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ABSTRACT

The period 1 December 1984 to 3 February 1985 was associated with strong intraseasonal fluctuations in both
the global atmospheric angular momentum (AAM) and tropical convection. Consistent changes were observed
in the length of day. The AAM budget for the 65-day period is examined here using circulation data from the
National Meteorological Center. Surprisingly well-balanced global and zonal budgets are obtained for the ver-
tically integrated AAM. This enables a closer examination of regional changes, to assess how they might be
responsible for the changes in the global AAM.

Both friction and mountain torques are important in the global AAM budget. The increase of AAM is asso-
ciated first with a positive friction torque, then with a positive mountain torque. The subsequent decrease of
AAM results from a negative friction torque. The accompanying regional changes are mostly confined to the
Northern Hemisphere, with high global AAM associated with a stronger and southward-displaced subtropical
jet. In the zonal budget, meridional AAM fluxes by the zonally asymmetric eddies are important and appear to
lead the torques by a few days.

The increase of AAM begins with a shift of the tropical convection from the east Indian to the west Pacific
Ocean. The consequent enhancement of the trades east of the Philippines gives a positive friction torque. The
friction torque also has a contribution from enhanced trades over Central America and the tropical Atlantic
Ocean, which appear to be linked to an equatorward propagating upper-tropospheric wave over the region. A
persistent high pressure anomaly subsequently develops to the east of the Himalayas, giving a positive mountain
torque. The global AAM rises in response to these torques, but as the circumpolar vortex expands the trades are
weakened, causing a negative friction torque and the final reduction of the AAM.

Interestingly, no coherent signals are seen in the weak zonal-mean convection anomalies accompanying these
AAM changes. Rather, the AAM budget suggests that the tropical Madden-Julian oscillation and the global
AAM are linked through the interaction of Rossby waves generated by the tropical heating with a zonally varying
ambient flow and with mountains. The surface stresses have both a local component related to the convection
and a remote component induced by upper-tropospheric AAM fiuxes.
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1. Introduction

In a previous study based on 11 years of NMC, data
(Weickmann et al. 1992; hereafter WKE) the atmo-
spheric angular momentum (AAM) cycle that accom-
panies the tropical Madden—Julian oscillation (MJO)
was described. The global AAM anomalies were found
to be positive (negative) when Australasian convection
was shifted east (west) of normal, whereas periods of
rapid AAM change coincided with enhanced or dimin-
ished convection over Australasia. The AAM tendency
periods were characterized by baroclinic zonal-mean
tropical wind anomalies that shifted poleward, evolving
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into equivalent barotropic subtropical structures by the
time the AAM anomalies peaked. Locally, westerly
wind anomalies were observed at upper levels in the
tropical Western Hemisphere; these shifted eastward
and poleward, eventually also giving equivalent baro-
tropic structures in the subtropics. Such features were
observed during both northern winter and summer, al-
though the location of the centers of action changed
with season. Figure 5 in WKE summarizes these results
and gives information concerning their statistical sig-
nificance.

The possibility that a predominantly zonally asym-
metric oscillation in tropical latent heat release such as
the MJO can force global AAM changes is intriguing.
Clearly, this has to occur through net global surface
friction and/or mountain torques. Several possibilities
come to mind. The first has to do with the nonlinear
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dependence of the surface frictional stress on the sur-
face wind. Thus, the stress response to a zonally asym-
metric forcing can have a nonzero zonal mean, espe-
cially if the ambient flow has a strong zonally asym-
metric component. Second, the remote response to the
tropical MJO can have associated surface pressure
highs and lows over the major orographic features,
which can generate a net mountain torque. A third pos-
sibility arises from the poleward dispersion of wave
activity from the tropical heat source —sink couplet. The
associated upper-tropospheric meridional fluxes of
AAM can by themselves only redistribute the AAM
between the source and sink latitudes of wave activity,
and not affect its global mean. However, their differ-
ential effect on the surface zonal flow at these latitudes
through induced secondary circulations can result in a
net global friction torque.

In principle, these issues could be resolved by ex-
amining the AAM budget during episodes of strong
intraseasonal AAM variability. One has the choice here
of concentrating either on a few individual cases or on
composites of the type studied by WKE. A budget
based on composite anomalies cannot be justified a
priori in the present context, given that some of the
links between the MJO and the global AAM posited
above are nonlinear. That WKE were able to establish
a coherent MJO-AAM link from a basically linear
analysis is encouraging; however, they too noted the
broadband character of the link and the dependence of
the timescales of the phenomenon on the ambient flow
being considered. Thus, their analysis smoothed over
some possibly significant nonlinear effects. We have
accordingly opted here for the alternative of concen-
trating on individual cases, such as the 1984/85 north-
ern winter case, which formed part of WKE’s compos-
ite (see their Fig. 7) and had many elements of their
composite event. Calculations giving similar conclu-
sions have also been performed for the 1989/90 north-
ern winter case but will not be described here.

