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ABSTRACT

The dynamical processes that drive intraseasonal equatorial atmospheric angular momentum (EAAM)
fluctuations are examined with the National Centers for Environmental Prediction—-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis data. The primary methodology involves the regression
of relevant variables including the equatorial bulge, mountain, and friction torques, surface pressure,
streamfunction, and outgoing longwave radiation, against the time derivative of the two components and
the amplitude of the EAAM vector.

The results indicate that the observed 10-day westward rotation of the EAAM vector corresponds to the
propagation of a zonal wavenumber-1, antisymmetric, Rossby wave normal mode. Additional findings
suggest that fluctuations in the amplitude of the EAAM vector are driven by poleward-propagating Rossby
waves excited by the latent heating within equatorial mixed Rossby—gravity waves and also by wave-wave
interaction among planetary waves. Both of these processes can induce surface pressure anomalies that
amplify the EAAM vector via the equatorial bulge torque. The Antarctic and Greenland mountain torques
were found to drive large fluctuations in the amplitude of the EAAM vector. Both the friction torque and
wave-zonal-mean flow interaction were shown to dampen the EAAM amplitude fluctuations.

A comparison of the EAAM dynamics in the atmosphere with that in an aquaplanet GCM suggests that
the mountain torque also drives fluctuations in the phase speed of the atmospheric wave field associated
with the EAAM vector, and it confines the wave-wave interaction to planetary scales.

1. Introduction the atmosphere and the ocean must be playing impor-
tant roles in driving polar motion of the solid earth
(e.g., Ponte et al. 1998; Ponte and Stammer 1999; Ce-
laya et al. 1999; Nastula and Ponte 1999). While much
research on EAAM has been performed by geodesists,
the results from this research have had little impact on
the atmospheric science community. Nevertheless, the
subject of EAAM is now ripe for research by atmo-
spheric scientists, since recent studies have shown that
polar motion and EAAM fluctuations are both driven
by well-known large-scale atmospheric dynamical pro-
cesses (Egger and Hoinka 2000; Feldstein 2003), and
because of the remarkable fact that these atmospheric
processes alter the location of the earth’s axis by a mea-
surable amount.

As the subject of EAAM is not well known in the
atmospheric science community, we briefly review
some basic equations. The equation for EAAM conser-
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Within the past two decades, many studies have
shown that changes in the position of the earth’s axis of
rotation relative to the earth’s crust are strongly linked
to fluctuations in the equatorial atmospheric angular
momentum (EAAM) vector. This displacement in the
pole position is known as polar motion. On both inter-
annual and intraseasonal time scales, the linear corre-
lation between polar motion and EAAM is typically
near a value of 0.6 (e.g., Eubanks et al. 1988; Chao 1993;
Nastula 1995). Since polar motion corresponds to fluc-
tuations in the equatorial components of the solid
earth’s angular momentum, and because the equatorial
angular momentum of the solid earth-atmosphere—
ocean system is conserved (excluding tidal influences),
this value for the linear correlation implies that both
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FiG. 1. Schematic diagrams of (a) the coordinate system with the equatorial components of the EAAM vector,
EM, and EM,, illustrated, and (b) the equatorial bulge torque in the direction of the EM, component. In (b), the
surface highs and lows in both hemispheres are centered at 90°E and 90°W. Because of the earth’s bulge, these
surface highs and lows exert forces on the earth in the direction of the arrows. This results in a decrease in the solid
earth’s angular momentum and an increase in the EAAM in the direction of EM;,. In (b), the extent of the bulge
is exaggerated in order to highlight the equatorial bulge torque.

where the vector EM consists of the two components of
the atmospheric angular momentum vector that are lo-
cated within the equatorial plane (the third component
is aligned parallel to the earth’s axis; Fig. 1a). The time
derivatives in (1) are for the inertial and rotating coor-
dinate systems, indicated by the subscripts “i” and “r,”
respectively. The friction, mountain, and equatorial
bulge torques are expressed by FT, MT, and BT, re-
spectively. (The definitions for EM and all three
torques are presented in the appendix.) The equatorial
bulge torque can be understood as being analogous to
the mountain torque that arises from the earth’s sphe-

roidal shape (Fig. 1b). Since BT EM,, (Bell
1994), (1) can be rewritten as

dEM

gt EM,y, FT MT, 2

r

where EM,,, and EM,, are the mass and wind field con-
tributions to EM, respectively [see (Al) and (A2)]. The
mass contribution to EM is due to the atmosphere’s
rotation with the solid earth’s angular velocity, , and
the wind contribution to EM arises from atmospheric
motion relative to the earth’s surface. As shown by
Eubanks et al. (1988) and Bell (1994), the mass contri-
bution to the equatorial components of EM is about
one order of magnitude greater than the wind contri-
bution. In both EAAM and polar motion studies, the

two equatorial components of the EAAM vector are
typically specified as being aligned with the Greenwich
and 90°E meridians.

