VOL. 52, NO. 6

JOURNAL OF THE ATMOSPHERIC SCIENCES

The Intraseasonal Evolution of Angular Momentum in Aquaplanet and Realistic GCMs

STEVEN B. FELDSTEIN AND SUKYOUNG LEE
Cooperative Institute for Research in the Environmental Sciences, University of Colorado, Boulder, Colorado

(Manuscript received 3 January 1994, in final form 15 June 1994)

ABSTRACT

This paper describes the evolution of global angular momentum (GAM) on intraseasonal timescales in data
from two general circulation model (GCM) runs: an aquaplanet GCM and a fully ‘‘realistic’” GCM that includes
continents, topography, and observed climatological sea surface temperatures.

For both GCMs, the angular momentum budget is quite well balanced. Composites of various quantities are
calculated at different lags relative to the maximum GAM and GAM tendency. In both GCMs, this composite
analysis shows that the GAM tendency is largest as a precipitation anomaly propagates eastward along the
equator. Associated with this precipitation anomaly is a tropical circulation that shows some of the characteristics
of the Gill model, particularly in the aquaplanet GCM, and a Rossby wave train that propagates from the Tropics
into midlatitudes. It is the anomalous midlatitude surface wind field associated with this Rossby wave train that
is primarily responsible for the anomalous friction torques in both models. In the realistic GCM, this Rossby
wave train has the appropriate structure to induce a large mountain torque, particularly at the Rocky Mountains.
Also, it is found that the friction and mountain torques contribute about equally to the intraseasonal evolution
of GAM, with the anomalous friction torque leading the anomalous mountain torque by three days.

After the precipitation anomaly weakens, the Rossby wave train completely propagates out of the Tropics and
leaves behind a pattern resembling that of a Kelvin wave. Consistent with this wave propagation, in both GCMs,
eddies transport the angular momentum gained at the surface in midlatitudes toward the equator. Lastly, the

15 MARCH 1995

effects of zonal inhomogeneities on the wave dynamics associated with GAM evolution are discussed.

1. Introduction

The temporal variability of the axial component of
atmospheric angular momentum has recently received
much attention. Of particular interest have been fluc-
tuations on intraseasonal timescales (e.g., Anderson
and Rosen 1983; Benedict and Haney 1988; Lau et al.
1989; Kang and Lau 1990; Dickey et al. 1992; Weick-
mann et al. 1992; Magana 1993; Robinson 1993).
These studies show that oscillations in the globally in-
tegrated angular momentum (GAM) are associated
with changes in the zonally averaged tropical zonal
winds. Furthermore, Lau et al. (1989), Kang and Lau
(1990), Weickmann et al. (1992), and Magana (1993)
all show a strong link between these GAM fluctuations
and convection in the western tropical Pacific, as mea-
sured by outgoing longwave radiation (OLR). They
also find that the convection propagates from the Indian
Ocean eastward toward the central tropical Pacific
Ocean as GAM increases.

Madden (1987) proposed a mechanism that relates
tropical convection to GAM on intraseasonal time-
scales. He showed that the oceanic surface stress, and

Corresponding author address: Dr. Steven B. Feldstein, Earth Sys-
tem Science Center, The Pennsylvania State University, 248 Deike
Bldg., University Park, PA 16802.

hence friction torque, increases as the convection
moves eastward from the Indian and west Pacific
Ocean into the central Pacific Ocean, where the cli-
matological surface easterlies reach their largest value.
As the zonal surface stress is often parameterized as the
product of the zonal wind and the magnitude of the
wind, the surface stress reaches its largest value in this
region. Such behavior is also consistent with the find-
ings in the observational study of Gutzler and Ponte
(1990). Similar results were found by Kang and Lau
(1990) and Weickmann et al. (1992) for the 30—-60
day oscillation in GAM for the Northern Hemisphere
summer. However, these studies contrast the findings
of Ponte and Rosen (1993), whose results suggest that
mountain and/or friction torques over land are the
dominant mechanisms responsible for the intraseasonal
evolution of GAM, and that the friction torques over
the ocean play only a minor role.

Lau et al. (1989) also find teleconnection patterns
associated with 30—60 day fluctuations in angular mo-
mentum. By correlating the 30—60 day global angular
momentum with the 250-mb zonal wind, they see both
the Pacific/North American (PNA) pattern (Horel and
Wallace 1981) and a dipole pattern linking China with
the Maritime Continent. Similar teleconnections were
also found in the observational studies of the Madden—
Julian oscillation (MJO) (see Madden and Julian 1971,
1972) by Lau and Phillips (1986), Knutson and
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Weickmann (1987), and Hsu et al. (1990). Lau et al.
(1989) also suggest that there is a poleward angular
momentum transport by these teleconnections. Such a
poleward angular momentum transport has been ob-
served by Anderson and Rosen (1983), Gutzler and
Madden (1993), and Magana (1993).

In addition to the relationship between GAM and the
tropical zonally averaged zonal winds, as discussed
above, Dickey et al. (1991) also find a relationship be-
tween the midlatitude zonally averaged zonal winds in
the Northern Hemisphere and the GAM on intrasea-
sona] timescales. Using different versions of the UCLA
General Circulation Model, which does not include the
MIJO, they show that this extratropical zonal wind os-
cillation may be associated with the instability of the
zonally asymmetric flow as it interacts with the topog-
raphy. This process has been examined analytically by
Jin and Ghil (1990). Thus, Dickey et al. (1991) sug-
gest that mountain torques may also play a role in in-
traseasonal GAM fluctuations in the atmosphere. Intra-
seasonal angular momentum oscillations in midlati-
tudes were also observed by Magana (1993) and
Gutzler and Madden (1993). However, both studies
find that the extratropical angular momentum oscilla-
tions contribute only a small amount to the intrasea-
sonal variance of the GAM.

The above studies have greatly improved our under-
standing of the mechanisms that drive intraseasonal
GAM oscillations. However, there still remain many
unanswered questions relating the structure of both the
circulation and the torques to the anomalous tropical
heating during the evolution of GAM. Examples of
these questions are 1) Why is the variation in observed
GAM primarily associated with variability in the trop-
ical zonally averaged zonal winds? 2) What role do the
eddy, meridional, and omega (to be defined in section
2) angular momentum fluxes play in redistributing an-
gular momentum as the GAM changes? 3) What are
the basic dynamical mechanisms that link the tropical
heating to the wind and surface pressure fields, which
in turn are responsible for the amplitude and location
of the friction and mountain torques, and the angular
momentum flux convergence? 4) What are the relative
contributions of the friction and mountain torques to
the GAM tendency, do the extrema in the two torques
occur at the same time, and if they occur at different
times, why is that the case? 5) How do zonal asym-
metries in the climatological wind field affect the am-
plitude and timing of the two torques? 6) What is the
structure of the tropical moisture field as GAM
evolves?

The purpose of this study is to address these and
other questions by analyzing the angular momentum,
torques, heating, and circulation fields in two Geo-
physical Fluid Dynamics Laboratory (GFDL) GCMs.
One of these GCMs is an aquaplanet model with a zo-
nally symmetric sea surface temperature (SST) field.
The advantage of using an aquaplanet GCM is that it
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allows one to examine GAM evolution in a model that
does not include zonal asymmetries such as contrasting
land and ocean friction torques or mountain torques,
yet retains all the complex physical processes of a full
GCM. With such a model, one can more easily examine
the fundamental processes associated with GAM evo-
lution and be better able to address some of the ques-
tions listed above. We then contrast the aquaplanet
GCM results by examining the GAM evolution during
the Northern Hemisphere winter (defined as the months
of November through March) in a realistic GFDL
GCM. This model includes zonal asymmetries in to-
pography, SST, and land/sea contrast. By comparing
the GAM evolution in the aquaplanet and realistic
GCMs, it will be easier to examine the effect of the
zonal asymmetries on the GAM. This will enable us to
postulate dynamical mechanisms that may account for
the structure of the circulation and torques associated
with the evolution of GAM. However, to validate or
refute the role of these mechanisms, further studies
with more idealized models will be necessary.

