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Abstract

The annular mode in the Northern Hemisphere (NH) extratropical circulation, which has an equivalent
barotoropic structure from the surface to the lower stratosphere, is called the Arctic Oscillation (AO),
by Thompson and Wallace (1998). The AO is the leading empirical orthogonal function (EOF) mode of
the sea level pressure field, and it can be seen throughout the year. It is more dominant in winter. It is
characterized as a seesaw pattern of mass, between the Arctic region and the midlatitude belt. It is also a
seesaw of the mean zonal wind, between the region poleward of 40°N and that equatorward of it.

In this study, an analysis of the simulated AO is made, to confirm that the AO is an atmospheric internal
mode, and for studying the transition mechanism to the high/low polarity of the AO. The seasonal and
perpetual February runs were made by using the Center for Climate System Research/National Institute
for Environmental Studies (CCSR/NIES) atmospheric general circulation model (AGCM). In both runs,
the AO signature is dominant. Its magnitude is similar to the observed one. Thus, it is confirmed that the
AO is an internal mode of the atmosphere. Using data from a perpetual February integration, a composite
analysis of the transition to the high/low polarity of the AO is made.

Based upon the transformed Eulerian mean equation for the mean zonal wind, it is investigated which
term is responsible for the transition. The results indicate that the wave forcing term contributes to the
transition and the term of the residual meridional circulation acts to restore the transition. A decomposition
of the wave forcing to zonal wave component indicates that planetary-scale wavenumbers 2 and 3 contribute
most to the transition. The synoptic-scale waves contribute partly to the low-latitude wind change.

In the perpetual February run, a slowly propagating AO-related stratosphere-troposphere coupled
mode, is detected. Its oscillation period is 4-6 months. The anomaly of the zonal-mean, zonal wind

first appears in the subtropical stratosphere and propagates poleward. Once the anomaly reaches high
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latitude, it becomes large and propagates into the troposphere.

1. Introduction

Recent studies have shown that there exist sev-
eral modes of climate variability in timescales from
intraseasonal to interdecadal. There are at least two
types of fundamentally different modes of climate
variability internal to the atmosphere: wavelike tele-
connection patterns, and annular modes, both of
which owe their existence to different dynamical pro-
cesses. For example, the Pacific/North American
(PNA) pattern is classified as the former type. The
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Arctic Oscillation (AO) is a climate mode of the lat-
ter type.

Thompson and Wallace (1998, 1999a, hereafter
refered as TW98 and TW99a), applied an empirical
orthogonal function (EOF) analysis to the winter-
time monthly-mean sea level pressure (SLP) field
in the NH, and obtained an annular mode as the
first EOF. By applying a regression technique to
other levels and other variables, they studied the
vertical structure of this mode. They found that
it has an equivalent barotropic structure, from the
surface to the lower stratosphere. They named this
mode the Arctic Oscillation. The AO is a north-
south seesaw of the mass, between the Arctic region
poleward of 60°N and the surrounding zonal ring.
The AO is also a north-south seesaw of zonal-mean,
zonal wind, between around 35°N and 60°N. The
AQ is the variation in the strength of the polar vor-
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tex. Before TW98, many studies were made on this
pattern, mostly as a troposphere-stratosphere cou-
pled mode (Baldwin et al., 1994, Perlwitz and Graf,
1995, Kodera et al., 1996, Kitoh et al., 1996).

The spatial pattern of the AO at sea level pres-
sure, is similar to the pattern associated with the
North Atlantic Oscillation (NAQO), but. the AO pat-
tern has a more zonally symmetric structure. The
surface air temperatures over Eurasia, are closely re-
lated to the AO or NAO (Hurrel, 1995, Koide and
Kodera, 1999). The AO is not closely related to sea
surface temperatures (SSTs) in the tropics (Kodera
et al., 1996, Koide and Kodera, 1999), and it is
simulated in atmospheric general circulation mod-
els (AGCMs) with climatological SSTs (Kodera et
al., 1996). These facts indicate that the AO is ba-
sically an internal mode in the atmosphere, and is
caused without variations of boundary, and/or ex-
ternal forcings.

