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ABSTRACT

The local features of transient kinetic energy and available potential energy were investigated using
ECMWF (European Centre for Medium-Range Weather Forecasts) Interim Reanalysis data for the strato-
spheric sudden warming (SSW) event of January 2009. The Western Europe high plays important roles in
the propagation of the energy from North America to Eurasian. When the Western Europe high appeared
and shifted eastward, energy conversions increased and energy propagated from North America to Eurasian
as a form of interaction energy flow. The baroclinic conversion between transient-eddy kinetic energy (Ke)
and transient-eddy available potential energy (Ae) and the horizontal advection of geopotential height were
approximately one order of magnitude less than K. and A. generation terms. So, these terms were less

important to this SSW event.
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1. Introduction

In the second half of January 2009, a prominent
stratospheric sudden warming (SSW) occurred in the
Northern Hemisphere. The SSW was a sudden break-
down of the polar vortex caused by dynamical forcing
of upward-propagation planetary waves from the tro-
posphere (Andrews et al., 1987). This is a very spo-
radic phenomenon that does not occur every winter.
Some SSWs primarily involve planetary wavenumber
2, while others involve an enhancement of wavenum-
ber 1. According to the classification of World Me-
teorological Organization, a major warming or SSW
is defined as follows: at <10 hPa in the stratosphere,
the zonal mean temperature increases poleward from
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60° latitude and the zonal mean zonal wind reverses.
A minor warming is defined as follows: the tempera-
ture gradient reverses but the zonal mean zonal wind
does not. According to these definitions, the event
during the second half of January 2009 was a ma-
jor warming event. The essential dynamic mecha-
nism responsible for sudden warming is the upward
propagation from the troposphere of planetary waves
and their interaction with the mean stratospheric flow.
This hypothesis was first proposed by Matsuno (1971).
The observed characteristics of various warmings are
described in a number of papers (e.g., Holton and
Tan, 1980; Labitzke, 1982, 1987; Labitzke and van
Loon, 1992, 1999; Baldwin and Dunkerton, 2001; Muk-
ougawa et al., 2005; Labitzke et al., 2006; Nakagawa
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and Yamazaki, 2006; Hirooka et al., 2007; Kuroda,
2008; Harada et al., 2010). The energy cycle of the
SSW has also been the subject of a number of studies
(e.g., Reed et al., 1963; Murakami, 1965; Julian and
Labitzke, 1965; Muench, 1965; Perry, 1967). All of
these studies analyzed the energy budget of the SSW in
terms of the Lorenz cycle of energy conversions, basi-
cally with a global view. If we consider the local energy
balance by dividing basic variables into time-mean and
transient-eddy components using the Lorenz diagram,
we are faced with some ambiguity in the interpreta-
tion of which terms in the energy equations for an
open system represent an energy conversion from one
to another (Holopainen, 1978; Plumb, 1983). Recently,
Murakami (2011) reconstructed the classical energet-
ics analysis based on the concept of interaction energy
and its flux to solve the question raised by Holopainen
(1978).

In this paper, we show the features of the SSW
that occurred in January 2009 from the viewpoint of
local energy conversion. The data and analysis are de-
scribed in section 2. In section 3, the eddy available
potential energy budget during the SSW is discussed.
The local features of kinetic energy during the SSW
are presented in section 4. The conclusions are pre-
sented in section 5.

2. Data and analysis

This study is based on the 6-hourly ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts)
Interim Reanalysis data (ERA-Interim, Simmons et
al., 2007) for 2009. The ERA-Interim data (ECMWF
Interim Reanalysis data) have a 1.5°x1.5° horizontal
resolution and 37 pressure levels from 1000 to 1 hPa.
The data have a T255 horizontal resolution with 60
vertical hybrid levels for the spectral model. A data
assimilation system (4-dimensional variational) with
12-h cycling is used with output every 6 h. A new
humidity analysis has been included in the assimila-
tion. Variational bias correction of satellite radiance
data and other improvements were performed before
assimilation.