An additional benefit of the GCMs is that the friction
and mountain torques can be measured quite accurately
because the surface stress and surface pressure, which
are required for calculating the two torques, are cal-
culated by the model. On the other hand, it is very
difficult to accurately measure the friction and moun-
tain torques in the atmosphere, and hence to balance
the atmospheric angular momentum budget. However,
the GCMs are only useful if they do a reasonably good
job at simulatinig the angular momentum fluctuations
seen in the atmosphere. It is important to mention that
it is possible for a model to be accurately simulating
the observed GAM fluctuations for the wrong reason.
As we will see, however, since most of the observed
features associated with GAM evolution are well sim-
ulated by the GCMs (i.e., the GAM fluctuations are
closely linked with the tropical zonal winds, are tied to
eastward propagating tropical convection, and tropical/
extratropical teleconnection patterns are present) we
can be fairly confident that these GCMs are simulating
the observed GAM for the correct reasons.

Both the aquaplanet and the realistic GCMs are de-
scribed in section 2. The results for the aquaplanet
GCM are presented in section 3 and those for the re-
alistic GCM in section 4. A discussion is in section 5,
and the concluding remarks are given in section 6.

2. Data analysis and procedure

The data from two different GFDL GCM experi-
ments are examined. The first is a rhomboidal-30 hor-
izontal resolution, 9 vertical sigma level, aquaplanet
GCM. This model was run for 2025 days. The lower
boundary of the model is a flat ocean surface with the
SST specified as a function of latitude only. These
SSTs are symmetric about the equator, and a fixed an-
nual mean insolation is used; there is no seasonal cycle.
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The model uses a full radiation package with predicted
clouds and a moist convective adjustment. This GCM
was used by Lee and Held (1993) to examine baro-
clinic wave packets. Similar aquaplanet GFDL GCMs,
but at rhomboidal-15 horizontal resolution, were used
by Neelin et al. (1987) and Lau et al. (1988). For the
second GCM experiment, the model has a rhomboidal-
15 horizontal resolution, 9 vertical sigma levels, spec-
ified climatological SSTs, and realistic continents and
topography [see Gordon and Stern (1982) for a de-
scription of this model]. Twenty years of winter data
from this numerical experiment are examined. For all
calculations with this model, the annual cycle for each
quantity is removed by setting the first three harmonics
of the annual cycle equal to zero. As with the aqua-
planet GCM, this model uses a full radiation package,
predicted clouds, and a moist convective adjustment
parameterization.

The equation for the conservation of absolute an-
gular momentum in a band of unit meridional width is
(see Holton 1992)
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This equation relates the absolute angular momentum
tendency to the absolute angular momentum flux con-
vergence and the friction and mountain torques. The
absolute angular momentum is u = (2 acosf + u)
acosd; p, is the surface pressure; u and v are the zonal
and meridional winds, respectively, g is the gravita-
tional acceleration; a is the earth’s radius; s is the
height of the topography; and 7, is the surface wind
stress in the zonal direction. The sign convention cho-
sen for 7, is such that a positive 7, implies a westerly
acceleration of the atmosphere. The zonal and meridi-
onal length coordinates are \ and 6, respectively, and
the vertical coordinate is ¢ = p/p,, where p is pressure.
A global integral of (2.1) yields the simpler relation-
ship that the GAM tendency equals the sum of the glob-
ally integrated friction and mountain torques. The ab-
solute angular momentum flux can be further separated
into three components as

[pauv] = (2 acosf[pov] + [u][py]
+ [u'(pp)’']) acosd, (2.2)

where brackets denote a zonal integration. The first
term is known as the omega momentum flux and is
proportional to the meridional mass flux. The second
term will be referred to as the meridional angular mo-
mentum flux, and the third term as the eddy angular
momentum flux.
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In this study, we will be examining composites of
quantities such as mountain and friction torque, abso-
lute angular momentum flux convergence, upper- and
lower-level wind vectors, velocity potential, precipita-
tion, and evaporation. These composites are based on
large values of both GAM and GAM tendency. We
express GAM in terms of absolute angular momentum,
rather than relative angular momentum, as has been the
case for most observational studies. The use of absolute
angular momentum is preferable since it is this quantity
that is conserved. In a series of composite tests, negli-
gible differences were found when either absolute or
relative angular momentum were used. This is consis-
tent with observations that find that the contribution
from surface pressure changes to the intraseasonal var-
iance in GAM is an order of magnitude smaller than
the contributions from the zonal wind changes (see Ro-
sen 1993).

The zonal and meridional winds, surface pressure,
and zonal surface stress are quantities that are required
to evaluate the angular momentum budget. Ideally, to
attain the most accurate budget possible, these quanti-
ties should be averaged over every time step. For both
the aquaplanet and realistic GCM runs, the wind field
at all nine model levels and the surface pressure field
are saved at the end of each day; that is, they are in-
stantaneous values. This must lead to some sampling
error in the mountain torque and angular momentum
flux convergence in both GCMs. For the aquaplanet
GCM, the surface stress is saved as a three-day (triad)
average over every time step, and thus no sampling
error is present in the friction torque for this model.
However, for the realistic GCM, the surface stresses
are saved as monthly averages. To compare the aqua-
planet and realistic GCM results, triad averages for the
zonal surface stress in the realistic GCM are expressed
using the GCM’s bulk parameterization scheme where
the zonal surface stress is expressed as Ty
= — pCpliges| Voos|, Where the drag coefficient Cp, has
a value 1.0 X 1072 over water and 3.0 X 107* over
land, uy g is the zonal wind component at ¢ = 0.99,
and |Vyg| is the magnitude of the wind also at o
= 0.99. Again, sampling errors arise in the friction
torque, because values of uggs and | Vyee| can be ob-
tained at only one time step each day. Lastly, it should
also be noted that the GCM’s equations do not precisely
conserve angular momentum. Nevertheless, as we will
see, the angular momentum budget is well balanced at
most latitudes.

Because the surfaces stresses in the aquaplanet GCM
are saved as triad averages, all other quantities such as
GAM, wind, geopotential height, etc., will also be an-
alyzed as triad averages. In both GCMs, a broad, 10—
70 day, bandpass Fourier filter is applied to the time
series of all quantities. This filter isolates fluctuations
on intraseasonal timescales and slightly smooths the
solutions, but the general results remain the same
whether or not this filter is applied.
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3. Aquaplanet GCM results

The power spectrum of the unfiltered 2025-day time
series of GAM for the aquaplanet GCM is shown in
Fig. 1. One can see several statistically significant
peaks between 20 and 120 days as measured against a
red noise spectrum based on a lag-one triad autocor-
relation. The reader is reminded that a large signal cor-
responding to the annual cycle is not present in this
power spectrum because the model was run with a fixed
annual-mean insolation. To determine which latitudes
are responsible for the GAM variability, the lag/lead
linear correlation is determined between the GAM time
series and the angular momentum in equally spaced
latitudinal bands (see Fig. 2a) (a similar spatial pattern
emerges by compositing angular momentum at each
latitude band during times of large anomalous GAM).
Within each latitudinal band, the angular momentum is
both vertically and zonally integrated. As expected, a
relatively high degree of cross-equatorial symmetry is
present. If this GCM were run for a longer period of
time, we assume that the cross-equatorial symmetry
would further improve. It can be seen that the tropical
angular momentum fluctuations are the primary con-
tributor to the variability of the GAM, which is consis-
tent with the results found by many researchers, as in-
dicated in the introduction. One can also see that there
are relatively weak midlatitude angular momentum
anomalies that are of opposite sign to those in the
Tropics. ’
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F1G. 1. Power spectrum of the GAM time series (thick solid line).
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95% significance level (note that the area under the curve is not pro-
portional to the variance).
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FiG. 2. (a) Lag correlation between the GAM time series with the
angular momentum in each latitudinal band. The linear correlation of
the zonally averaged zonal wind with (b) GAM and (c) GAM tendency.
The contour interval for all panels is 0.1 and the zero contour is omitted.
Solid contours are positive and dashed contours negative.

