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1. INTRODUCTION

The Arctic Oscillation (AO) postulated by
Thompson and Wallace (1998) has attracted
more attention in recent years. The AO is a
north-south seesaw of the atmospheric mass be-
tween the Arctic region and a surrounding zonal
ring in the mid-latitudes, and has an equiva-
lent barotropic structure from the surface to the
lower stratosphere.

The spectral characteristics of the AO are
described by Tanaka (2003) by means of the 3D
normal mode decomposition, including the ver-
tical spectrum. The analysis scheme is referred
to as normal mode energetics. In the analysis,
the scale of the 3D normal mode is represented
by the eigen frequency of Laplace’s tidal equa-
tion o instead of the wavenumber k. The modal
frequency is related to the scale by the wave dis-
persion relation.

The spectral peak for eddies over the phase
speed domain (i.e., ¢ domain) is explained by the
Rhines (1975) scale which separates the distinct
slopes of turbulence and wave regimes (see Fig.
1). The spectral slope in the phase speed do-
main is theoretically deduced by Tanaka et al.
(2004) to establish the energy spectrum of c?
E = mc?, based on Garcia’s (1991) criterion
of Rossby wave breaking 8q/0y < 0. When
the Rossby waves saturates in the turbulence
regime, the excessive energy accumulated at the
synoptic eddies cascades up toward the spheri-
cal Rhines speed cg. The accumulated energy at
cg would stay for long time because there is no

way to break down the amplified Rossby wave by
the triad wave-wave interactions of turbulence.
Tanaka and Terasaki (2004) postulated that the
atmospheric blocking is formed when excessive
energy is accumulated at the spherical Rhines
speed cp exceeding the Rossby wave saturation
theory.

Similar analogy of the energy flow in the
phase speed domain will lead to a hypothesis
such that the accumulated energy at the spher-
ical Rhines speed cpg is transferred to the zonal
flow by the zonal-wave interaction, creating the
Arctic Oscillation.

The purpose of this study is first to exam-
ine the up-scale energy cascade from the synop-
tic eddies to the zonal field in the phase speed
domain. Second, we confirm our speculation
such that the AQ is characterized as the accumu-
lation of barotropic energy at a specific merid-
ional mode of the zonal field. Finally, we confirm
the intensification of the zonal-wave interaction
during the AO positive phase by the composite
analysis.

2. EQUATION AND DATA

By expanding the state variable in 3D nor-
mal mode functions, we obtain a system of 3D
spectral primitive equations in terms of the spec-
tral expansion coefficients w;, (see Tanaka and
Terasaki 2004):

dw; ) .
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Figure 1: Barotropic energy spectrum E; and the
energy flux F; as a function of the dimensionless
phase speed of Rossby waves |¢;|. The spherical
Rhines speed cg is marked by an arrow.

where 7 is a dimensionless time, o; is the eigen-
frequency of the Laplace’s tidal equation, f; is
the expansion coefficient of the external forcing
of viscosity and diabatic heating rate, and r;;x
is the interaction coefficients for nonlinear wave-
wave interactions calculated by the triple prod-
ucts of the 3D normal mode functions.

Total energy F of the atmosphere (sum of
kinetic energy and available potential energy) is
simply the sum of the energy elements E; de-
fined by: .

Ei= §pshm|wi|2, (2)
where p, is the mean surface pressure and h,,
is the equivalent height. The energy spectrum
E; is plotted as a function of the dimension-
less phase speed of the Rossby mode ¢; = o;/n
in a resting atmosphere, where n is the zonal
wavenumber. The phase speed c¢; represents the
horizontal scale of a mode by the wave disper-
sion relation. The westward phase speed is small
(large) when the horizontal scale of the Rossby
mode is small (large).

Energy Flux (Wm2)

By differentiating (2) with respect to time
and substituting (1), we obtain the energy bal-
ance equation:

dE;
dt

where N; and S; designated the nonlinear in-
teractions and the energy sources, respectively.
We then define energy flux in the phase speed
domain F; by the summation of the nonlinear
interactions V; with respect to ¢; in descending
order of magnitude:

=N;+ 5, (3)

F=Y M @
k=1

The energy flux is further decomposed in con-
tributions from zonal-wave interactions Fz; and
wave-wave interactions Fyy;.

The data used in this study are four-times
daily NCEP/NCAR reanalysis for 51 years from
1950 to 2000 (see Kalnay et al. 1996). The data.
contain horizontal winds (u, v) and geopotential
¢, defined at every 2.5° longitude by 2.5° lati-
tude grid point over 17 mandatory vertical levels
from 1000 to 10 hPa.

3. ENERGY SPECTRUM

Figure 1 illustrates the barotropic energy
spectrum F; and the energy flux F; as a function
of ¢;. Energy levels are connected by dotted lines
for the same zonal wavenumber n with different
meridional mode numbers !.

For zonal wavenumber zero, the scale index
is not defined because Laplace’s tidal equation
degenerates for geostrophic modes. The diffi-
culty was overcome by Shigehisa (1983) where
mathematical limits of ¢; = o;/n are shown to
converge to finite values. The phase speed of the
geostrophic mode can be approximated by that
of the Haurwitz wave on a sphere:

¢ =o0i/n= =1 (5)
{+1y
where [ is the meridional mode number of n=0.
Using this definition of the phase speed, we can
analyze the energy spectrum for all zonal waves,
including n=0.
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Figure 2: Distribution of barotropic energy differ-
ence for the AQ positive subtracted by AO negative
in the phase speed domain.