AAM budgets are delicate. They involve large can-
celing terms, which are poorly determined from the
available observations. Previous investigations have
generally been concerned with seasonal or monthly av-
erages and with the question of the accuracy of the
surface torques. Many of these have qualitatively con-
firmed early ideas of the zonally and vertically inte-
grated climatological AAM cycle in which the tropical
surface easterlies act as a frictional AAM source, at-
mospheric motions (primarily zonally asymmetric ed-
dies) transport the AAM poleward, and the midlatitude
surface westerlies act as a frictional AAM sink (e.g.,
Lorenz 1967; Newton 1971; Newell et al. 1974;
Schaack 1982; Swinbank 1985). Although this basic
picture is generally accepted, in all cases the calculated
AAM budget is either poorly balanced or a term is de-
termined as a balance requirement (Schaack 1982). As
a result, the manner in which different physical pro-

WEICKMANN AND SARDESHMUKH

3195

cesses contribute to a low or high AAM state has not
been investigated.

More recently, assimilated global datasets have been
used for the budget computations. Swinbank (1985)
used data from the U.K. Meteorological Office to ex-
amine the AAM balance during the FGGE Special Ob-
serving Periods (SOPs), and was able to explain the
temporal phase but not the magnitude of the observed
AAM changes with his computed torques. Swinbank
also found that the differences in magnitude were re-
flected in large imbalances in the time-mean zonal
budget, where the torques were apparently not large
enough to balance the observed momentum flux con-
vergence.

Klinker and Sardeshmukh (1992) have recently for-
malized the computation of meteorological budgets
from global assimilated datasets. They show that a one
time-step integration of a GCM with observed data as
initial conditions provides useful information for both
observational budget studies and model error studies.
We employ this technique here to investigate the ob-
served vertically and zonally integrated AAM budget
for the 65-day period from 1 December 1984 to 3 Feb-
ruary 1985. Approximately one cycle of a Madden—
Julian oscillation occurred during this time. We are es-
pecially interested in the following questions:

1) Can a balanced AAM budget be achieved using
the one time-step approach? What are the main sources
of error?

2) Which torque, if any, dominates the exchange of
angular momentum between the atmosphere and the
solid earth on intraseasonal timescales?

3) What is the relationship between the torques, the
momentum fluxes, and the tropical convection during
a large change of AAM? What are the regional contri-
butions to the zonally integrated budget?

One clear limitation of the zonal AAM budget is the
uncertainty concerning the observed Hadley circula-
tion, which contributes to the budget through the Cor-
iolis torque. Therefore, we will examine here only the
zonally and vertically integrated budget in which the
primary balance is between the meridional conver-
gence of the AAM flux and the surface torques. In fu-
ture work we plan to use more recent NMC data in
which the Hadley circulation is better analyzed, so that
we are also able to examine the budget at upper-tro-
pospheric levels, where the primary balance is between
the momentum flux convergence and the Coriolis
torque. This budget is interesting because the poleward
propagation of the zonal AAM anomalies described by
WKE and others is most evident at upper-tropospheric
levels.

The relevant equations, preparation of the data, and
computational aspects are discussed in section 2. Sec-
tion 3 describes the time-mean AAM budget and data
characteristics that limit the computation of some
budget terms. The zonal AAM anomaly budget for the
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65-day period is presented in section 4. Leads and lags
between the relevant physical processes, as well as re-
gional contributions, are also discussed there. This is
followed by a general discussion in section 5 and con-
clusions in section 6.

2. Equations and data
a. AAM budget equations

The absolute atmospheric angular momentum per
unit mass is defined as

(1)

where () is the earth’s rotation rate, a is the earth’s
radius, 0 is latitude, and u the zonal velocity. The first
rhs term m, is the angular momentum the atmosphere
would have if it were in solid-body rotation with the
earth. The second term m, is associated with the relative
zonal winds. The m, term is also referred to as ‘‘earth’’
AAM or the ‘‘pressure term’’ when globally integrated
and is much larger than m,, but generally its tendency
is smaller than that of m, by a factor of 3—5 (Barnes et
al. 1983).

The conservation equations for m, m,, and m, are
conveniently expressed in the normalized pressure o
= p/p, vertical coordinate system, where p is pressure
and p, is surface pressure. In this system the equation
for m that is consistent with the primitive equations is

Dm/Dt = —®, + ¢®,(Inp,)\ + Facos8. (2)

Here D/Dt = 8/9t + v-V + ¢0/00c is the total time
derivative, v = ui + v j is the horizontal wind, V is the
horizontal gradient operator, ® is geopotential, and F
a zonal momentum source. The subscripts A and ¢ refer
to partial derivatives with respect to longitude A and
normalized pressure o, respectively. Equation (2)
states that the absolute angular momentum can only be
changed by a torque. This equation, together with the
mass continuity equation,

D(lnp,)/Dt = —=(V-v + 05/80), (3)

is sufficient to derive all other equations of this paper.

