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Abstract

To compare the predictability of two stratospheric sudden warming (SSW) events occurring in 2009 and 2010,
ensemble forecast experiments are conducted using an Atmospheric General Circulation Model. It is found that the
predictable period of the vortex-splitting SSW in 2009 is approximately 7 days that is much shorter than that of
the vortex-displacement SSW in 2010. The latter event is predictable more than 13 days in advance. The ensemble
spread in the upper stratosphere for medium-range forecasts is found to be enlarged just prior to the onset of the
2009 SSW event, whereas no such enlargement is seen for the 2010 SSW event.

Stability analysis of the zonally asymmetric basic states specified by the ensemble mean forecast using a non-
divergent barotropic vorticity equation reveals that the extremely distorted polar vortex in the upper stratosphere
just before the onset of the 2009 SSW event is highly unstable to infinitesimal perturbations, whereas there is
no such unstable mode with an extremely large growth rate during the 2010 SSW event. In addition, the most
unstable mode during the onset of the 2009 SSW event has a similar horizontal structure to the 1st EOF of the
ensemble spread. Thus, it is suggested that a predictability barrier inherent in the upper-stratospheric circulation,
characterized by the presence of dynamically unstable modes with large growth rates, limits the predictable period
of the 2009 SSW event.
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1. Introduction

Stratospheric sudden warming (SSW) events are
the most spectacular phenomena in the wintertime
stratospheric circulation. Recent observational studies
have elucidated that they exert significant impacts
on weather and climate in the troposphere through
promoting downward migration of the annular mode
(Thompson and Wallace 2001; Baldwin and Dunker-
ton 2001) or causing downward propagation of strato-
spheric planetary waves (Kodera et al. 2008; Kodera
et al. 2016; Mukougawa et al. 2017). Pioneering
studies to examine the predictability of SSW events
(Mukougawa and Hirooka 2004; Mukougawa et al.
2005) by using operational extended-range forecasts
indicated that some SSWs have prolonged predictable
periods of more than 2 weeks. Hence, SSW events
have been one of the promising elements leading to
higher prediction skills of extended-range forecasts
through their downward influence on the troposphere
(Butler et al. 2019).

Studies have documented that the predictable period
of SSW events ranges from 6 to 30 days (Tripathi
et al. 2015; Ichimaru et al. 2016; Karpechko 2018).
Taguchi (2016) analyzed 1-month hindcast data from
1979 to 2012 provided by the Japan Meteorological
Agency (JMA) and indicated a possible connection
between the predictability of SSWs and the geometry
of polar vortices; vortex-splitting SSWs are less pre-
dictable than vortex-displacement SSWs. Domeisen
et al. (2020) also confirmed the dependence of pre-
dictability on SSW type based on six displacements
and five split SSW events. However, the mechanism
producing such dependence of predictability has not
been elucidated yet.

Because the SSW is primarily caused by the
upward propagation of amplifying planetary waves in
the troposphere (Matsuno 1971), the predictability of
anomalous tropospheric circulations is an important
agent to limit the predictable skill of the stratospheric
circulation. Mukougawa et al. (2005) indicated that
the skillful forecast of tropospheric blocking is a key
to reproducing a vortex-displacement SSW occurring
in 2001 with a prolonged predictable period of at least
2 weeks. In contrast, Noguchi et al. (2016) (hereafter
N16) conducted a series of ensemble hindcast exper-
iments initialized at 1-day interval and indicated that
forecasts of a vortex-splitting SSW occurring in 2009
with a short predictable period of 6 days have high
sensitivity to the initial upper-stratospheric circula-
tion. Thus, the dynamics of stratospheric circulation
would also play an important role in determining the
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predictability of the SSW.

The dynamical instability of the upper-stratospheric
circulation with zonally asymmetric components is
likely to contribute to high sensitivity of the forecast
to the initial stratospheric state. Mukougawa et al.
(2017) (hereafter M17) computed unstable modes
using a vorticity equation linearized about the basic
state specified by the ensemble mean prediction of an
Atmospheric General Circulation Model (AGCM) and
found that zonally asymmetric upper-stratospheric
circulation in early March 2007 when downward
propagating planetary waves were observed in the
stratosphere is highly unstable to infinitesimal pertur-
bations. They attributed a short predictable period of
approximately 7 days for the downward propagating
event to the existence of a predictability barrier in the
stratosphere associated with the dynamical instability
of large growth rates. Moreover, they hypothesized
that the obtained unstable mode in the upper strato-
sphere acts as a precursor for the emergence of the
downward propagating planetary waves in the strato-
sphere.