The linear correlation between the zonally averaged
zonal wind at all latitudes and sigma levels with the
GAM is shown in Fig. 2b. Consistent with Fig. 2a, we
see positive (negative) linear correlations in the Trop-
ics (midlatitudes). On the other hand, the main features
of the linear correlations of the zonally averaged zonal
wind with the GAM tendency (the GAM tendency for
each triad was calculated from the difference in GAM
at the end and the beginning of that triad) (see Fig. 2c)
show the largest positive (negative) linear correlations
in the tropical upper (lower) troposphere. This set of
linear correlations is consistent with the simple picture
of anomalous surface easterlies and hence a larger fric-
tion torque when GAM is increasing, followed by a
vertical transfer of the angular momentum gained at the
surface to the upper troposphere.

A series of composite calculations is performed to
investigate the relationship between the GAM tendency
and several other quantities. These composites are de-
rived from those triads for which the magnitude of the
GAM tendency exceeds 1.0 standard deviation' from

! The sensitivity of the composites to the threshold value was ex-
amined by comparing a number of composites based on 1.5, 1.0, and
0.5 standard deviation thresholds. It was found that the changes to
the structure of the composite patterns were rather small, and the
amplitude of the composite patterns were reduced as this threshold
value was lowered.
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its time mean. We will refer to those triads for which
the GAM tendency is positive (negative) and satisfies
this threshold criterion as the positive (negative) GAM
tendency phase. In this study, composites of the above
quantities will be displayed as one-half the difference
between separate composites for the positive and neg-
ative phases of the GAM tendency. These °‘differ-
ence’’ composites are shown, rather than separate com-
posites for either phase, because composites of opposite
phase happen to exhibit very similar structures except
for a change in sign. Throughout this paper, we will
discuss the composite results as if they correspond to
the positive GAM tendency phase. However, because
these are ‘‘difference’” composites, the same descrip-
tion but of opposite sign can be applied to the negative
GAM tendency phase.

Some of these composites will illustrate anomalies
as a function of latitude and longitude on a particular
isobaric or sigma surface. Because of the zonal sym-
metry of this model’s time-mean flow, these anomalies
are equally likely to occur at any longitude. Therefore,
in order to see coherent structures, the anomalies must
be longitudinally phase shifted to a common longitude.
This common longitude is chosen so that a composite
of the anomalous 205-mb velocity potential field at
zero time lag will have its minimum value at 180 de-
grees longitude. Because minima of anomalous 205-
mb velocity potential indicate the location of the in-
verse Laplacian of the maximum divergent outflow in
the model’s upper troposphere, this longitudinal phase
shifting places this divergent outflow at 180 degrees
longitude at a time when the GAM tendency is at its
extreme value.

A composite time series of the GAM and the globally
integrated anomalous friction torque is illustrated for
the aquaplanet GCM in Fig. 3a. These composite quan-
tities are shown at lags varying from 9 triads before the
maximum GAM tendency to 9 triads after the maxi-
mum GAM tendency. Although not shown, for all lags
between —9 to +9 triads, there is less than a 5% dif-
ference between the GAM tendency and the globally
integrated anomalous friction torque, and as indicated
in section 2, it is these quantities that must balance each
other. From Fig. 3a, it can be seen that the GAM in-
creases from a minimum value 2 triads before the max-
imum GAM tendency to its maximum value 2 triads
after the maximum GAM tendency.

The latitudinal structure of the composite anomalous
angular momentum tendency and the sum of the com-
posite anomalous friction torque, eddy, meridional, and
omega angular momentum flux convergences is shown
at zero lag in Fig. 3b. As indicated in (2.1), these quan-
tities must balance each other at every latitude. As can
be seen, there is a reasonably good balance at most
latitudes, especially when one notes that sampling er-
rors are present and that the model’s equations do not
precisely conserve angular momentum.
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The angular momentum budget is further decom-
posed into the composite anomalous friction torque and
the composite anomalous eddy and meridional angular
momentum flux convergences, shown at zero lag in
Fig. 3c. These quantities retain similar spatial patterns
at both positive and negative lags, with the anomalous
friction torque (both anomalous angular momentum
flux convergence terms) attaining largest amplitude at
zero lag (lag —1 triads). The anomalous omega mo-
mentum flux convergence is not shown as it is an order
of magnitude smaller than the other flux convergences.
As can be seen in Fig. 3c, the increase in tropical an-
gular momentum associated with a positive GAM ten-
dency is primarily due to a positive anomalous eddy
angular momentum flux convergence. There is an ad-
ditional contribution from the positive anomalous fric-
tion torque, which is opposed by the negative anoma-
lous meridional angular momentum flux convergence.
In midlatitudes, the decrease in angular momentum is
also mainly due to the anomalous eddy angular mo-
mentum flux convergence, which is opposed both by
the anomalous friction torque and the anomalous me-
ridional angular momentum flux convergence. The
anomalous eddy and meridional angular momentum
fluxes (not shown), from which the flux convergences
were derived, are directed toward and away from the
equator, respectively. Because both of the model’s cli-
matological angular momentum fluxes are poleward in
the Tropics of either hemisphere, an increase in the
GAM coincides with a strengthening (weakening) of
the poleward meridional (eddy) angular momentum
flux. In addition, although not calculated, this increase
in the poleward meridional angular momentum flux
would be expected to correspond to a stronger Hadley
circulation.

Composites illustrating the temporal evolution of the
anomalous 205-mb velocity potential field are shown
in Fig. 4. It can be seen that as the GAM tendency
passes through its maximum value the velocity poten-
tial anomaly moves eastward. Furthermore, the velocity
potential anomaly has a wavenumber 1 structure and
strengthens prior to the maximum GAM tendency, at-
tains its largest magnitude at zero lag, and then decays.
The mean eastward propagation period (the time it
takes for the anomaly to travel completely around the
globe) of the velocity potential anomaly is estimated
as 25 days by calculating the longitudinal displacement
of the local velocity potential minimum between *3
triad lags. This period is close to the 24-day eastward
propagation period noted by Lau et al. (1988) for the
MIJO in a rhomboidal-15 aquaplanet GFDL GCM. Be-
cause Lau et al. (1988) also found that velocity poten-
tial composites associated with the MJO have a zonal
wavenumber 1 structure, the results of the present study
suggest a relationship between the strength of the MJO
and the GAM tendency. Such a result is consistent with
the findings of Gutzler and Ponte (1990) who note a
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Fic. 3. (a) Lag composites of the anomalous GAM/10° (dashed curve) and the anomalous
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anomalous friction torque, eddy, meridional, and omega angular momentum flux convergences
(dashed curve); and (c) composite of the eddy angular momentum flux convergence (solid curve),
meridional angular momentum flux convergence (long dashed curve), and friction torque (short
dashed curve). The composites in (b) and (c) are at the time of the maximum GAM tendency.

significant coherence in the atmosphere between GAM
and low-level winds associated with the MJO.

The composite anomalous precipitation field, which
was smoothed by truncation to zonal wavenumber 4
and meridional wavenumber 9, is shown in Fig. 5. Un-
like other composites in this study, where the compos-
ites corresponding to the positive and negative GAM
tendency phases show patterns with similar structure
and amplitude, those for the anomalous precipitation

retain similar patterns for either phase, but the ampli-
tude of the positive phase composite exceeds that of
the negative phase by about 30%. By comparing Figs.
4 and 5, we can see that the positive precipitation anom-
aly moves eastward together with the negative velocity
potential anomaly, and both anomalies grow and decay
at the same time. Furthermore, since all condensed wa-
ter vapor in the model falls to the ground as precipi-
tation, the anomalous latent heat release is proportional
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to the anomalous precipitation. This indicates that the
spatial pattern for the anomalous latent heating field is
the same as that for the anomalous precipitation field
in Fig. 5. These results show that in the aquaplanet
GCM there is a strong relationship between the GAM

FELDSTEIN AND LEE

631

tendency and tropical precipitation/latent heating to-
gether with its upper-level divergent outflow.