In the following, the vertical, zonal, and meridional
integrals will be indicated by the symbols { },[ 1,
and ( ), respectively. Thus, the global integral of a
quantity A will be written

([{A}]) =J‘_ll adu fwad}\"j%A, (4)

where p = sinf. Note that the innermost integral in (4)
can also be written as p,/g times the integral over o
from O to 1. With this notation, the vertically integrated
equations for m, and m, become

{m};=-V-{mv} +fa{V} - {®h + (D/8)pxn
+ {Fa cosf} (5a)

m = (Qa cosf + u)a cosf = m, + m,,
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{m};=-V-{mv}~fa{V}.

Here V = v cosf, f = 2Qu is the Coriolis parameter,
and the subscript ¢ denotes a local time derivative. Per-
forming the zonal integral in (4) on this vertically in-
tegrated set gives »

[{m}] = —a '[{mV}], + fal{V }]
+ [(D,/8)pa] + [{Facosf}] (6a)
Hme}) = —a ' [{mV}], — fal{V}], (6b)

where the subscript . denotes a partial derivative with
respect to p. Finally, performing the meridional integral
in (4) on (6a) and (6b) gives the global equations

([{m,}1) = +{fal{V }]) + {[(D/8)par])
+ ([{Fa cos8}]) (7a)

([{m}1) = —(fal{V}1]). (7b)

The equation for the global absolute angular momen-
tum is thus

([{m}1) = ([(D/8)p]) + ([{Facosb}1). (8)

If the part of F associated with turbulent vertical trans-
ports is represented as F = gd7/0p, where 7 is the
upward subgrid-scale zonal momentum flux, then (8)
becomes

([{m}1) = ([(®,/8)par]) + ([T, cosb]), (9)

where 7, is the surface stress. This is th& familiar state-
ment that the global atmospheric angular momentum
can only be changed by surface pressure and friction
stresses. In the following, we will refer to the first term
on the right-hand side of (9) as the mountain torque
and the second as the friction torque. Note that the
mountain torque {[(P,/g)p,.]) may also be expressed
as —([(ps/g)Pal)-

An equation similar to (9) but with the sign of the
mountain and friction torques reversed can also be writ-
ten for the axial angular momentum M = QI of the solid
earth plus oceans, where I is the relevant moment
of inertia. Thus, the total angular momentum M
+ {[{m}]) of the earth—ocean—atmosphere system
can only be changed by extraterrestrial torques, and can
be considered constant for almost all meteorological
purposes. Changes in ([{m }]) are therefore reflected
in changes in M. On most timescales of meteorological
interest, a tendency of M is associated with a tendency
of €2 and not a tendency of . This enables one to predict
changes in the length of day (LOD) from the equation
Q= —{([{m}])/1.One says ‘‘predict’’ because con-
sistent with the changes in I being negligible, the glob-
ally integrated torques in (9) are almost entirely of me-
teorological origin.

For a reason that will become clear below, we will
concern ourselves primarily with the relative AAM
budget [Eqgs. (5a), (6a), and (7a)], although for com-

(5b)
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parison with LOD observations the total budget is ob-
viously more relevant. Also for ease of discussion the
terms in (6a) will be multiplied by a cos#A8, where
A is the width of the individual latitude bands. This
will enable the global budget to be viewed as a direct
sum of the zonal budgets and both to be discussed in
the same unit of Hadleys (Ha) (1 Ha = 10" kg
m? s72). To get a feel for this number, an AAM ten-
dency of 10 Ha corresponds roughly to a mountain
torque associated with a 3-mb pressure difference
across the Tibetan Plateau, a zonal-mean surface stress
of 0.1 Paor 1 dyn cm ™2, and a zonal and vertical mean
acceleration of the zonal wind of 1 m s~'/day.

Finally, one should remember that one is dealing
with zonal integrals and not averages. As noted by Boer
(1990), different grids Aé have been used by different
investigators, so some caution is in order when inter-
comparing results. Our zonal integrals are for 3.75° lat-
itude bands, whereas most previous results have been
for 5° or 2° bands.

b. Data preparation

Our basic dataset consists of the twice-daily ‘‘final’’
analyses from the NMC Global Data Assimilation Sys-
tem (GDAS) as archived at the National Center for
Atmospheric Research (NCAR). These data have al-
ready been interpolated from the data-assimilating
model’s sigma levels to standard pressure levels. In or-
der to implement the one time-step approach using the
NCAR Community Climate Model (CCM1), several
additional processing steps are necessary (Mayer
1988). First, since the original data extend only up to
50 mb, a 10-mb level using FGGE observations is cre-
ated. Next a horizontal interpolation from the input 2.5°
X 2.5° grid to a Gaussian grid of the desired resolution
(T31 in our case, or ~3.75° X 3.75°) is performed. A
surface pressure field is then derived by interpolating
to the desired orography using the analyzed geopoten-
tial height. This is followed by a vertical interpolation
to the CCM’s 12 sigma levels and an averaging of the
twice-daily grids into daily grids. The final step is a
nonlinear normal-mode initialization as described by
Errico and Eaton (1987).