In this paper, we will pursue the role of dynamical
instability of stratospheric circulation in limiting the
predictability of SSW events. If the stratospheric
circulation during the onset phase of an SSW event
is highly unstable, we can argue for the existence of
a predictability barrier in the stratosphere that limits
the predictable period of the SSW. For this purpose,
first, the same AGCM used in N16 will be utilized
to conduct ensemble forecast experiments for the
winters of 2009 and 2010 to compare the predictabil-
ity of the 2009 vortex-splitting SSW and the 2010
vortex-displacement SSW. As shown by Ayarzagiiena
et al. (2011) and in Fig. 1, the two SSW events occur
on approximately the same calendar day. Hence, the
potential influence of differences related to time in
the seasonal cycle can be neglected when comparing
the predictability of the two SSWs. However, it is
noted that other external factors affecting the winter-
time polar stratosphere, such as the phase of the
QBO and the sunspot cycle, were dissimilar in both
winters as pointed out by Ayarzagiiena et al. (2011).
Second, same as M17, an eigenvalue analysis will be
conducted for both winters using a vorticity equation
linearized about the ensemble mean forecast at each
pressure level, and the stability property of the distort-
ed polar vortex is compared for both winters. The role
of the obtained unstable modes in the time evolution
of the SSW event will be also discussed.
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2. Data and model

2.1 Reanalysis data

Same as N16, the 6-hourly ERA-Interim reanalysis
dataset (Dee et al. 2011) is used for both the analysis
and in constructing initial conditions for the ensemble
reforecast experiments. The ERA-Interim dataset has
37 vertical pressure levels extending up to 1 hPa at
grid intervals of 1.25° longitude and 1.25° latitude.
Daily means consisting of four values every 6 h from
00 UTC to 18 UTC are used for the analysis.

2.2 Ensemble forecast data

Same as N16, we conduct ensemble forecasts of 25
members starting at 12 UTC every day during January
2010 using the ensemble prediction system of the
Meteorological Research Institute (MRI-EPS) (Yabu
et al. 2014) and MRI-AGCM (Mizuta et al. 2006,
2012), both having a horizontal resolution of TL159
and 60 vertical levels with the top boundary at 0.1
hPa. Each ensemble forecast consisting of 24 per-
turbed initial conditions created by the MRI-EPS and
1 unperturbed initial condition specified by the ERA-
Interim is performed using MRI-AGCM. There are 25
model levels at pressures less than 100 hPa, whereas
there were 14 levels at pressures less than 10 hPa for
MRI-EPS, MRI-AGCM, and ERA-Interim (Japan
Meteorological Agency 2014; Fujiwara et al. 2017).
The model settings of MRI-AGCM are all the same as
those in N16. We also re-examine ensemble forecasts
starting every day during January 2009, which were
used in N16. Daily-mean prediction data on 2.5° by
2.5° horizontal grids with 38 vertical pressure levels
with a top at 0.4 hPa computed from 6-hourly model
outputs are analyzed.

2.3 Nondivergent barotropic vorticity equation on a
sphere
To examine the dynamical stability of stratospheric
circulations, we utilize the following nondivergent
barotropic vorticity equation on a sphere linearized
about the specified basic flow denoted by the notation
overbar () same as M17:

o’ — = @8‘#/
o +JW,CN)+JWy',¢)+ TR
_ 2V |
_%A+f)§, (1)

where (A, u, ) is the stream function, A is the lon-
gitude, u is the sine of the latitude, ¢ is the time, { =
Ay is the relative vorticity, Q is the angular velocity
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of the rotation of the earth with the radius a, A is the
horizontal Laplacian, and J(c, ) is the horizontal
Jacobian operator on a sphere. The infinitesimal per-
turbations are indicated by prime (). A scale-selective
hyperviscosity term with a coefficient v is introduced
on the right-hand side of Eq. (1).

Then, normal mode solutions of the perturbation are
as follows:

V(A1) = Re[p(A. p)e™. @)

where 0 = o, + io; is obtained by solving a matrix
eigenvalue problem after expanding the basic flow and
the perturbation ¢(A, 1) into spherical harmonics. The
growth rate and the frequency of the perturbation are
given by o, and o; in Eq. (2), respectively. The spatial
resolution of the model used in the computation is
T63 (triangular truncation at the total wavenumber
N = 63), whereas the basic flow is triangularly trun-
cated at N = 21 to smooth out small scale structures.
An efficient code of ISPACK (Ishioka 2018) for the
associated Legendre functions is implemented in the
model. The hyperviscosity coefficient v in Eq. (1) is
specified by a small constant giving a dissipation time
scale of 0.1 days at N = 85. These model settings are
all the same as those in M17.