Recently, Feldstein (2003) examined the dynamical
processes that drive EAAM fluctuations in an aqua-
planet general circulation model (GCM). In that study,
the model had a flat, all-ocean lower boundary with a
sea surface temperature field that was both zonally
symmetric and symmetric across the equator. The uni-
formity of the lower boundary ensured that mountain
torques were absent and that there were no zonal asym-
metries in the model’s climatological flow. One key
finding of that study was that the model’s 10-day west-
ward rotation of the EAAM vector (a similar 10-day
westward rotation is also seen in the atmosphere;
Brzezinski 1987; Egger and Hoinka 2002) relative to
the earth’s surface could be understood as arising from
the westward propagation of a zonal wavenumber 1,
Rossby wave normal mode that is antisymmetric across
the equator. The other main finding was that fluctua-
tions in the amplitude of the EAAM vector are associ-
ated with equatorial precipitation and wind anomalies
showing characteristics typical of a zonal wavenumber
1, equatorial, mixed Rossby—gravity wave. These re-
sults led to the hypothesis that the model’s EAAM am-
plitude fluctuations are ultimately driven by latent
heating within the mixed Rossby—gravity wave, and
that this latent heating excites poleward-propagating,
upper-tropospheric Rossby waves that subsequently in-
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duce midlatitude surface pressure anomalies that can
alter the EAAM amplitude.

The first goal of this study is to investigate the extent
to which the dynamical processes that drive EAAM
fluctuations in an aquaplanet GCM (Feldstein 2003)
also drive the EAAM fluctuations in the atmosphere.
The second goal of this study is to examine the impact
of the mountain torque on the EAAM of the atmo-
sphere.

The methodology is described in section 2, followed
by an examination of the EAAM budget in section 3.
An analysis of the dynamical processes that determine
the phase and amplitude of the EAAM vector is pre-
sented in sections 4 and 5, respectively, followed by the
conclusions in section 6.

2. Data and diagnostic techniques

The EAAM dynamics is examined with daily (0000
UTC) National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis data. This study will focus on the
boreal winter [December—February (DJF)] for the
years 1958-97. To investigate the role of tropical con-
vection on driving EAAM amplitude fluctuations, we
use outgoing longwave radiation (OLR) data, which
are produced by the National Oceanic and Atmo-
spheric Administration. Except for the OLR and
mountain torque calculations, all data are truncated at
rhomboidal 30 resolution. The analysis of OLR is per-
formed on a 2.5° latitude  2.5° longitude grid, and the
mountain torque is calculated on the NCEP-NCAR
triangular 62-degree grid. For this study, unless stated
otherwise, all data are temporally unfiltered and the
seasonal cycle is subtracted. The seasonal cycle is ob-
tained by applying a 20-day low-pass digital filter to the
time mean of each calendar day. This study focuses on
anomalies, which are defined relative to the seasonal
cycle for the corresponding day. Several additional cal-
culations will be performed with data from the aqua-
planet GCM. The purpose of these calculations is to
examine the impact of the atmosphere’s zonally inho-
mogeneous underlying surface.

Conceptually, in an inertial coordinate system, the
EAAM vector can be written as

EM EM,; cos ti EM, sin tj, 3

where i and j are unit vectors in the inertial coordinate
system, t is the fast daily time variable associated with
the earth’s rotation at the diurnal frequency, ,and is
a slower time variable associated with amplification and
rotation of the EAAM vector relative to the rotating
earth. In this study, we will focus on the slower dynami-
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cal processes that drive changes in the phase and am-
plitude of the EAAM vector relative to the rotating
earth.

The primary methodology to be used involves the
linear regression of different atmospheric variables
against the two components of the EAAM vector ten-
dency (i.e., dEM,/dt and dEM,/dt) and against the ten-
dency of the amplitude of the EAAM vector, d(EM?
EMS3)/dt. (The quantities EM, and EM, denote the
Greenwich and 90°E components of the EAAM vec-
tor.) The former calculations will allow us to examine
the processes associated with fluctuations in the phase
of the EAAM vector relative to the earth’s surface. In
the regression equations, the amplitude of the anomaly
is always specified to be equal to one standard devia-
tion. In this study, we will focus on intraseasonal
EAAM variability as the majority of the observed vari-
ance takes place at this time scale (Salstein and Rosen
1989).

3. EAAM budget

We first evaluate the extent to which the EAAM
budget is balanced in an inertial reference frame. This
is performed by regressing both sides of (1) against the
left-hand side (Ihs) of that equation, for both the
Greenwich and 90°E meridians (Figs. 2a,b). As can be
seen, at all lags, there is very close agreement between
the EAAM tendency and the equatorial bulge torque.
The mountain torque is about an order of magnitude
smaller than the equatorial bulge torque, and the fric-
tion torque (not shown) is another order of magnitude
smaller. These findings indicate that the EAAM budget
is dominated by the equatorial bulge torque, as was also
shown for the aquaplanet GCM.

To further understand these results for the EAAM
budget, we present both the standard deviations for all
three torques and also the linear correlations between
each of these torques and the corresponding EAAM
tendency (see Table 1). It is the product of these two
quantities that determines the linear regression coeffi-
cients in Fig. 2. The standard deviation values resemble
those of Egger and Hoinka (2002). [In contrast, de Vi-
ron et al. (1999) found standard deviation values for the
mountain torque that are similar to those of the equa-
torial bulge torque.] The dominance of the equatorial
bulge torque in Figs. 2a,b can be understood from these
standard deviation and correlation values.