TW99a showed that the anomalous upward mo-
tion in the Arctic region, the equatorward motion
in the high-latitude upper troposphere and the pole-
ward motion in the high-latitude lower troposphere,
are associated with the high polarity of the AO in-
dex, i.e., the stronger polar vortex. The poleward
motion in the lower troposphere, acts to increase
the mean zonal flow through Coriolis force. It is
preferable for maintaining the high polarity of the
AQ, against surface friction. However, the poleward
motion in the upper troposphere acts to decrease
the mean zonal flow through Coriolis force. There-
fore, eddy forcing is needed to maintain, or amplify
the AO. Ohhashi and Yamazaki (1999) applied an
EOF analysis to the 3-dimensional wave activity flux
for 500 hPa seasonal mean fields over the region
from the North Atlantic to East Asia, to investi-
gate the Eurasian pattern and found the first mode
is very similar to the AO. The mechanism whereby
this mode is dominant in the atmosphere, is investi-
gated from the wave-zonal flow interaction. It is sug-
gested that planetary-scale, stationary wavenumber
three plays an important role in the dominace of the
mode.

In this study, we perform the same analysis as
TWIS8 to simulated data by an AGCM with climato-
logical SSTs, to confirm the AO is an internal mode.
The mechanism that makes the AO dominant in the
atmosphere, is examined by using the transformed
Eulerian-mean equation.

2. Model,
niques

2.1 Model

The model used in this study is version 5.4 of
the CCSR/NIES (Center for Climate System Re-
search/National Institute for Environmental Stud-
iecs) AGCM. The resolution of the model is 21
wavenumbers in horizontal, with triangular trunca-
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tion and 24 levels in vertical (T21L24). The top
level of the model is located at 1 hPa. The standard
physics are included in the model. For the details of
the model, see Numaguti et al. (1997).

2.2 Experiment

Two runs were made in this study. One is a stan-
dard seasonal run, with specified climatological sea
surface temperatures (SSTs). The model was in-
tegrated for 20 years, starting from the motionless
isothermal state. Discarding the first year, the re-
maining 19-year integration was used for analysis.
The other integration is a perpetual February run,
in which the sun and the SSTs are fixed to the val-
ues of February 15. February was chosen because
the AO is most prominent in mid- and late winter
(TW99a). The integration was made for 10 years,
starting from the motionless isothermal state. The
data for the last 9 years (3240 days) was used for
analysis.

2.3 Analysis techniques

As an analysis technique, we use EOF analysis
as TW98 did. The analysis domain is poleward of
20°N. In the EOF analysis, the gridded data are
weighted by the square-root of the cosine of latitude
to take into account the areal difference, and the
eigen values and eigen vectors are calculated from a
covariant matrix.

TW98 applied the EOF for SLP fields first, and
then obtained the AO index as the normalized ex-
pansion coefficient. Then, regression coefficients for
geopotential height fields at 500 and 50 hPa on the
AO index were calculated. Kodera et al. (1996) ap-
plied the EOF for the geopotential height field at
50 hPa, and then regression analysis was made to
500 hPa height field, and the sea surface temper-
ature. At the beginning we also followed TW98's
method for comparison, but a combined EOF, which
combines geopotential fields at 50, 500 and 1000 hPa
into one field, and treats these levels equally, is used
in the latter part of this paper. In the calculation
of combined EOF for geopotential height fields, the
data are weighted by the square-root of the density
at each level to ensure that anomalies at different
levels, have equal weights from the viewpoint of ki-
netic energy.

3. Simulated annular mode

3.1 Seasonal run

The same analysis is performed as in TW98
for the seasonal run. The leading EOF of the
wintertime (November-April) monthly mean SLP
(Z1000 hPa) anomaly field over the domain pole-
ward of 20°N is shown in Fig. lc. The simulated
pattern of the leading mode, is very similar to the
observed one. This mode accounts for 42 % of the
variance, and the percentage is twice as large as the
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(a) Z50

Fig. 1. The leading EOF of the win-

tertime (November—April) monthly-mean
sea level pressure (SLP) fields simulated
by the seasonal run (¢). The SLP
is converted to geopotential height at
1000 hPa. Regression maps for geopo-
tential height at 50 hPa (a) and 500 hPa
(b) based upon the leading EOF of SLP.
Contour intervals for (a), (b) and (c) are
20 m, 15 m and 10 m, respectively. Neg-
ative values are shaded.