3. Results

3.1 Predictability of the 2009 and 2010 SSWs

Figure la indicates the time evolution of 10-hPa
zonal-mean zonal wind averaged poleward of 60°N
during the 2009 and 2010 winters for the analysis
(ERA-Interim). In both winters, westerlies prevailing
in the first half of January decelerate after 15 January
and are replaced by easterlies on 24 January (hereafter
referred to as day 0), coincidentally (Ayarzagiiena
et al. 2011). On day 0 of the 2009 winter, the polar
vortex for the analysis is divided into two vortices,
characterizing the vortex-splitting SSW event (Fig.
1b). In contrast, the polar vortex for the analysis is
displaced off the pole on day 0 of the 2010 winter,
corresponding to the vortex-displacement SSW event
(Fig. 1c).

The predictability of each SSW event was assessed
by the spatial anomaly correlation coefficient (ACC)
for 10-hPa geopotential height field poleward of 40°N
using a box-and-whisker diagram (Fig. 2). For the
2009 SSW event (Fig. 2a), the ACC of the ensemble
mean forecast on day 0 (24 January) becomes larger
than 0.6 for forecasts starting after day —9. However,
the spread among ensemble members is considerably
large, and ACCs of some members are lower than
0.6 for those forecasts. Since the spread of forecasts
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Fig. 1. (a) Time evolution of the zonal-mean zonal wind averaged poleward of 60°N at 10 hPa (m s™") during the
winter seasons of 2009 (red line) and 2010 (blue line) for the analysis (ERA-Interim). (b) Horizontal distribution
of 10-hPa geopotential height (m) on 24 January 2009 for the analysis. The contour interval is 200 m. (c¢) Same as
(b), except for 24 January 2010.
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Fig. 2. Spatial anomaly correlation coefficient (ACC) for the predicted 10-hPa geopotential height on day 0 (24
January) for ensemble forecasts starting from 9 (day —15) to 19 (day —5) January (the ordinate). The spatial ACC
is evaluated poleward of 40°N. The whiskers indicate the full range of ACCs for 25 ensemble members, and the
boxes show the range between the 6th value from the largest (24 %) and the 7th value from the smallest (76 %)
ACCs. Short horizontal red lines indicate ACCs for the ensemble mean forecasts.
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Fig. 3.

Limited contour analysis of polar vortex, showing contours at a prescribed 5-hPa height of 34500 m on 21

January 2009 (a) and 33600 m on 20 January 2010 (b). Thick red curves show the analysis (ERA-Interim). The
corresponding 4-day ensemble forecasts are shown by thin black curves.

starting after day —7 (17 January) becomes small and
ACCs of all forecasts are larger than 0.6 on day 0,
the predictable period of the 2009 SSW event can be
evaluated to be approximately 7 days. In contrast, the
ACC of the ensemble mean forecast for the 2010 SSW
event on day 0 (Fig. 2b) is larger than 0.6 even for the
forecast from day —15 (9 January), but the spread is
still large with a couple of members having ACCs less
than 0.6. The day 0 spreads also become much smaller
in the forecasts after day —13 (11 January). Hence, the
predictable period of the 2010 SSW event can be eval-
uated to be approximately 13 days. The day 0 spreads
in the forecasts from day —7 to day —5 for the 2010
SSW event are smaller than those for the 2009 SSW
event.

The enhanced spread for the 2009 SSW compared
with the 2010 SSW can be recognized in Fig. 3, which
shows contours at 5-hPa geopotential height of 34500
m on 21 January 2009 (day —3) and 33600 m on 20
January 2010 (day —4) for the analysis (red lines)
and the 4-day forecast (black lines). For the 2009
SSW (Fig. 3a), some members predict the complete
splitting of the polar vortex, whereas others predict
the still connected state (which recovers to the single
vortex state immediately after that as shown in N16),
corresponding to a large spread. For the 2010 SSW, all
ensemble members successfully predict the shape of
the polar vortex and its displacement from the North
Pole. As a result, the spread is very small as shown in
Fig. 2.