The energy spectrum for n=0 over ¢; ap-
pears to coincide with that of n 0 for the
small meridional scale. The energy injected at
the synoptic scale (small ¢;) cascades up to the
larger scale (larger ¢;) obeying a specific power
law. The spectral peak at ¢;=0.02 for eddies is
clearly explained by the spherical Rhines speed
cgr which separates the turbulence regime and
wave regime. The spherical Rhines speed is also
the speed where the westward phase speed of the
Rossby wave becomes stationary, and apprecia-
ble amount of energy supply occurs by the topo-
graphic forcing. The line in the figure denotes
the spectral slope of E = mc? derived by Tanaka
et al. (2004) from the Rossby wave saturation
criterion 8¢/0y < 0, where m = p,/g is the at-
mospheric mass in unit area. The theoretical
slope agrees well with the observation even for
n=0.

Figure 1 illustrates also the energy flux F;

in the phase speed domain. According to the
result, the energy flux diverges at the synoptic
scale and cascades up toward larger scale beyond
cr showing the peak value of 0.30 W m™2. The
up-scale energy flux converges at ¢;=0.1, which
corresponds to =3 of n=0.

4. Arctic Oscillation

Figure 2 illustrates the distribution of
barotropic energy difference for the AO positive
subtracted by AO negative in the phase speed
domain. The AO positive and AO negative are
the composite of the AO time series for the stan-
dard deviation +1.5 and above, respectively. It
is found that the AO is characterized by the ac-
cumulation of energy at =3 and reduction at
=5 of the zonal field. The positive and negative
peaks reach 2.0 and -1.5 x 10° J m™2, respec-
tively.

Figure 3 shows the energy flux associated
with the zonal-wave interactions Fzi in the
phase speed domain for the composite of the AO
positive (solid line) and AO negative (dashed
line) compared with the climate (dotted line).
As discussed by Tanaka and Terasaki (2004),
the up-scale energy flux from the synoptic-scale
source range Fiyi converges at cg during block-
ing events. It is noteworthy that the accumu-
lated energy at cp is further transferred to (=3
by the energy flux Fzi. The excessive energy
at [=3 is evidently resulted from the energy flux
convergence at {=3. The reduction of energy at
[=5 is also explained by the reduced flux conver-
gence at I=>5. It is confirmed that the up-scale
energy flux Fyzi is clearly instrumental for the
AQ.

5. CONCLUSION

In this study, energy spectrum of the
large-scale atmospheric motions is examined in
the framework of the 3D normal mode de-
composition. Attention is concentrated to the
barotropic component of the atmosphere where
low-frequency variability dominates.

According to the result of the observational
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Figure 3: Energy flux in the phase speed domain
associated with the zonal-wave interactions evalu-
ated for the AO positive (solid line), AO negative
(dashed line) and climate (dotted line).

analysis, the AO in the phase speed domain is
represented by the energy increase at {=3 mode
with simultaneous decrease at =5 of the zonal
field. The energy accumulation at [=3 is ex-
plained by the enhanced energy flux Fzi associ-
ated with the zonal-wave interaction.

It is found in this study that the energy
flux Fzi comes from the spherical Rhines speed
cr where the planetary-scale Rossby waves are
stationary. Kimoto et al. (2001) and Watanabe
and Jin (2004) suggested that the AO is induced
by the interactions with the forced steady plan-
etary waves. In contrast, Tanaka (2003) sug-
gested that the AO is induced by the interac-
tions with the active synoptic eddies. It is shown
in this study that the up-scale energy flux by
transient eddies is once accumulated at cg by
Fwi. The accumulated energy is then trans-
ferred to zonal field by Fzi to cause the AO.
The result shows that the low-frequency vari-
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ability associated with the AO is maintained by
energy flux from cg, which is compensated by
the up-scale cascade from synoptic eddies rather
than the forced steady planetary waves.

Acknowledgments The study is supported
partly by Asahi Breweries Foundation.

REFERENCES

Garcia, R.R., 1991: Parameterization of planetary
wave breaking in the middle atmosphere, J. At-
mos. Sci., 48, 1405-1419.

Kalnay, E.M., and Coauthors, 1996: The
NCEP/NCAR reanalysis project. Bull. Amer.
Meteor. Soc., 77, 437-471.

Kimoto, M., J.-J. Jin, M. Watanabe, and N. Yasu-
tomi, 2001: zonal-eddy coupling and a neutral
mode theory for the Arctic Oscillation. Geo-
phys. Res. Lett., 28, 737-740.

Rhines, P.B., 1975: Waves and turbulence on a
beta-plane, J. Fluid Mech., 69, 417-443.

Shigehisa, Y., 1983: Normal modes of the shallow
water equations for zonal wavenumber zero. J.
Meteor. Soc. Japan, 61, 479-494.

Tanaka, H.L., 2003: Analysis and modeling the
Arctic Oscillation using a simple barotropic
model with baroclinic eddy forcing, J. Atmos.
Sci., 60, 1359-1379.

Tanaka, H.L. and K. Terasaki 2004: Blocking for-
mation by the accumulation of barotropic en-
ergy at the spherical Rhines Scale in the phase
speed domain. J. Atmos. Sci., (submitted).

Tanaka, H.L., Y. Watarai, and T. Kanda, 2004:
Energy spectrum proportional to the squared
phase speed of Rossby modes in the gen-
eral circulation of the atmosphere. Geo-
phys. Res. Letters, 31(13), 13109, doi:
10.1029/2004GL019826.

Thompson, D. W. J. and J. M. Wallace, 1998:
The arctic oscillation signature in the win-
tertime geopotential height and temperature
fields. Geophys. Res. Let., 25, 1297-1300.

Watanabe, M. and F.-F. Jin, 2004: Dynamical pro-
totype of the Arctic Oscillation as revealed by
a neutral singular vector. J. Clim. 17, 2119-
2138.