We next examine the EAAM budget in a reference
frame rotating with the earth. As for the inertial refer-
ence frame, the budget is evaluated by regressing both
sides of (2) against the Ihs of (2), for the Greenwich and
the 90°E meridians. The results of these calculations
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Fic. 2. Regression coefficients for the EAAM budget: (a), (c), (e), (g) Greenwich and (b), (d), (f), (h) 90°E meridians. (a), (b) The
inertial reference frame and (c)-(h) are for the reference frame rotating with the solid earth. In (a) and (b), the solid curve is the
regressed EAAM tendency, the short dashed curve is the regressed equatorial bulge torque, and the long-dashed curve is the regressed
mountain torque. In (c), (d), (e), and (f), the solid curve is the regressed EAAM tendency [the lhs of (2)], and the short-dashed curve
is the regression of the sum of the terms on the rhs of (2). The data are unfiltered in (c) and (d) and bandpass filtered in (e) and (f).
In (g) and (h), the solid curve is the regression of the EM,, term in (2), the short-dashed curve is the regressed mountain torque,
and the long-dashed curve is the regressed friction torque. All regressions are against the EAAM tendency and all quantities are divided
by 10%° kg m?s 2.

(Figs. 2c,d) show a moderate degree of balance for the the mountain torque may account for these deficiencies
two EAAM components. Although the phase of both in the budget in the rotating reference frame (Egger
sides of (2) tends to be correct, near lag 0, the ampli- and Hoinka 2000). Several different methods were used
tude of the right-hand side (rhs) is about half that of the to calculate the mountain torque. This included the
lhs. It is possible that inaccuracies in the calculation of three methods suggested by Swinbank (1985) (centered
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TaBLE 1. Std devs of the equatorial bulge, mountain, and fric-
tion torques for the Greenwich and 90°E meridians, denoted by
BT,, MT,, FT,, and BT,, MT,, FT,, respectively. Linear correla-
tion values are shown for each of the torques with the correspond-
ing component of the EAAM vector tendency.

Std dev Linear correlation
BT, 237 10®kgm?s 2 0.96
MT, 0.48 10 kgm?s 2 0.37
FT, 0.08 10*°kgm?s 2 0.19
BT, 260 10*kgm?s 2 0.96
MT, 039 10 kgm?s 2 0.06
FT, 0.08 10®kgm?s 2 0.07

differencing, transformation to log pressure, and ex-
plicit calculation of the vertical integral of the pressure
gradient force in sigma coordinates) and also a calcu-
lation using two-dimensional B-spline interpolation.
Each of these methods yielded nearly identical results.
Also, since Figs. 2g,h show that the EM,, and
mountain torque terms in (2) undergo rapid variation
over a period of a little more than 1 day near lag 0,
temporal resolution may also be a factor in the level of
balance shown in Figs. 2c,d. To examine this possibility,
a digital filter with a 10-day cutoff period was applied to
the budget terms (Figs. 2e,f). As can be seen, the filter-
ing of higher frequencies does lead to a much improved
balance in the budget.

The regressions of EM,, and the mountain and
friction torques are shown in Figs. 2g,h. As with the
aquaplanet GCM, it is found that the EM,, term is
dominant. However, in contrast to the aquaplanet
GCM, the mountain torque in the atmosphere is far
from being negligible.

4. Phase of the EAAM vector

a. Power spectra

The phase of the EAAM vector is first examined by
calculating the power spectra for the two EAAM com-
ponents (see Fig. 3). As can be seen, the power spectra
resemble a first-order autoregressive process with a sta-
tistically significant 10-day peak. A 10-day peak was
also found in the aquaplanet GCM (Feldstein 2003) and
in the atmosphere (Brzezinski 1987; Egger and Hoinka
2002). As with the aquaplanet GCM, lag correlations
between EM,; and EM, indicate that this 10-day peak
corresponds to the westward rotation of the EAAM
vector. However, in comparison with the aquaplanet
GCM, the 10-day spectral peak in Fig. 3 is both broader
and of smaller amplitude, although still well above the
95% a posteriori confidence level.
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Fi1G. 3. The power spectrum (thick solid curve) of the (a) Green-
wich and (b) 90°E meridians for the EAAM vector. The five thin
solid curves are that for a first-order autoregressive process and
the corresponding 5% and 95% a priori and a posteriori confi-
dence levels.

(days)

b. Rossby wave propagation

The 10-day westward phase propagation is examined
by linearly regressing the anomalous surface pressure,
ps, against (dEM,/dt),, the Greenwich component of
the EAAM tendency (see Fig. 4). For this regression, a
bandpass Fourier filter is applied to both the surface
pressure field and the EAAM tendency. The cutoff pe-
riods selected for this filter are 7.5 and 12.9 days, as it is
only between these two periods, for both EAAM com-
ponents, that the power exceeds the 95% a posteriori
confidence level (see Fig. 3). The fraction of the in-
traseasonal variance contributed by this band is 16%
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FiG. 4. The bandpass surface pressure field regressed against the Greenwich meridian component of the bandpass EAAM tendency,
atlags (@) 4,(b) 2,(c)0,(d) 2,(e) 4,and (f) 6 days. LagO0 corresponds to the time of the maximum value for the Greenwich
meridian component of the EAAM tendency. The contour interval is 50 N m 2, and shading corresponds to absolute values that exceed
100 N m 2 Solid contours are positive, dashed contours negative, and the zero contour is omitted.

for the Greenwich meridian and 28% for the 90°E me-
ridian. As can be seen in Fig. 4, there is a well-organized
zonal wavenumber-1 pattern that is antisymmetric
across the equator. This pattern propagates westward
with a well-defined 10-day period. For the 90°E merid-
ian, an analogous linear regression yields essentially the
same results, except for a 90° phase shift in longitude
(not shown). These wave propagation characteristics
for the observed 10-day EAAM band are very similar
to those for the aquaplanet GCM where the analyses
was performed with unfiltered data (see Fig. 3 of Feld-
stein 2003).

