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ABSTRACT

Polar-night jet oscillation (PJO), which is a low-frequency intraseasonal oscillatory variation in the winter
stratosphere, is analyzed statistically with a 14 000-yr-long dataset obtained with an idealized global mech-
anistic circulation model of the stratosphere and troposphere. After performing an empirical orthogonal
function (EOF) analysis on the low-pass-filtered time series of the northern polar temperature, 10 647 PJO
events are identified and classified into four groups. About 80% of them are two groups of warm events while
the rest are two groups of cold events, which are newly identified variations with opposite sign from the warm
events by the same EOF analysis. All of them show slow downward propagations of a positive or negative
temperature anomaly, with a relatively short or long lifetime.

Composite analysis with such a large number of samples shows that each group has its own typical re-
lationship to unfiltered relatively fast variations in the polar stratosphere known as stratospheric sudden
warming and polar vortex intensification and to the slow variation in the troposphere known as the Arctic
Oscillation. Statistically significant evidence of the downward dynamical influence of PJO on the surface is

obtained for a group of warm events with a longer lifetime.

1. Introduction

During the Northern Hemisphere winter, intraseasonal
variations in the stratosphere—troposphere coupled system
contain events with a range of characteristic time scales
from relatively fast stratospheric sudden warming (SSW)
and polar vortex intensification (VI) to slow northern an-
nular mode (NAM) and polar-night jet oscillation (PJO).
SSW is a spectacular natural phenomenon associated with
a rapid breakdown of the polar vortex because of wave-
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mean flow interactions on planetary scales (e.g., Mclntyre
1982), and it is followed by a rather gradual recovery
of the polar vortex except for the final warming during
spring. On the other hand, VI events have the opposite
sign of anomaly variations in zonal-mean temperature
and zonal wind to SSW events (Limpasuvan et al. 2005).
A VI event is marked by gradually descending cold and
westerly anomalies with the absence of a strong plane-
tary wave forcing in the polar stratosphere followed by
a relatively quicker recovery after the maximum phase.
Asymmetry of the time variations of SSW and VI events
is characterized by the difference in the acceleration
process of the stratospheric westerly wind: deceleration
due to wave driving can be rapid, while acceleration as-
sociated with radiative cooling is generally more gradual.

As for the slow variations in the Northern Hemi-
sphere troposphere, the Arctic Oscillation (AO) is one
of the well-known slow variations. The term was coined
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by Thompson and Wallace (1998) as the leading pattern
of low-frequency variations of the wintertime sea level
pressure. They interpreted it as the surface signature of
modulations in the strength of the polar vortex aloft,
which are now known as NAM variations. Baldwin and
Dunkerton (1999) showed the downward propagation
of the signals of NAM from the stratosphere to the tro-
posphere with a time lag of about three weeks. Kuroda
and Kodera (1999) also showed poleward and downward
propagation of zonal-mean zonal wind anomaly in the
stratosphere associated with planetary wave variations.
Kuroda and Kodera (2001) coined the term PJO for these
slow month-to-month variations of the polar-night jet.
NAM and PJO are not totally distinct phenomena, but
they share to some (possibly large) degree characteristics of
slow variations in the polar vortex. In this study, we dis-
tinguish the two terms simply by their analysis procedure.

The relationship between these fast and slow variations
of the winter polar vortex has been studied with global
reanalysis datasets. Kodera et al. (2000) showed an in-
phase relationship between SSW and PJO and argued
a possible “conditioning” for SSW by the slowly varying
zonal-mean state. Recently, Kuroda (2008) noted PJOs
are slow variations including SSW and VI in their time
evolutions and showed an AO pattern is created before
and after the occurrence of SSW or VI with opposite po-
larity. On the slow time scales, Kuroda and Kodera (2004)
found that AO tends to have a longer lifetime when
PJO has a sufficient amplitude and preferable phase.

In this study, we investigate the relationship of PJO
to the fast variations of SSW and VI, as well as to the
slow variation of the surface AO, by using a 14 000-yr da-
taset obtained from an idealized global mechanistic cir-
culation model of the stratosphere and troposphere. Our
numerical experiment produces much larger samples
than the reanalysis datasets so that we can obtain results
with enough statistical significance, though they are
computationally obtained virtual data. In addition, the
numerical experiments have merit that internal intra-
seasonal variations can be isolated from any atmospheric
responses to external forcings with similar time scales by
prescribing a purely periodic annual forcing.

