability in absolute angular momentum is examined
with a 100-year run of a GFDL GCM. Interannual forcing of the atmosphere by the ocean is
suppressed as the GCM’s sea surface temperatures are constrained to undergo the same annual
cycle each year. The interannual variation in the model’s globally integrated and annually
averaged absolute angular momentum (GAAM) is found to be a moderately large fraction of the
changes in the GAAM observed in the atmosphere. The meridional structure of the absolute
angular momentum is examined with an EOF analysis. Three modes are found; a tropical mode
that represents a strengthening and weakening of the tropical easterlies, and two extratropical
dipole modes, one in either hemisphere, that represent latitudinal shifts of the jet maxima. It is
shown that the interannual variability of all three modes can be interpreted as resulting from
climate noise. The absolute angular momentum budget of all three modes is examined. It is found
that the tropical mode depends upon a complex three way balance between the friction and
mountain torques and the absolute angular momentum flux convergence, whereas the two
midlatitude modes are primarily determined by the absolute angular momentum flux
convergence. Fluctuations of the tropical mode are shown to be related to the GCM’s Madden—
Julian Oscillation, and the midlatitude dipole modes are found to show characteristics in
common with the zonal index observed in the atmosphere.

1. Introduction

Most interannual variability in the atmospheric
general circulation is generally believed to be
related to its coupling with the ocean. As an
example, the interannual variation of both the
globally integrated absolute angular momentum
(GAAM) and the length of day (LOD) have been
shown to be highly correlated with the El Nifio/
Southern Oscillation (see Chao, 1984; Eubanks
et al, 1985; Hide and Dickey, 1991). However,
internal processes may also play an important role
in interannual variability. In order to examine
internally generated variability, James and James
(1989) used a multi-level primitive equation model
with a zonally homogeneous lower boundary
and simple linear thermal forcing and frictional

damping. Their results show that the power
spectra of the planetary scale vorticity and tem-
perature spectral coefficients resemble a red noise
spectrum with variability on decadal time scales.
However, they found no statistically significant
peaks on these decadal time scales.

In order to further address the role of internal
processes for atmospheric interannual variability,
we will investigate the interannual variability in a
100-year run of a Geophysical Fluid Dynamics
Laboratory (GFDL) general circulation model
(GCM) experiment. This GCM includes a full
radiation package with predicted clouds, surface
hydrology, a moist convective adjustment, and sea
surface temperatures (SSTs) which are specified
to undergo the same annual cycle each year.
Therefore, except for the effect of the model’s
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surface hydrology, which was found to be small
(an examination of the power spectra of some of
the model’s surface moisture fields showed little
power on interannual time scales with no strong
spectral peaks), the forcing of the atmosphere on
interannual time scales is suppressed and all inter-
annual variability within the model atmosphere is
internally generated. We study the model’s inter-
annual variability by examining the mechanisms
which drive interannual absolute angular momen-
tum changes in different parts of the atmosphere.
Absolute angular momentum is the quantity chosen
for this purpose since its conservation laws are
relatively simple.

As we will see, the interannual variation of the
model’s absolute angular momentum can be inter-
preted as arising from processes which take place
on intra-annual (less than one year) time scales.
Then, there are at least two problems that should
be addressed in order to understand the internally
generated interannual variability in the model;
first the intra-annual variability itself, second, the
mechanism by which these short time scale fluctua-
tions determine the longer time scale interannual
variability. In this paper, we will focus on the first
problem. Therefore, there will be an emphasis
toward trying to understand the GCM’s absolute
angular momentum fluctuations on time scales
shorter than one year.

Previous studies have found both interannual
and intra-annual variation in absolute and relative
angular momentum occurring within the tropics.
On interannual time scales, the observational
results of Dickey etal. (1992) indicate that the
strength of the tropical relative angular momen-
tum fluctuates on time scales from 18 to 88 months
and propagates toward high latitudes in both
hemispheres. Furthermore, a large covariance
between tropical relative angular momentum and
GAAM was shown by Rosen et al. (1991) to take
place on interannual time scales. For intra-annual
times scales, Benedict and Haney (1988), Lau et al.
(1989), and Rosen et al. (1991) show that most of
the observed relative angular momentum variation
is associated with fluctuations in the tropical
zonally-averaged zonal winds. Similar results
have been found by Boer (1990) with data from
the Canadian Climate Centre GCM, and by
Robinson (1993) who used an idealized two-level
primitive equation model with a homogeneous
lower boundary. In addition, Anderson and Rosen
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(1983) showed that the observed 40-50 day
relative angular momentum is transported both
poleward and downward from the upper tropical
troposphere. Furthermore, studies such as those
by Gutzler and Ponte (1990) and Weickmann
etal. (1993) show that fluctuations in tropical
relative angular momentum may be associated
with the 30-60 day Madden—Julian Oscillation
(see Madden and Julian, 1971, 1972).

