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Abstract
The predictability of sudden stratospheric warming (SSW) events, such as
those that occurred on January 5, 2004 and January 7, 2013, are examined by
integrating an operational weather prediction model. The model is initialized
from 25 days before the onset of a SSW event to 20 days after, and integrated
for 30 days. The prediction skill is then evaluated by computing both mean
squared error and anomaly correlation coefficient with respect to the
reanalysis data. The 2004 SSW event, which was characterized as a vortex
displacement event, was preconditioned by the vertical propagation of a
wavenumber-one wave in the lower stratosphere, while the 2013 SSW event, a
vortex split event, was driven by the amplification of wavenumber-one
followed by wavenumber-two waves. These two different events were reliably
predicted with a maximum lead-time of nine days and seven days, respectively.
However, their nature is quite different. For the 2004 displacement SSW event,
zonal-mean errors accounted for a great part of the forecast errors, whereas
the forecast errors of the 2013 split SSW event were highly influenced by the
zonally asymmetric components. Comparatively a large magnitude of zonally
asymmetric errors in the split SSW were mainly caused by an underestimated
amplification of zonal-wavenumber two waves in the lower stratosphere. This
result indicates that the predictability of SSW events may be dependent on the
morphology of the polar vortex. To confirm this finding, the five most recent
i

displacement and split SSW events were further investigated in this paper. On
average, the model shows a better prediction skill for the displacement SSW
events than the split SSW events with about one-day longer lead-time.
Moreover, all displacement events show a smaller ratio of zonally asymmetric
errors to zonal-mean errors than the split events. In addition, underestimatedvertical propagation of wavenumber two waves explains a large zonally
asymmetric errors in all split cases.
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polar-cap index [m] for the displacement SSW event.
Figure 4. Same as Fig.3, but for the split SSW event.
Figure 5. Geopotential height at 10 hPa averaged for (a) January 5-9, 2004
and (b) January 7-11, 2013. Left top is from JRA-55 data, and others are from
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SSW onset date. All values are divided by 100.
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Figure 6. Zonal-mean zonal wind at 10 hPa and 60oN and temperature areaaveraged over the polar region at 10 hPa for the (left) displacement SSW event
and (right) split SSW event. Black lines indicate the JRA-55 reanalysis. Colors
mean the model simulations initialized from 25 days before the onset of SSW
to SSW onset with a one-day interval.
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Figure 8. (top) MSS on SSW onset date from each model simulation for (left)
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errors. Red, sky blue, and blue colors indicate zonal-mean, amplitudedifference, and phase-difference error, respectively. X-axis denotes the date
before SSW onset.
Figure 9. Temporal evolution of vertical component of EP flux [m2 s-2 Pa]
averaged over 45-70oN at 100 hPa for (top) total wavenumber, (middle)
wavenumber one (wave #1), and (bottom) wavenumber two (wave #2).
Figure 10. Scatter plot of normalized mean absolute bias of vertical
component of EP flux at (a) 100 hPa and (b) 700 hPa. X (Y) axis indicates
normalized mean absolute bias of EPz for wave #1 (#2). Open circles are the
results of all simulations whereas closed circles indicate their average.
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1. Introduction
Sudden stratospheric warming (SSW) events are characterized by the
deceleration of zonal-mean circulation and the warming of polar stratosphere
that have been known to impact on the tropospheric weather and climate on
the sub-seasonal time scale in the boreal winter. Baldwin and Dunkerton
(2001) have shown that a tropospheric circulation is influenced by a
stratospheric circulation when a weak polar vortex event occurs.
In this regard, an extended-range weather forecast might be plausible
from the stratosphere (Baldwin et al. 2003; Thompson et al. 2002). Baldwin et
al. (2003) have further revealed that an increased time-scale of tropospheric
circulation can be partially explained by the lower-stratospheric circulation in
boreal winters. A persistent circulation anomaly in the lower stratosphere
plays an important role in improving forecast skills in the troposphere.
Moreover, Mukougawa and Hirooka (2004) have found that an improved
stratospheric predictability exists when there is the large stratospheric
variability. They further suggested enhanced-forecast skills of surface
atmospheric variability following SSW events. In addition, Kuroda (2008) has
suggested that stratospheric perturbations are important for enhancing
tropospheric-forecast skills as well as stratospheric-forecast skills. In
particular, SSW events help to enhance the weather forecast skills in modelling
studies (Sigmond et al. 2013).
-1-