Several aspects of this procedure can be expected to
introduce errors in our budget. This is in contrast to
Klinker and Sardeshmukh (1992), whose sigma-co-
ordinate dataset was consistent with the data assimila-
tion model and so contained no postprocessing errors.
One concern is the imbalance in the vertically inte-
grated mass budget, where the mass divergence ob-
tained with the analyzed {V } is much larger than the
small observed surface pressure tendency. Trenberth
(1991) found a similar problem in the pressure-coor-
dinate European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses. We have conducted ad-
ditional initialization experiments with the NMC data
and concluded that our imbalance is associated mainly
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with incomplete initialization of the external gravity
mode. Note that (5b) is the vertically integrated form
of (3) multiplied by m,, and given that m, is much
larger than m,, even the small mass imbalance remain-
ing after initialization translates into a large imbalance
in the absolute AAM budget (6a) + (6b).

The mass imbalance in our postprocessed NMC data
thus precludes a meaningful discussion of the absolute
AAM budget. The problem can be sidestepped some-
what by considering the m, budget alone, since as al-
ready stated the absolute AAM tendency is mostly as-
sociated with the wind term and not the pressure term.
However, the problem crops up even here through the
Coriolis torque fa[ {V }]. Therefore, wherever [{V }]
is needed, we specify it from the mass balance equation
using the observed surface pressure tendency as

H{vil= —f_l adplps/gl;. (10)

A second concern in our AAM budget is the accu-
racy of the surface pressure field obtained by interpo-
lating the geopotential height (Mayer 1988 ). We found
large imbalances in the local budget (5a) near moun-
tains associated with spurious pressure gradients. The
zonally integrated budget (6a) showed similar imbal-
ances, which we also ascribe to errors in the mountain
torque. Fortunately, these errors appear to be nearly
constant in time and so do not affect the anomaly AAM
budget over the 65-day period.

¢. Budget computations

The CCM was first integrated for one time step from
each one of the 65 daily initialized analyses. The AAM
budget terms were then computed from the history
tapes using the CCM modular processor (Wolski
1987). The numerics in the processor are similar to
those in the CCM. The history tape output included,
among other variables, the surface stress and the wind
and surface pressure tendencies produced by the model.
As a result of the error in the vertically integrated mass
transport, the model surface pressure tendencies were
larger than the small observed tendencies by nearly an
order of magnitude. Wind and surface pressure tenden-
cies were subsequently computed directly from the ob-
servations using a 1-day difference. These observed
tendencies were used for the left-hand sides of (5a)
and (6a).

Tests were also performed in which the pressure
torque was computed indirectly, in a manner consistent
with the computation of the pressure gradient force in
the CCM. This involved turning off the pressure gra-
dient force terms in the CCM before performing the
one time-step integration. Although slight differences
exist between the direct and indirect methods, they do
not account for the large residual obtained in the 65-
day mean budget described below. This rules out nu-
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merical computation errors as the source for the resid-
ual and again implicates the interpolated surface pres-
sure field. Furthermore, the right-hand sides of (6a) as
computed in the model and in the processor compared
favorably, also eliminating the possibility of large nu-
merical errors. We conclude that our interpolated sur-
face pressure field has biases near mountains that give
rise to significant biases in our computed pressure
torques. :

3. The 65-day mean AAM budget
a. Global AAM

Figure 1 shows several time series during the 1984/
85 northern winter. The numbered curves represent 1)
observed global AAM, 2) observed Northern Hemi-
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sphere AAM, 3) observed Southern Hernisphere AAM,
4) observed zonal-mean outgoing longwave radiation
(OLR) averaged between the equator and 15°S, 5)
global AAM obtained by integrating (7a) in time with
specified torques on the right-hand side, and 6) length
of day (LOD). Note that the observed AAM curves are
computed as in Rosen and Salstein (1983) and do not
include the pressure term.

An out-of-phase annual variation is evident in the
two hemispheric AAM curves and this results in a
weaker annual cycle in the global curve. The giobal
and Northern Hemisphere curves exhibit well-defined
intraseasonal oscillations with maxima in January and
March 1985, about 60 days apart. The case study pe-
riod, demarcated by vertical lines, includes the January
peak. It is encouraging that the LOD curve closely fol-
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FiG. 1. Time series of 1) global atmospheric angular momentum, 2) Northern Hemisphere AAM, 3)
Southern Hemisphere AAM, 4) outgoing longwave radiation averaged zonally and from 0° to 15°S, 5) global
AAM obtained by integrating (7a) in time with specified torques on the right-hand side, and 6) length of
day changes in milliseconds. Note that the OLR scale is inverted. The observed AAM curves depict both
daily and pentad average values. The top abscissa is labeled relative to the beginning of the case study period
(1 December 1984), which is delineated by the two vertical lines. The bottom abscissa is marked by pentad
number, with 1 corresponding to 1-5 January 1985. Curves 1—4 extend from 28 October 1984 to 10 April

1985.
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lows the global AAM curve, despite the absence of the
pressure term in the latter.

