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1. INTRODUCTION

The Arctic Oscillation (AO) is a north-south
seesaw of the atmospheric mass between the
Arctic region pole-ward of 60°N and a surround-
ing zonal ring in the mid-latitudes. The AO
is defined as the EOF-1 of the time variation
in sea-level pressure pg, which is dynamically
related to the time variation of the barotropic
component of the atmosphere. For this reason,
the essential features of the AO are contained
in the barotropic component of the atmosphere
governed by the 2D fluid mechanics which char-
acterizes the low-frequency variability.

Using a simple barotropic model derived
from the 3D normal mode expansion, Tanaka,
(2003) conducted a numerical simulation of the
AO and obtained the same structure as ob-
served in the atmosphere (see Fig. 1 and 2).
According to the 50 years time integration of
the model, not only the EOF-1 of the AO mode
but also the EOF-2 agrees well with the obser-
vation which is identified as the Pacific North
America (PNA) pattern. The low-frequency
variabilities such as the AO and PNA are ev-
idently contained in the internal dynamics of
the barotropic component of the atmosphere.

Beside the controversy to recognize the AO
as a dynamical mode or a statistical artifact,
a dynamical approach has been pursued by
Tanaka and Matsueda (2005) by solving a sin-
gular mode with the smallest singular value of
the linearized dynamical system, which is now
referred to as the neutral mode theory (e.g.,
Kimoto et al. 2001; Watanabe and Jin 2004).
Tanaka and Matsueda (2005) identified that the
characteristics of the singular mode resembling

with the AO are originated from the eigenmode
of the dynamical system with nearly zero eigen-
value, i.e., singular eigenmode for the global at-
mosphere.

It is demonstrated that the singular eigen-
mode of the dynamical system emerges reso-
nantly as the AO in response to the arbitrary
forcing under a moderate linear damping. How-
ever, it is still unclear why the atmospheric low
frequency variability shows almost no correla-
tion between the Pacific and Atlantic sectors.

The purpose of this study is to examine the
correlation between the barotropic heights at
the Atlantic and Pacific sectors in the model at-
mosphere. The results are compared with that
of the barotropic heights in the observed atmo-
sphere.

Moreover, 60-day ensemble predictions are
attempted in this study using the barotropic S-
model developed at the University of Tsukuba.
By the theoretical deduction, the Arctic Oscilla-
tion may be understood as a singular eigenmode
of the global atmosphere induced by steady
forcing. The singular eigenmode is amplified
resonantly by the steady forcing because the
eigenvalue is zero for this mode. If this is the
case, the time mean bias near the initial condi-
tion of the time integration is essential for the
long-term prediction in a monthly range.

Based on this hypothesis, we constructed an
ensemble prediction model for the AO index for
60 days using various biases in the external forc-
ing averaged for 10 to 60 days before the initial
condition.
actual AOI by the observations in the past.

The results are compare with the



Figure 1: Barotropic height distribution of the EOF-
1 evaluated for DJF of the last 51 years by the
NCEP/NCAR reanalysis.

2. METHOD AND DATA

According to Tanaka (2003) the 3D repre-
sentation of the spectral primitive equations on
a sphere may be written as:

dw;

dr

= —joyw; — 1 Zrijkijk + fi, (1)
ik

where w; is the complex state variable of the
system obtained as the Fourier expansion co-
efficients of meteorological variables, o; is the
eigenfrequency of the Laplace’s tidal equation,
fi is the expansion coefficient of the external
forcing of viscosity and diabatic heating rate,
and 7;j; is the interaction coefficients for the
nonlinear system.

In this study, the external forcing f; is pa-
rameterized by the statistical regression with
respect to the state variables wj;, using the
50 years of four times daily data by the
NCEP/NCAR reanalysis as in Tanaka (2003):

fi= f~z + Ajjw; + Bij’w; + €, (2)

where f; is the climate of f; with a seasonal
change and the asterisk for w; represents a com-
plex conjugate of w;.

Because we can evaluate the perfect exter-
nal forcing of f; from the observation as the
residual of the equation (1), the unknown linear

Figure 2: Barotropic height distribution of the EOF-1
evaluated for the 50-year perpetual January run of the
barotropic S-model.

matrices A;; and B;; may be obtained by the
standard method of the least square fitting to
minimize the regression residual ¢;. The model
with such a forcing is named as “barotropic S-
model” since the forcing is obtained statistically
from observation.