When working to identify the tropospheric forecast skills associated
with SSW in climate models, many studies have focused on the certain SSW
events and their predictability. Hirooka et al. (2007) has evaluated prediction
skills for two SSW events occurred on 2001 and 2004, and found that the SSW
events are predictable at 16-days and nine-days in advance of the SSW onset.
In addition, stratospheric circulation was predictable for more than a month in
advance during the 1998 SSW event (Mukougawa and Hirooka 2004).
Mukougawa et al. (2005) found that the SSW event that occurred in December
of 2001 could be predicted at least two weeks before the peak date of
stratospheric air temperature. They found that the initial conditions in the
troposphere was important for improved predictability of the SSW event.
Furthermore, Noguchi et al. (2016) found that stratospheric initial conditions
could be also important. They investigated the predictability of a SSW event
occurring in January of 2009 with six-day predictability, and found that
stratospheric wind field plays a key role for SSW prediction as altering the
condition of wave propagation. Marshall and Scaife (2010; hereafter MS10)
found that the SSW event predictability can be improved with an increased
vertical resolution in the stratosphere. For example, the high vertical
resolution model exhibits predictability with a lead-time of 12 days, but the
low vertical resolution model shows an eight-day lead. Tripathi et al. (2015b)
has evaluated SSW predictability from many operational models. Most of the
-2-

models predicted the 2013 SSW event with a forecast lead-time of 10 days.
Tripathi et al. (2015a) summarized the predictability associated with
a SSW event. The predictability spread is large, varying from three days to a
month. In order to evaluate the SSW predictability, various models, SSW cases,
and evaluation metrics are used. To make a fair comparison to the models and
cases, it is necessary to use standard diagnostics. Thus, the present study
employs evaluation metrics based on mean squared skill (MSS) and anomaly
correlation coefficient (ACC).
A SSW is classified into two types: displacement and split SSW. A
displacement SSW is characterized by a polar vortex shifted off the pole,
whereas a split SSW is characterized by the polar vortex splitting into two
daughter vortices. Their development and impact on the troposphere are
different (Charlton and Polvani 2007; Mitchell et al. 2013), so the
predictability of SSW events should be separately evaluated. These differences
have been partially described by MS10 and Taguchi (2015). The significant
differences in the predictability for two types of SSW, however, are not shown
in results of MS10 even if two types of SSW events were considered. Otherwise,
Taguchi (2015) has clearly concluded that prediction skills associated with
SSW events depend on the type of SSW. He suggested that the errors of splittype SSW are larger than displacement-type SSW, so vortex morphology is
important for evaluating SSW predictability. In this regard, the present
-3-

research will continue and extend to examine a predictability of SSW events
for five recent displacement and split examples.
Stan and Straus (2009) has focused on zonally asymmetric
component of forecast error. They then revealed that a phase-difference error
mainly contributes to the zonally asymmetric errors. Ichimaru et al. (2016)
further discussed not only a zonally asymmetric component but also a zonalmean component of forecast error to find an importance of zonal-mean errors.
However, it is still unclear which component of forecast error is important to
evaluate SSW-forecast skills with respect to the type of SSW. Here, three types
of model errors are investigated: zonal-mean, amplitude-difference, and
phase-difference errors. The SSW type is further considered to examine which
component of error plays an important role in SSW prediction.
In section 2, the data used for model verification will be introduced in
detail. SSW events selected will be shown in section 3, followed by the
discussion of predictability diagnostics employed in the present study. Section
4 examines the predictability of SSW events, and diagnoses the causes of
model error. Finally, key results will be summarized in section 5.