Noticeable differences are found between the above

bandpassed linear regression and the regression per-
formed with unfiltered anomalous surface pressure and
EAAM tendency (Figs. 5 and 6). Compared to the
bandpass patterns shown in Fig. 4, the unfiltered wave
field is less well organized, and therefore the 10-day
period of propagation in the unfiltered data is less ap-
parent. Given the similarity between the above band-
pass regression patterns and those for the aquaplanet
GCM, it seems likely that the atmospheric mountain
torque is generating waves that are shorter than zonal
wavenumber 1 with periods outside of the 10-day band
(see Figs. bc, 5f, and 6c¢,f). Furthermore, we also suspect
that this contribution from the mountain torque ob-
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Fic. 5. Same as in Fig. 4, but for the anomalous unfiltered surface pressure field.

scures what would otherwise be a more distinct 10-day
peak in the EAAM power spectra.

Similar wave propagation characteristics are found
for the anomalous, unfiltered 300-mb geopotential
height field, 54, (for brevity, only the Greenwich com-
ponent is shown in Fig. 7). The resemblance in spatial
structure between the regressed p, and 5, fields, es-
pecially between lag 2 and lag 2 days, indicates to a
fair extent that the wave field associated with this 10-
day westward propagation has an equivalent barotropic
vertical structure. For both EAAM components, the
maximum p; amplitude occurs near lag 2 days (Figs.
4d, 5d, 6d, and 7d).

We examine the physical mechanism that accounts
for the westward EAAM vector propagation by relat-
ing the p, and 5y, fields to the normal-mode solutions

of the shallow-water model equations on the sphere
(Eubanks et al. 1988; Bell 1994; Egger and Hoinka
1999), that is, the orthonormal Hough mode solutions
to Laplace’s tidal equations [see Longuet-Higgins
(1968) and Kasahara (1976, 1980) for details]. Follow-
ing the notation used in Feldstein (2003), n 2 denotes
the first antisymmetric mode, and n 4, the second
antisymmetric mode. As in that study, a value of 5.8 km
is chosen for the equivalent depth.

Table 2 lists linear correlations between the indi-
vidual EAAM component time series and the time se-
ries obtained by projecting the daily p; and 5, fields
onto the Hough mode spatial patterns. All of the cor-
relations in Table 2 are statistically significant above
the 95% confidence level. The higher-order Hough
modes all yield much smaller linear correlations. In ad-
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FiG. 6. Same as in Fig. 4, except that the regression is against the EAAM tendency at the 90°E meridian.

dition, it is only the n 2 projection time series that
have a strong 10-day peak. These results, which are
very similar to those for the aquaplanet GCM, suggest
that the westward propagation of the EAAM vector in
the atmosphere arises from the Rossby wave propaga-
tion of the first antisymmetric, zonal wavenumber-1
normal mode. Overall, however, these correlations are
a little smaller than those for the aquaplanet GCM.

c. Mountain torque

The budget calculations in section 3 showed that the
mountain torque plays an important role in determin-
ing the phase of the EAAM vector. As implied by the
mathematical expression for the mountain torque [see
(A5) and (A6)], a nonzero mountain torque occurs only

when the zonal wavenumber of the topography and
that of the p, field differ by 1. A calculation with vari-
ous truncations in zonal wavenumber finds that about
80% of the mountain torque is due to interaction be-
tween the zonal wavenumber-1 p, and the zonal wave-
number-2 topography.

An inspection of Fig. 2g (lag 0 days) suggests that the
mountain torque is causing the rotation rate of the
EAAM vector to vary with time. The mountain torque
is aligned along the Greenwich meridian at this lag (the
90°E component of the mountain torque is negligible at
this lag), and the EAAM vector is close to being par-
allel to the 90°E meridian at lag 0 days [Fig. 5c; see also
(A2)]. Such a phase relationship between the EAAM
vector and the mountain torque must lead to an in-
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FiG. 7. Same as in Fig. 4, but for the anomalous 300-mb geopotential height field regressed against the unfiltered Greenwich meridian
component. The contour interval is 4.0 m, and shading corresponds to absolute values that exceed 8.0 m. Solid contours are positive,

dashed contours negative, and the zero contour is omitted.