The standard momentum, hydrostatic, thermody-
namic, and continuity equations for a dry atmosphere
in the spherical pressure coordinates system can be
written as follows (e.g., Murakami, 2011):
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where A is longitude, ¢ is latitude, p is pressure, t is
time, (u, v) is eastward and northward wind speed
respectively, w is pressure velocity, ¢ is geopotential
height, a is the radius of the earth, f is the Coriolis
parameter, F'=(F}, F,, 0) is horizontal friction force,
Q is diabatic heating, po is reference pressure (=1000
hPa), ¢, is atmospheric specific heat at constant pres-
sure, k is the ratio of the gas constant and specific
heat (=R/cp), 6 is potential temperature [=1'(p/po)”,
where T is temperature], and « is specific volume
(= RT/p).

To study the time evolution of the energy budget,
the basic variables u, v, w, ¢ and 6 were divided into
two components ( u = uy + ue), where the subscript
m indicates 23 years of average daily January values
from the 1989 to 2011 data of ERA-Interim and the
subscript e denotes the deviation from this time mean.
In this case, the kinetic energy per unit mass is given
by
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where K, K., and K; are the kinetic energy densities
for the mean flow, the transient-eddy field, and the in-
teraction kinetic energy density (Murakami, 2011), re-
spectively. The available potential energy (APE) per
unit mass is given by
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where A, Ae, and A; are the time mean, transient-

eddy and interaction components (Murakami, 2011) of
APE density A, respectively. Here

v = —(r/p)(po/p)*(d0/dp) " ,

is the static stability index of dry atmosphere, and (")
denotes the global-average operator in this coordinate
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system. Following Murakami (2011), the transient ki-
netic energy equation is [see Eq.(10) in Murakami,
2011]

0
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The divergence and gradient operators in this coordi-
nate system can be expressed as
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where V=(u, v, w) is the three-dimensional wind. The
terms on the left-hand side of Eq.(4) are the local
transient kinetic energy tendency, the advection by
the mean flow, and the advection by the transient-
eddies. The first term on the right-hand side of Eq. (4)
is the transient geopotential height advection by the
transient eddies. The second term is commonly inter-
preted as the conversion rate from transient available
potential to transient kinetic energy. The third term
in the bracket is a part of interaction energy flux of
kinetic energy when it is properly averaged in time,
which could be interpreted as energy conversion rate
form K. to K; (see express Cy in Murakami, 2011).
The remaining terms on the right-hand side of Eq. (4)
could not be calculated directly and be regarded as the
residue of other terms mentioned above. These terms
will not be contained in the text.

The transient available potential energy equation
is [taking Eq. (19) in Murakami, 2011 and multiplying
by ¢,(p/po)**,
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The terms on the left-hand side of Eq. (7) are the local
transient APE tendency, the advection by the mean
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flow, and the advection by the transient-eddies. The
first term on the right-hand side of Eq. (7) is the con-
version rate from transient kinetic energy to transient
available potential. The second term is a part of the
interaction energy flux of APE when it is properly av-
eraged over time, which could be interpreted as energy
conversion rate from A, to A; [see express C(Ar, Ar)
in Murakami, 2011]. The residual terms are discussed
together and are considered as the residue of other
terms. These terms are not contained in this text.

In the calculation of the different terms in Eqgs. (4)
and (7), a vertical average is defined as

Ps

1
/Adp,
DPs — Pt

Pt

A\:

where ps and p; are 100 hPa and 10 hPa, respectively.
The integration is done using the trapezoidal method.
Unless otherwise stated, the plots are shown as verti-
cal integration, with the hat dropped for simplicity of
notation.

3. Time evolution of the transient kinetic en-
ergy and its budget

Before discussing the variation of transient kinetic
energy (K, ), we first describe some basic feature of the
atmospheric circulation during the warming of Jan-
uary 2009. Figure 1 shows the distribution of 10-hPa
geopotential for 2-day intervals between 9 and 25 Jan-
uary. At the beginning of the warming (Figs. la—1c),
the basic cyclone polar vortex is located over the North
Pole, with both a trough over North America and the
Aleutian High being present. During the period be-
tween 15 and 17 January (Figs. la—1c), another high
over Western Europe and a trough over central Siberia
also began to develop. During 19-23 January (Figs. 1f-
1h), with the trough over North America and central
Siberia and the highs over Western Europe and Aleu-
tian developing, the polar vortex split into two cy-
clones. On 25 January (Fig.1i), one of the cyclones
shifted southward toward the north of Great Lakes
and the high over Western Europe shifted westward.
More detailed features of the warming can be found in
Harada et al. (2010).