2. Data

The dataset was originally obtained by Nishizawa
and Yoden (2005) with an idealized global circulation
model under a purely periodic annual radiative forcing.
In their model, several simplifications were made, such as
Newtonian heating and cooling with prescribed radiative
equilibrium temperature, a dry atmosphere without moist
processes, Rayleigh friction at the bottom boundary and
the top sponge layer, and a sinusoidal surface topography
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of zonal wavenumber 1 only in the Northern Hemisphere.
It should be noted that due to these simplifications it
might be difficult to compare our results with the real
atmosphere directly. However, the present mechanistic
circulation model retains the dynamical processes es-
sential to what we investigate, such as SSW, VI, NAM,
and PJO in the stratosphere and AO in the troposphere,
and due to the simplifications it can be integrated for
long enough to obtain statistical significant results.

We analyze polar temperature, Tp,o(p, £), averaged over
latitudes ¢ = 60°N, with a pressure range of 925 = p =
0.1 hPa and time 0 = ¢ = 360 days X 14 000 yr. Daily
data is used for the analyses of fast SSW and VI events,
while their low-passed (15-day running mean) time se-
ries Tpo( p,t) is used for the analysis of slow PJO. This
time averaging removes the relatively fast nature of SSWs,
whereas slow variations associated with them are re-
tained. We also use the same low-passed time series of
zonal-mean surface pressure [p (¢, t) for the analysis of
slow AO in the troposphere.

3. Results
a. Classification of polar-night jet oscillations

To identify PJO events as Kuroda and Kodera (2004)
did, we perform an empirical orthogonal function (EOF)
analysis for the time series of Tpo (p,1), after subtracting
the 14 000-yr-mean seasonal march. Figure 1a shows the
vertical profiles of two leading EOFs: EOF1 has a large
amplitude in the midstratosphere, whereas EOF2 has
opposite sign between the upper and the lower strato-
sphere with a node at p ~ 10 hPa. These two modes
account for 75.2% and 20.1 %, respectively, of the total
variance. We introduce a two-dimensional phase space
spanned by the normalized time coefficients of these
components, which was named “PJO space” by Kuroda
and Kodera (2004), to investigate slow oscillatory vari-
ations in the polar region.

Figure 1b shows trajectories in the PJO space for two
typical years. Both trajectories rotate anticlockwise
with large amplitudes during winter months, indicating
downward propagation of temperature anomalies as
deduced from the vertical profiles of the EOFs. The red
trajectory has the largest amplitude in the third quad-
rant, where a warm anomaly is located in the lower
stratosphere. On the other hand, the blue trajectory has
large amplitudes in the first quadrant, corresponding to
a cold anomaly in the lower stratosphere. These trajec-
tories show a variety of slow oscillatory variations in the
winter polar region, and we realize the necessity of clas-
sifying these variations.

We define a PJO event as a period during which the
amplitude in the PJO space is continuously larger than
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FIG. 1. (a) Vertical profiles of two leading EOFs obtained for the
northern polar temperature from 925 to 0.1 hPa. (b) Two examples
of annual trajectories, starting on 1 Jun, in the two-dimensional
PJO space spanned by normalized time coefficients (PC1 and PC2)
of the two leading EOFs. Red (blue) line corresponds to a warm
(cold) PJO event. Diamonds indicate the first day for each month.
December, January, February, March, and April are denoted by
their first letter.