Both interannual and intra-annual variation
in relative angular momentum have also been
observed in midlatitudes of both hemispheres.
With an 18-35 month filter, Dickey et al. (1992)
show dipole structures in the observed midlatitude
anomalous relative angular momentum field.
These dipoles are characterized by an increase in
relative angular momentum at one latitude and a
nearby decrease in relative angular momentum at
another latitude. In addition, using Empirical
Orthogonal Functions (EOQFs), James and James
(1992) find similar midlatitude structures in their
multi-level primitive equation model. An examina-
tion of the power spectrum of the principal compo-
nent time series of this EOF indicates variability
on time scales from days to decades. Observational
studies that find variability on intra-annual time
scales in the midlatitude relative angular momen-
tum are Rosen and Salstein (1983), Lau et al.
(1989), Dickey etal. (1991), and Gutzler and
Madden (1993). These studies emphasize intra-
seasonal relative angular momentum fluctuations.
The modeling study of Robinson (1991) found
a midlatitude dipole structure in the zonally-
averaged zonal wind that fluctuated on intra-
annual time scales. This midlatitude structure
corresponds to latitudinal displacements of the
midlatitude zonally-averaged jet.

The above results indicate that tropical and mid-
latitude absolute angular momentum variability
are characterized by different physical processes.
Therefore, it is essential to examine regional
variability in absolute angular momentum since
GAAM cannot distinguish between tropical and
midlatitude variability. For this purpose, we
isolate absolute angular momentum in different
regions of the atmosphere with an EOF analysis.

The data to be used in this study is presented
in Section 2, and a description of the temporal
evolution of the GAAM is shown in Section 3.
The modal properties of the absolute angular
momentum is examined in Section 4 with the aid
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of an EOF analysis, and the absolute angular
momentum budget of these modes is presented in
_ Section 5. The relationship between these modes
and both the model’s Madden—-Julian Oscillation
and low frequency anomalies such as the North
Atlantic and North Pacific Oscillations is dis-
cussed in Section 6. The Conclusions are presented
in Section 7.

2. Data

The data analyzed in this study were generated
in a 100 year run of a GFDL GCM. The model
has an R15 horizontal resolution, 9 vertical sigma
levels, with realistic continents and topography
(see Gordon and Stern, 1982 for a description of
the model). As mentioned in the introduction, the
model’s SSTs and solar heating are constrained to
follow the same climatological annual cycle each
year.

The equation for the conservation of absolute
angular momentum in a band of unit meridional
width is
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This equation relates the angular momentum
tendency to the absolute angular momentum
flux convergence and the friction and mountain
torques. The absolute angular momentum is u =
(Qacos 8+ u)acos b, p,is the surface pressure,
u and v are the zonal and meridional winds respec-
tively, g is the gravitational acceleration, a is
the earth’s radius, 7, is the surface wind stress
in the zonal direction, and 4 is the height of the
topography. The zonal and meridional length
coordinates are A and 6, respectively. It should be
noted that there is also a small torque due to
horizontal diffusion of vorticity and divergence in
the GCM (this torque is not included in eq. (2.1)).
However, this term was found to be negligible
compared to the friction and mountain torques.

S. B. FELDSTEIN

The surface wind stress from this GCM experiment
is saved as monthly averages over every time step.
For the zonal and meridional winds and surface
pressure, the data are saved at the end of each day.
As a result, there must be some sampling error in
both the mountain torque and the absolute
angular momentum flux convergence, while there
is no sampling error in the monthly averaged fric-
tion torque. Furthermore, it should be noted that
the GCM’s equations do not precisely conserve
absolute angular momentum. Nevertheless, as
we will see, a well balanced angular momentum
budget is obtained at most latitudes.

3. Temporal evolution of GAAM

In order to determine whether the amplitude of
the GCM’s internally generated interannual signal
is moderately large compared with observations in
the atmosphere, the time series for the anomalous
annual GAAM (the difference between each
annual average GAAM and the 100 year average
GAAM) is examined (see Fig. 1). The GAAM is
seen to undergo irregular fluctuations from one
year to the next throughout the 100-year time
period. In analyzing this time series, a small linear
trend in the GAAM was removed. This linear
trend was due to a 0.7 mb increase in the horizon-
tally averaged surface pressure during the one hun-
dred years. The source of this trend has been found
to be due to round-off error in the surface pressure
tendency equation (R. Stauffer, personal com-
munication). If this trend is retained, the results of
this study are found to be unchanged. We can con-
vert the year to year changes in the GAAM in
Fig. 1 to changes in the LOD using the earth/
atmosphere angular momentum conservation rela-
tionship in Rosen and Salstein (1983), ALOD =
1.68 x 10 2 AGAAM, where ALOD is the change
in the length of day measured in ms and AGAAM
the change in GAAM. It can be seen that the typi-
cal interannual change in the LOD is about 0.1 ms.
For a comparison, the observed interannual
change in the LOD is typically about 0.35 ms (see
Fig. 9 of Hide and Dickey (1991)). Thus, com-
pared with observations, moderately large interan-
nual changes in GAAM or LOD occur even when
the boundary forcing (SSTs) is constrained to
follow the same annual cycle each year. Assuming
that the GCM'’s variability behaves like that of the
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Fig. 1. Time series of anomalous annual GAAM (deviation from 100-year mean) and annual average change in LOD.

atmosphere, the above result indicates that a
sizeable internal production of GAAM variation
occurs on interannual time scales in the model.