A sequence of the vertical averaged local tenden-
cies of K, and the 10-hPa geopotential are shown in
Fig.2 for 48-h intervals between 9 and 25 January.
This period includes the sudden warming of 23 Jan-
uary. Before commenting on the major warming itself,
distinguishing features of this period were the eastward
development of the K, and trough. The positive val-
ues denote the growth of K., and the negative values
denote the decay of K,. Rapid-phase eastward pro-



1346

(a) Geo (x10° m’ 5%) 9/JAN/2009

ENERGY TRANSPORT DURING THE SSW IN JAN 2009

VOL. 29

Latitude(°N)

Latitude(°N)

Latitude(°N)

Latitude(°N)

Longitude

75
65
55F .~
45

e
35

25
15

Latitude(°N)

180 150 120 90 60 30°WGM 30°E 60 90 120 150 180180 150 120 90 60 30°WGM 30°E 60 90 120 150 180

Longitude

180 150 120 90 60 30°WGM 30°E 60 90 120 150 180
Longitude

Fig. 1. The 10-hPa geopotential at 48-h intervals from 9 to 25 January 2009. The contour interval is

50x10% m? s~ 2.

gression of K, and trough were observed from 9 to 21
January. For instance, a positive center over Alaska in-
creased and shifted eastward to central Canada from 9
to 17 January (Figs. 2a—e), then shifted eastward con-
tinually but quickly decreased from 17 to 21 January
(Figs.2e—g). The other positive center over eastern
Canada increased from 9 to 15 January (Figs. 2a—d),
then decreased and shifted eastward to Eastern Eu-
rope and then to Russia and to northeastern China
from 15 to 21 January (Figs. 2d—g). For the two conti-
nents, asymmetric variations of K, and trough can be
seen. These characteristics indicate that the variation
of K, and the development of trough were cumulative,
which is consistent with the behavior of the upward
propagation of stationary wave from troposphere dur-

ing January 2009 (Harada et al., 2010).

One of the principal reason of the major warming
was the upward propagation of wavenumber 2 (Mat-
suno, 1971; Palmer, 1981) and this upward propaga-
tion was cumulative (Harada et al., 2010). The east-
ward propagation of the vortex based on isentropic po-
tential vorticity prior to the warming also seems to be
important (Dunkerton and Delisi, 1986). On the basis
of the observation in Fig. 2, the rapid development of
the local tendencies of K, prior to the warming is also
significant.

Next, using the interaction energy theory intro-
duced by Murakami (2011), we examined the trans-
port, sources, and sinks associated with the K, and
transient available potential energy (Ae, see next sec-
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Fig. 2. Vertically averaged local tendencies of transient kinetic energy at 48-h intervals from 9 to 25 Jan-
uary 2009. The solid lines denote positive values and the dotted lines denote negative values. Contour
interval is 1x1072 m? s~3. The contour of zero value is omitted. The geopotential values of 2950x 10? m?
s72 and 3050x10? m? s™2 on 10 hPa are denoted by thick solid lines.

tion), and we found a relationship with the variation
of the SSW. The K, budget of this warming was an-
alyzed by applying ERA-Interim data to Eq. (4). The
gross behavior of local tendencies can be explained by
the advection of K, by both the mean and the tran-
sient wind. The advection by transient wind is shown
in Fig.3. The polarward advection by the transient
wind is clearly evident. This transient advection ap-
peared over North America and increased from 9 to
15 January (Figs. 3a—d), then through the Norwegian
Sea into North Eurasia and increased from 15 to 19
January over northern Eurasia (Figs.3d-f). Before

the major warming from 19 to 21 January (Figs.3f-
g), the transient advection decreased over both conti-
nents. After the major warming event from 23 to 25
January (Figs.3h—i), the advection by the transient
wind over two continents obviously changed its direc-
tion from polarward to eastward. The advection by
mean wind is shown in Fig.4. The eastward advec-
tion due to the mean wind can be clearly seen. The
variation of this mean advection was also connected
with location. The mean advection shifts eastward and
increased from 9 to 15 January over northern North
America (Figs. 4a—d), then through the Norwegian Sea
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Fig. 3. Vertically averaged transient kinetic energy advection by transient flow at 48-h intervals from 9
to 25 January 2009. The solid lines denote positive values and the dotted lines denote negative values.
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Contour interval is 10x1072 m? s