-4-

2. Data and model configurations
Six-hourly Japanese 55-year reanalysis (JRA-55) datasets, provided by
the Japan Meteorological Agency, were used as an initial condition of model
simulations. JRA-55 has a horizontal resolution of 2.5o longitude x2.5o latitude
and vertical levels of 37 pressure levels (Kobayashi et al. 2015). As a boundary
condition, daily data sets from the National Centers for Environmental
Prediction and Department of Energy Atmospheric Model Intercomparison
Project (AMIP-Ⅱ) reanalysis (R2) were used (Kanamitsu et al. 2002). They
include sea-ice concentration, equivalent snow depth, and sea-surface
temperature.
Global/Regional Integrated Model system (GRIMs) is an operational
model to evaluate SSW predictability in this study (Hong et al. 2013). The
model has T126 horizontal resolution (~1o longitude x 1o latitude) and 64
vertical levels at which model lid is up to 0.3 hPa (~56 km). The results of
model runs were evaluated with respect to JRA-55 data. Daily boundary
conditions were prescribed when the model was integrated, which is similar to
AMIP-type experiments. The hindcasts were initialized at one-day intervals
leading up to 25 days before and 20 days after the onset date of each SSW
event. In addition, the model was integrated for 30 days including fiveensemble members in each simulation. Ensemble members were produced by
-5-

using the runs initialized on 00, ±06, and ±12 hours with respect to the central
date of simulations in this study (Table 1).

Table 1. Configuration of GRIMs.

GRIMs
Horizontal resolution

T126 (~100 km)

Vertical resolution (Top)

L64 (~56 km)

Number of ensemble

Five members

Integrated period

30 days

Initialized date

46 runs
(-25 to 20 days with respect to SSW onset)

Initial condition

Six-hourly JRA-55 reanalysis

Boundary condition

Daily R2 SST, sea ice, snow depth

3. Methods
3.1 Sudden stratospheric warming
A SSW event is defined by many kinds of variables such as zonal wind,
northern annular mode (NAM) index, geopotential height in the polar
stratosphere, temperature in the stratosphere, meridional temperature
gradient in the stratosphere, and so on (Butler et al. 2015). The central date of
-6-

a SSW event is defined as the date when the zonal-mean zonal wind at 60oN
and 10 hPa becomes easterly in the winter (Charlton and Polvani 2007). This
research follows the wind reversal definition and selected the 10 most recent
SSW events (Table 2). The central dates of SSW are based on data from Cohen
and Jones (2011; hereafter CJ09) and Tripathi et al. (2015b), but onset dates
were modified to consider different reanalysis data. It is noted that only midwinter (December to February) SSW events were included in order to exclude
the possibility of stratospheric final warmings in CJ09 even if they are already
excluded. As mentioned before, SSW events are classified into displacement
and split types. Each type of SSW has a different dynamical mechanism and
influences the troposphere (Charlton and Polvani 2007; Matthewman et al.
2009; Mitchell et al. 2013). Taguchi (2015) has suggested that an operational
model qualitatively has different prediction skills between the two types of
SSW. It implies that SSW should be considered separately with respect to the
type of SSW when the predictability is reviewed. In addition to the results
from Taguchi (2015), this study evaluates the predictability of the five most
recent displacement and split SSW events. The 2004 SSW event, which is
characterized as vortex-displacement event, and the 2013 SSW event, vortexsplit event, are chosen as representative cases. Those events have already been
reviewed in previous studies (Hirooka et al. 2007; Tripathi et al. 2015a,
2015b).
-7-

3.2 Evaluation metrics
Three-evaluation metrics were chosen to quantify prediction skills of
SSW onset. There are many diagnostics to quantify the predictability of SSW
events. MS10 defined the predictability of a SSW event as the lead day
counting back from the SSW onset date before the model first fails to capture
the zonal-mean zonal wind becoming easterly from westerly at 60oN and 10
hPa. Mukougawa and Hirooka (2004) used root mean squared error (RMSE) to
evaluate the prediction skills for SSW events. They defined the predictability
as the lead-time when the RMSE surpasses the climatological standard
deviation. Ichimaru et al. (2016) also set the predictability targeting to the
same value as

Mukougawa and Hirooka (2004) by using RMSE and

climatology. They added the predictability based on anomaly correlation (AC)
on evaluation metrics to consider not only amplitude of error but also a
pattern of error. The lead-time was defined as the predictability when AC
crosses 0.6 while decaying in magnitude.
Three diagnostics, based on previous research, were used in the
present study. They are given as follows:
l

Whether wind reversal is captured by the model,

l

Whether MSS of geopotential height over 45-90oN persists above
-8-

the value of 0.0 until SSW onset date, and
l

Whether ACC of geopotential height over 45-90oN persists above
the value of 0.6 until SSW onset date.