crease in the westward rotation rate of the EAAM vec-
tor. This expected increase in the rotation rate is veri-
fied from the temporal evolution of the phase of the
EAAM vector, arctan(EM,/EM,), where EM; and
EM, are obtained by linear regression against (dEM,/
dt), (Fig. 8a). As can be seen, the phase of the EAAM
vector changes most rapidly at lag 0 days. Similar phase
changes are seen 2-3 days later for calculations with
(dEM,/dt), (Fig. 8b). The corresponding phase curves
for the aquaplanet GCM are straight (not shown), in-
dicating that in the absence of topography, the west-
ward-rotation rate of the EAAM vector is close to be-
ing constant. These differences between the atmo-
sphere and the aquaplanet GCM are consistent with the

suggestion that the mountain torque causes the rotation
rate of the EAAM vector to fluctuate with time.

d. Mountain torque spatial structure

To better understand the mountain torque, we also
examine its spatial structure at lag 0 days. For this pur-
pose, we regress the integrand in the equation for the
Greenwich meridian mountain torque [see (A5)], that
is, [ps( h/ ) cos sin ps( h/ ) sin cos ], against
the Greenwich meridian EAAM tendency. This is illus-
trated in Fig. 9, together with the NCEP-NCAR re-
analysis topography. As can be seen, there are moun-
tain torque contributions from Greenland, the Rockies,
Scandinavia, the Himalayas, the Andes, and Antarctica.
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TaABLE 2. Linear correlations between the EAAM component
time series and the time series generated by projecting the daily p,
and 5y, fields onto the Hough mode spatial patterns. Subscripts
1 and 2 denote the Greenwich and 90°E meridians, respectively,
and (n 2) and (n 4) indicate the first two antisymmetric
Hough modes.

Linear correlation

EM; vs ps1(n 2) 0.94
EM, vs ps.(n 4) 0.46
EM, vs ps,(n 2) 0.95
EM, vs pso(n 4) 0.41
EM; Vs 500:(n 2) 0.53
EM; vs  500.(n  4) 0.33
EM, Vs 500.(n  2) 0.41
EM, vs 5p0.(n  4) 0.27

A separate summation over each mountain range in
Fig. 9 indicates that the primary contributors to the
mountain torque at lag 0 are Antarctica and Greenland,
with the contributions from the other regions being

a) (Greenwich)

Phass

-1

-3

-28 -15 -10 -5 5 18 15 20

b) (90E)

4 —rrTrT T rrrr T T T LB o e e

Phase

-1

-2

-3

P SRR R BRI S B A | PR BTN

-4

PR
-20 -15

-10 -5 [} 5 -10 15 20
Lag (days)

Fic. 8. The phase of the EAAM vector (in radians) regressed
against the EAAM tendency for the (a) Greenwich and (b) 90°E
meridians.
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about one order of magnitude smaller. It is found that
the Antarctic mountain torque is about 1.1 times
greater than that from Greenland. These results illus-
trate the fact that with the exception of Antarctica,
even though the local mountain torque is often large,
there is substantial internal cancellation in the moun-
tain torque for each region. Calculation of the moun-
tain torque for other lags, when the EAAM tendency is
smaller (Fig. 2b), reveals that the mountain torque from
other regions can often be comparable to those from
Antarctica and Greenland.

5. Amplitude of the EAAM vector

We next investigate the dynamical processes that
drive fluctuations in the amplitude of the EAAM vec-
tor. For this purpose, several different variables are re-
gressed against the tendency of the anomalous EAAM
vector amplitude, d/dt[(EM,)*>  (EM,)?], where EM,
and EM, are deviations from the DJF time-mean val-
ues of EM; and EM,. As shown by Egger and Hoinka
(2002), the time-mean value of EM, is about two orders
of magnitude greater than that of EM,.

The time-lagged regression of the EAAM amplitude
against its tendency is illustrated in Fig. 10a. As ex-
pected, the EAAM amplitude fluctuates rapidly, attain-
ing its minimum (maximum) 2 days prior to (after) the
maximum EAAM amplitude tendency.

The equation that describes the tendency of the
EAAM amplitude is

1dEM?
2 dt

BT-EM MT-EM FT-EM. 4

This equation indicates that changes in the amplitude of
the EAAM vector depend on the dot product between
the EAAM vector and each of the torques. The lagged
regression of each of the terms on the rhs of (4) against
the tendency of the EAAM amplitude is shown in Fig.
10b. As can be seen, all three torques play an important
role, with the equatorial bulge and mountain torques
having the greatest influence and exhibiting the most
complex behavior. It may seem surprising that the
equatorial bulge torque does not overwhelm the other
two torques, as it does in (1) (see Figs. 2a,b). However,
since BT EM,, (Bell 1994), the equatorial bulge
torque is orthogonal to the mass contribution of the
EAAM vector. As a result, only the much smaller wind
contribution to the EAAM vector impacts BT - EM.
Figure 10b shows that the friction torque is out of phase
with the EAAM amplitude, indicating that this torque
simply reduces the amplitude of the EAAM vector.
The extent to which (4) is balanced is illustrated in
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FiG. 9. The integrand of the Greenwich meridian mountain torque. The contour interval is
2 10°Nm * The shading indicates topographic heights that exceed 1500 m. Solid contours
are positive, dashed contours negative, and the zero contour is omitted.

Fig. 10c. As can be seen, the balance is moderate near
lag 0, when the tendency of the EAAM amplitude is
largest, and better at other lags. However, as with the
budgets shown in Fig. 2, application of the digital filter
leads to a marked improvement in the balance of the
EAAM amplitude budget (not shown).