. The contour of zero value is omitted. The geopotential values of

2950% 102 m? s72 and 3050x10% m? s™2 on 10 hPa are denoted by thick solid lines.

into northern Eurasia and increased from 15 to 19 Jan-
uary over northern Eurasia (Figs.4d-f). Prior to the
major warming from 19 to 21 January (Figs. 4f-g), the
mean advection decreased over both continents. After
major warming from 23 to 25 January (Figs. 4h—i), the
eastward advection by mean wind increased over two
continents. Comparing Fig. 3 with Fig. 4, the transient
advection was of the same order as the mean advection
of K., whereas commonly the transient advection of
K. was assumed to be a third-order quantity. For the
case of the warming event in January 2009, this result
may have been true. When transient and mean advec-

tion terms were integrated over a sufficient length of
time, the magnitude of transient advection was pos-
sibly smaller than that of mean advection. Notably,
the contributions of these two terms to the local ten-
dencies of K, largely cancelled when integrated over
the entire atmosphere. If so, the net tendencies were
determined more by the remaining terms in Eq. (4).
K, generation term—V, - V¢, and baroclinic con-
version -weq,, represent a conversion between A, and
K. They are related by
) ®

Ope
acosp O\

Ve 99
a Op

Ue

_‘/;'V¢e_weae__<



1349

NO. 6 ZUO ET AL.
(a) -V, VK, (x107 m* s7) & Geo (x10° m® s¥) 9/JAN/2009 (b) 11/JAN/2009
=
-]
T
o
2
5
m‘\h
() 13/JAN/2009
85
75
Z 65
g oop
g s5F
2 45
® 35
-
2s5F . \ G‘"
15L ) g
(e) 17/JAN/2009
=
Q
@
2
]
-
=
1
(1]
o
]
3

) AN c’?/

180 150 120 90 60 30°WGM 30°E 60 90 120 150 180180 150 120 90 60 30°WGM30°E 60 90 120 150 180

Longitude
(i) 25!JANI2009
5 T

Longitude

75F
65 -
55F
45
3sk
25k
15

Latitude(°N)

180 150 120 90 60 30°WGM 30°E 60 90 120 150 180
Longitude

Fig. 4. Vertically averaged transient kinetic energy advection by mean flow at 48-h intervals from 9 to 25
January 2009. The solid lines denote positive values and the dotted lines denote negative values. Contour

interval is 101072 m? s~3

m? s72 and 3050x10% m? s~

The quantity on the right-hand side of Eq. (8) is plot-
ted in Fig.5. The generation of transient kinetic en-
ergy was approximately one order of magnitude less
than the advection terms, and the term from 17 to
25 January is shown in Fig.5. The growth and decay
of K. appeared over North America on 15 January
(Fig. 5a). The extent of the variation of K, decreased
from 15 to 21 January over North America (Figs. 5a—
5d). With this decreasing, the growth and decay of K,
obviously appeared over Eurasia on 19 January then
decreased. This K, generation term was too small to

. The contour of zero value is omitted. The geopotential values of 2950x 107
2 on 10 hPa are denoted by thick solid lines.

explain the behavior of the local tendencies during this
SSW event.
There is another K. generation term

- Ue‘/e : Vum + ve‘/e : vvm+

tan ¢

(UmUeVe — Vmliele) | - (9)