MSS, same as MSSS in Choi et al. (2016), is defined as one subtracted
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,
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where M and O indicate forecasted and observed geopotential height,
respectively. Overbar and prime represent climatology and anomalies,
respectively. i is each grid point, and N is the total number of grid point. τ
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indicates lead time. Geopotential height is area-weighted with latitude when
MSS and ACC are calculated. MSE and ACC are generally used to evaluate
forecast skills in a model. MSS, however, is used in the present study instead of
MSE because a feature of MSS resembles with that of ACC; MSS and ACC
decreases with forecast lead-time (see Choi et al. 2016).
The predictability of a SSW onset date, based on wind-reversal
diagnostics, is defined the same as the research by MS10. The predictability
based on MSS (ACC) diagnostics is then defined as the lead-time of a first
simulation where the model sustains a value of MSS (ACC) above 0.0 (0.6) until
SSW onset date with consecutive days. When the three metrics are definitely
satisfied in the model run, the model can predict SSW events.
To find the causes of a predictability limit for SSW events, MSE (or
MSS) are separated into three components: zonal-mean, amplitude-difference,
and phase-difference (Stan and Straus 2009; Ichimaru et al. 2016). Three
components are written as
( )=

1

=[

=[

([

]−[

( )] +

]) +

( )∗

( )∗

( )] +

1

(
+

∗

−

∗

( )∗

)
,

where the square bracket indicates the zonal mean and the asterisk represents
the deviation from zonal mean. amp and phs denote amplitude-difference and
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phase-difference error, respectively. The model errors are examined with SSW
types.

3.3 Eliassen-Palm flux analysis
Eliassen-Palm

(EP)

flux

represents

the

wave-activity

flux

corresponding to a propagation of wave energy (Andrews et al. 1987; Holton
and Hakim 2013). The breaking of the waves in the stratosphere leads to the
SSW occurrence. The vertical component of EP flux is generally used for
explaining the dynamical process of SSW.
The vertical component of EP flux represents eddy heat flux in quasigeostrophic assumption, linearity assumption, and pressure coordinates:
[

=

∗ ∗]

̅

,

where
( )+
( , , , )= ̅

Here, a is the radius of the Earth,

( , , , ).

is degree of latitude, and

is potential

temperature.

4. Results
Figure 1 shows the ACC predictability. It is based on geopotential
height averaged over 45-90oN at each pressure level for the 10 boreal winters
- 11 -

when SSW events occur. As expected, the stratosphere exhibits a longer
predictability than the troposphere. The longer predictability in the
stratosphere, than the troposphere, was already reported in the previous
modelling studies (Mukougawa and Hirooka 2004; Stan and Straus 2009).
They argued that the stratosphere has a longer memory, so it is more
predictable when compared with the troposphere during SSW events.
Furthermore, this result is supported by Kuroda (2008) suggesting that the
hugely perturbed signal in the stratosphere leads to improved prediction skills
in the troposphere.

Figure 1. Predictability of ACC calculated by geopotential height over 45-90oN
as a function of threshold and altitude. The predictability is averaged for 10
- 12 -

boreal winters when SSW events occur.

4.1 A case study
Two SSW events were selected as representative cases. One occurred
on January 5, 2004 is the displacement SSW event. The other with onset of
January 7, 2013 is known for the split SSW event. Figure 2 shows the
horizontal field of geopotential height at 10 hPa for up to 10 days after SSW
onset. The polar vortex was shifted off the polar region (Fig. 2a) and it is the
so-called displacement SSW event. Figure 2b shows the polar vortex splitting
into two daughter vortices, and it is split SSW event. Typical characteristics of
the displacement SSW event and the split SSW event are shown in Figures. 3
and 4. First, Figures 3a and 4a show a temporal evolution of zonal-mean zonal
wind at 10 hPa, zonal-mean temperature at 10 hPa. Zonal-mean zonal wind
becomes easterly from westerly around the SSW onset date in the extratropics.
Second, zonal-mean temperature abruptly increases at 10 hPa during SSW
events (Figs. 3b and 4b). In addition, both SSW events strongly impact on the
tropospheric circulation. Third, Figures 3e and 4e show a temporal evolution
of geopotential height averaged over 65-90oN at each pressure level (polar-cap
index; PCI) Here, the positive PCI denotes a negative NAM (Baldwin and
Wallace 2009). PCI steeply increases as SSW events occur at the stratosphere,
- 13 -