two and its maximum exceeds three; Fig. 2a shows a
scatter chart of the points of maxima for 10 647 events
that satisfy this criterion in 8845 yr. Note that no PJO
event is observed in about one-third of the 14 000 yr. To
classify these PJO events, we use the phase of the state
vector for each maximum. As shown by different colors
in Fig. 2b, the PJO events are rather well separated into
four groups in the histogram of the argument: we call
them Warm1 (orange), Warm?2 (red), Cold1 (green), and
Cold2 (blue) events, based on the temperature anomaly
at each maximum. The numbers of these events are 4970,
3488, 820, and 1369, respectively. Nearly 80% of the PJO
events are warm events, while two groups of cold events
are newly identified in this study with the same EOFs but
opposite sign from the warm events.
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A composite analysis is performed for the four groups
about the key day of the maximum amplitude in the
PJO space. Panels in the third row of Figs. 3a—d show
pressure—time sections of the composite temperature
anomaly for 100 days before and after the key day. During
the Warml event (Fig. 3a), a positive anomaly over 10 K
appears at 1 hPa at Lag ~ —10 day and propagates down-
ward to 80 hPa within 20 days. The large positive anomaly,
which is over 35 K at the maximum phase in the upper
stratosphere, decreases gradually at each level. The de-
crease is slower in the lower stratosphere, where the
anomaly becomes less than 5 K by Lag ~ 40 day. The
time evolution of Warm1 is similar to that of SSWs, which
occur ‘‘suddenly” to attain the maxima, and the warm
anomalies last for several weeks longer than the radiative
time scale in the stratosphere. During the Warm?2 event
(Fig. 3b), on the other hand, a positive anomaly over 10 K
appears at 1 hPa at Lag ~ —40 day, propagates down-
ward slowly, and reaches 100 hPa on the key day. A large
positive anomaly over 30 K appears in the lower strato-
sphere. Note that a negative anomaly over 10 K appears
in the mesosphere about 20 days before the key day and
propagates downward slowly. The cold anomaly below
—5 Kreaches the midstratosphere around Lag ~ 50 day.
The composite lifetime of the Warm?2 event is about
60 days and is comparable to a half cycle of observed
PJOs (Kodera et al. 2000).

Both Coldl and Cold2 events show slow downward
propagation of negative anomalies. During Cold1 events,
the composite minimum below —20 K appears in the
upper stratosphere for —10 = Lag = 10 day, and it
propagates downward while the magnitude decreases
slowly. During Cold2 events, on the other hand, a neg-
ative anomaly below —10 K persists for a longer period
of —80 < Lag < —10 day at 1 hPa, and it propagates
downward with gradually increasing magnitude. A neg-
ative anomaly below —20 K appears in the midstrato-
sphere for a period of —35 = Lag = —5 day. Note that
the maximum of positive anomaly over 25 K at 1 hPa is
around the key day during the Cold2 event, and the
downward propagation of the warm anomaly from the
mesosphere to the upper stratosphere is before the key
day. Case-to-case variations (i.e., the standard devia-
tion) of the temperature anomaly in the stratosphere
are smaller during cold events than during warm events.
Cold1 and Cold2 events resemble each other except for
the phase of each key day, though there are two well-
separated peaks around —30° and 90° in Fig. 2b.

b. Timing of unfiltered fast variations in each group
of PJO

By introducing several threshold values to the North
Pole temperature at 2.6 hPa, we define two types of
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FIG. 2. (a) Scatterchart in the PJO space of the state vector at local amplitude maxima for each PJO event. Four
lines indicate 30°,110°, 210°, and 280° from the positive PC1 axis, which are used in classifying PJOs. (b) Histogram of
the phase of the state vector for each maximum in the PJO space.

unfiltered fast variations in the stratosphere: SSW and
VI. An SSW event is defined here as a period during
which temperature excess from the minimum value in
14 000 yr for each calendar day is continuously above
30 K and its maximum is higher than 60 K. The date
of the maximum is the key day of each SSW. In total,
15 734 SSW events are identified in 11 287 yr. A VI
event, on the other hand, is defined as a period of 10 days
or longer during which a temperature anomaly from the
mean value of 14 000 yr for each calendar day is con-
tinuously below —5 K, and its minimum at the key day
is lower than —15 K; 13 725 VI events are identified
in 11 091 yr. Here, SSW was defined with respect to the
minimum temperature directly to see the temperature
rise from the minimum state by dynamical process during
each SSW event, while VI was defined with the mean
temperature to extract a period with relatively weak
planetary wave forcing compared to the mean state.
The top panels in Figs. 3a—d show histograms of the
key day difference between the first SSW during each
winter and each of the four types of PJO events. About
95% of both Warml and Warm?2 events are accompa-
nied by the SSW events. The timing of the SSW occur-
rence concentrates around the key day of PJO during
Warml events, while most of the SSW events precede
the key day of Warm?2 events by 10 days or more with an
average lead time of about 25 days. Note the concen-
tration of the timing of SSW occurrence just after the key
day of Cold2 events, which corresponds to the maximum
of positive temperature anomaly over 25 K at 1 hPa
around the key day as stated in the previous subsection.
The second-row panels in Figs. 3a—d show similar
histograms for the key day difference between VI and
PJO. Over 99% of both cold events are accompanied by

the VI events. More than half of VI events concentrate
around the key day of Coldl events, while most of VI
events precede the key day of Cold2 events by 15 days or
more, with an average lead time of about 40 days. The
histograms of VI for both Warm1 and Warm2 events
show broad distributions without a sharp peak before or
after the key day.