4. Eigenvector analysis

4.1. Characteristics of the EOFs

The meridional structure of the absolute angular
momentum is examined with an EOF analysis
(for a discussion on EOF analysis see Kutzbach,
1967). In order to perform this calculation, the
annual cycle is removed by setting the first three
harmonics of the annual cycle equal to zero. The
absolute angular momentum is vertically and
zonally integrated into 40 separate latitudinal
bands, each band having an equal width of 4.5°
latitude. The resulting first three EOFs for the
monthly averaged absolute angular momentum
anomalies (the monthly averaged absolute angular
momentum for each band minus the 100 year
average absolute angular momentum for that
band) are shown in Fig. 2. The first EOF (EOF1),
which is mainly of one sign and is concentrated in
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the tropics, comprises 24% of the variance. The
second and third EOFs (EOF2 and EOF3) make
up 18% and 17% of the variance, respectively,
and are mostly restricted to midlatitudes of either
hemisphere. Furthermore, EOF2 and EOF3 both
have a very similar dipole meridional structure.
These three modes will also be referred to as
the Tropical, Southern Hemispheric (SH), and
Northern Hemispheric (NH) modes, respectively.
A similar EOF analysis was performed using
annual and pentad absolute angular momentum
anomalies. For both of these analyses, the struc-
ture of the first three EOFs very closely resembles
those found from the monthly anomalies.

The role of the three EOFs can be better
visualized by adding and subtracting the relative
angular momentum EOFs to and from the time
mean relative angular momentum field (not
shown). (Note that the first three relative angular
momentum EOFs were found to be extremely
similar to the three absolute angular momentum
EOFs shown in Fig. 2.) It was found that the
Tropical mode represents oscillations in the
strength of the vertically integrated easterly winds
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Fig. 2. Meridional structure of the first three absolute angular momentum EOFs. The monthly averaged absolute

angular momentum is used to generate these EOFs.

in the tropics. Also, during a small number of
months, when the amplitude of the Tropical mode
is sufficiently positive, it was found that the
vertically integrated winds in the tropics became
westerly. The two extratropical modes, on the
other hand, were found to correspond to inde-
pendent meridional displacements in the latitude
of the jet maximum of either hemisphere.

We next examine the linear correlation between
the GAAM time series and the principal com-

ponents of the three modes, which are related by
the expression

N M

GAAM(t) = Z Cj(tl) Z ej(yi) Ay;.

j=1

(4.1)

i=1
This expression is derived by noting both that

M
GAAM(1)) =Y AAM(y,, 1)) Ay,,

i=1
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where

N
AAM(y;, 1)) =} ¢;(t) e;()

j=1

denotes the absolute angular momentum in the ith
latitude band at time z,, ¢,(¢,) the coefficient of the
jth EOF at time ¢, (this coefficient is referred to as
the jth principal component), e;(y,) the jth EOF
evaluated at the ith latitude band, N the number of
EOFs, M the number of latitude bands, and Ay,
the latitudinal extent of each band. The linear
correlation between the GAAM time series and the
principal component time series of EOF1, EOF2,
and EOF3 is found to be 0.89, 0.06, and —0.14,
respectively. This small correlation between the
time series of the two extratropical modes and the
GAAM isn’t surprising because the latitudinal
integration of these modes has a large amount of
cancellation. The large linear correlation between
the principal component of EOF1 and the GAAM
time series do suggest that there is a strong link
between the Tropical mode and the GAAM. This
relationship between GAAM and tropical absolute
angular momentum is consistent with the results of
several observational studies as summarized in the
introduction.

In order to verify that the above modes corre-
spond to structures observed in the GCM data and
do not occur as a result of the constraints
associated with the EOF analysis, separate EOF
analyses of the monthly averaged absolute angular
momentum were performed with the atmosphere
divided into three regions; north of 20° N, between
20°N and 20°S, and south of 20°S. These EOF
analyses revealed that the first EOF for the region
north of 20°N resembled the NH mode, the first
EOF in the region between 20°N and 20°S was
very similar to the Tropical mode, and the first
EOF for the region south of 20°S looked very
much like the SH mode. The same behavior was
also found for annual and pentad averaged
angular momentum. The eigenvalues and asso-
ciated standard errors (see North et al., 1982) for
each EOF are shown in Table 1. It can be seen
that all three EOFs are distinct for the monthly
and pentad anomalies, but EOF2 and EOF3 for
the annual anomalies do not not appear to be
strongly distinct, as the sum of their standard
errors is greater than the difference between their
eigenvalues. Nevertheless, the annual averaged
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EOF?2 and EOF3 are regarded as distinct physical
modes since as indicated above, these modes
appear in separate EOF analyses of either hemi-
sphere. Even on physical grounds, because there is
a fairly large degree of cross-equatorial symmetry
in the zonally-averaged climatological flow, it is
not surprising to find EOFs in either hemisphere
with similar eigenvalues.