implying the weakening of the polar vortex. The positive PCI then descends to
a lower stratosphere, and persists for about two months. Tropospheric PCI
after SSW onset date mostly exhibits the same sign to the stratosphere. Finally,
vertical wave-activity flux for both displacement and split SSW, however, are
quite different. The displacement SSW event was dominated by the vertical
propagation of zonal-wavenumber one (wave #1) waves, whereas the split
SSW event was preconditioned by the amplification of wave #1 waves
subsequently followed by wave #2 waves (Figs. 3c, 3d, 4c, and 4d). Those
features in Figure 3 and 4 resemble findings from Charlton and Polvani (2007).

Figure 2. Geopotential height at 10 hPa averaged (a) from January 5-14, 2004
and (b) from January 7-16, 2013. Values are divided by 100. Grey circle
indicates the 60oN latitude.

- 14 -

Figure 3. Temporal evolutions of (a) zonal-mean zonal wind [m s-1], (b) zonalmean temperature [K], (c,d) vertical component of EP flux [106 m2 s-2 Pa] for
zonal-wavenumber one wave and zonal-wavenumber two wave, and (e)
polar-cap index [m] for the displacement SSW event.
- 15 -

Figure 4. Same as Fig.3, but for the split SSW event.

Polar vortices for up to five days after SSW onset are shown in Figure
5. Figures 5a and 5b represent morphology of the polar vortex for
- 16 -

displacement and split SSW events, respectively. Left-top in Figures 5a and 5b
show the geopotential height at 10 hPa from JRA-55 reanalysis. The remaining
plots in Figures 5a and 5b were vortex patterns calculated from the initialized
data sets from 25 to 0 days before onset of the SSW event with five-day
intervals. A distorted-polar vortex toward the Eurasia continent was found in
the displacement SSW event, while separated-polar vortices located on the
Eurasia and Northern America continents were found in the split SSW event.
The polar vortex reproduced by the model resembles that of JRA-55 in both
cases when the model was initialized 10 to five days before the onset.
Qualitatively, it seems that vortex weakening can be predicted with a lead-time
of about 10 days.

- 17 -

Figure 5. Geopotential height at 10 hPa averaged for (a) January 5-9, 2004
and (b) January 7-11, 2013. Left top is from JRA-55 data, and others are from
the model experiments initialized on lag -20, -15, -10, -5, and 0 with respect to
SSW onset date. All values are divided by 100.
- 18 -

Furthermore, a temporal evolution of zonal-mean zonal wind at 60oN
and 10 hPa (U10) and polar temperature at 10 hPa (T10) are shown in Fig. 6.
The model seems to capture wind reversal when it is initialized at about 25
days before the onset date in both displacement and split SSW events. The
zonal wind of the displacement case, however, could not become easterly in
the model runs initialized between 20 days and 15 days before the onset date
(Fig. 6a). Following the evaluation metrics, wind reversal should be captured
by the model with consecutive simulations. In this regard, the model cannot
reproduce the wind reversal when initialized on much longer lead-time of 15
days in displacement SSW event. In the split case, the zonal wind could not
follow the recovery of wind around December 27, 2012 when the model was
initialized between 25 days and 20 days before onset (Fig. 6b). Thus, it is hard
to conclude that the model tends to capture the wind reversal with a longer
lead of 20 days in split SSW event. However, an increase of T10 is relatively
well simulated in the model runs. The simulations described with the purple
color in Figs 6c and 6d miss-lead the variations of T10, but it is quite well
estimated in the green to red colored results. Qualitatively, the model shows
that wind reversal and an increase of T10 are predicted at about 15-20 days in
advance to both SSW onset dates.

- 19 -

Figure 6. Zonal-mean zonal wind at 10 hPa and 60oN and temperature areaaveraged over the polar region at 10 hPa for the (left) displacement SSW event
and (right) split SSW event. Black lines indicate the JRA-55 reanalysis. Colors
mean the model simulations initialized from 25 days before the onset of SSW
to SSW onset with a one-day interval.