K. Yamazaki and Y. Shinya 1289

observed one (TW98). It is confirmed that this an-
nular mode is an internal mode of the atmosphere.
Without interannual variability of SST, the vari-
ability of the ENSO-related mode is reduced. This
seems to account for the high percentage in the simu-
lation. The regression maps for geopotential height
at 50 hPa and 500 hPa are shown in Fig. la and
1b. These maps are similar to the observed ones,
though the 50 hPa map is somewhat skewed. The
simulated magnitude of this mode is also similar to
the observed one, which implies that boundary fore-
ings such as SST do not play important roles for the
dominace of this mode.

The combined EOF analysis for geopotential
heights at 1000 hPa, 500 hPa and 50 hPa is per-
formed (Figures not shown). The leading combined
EOF mode accounts for 32 % of the total variance
and is well separated from the other eigenvalues.
The second mode is a PNA-like pattern, and ac-
counts for 12 % of the total variance. The spatial
pattern of the leading mode is virtually identical to
Fig. 1. Therefore, the combined EOF is used after-
wards in this study. The AO index is defined in this
study based upon the normalized expansion coeffi-
cient of the first combined EOF mode.

Figure 2 shows the regression map for the mean
zonal wind based on the AO index, together with
the first EOF of the mean zonal wind fields. This
leading EOF of the mean zonal wind accounts for
46 % of the total variance. Both figures are quite
similar to each other, and they are also similar to
the observed one (TW99a). The AO is closely re-
lated to the seesaw-like variation of the polar vortex.
Its node is located at about 40°N in the simulation.
Closer inspection of Fig. 2 reveals that the zonal-
mean zonal wind anomalies of the polar vortex in
the model, is smaller than the observation in the
stratosphere. In the model, the anomaly decreases
with height above 100 hPa, while that in the obser-
vation keeps increasing (i.e., TW99a). The pattern
at 50 hPa in the model (Fig. la) is also skewed com-
pared with observation. These facts suggest that
the coupling of the stratosphere and troposphere is
weak in the model.

3.2 Perpetual February run

The perpetual February run, in which the sun and
the SSTs are fixed to the values on February 15, is
performed. The leading combined EOF mode for
3l-day running mean geopotential heights is very
similar in pattern and magnitude to that for the
seasonal run, and the mode accounts for 24 % of
the variance. In both runs, the model successfully
simulates the observed annular mode without inter-
annual varibility of boundary forcings, and without
even any change of the forcing. Therefore, it is con-
firmed that the AO is an atmospheric internal mode.

Even for daily-mean fields, the leading combined
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Fig. 2. (a) Regression map for zonal-mean zonal wind based upon the leading EOF of SLP (Fig. 1c) sim-
ulated by the seasonal run. (b) The leading EOF of the wintertime (November-April) monthly-mean
zonal-mean zonal wind fields simulated by the seasonal run. The contour interval is 0.5 ms™' and

negative values are shaded.

EOF mode is similar to the observed AO (Fig. 3),
though it accounts for only 12 % of the variance.
The reduction of the percentage suggests that the
AO becomes more dominant for longer periods, and
it has persistency. Figure 4 shows the change of
the lag auto-correlation coefficient of the AO index
with lag. The correlation coefficient monotonically
decreases with lagged day and the e-folding time is
about 16 days. Time variations of the AO can be
modeled as Gaussian red noise with a correlation e-
folding time of about 16 days. This e-folding time is
longer than that of the zonal flow vacillation in the
Southern Hemisphere, which has a value of about 10
days (Hartmann and Lo, 1998). The correlation co-
efficient becomes negative after 37 days, and remains
negative until 100 days. Although the negative val-
ues are small, they are indicative that the AO has a
weak periodicity of about 4-6 months. The feature
of this slow oscillation is discussed in Section 5.