Although the residual ¢; is minimized by this
method for the 50-year time span, there remains
a considerable bias of € for individual winter
or monthly time scale. It is this temporal (or
monthly mean) bias which is responsible to am-
plify the singular eigenmode of the AO for each
winter. Considering this fact, we evaluated the
model bias of € from the observation just before
the initial condition, and adjust the bias expect-
ing the improved forecasting skill, especially for
the AQO. Since we do not know the suitable time
span to take the average of the model bias ¢;,
an ensemble prediction technique is applied to
the external forcing, setting the time mean for
10 days, 15 days, 20 days, and so on up to 60
days before the initial condition.

The data used in this study are four-times
daily NCEP/NCAR reanalysis for 57 years
from 1950 to 2006.
structed, the nonlinear system was integrated

Once the model is con-

for 50 years from the initial condition of 1 Jan-
uary 1950. The output of the model atmo-
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Figure 3: Distribution of the one point correlation cen-
tered at the Azores High for the NCEP/NCAR reanaly-
sis.

sphere are compared with the observation by
the NCEP/NCAR reanalysis.

3. RESULT

Figure 1 shows the barotropic height struc-
ture of the AO obtained as the EOF-1 of the
observed atmosphere for the 50 winters of DJF
mean. The structure is compared with the 50-
year perpetual January run of the barotropic
S-model in Fig. 2 as demonstrated by Tanaka
(2003).
noted, the fundamental annular structure and
the Pacific and Atlantic centers of action of the
AO are simulated.

Although some differences may be

Figure 3 illustrates the one point correla-
tion map centered at the Azores High for the
NCEP/NCAR reanalysis. As demonstrated by
Deser (2000) or Itoh (2002), the one point corre-
lation indicates a teleconnection with the Arc-
tic demonstrating the North Atlantic Oscilla-
tion (NAO), and the positive correlation at the
Pacific region is hardly seen. In contrast, Fig.
4 is the same one point correlation map for
Interestingly, the re-
sult clearly shows the AO pattern with apparent

the barotropic S-model.

positive correlation at the Pacific sector. From
this result, we can conclude that the AO in the
barotropic S-model is certainly a physical mode
inferred from the singular eigenmode theory or
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Figure 4: Distribution of the one point correlation cen-
tered at the Azores High for the barotropic S-model.

the neutral mode theory.

We compared the one point correlation map
for the PNA pattern at the Pacific sector. The
result shows clear wave-train from the North
Pacific to the Southwestern Atlantic for both
the NCEP /NCAR reanalysis and the barotropic
S-model (not shown). The agreement for the
PNA is perfect for the model and real atmo-
spheres.

4. FORECAST OF THE AO INDEX

Next, we applied the barotropic S-model for
the actual forecasting of the AO index, consider-
ing the model bias which is adjusted by the ob-
servations just before the initial condition. Fig-
ure 5 demonstrates the forecasting experiment
for the winter of 2006/2007 starting from the
end of November 2006.

The observed AO index underwent negative
values in October, which returned to the normal
values at the beginning of November. According
to the result of the prediction experiments, all
members of the ensemble forecast indicate large
positive AO index for the winter of 2006/2007.
The prediction appears to agree with what hap-
pened during this winter.

Similar experiments of the ensemble predic-
tion of the AO index were repeated for many
winters with extreme events of abnormally high
AO index, e.g., 1988/1989, and abnormally low
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Figure 5: Ensemble predictions of the AO index by the barotropic S-model.

AO index, e.g., 1976/1977. Although the model
predictions often failed for certain initial condi-
tions, we found that the predictions were mostly
better than we expected.

5. SUMMARY

In this study, we demonstrated the perfor-
mance of the barotropic S-model to simulate the
low-frequency variability occurring in the real
atmosphere. It is demonstrated that only the
one point correlation maps for the AO disagree
between the model and real atmospheres. The
one point correlation shows perfect mach with
the AO pattern in the model, whereas the one
point correlation shows insignificant correlation
between the Pacific and Atlantic sectors in the
observed atmosphere.

Based on the know performance of the
barotropic S-model, ensemble predictions are
attempted for the AO index up to 60 days
into the future. By a deduction from the sin-
gular eigenmode theory, the Arctic Oscillation
is amplified resonantly by the steady forcing
anomaly. If this is the case, the time mean bias
near the initial condition for the time integra-
tion is essential for the long term prediction in
a monthly range.

Based on this hypothesis, we have con-
structed an ensemble prediction model for the
AO Index for 60 days using various biases in
the external forcing averaged for 10 to 60 days
before the initial condition.

It is found that the prediction (hindcaste)
for the past winter was mostly successful. As
the first real trial, the AO index for the winter
of 2006/2007 is predicted from the initial con-
dition in November 2006. The result indicates
that the AO index is large positive, suggesting
warm winter in Japan. Although the prediction
must be confirmed many times, the result sug-
gests a possible predictability for the monthly
range by the barotropic S-model.
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