An upsurge in the growth of the ensemble spread of

the upper-stratospheric geopotential height field just
prior to the onset of the 2009 SSW (day 0) is also rec-
ognized in Fig. 4a. This figure shows the time evolu-
tion of the rms ensemble spread during the 10-day
forecast based on the 5-hPa geopotential height field
north of 30°N. The rms ensemble spread at a lead time

i was defined by \/%Zj;«x; _;)2>’ where x is

the predicted 5-hPa geopotential height at a lead time
i for an ensemble member j, M is the total number of
members in the ensemble forecast, x' is the ensemble
mean forecast at a lead time i (the average of x’, over
M), and { ) is the area average north of 30°N. The
upsurge is distinct for forecasts with a forecast period
of 4 days (red circles) or longer. In particular, the
7-day forecast spread (blue circles) just before day 0
becomes more than twice as large as in early January.
In contrast, this increase in upper-stratospheric fore-
cast spread is not seen during the onset of the 2010
SSW but rather becomes larger after day 0 (Fig. 4b).
The enhanced amplification of the spread just prior
to the onset of the 2009 SSW is limited to the upper
stratosphere, as shown in Fig. 5a. This figure shows
the amplification rate of the rms spread of the geo-
potential height field north of 30°N at each pressure
level during the first 4-day forecast. The amplification
rate at each pressure level was evaluated using the
ratio of the 4-day forecast spread to the spread at the
initial time for each ensemble forecast. Note that the
4-day spread alone cannot accurately determine the
amplification rate because the spread at the initial time
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Fig. 4. Time evolution of the rms ensemble spread (m) during the 10-day forecast based on the 5-hPa geopotential
height field north of 30°N. See text for the detailed definition of the rms ensemble spread. (a) January 2009. (b)
January 2010. Green, red, and blue solid circles indicate 2-, 4-, and 7-day forecasts, respectively.
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(a) Amplification rate of the rms ensemble spread during the 4-day forecast at each pressure level (the ordinate)

for each verification date (the abscissa) in January 2009. Spreads were evaluated based on geopotential height
fields north of 30°N. Regions with an amplification rate larger than 12.0 are shaded in red. The red vertical line
denotes day 0 (24 January), and the blue horizontal line represents 5 hPa. (b) Same as (a), except for January 2010.

is a finite value and fluctuates daily as shown in Fig. 4.
It can be recognized from Fig. 5a that the 5-hPa am-
plification rate reaches a maximum of approximately
15 on days —3 and —2. In the middle and lower strato-
sphere, such an increase in spread amplification rate is
rarely seen. Hence, it is suggested that there is a pre-
dictability barrier in the upper stratosphere just prior
to the onset of the 2009 SSW, limiting the predictable
period of the upper-stratospheric circulation. In con-
trast, such an increase in the spread amplification rate
is not present just prior to the onset of the 2010 SSW
throughout the stratosphere (Fig. 5b). Alternatively,
the amplification rate tends to decrease just before day
0. Thus, the upper-stratospheric predictability barrier
did not exist for the 2010 SSW, and the forecast skill
of the occurrence of the 2010 SSW was much higher

than that of the 2009 SSW.

The horizontal pattern with the greatest spread
among ensemble members can be inferred by EOF
analysis of the difference field of each ensemble
member from the ensemble mean forecast (Fig. 6).
The EOF for each verification day was determined
based on the 5-hPa geopotential height north of 30°N
using the 4-day ensemble forecast. Magnitudes of the
anomalies in Fig. 6 are those attained when the corre-
sponding principal components (PCs) are equal to one
standard deviation (Kimoto and Ghil 1993). The 1st
EOFs during the onset of the 2009 SSW were dom-
inated by a wavenumber 2 pattern at high latitudes,
which effectively affected the shape of the elongated
polar vortex, causing it to split or merge (Fig. 6, upper
panels). For the 2010 SSW, the 1st EOFs from the
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50.2% (b) day -5 (19 Jan) 58.8%

2009

(c) day -4 (20 Jan) 57.9% (d) day -3 (21 Jan) 67.5%

2010

Fig. 6. The 1st EOFs of the difference field of each ensemble member from the ensemble mean prediction of the
5-hPa geopotential height north of 30°N (m) during the onset of the 2009 SSW (top panels) and 2010 SSW (bottom
panels) on day —6 (a, e), day —5 (b, f), day —4 (c, g), and day —3 (d, h), computed using 4-day forecasts. Contours
are scaled to represent anomalies in meters when the PC is equal to one standard deviation; the contour interval is
20 m. Percentage variances associated with the 1st EOFs are shown in the upper right of each panel.

same period from day —6 to day —3 were character-
ized by a center of action with a somewhat confined
structure over North America at high latitudes (Fig.
6, lower panels). In addition, these amplitudes were
smaller than the corresponding EOFs for the 2009
SSW. Hence, the shape of the displaced vortex for
each ensemble member will be nearly identical, as
shown in Fig. 3b.