4. Transition to the high/low polarity of the
annular mode

To examine what causes the transition to the
high/low polarity of the AO index, we make compos-
ites of the transient states, from the 3120-day per-
petual February simulation. The case for the tran-

sition to the high polarity, is defined when the AO
index is increasing for at least 5 consecutive days,
and going beyond one standard deviation. There
are 28 cases and 247 days for the transition to the
high index polarity (hereafter denoted as High(, 7).
The transition to the low index polarity (Low(\,))
is similarly defined. There are 32 cases and 279 days
for Low(\,) composite. Composite maps of 500 hPa
geopotential height fields for High(,”*) and Low(\,)
are shown in Fig. 5. In the High(,”") case, the
500 hPa map shows a wavenumber three structure
with three troughs over northern Canada, Europe
and the Sea of Okhotsk. The axes of troughs over
Europe and the Sea of Okhotsk seem to tilt south-
westward, suggesting a poleward westerly momen-
tum transport. In the Low(Y) case, strong ridges
are evident over souhern Greenland and Alaska. The
polar vortex is split into two and shifted over Hud-
son Bay and the Sea of Okhotsk. A wavenumber
two pattern is also apparent.

Composite maps for differences of zonal-mean
zonal wind between the High(,”) cases and the
Low(\,) cases are shown in Fig. 6a and b for four
days before the AO index exceeds one and the
day when it exceeds one. The north-south dipole
is evident on both days. Positive anomalies in



December 1999 K. Yamazaki and Y. Shinya 1291

Fig. 3. The leading combined EOF of the
daily-mean geopotential height fields at
50 hPa (a), 500 hPa (b) and 1000 hPa
(c) simulated by the perpetual February
run. Contour intervals for (a), (b) and
(c) are 20 m, 15 m and 10 m, respectively.
Negative values are shaded.
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Fig. 4. Lag auto-correlation coefficient of the
" daily AO index simulated by the perpet-
ual February run.

high-latitudes increase with height. The difference
in wind acceleration during whole transition days
(Fig. 6¢), also shows the dipole pattern centered on
40°N.

The quantitative analysis is made in order to ex-
amine what enhances/weakens the polar vortex, i.e.,
what causes the transition to the high/low polarity.
To this end, we employ the transformed Euralian
mean equation for the mean zonal wind. We cal-
culated the Eliassen-Palm flux (E-P flux) and its
divergence, which is the wave forcing due to eddies
acting on the mean zonal flow. We also calculated
the residual mean meridional velocity and the Cori-
olis force term including the meridional advection
of mean zonal flow. The latter term also acts to
change the mean zonal flow. Other terms such as
vertical advection of the mean zonal flow, vertical
and horizontal diffusions, and surface friction are
not considered because they are small in the free
atmosphere.

Figure 7a shows differences of the wave forcing
and the E-P flux between High(,”*) and Low(\)).
This wave forcing acts to accelerate the mean zonal
wind poleward of 40°N and decelerate it equator-
ward of 40°N in the troposphere and the lower
stratosphere. On the other hand, the meridional
term (Fig. 7b) acts in an opposite way in the tropo-
sphere above 700 hPa, though it acts in an somewaht
similar way in the lower stratosphere. The sum of
the two terms (Fig. 7c) clearly exhibits the dipole
pattern of acceleration, and it accounts for the tran-
sition to the high/low polarity (see Fig. 6¢ for the ac-
tual acceleration of the zonal flow). Figure 7 clearly
demonstrates that wave forcing due to eddies is re-
sponsible for the transition between high and low
polarities and the meridional circulation tends to re-
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(b) Z500 Low(™,) composite

Fig. 5. Composite maps of 500 hPa geopotential height for High(,”*) cases (a) and Low(Y,) cases (b).

The contour interval is 50 m.

store the transition. The E-P flux difference is large
and equatorward in the upper troposphere.