c¢. Slow tropospheric variations in each group of PJO

We introduce an AO index that characterizes slow
variations of the polar vortex in the troposphere. The
leading EOF of a low-passed (15-day running mean)
time series of zonal-mean surface pressure with a lat-
itudinal weight [p ](¢,) cos¢ (for ¢ = 20°N) explains
77.4% of the total variance and has a seesaw pattern
between the polar region and midlatitudes with a node
around 58°N. The time coefficient of the leading EOF
is used as the AO index. It varies all year-round with
little seasonal dependence. The autocorrelation of the
AO index decreases with a factor of e for about 30 days
and becomes nearly zero after about 60 days.

The bottom panels in Figs. 3a—d show the time varia-
tions of the composite mean and the standard deviation
of the AO index for each PJO group. Both Warml1 and
Warm?2 events are associated with a positive peak of the
AO index, which corresponds to the negative anomaly
of surface pressure over the polar region—about 30 and
40 days prior to the key day of PJO, respectively. Both
Cold1 and Cold2 events, on the other hand, are associated
with a negative peak of the AO index about 30 and 45 days
prior to the key day, respectively. The maximum abso-
lute values are larger than 1, which corresponds to the
surface pressure deviation of 9 hPa at 80°N. All of these
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FI1G. 3. Composite analyses for (a) Warm1, (b) Warm2, (c) Cold1 and (d) Cold2 PJO events. (top) Histogram of the
key day difference between the first SSW during each winter and each PJO event. The circles and crosses indicate
mean and median, respectively. (top middle) As in the top row, but for VI. (bottom middle) Pressure—time section of
the composite polar temperature anomaly for 100 days before and after the key day of the maximum amplitude in the
PJO space. Warm (cold) color is for positive (negative) anomaly. Heavy (light) shade indicates standard deviation
greater than 15 (10) K. (bottom) AO index (thick solid line) and the mean AO index plus and minus one standard

deviation (dashed lines).

peaks are highly significant because of the large number
of samples.

After the key day of each PJO event, the AO index
approaches zero quickly except in the case of Warm?2
events, for which a comparatively small negative peak
(about —0.4) appears at Lag ~ 20 day and then ap-
proaches zero. The confidence level of the deviation of
the peak from zero is more than 99.9% because of the
large number of samples (3488 events).

4. Discussion

To confirm the oscillatory nature of these four groups
of PJOs, trajectories in the two-dimensional PJO space

are computed for the composite variations. Composite
trajectories for both types of warm events rotate anti-
clockwise, amplifying in the second quadrant, as shown
in Fig. 4a. During Warm1 events, the amplitude decreases
comparatively rapidly after attaining its maximum with
a lifetime of about 40 days. During Warm2 events, on
the other hand, amplification continues over 40 days
with a larger variation of the phase compared to Warm1
events; the composite trajectory has a maximum in the
third quadrant, followed by gradual damping with further
rotations over about 40 days. Figure 4b shows the com-
posite trajectories for Coldl and Cold2 events. These
trajectories are not simply the opposite sign of the tra-
jectories for Warm1 and Warm?2 events, indicating the
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FIG. 4. (a) As in Fig. 1b, but for the trajectories of the composites of Warm1 (orange) and Warm2 (red) events
shown in the bottom middle row of Figs. 3a and b, respectively. Red circles indicate the key day (Lag = 0 in Fig. 3) and
a plus sign is marked every 20 days before the key day while a triangle is marked every 20 days after the key day.
(b) Asin (a), but for the regressed trajectories of the composites of Cold1 (green) and Cold2 (blue) events shown in

the bottom middle row of Figs. 3c and 3d, respectively.

nonlinear nature of these oscillatory variations. Both
trajectories of cold events also rotate anticlockwise,
amplifying in the fourth quadrant. During the Coldl
event, the amplitude decreases quickly in the same fourth
quadrant after attaining its maximum. During the Cold2
event, on the other hand, slow amplification continues
over 80 days in the fourth quadrant, followed by com-
paratively fast phase variations for about 20 days un-
til attaining the maximum amplitude. These composite
trajectories show that each group of PJO events has its
own oscillatory characteristics in the PJO space, and
they do not correspond to the particular phase of any
linear oscillator.