The month to month variation of each mode is
also examined by counting the number of months
during the entire 100-year period for which the
principal component of the EOF exceeds a value
that is greater or less than one standard deviation
from its mean. It was found that the Tropical and
SH modes undergo very little seasonal variation
whereas the NH mode is strong mostly during
winter. These results are also similar to those
of Lau et al. (1989) who show that their tropical,

Table la. The eigenvalues ( x 10°?), % variance,
and standard error ( x 10'?) for annual absolute
angular momentum anomalies

Eigenvalue (1) % variance Standard error(d4)

EOF1 1.00 33 0.183
EOF2 0.569 19 0.104
EOF3 0430 14 0.079

Table 1b. The eigenvalues ( x 10'?), % variance,
and standard error ( x 10°?) for monthly absolute
angular momentum anomalies

Eigenvalue (1) % variance Standard error(Jd4)

EOF1 4.80 24 0.200
EOF2 3.72 18 0.154
EOF3 330 17 0.137

Table lc. The eigenvalues ( x 10'?), % variance,
and standard error ( x 10'?) for pentad absolute
angular momentum anomalies

Eigenvalue (1) % variance Standard error (d1)

EOF1 7.36 19 0.122
EOF2 6.73 17 0.112
EOF3 6.00 15

0.099
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tropical/subtropical, and Southern Hemispheric
extratropical modes experience little seasonal
variation while their Northern Hemispheric extra-
tropical mode is apparent only in winter.

The skewness of the monthly averaged principal
components of all three modes is examined by
determining the frequency in which the principal
component falls within specified intervals. These
frequencies are found to be symmetric (not shown)
for all three modes which indicates that there is
no preference for a particular phase of a mode.
This result contrasts that of Robinson (1991),
who showed with a primitive equation model with
a zonally homogeneous lower boundary that the
dominant mode (his dominant mode closely
resembles the two extratropical modes of the pre-
sent study) is strongly skewed toward what would
correspond to the positive phase of EOF2 and
EOF3.

The presence of any relationship between the
tropical and the two extratropical modes is tested
with a series of lag cross-correlations between the
principal components for all three EOFs. The
resulting linear correlations were all negligible,
suggesting that all three modes are independent of
one another. Analogous behavior was found in
a study of low-frequency variability of 700 mb
heights by Ghil and Mo (1991a, b). In those
studies, modes in the tropics and in both the
Northern and Southern Hemisphere were confined
to a 10 to 120 day band. As in the present study,
the authors found that there were no statistically
significant correlations between any of their three
modes.

4.2. Climate noise test

The power spectra of the pentad principal com-
ponent time series for the Tropical, SH, and NH
modes are shown in Fig. 3. In this spectrum, the
annual cycle is removed by setting the first three
harmonics of the annual cycle equal to zero. Then,
the power spectrum is smoothed by using a Hann-
ing window with a lag of 10 years. Also shown in
Fig. 3 is both a red noise spectrum based on a one
pentad lag autocorrelation and the corresponding
5% and 95 % significance levels. As can be seen,
the SH and NH modes exhibit a red noise spec-
trum, with a no spectral peaks that exceed the
95 % significance level. On the other hand, for the
Tropical mode, there are several peaks with
periods between 20 and 120 days that exceed the
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95% significance level. However, except for the
spectral peak centred near 45 days in Fig. 3a,
which overlaps with the 40-50 day spectral peak in
atmospheric angular momentum observed in the
atmosphere, there are no a priori reasons to expect
that any of the other spectral peaks associated with
the Tropical mode are statistically significant.
Because of the similarity in the structure of the
EOFs for pentad, monthly, and annual anomalies,
we anticipate that there is also a corresponding
relationship between the pentad, monthly, and
annual principal components for each EOF. In
order to analytically derive this relationship
between the principal components, it is assumed
for simplicity that the EOFs from annual and
pentad averaged data are identical (the validity of
this assumption for the angular momentum data
will be verified later). Consider the absolute
angular momentum anomaly matrix x, for the
pentad times series, where the subscript i denotes
the latitude and / the time. If x, is decomposed into
EOFs, the relationship x; =3, e,c; is satisfied,
where e; is the matrix of EOFs and ¢, the matrix
of pr1nc1pal components. The first subscript of ¢,
(c;;) denotes the latitude (the particular EOF) and
the second subscript indicates the particular EOF
(time). Following the assumption that the e; are
the same for both the pentad and annual time
series, by summing every individual element x,
and ¢, separately for each year, one finds that
Xy =3,;e,;Cy, where

b

1
Xik_ﬁ Z Xily

Il=a

1 b

ik=]T] g, il

(4.2)
N =173, which is the number of pentads in a single
year, a= N(k—1)+ 1, b= Nk, and the matrix X,
is just the absolute angular momentum anomaly
matrix with annual averaged data. This relation-
ship in (4.2) indicates that if the structure of the
EOFs is the same for data based on either annual
or pentad averages, then the principal components
calculated from annual averaged data, C,., must
be equal to the mean of the principal components
generated from pentad data where this mean is
calculated separately for each year. In order to
examine the extent to which this relationship holds
in the present study, the following procedure is
adopted. First, the principal components for the
EOFs from the pentad anomaly time series are
summed separately for each year. This gives a
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Fig. 3. Power spectra of the principal components for the first three absolute angular momentum EOFs. This is
compared with its red noise spectrum and corresponding 5% and 95 % significance levels (note that the area under

the curve is not proportional to the variance).

times series consisting of 100 values. Then, a
linear correlation is performed between the time
series of yearly data constructed from this pentad
anomaly time series with the time series consisting
of the principal components of the EOFs from the
annual anomaly time series. This linear correlation
is calculated separately for all three modes. The
resulting linear correlation for the Tropical mode
is 0.95, for the SH mode 0.85, and for the NH mode
0.91. Similar results are obtained if a time series is
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constructed from the principal components of the
monthly anomaly times series.