There is some ambiguity in the interpretation of this
term in the energy equation for an open system (Holo-
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painen, 1978). Is this term interpreted as represent-
ing an energy conversion from K, to K,? Holopainen
(1978) gave two expressions: C(Ky, K1), which was
equal to the term mentioned above, and C*(Ky, Kr).
Holopainen interpreted either C(Ky, Kr) or C*(Kyy,
Kr) as the conversion of mean kinetic energy to tran-
sient kinetic energy. Which of the terms should be re-
garded as representing an energy conversion from K,
to K.7 Both terms were interpreted as the local fea-
ture of the energy conversion between mean and tran-
sient flow, but the local values of these two terms were
different (Holopainen, 1978). Murakami (2011) devel-
oped a new diagnostic scheme for the atmosphere local
energy analysis based on the concept of interaction en-
ergy (K;) and its flux (V.- K;). By plotting interaction
energy flux and box diagrams of the Lorenz energy cy-
cle (Lorenz, 1955), the complete information about the
three-dimensional structure of the energy interaction
between mean and transient fields can be determined.
If the K. generation term (Eq.9) is time averaged,
the result is a part of the interaction kinetic energy
flux divergence, expressed as Cy by Murakami (2011),
which means the energy conversion rates from Kj to
K., expressed as C'(Kj, K.) here. In this study, C(Kj,
K.) was not time averaged and was also considered
as a part of the interaction kinetic energy flux diver-

Contour

gence, and consequently C'(K,, K;) was expressed as
C(Kw, Ki)=div(V, - K;) + C(Kj, K.) [see Eq. (12c)
in Murakami, 2011]. The quantities of C(K;, K.) and
C(Km, K;) are plotted in Fig. 6, together with inter-
action energy flux vector.

On 9 January (Fig.6a), over eastern Russia, Ky,
converted energy to Kj, and a part of K; was trans-
ported eastward. When this K; arrived in Canada,
together with the K; converted from K, over Canada,
it was transported through the Norwegian Sea and en-
tered from northern Europe into Eurasia then con-
verted energy to K, over eastern Russia. When Kj
passed through Eurasia, it obtained energy from mean
flow over central Russia (Fig.6a). Another part of
K; converted from K, over eastern Russia was trans-
ported northeastward through the North Pole and
then converted energy to K., over Canada (Fig.6a).
Of course, there was a local conversion among Kj, Ky,
and K, over Canada and eastern Russia (Fig. 6a).

On 11 January (Fig. 6b), each conversion from one
kinetic energy to the other increased over two con-
tinents more than those on 9 January, except C(K;
K,,) over Canada. The transport of K; over Norwe-
gian Sea did not pass through the Eurasia to eastern
Russia but converted energy to K, over western Rus-
sia on 11 January (Fig.6b). This K; flow remained
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C(K;, K.) and 6x1072 m? s73 for C(Km, Ki) . The contour of zero value is omitted. Flux
vectors are in units of 3x10* m® s™ (see arrow below panel). The geopotential values of
2950% 102 m? 572 and 3050x10%> m? s™2 on 10 hPa are denoted by boldfaced solid lines.
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there before the SSW.

From 11 to 15 January (Figs.6b-d), C(K;, Km)
and C(K,, K;) over Canada decreased first and then
increased and developed southeastward; finally, they
were located over eastern North America. At the same
time, C(Kn, K;) and C(K;, K.) increased and de-
veloped southeastward over western North America.
These southward developments were consistent with
the deepening trough over North America. During
this period, over the Norwegian Sea, C(Ky,, K;) and
C(Ki, K.) sharply increased and shifted slightly east-
ward, and over western Russia, C(Kj;, K,,) increased
and shifted to central Russia. At the same time over
eastern Russia, C(Kj, K,) decreased to <3x1073 m?
s73, and C(Kn, K;) decreased and shifted westward.
Over the Chukchi Sea C(K;, K.,) developed during
this period. A new K; flow appeared, and the C(K,,
K;) developed over the Norwegian Sea. That is, K;
converted from K, over Norwegian Sea entered into
Eurasia from West Europe and converged over central
Russia in which C(Kj;, Ky) was active (Figs. 6¢-d).

On 15 January (Fig. 6¢), over western North Amer-
ica, Ky, converted energy to K; and K. gained energy
from K;, while over eastern North America, K, con-
verted energy to K; and K, gains energy from K;.
K; flow, which originated from eastern Russia around
(60°N, 120°E), passed through western North America
from north to south and increased due to the transport
of K; from K, into energy flow and then decreased due
to the conversion from K; into K,. The energy flow
changed direction over southern North America. Over
this turning area, K, slightly converted energy to K;.
This K; flow continually passed through eastern North
America from south to north and increased due to the
support of K; from K, and then decreased due to the
loss of Kj; to K. When the energy flow passed through