3.2 Stability analysis using barotropic model

In the above analyses using the ensemble forecasts
during the onset period of the 2009 and 2010 SSWs,
it has been revealed that the predictability barrier
characterized by the rapid spread growth in the upper
stratosphere was present for the 2009 SSW, whereas
it was absent for the 2010 SSW. Such a predictability
barrier would relate to the dynamical instability of
the ensemble mean field with zonally asymmetric
components as shown in M17. Hence, following M17,
we conducted an eigenvalue analysis of the ensemble
mean field at each pressure level based on the linear-
ized nondivergent barotropic vorticity equation on a
sphere given by Eq. (1).

Figure 7 shows the growth rate of the most unstable
mode computed for the basic flow given by the pre-

dicted 5-hPa stream function of the ensemble mean
forecast as a function of the initial date of the forecast
(the ordinate) and the verification date (the abscissa).
This figure clearly shows the existence of the predict-
ability barrier characterized by unstable modes with
huge growth rates on days —4 and —3 for the 2009
SSW (Fig. 7a). The barrier exists independent of the
forecast period if it is less than 8 days. The growth
rate calculated based on the 4-day forecast (the slant-
ing blue line) has a maximum value greater than 1.0
day ' on day —4. It is noteworthy that as the forecast
period increases beyond 7 days, the growth rate gen-
erally declines with the increase of the forecast period
(M17). This is because the ensemble mean forecast
tends to converge to the climatology (Murphy 1988)
and lose characteristic flow configurations related to
SSW as the forecast period increases. Meanwhile,
when the forecast period is shorter than 2 days, the
dependence of the growth rate on the characteristic
flow configuration is well recognized (Fig. 7a), but
the corresponding time variability of the spread is
smaller (Fig. 4a) because the period over which the
perturbation grows is also shorter. Hence, it is difficult
to discuss the relationship between the spread and
the dynamical stability in such short forecast periods.
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(a) Growth rate (day ") of the most unstable mode computed for the basic flow consisting of the T21 truncat-

ed 5-hPa stream function of the ensemble mean field on each prediction date (the abscissa) of the forecast starting
from 6 to 28 January (the ordinate). The radius of the filled circle is proportional to the growth rate, and its color
also indicates the range of the growth rate as shown in the legend. The red vertical line represents day 0 (24 Janu-

ary), and the blue slanting line indicates 4-day forecasts. (b) Same as (a), except for January 2010.
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(a) Same as Fig. 5, except for the growth rate (day™") of the most unstable mode computed for the basic flow

consisting of the T21 truncated stream function at each pressure level (the ordinate) of the 4-day ensemble mean
forecast. The contour interval is 0.1 day ', and regions where the growth rate is larger than 0.6 (1.0) day ' are light-
ly (heavily) shaded in red. (b) Same as (a), except for January 2010.

Then, we decided to examine the relationship using
4-day forecasts that clearly preserve the distinct time
variation in spreads and growth rates associated with
the occurrence of the SSW in 2009 in the following. In
contrast, for the 2010 SSW, growth rates of the most
unstable mode obtained from the eigenvalue problem
using the 4-day ensemble mean forecast as the basic
state are relatively small, less than 0.5 even on days
—4 and —3 (Fig. 7b). There is also no clear increase
in the growth rate just before day 0, indicating that
there is no enhanced predictability barrier in the upper
stratosphere prior to the onset of the 2010 SSW.

Figure 8 shows the height-time cross-section of
the growth rate of the most unstable mode, computed
using the 4-day ensemble mean forecast as the basic
state in Eq. (1). For the 2009 SSW, the predictability
barrier characterized by a large growth rate is con-
firmed in the upper stratosphere from 5 hPa to 1 hPa
on day —4. The maximum amplification rate of the
5-hPa spread during this period is approximately 15
(Fig. 5a), corresponding to a growth rate of 0.68 day .
This is approximately comparable to the average
growth rate of the unstable mode (Fig. 8a). Thus, the
spread growth can be explained by the amplification
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Fig. 9.

(Top) Horizontal structure of the basic flow given by the T21 truncated 5-hPa stream function field (10’

m’ s~ of the ensemble mean prediction on day —6 (a), day —5 (b), day —4 (c), and day —3 (d) for the 4-day fore-
casts during January 2009. (Middle and bottom) Stream function fields for the first and second unstable modes
computed for the basic flow. The first and second numbers in parentheses at the top of each panel indicate the
growth rate (day ') and the period (day) of the unstable mode, respectively. Stationary modes with zero imaginary
component of eigenvalues are designated by the period of infinity ().

of initial perturbations due to the energetic unstable
modes in the upper stratosphere. In contrast, there
is no upper-stratospheric barrier for the 2010 SSW.
Thus, the contrasting predictability characteristics
of the two SSWs shown in Fig. 5 are also confirmed
by the stability analysis on the ensemble mean field.
In the middle and lower stratosphere, growth rates
are relatively small for both SSW events. In contrast,
growth rates in the upper troposphere have moderate
values and may show peaks, corresponding to the
onset of blockings (not shown).