The temporal evolution of the anomalous composite
205-mb geopotential height and wind field is shown in
Fig. 6. At lag —2 triads (see Fig. 6a), a positive (neg-
ative) geopotential height anomaly coincides with
anomalous westerly (easterly) winds in the Tropics. At
this lag, wave trains in both hemispheres can be seen.
In the Northern Hemisphere, the individual eddies be-
tween 120° and 240° tend to show a northwest—south-
east tilt, whereas those eddies between 240° and 60°
tend to exhibit a northeast—southwest tilt. The opposite
tilts are seen in the Southern Hemisphere. These hori-
zontal tilts indicate simultaneous poleward (equator-
ward) wave propagation between 120° and 240° (240°
and 60°) in both hemispheres. The direction of wave
activity propagation is denoted by arrows in Fig. 6a.
Although it is difficult to see in Fig. 6a, the poleward
wave propagation must be stronger than the equator-
ward wave propagation because the eddy angular mo-
mentum flux is directed toward the equator. This pat-
tern continues to intensify and propagate eastward
through lags O and +2 triads (Figs. 6b and 6¢c). The
wave activity propagation mentioned above is clearly
seen at lag +2 triads, but not at lag 0. For this reason,
we do not illustrate arrows in Fig. 6b, but because these
wave trains are present at lag —2 and lag +2 triads, we
are tempted to believe that the poleward wave train is
still present at zero lag. At these lags, the coincidence
of the tropical westerly zonal wind and positive geo-
potential height anomalies is consistent in structure
with that of a Kelvin wave, and the anomalous winds
circling the two subtropical positive geopotential height
anomalies (centered at about 210° longitude in both
hemispheres in Fig. 6¢) are typical for that of a Rossby
wave. This pattern shares many features with those
found in the idealized shallow-water model study of
Gill (1980), who showed with a mass source located
in a background wind field at rest that there will be a
Kelvin wave to east of the mass source and a Rossby
wave pair to the west of the mass source. In further
agreement with Gill’s model, the longitudinal extent of
the Kelvin wave is about three times greater than that
of the Rossby wave pair, and the anomalous precipi-
tation field (see Fig. 5) is always found at a longitude
between the Kelvin wave and Rossby wave pair. We
believe that this agreement is not coincidental, because
in this GCM, the 205-mb climatological zonal winds
are close to zero in the vicinity of the equator, which
resembles the Gill model where the background winds
are zero everywhere.

The composite of the zonal component of the anom-
alous surface stress at the time of maximum GAM ten-
dency is shown in Fig. 7. In the Tropics, it can be seen
that there is an anomalous eastward (westward) zonal
surface stress to the east (west) of the positive precip-
itation anomaly. Cancellation between these surface
stresses of opposite sign accounts for the small positive
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friction torque seen near the equator in Fig. 3c. At about
40 degrees latitude on either side of the equator, and at
a longitude close to that of the positive precipitation
anomaly, a large eastward surface stress is present. This
surface stress accounts for the friction torque maxima
seen at that latitude in both hemispheres in Fig. 3c.
Also, the location of these large midlatitude surface
stresses indicates a relationship to the Rossby wave
train shown in Fig. 6b. Thus, the picture that emerges
is that the low-level circulation and thus anomalous
surface stress associated with the poleward propagating
Rossby wave train is the primary contributor to the
anomalous global friction torque. As discussed in the
introduction, Madden (1987, 1988) postulated that the
anomalous precipitation induces a low-level circulation
that results in a positive anomalous friction torque in
the Tropics. This mechanism does take place in the
aquaplanet GCM; however, the contribution to the
anomalous global friction torque by this mechanism is
weaker than that associated with the midlatitude
Rossby wave train.

4. Realistic GCM results

As for the aquaplanet GCM, the GAM time series
yields a red noise power spectrum [ see Fig. 3a in Feld-
stein (1994 )] with several statistically significant peaks
above the 95% level at periods between 20 and 120
days. This power spectrum was generated from data
that included every month of the annual cycle. The
above statistically significant peaks include both a 40—
50 day signal, which is found in observational studies
of GAM variability (e.g., Gutzler and Ponte 1990;
Dickey et al. 1991; Magana 1993) that use data from
every month of the year, and signals at other periods
between 20 and 120 days, which are typically not ob-
served in the atmosphere. The lag/lead linear correla-
tion between the GAM and the angular momentum
within equally spaced latitudinal bands during the
Northern Hemisphere winter is shown in Fig. 8. As
with the aquaplanet GCM, the largest linear correla-
tions are in the Tropics. However, unlike that model,
the linear correlations remain positive in midlatitudes.
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Linear correlations between the zonally averaged zonal
wind and both the GAM and GAM tendency were also
calculated (not shown) and found to be very similar to
those for the aquaplanet model (see Figs. 2b and 2c).
The linear correlations of the zonally averaged zonal
wind with the GAM time series revealed maximum
positive linear correlations in the Tropics, whereas the
linear correlations with the GAM tendency showed the
similar dipole structure in the Tropics with positive val-
ues in the upper troposphere and negative values in the
lower troposphere. However, the amplitude of these
linear correlation patterns is about two-thirds that found
in the aquaplanet model. Although an explanation for
this difference is not offered, a likely source is the pres-
ence of topography in the realistic GCM.

We next illustrate the characteristics of several quan-
tities associated with the evolution of GAM through
the use of composite calculations. As in the aquaplanet
calculations, most of the composites will be based on
extreme values of GAM tendency and will be shown
as the difference between separate composites for the
positive and negative phases. For these composites, the
same 1.0 standard deviation threshold is applied. Sev-
eral tests with 1.5 and 0.5 standard deviation thresholds
verified that the amplitude and not the structure of the
composite patterns is sensitive to the chosen threshold
value. In contrast to the aquaplanet model, these com-
posites are not longitudinally phase shifted since this
model has a realistic zonally inhomogeneous lower
boundary.

The composite GAM budget is shown in Fig. 9a
where the anomalous GAM and anomalous globally
integrated mountain and friction torques are shown at
various lags. As with the aquaplanet model, the mini-
mum (maximum) GAM occurs two triads before (af-
ter) the maximum GAM tendency. However, the am-
plitude of anomalous GAM in the realistic model ex-
ceeds that in the aquaplanet model by about a factor of
2. The relative contribution by the two torques can be
determined by simply calculating the area under the
two torque curves from two triads before to two triads
after the maximum GAM tendency. This calculation
shows that the mountain torque contribution exceeds
the friction torque contribution by 10%. We also note
that the maximum friction torque leads the maximum
mountain torque by one triad. We will return to this
point later. To further assess the extent to which the
angular momentum budget is balanced, the angular mo-
mentum tendency is shown together with the sum of
the two torques and the eddy, meridional, and omega
angular momentum flux convergences as a function of
latitude in Fig. 9b. Considering the various approxi-
mations that go into evaluating this budget, the balance
is indeed quite good.