There are at least three different mechanisms by
which the equatorial bulge torque can alter the EAAM
amplitude. These mechanisms involve 1) the poleward
propagation of a zonal wavenumber-1 Rossby wave
from the Tropics into the midlatitudes (Feldstein 2003),
2) wave-wave interaction, and 3) wave-zonal-mean
flow interaction. The impact of these three processes,
each of which can change the surface pressure field
hence the EAAM amplitude, will be examined in this
section. Since the friction torque is smaller than the
other terms on the rhs of (4), and because it appears to
simply dampen the EAAM amplitude, the friction
torque will not be further considered in this study.

a. Poleward Rossby wave propagation

As mentioned in section 1, Feldstein (2003) found
that fluctuations in the EAAM amplitude of the aqua-
planet GCM are associated with zonal wavenumber-1,
equatorial mixed Rossby—gravity waves. In that study,
it was suggested the latent heating within these equa-
torial waves excites the poleward-propagating Rossby
waves, and that these waves in turn alter the EAAM
amplitude by inducing surface pressure anomalies.

To isolate the wave field associated the EAAM am-
plitude fluctuations, for each day, the entire flow field is
phase shifted to a common longitude. Such a procedure
amounts to examining the flow in a coordinate system
that follows the zonal wavenumber-1 disturbance. This

phase-shifting method is discussed in Feldstein (2003).
Very briefly, for each day, a longitude ... is deter-
mined, which maximizes the projection of the daily p,
field onto the spatial pattern sin  cos®> cos( max)-
This pattern corresponds to a linear combination of the
mass contribution of the integrands of the EAAM vec-
tor [see (Al) and (A2)]. After .. is calculated, the
entire p, field is shifted in the zonal direction by an
amount that places . at the same common longitude
for each day. We choose this common longitude to be
the date line, because although ., is found to occur at
all longitudes, the most frequently occurring value for

max 1S 180°. This phase-shifting technique will result in
the DJF, time-mean p, and 300-mb streamfunction,

300, NAving nonzero values (Fig. 11; we examine the
300-mb streamfunction, rather than the 300-mb geopo-
tential height, in order to better isolate the tropical
wave pattern).

Figure 12 shows the time evolution of the full
anomaly pattern that is obtained by adding the surface
pressure, p,, regressed against the EAAM amplitude
tendency, to the phase-shifted, DJF, time-mean p; field
(Fig. 11a). The resulting evolution shows that as the
EAAM amplitude increases (Fig. 10a), the amplitude
of the corresponding zonal wavenumber-1 surface pres-
sure pattern also increases. A similar calculation for the

300 field (not shown) also finds an increase in the am-
plitude of the zonal wavenumber-1 disturbance.

We next examine the anomalous 5y, regressed
against the EAAM amplitude tendency, rather than the
full 54 field, in order to search for the presence of
equatorial waves (the time-mean 5, is excluded from
this calculation because its amplitude is greater than
that of the regressed anomalous 5o, in the Tropics).
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Fic. 10. Regression coefficients for the budget of the EAAM
amplitude. (a) The amplitude of the EAAM vector. (b) The re-
gressions illustrated are for the dot product between the EAAM
vector and the equatorial bulge torque (solid curve), mountain
torque (short-dashed curve), and friction torque (long-dashed
curve). (c) The regressions are for the EAAM amplitude ten-
dency (solid curve) and summation of the dot product between
the EAAM vector and the sum of all three torques. All regres-
sions are against the tendency of the EAAM vector amplitude.
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Figure 13 shows a zonal wavenumber-1 streamfunction
pattern that is confined to the Tropics and that tends to
be symmetric across the equator (best seen in Fig. 13b).
This pattern is typical for an equatorial mixed Rossby-
gravity wave. Although less well organized, there is also
a zonal wavenumber-1 pattern for the OLR field, which
both straddles and is antisymmetric across the equator
(this is most clearly seen in Fig. 13b). The relative lo-
cation and sign of these OLR anomalies resemble both
those in Wheeler et al. (2000) and also the precipitation
anomalies in Feldstein (2003), which indicates that this
OLR pattern is also consistent with an equatorial mixed
Rossby—gravity wave. Therefore, as for the aquaplanet
GCM, these results suggest that an equatorial mixed
Rossby—gravity wave occurs prior to the attainment of
the maximum EAAM amplitude. In addition, although
not apparent in Fig. 13, a calculation of the momentum
flux regressed against the EAAM amplitude tendency
for zonal wavenumber 1 reveals an equatorward trans-
port in the midlatitudes of both hemispheres (not
shown) when the EAAM amplitude is increasing.
These directions for the fluxes imply that there are
poleward-propagating Rossby waves prior to the am-
plification of the EAAM vector.

b. Wave-wave interactions

To examine the role of wave-wave interactions in
changing the amplitude of the EAAM vector, the wave-
number power spectra of both the p, and the , fields
are regressed against the tendency of the EAAM am-
plitude. For this calculation, the power spectra of these
two variables is calculated as a function of zonal wave-
number for each day and for each latitude.