Because of the above relationship amongst the
EOFs and principal components, we next address
the question whether the interannual variation of
all three modes is due to processes that involve the
same mode which occur on time scales much less
than one year. Stated in other words, whether the
variation of the annual-averaged principal com-
ponents results from statistical sampling fluctua-



248

tions because of contributions from unpredictable
shorter time scale events toward the annual time
average. This is often referred to as “natural
variability” or “climate noise” (Leith, 1973;
Madden 1976, 1981; Madden and Shea, 1978).
Therefore, we address the question whether
“climate noise” is sufficient to account for the
interannual variability in the principal components.
In order to examine this question, following the
procedure in Trenberth (1984), we calculate the
ratio F=o72 /o2, where 62 is the interannual
variance of the annual averaged pentad time series,
and o2 is the interannual variance of an annual
averaged time series modeled by a first-order
Markov process. For the calculation of g2, the
lag one autocorrelation of the pentad principal
component time series is used (see Madden, 1981).
We specify a null hypothesis that F=1, and then
examine the statistical significance of F for all
three modes. As shown in Trenberth (1984),
the above ratio should follow the F distribution
with J—1 degrees of freedom for the numerator
and J(Ng4—1) degrees of freedom for the
denominator, where J = 100 is the number of years
in the time series, N = N/T,, with T, being the
time between independent pentad samples, and
N =173 is the number of pentads in a year. Since T,
was found to be similar for all three modes, with
values close to 7 pentads, the critical value of F at
the 95% significance level is approximately the
same for each mode with a value of 1.28. The
values of F were calculated and found to be 0.98,
1.04, and 0.97, for EOF1, EOF2, and EOF3,
respectively. Therefore, the null hypothesis is
accepted and the interannual variation of all three
modes is interpreted as arising from climate noise.

The question of whether a “potentially predict-
able” climatic signal could be distinguished from
climate noise was examined by Zwiers (1987) in a
GCM with climatological SSTs (see Trenberth,
1985 for an example of the examination of the
potential predictability of the atmosphere). Unlike
the present study, where no potential predic-
tability on interannual time scales is found, he
did find potential predictability both in the tropics
and in high latitudes. However, the variables
examined were surface pressure and 500 mb height,
not angular momentum. The absence of potential
predictability in the principal components of
EOF2 and EOF3 is consistent with the results of
Zwiers (1987), since as mentioned above, he does
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not find potential predictability in the midlatitudes
of both hemispheres. However, the lack of poten-
tial predictability in the principal component of
EOF1, which is the mode with largest amplitude in
the tropics, clearly does not follow the results of
Zwiers (1987). These differences in potential
predictability can most likely be explained by con-
sidering the surface pressure field. The first surface
pressure EOF of Zwiers (1987) is a pattern that
represents a transfer of mass between high and low
latitudes. He found strong interannual variability
for this mode. In the present study, the first surface
pressure EOF does not show this pattern, but
instead indicates a mass transfer between middle
and high latitudes. This EOF pattern closely
resembles that found in the observational study of
Trenberth and Christy (1985).

It is important to state that when one examines
annual averages of a time series described by a red
noise process that the time averaging filters out
most of the power on intra-annual time scales.
However, on this time scale, most processes in the
atmosphere and in the GCM take the form of
“pulses”. That is, there is a growth phase, followed
by maintenance of the anomaly for some period of
time, and then the decay phase. For example, the
complete life cycle of synoptic-scale baroclinic
waves typically takes several days. In extreme
cases, such as explosive cyclogenesis, the cycle may
last only one day. Other well known examples take
place on intraseasonal time scales. These include
midlatitude low frequency anomalies, such as the
Pacific/North America pattern (e.g., Wallace and
Gutzler, 1981) and the tropical anomaly pattern
associated with the Madden—Julian Oscillation
(MJO, see Madden and Julian, 1971, 1972).
Furthermore, the period of these “pulses” is very
irregular, as is their occurrence and their amplhi-
tude. Because of the above properties, a fourier
transform of these “pulses” will include periods at
time scales greater than one year, and it is these
periods that are retained in an annual-average
time series. (As discussed by Mitchell (1976), the
effect of short time scale processes on a power
spectrum is simply to add white noise to the power
spectrum on all time scales substantially longer
than that of the process. Thus, no matter how
short the time scale, there will always be a white
noise contribution to the power spectrum on inter-
annual time scales.) Since the principal com-
ponents of all three EOFs also behave as “pulses”,
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we are interpreting the annual-average time series
of their principal components as representing the
very low-frequency component of highly irregular,
unpredictable processes which take place on intra-
annual time scales. Such an interpretation of inter-
annual variability, which follows the definition of
climate noise, is understandable for the present
GCM, because the climatological SST specifica-
tion implies an absence of forcing of the model’s
atmosphere on interannual time scales. Therefore,
we can interpret the interannual variation of all
three modes as arising from climate noise. As a
result, we will shift our focus toward understand-
ing fluctuations of absolute angular momentum
which take place on time scales shorter than one
year.