A comparison of the predicted global AAM (curve
5) with the observed AAM (curve 1) illustrates two
important points. First, the intraseasonal variations
agree quite well in the two series. This indicates a rea-
sonably well-balanced budget on these timescales and
allows us to address some of the questions posed in
section 1. Second, there is a discrepancy between the
two curves that grows almost linearly with time. Note
that the mean trend in the observed AAM over the 65
days is negative, whereas the predicted trend is posi-
tive. This suggests a systematic positive error in the
computed torques. In fact, the 65-day mean globally
integrated budget (7a) gives an observed tendency of
—5.4 Ha on the left-hand side and a predicted tendency
of +2.2 Ha from the right-hand side. This time-mean
global budget is clearly not well balanced.

b. Zonal AAM budget

The 65-day mean zonal budget is shown in Fig. 2a.
The primary balance is between the sum of the friction
and mountain torques and the convergence of the m,
transport in Eq. (6a). The Coriolis torque fa[{V}]
(not shown) is smaller by nearly an order of magnitude.
The quantities shown in Fig. 2 are consistent with pre-
vious estimates and also with the classical AAM cycle
described in section 1. In fact, our balance is better than
even Swinbank’s, especially in the subtropics where his
friction torque appears to have been underestimated.

The observed and predicted 65-day mean AAM ten-
dencies, that is, the left- and right-hand sides of (6a),
are shown in Fig. 2b. The small observed mean ten-
dency reflects aspects of the seasonal cycle with in-
creasing westerlies near 25°N and easterlies in the
Tropics. The phase of the MJO at the end of the period
is also such as to contribute to the observed negative
tendencies in the Tropics. The predicted tendencies are,
however, much larger than the observed, and are poorly
correlated with them in latitude. The largest discrep-
ancy occurs near the latitude of the Tibetan Plateau and
suggests problems with the computed mountain torque.
This discrepancy is in fact large enough to account by
itself for most of the residual of 7.6 Ha in the 65-day
mean global AAM budget.

We are clearly not in a position here to explain the
observed-mean negative trend of the global AAM over
our 65-day study period. The interpolated surface pres-
sure, the approximate orography, the analyzed surface
winds, and the CCM1 parameterization of surface
stress likely all contribute significant errors. Neverthe-
less, except for the large discrepancy around 35°N, the
differences in Fig. 2b are a factor of 2 or 3, not an order
of magnitude. On intraseasonal timescales the AAM
tendency is typically an order of magnitude larger than
the values in Fig. 2b. Therefore, if the errors in the
torques do not change appreciably, one might expect a
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FIG. 2. The 65-day mean vertically and zonally integrated budget
of relative AAM: (a) the primary terms in the budget, the friction
+ mountain torque (dashed), and the divergence of the AAM trans-
port (solid) and (b) the budget imbalance, the difference between
the primary terms (total torques minus the divergence of the AAM
transport, solid), and the observed relative AAM tendency (dashed).
The units are Hadleys (1 Ha = 10'® kg m? s 72).
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better balanced intraseasonal budget, as is indeed con-
firmed by the reasonable correspondence between the
predicted and observed AAM curves in Fig. 1. Fur-
thermore, a latitude—time plot of daily values (not
shown) suggests that the discrepancy near 35°N is pri-
marily in the mountain torque and is systematic, that
is, not the residual of even larger daily values. Such a
systematic error is eliminated in an anomaly AAM
budget in which the anomalies are defined as deviations
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from the 65-day mean. This is the topic of the next
section.

4. The time-dependent AAM budget

A well-known aspect of the seasonal cycle is illus-
trated by comparing the zonal-mean OLR curve in Fig.
1 with the Northern and Southern Hemisphere AAM
curves. Looking at the entire period on display, 28 Oc-
tober 1984 to 10 April 1985, there is evidently a good
correlation between the curves on the seasonal time-
scale. Thus, as convection intensifies south of the equa-
tor, the Southern Hemisphere AAM decreases and the
Northern Hemisphere AAM increases. The equations
for these hemispheric AAM changes are readily ob-
tained by integrating (6a) over a hemisphere. The term
—a~'[{m,V }], does not vanish as in (7a) but appears
as the transport [ {m,V }] ~ {[m,V]} across the equa-
tor, with opposite signs in the two hemispheric budgets.
This transport has a contribution {[m,][V]} from the
zonal-mean Hadley cell. The sense of the OLR and
hemispheric AAM changes in Fig. 1 is then consistent
with the intensification of the northern winter Hadley
cell as convection intensifies slightly south of the equa-
tor. Also associated with the stronger cell are stronger
(weaker) zonal-mean trades in the Northern (South-
ern) Hemisphere, which give an additional positive
(negative) friction torque in the Northern (Southern)
Hemisphere AAM budget. Our point is that one can
qualitatively understand the link between seasonal con-
vection and AAM changes without invoking the zonally
asymmetric circulation. Of course, for quantitative ac-
curacy one also has to consider the contribution of the
zonally asymmetric eddies { [m*V *]} to {[m,V]}.