The mountain and friction torque and the total an-
gular momentum flux convergence are shown in Figs.
9c and 9d at lag —1 triad and zero lag, respectively,
relative to the time of maximum GAM tendency. At
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other lags the anomalous friction torque and total an-
gular momentum flux convergence tend to have a sim-
ilar pattern with reduced amplitude, whereas the anom-
alous mountain torque shows greater variability. The
total angular momentum flux convergence is shown be-
cause the eddy and meridional contributions have sim-
ilar structure with opposite sign, with the eddy part
dominating, as was the case for the aquaplanet model.
Once again, the omega momentum flux convergence is
an order of magnitude smaller than the other flux con-
vergence terms. At both lags shown, it can be seen that
the largest mountain torques occur at higher latitudes
than the largest friction torques, and that there is an
angular momentum flux convergence into the Tropics
and an angular momentum flux divergence out of mid-
latitudes. If we compare Figs. 9c and 9d, the main dif-
ferences that can be seen are in the Northern Hemi-
sphere where the maxima in both the anomalous moun-
tain torque and anomalous angular momentum flux
convergence have amplified and shifted poleward.
Also, with regard the anomalous friction torque and the
anomalous angular momentum flux convergence, we
can see similarities with these quantities to those found
in the aquapianet GCM (Fig. 3c). The most notable
difference is that the maximum friction torque tends to
occur at a higher latitude in the aquaplanet GCM.
Composites of precipitation anomalies at various
lags relative to the maximum GAM tendency are
shown in Fig. 10. As for the aquaplanet model, the
anomalous precipitation field was smoothed by trun-
cation to zonal wavenumber 4 and meridional wave-
number 9. Unlike the aquaplanet GCM, where the pre-
cipitation anomaly propagates eastward and reaches its
maximum amplitude at the time of the maximum GAM
tendency, in the realistic GCM, only slight eastward
propagation in the western equatorial Pacific is seen
and the positive precipitation anomaly attains its max-
imum amplitude at two triads prior to the maximum
GAM tendency. Another difference between the two
models is that the value of the maximum anomalous
precipitation in the aquaplanet GCM exceeds that in
the realistic GCM by about a factor of 8. Although it
is difficult to offer an explanation for the precise dif-
ference in the magnitude of the anomalous precipitation
in the two models, it is not surprising to find greater
anomalous precipitation in the aquaplanet GCM, whose
entire lower boundary is ocean. In Figs. 10a and 10b,
one can see negative precipitation anomalies that strad-
dle the positive precipitation anomaly. This precipita-
tion pattern is consistent with a local Hadley circulation
in the tropical Pacific that starts to weaken after lag —2
triads. Also, the spatial pattern of the anomalous pre-
cipitation in the tropical west Pacific at lag —2 triads
resembles that of the model’s South Pacific conver-
gence zone (SPCZ), especially the zonally oriented
part of the anomaly west of 160°C [see Vincent (1994)
for a review of the characteristics of the SPCZ]. This
indicates that the anomalous precipitation associated
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with the evolution of GAM is also related to fluctua-
tions in the GCM’s SPCZ. After lag O triads, the pre-
cipitation anomaly pattern quickly changes, and by lag
+3 triads a negative precipitation anomaly can be seen
in the western equatorial Pacific straddled on either side
by positive precipitation anomalies. On the other hand,
205-mb velocity potential composites (not shown) in-
dicate a zonal wavenumber 1 structure and eastward
propagation with an estimated period of 28 days, which
is close in structure and period to that obtained for the
aquaplanet GCM. Such large differences between the
observed velocity potential and OLR (which is often
used as proxy for precipitation) fields are found in ob-
servational studies of the MJO (see Knutson and
Weickmann 1987).

A series of composites of the anomalous 205-mb
geopotential height and wind fields based on GAM ten-
dency are shown in Fig. 11. At lag —2 triads, the time
of the maximum anomalous precipitation, a pair of cy-
clones are seen to the east of the maximum positive
precipitation anomaly. In addition, Rossby wave trains
can be seen first propagating poleward and then equa-
torward in both hemispheres. The absence of any clear
wave pattern to the west of the precipitation anomaly
and the presence of the cyclone pair to the east of the
anomalous precipitation is very different from the
Rossby wave pair/Kelvin wave pattern found in the
aquaplanet model. The reasons for these differences are
discussed in section 5. By lag O triads (see Fig. 11b),
substantial changes to the Rossby wave trains have oc-
curred in both hemispheres. Also, at this lag, the
Northern Hemisphere member of the cyclone pair has
vanished and the Southern Hemisphere member of this
pair has moved poleward. At lag +2 triads (see Fig.
11c¢), similar wave trains to those at lag 0 can be seen,
with the wave centers increasing in strength in the At-
lantic and decreasing in strength in the Pacific. This
behavior is consistent with energy propagation from the
Pacific into the Atlantic. The difference between the
wave trains at lag —2 triads with those at lags 0 and

+2 triads suggests that the wave pattern shown at lag
—2 triads represents the transient evolution of the dis-
turbance in response to the anomalous tropical precip-
itation. A rough estimate by eye of the propagation
speed of the envelope for the wave trains in Figs. 11b
and 11c suggest a zonal group speed of 8 m s~'. This
estimate was compared with the zonal group speed as
determined from the dispersion relation for a barotropic
Rossby wave. Using estimated zonal and meridional
scales from the disturbances in Figs. 11b and 11c yields
a zonal group speed of 10 m s ', which is in reasonable
agreement with the above estimate by eye. This simi-
larity between the two estimates of zonal group speed
do indeed suggest that the wave patterns shown in Figs.
11b and 11c can be attributed in part to the dispersion
of Rossby waves.

Similar wave trains to those in Fig. 11b with pole-
ward propagation followed by equatorward propa-
gation into the equatorial Atlantic were also found
by Kiladis and Weickmann (1992) by linearly re-
gressing the 30~70-day filtered 200-mb geopotential
height and wind field against western tropical Pacific
OLR anomalies. Furthermore, as mentioned in the
introduction, Lau et al. (1989) also showed evidence
for poleward wave propagation by linearly correlat-
ing the GAM time series with the 250-mb zonal wind
field. In the present case, as in Lau et al. (1989), the
Northern Hemisphere wave train shows similarities
to the Pacific/North America pattern of Wallace and
Gutzler (1981). As discussed for the aquaplanet
model, poleward propagating wave trains are consis-
tent with eddy angular momentum flux convergence
(divergence) in the Tropics (midlatitudes ), as shown
in Figs. 9c and 9d. Also at lag O triads, consistent
with the eddy angular momentum flux convergence
in the Tropics, the zonally averaged zonal wind in-
creases. The location of this increase in the zonal
winds occurs in the equatorial Atlantic where the two
wave trains seem to be converging. A similar pattern
to the anomalous geopotential height field was also
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GAM tendency.

found by Kiladis and Weickmann (1992) six days
after the maximum west Pacific OLR anomaly. In
addition, by lag +2 triads, the anomalous zonal
winds in the Tropics continue to increase both in

strength and in longitudinal extent, particularly in the
Eastern Hemisphere.

A composite of the anomalous geopotential height
and winds at the time of maximum GAM is shown in
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Fig. 11d. The band of tropical westerly winds along the
equator in the Eastern Hemisphere is still present. This
pattern resembles the anomalous wind field found by
Weickmann et al. (1992), who linearly correlated
GAM with the 150-mb horizontal wind field. The co-
incidence of this band of strong westerly wind anom-
alies along the equator with the largest positive geo-
potential height anomalies is consistent with the prop-
erties of a Kelvin wave. Also, the persistence of this
circulation pattern long after the maximum precipita-
tton anomaly is consistent with the behavior of a non-
dispersive wave such as a Kelvin wave.