5. Angular momentum budget

We next use monthly averaged data to deter-
mine the composite absolute angular momentum
budget for all three modes. Monthly averaged data
is used for this budget, instead of pentad data
which would be preferable, because the surface
stresses from the GCM run are saved as monthly
averages. In order to try to compare budgets with
pentad and monthly averaged data, a pentad
budget was analyzed with the surfaces stresses
represented by the GCM’s bulk parameterization
scheme. The resulting budget was found to be very
similar to that which we will see with monthly
averaged data. The procedure for computing the
budget is started by calculating the EOFs of the
monthly averaged absolute angular momentum
tendency. These EOFs (not illustrated) have the
same structure as those shown earlier for the
absolute angular momentum. Then, composites of
anomalous absolute angular momentum tendency,
absolute angular momentum flux convergence,
friction and mountain torques are determined
from those months during which the principal
components of the absolute angular momentum
tendency EOFs exceed or are less than one
standard deviation from their mean. This proce-
dure generates two sets of months that will be
referred to as the positive and negative phases of a
particular EOF. The above criteria is satisfied for
193 months for the positive phase and 184 months
for the negative phase of EOFI1, 202 and 184
months for the positive and negative phases of
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EOF2, and 178 and 187 months for the positive
and negative phases of EOF3.

In this study, the absolute angular momentum
budget will be displayed as the difference between
composites for the positive phase of the EOF
minus the composites for the negative phase of the
EOF, since the two phases always exhibit similar
patterns but of opposite sign. The extent to which
the budget is balanced can be seen in Fig. 4
where the anomalous absolute angular momentum
tendency and the sum of both anomalous torques
and the anomalous absolute angular momentum
flux convergence are compared. The similarity in
the sets of curves in Fig. 4 shows that the budget
for all three modes is indeed well balanced,
especially at latitudes where the EOF has a large
amplitude.

The separate terms that comprise the angular
momentum budget are shown in Fig. 5. For the
Tropical mode (see Fig. Sa), there is a complex
three way balance between the anomalous absolute
angular momentum flux convergence and the
anomalous friction and mountain torques. In
midlatitudes, where the amplitude of the mode is
relatively small, the sum of the two anomalous
torques tends to have opposite sign from the
anomalous absolute angular momentum flux con-
vergence. On the other hand, in the tropics, where
the mode has its largest amplitude, the anomalous
absolute angular momentum flux convergence and
anomalous friction torque reinforce one another.
The anomalous absolute angular momentum flux
convergence dominates within a band of about
ten degrees latitude on either side of the equator
whereas the anomalous friction torque dominates
in the subtropics. This structure for the anomalous
friction torques is consistent with that of the
idealized Gill model (see Gill, 1980), where the
zonally-averaged low level easterlies are strongest
on either side of the equator, and not along the
equator. Furthermore, by examining the terms
that comprise the anomalous absolute angular
momentum flux convergence, ie., the eddy,
meridional, and omega angular momentum flux
convergences (for a definition of these terms,
see Holton, 1992, pp. 333-335), it is found that
the eddy angular momentum flux convergence
dominates the other two terms.

A simple picture involving wave activity
propagation may explain some of the properties of
the absolute angular momentum budget for the
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tropical mode. Consider the effect of a source of
isolated heating due to convection within the
tropics. According to the Gill model, the response
to this heating includes a zonally symmetric com-
ponent in the subtropics which is westerly at upper
levels and easterly at lower levels. The low level
easterlies are then damped by surface friction
which results in a positive friction torque and a net
gain of absolute angular momentum. At the same

time, the convection also generates a localized
region of wave activity in the tropics. As this wave
activity propagates toward midlatitudes, the
tropical absolute angular momentum must further
increase (see Held and Phillipps (1987) for a dis-
cussion on wave activity and its affect on the back-
ground zonally-averaged flow). Some time later,
the wave activity converges in midlatitudes which
in turn causes the midlatitude absolute angular
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momentum to decrease. However, the location of
the wave activity is such that the accompanying
surface pressure and surface wind anomalies
generate mountain and friction torques which
approximately balance the anomalous absolute
angular momentum flux divergence in midlatitudes.

The Tropical mode is examined more closely
with a series of composites of the two-dimensional,
monthly averaged, anomalous mountain and fric-
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tion torques, and precipitation. This composite
procedure is identical to that which was followed
for calculating the terms in the absolute angular
momentum budget for all three EOFs as shown
in Figs. 4,5. As a result, the same months are
selected for the present composites as were used in
examining those budgets. For these composites,
the annual cycle has been removed at each grid
point. The composite anomalous mountain and
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friction torques for the Tropical mode are shown
in Figs. 6a, b. These anomalous torques are dis-
played locally as

ps Oh
acost?c?/lcos‘9

and 7,co0s% 0,

respectively. The anomalous mountain torque
shows large contributions from the Himalayas and
Rockies in the Northern Hemisphere, and from
the Andes and East African highlands in the
Southern Hemisphere. The largest anomalous fric-
tion torques come from southeast Asia, the central
subtropical Pacific Ocean, and Mexico in the
Northern Hemisphere, and from southeast Africa,
the subtropical western Pacific Ocean, and central
South America in the Southern Hemisphere. The
location of the positive anomalous precipitation
associated with the Tropical Mode (see Fig. 6¢) is
largest in the Indian and western Pacific Ocean
and is confined to the vicinity of the equator. This
location is consistent with the picture presented
earlier in this section where a possible relation-
ship between a tropical heating anomaly and the
various terms in the absolute angular momentum
budget was suggested.