Whether zonal-mean convection plays a similar role
in modulating intraseasonal AAM variability is less
clear. Note that there is no obvious counterpart in the
OLR curve in Fig. 1 to the strong intraseasonal fluc-
tuations in the global and Northern Hemisphere AAM
curves. Indeed on these timescales WKE found a closer
link between AAM and regional OLR variability. In
this section we present evidence of a more complicated
scenario than that described above for the seasonal cy-
cle, in which regional OLR anomalies can force zonal,
hemispheric, as well as global AAM anomalies on in-
traseasonal timescales.

a. Global integrals

Figure 3a compares the observed anomalous global
AAM tendency with the anomalous total torques. As
described in the caption, some filtering has been ap-
plied before drawing the figure (note, however, that all
the computations themselves have been performed with
the daily T31 data). It is encouraging that the two
curves agree not only in phase but also in amplitude,
allowing a confident statement to be made about the
torques responsible for the AAM changes on these in-
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FiG. 3. (a) Dashed: time series of the observed anomalous ten-
dency of the global relative AAM from day 7 (7 December 1984 ) to
day 59 (28 January 1985). Solid: the sum of the anomalous global
friction and mountain torques. (b) Solid: anomalous global friction
torque. Dashed: anomalous global mountain torque. The daily fields
were temporally smoothed with 1-2—-1 and 11-day running mean
filters and spectrally truncated from T31 to T12 before global inte-
gration.

traseasonal timescales. Figure 3b splits the total torque
in Fig. 3a into friction and mountain torques. Both
torques contribute about equally to the positive ten-
dency in late December, with the friction torque leading
the mountain torque by about 8 days. The latter acts to
maintain a positive AAM tendency at a time when the
friction term becomes rapidly negative. Most of the
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subsequent negative AAM tendency after mid-January
(i.e., after about day 45 in our 65-day period) results
from the negative friction torque. The question natu-
rally arises as to which latitnde bands contribute most
to these global integrals; this is discussed next.

b. Zonal integrals

The main balance in the vertically and zonally inte-
grated relative AAM budget (6a) is between the sur-
face torques and the meridional convergence of the
AAM transport; the Coriolis torque is again much
smaller. The AAM tendency represents a relatively
small imbalance between these processes. Figures 4a
and 4b compare the right- and left-hand sides of Eq.
(6a) as a function of latitude. The agreement is sur-
prisingly good, especially in the Northern Hemisphere.
The pattern correlation of Figs. 4a and 4b is 0.74, which
is significant at the 99% level. There is a discrepancy
during days 15-30 near 5°N where the positive values
seen in Fig. 4b are not evident in Fig. 4a. Nevertheless,
the overall agreement is such as to encourage one to
break the budget [(6a)] further down into its compo-
nent parts.

It is perhaps appropriate at this point to introduce
some aspects of the OLR variability during our study
period. Figures 5a and 5b show two Hovméoller plots
of the anomalous OLR processed in the same manner
as the AAM tendency. Figure 5a is a time—latitude plot
of the zonal-mean OLR, whereas Fig. 5b is a time—
longitude plot of the OLR averaged between 9.3°N and
9.3°S. The eastward movement of the convection as-
sociated with an MJO is seen in Fig. 5b as large neg-
ative OLR anomalies shifting from Indonesia (120°E),
to the western Pacific (160°E), to South America
(320°E), and back to the Indian Ocean (70°E) by the
end of the period. Consistent with WKE a large positive
AAM tendency develops as convection shifts abruptly
east from Indonesia to the western Pacific after day 21,
while a negative tendency develops as convection
ceases over the Pacific Ocean and becomes reestab-
lished over the Indian Ocean after day 45. By contrast,
a simple link between the AAM tendency and the zo-
nal-mean OLR in Fig. 5a is not readily apparent. The
pattern shows primarily a seasonal signal along 10°S
(this is also depicted as curve 4 of Fig. 1). It is possible
that the small zonal-mean OLR anomalies of 2—-4
W m~? on intraseasonal timescales do not really rep-
resent zonal-mean convection anomalies. With this ca-
veat, Fig. 5a suggests a poor link between zonal-mean
convection and AAM anomalies on these timescales
(but see Risbey and Stone 1988).