The horizontal structure of the two most unstable
modes during the onset period of the 2009 SSW is
shown in Fig. 9, along with the 5-hPa stream function

of the 4-day ensemble mean forecast specified as the
basic state (upper panel). During this period, the basic
state is characterized by a gradually elongating polar
vortex and eventual vortex splitting, with a predomi-
nant wavenumber 2 structure at high latitudes. In this
period, energetic unstable modes with wavenumber 2
structure localized within the elongated polar vortex
of the basic state are found to exist; they are the first
mode on day —6, the second mode on day —5, the
first mode on day —4, and the second mode on day
—3. It should be noticed that the unstable modes in
the period from day —7 to day —4 have a similar hori-
zontal structure to the 1st EOF (Fig. 6d) of the 4-day
forecast starting from day —7. As discussed in the Ap-
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pendix, the resemblance indicates that these unstable
modes play an important role in the formation of the
predictability barrier during the onset period of the
2009 SSW. 1t is also interesting to note that the phase
of the most unstable mode (Fig. 9¢c, middle panel) is
shifted by almost a quarter wavelength from that of
the basic flow (Fig. 9c, top panel). When the perturba-
tion satisfies such a phase relationship with the basic
flow, the kinetic energy growth of the perturbation
becomes maximum as shown by Hirota (1967) from
an argument based on the kinetic energy conversion
from the basic flow to the perturbation.

The role of the unstable mode in the ensemble
prediction of the 2009 SSW can be well recognized
from Fig. 10, which shows the time evolution of the
horizontal structure of the most unstable mode on
day —4 (Fig. 9¢c, middle panel) for each quarter of the
cycle. Since the basic state specified for the eigen-
value problem has zonally asymmetric components,
the structure of the obtained mode varies considerably
depending on its phase as shown in Simmons et al.
(1983). The bottom panels show the superposition of
the basic state, and the upper panels show the most
unstable mode at each phase. The amplitude of the
mode was specified so that the square root of the vari-

(Top) The stream function field of the most unstable mode (middle panel of Fig. 9c) on day —4 at each 1/4
phase of period 27: (a) phase O (initial), (b) phase 7/2, (c) phase 7, and (d) phase 37/2. (Bottom) Same as the top
panels, except for the composited stream function field (10" m* s™") of the basic flow (top panel of Fig. 9¢) and the
most unstable mode at each 1/4 phase with amplitude . The amplitude « is specified so that the square root of the
variance of the stream function of the unstable mode at the initial phase (a) is 7.24 % of that of the basic flow. The

variance is evaluated in the region north of 30°N.

ance of the stream function at the initial phase (phase
0, Fig. 10a) is 7.24 % of that of the basic state. The
ratio is based on the rms ensemble spread of the 4-day
forecast of 5-hPa geopotential height (72.78 m, Fig.
4a) and the square root of the variance of the 5-hPa
geopotential height north of 30°N on 20 January for
the analysis (1005 m). The composited fields show
polar vortex splitting (Figs. 10c, d) and merging (Figs.
10a, b) depending on the phase of the unstable mode,
which well resembles the characteristic variability of
the polar vortices predicted during the onset of the
2009 SSW event shown in Fig. 3a. The relationship
between the variability of the horizontal structure of
the unstable mode depending on its phase and that of
the predicted polar vortices among ensemble mem-
bers is also discussed in the Appendix. This fact also
confirms the primarily important role of the unstable
modes residing in the upper stratosphere in the ensem-
ble prediction of the 2009 SSW. In contrast, unstable
modes in the upper stratosphere during the onset of
the 2010 SSW are considered to play only a secondary
role in the ensemble forecast, since they have a rel-
atively smaller horizontal structure embedded in the
distorted polar vortex of the basic state (not shown)
and a small growth rate (Fig. 8b).
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4. Concluding remarks

To compare the predictability of two SSW events
occurring in 2009 and 2010, ensemble reforecast
experiments were conducted using the ensemble
prediction system of the MRI-EPS and MRI-AGCM.
It was found that the predictable period of the vortex-
splitting SSW in 2009 was approximately 7 days,
much shorter than that of the vortex-displacement
SSW in 2010, which was predictable more than 13
days in advance. The ensemble spread of the geopo-
tential height in the upper stratosphere for medium-
range forecasts was found to be enlarged just prior
to the onset of the 2009 SSW, whereas no such en-
largement was seen for the 2010 SSW. Hence, it is
suggested that the predictability barrier inherent to the
upper-stratospheric circulation limits the predictable
period of the 2009 SSW.