So far, we have described the precipitation anoma-
lies in the Tropics and the Rossby wave response both
in the Tropics and in midlatitudes. Compared to that of

the aquaplanet GCM, the structure of the wave train in .

the realistic GCM is somewhat more complex. Having
learned that the friction torque in the simpler aqua-
planet GCM is associated with poleward propagating
Rossby wave trains, one suspects that the rather com-
plex timing of the friction and mountain torques in the
realistic GCM (see Fig. 9a) can be better understood
by examining the dynamical processes associated with
the poleward propagating Rossby waves. Therefore, we
first examine the horizontal structure of the composite
mountain and friction torques, followed by an analysis
of the composite surface pressure and low-level wind
field.
The anomalous composite mountain torque,’

ps Oh
acosf o 6,

is illustrated at lag O triads relative to the maximum
GAM tendency (see Fig. 12a). At this lag, the globally
integrated mountain torque was shown to reach its larg-
est amplitude. It can be seen that the primary positive
mountain torque contributions come from three moun-
tain ranges, the Himalayas, Rockies, and Andes, and
that the mountain torque associated with the Rockies
dominates. As we will see, the positive contribution to
these anomalous mountain torques arises from an
anomalous high (low) surface pressure on the eastern
(western) side of these mountain ranges. For the
Northern Hemisphere, the ratio of the Western Hemi-
sphere to Eastern Hemispheré mountain torque is cal-
culated and found to have a value of 1.54. In Figs. 12b
and 12c, the composite friction torque, 7, cos?d, is
shown at lag —2 and lag O triads relative to the maxi-
mum GAM tendency. These two particular lags were
chosen because it was found that at lag —2 (lag 0)

2 It should be noted that there are some nonzero mountain torques
that occur next to the continents over the oceans. These torques ex-
tend over the oceans because the GCM represents the topography
with a truncated spectral representation. As a result, the height of the
topography over the ocean is not zero, although it is small.
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triads the ocean (land) contribution to the globally in-
tegrated anomalous friction torque attained its maxi-
mum value. The ratio of the ocean to land contribution
to the globally integrated friction torque was calculated
and found to be 6.00 at lag —2 triads and 0.54 at lag O
triads. At lag —2 triads (see Fig. 12b), the contribution
to the friction torque comes primarily from the central
subtropical North Pacific Ocean and the eastern North
Atlantic Ocean, whereas at lag O triads (see Fig. 12c),
this ocean contribution has declined, and the land con-
tribution, particularly over North and South America,
has increased. Now it is clear mathematically that, since
it is the average of the anomalous ocean and land fric-
tion torques that peaks at lag —1 triads, the maximum
anomalous friction torque leads the maximum anoma-
lous mountain torque by one triad. The question of
whether the globally integrated torques over land ex-
ceed those over the ocean was addressed by Boer
(1990). It is found that the ratio of the land (sum of
the mountain torque and land friction torque) to ocean
torque summed during lags for which the correspond-
ing anomalous torque is positive yields a ratio of 3.51,
which is in agreement with Boer’s result that the land
torques dominate on subseasonal timescales.
Composites for the anomalous surface pressure and
o = .99 wind vectors are also calculated. These are
illustrated at lags of —2 and O triads relative to the
maximum GAM tendency in Fig. 13, because at those
lags the ocean torque and land torque dominate, re-
spectively. At lag —2 triads, we can see that it is the
easterly wind anomalies in the central subtropical Pa-
cific, and the eastern North Atlantic, where there are
strong low-level climatological easterly winds that ac-
count for the maximum friction torque occurring in the
subtropics of either hemisphere. At lag O triads, the
low-level circulation has substantially changed. East-
erly 0 = .99 zonal wind anomalies are present in both
North and South America. It is these anomalous winds
that account for the maximum in the land friction
torque shown in Fig. 12c. Also, we note that there are
anticyclones (cyclones) located to the east (west) of
the Himalayas, Rockies, and Andes, which are respon-
sible for the large mountain torque at this lag. In ad-
dition, we can see that the anticyclone/cyclone pair
straddling the Rockies is much stronger than those near
the Himalayas and Andes, consistent with earlier re-
sults that indicated that the largest contribution to the
mountain torque does come from the Rocky Moun-
tains. The dominance of the mountain torque and land
friction torque from North and South America, instead
of other landmasses, is most likely explained simply by
the fact that these continents are downstream of the
anomalous precipitation. Also, at both lags, the low-
level circulation anomalies are displaced eastward rel-
ative to the corresponding anomalies in the upper-tro-
pospheric Rossby wave trains in Fig. 11. This suggests,
as with the aquaplanet GCM, that it is the low-level
circulation associated with poleward propagating
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Rossby wave trains, rather than the low-level equatorial
response to the precipitation anomaly, that is primarily
responsible for the friction torque.

The statistical significance of many of the composite
patterns shown in this study were examined with r sta-
tistics. We show just a single representative example
of the application of the ¢ test (see Fig. 14) to the com-
posite geopotential height field at lag O triads relative
to the maximum GAM tendency. To compute the ¢ sta-
tistic for this composite, which is actually the differ-
ence between two separate composites corresponding
to positive and negative GAM tendency phases, we
change the sign of the geopotential height anomalies

that are associated with the negative GAM tendency
phase. The t statistic is calculated in this manner be-
cause of the structural similarity between anomalous
geopotential height patterns of both phases. For this ¢
test, we use a value of n = 2 (n, + n,) degrees of free-
dom, where n, = 159 and n, = 155 are the number of
triads that exceed the 1.0 standard deviation threshold
for the positive and negative GAM tendency phases,
respectively. The 3/4 factor in the number of degrees
of freedom accounts for the fact that about 25% of the
triads that compose the composite are not independent,
as some are temporally adjacent to one another. As can
be seen in Fig. 14, the r-statistic pattern closely resem-
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bles the corresponding geopotential height pattern in
Fig. 11b, and most high and low geopotential height
centers are above the critical ¢ value of +1.96, which
corresponds to the 95% significance level for a two-
sided ¢ test. Livezey and Chen (1983) indicated that
for finite sample sizes, as in the present study, it would
be expected that >5% of the area of the domain would
pass the above test. However, since 21% of the domain
in Fig. 14 passes this statistical significance test, we
feel confident that our composite patterns are statisti-
cally significant.

5. Discussion on the equatorial wave response

One notable difference between the two GCMs in-
volved the structure of the anomalous geopotential

height field at the time of the maximum anomalous
precipitation. In the realistic GCM, the upper-tropo-
spheric circulation indicated a pair of cyclones to the
east of the precipitation anomaly. This contrasted with
the aquaplanet GCM, which showed at the time of max-
imum anomalous precipitation a circulation consisting
of a pair of anticyclones to the west and a pattern re-
sembling a Kelvin wave to the east of the precipitation
anomaly. The presence of Rossby waves and the ab-
sence of a Kelvin wave to the east of the precipitation
anomaly in the realistic GCM might be related to the
zonally asymmetry of the model’s climatological zonal
winds in the Tropics (see Fig. 15); east of about 170°E,
the tropical zonal winds are westerly, and at the lon-
gitude of the cyclone pair, the equatorial climatological
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zonal winds are approximately 10 m s'. The presence
of these equatorial westerly winds can allow for the
existence of eastward propagating Rossby waves.

An idealized example of the above behavior is
shown in the barotropic model calculation of Sardesh-
mukh and Hoskins (1988). They embedded a vorticity
source along the equator in a solid body rotation back-
ground wind field and found a pair of anticyclones (cy-
clones) to the west (east) of the vorticity source. Their
westerly zonal wind speed along the equator was 15.4
m s~', which is a little larger than that found to the east
of the positive precipitation anomaly in the realistic
GCM. The presence of a cyclone pair to the east of the
vorticity source resembles the geopotential height com-

posites from the realistic GCM, which showed a cy-
clone pair on the eastern side of the precipitation anom-
aly. However, unlike the idealized barotropic model,
these composites did not indicate an anticyclone pair
west of the anomalous precipitation. The reason that
the GCM geopotential height composite and idealized
barotropic model solution show similarities only on the
eastern side of the vorticity source is most likely be-
cause the background zonal winds are most similar in
that region. We also note that the model of Sardesh-
mukh and Hoskins (1988) is nondivergent and ex-
cludes the presence of Kelvin waves. Using a shallow-
water equatorial 8-plane model with a stationary mass
source located in nonzero uniform zonal winds, Lau
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and Lim (1982) found a Kelvin wave solution to the
east of the mass source that undergoes an increase in
zonal scale but a decrease in amplitude as the zonal
wind becomes increasingly westerly {see Eq. (22) and
Fig. 10 of Lau and Lim]. Thus, the idealized model
results of Sardeshmukh and Hoskins (1988) and Lau
and Lim (1982) suggest that the presence of fairly
strong westerly winds to the east of the anomalous pre-
cipitation may lead to the existence of Rossby waves
and the suppression of a strong Kelvin wave in that
region. However, it should be noted that these idealized
models employ zonally uniform zonal flows, and the
background zonal flow in the realistic GCM is strongly
zonally asymmetric. Nevertheless, the above WKB-
type argument has been shown to hold up very well in

80°N

barotropic models with zonally varying background
flows, (e.g., Branstator 1983).