In order to quantify the predictability of SSW events, the prediction
skill is then evaluated by computing both MSS and ACC. Figure 7 show a
temporal evolution of MSS and ACC from model simulations for tworepresentative cases with respect to JRA-55. Following MSS and ACC
diagnostics, the displacement SSW event is reliably predicted with a maximum
lead of nine and 15 days, while the split SSW event is predicted with seven and
eight days. In addition, wind reversal is always captured in the model when
- 20 -

MSS and ACC metrics are satisfied. When the three evaluation metrics are
satisfied, it can be said that a SSW event is predicted by the model. Thus, the
predictability of the displacement and split SSW are nine days and seven days,
respectively. Due to quantified SSW predictability, it is suggested that the
model has a SSW predictability with a lead of about 10 days. The model shows
a better prediction skills for a displacement SSW event than the split SSW
event with two days longer lead-time.

Figure 7. Same as Fig.6, but for (top) MSS and (bottom) ACC of geopotential
height at 10 hPa.

When MSS is separated into three components such as zonal-mean,
amplitude-difference, and phase-difference error, it is possible to find the
reason of the SSW-prediction limit. Figures 8a and 8b shows MSS of each
- 21 -

simulation on SSW onset date. Red, sky blue, and blue colors indicate zonalmean, amplitude-difference, and phase-difference errors, respectively.
Compositions of error are quite different between both displacement and split
cases. For both SSW events, the zonal-mean component has a similar
amplitude. The main difference, however, is found in a zonally asymmetric
error. The zonally asymmetric error in a split SSW event is much larger than
that in the displacement SSW event. Their ratio are shown in Figs. 8c and 8d.
Zonal-mean errors of displacement SSW event account for a great part of
forecast errors, whereas zonally asymmetric errors of split SSW events explain
a large part of model errors. In addition, phase-difference errors mainly
contribute to zonally asymmetric errors in both displacement and split SSW
events. The importance of phase-difference errors was already identified by
Stan and Straus (2009).
A zonally asymmetric error can be explained by an estimate of wave
activity (Stan and Straus 2009). An analysis for EPz, with a different zonalwavenumber at 100 hPa, is shown in Figure 9. It shows temporal evolutions of
EPz averaged over 45-70oN at 100 hPa (EPz100) for total zonal-wavenumber,
wave #1, and wave #2. Wave #1 waves are dominant in both cases, but wave
#2 waves are only important in the split case. Qualitatively, the amplification of
wave #1 waves before SSW onset is quite well estimated at 100 hPa, whereas
wave #2 waves are not developing in the split SSW event. Thus, the
- 22 -

underestimated wave #2 waves may distribute the large zonally asymmetric
error in split SSW events.

Figure 8. (top) MSS on SSW onset date from each model simulation for (left)
displacement and (right) split SSW events. (bottom) Relative distribution of
errors. Red, sky blue, and blue colors indicate zonal-mean, amplitudedifference, and phase-difference error, respectively. X-axis denotes the date
before SSW onset.
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Figure 9. Temporal evolution of vertical component of EP flux [m2 s-2 Pa]
averaged over 45-70oN at 100 hPa for (top) total wavenumber, (middle)
wavenumber one (wave #1), and (bottom) wavenumber two (wave #2).

Due to the predictability evaluation in the case study, the model
exhibits different predictability, error composition, and error causes with
respect to SSW type. Both displacement and split SSW events are predicted
with a maximum lead of nine and seven days, respectively. However, their
nature is quite different. Zonally asymmetric error accounts for a great part of
- 24 -

forecast errors for the split case even if zonal-mean components of the split
SSW case are similar with those of the displacement case. It leads to a shorter
predictability of split SSW event than that of displacement SSW event. The
large zonally asymmetric error partly originates from the underestimation of
vertical wave propagation in wave #2 waves. In summary, the different
prediction skills between displacement and split SSW events mainly result
from the different composition of forecast error. Moreover, the difference is
partly explained by prediction skills evaluated for vertically propagating wave
#2 waves. This result indicates that the predictability of SSW events may
depend on the morphology of the polar vortex.