the Norwegian Sea, K; converted energy to K,. The
growth of K, over the Norwegian Sea was not only
due to K; flow from eastern North America but also to
the northward transport of the K; converted from K,
over the Norwegian Sea. The energy flowed continually
through the Barents Sea into Russia and convergence
over central Russia in which Kj converted energy to
mean flow. The K; converted from K, over Norwe-
gian Sea was also transported into Eurasia from West
Europe and convergences over central Russia where
C(Km, Ki) was active. So there were two main ducts
of K;j energy flow. One was the K; that originated
from eastern Russia and passed through North Amer-
ica from north to south then turned north and through
Norwegian and Barents Sea into central Russia. The
other was the K, that converted energy to K; over the
Norwegian Sea, and the K; was transported into Eura-
sia from Western Europe and the convergences over
central Russia where C(Ky,, K;) was active (Fig. 6d).

From 15 to 17 January (Figs. 6d—e), the conversions
among K, Kj, and K, shifted eastward from western
North America to central North America and C(Ky,,
K;) appeared over Alaska (Figs.6d-e). C(Kn, Kj)
increased over the turning area of K; flow, which in-
dicates that there was more K into the K; flow from
mean flow. At the same time, C(K,, K;) decreased
and C(K;, Kp) held over eastern North America.
Over the Norwegian Sea, more K, converted energy
to Kj, and more Kj, converted energy to K, compared
to 15 January (Figs.6d—e). During this period, the
high over Western Europe began to develop. This be-
havior resulted in more momentum flux between high
and low pressure systems. On the basis of Eq. (9) here
or Eq. (12¢) in Murakami (2011), more kinetic energy
converted from one type to another in this situation,
as discussed previously. The conversions between K,
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and K; over Eurasia shifted westward and increased,
so C(Ki, Ky,) was located over western Russia, and
C(Km, K;) was located over central Russia on 17 Jan-
uary (Figs. 6d—e). Consequently, the third K; flow was
found over the Atlantic; that is, this K; flow came from
the turning area where C'(Ky,, K;) increased and also
from convergences over western Russia to convert en-
ergy to the mean flow.

From 17 to 21 January (Figs.6e-g), C(Km, Ki)
shifted westward from Alaska to eastern Russia and
C(K;, K.) over central North America decreased.
During this period, C(Ky,, K;) shifted eastward from
central North America to eastern North America and
decreased. During the same period, C(K;, K,,) over
central North America increased and developed north-
westward and southward. Due to the decrease of
C(Km, Ki) and the increase of C(K;, Ky,) over North
America, the K; in energy flow decreased; hence, the
C(K;, K.) decreased over North America. At this
time, C(K;, Ky,) shifted eastward from eastern North
America to the North Atlantic and sharply decreased.
C (K., K;) over eastern North America sharply de-
creased and finally was <3x1072 m? s=3 on 21 Jan-
uary. Due to these decreases, the K; flow from the
turning area to the Norwegian Sea sharply decreased
then broke. C(Ky,, K;) shifted slightly eastward over
the Norwegian Sea to the western coast of Europe,
decreasing and developing southward. C(Kj, K,) de-
creasd sharply and shifted eastward slightly. The de-
crease of C(Km, K; ) and C(K;j, K,) over the Nor-
wegian Sea resulted in the decrease of the energy flow
from the Norwegian Sea to western Russia. Over West-
ern Europe around (50°N, 0°E) C(Ky,, K;) increased,
so when the energy flow from the turning area passed
through Atlantic and this area to western Russia, it
grew. During this period, kinetic energy conversions
over North America decreased, and over Eurasia they
increased. They may have resulted from the develop-
ment of a trough over Eurasia and the eastward shift
of the Western European high. Because the variations
of the two systems can produce more momentum flux
over Eurasia, the conversions of kinetic energy became
more active over this continent. Because the Western
FEuropean high eastward shifted and the trough over
North America almost held, kinetic energy conversions
over North America decreased. C(K;, Ky,) developed
southwestward from Arctic Ocean to eastern Russia.
C (K, K;) increased and shifted slightly southward
from central Russia to around (50°N, 90°E). C(K;
Kp,) developed and shifted slightly eastward from
western Russia to around (60°N, 60°E). After these
variations of energy conversion, there were two obvi-
ous K; flows between two continents before the major
warming event. One was an energy flow from the Nor-
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wegian Sea, where K, converted energy to K; to west-
ern Russia around (60°N, 60°E) where K; converted
energy to K,,. The other was the K; flow from the
turning area where K, converted energy to K; passed
through the North Atlantic and the western coast of
Europe where K; gained energy toward western Rus-
sia around (60°N, 60°E) to convert energy to the mean
flow.