Composites of geopotential height and wind re-
vealed patterns resembling a Kelvin wave in both
GCMs, but this Kelvin wave pattern did not emerge
until several triads later in the realistic GCM. A pos-
sible explanation for these timing differences can be
seen by referring to the climatological zonal winds,
shown in Fig. 15. Because of the zonal variation of the
climatological zonal wind, the Doppler-shifted group
speed of a Kelvin wave would be expected to vary in
the zonal direction. At locations where U/0x > 0
(0U/9x < 0), where U is the climatological zonal
wind, the eastward group speed will increase (de-
crease) with longitude. This relationship between the
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zonal group speed and U is based on a WKB viewpoint
and uses the fact that Kelvin waves are nondispersive.
Thus, in regions between 30°W and 140°E, where U/
Ox < 0, Kelvin wave energy can accumulate [ this wave
energy accumulation was discussed by Webster and
Chang (1988)]. Through this mechanism, the anoma-
lous precipitation may force a Kelvin wave of small
amplitude [recall that Lau and Lim (1982) showed that
a Kelvin wave in a uniform westerly flow should have
its amplitude reduced], which then propagates east-
ward more than halfway around the globe and amplifies
where OU/0x < 0. In fact, it is in this region where the
tropical westerly wind anomalies are seen (Fig. 11d).

Another mechanism may also account for the delay
in the occurrence of Kelvin wave patterns in the real-
istic GCM. As discussed above, the poleward propa-
gating Rossby wave trains in either hemisphere do
show some wave activity returning toward the equator.
These wave trains may have the appropriate structure
to excite Kelvin waves upon returning into the Tropics
[this excitation mechanism was shown in a shallow-
water equatorial S-plane model by Zhang and Webster
(1992)]. It may even be possible that both this and the
wave accumulation mechanism are operating together,
since the excited Kelvin waves may amplify after prop-
agating into the JU/0x < 0 region. However, the wave
accumulation mechanism does have more appeal, since
it more closely resembles our earlier description of the
aquaplanet model, where poleward Rossby wave prop-
agation left behind an equatorially trapped Kelvin
wave.

6. Concluding remarks

In the aquaplanet GCM, a general qualitative picture
to the GAM evolution can be summarized as follows
based on the results presented in section 3. A positive
precipitation anomaly is initiated along the equator.
The response to this precipitation anomaly yields a Gill
model-type solution with wave patterns resembling
Kelvin and Rossby waves to the east and west of the
precipitation anomaly, respectively. Our analysis sug-
gests that these Rossby waves propagate out of the
Tropics as the precipitation anomaly weakens, leaving
behind the nondispersive, equatorially trapped Kelvin
wave with its anomalous westerly winds. This pole-
ward Rossby wave propagation is consistent with that
of an equatorward angular momentum flux and results
in an acceleration (deceleration) of the tropical (mid-
latitude ) zonally averaged zonal winds and must leave
no net change to the GAM. However, the midlatitude
zonally averaged zonal wind deceleration is much
smaller than the tropical zonally averaged zonal wind
acceleration because of cancellation with a positive
friction torque, which is much larger in midlatitudes
than in the Tropics; associated with the poleward prop-
agating Rossby wave train happens to be anomalous
low-level zonally averaged easterly winds in midlati-
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tudes, which account for a stronger surface drag and
thus a positive anomalous friction torque. Typically,
such a surface drag induces an ageostrophic meridional
circulation with the appropriate sign to maintain ther-
mal wind balance. Because the surface stress reduces
the vertical zonal wind shear, this meridional circula-
tion must be thermally direct, which strengthens the
upper-level midlatitude westerlies. In this manner, an-
gular momentum gained at the surface in midlatitudes
can be transported from the lower to the upper tropo-
sphere. Because this gain in angular momentum in mid-
latitudes is roughly balanced by a flux of angular mo-
mentum toward the equator, the increase in GAM as-
sociated with the friction torque is manifested in
anomalous westerly winds in the Tropics. Finally, once
the GAM attains its maximum value, a negative pre-
cipitation anomaly begins to set up an anomalous cir-
culation of opposite sign, which leads to the subsequent
reduction in the GAM.

There are many similarities, and some differences,
between the GAM evolution in the aquaplanet and re-
alistic GCMs. For example, both models show an in-
crease in angular momentum in the Tropics arising
from an angular momentum flux convergence. Both
models also show similarities in the structure of the
zonally averaged zonal winds and a relationship to the
MIJO as the GAM changes. Perhaps the most important
similarity is that both models indicate that the anoma-
lous friction torque is primarily due to the low-level
circulation associated with poleward propagating
Rossby wave trains. The latitude of the largest anom-
alous friction torque differed between the two GCMs,
but this discrepancy is most likely due to the differ-
ences in both the meridional scale of the eddies that
comprise the wave train and the background flow in
which these wave trains are propagating. To more
clearly understand other key similarities and differ-
ences in GAM evolution in the two GCMs, it is helpful
to separate the two torques into their ocean and land
components. An important similarity is that the maxi-
mum precipitation anomaly and maximum ocean fric-
tion torque occur at the same lag in both models. In
addition, in the realistic GCM, the ocean torque is much
greater than the land torque at this lag. A major differ-
ence is that at two triads after the maximum precipi-
tation anomaly the GAM tendency was declining in the
aquaplanet GCM, whereas in the realistic GCM, the
GAM tendency was at its maximum value. This dif-
ference in the GAM tendency can be explained by not-
ing in the realistic GCM that a large land torque was
present at this lag, and this land torque was much
greater than the ocean torque. With regard to the timing
of the ocean and land torques, one simply expects that
the land torque occurs after the ocean torque because
it takes time for the Rossby waves to propagate from
the oceanic regions to the continental landmasses. As
a result, the maximum GAM attained in the realistic
GCM was much greater than that of the aquaplanet
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GCM, and the maximum GAM tendency occurred at a
later time in the realistic GCM.

An interesting question in this study is how the
torques, which involve the interaction between the low-
level atmospheric circulation and the lower boundary,
are dynamically related to the anomalous precipitation.
At the time of the largest friction and mountain torques
in the realistic GCM, large amplitude Rossby wave
trains are present in both hemispheres. Our analyses
suggest that these Rossby wave trains are excited by
the anomalous precipitation. There are at least two
mechanisms in which these Rossby wave trains can
influence the low-level circulation: 1) by directly in-
ducing low-level cyclones and anticyclones, and 2) by
indirectly inducing an anomalous low-level zonally av-
eraged zonal wind through a secondary meridional cir-
culation. The first mechanism can be understood from
the viewpoint of potential vorticity dynamics, if we re-
gard the poleward propagating wave trains as trains of
upper-level potential vorticity anomalies (see Hoskins
et al. 1985). As an example of this behavior, Hoskins
et al. (1985) show schematically that if a cyclonic ini-
tial potential vorticity anomaly is present in the upper
troposphere, and if there is also a strong meridional
potential temperature gradient on the lower boundary,
the circulation associated with this cyclonic IPV (is-
entropic potential vorticity) anomaly will induce a
warm anomaly at the surface. Together with this warm
anomaly will be a low-level anomalous cyclonic cir-
culation that is located to the east of the upper-level
cyclonic IPV anomaly. The second mechanism, whose
role in GAM variability was closely examined by
Weickmann and Sardeshmukh (1994), involves a con-
vergence (divergence) of the eddy angular momentum
flux in the upper troposphere, which induces a second-
ary circulation that accelerates (decelerates) the low-
level zonally averaged zonal wind via the Coriolis ac-
celeration. For both GCMs, we saw that the eddy an-
gular momentum flux convergence in midlatitudes is
opposite in sign to that in the Tropics. However, be-
cause of the latitudinal variation in the Rossby depth
scale, fL./N (see Weickmann and Sardeshmukh 1994),
this process is much more effective in midlatitudes than
in the Tropics.