To examine which scale of wave is responsible for
the transition, the wave forcing is decomposed into
zonal wave component (Fig. 8). The wavenumber
one wave does not contribute to the dipole pattern
of the acceleration, though the downward E-P flux
anomaly is seen in the stratosphere. The synoptic-
scale waves (wavenumber 4-10) do not seem to con-
tribute either, except in the lower stratosphere be-
tween 300 hPa and 100 hPa. It acts to decelerate the
mean zonal flow in low-latitudes, but it does not act
to help transition in middle-latitudes. Wavenumber
two and three waves contribute to the dipole pattern
of the acceleration, as suggested in Fig. 5. The E-P
fluxes in both waves show the equatorward propaga-
tion anomalies in the upper troposphere. Wavenum-
ber two shows the downward anomalies in middle-
latitudes. This is in the opposite direction com-
pared with the synoptic-scale waves. When the at-
mosphere shifts to the high polarity state, namely,
stronger polar vortex, the generation and the up-
ward propagation of the wavenumber two wave is re-
duced, and the wave propagates more equatorward.
The wavenumber three wave also propagates more
equatorward. Anomalous equatorward E-P fluxes
in middle latitudes produce the divergence of E-P
flux in high latitudes, and convergence in low lat-
itudes. The wave forcings due to these waves ac-
celerate the mean zonal flow poleward of 40°N, and
decelerate equatorward of it compared with the case
for the transition to the low polarity. The genera-
tion and the upward propagation of synoptic-scale
waves are enhanced, and they propagate more equa-

torward. From the above analysis, it is shown that
the planetary-scale waves of wavenumber two and
three contribute most to the dominance of the AO
in the atmosphere, and synoptic-scale waves play
secondary roles.

5. Summary and discussion

From the AGCM simulations, it is confirmed that
the AO is an atmospheric internal mode. Even on
a daily-mean basis, the AO is the leading variation
mode in the atmosphere. Composite analysis based
upon the perpetual February run clarified the dy-
namical mechanism of the transition to the high/low
polarity of the AO index. Based upon the trans-
formed Eulerian mean equation for the mean zonal
wind, it is found that the wave forcing term con-
tributes to the transition. The term of the resid-
ual meridional circulation acts to restore the tran-
sition. Among wave forcings, planetary-scale waves
of wavenumber two and three are the main contrib-
utors to the transition. The synoptic-scale waves
contribute partly to the low-latitude wind change.

After submission of the draft, we noticed several
studies related to the AO (Baldwin and Dunkerton,
1999; Limpasuvan and Hartmann, 1999a, 1999b,
personal communication; Kuroda and Kodera, 1999;
Kodera and Kuroda, 1999, personal communication;
Shindel et al., 1999). Here, discussions on these
studies are made.

Limpasuvan and Hartmann (1999a, hereafter ref-
ered as LH99a) analyzed a 100-year climatological
run, i.e., a seasonal run in our word, from the
R30L14 version of the Geophysical Fluid Dynam-
ics Laboratory (GFDL) GCM. The model was able
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to simulate the month-to-month variation of the an-
nular modes in both hemispheres, and the role of
eddies was analyzed. Both transient and stationary
eddy momentum fluxes support the jet displacement
in the northern annular mode (the AO). Limpasuvan
and Hartmann (1999b, hereafter refered as LH99b)
analyzed the above simulation and compared with
the observation in detail. In our study, the dis-
tinction between transient and stationary waves was
not made, because we analyzed transition periods.
Waves in our study include both transient, and sta-
tionary waves. On the other hand, LH99a and
LH99b did not decompose to zonal wavenumber
components. We think LH99a, b and our study are
complementary.