As for upward dynamical linkage in the slow varia-
tions, a positive peak of the AO index is found about
a month or so prior to the key day of both Warm1 and
Warm?2 events, while a negative peak is found for both
Coldl and Cold2 events, as shown in the bottom panels
in Figs. 3a—d. These relationships can be explained by
correlative variations of planetary waves generated at
the lower boundary in association with the AO (Taguchi
and Yoden 2002; Nishizawa and Yoden 2004). For the
period around the positive peak of the AO index, the
larger-amplitude planetary waves give larger wave driv-
ing in the stratosphere to weaken the zonal-mean zonal
wind in midlatitudes and increase adiabatic heating in
the polar stratosphere (e.g., Haynes 2005). On the other
hand, the situation is totally opposite for the period
around the negative peak of the AO index. By com-
posite analyses using reanalysis data, Kuroda (2008)

showed that positive AO-like patterns appear before
SSW while negative ones appear before VI. Our results
are consistent with these relationships, even though the
present model is an idealized mechanistic one as de-
scribed in section 2.

It is important to note the comparatively small but
statistically significant negative peak of the AO index
after the key day during the Warm?2 events for a discus-
sion on the downward dynamical influence of PJO to the
bottom of the troposphere. The highly significant posi-
tive AO index over a month before the key day cannot
directly influence the negative index after the key day
through solely tropospheric mechanisms because the time
interval of these peaks of the AO index before and after
the key day is much longer than the decorrelation time
scale of about 30 days as stated in section 3c. Warm?2
PJO events in the stratosphere are necessary to link the
two peaks of the AO index through two-way interac-
tions such as the troposphere—stratosphere—troposphere
events demonstrated by Reichler et al. (2005). During
Warm1 events, on the other hand, a negative peak after
the key day does not appear. This difference suggests the
importance of the prolonged warm anomaly in the lower
stratosphere during Warm2 events for the two-way in-
teractions between the troposphere and the stratosphere.

5. Conclusions

Low-frequency variations in the winter stratosphere
known as PJOs were investigated with a 14 000-yr-long
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dataset obtained with an idealized global mechanistic
circulation model of the stratosphere and troposphere.
After performing an EOF analysis of the northern polar
temperature, 10 647 PJO events were identified as large-
amplitude, slow, and oscillatory (or rotating) variations
in a two-dimensional phase space spanned by the lead-
ing two principal components as shown in Fig. 1. They
were classified into four groups according to the phase of
the state vector at each maximum (Fig. 2). Two groups
are warm events (4970 Warm1 or 3488 Warm?2 events)
with small or large phase variations (Fig. 4a). A com-
posite analysis (Fig. 3) showed Warm2 events are similar
to the typical PJO with slow downward propagation of
a warm anomaly, which was originally found by Kuroda
and Kodera (2001), while Warm1 events are character-
ized by the simultaneous occurrence of fast SSW events
with a shorter time scale. With the same analysis pro-
cedure, two groups of cold events with opposite sign from
the warm events were found in this study (820 Cold1 and
1369 Cold2 events). Both groups show slow downward
propagation of a cold anomaly, with a longer time scale
during Cold2 events. The composite trajectories shown in
Fig. 4 reveal that each group of PJO events has its own
oscillatory characteristics and do not correspond to the
particular phase of any linear oscillator.

Relationships of these PJO events to unfiltered strato-
spheric variations such as SSW and VI were investigated
by making composites and histograms (Fig. 3). Most
Warml events occur simultaneously with the first SSW
during each winter, while Warm2 events occur about
a month after the first SSW event. Similarly, more than
half of the Coldl events occur simultaneously with VI,
while Cold2 events occur about a month or two after a
VI event and are followed by an SSW event. As for the
relationship to slow tropospheric variations, statistically
significant evidence of the downward dynamical in-
fluence of the PJO on the surface AO was obtained in
the composites for Warm?2 events.

This study is unique in that statistical analysis was done
with enough significance by relying on a long dataset
obtained by time-integrations of an idealized mechanistic
circulation model. It is in a medium class in the hierarchy
of numerical models between simple low-order models
and complex general circulation models (e.g., Yoden
et al. 2002), so that we can run the model with affordable
computer resources. Some idealization of physical pro-
cesses in the present model will help us to understand the
essential dynamics of the low-frequency variations clas-
sified as four groups of PJO events—such a dynamical
analysis remains to be studied in the near future. The
concept of four groups of low-frequency PJOs and their
analysis procedure developed in this study would be
useful for further analysis of the real atmospheric data
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with limited length or similar datasets obtained with high-
end complex general circulation models.
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