The composite results presented in this study suggest
that these two dynamical mechanisms are playing a role
in the intraseasonal evolution of GAM. For example,
at times of large GAM tendency in the realistic GCM,
surface cyclones and anticyclones were shown to be
located slightly to east of upper-level cyclones and an-
ticyclones, respectively. This westward vertical tilt is
consistent with the first mechanism whereby the upper-
level Rossby wave train induces low-level cyclones and
anticyclones. These low-level cyclones and anticy-
clones are expected to contribute to both the friction
and the mountain torques, and indeed it was shown that
these low-level disturbances.exhibit the appropriate
phase relative to the topography to generate a large
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anomalous mountain torque. With regard to the second
mechanism, Weickmann and Sardeshmukh (1994)
showed that the anomalous angular momentum flux
convergence leads the anomalous torques by a few
days, and that the anomalous flux convergence and
anomalous torques have a similar meridional structure
in midlatitudes. These temporal and spatial character-
istics are consistent with the above idea of the anom-
alous angular momentum filux convergence leading to
an anomalous torque through an induced secondary
meridional circulation. Consistent behavior was found
in the aquaplanet GCM, which indicated a maximum
anomalous angular momentum flux convergence one
triad before the maximum anomalous friction torque,
and a similar latitudinal structure to both the anomalous
flux convergence and the anomalous friction torque in
midlatitudes. Such a relationship in the realistic GCM
was less clear, possibly because of the complexities
associated with the mountain torques and the zonally
varying surface drag coefficient, or perhaps because of
the triad averaging reducing temporal resolution.

We summarize the evolution of GAM in the realistic
GCM as follows: A positive precipitation anomaly ini-
tiated along the equator is followed by poleward prop-
agating Rossby wave trains. This results in a redistri-
bution of angular momentum by the Rossby wave train
as eddy fluxes transport angular momentum from the
midlatitudes toward the equator. The low-level circu-
lation associated with these wave trains first has the
appropriate structure for a weak positive anomalous
ocean friction torque in the subtropics. Subsequently,
in midlatitudes, stronger positive anomalous land fric-
tion and mountain torques follow as the wave train
propagates farther poleward and downstream over the
continents. ,

Because in both GCMs the evolution of GAM was
found to be associated with a precipitation anomaly
along the equator, an important question is, What pro-
cess is responsible for initiating this precipitation
anomaly? With regard to the MJO, which shows a re-
lationship with GAM evolution, both Lau and Phillips
(1986) and Blade and Hartmann (1993) show that a
tropical heating anomaly follows the propagation of
Rossby waves of midlatitude origin toward the equator.
In the present study, composites at earlier lags than
those illustrated hinted at this behavior; however, the
results were not convincing. Thus, it remains an open
question whether the tropical precipitation anomaly in
the GCMs is triggered by equatorward propagating
Rossby waves, or whether another process initiates this
precipitation anomaly.

While an explanation for the onset of the precipita-
tion anomaly is beyond the scope of this study, we
present a mechanism that may account for the main-
tenance of the precipitation anomaly. Figure 16 shows
the structure of the evaporation rate composites relative
to times of maximum GAM tendency. From lag —2 to
lag O triads (see Figs. 16a and 16b), the maximum
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evaporation rate anomalies occur on either side of the
equator. At these lags, the location of the evaporation
rate anomalies, together with the equatorward and
westward direction of the anomalous o = .99 winds,
suggests that the precipitation anomaly is being main-
tained by advection of moisture from both sides of the
equator. Following the maximum GAM tendency, the
anomalous evaporation rate in the tropical Pacific sub-
stantially weakens, and a simple picture relating the
anomalous evaporation rate and precipitation fields is
not evident.

The results of this study also have implications for
changes in the length of day (LOD), which is a mea-
sure of the angular momentum of the solid earth. It is
well known that the observed GAM and LOD time se-
ries are in phase with each other on intraseasonal time-
scales. This indicates that either the ocean plays little
role in the exchange of angular momentum between the
atmosphere and solid earth, or that the ocean delivers
to the solid earth within a few days the angular mo-
mentum it receives from the atmosphere. The results of
the present study, to the extent that they apply to the
atmosphere, suggest that the simultaneity of changes in
the observed GAM and LOD is most likely due to the
dominance of the land torque over the ocean torque, in
agreement with the modeling study of Boer (1990) and
the observational study of Ponte and Rosen (1993).
However, if the ocean does rapidly transfer angular mo-
mentum to the solid earth, as suggested by the baro-
tropic modeling studies of Ponte (1990) and Ponte and
Gutzler (1991), then perhaps both the land and ocean
torque are responsible for the simultaneity of the ob-
served GAM and LOD time series.

A pattern of anomalous westerly winds in the equa-
torial region, as was found in the realistic GCM at the
time of maximum GAM, has been seen as the first EOF
of the Northern Hemisphere winter, monthly averaged,
upper-tropospheric global circulation in both GCMs
and observations (e.g., Branstator 1990). The similar-
ity of these patterns suggests the possibility that this
EOF may be a Kelvin wave, as hypothesized by the
present study. As Kelvin waves are equatorially
trapped and nondispersive, it is possible that they could
persist long enough to be seen in an EOF analysis using
monthly averaged data. An examination of the tem-
poral evolution of these low-frequency patterns may
help to determine whether the above Kelvin wave in-
terpretation is correct.

As discussed above, well-defined poleward propa-
gating wave trains were seen in the realistic GCM at
the time of maximum GAM tendency. Because of this
behavior, a linear, spherical, barotropic model was
used to examine whether these Rossby wave trains
could be interpreted as due to linear wave propaga-
tion. For this purpose, the realistic GCM’s Northern
Hemisphere winter climatological flow was used as
the time-mean flow in the barotropic model, and the
composite anomalous divergence field from 9 lags
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prior to 9 lags after the maximum GAM tendency was
used to force the eddy vorticity field. In addition, vor-
ticity advection by the divergent wind was included,
as suggested by Sardeshmukh and Hoskins (1988).
Thus, unlike most forced barotropic model studies
where the vorticity source is stationary, in this model
the forcing is changing both in its strength and in its
longitude. The results of this calculation were disap-
pointing: although a pair of cyclones on either side of
the equator was found, the only similarities between
the midlatitude eddy field of the barotropic model and
the realistic GCM occurred at the upstream half of the
wave train, and these similarities just involved phase,
not amplitude. This suggests that simple linear wave
dispersion probably does not account for the midlati-
tude wave pattern seen in the realistic GCM. Perhaps
baroclinic processes are crucial to modeling the eddy
field, or there is a strong interaction taking place be-
tween this wave train and higher-frequency midlati-
tude transient eddies. Such behavior has been diag-
nosed in many linear GCM studies of low-frequency
anomalies (e.g., Held et al. 1989; Branstator 1992;
Ting and Lau 1993). In fact, these studies reveal that
the eddy vorticity fluxes associated with this interac-
tion dominate anomalous tropical heating in the main-
tenance of the Jow-frequency anomalies. These results
may also have implications for the general use of lin-
ear barotropic models. As mentioned above, most
studies (e.g., Hoskins and Karoly 1981; Sardeshmukh
and Hoskins 1988; Hoskins and Ambrizzi 1993) use
steady vorticity forcing and find solutions that resem-
ble observations. It may be that for flows in which the
vorticity forcing, that is, the upper-level divergence,
is rapidly evolving, the results from linear barotropic
models may be less accurate..

The results of this study have led to the description
of the systematic intraseasonal evolution of the GCM
circulation associated with the evolution of GAM. Fur-
thermore, mechanisms have been suggested that may
account for the sequence of events that characterize the
evolving flow as the GAM increases. To examine the
robustness of these mechanisms, idealized multilevel
modeling studies are necessary. For example, idealized
models can be used to examine the response to heating
in zonally asymmetric flows or the interaction between
a poleward propagating wave train with topography.
Such idealized modeling studies are planned in the fu-
ture.
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