Baldwin and Dunkerton (1999, hereafter refered
as BD99) analyzed the osberved data and show that
AQO anomalies typically appear first in the strato-

sphere and propagate downward into the tropo-
sphere during the cold half of a year. Kuroda and
Kodera (1999, hereafter refered as KuK99) stud-
ied the slowly propagating stratosphere-troposphere
coupled mode in the northern hemisphere winter
based on the observation. They showed zonal-mean,
zonal wind anomalies propagate poleward and
downward in the stratosphere. When the anoma-
lies reach the high-latitude region, the anomalies
quickly propagate into the troposhere, and form the
AO pattern. Both BD99 and KuK99 show that one
or one and half cycle of the oscillation is observed
during the cold half of a year when planetary waves
can propagate into the stratosphere. The period
of oscillation is 4-6 months. Our perpetual Febru-
ary simulation, suggests the existence of this slowly
propagating mode as in Fig. 4. However, the slow
propagating mode does not appear consistently. The
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Fig. 8. As in Fig. 7a, except for each zonal wavenumber component. (a) Wavenumber 1. (b) Wavenum-

ber 2. (¢) Wavenumber 3. (d) Wavenumbers 4-10.

mode can be seen in the first, and last 1000-day peri-
ods, but it is not clearly seen in the middle 1000-day
period. Figure 9 shows the 31-day running mean
zonal-mean zonal wind anomaly, for the last 1000
days of the simulation. At 30 hPa (Fig. 9a) the
anomaly first appears in the subtropics, and slowly
propagates poleward. Once the anomaly reaches the
high-latitude region, the magnitude of the anomaly
becomes large. The poleward propagation becomes
fast, and the anomaly propagates downward into
the troposphere (Fig. 9b). The model can simulate
the slow propagating AO-related mode analyzed by
BD99 and KuK?99 for observed data. LH99b showed
the time series of the AO amplitude is equivalent to
red noise, both in the model and observed data and
did not detect the slow oscillation. Their analysis is
based on all season data, and the top of the model
is placed at 10 hPa. This means the stratosphere is
not well represented in their model. The slow oscil-
lation appears only when the stratosphere is coupled

with the troposphere through planetary waves. This
probably explains the lack of slow oscillating signal
in LH99b.

Kodera and Kuroda (1999, personal communi-
cation, hereafter refered as KoK99) studied the
slowly propagating stratosphere-troposphere cou-
pling mode by a mechanistic model similar to Holton
and Mass (1976). Their model includes two merid-
ional Fourie components. Latitudinal variation in
the gradient of the Coriolis parameter, to allow
the propagation of planetary waves in meridional
direction as well as in vertical direction. The
lower boundary was set at the surface, and hence
the troposphere is also included. The interaction
between the planetary wave and zonal-mean flow
produced a slow oscillation in the winter strato-
sphere. Zonal-wind anomalies formed in the sub-
tropics of the stratopause propagate downward into
the polar region of the troposphere. KuK99 and
KoK99 pointed out an important role of wavenum-
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ber one, though our analysis showed wavenumver
two and three waves are important for transition
to high/low polarity of the AO. The top of the
present model is located at 1 hPa, which might be
too low to properly simulate the vertical propaga-
tion of wavenumber one wave. The other possi-
bility is that the wavenumber one wave works ef-
ficiently in other phase of the slowly propagating
mode, and wavenumber two and three waves works
for the phase transition of the AO, mainly in the
troposphere for shorter time-scales. Further studies
are needed to clarify this point.

In the present study, we concentrated on short
time-scale variation of the AO. The observed AO
index after 1970s, shows a significant decadal vari-
ability and an increasing trend (TW98, Thompson
and Wallace, 1999b, Koide and Kodera, 1999, Xie
et al., 1999). Because the dominance of the AO
is caused by wave-mean flow interaction, any fac-

tors which change the zonal mean fields, or wave
fields, can shift the atmospheric circulation to ei-
ther the high polarity, or low polarity. Since the
AOQ is a deep structure from the surface to the lower
stratosphere, a change in the stratopheric condition
might cause the change in the preferable polarity of
the AO (Kodera and Yamazaki, 1994). Shindel et
al. (1999) analyzed the global warming experiments,
and showed the increasing greenhouse gase forcing
is associated with the increasing trend of the AO,
only when the stratosphere is included in the model.
Further studies are needed to clarify what causes the
increasing trend, and the decadal variation.
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