We then investigated the dynamical basis for such
predictability barrier in the upper stratosphere by
performing a stability analysis of the stratospheric
circulation using the nondivergent barotropic vorticity
equation same as M17. As a result, it was revealed
that the upper-stratospheric circulation with zonally
asymmetric components specified by the ensemble
mean forecast was highly unstable to infinitesimal
perturbations during the onset of the 2009 SSW but
did not show such enhanced instability during the
2010 SSW. The contrasting stability property during
the onset of the two SSWs was similar to the contrast-
ing behavior of the spread growth observed during
the same periods. The most unstable mode during the
onset of the 2009 SSW had a similar horizontal struc-
ture to the ensemble spread as well as the 1st EOF and
represents the predicted polar vortex variability as the
nearly split polar vortex further elongates or contracts.
Therefore, the predictability barrier inherent to the
upper-stratospheric circulation during the onset of the
2009 SSW can be attributed dynamically to the pres-
ence of enhanced instability associated with the highly
distorted polar vortex. In addition to the tropospheric
predictability barrier associated with the maintenance
of tropospheric blocking sustaining the upward prop-
agation of planetary waves as shown in Mukougawa
et al. (2005), this study reveals the presence of the
upper-stratospheric predictability barrier limiting the
predictable period of SSW.

The dynamical link between this unstable mode
with extremely large growth rates and the prediction
of the 2009 SSW can also be confirmed by the results
of Coy and Reynolds (2014). They used a dry mech-
anistic multilayer model to compute stratospheric
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singular vectors (SVs) during the onset of the 2009
SSW. The first SV (SV1) for an optimization time of 3
days, initialized on 22 January 2009, shown in Fig. 5b
of their paper, has a horizontal structure very similar
to the most unstable mode obtained in our study (Fig.
9c¢). In addition, the SV1 has a large amplitude in the
upper stratosphere and shows an amplification rate'
of approximately 1.1 day ' that is comparable to the
maximum growth rate of the unstable mode at 5 hPa
(Fig. 8a). These similarities between the most unstable
mode and the SV1 also support that the most unstable
mode played an important role in the predictability of
the 2009 SSW.

The unstable modes for the 2009 SSW in the basic
flow dominated by the wavenumber 2 component have
much larger growth rates than those for the 2010 SSW
dominated by the wavenumber 1 component as shown
in Fig. 8. This instability characteristic is consistent
with the results of Hirota (1967). In addition, the
growth rate of the unstable modes for the 2009 SSW is
much larger than that of the unstable modes reported
by Manney et al. (1991) and Frederiksen (1982). The
former paper indicated that the growth rate of the un-
stable mode for the observed 5-hPa circulation in the
Southern Hemisphere during 8—12 September 1982,
characterized by amplified wavenumber 2 planetary
waves, was at most 0.50 day . The latter reported
that the growth rate of the unstable mode for the
stratospheric circulation with a moderately amplified
wavenumber | component corresponding to 12 days
before the onset of the simulated SSW was 0.14 day .

The enhanced growth rate of the 5-hPa unstable
mode on day —4 for the 2009 SSW could be dynam-
ically attributed to the extremely amplified wave-
number 2 component in the basic flow. In fact, the
amplitude of the observed wavenumber 2 component
of the 5-hPa geopotential height at 60°N was maximal
on day —5, and the elongation of the polar vortex was
most pronounced on day —4 as seen in Fig. 9c. Hirota
(1967) and Manney et al. (1991) documented that the
growth rate of the unstable modes increases as the
prescribed amplitude of the wavenumber 2 component
of the basic flow increases. Hence, the temporal be-
havior of the growth rate during the onset of the 2009
SSW is approximately consistent with their results.
However, the dependence of the growth rate on the
amplitude of the wavenumber 2 component has not
yet been clarified dynamically. Thus, the next study

' This is approximately estimated from the maximum value
of the initial and final SV1 structures shown in Figs. 5a and
5b of their paper.
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should take the same approach as Hirota (1967), using
a basic flow with an idealized horizontal structure to
reveal the dynamical basis of the barotropic instability
of the elongated polar vortex.