The extratropical modes exhibit a very different
balance than that for the Tropical mode (see Figs.
5b, ¢). For both extratropical modes, it is basically
the absolute angular momentum flux convergence
alone that drives the fluctuation of these modes as
the friction and mountain torques are substantially
smaller. Furthermore, as previously stated for the
Tropical mode, it was found that the absolute
angular momentum flux convergence is dominated
by the eddies.

The sensitivity of each of the above composite
calculations to the particular threshold value
was also examined. This was accomplished by
re-calculating the composites with 0.5, 1.5, and
2.0 standard deviation thresholds and comparing
the results to that for the one standard devia-
tion threshold which was used throughout this
section. It was found that as the threshold value
was lowered, all the terms shown in Figs. 4-6
decreased in amplitude, as expected, but the pat-
tern remained essentially the same. This indicates
that the above characteristics of the angular
momentum budget for all three EOFs is not
sensitive to the threshold value chosen.
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6. Discussion

6.1. Tropical mode

One dominant feature that appears in observa-
tions of the tropics is the MJO. There have been
many observational studies of the MJO. These
include those by Lau and Chan (1985), Weick-
mann et al. (1985), Lau and Phillips (1986), and
Knutson and Weickmann (1987). The MJO was
also found in a GFDL GCM by Lau and Lau
(1986) and in an aqua-planet GCM by Hayashi
and Sumi (1986). A relationship between the MJO
and changes in the relative angular momentum
has been investigated by Madden (1987, 1988).
He suggested that the tropical friction torque
associated with the strengthening of the easterlies
to the east of convection, as the convection moves
from the tropical Indian to Pacific Ocean, could
account for the 30-60 day oscillation in absolute
angular momentum. Results consistent with
Madden’s theory were found by Kang and Lau
(1990) for the Northern Hemisphere summer.
Weickmann et al. (1993) examined the variation of
relative angular momentum associated with the
MJO and found similar results with both Madden
(1987, 1988) and Kang and Lau (1990) for the
Northern Hemisphere summer, but during the
Northern Hemisphere winter, they found that
the mountain torques are also important for the
angular momentum balance.

Because the above observational studies suggest
that there may be a relationship between the
GAAM and the MJO in the atmosphere, we
address the question whether there is a rela-
tionship between the MJO in the model and the
Tropical mode. The MJO is first defined by per-
forming an EOF analysis on the ¢ =0.830 level
velocity potential. The velocity potential is chosen
to define the MJO as in Lorenc (1984), Lau and
Lau (1986), Knutson and Weickmann (1987), and
von Storch and Xu (1990). For this calculation,
the annual cycle is removed and the velocity poten-
tial is restricted to a latitude band between 30°S
and 30°N. The first two EOFs for the o =0.830
velocity potential are shown in Fig. 7. These EOFs
are calculated from a pentad anomaly time series
at each grid point. As is found in both Lau and Lau
(1986), and Knutson and Weickmann (1987), the
first two EOFs are in quadrature. Similar patterns
to these two EOFs were found by von Storch
and Xu (1990) for the first two POP (Principal
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Oscillation Pattern) associated correlation pat-
terns. Furthermore, as also found by Lau and Lau
(1986) for an R15 GFDL GCM, the power spectra
(not shown) for the principal components of the
EOFs show a broad statistically significant spec-
tral peak from 25 to 40 days. These spectral peaks
in the model’s MJO overlap with the 20-120 day
spectral peaks in the principal component of the
Tropical mode.

In order to examine the above conjecture that
the model’'s MJO is related to the Tropical mode,
the principal components of the first two velocity
potential EOFs are first used to generate a set of
composites of the absolute angular momentum
tendency. In a manner similar to that in the pre-
vious section, the composites are derived from
pentads during which the principal component is
one standard deviation either above or below
their mean. Since the composite absolute angular
momentum tendency is found to keep its meri-
dional structure but undergo a sign change for
either phase of both EOFs, the composites are
displayed as the difference between the absolute
angular momentum tendency during the positive
and negative phases of the first two velocity poten-
tial EOFs (see Fig. 8). From these composites, it
can be seen that these angular momentum tenden-
cies are confined to the tropics and their structure
and amplitude resemble that of the Tropical mode.

6.2. Extratropical modes

As was illustrated in the previous section, the two
extratropical modes indicate a dipole meridional
structure in the absolute angular momentum field.
This dipole structure corresponds to a north/south
latitudinal displacement of the jet. Similar
dipole structures in the zonally-averaged zonal
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Fig. 8. Composites of anomalous absolute angular
momentum tendency for o=0.83 velocity potential
EOF1 (solid line) and EOF?2 (dashed line).
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wind of the Southern Hemisphere have been seen
by Trenberth (1979) and Kidson (1986, 1988).
In the Northern Hemisphere, Wallace and Hsu
(1985) find similar dipole patterns in the 500 mb
height field. These patterns were composites
based on the zonal index that was introduced
by Rossby (1939), defined as the difference in
surface pressure between 35°N and 55°N. During
the high (low) phase of the zonal index, the
Northern Hemisphere jet is displaced northward
(southward).