4.2 Multi-case study
In section 4.1, the predictability of a SSW event was evaluated only for
two SSW events. In order to achieve statistical significance, four more samples
for both displacement and split SSW events were further investigated.
Table 2 provides predictability based on MSS, ACC, and a ratio of
zonally asymmetric error for all SSW events. Values in parentheses indicate
the ratio of phase-difference error. In the results, the model shows a
predictability of SSW events with a lead of about 10 days. Specifically,
displacement SSW events are predicted with the lead of 9.6 days, while split
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SSW events are predicted with the lead of 8.6 days. In addition, the zonally
asymmetric errors are important in split SSW event which ratio is 0.37, and
comparatively larger value than that of displacement SSW events with a ratio
of 0.18. A displacement SSW event is more predictable than a split SSW event.
It confirms that a large zonally asymmetric error in split SSW events leading to
the short SSW predictability.
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Table 2. Predictability of SSW and distribution of error.

Displacement
SSW

Cases

MSS pred.
(days)

ACC pred.
(days)

A ratio of
zonally
asymmetric
error (amp)

15 DEC 1998

10

14

0.23 (0.10)

31 DEC 2001

12

13

0.27 (0.14)

05 JAN 2004

9

15

0.13 (0.02)

24 FEB 2007

8

9

0.11 (0.06)

22 FEB 2008

9

9

0.14 (0.06)

Mean

9.6

12.6

0.18 (0.08)

Predictability

Split SSW

9.6 days

18 JAN 2003

10

11

0.38 (0.25)

21 JAN 2006

9

9

0.31 (0.03)

24 JAN 2009

10

11

0.40 (0.16)

09 FEB 2010

9

7

0.33 (0.11)

07 JAN 2013

7

8

0.42 (0.21)

Mean

9

9.2

0.37 (0.15)

Predictability

8.6 days
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Figure 10. Scatter plot of normalized mean absolute bias of vertical
component of EP flux at (a) 100 hPa and (b) 700 hPa. X (Y) axis indicates
normalized mean absolute bias of EPz for wave #1 (#2). Open circles are the
results of all simulations whereas closed circles indicate their average.

- 28 -

In order to generalize the previous results showing that a zonally
asymmetric error originates from unpredictable wave propagation in wave #2,
EP flux analysis was further conducted for all SSW events. Figure 10 shows a
normalized mean absolute bias of EPz (NME) for five displacement SSW and
five split SSW events. For the displacement cases, the amplitude of NME at 100
hPa in both wave #1 and #2 was about 0.5. In the split cases, the amplitude of
NME at 100 hPa in wave #1 was similar to that of the displacement cases, but
the amplitude of NME100 in wave #2 was considerably larger (Figs 10a and
10b). Thus, it could be concluded that the amplification of wave #2 waves at
the lower stratosphere in split SSW events is not well reproduced by the
model, and it explains increased the zonally asymmetric error. Especially, wave
#2 waves are not overestimated, but underestimated by the model (not
shown). Vertical components of EP flux in the troposphere were further
investigated to confirm that the unskillful prediction of wave activity
originates from either propagation or generation of waves. Figures 10c and
10d show the NME at 700 hPa. Interestingly, wave #1 and #2 errors in split
SSW events have a similar magnitude to those in displacement SSW events.
The results suggest that the underestimated wave #2 waves are caused by
unskillful prediction of wave propagation, not that of wave generation.
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5. Conclusions and discussions
This study focuses on the predictability of SSW onset date in the
operational model, GRIMs. Characteristics and dynamical mechanism of SSW
events depend on the type of SSW, which is classified into displacement and
split SSW events. Therefore, 10 most recent SSW, consisting of five
displacement and five split SSW events, were investigated. Zonal-mean zonal
wind, MSS of geopotential height, and ACC of geopotential height at 10 hPa
were used for evaluating the predictability of the SSW onset date. When such
three evaluation metrics are satisfied, it confirmed that the model successfully
simulates the SSW event. Moreover, EP flux analysis was analyzed to identify
the causes of predictability limit. Thus, forecast skills of the model were
evaluated, and the corresponding sources of the model error were partly
explained.
In the present research, GRIMs suggest that predictability of SSW
events have a lead-time of about 10 days. Specifically, the predictability of
displacement SSW events is 9.6 days, and that of split SSW events is 8.6 days.
The model shows the advanced prediction skill for displacement SSW events
relative to split SSW events with one-day longer predictability. This result
seems to be same as the results from Taguchi (2015) who mentioned that
large errors are exhibited in split-type SSW. However, it is still unclear what
contributes to the large forecast error even if Taguchi (2015) partly suggested
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that phase errors of wave #2 are the main reason. Therefore, the causes
explaining the difference of predictability between both displacement and
split SSW events were further investigated by using a method from Stan and
Straus (2009). When their method was applied, the causes of the predictability
limit were quite different between displacement and split SSW events. For a
displacement SSW event, zonal-mean errors account for a great part of the
forecast errors, whereas the forecast errors of split SSW event are highly
influenced by the zonally asymmetric components compared to the
displacement SSW event. From these results, the difference of zonally
asymmetric error between displacement and split SSW events leads to the
shorter predictability of split SSW events than that of displacement SSW
events. Tripathi et al. (2015b) suggested that the predictability limit of the
split SSW event, which occurred in January of 2013, mainly originates from
unskillful EP-flux prediction at the stratosphere, while a tropospheric blocking
is well captured. In the continuation of their study, the present study also
shows that the large zonally asymmetric errors of split SSW were caused by
underestimated vertical propagation of wave #2 waves, not underestimated
generation of waves.
It is still necessary that additional work with other operational
models be conducted to confirm these results. Moreover, this study has the
caveat that extended-range weather forecasts associated with SSW events are
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not performed. It is hoped that the metrics used in the present study will be
applied to the other models and the tropospheric prediction skills.
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초록