Figure 6 shows the evolution of the AAM itself dur-
ing the case study period. The largest vertically inte-
grated AAM anomalies (Fig. 6a) occur in the Northern
Hemisphere, where the negative subtropical anomalies
early in the period become positive by day 35 and per-
sist thereafter with a slight decrease in meridional ex-

10 15 20 25 30 35 40 45 50 55

FIG. 4. The zonally and vertically integrated relative AAM budget.
Time-latitude plots of (a) the right-hand side of Eq. (6a), i.e., the
sum of the relative AAM flux convergence and Coriolis, mountain,
and friction torque anomalies and (b) the left-hand side of Eq. (6a),
i.e., the observed tendency of the relative AAM anomaly. The con-
tour interval is 1 Hadley, the zero contour has been suppressed, and
negative values are indicated by shading. The data have been tem-
porally and spatially smoothed as in Fig. 3. The abscissa labels are
days with 10 denoting 10 December 1984.

tent. Note that the tropical anomalies are negative at
the end of the period. The tropical features appear bet-
ter connected with NH and SH features at 165 mb (Fig.
6b) and give an impression of a poleward movement
originally discussed by Anderson and Rosen (1983).
Unfortunately, the discrepancy between Figs. 4a and
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FiG. 5. (a) Time-latitude plot of the anomalous zonal-mean OLR
and (b) time-longitude plot of the anomalous OLR averaged be-
tween 9°N and 9°S. The contour interval is 2 W m™? in (a) and §
W m~2 in (b). The zero contour has been suppressed, and negative
values are indicated by shading. The data have been temporally and
spatially smoothed as in Fig. 3. The abscissa labels are days with 10
denoting 10 December 1984. The dashed line highlights schemati-
cally the eastward movement of negative OLR anomalies.

4b near 5°N is such as to prevent us from pursuing this
poleward shift further here.

Figure 7 shows the major terms in the zonal AAM
budget (6a). The contribution from different latitude
bands to the global friction and mountain torques in
Fig. 3b is depicted in Figs. 7a and 7b, respectively. The
large oscillation in the global mountain torque in Fig.
3b is evidently associated with negative values in high
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and middle northern latitudes around day 20 and pos-
itive values farther south around day 30. During this
time the positive anomalies of the global friction torque
are associated with positive subtropical values in Fig.
7a that extend into the Tropics; these are subsequently
replaced by negative values. Incidentally, this plot of
the friction torque closely resembles that of the zonal-
mean zonal wind at the surface (not shown).

The total torque anomaly, Figs. 7a plus 7b, is shown
in Fig. 7c and is dominated by the friction torque. Its
meridional structure and evolution can be described as

S B T T T T
10 15 20 25 30 35 40 45 50 65

T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55

FiG. 6. (a) Time-latitude plot of the zonally and vertically inte-
grated relative AAM anomaly. The contour interval is 10%* kg
m? s . (b) Time—latitude plot of zonal-mean specific relative AAM
at 165 mb. The contour interval is 1 m s~'. The zero contour is
omitted and negative values are indicated by shading in both panels.
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F1G. 7. Time—latitude plots of the zonally and vertically integrated (a) friction torque anomaly, (b) mountain torque anomaly, (c) total
torque anomaly (a plus b), and (d) relative AAM flux convergence anomaly. The times of maximum total torque anomaly as indicated by
the solid curve in Fig. 3a are marked by vertical lines in (c) and (d). The contour interval is 1 Hadley in all four panels, the zero contour is
omitted, and negative values are indicated by shading. The data have been temporally and spatially smoothed as in Fig. 3. The abscissa labels

are as in Figs. 4 and 5.

a seesaw in the zonal wind between 35° and 60°N, rem-
iniscent of an index cycle. The days corresponding to
the largest negative and positive global torque anom-
alies are also marked on Fig. 7c. Relatively minor
changes in the areas covered by anamalous easterly and
westerly surface winds and the mountain torque result
in the anomalous global torque of Fig. 3a. Interestingly,
the evolution of the zonal torque anomaly along 15°N
in Fig. 7c parallels that of the global torque anomaly
in Fig. 3a, but this could be accidental.

The anomalous AAM flux convergence —a~!
X [{m,V}], is shown in Fig. 7d. Barring the small
Coriolis torque, the values in Fig. 4a are the sum of
those in Figs. 7c and 7d and, broadly speaking, can be
ascribed to the flux convergence leading the torques by
a few days. Thus, the three somewhat abrupt changes
in Fig. 7d around days 15, 27, and 52 are followed by
generally compensatory changes in the surface torques
in Fig. 7c. The compensation is most apparent outside
the Tropics. The extratropical surface torques can be
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said to adjust to the fluxes, and the largest AAM ten-
dencies in Fig. 4a occur during the time of adjustment.
Because the fluxes imply a meridional redistribution of
AAM, the flux convergences have a north—south di-
pole structure, and so the induced surface torques also
tend to have a dipole structure, of opposite polarity.
Note, however, that for the reason stated in section 1,
the induced torques are not of exactly the same strength
in the northern and southern halves of the dipole, and
so a significant net global torque can be generated by
this process.