Finally, it should be noted that the unstable modes
with large growth rates exist for the splitting polar
vortex in the upper stratosphere (Figs. 7, 8), whose
forecast data are not widely provided in the current
frameworks (e.g., hindcast datasets archived in the
subseasonal-to-seasonal prediction project of the
World Weather Research Programme and the World
Climate Research Programme only include variables
up to the 10-hPa pressure level). Therefore, previous
studies for the predictability of SSWs using such low-
top datasets would not realize the predictability barrier
in the upper stratosphere highlighted in this study.
Hence, we would like to emphasize the importance of
analyzing the upper-stratospheric circulation to clarify
the dependence of SSW predictability on the shape
of the polar vortex. It is also hoped that more upper-
stratospheric datasets will be archived and provided by
many operational/modeling centers to further inves-
tigate the role of the unstable modes in the evolution
of SSW. When analyzing climate model simulations
to infer the causes of poorly represented stratospheric
polar vortex variability (e.g., Hall et al. 2021), attention
should be paid to the upper-stratospheric circulation.

Data Availability Statement

The ERA-Interim data are available from the
ECMWF website at https:// www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era-interim. The
dataset of the ensemble forecast analyzed in this study
is available from the corresponding author on reason-
able request.
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Appendix: Unstable mode, spread, and 1st EOF

We discuss the relationship between the most
unstable mode, ensemble spread, and 1st EOF during
the onset period of the 2009 SSW. We consider the
time evolution of the trajectory associated with each
ensemble member during a period from the initial
time ¢, to the verification time ¢, in phase space. We
assume that the most unstable mode for the basic state
specified by the predicted ensemble mean forecast is
the same during the period, of which assumption is
approximately valid from day —7 (#) to day —4 (¢,)
as confirmed in Fig. 9. If the time evolution is exclu-
sively determined by the most unstable mode in the
framework of the linear dynamics and initial perturba-
tions of ensemble forecasts are randomly selected with
the same projected magnitude onto the eigenfunction
¢ (A, n) of the most unstable mode (Eq. 2; Mukougawa
1988), then the square root of the variance associated
with the ensemble spread of the stream function at
t = t, would be as follows:

2010 = 5 [ {Relp(h pexplia)l} da. (AD

Here, a is the phase of the most unstable mode. Note
that the square root of the variance at ¢ is also given
by g(X,u) if we ignore the temporal amplification
with exp[(¢ — t,) ], where «, is the growth rate. This
is because o will only increase by a certain constant
(t — t,)a;, where a; is the imaginary part of the eigen-
value, but the integral range for o is independent of ¢
in Eq. (Al).

Figure Ala shows the horizontal distribution of
g, 1) for the most unstable mode on day —4 (Fig.
9¢). The magnitude of g(, u) attains its peak at four
longitudes along 60°N: approximately 80°E, 120°E,
120°W, and 40°W. In contrast, Fig. A1b indicates the
square root of the ensemble spread of the predicted
stream function on day —4, computed using the 4-day
ensemble forecast starting from day —7. These two
patterns are very similar to each other in the sense
that there are four local maxima along 60°N at ap-
proximately the same longitude. Clearly, as shown in
Fig. Alc, the square root of the variance associated
with the 1st EOF, which has the largest percentage of
variance (57.9 %; Fig. 6¢), well resembles the latter.
Thus, we can confirm the resemblance of the variance
associated with the most unstable mode, spread, and
the 1st EOF, strongly supporting the validity of the
assumption that linear dynamics specified only by
the most unstable mode with a large growth rate (Fig.
9c) dominate the time evolution of each ensemble
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(a) Unstable Mode

Fig. Al.

(a) Horizontal distribution for the square root of the variance of the stream function associated with the

phase variation of the most unstable mode on day —4 (middle panel of Fig. 9¢c). (b) Same as (a), except for the
square root of ensemble spread of the predicted stream function on day —4, computed using the 4-day ensemble
forecast starting from day —7. (c) Same as (b), except for the absolute value of the regressed stream function
anomaly onto PC1 of the ensemble spread on day —4. PC1 is the corresponding principal component score to the
1st EOF shown in Fig. 6¢. The contour interval is 2 x 10° m’ s™" in (b) and (c). The magnitude in (a) is arbitrary.

member during the onset period of the 2009 SSW.
Hence, it can be recognized that the variability of the
horizontal structure of the unstable mode depending
on its phase shown in Fig. 10 is closely related to the
predicted variability of the polar vortex among the
ensemble members (Fig. 3a).
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