성층권 돌연승온 예측성
송 강 현
지구환경과학부
석사과정
서울대학교
본 연구는 현업 기상 예보 모형에서 2004년 1월 5일 및 2013년 1월
7일에 발생한 성층권 돌연승온을 포함한 총 10개의 돌연승온에 대한 예
측성을 평가하였다. 모형은 돌연승온 발생 25일 전부터 발생 20일 후까
지 매일 30일 동안 적분하였으며, 돌연승온의 예측성은 평균제곱근 예
측성과 이상상관계수를 이용하여 평가하였다. 먼저, 대표사례의 돌연승
온 발생을 살펴보았을 때, Displacement 돌연승온으로 분류되는 2004
년 돌연승온의 경우 동서파수 1의 파동활동에 의해 발생하였으며, split
돌연승온으로 분류되는 2013년 돌연승온은 동서파수 1과 2의 파동활동
에 의한 것으로 나타났다. 두 사례가 역학적으로 확연히 다른 특징을 가
지며, 그 예측성 또한 다르게 나타났다. 2004년과 2013년 각각 9일과
7일의 돌연승온 예측성을 보였으며, 이에 대한 원인도 뚜렷이 다르게 나
타났다. 2004년 돌연승온에서는 주로 동서평균 오차가 비중이 크게 나
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타났다면, 2013년 돌연승온에서는 주로 에디 오차가 비중이 컸다. 또한
2013년 돌연승온에서 상대적으로 큰 에디 오차는 주로 동서파수 2 파
동을 모형에서 과소모의 했기 때문으로 밝혀졌다. 결과의 통계적 유의성
을 확보하기 위해, 가장 최근 발생한 5개의 displacement 및 5개의
split 돌연승온을 분석에 포함하였다. 결과적으로, 사례가 늘어 났을 때
도 displacement 돌연승온이 split 돌연승온보다 더 나은 예측성을 보였
으며, 예측성 한계 원인 또한 다르게 나타났다. Displacement 돌연승온
은 주로 동서평균 오차가, split 돌연승온의 경우 주로 에디 오차의 비중
이 크게 나타났다. 특히, split 돌연승온에서의 큰 에디 오차는 모형에서
동서파수 2 파동 과소모의 때문인 것으로 밝혀졌다. 특히, 파동의 과소
모의는 대류권에서부터 발생하는 파동이 아닌 전파되는 과정에서의 파동
을 과소모의 하는 것으로 나타났다. 본 연구를 통해 돌연승온 예측성 평
가에 있어서 돌연승온의 분류가 중요함을 언급하였으며, 제시된 예측성
검정 방법이 성층권뿐만 아니라 대류권에서도 적용될 수 있다는 점에서
본 연구가 시사하는 바가 있다고 할 수 있다.

주요어: 예측성, 성층권 돌연승온, 현업 모형
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