We first examine the regression of the anomalous
power spectra for the first eight zonal wavenumbers of
the 5o field summed over all latitudes (Fig. 14). The
power spectra are summed over all latitudes since both
hemispheres tend to show similar patterns, with the
Northern Hemisphere contribution dominating, and
with the anomalous power coming primarily from mid-
and high latitudes (not shown). As expected, the power
in zonal wavenumber-1 increases immediately after lag
0. Furthermore, as the EAAM amplitude is increasing,
the power of zonal wavenumber 2 declines and that of
zonal wavenumber 3 becomes larger. These tendencies
in the power spectra are consistent with zonal wave-
number 2 giving up energy to both zonal wavenumbers
1 and 3. Opposite tendencies can be seen at earlier and
later lags in Fig. 14 when the EAAM amplitude is de-
creasing.

Similar calculations are also performed for the sur-
face pressure power spectra. The results indicate an
increase in power for zonal wavenumber 1 as the

Unauthenticated | Downloaded 05/13/21 03:49 PM UTC



FEBRUARY 2006

FELDSTEIN

577

Fic. 11. The anomalous, phase-shifted, DJF, time-mean (a) surface pressure and (b) 300-mb streamfunction

fields. The contour interval is (a) 50 N m 2 and (b) 3.0
(a) 100N m 2and (b) 6.0
is omitted.

EAAM amplitude is increasing, but the changes in the
power for all other zonal wavenumbers are very small
(not shown). This result indicates that wave-wave in-
teractions are not playing a role at the surface.

For comparison, we also calculate the regressed 54
power spectrum for the aquaplanet GCM (not shown).
This calculation was not performed in Feldstein (2003).
The results indicate that as the EAAM amplitude in-
creases, the power at zonal wavenumbers 3, 4, and 5
declines while that at zonal wavenumber 1 increases.

The above results show that in comparison to the

10°m?s . Shading indicates absolute values that exceed

10°m?s 1. Solid contours are positive, dashed contours negative, and the zero contour

aquaplanet GCM, the wave-wave interactions in the
atmosphere involve longer waves. These results allude
to a possible indirect role played by the earth’s topog-
raphy in altering the atmosphere’s EAAM amplitude
via the wave-wave interactions, since zonal wavenum-
bers 1 and 2 may be excited by the topography. Also,
since these wave-wave interactions are not observed in
the surface pressure power spectra, these results sug-
gest that after the wave-wave interactions take place in
the upper troposphere, surface pressure anomalies are
induced, as discussed in Feldstein (2003) and in the

Unauthenticated | Downloaded 05/13/21 03:49 PM UTC



578

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 63

FiG. 12. The sum of the surface pressure field regressed against the EAAM amplitude tendency and the anomalous, phase-shifted,

DJF, time-mean surface pressure field at lags (a) 3, (b) 2, (c)

1,(d)0,(e) 1,and (f) 2 days. Lag 0 corresponds to the time of

the maximum value for the EAAM amplitude tendency. The contour interval is 50 N m 2, and shading corresponds to absolute values
that exceed 100 N m 2. Solid contours are positive, dashed contours negative, and the zero contour is omitted.

introduction. Also, a plausible reason for zonal wave-
number 1 being the only wave impacted by the upper-
tropospheric wave-wave interactions is that the Rossby
penetration depth, D fL/N (see Hoskins et al. 1985),
where D is the Rossby penetration depth, f is the Co-
riolis parameter, L is the horizontal length scale, and N
is the buoyancy frequency, is greatest for the largest
spatial scales.

c. Wave-zonal-mean flow interaction

We next consider the impact of wave-zonal-mean
flow interaction on the EAAM amplitude. For the

zonal wavenumber-1 disturbance associated with
EAAM to gain energy baroclinically from the vertical
shear of the zonal-mean flow, the eddy heat flux asso-
ciated with the zonal wavenumber-1 disturbance must
be poleward. Calculations reveal that the 850-mb eddy
heat flux for zonal wavenumber 1, regressed against the
EAAM amplitude tendency, is actually equatorward
(not shown). These findings imply that wave-zonal-
mean flow interaction actually opposes the amplifica-
tion of the EAAM vector. However, the 850-mb eddy
flux is poleward for zonal wavenumber 2 (not shown).
All other waves do not reveal a clear, well-organized
heat flux structure. These results suggest that zonal
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Fi1G. 13. The anomalous OLR (shading) and anomalous stream-
function (contours) regressed against the EAAM amplitude ten-
dency at lags (@) 1, (b) 0, and (c) 1 days. The contour interval
is2.0 10°m?s ®and shaded values exceed an absolute value of
0.3 W m 2. Solid contours are positive, dashed contours negative,
and the zero contour is omitted. Dark (light) shading denotes
positive (negative) OLR anomalies.

wavenumber 2, which appears to be the source of en-
ergy for the wave-wave interaction, gains its energy
from the vertical shear of the zonal-mean flow. This
energy is then transferred to zonal wavenumbers 1 and
3 via the wave-wave interaction, as discussed in section
5b (Fig. 14). A calculation of the regressed 300-mb eddy
momentum fluxes indicates that barotropic wave—
zonal-mean flow processes do not play an important
role in changing the EAAM amplitude.