Beginning about day 18, there is a large AAM flux
from the northern Tropics into midlatitudes that con-
tinues with diminishing strength until about day 27.
The surface torques adjust to this, reaching a maximum
on day 23 and a second, higher maximum on day 30
(see Fig. 3a). By this time the fluxes have just com-
pleted their second major shift, to which the torques
again respond in a few days, reaching a maximum on
day 52. The fluxes then undergo their third abrupt
change and become small and disorganized. The
torques again take a few days to adjust. The tropical
behavior is very different from this. The AAM flux out
of the Tropics around day 45 is not compensated by an
increased positive torque; indeed the trades are anom-
alously weak and give a negative friction torque. Thus,
both the fluxes and the friction torque cause the AAM
to decrease in the Tropics at this time.

¢. Regional contributions to zonal integrals

It is difficult to assess the contribution to Fig. 7b
from an individual mountain range such as the Rockies
by inspecting a map of (®,/g)p., because this shows a
strong east—west dipole structure near mountains,
which is impossible to integrate over by eye. We have
therefore adopted the following- somewhat unusual
plotting convention. Instead of showing a map of a
quantity A, we show a map of the partial zonal integral
[A]* of A from longitude O to . In the case of an
isolated mountain giving no net mountain torque, a map
of [(®,/g)p,»]" shows a simple minimum over the
mountain. If the mountain does give rise to a positive
mountain torque, the plot shows that positive value
trailing from the eastern edge of the mountain to the
eastern boundary at 360°E. The zonal mountain torque
is the difference in the values between 360° and O°E,
but in this case it is also the difference between the
values just slightly east and slightly west of the isolated
mountain.

Figure 8 shows such partial zonal integrals of the
anomalous total and mountain torques on day 18 (Fig.
8a) and day 27 (Fig. 8b). These days were chosen to
highlight aspects of the transition from the negative to
the positive tendency period in Fig. 3a. The values at
the eastern edges of these plots are the zonal integrals
in Fig. 7 on these dates. The specified contours and
shading in Fig. 8 are such that one can take in at a

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 51, No. 21

glance where the friction torque is important: these are
areas where the contours veer away from the shaded
region (as near the Philippines in Fig. 8b) and stay
away. Over Tibet and China in Fig. 8b, the ccentour
skirts the shaded region, showing that the mountain
torque picks up an important contribution there.

The negative global torque on day 18 is seen in Fig.
8a to be associated mostly with the negative mountain
torque at high northern latitudes. The friction torque
makes a positive contribution in the subtropics, but its
global value is relatively small at this time (see Fig.
3b). By day 27 (Fig. 8b) the global torque becomes
positive as easterly wind anomalies develop in the
northern Tropics near the Philippines and Central
America around 15°N and positive mountain torque
anomalies develop east of the Himalayas around 30°N.

d. Synoptic evolution

Figure 9 shows the evolution of the large-scale, low-
frequency anomalies of the 245-mb streamfunction
during our study period. Also shown are contours of
the total OLR, whose evolution can be seen to match
that in the Hovmoller plot of Fig. 5b. The particular
days shown in Fig. 9 are days 21 (Fig. 9a), 30 (Fig.
9b), and 45 (Fig. 9¢) near the times of minimum, rap-
idly increasing, and maximum AAM, respectively. The
features on these panels are generally consistent with
the composite anomalies shown in Fig. 8 of WKE and
with the summary given in section 1 of this paper. In-
terestingly, the minimum and maximum AAM states
can also be loosely described as anomalously negative
and positive Pacific/North American (PNA) index
states, respectively. As already stated, the change from
a minimum to a maximum AAM state is associated
with an eastward shift of the tropical convection into
the central Pacific. These characteristics are rerninis-
cent of those on much longer interannual timescales, in
particular that a warm ENSO episode (eastward-shifted
tropical convection; positive PNA index) is associated
with high AAM (Rosen 1993). Thus, the patterns in
Fig. 9, although obtained for a single case, are never-
theless consistent with a wide range of observational
studies linking AAM changes with tropical convection.

The evolution from a minimum to a maximum AAM
state is associated with well-defined local features in
Fig. 9. On day 21 (Fig. 9a), the Pacific jet is retracted
and there is a prominent equatorward propagating wave
over North America. This tilted structure apparently
makes a major contribution to AAM flux convergence
in Fig. 7d. Also around this time the Tibetan Plateau
starts to act as an AAM source due to the high pressure
to its east. On day 30 (Fig. 9b), when the total torque
peaks (Fig. 3a), a reversal of the anomalies is under
way over the North Pacific, and the anomalies there are
weak. The eastward shift of the tropical convection to
longitudes of 150°E is now almost complete. By day
45 (Fig. 9¢) the streamfunction anomalies are roughly
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