We suggest that the NH mode is a zonal average
of the first two EOFs in Ting and Lau (1993) (see
Fig. 2 of their paper); using the same 100-year
GCM dataset, they examined the low-frequency
anomalies of 515 mb geopotential height during
the Northern Hemispheric winter (defined as from
November to March). The authors relate the first
two EOFs to patterns such as the North Atlantic
and North Pacific Oscillations as described by
Walker and Bliss (1932), Van Loon and Rogers
(1978), and Wallace and Gutzler (1981), which
exhibit north-south dipoles in both oceans. The
extreme values of their anomalous zonal winds
occur at 30°N and 50°N for both EOFs which
are at the same latitudes where the anomalous
absolute angular momentum associated with the
NH mode also attains its extreme values.

In order to test the above relationship, com-
posites of anomalous absolute angular momentum
are generated that are based on the principal
components of the first two EOFs found by Ting
and Lau (1993). The months chosen for these
composites are those that satisfy a one standard
deviation threshold. It was found (not shown) that
the absolute angular momentum composites for
both EOFs strongly resemble the NH mode of the
present study. In order to further test this relation-
ship, composites of anomalous 515 mb geopoten-
tial height and wind velocity based on the principal
component of the NH mode were generated (not
shown). These composites showed the combined
patterns of the first two EOFs of Ting and Lau
(1993). Furthermore, Ting and Lau (1993) also
find that their first two EOFs are maintained by
the anomalous vorticity fluxes, consistent with the
NH mode being balanced by the anomalous eddy
absolute angular momentum flux convergence.
Similar results have been found in the observa-
tional study of Wallace and Hsu (1985) who found
that composites of 500 mb height based on a zonal
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index also yield patterns that resemble the North
Atlantic and North Pacific Oscillations.
Composites of anomalous 515 mb geopotential
height and wind velocity based on the principal
component of the SH mode were also made (not
shown). These composites revealed patterns with
a fairly large degree of zonal symmetry with
extreme winds of opposite sign occurring at the
same latitude as the extrema in absolute angular
momentum for the SH mode. Similar anomalous
geopotential height and wind fields that exhibited
a large zonally-symmetric component were found
by Rogers and Van Loon (1982) and Kidson
(1986) in studies of low-frequency zonal flow
variability in the Southern Hemisphere.

7. Conclusions

The data from a 100-year run of a GFDL GCM
with a climatological SST seasonal cycle was
used to examine the internal production of the
interannual variation of atmospheric absolute
angular momentum. The latitudinal structure of
these absolute angular momentum variations was
determined with an EOF analysis and was seen to
consist of three separate modes; a Tropical mode
that represents an acceleration and deceleration
of the tropical easterlies, and a dipole mode in
either hemisphere which indicates latitudinal dis-
placements of the midlatitude jets. Furthermore, a
series of linear correlations showed that the vast
majority of the variability in the GAAM could be
explained by the Tropical mode.

These three modes were found in EOF analyses
that were based on annual, monthly, and pentad
anomaly time series. By comparing the variance of
the principal component time series of each EOF
on interannual time scales to that for the annual
averages of a times series modeled by a first-
order Markov process, we demonstrated that the
interannual variability of these modes results from
sampling fluctuations, i.e., climate noise.

The angular momentum budgets of all three
modes were examined. The Tropical mode was
found to be accelerated by both the friction torque
and absolute angular momentum flux convergence
within the tropics. This mode extends its influence
into midlatitudes where there is a cancellation
between the sum of the two torques and the
absolute angular momentum flux convergence in
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either hemisphere. For the midlatitude modes, a
much simpler balance was found where the
changes in the absolute angular momentum are
due primarily to the convergence of the absolute
angular momentum flux.

The first two EOFs of the o=10.830 velocity
potential were used to define the GCM’s MJO.
Composites of absolute angular momentum
tendency that were based on the principal com-
ponents of these EOFs showed a close resemblance
to the Tropical mode both in structure and
amplitude.

Composites of anomalous geopotential height
and wind velocity based on the principal com-
ponents of the SH and NH modes showed strong
similarities with the observed zonal index in
both hemispheres. Furthermore, these composites
revealed similar dipole patterns in either hemi-
sphere, except the composites are largely zonally
symmetric in the Southern Hemisphere and
restricted to the two oceanic regions in the
Northern Hemisphere. This suggests that the
same physical processes may be taking place in
either hemisphere and that the large amplitude
stationary waves in the Northern Hemisphere are
concentrating the dipoles into the two oceanic
regions. These results also suggest that an under-
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standing of the mechanisms that drive the North
Atlantic and North Pacific Oscillations might be
found with simpler quasi-geostrophic or primitive
equation models with a zonally uniform lower
boundary. In such models, the onset, persistence,
and decay of the midlatitude dipole modes can be
studied systematically as model parameters such
as the supercriticality of the zonal wind are varied.
Such studies are being planned for in future
research.
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