Similar calculations were also performed for the
aquaplanet GCM. As with the observational data, the
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eddy heat flux for zonal wavenumber 1 is equatorward,
and the eddy momentum flux did not play an important
role. There were no coherent eddy heat fluxes for other
zonal wavenumbers. These differences between the ob-
servations and the aquaplanet GCM suggest that the
topography may initially be exciting the zonal wave-
number-2 disturbance in the atmosphere, and that pole-
ward eddy heat fluxes would then further amplify this
growth.

d. Mountain torque

The influence of the mountain torque on the EAAM
amplitude is examined by regressing both the p, field
and the integrands of (A5) and (A6) against the
EAAM amplitude tendency. This calculation is per-
formed without the phase shifting of the previous sec-
tion, otherwise the impact of the mountain torque
would be obscured. The regression of the (A5) and
(A6) integrands (not shown) indicates that the primary
contributors are again Antarctica and Greenland, with
much smaller contributions coming from other regions.

6. Conclusions

This investigation compares the dynamics of EAAM
fluctuations in the atmosphere with those from an
aquaplanet GCM (Feldstein 2003), and it examines the
impact of the mountain torque on EAAM. The follow-
ing summarizes the main similarities:

- The atmospheric wave field associated with the 10-
day westward rotation of the EAAM vector corre-
sponds to the westward propagation of the first anti-
symmetric, zonal wavenumber-1 normal mode of the
atmosphere.

- EAAM amplitude fluctuations are associated with a
tropical disturbance that resembles equatorially
trapped, zonal wavenumber-1 mixed Rossby—gravity
waves. These equatorial waves are accompanied by
the poleward propagation of Rossby waves into mid-
latitudes.

- Wave-wave interaction in the midlatitude upper tro-
posphere drive EAAM amplitude fluctuations.

- Wave-zonal-mean flow interaction dampens the am-
plitude of the EAAM vector.

The latter three processes alter the EAAM ampli-
tude via the equatorial bulge torque.

A number of differences were also found between
the EAAM dynamics of the aguaplanet GCM and that
of the atmosphere. Compared to the aquaplanet GCM,
in the atmosphere, the 10-day spectral peak of both
EAAM components is weaker and broader, and the
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FiG. 14. The anomalous power spectra regressed against the EAAM amplitude tendency.
The contour interval is 5 m?. Solid contours are positive, dashed contours negative, and the

zero contour is omitted.

resemblance with normal modes is lower. These results
were attributed to the mountain torque causing the
phase speed of the zonal wavenumber-1 disturbance to
fluctuate about its 10-day value. Mountain torques also
appear to cause the surface pressure field to take on a
less coherent spatial structure than in the aquaplanet
GCM. In addition, the wave-wave interactions that
drive the EAAM amplitude fluctuations involve mostly
planetary waves in the atmosphere, while in the aqua-
planet GCM, both planetary- and synoptic-scale waves
play a role. These differences hint at the possibility that
topography may be exciting the waves that are involved
in this wave-wave interaction.

Mountain torque calculations for the boreal winter
showed that Antarctica and Greenland are the most
prominent topographic features on the earth’s surface
for driving EAAM phase and amplitude fluctuations.

One important remaining question involves the de-
termination of the relative strength of the different
mechanisms. It needs to be quantified as to whether it
is the poleward Rossby wave propagation, wave-wave
interaction, or the driving by mountain torques, that is
most important for changing the EAAM amplitude.
Another open question is the difference between bo-
real and austral winter intraseasonal EAAM variabil-
ity. Because Northern Hemisphere processes were
dominant in this boreal winter study, especially the
wave-wave interactions, it would not be too surprising
if the EAAM characteristics of the austral winter would
be quite different.
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APPENDIX

Equations for Torques

In a coordinate system fixed to the rotating earth, the
EAAM vector can be written as (see Bell 1994)

4 2 2
EM, pssin cos® cos d d
g 0 2
R3 ps 2 2
— usin cos cos
g o o 2
cos sin d d dp, Al
R4 2 2
EM, pssin cos® sin d d
g o 2
R3 ps 2 2
— usin cos sin
g o o 2
cos cos d d dp, A2

where EM; and EM, are the Greenwich and 90°E com-
ponents of the equatorial angular momentum vector,
EM, respectively. In (Al) and (A2), ps is the surface
pressure; u and are the zonal and meridional winds
relative to the earth’s surface, respectively; , ,and p
are the longitude, latitude, and pressure, respectively; R
is the earth’s radius; and g is the gravitational accelera-
tion. The first (second) term on the right-hand side of
(A1) and (A2) is the mass (wind) contribution to EM,
and EM.,.
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The equations for the torques can be written as (Bell
1994; Egger and Hoinka 2002)

2R4 2 2
BT, pesin cos® sin d d,
g 0 2
A3
2R4 2 2
BT, pssin cos®> cos d d
g 0 2
Al
2 2 h
MT, R? ps—cos sin
0 2
h
ps—sin cos d d, A5
2 2 h
MT, R? p,—cos cos
0 2
h
ps—sin sin d d, A6
2 2
FT, R3sin cos
0 2
sin cos d d, A7
2 2
FT, R*sin sin
0 2
cos cos d d, A8

where BT,, BT,, MT,, MT,, FT,, and FT, are the
Greenwich meridian and 90°E components of the equa-
torial bulge, mountain, and friction torques. The vari-
ables and are the frictional stresses in the zonal
and meridional directions, respectively, and h is the to-
pographic height.
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