Compared to C(K;, Ky) and C(Ky,, K;) with
C(Kj, K.) and C(Ke, K;) over Eurasia, the variations
of C(K;, K.) and C(K,, K;) were smaller during 17—
21 January. C(K;, K.) and C(K,, K;) over western
Eurasia on 17 January shifted eastward and then were
located around (60°N, 60°E) and (50°N, 60°E) on 21
January, respectively. C(Kj;, K,) over eastern Eurasia
on 17 January decreased and shifted westward then in-
creased, and finally were located around (60°N, 120°E)
on 21 January. C(K,, K;) over eastern Eurasia on 17
January increased and developed southwestward then
decreased, finally located around (50°N, 120°E) on 21
January. Consequently, the conversion between K;
and K, surrounded C(Ky,, K;) around (50°N, 90°E).

From 23 to 25 January (Figs.5h—i) the major
warming event occurred over the North Pole. The
conversions between K; and K, arranged regularly
with positive and negative phases appeared alternately
around the pole on 23 January. During this period, the
conversions between K; and K, decreased over Eura-
sia but increased over North America. C(Kj, K) over
the two continents increased during this period, while
C(K., K;) increased only over North America. There
was only one K; flow remaining; the K; flow passed
through the North Atlantic to western Russia on 25
January.

4. Time evolution of the interaction APE and
its transient flux

In this section, the second term on the right-hand
side of Eq.(7), the APE generation term and baro-
clinic conversion wea,, which represents a conversion
between A. and K., is discussed, because mean and
transient advections described by Eq. (7) are analogous
to those discussed with respect to K, (Figs.3 and 4).
The APE generation term is shown in Fig. 7.

On 9 January (Fig.7a), interaction APE (4;)
flowed poleward and eastward from eastern Russia to
northern North America and then back to its initial
position. Over this position, the mean flow provid-
ing energy to A; and C(An, A;) was approximately
one order of magnitude larger than C(A., A;). In this
process, A; converted energy to A, over eastern Rus-
sia, and A; gained energy from A, over northern North
America.
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Fig. 7. Vertically averaged C(A;, Ae) (black), C(Am, Ai) (red) and the interaction energy
flux vectors at 48-h intervals from 9 to 25 January 2009. The thick contour lines denote
positive values and thin lines denote negative values. Contour interval is 10x10™% m? s
for C(A;, Ae) and 100x1072 m? s~ for C(Am, A;). The contour of zero value is omitted.
Flux vectors are in units of 5x10° m® s (see arrow below panel). The geopotential values
of 2950x10? m? s72 and 3050x10% m? s~2 on 10 hPa are denoted by boldfaced solid lines.
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From 9 to 15 January (Figs.7a-d), C(A4e, A)
shifted from northern North America to central North
America. C(Am, A;) increased over central North
America, as the source of A;. C(4;, An) increased
over Alaska, as a sink of A;. Because of the variation
of source and sink regions of A;, the A; flow increased
and changed direction to the northwest on 15 Jan-
uary over central North America (Figs. 7a—d). During
the same period, C'(A;, A.) shifted from eastern Rus-
sia to central Russia and narrowed its control area;
C(Am, 4;) shifted to central Russia and decreased, and
over northern Russia C(4;, Ay) increased (Figs. 7Ta—
d). Consequently, A; flow changed position from east-
ern to central Russia (Figs. 7a—d).

From 15 to 19 January (Figs.7d-f), over North
America, C(Am, A4;) and C(A;, Ae) shifted eastward
slightly. C(A;, Ayp) shifted eastward from Alaska
then connected C'(Aj, Am), whose center was located
in the Norwegian Sea. Due to these variations, A;
flow changed orientation from northwest on 15 Jan-
uary to northeast on 19 January over North Amer-
ica (Figs. 7d—f). The most remarkable characteristics
were C(Am, Ai), C(A;, Ac), C(4i, Anm), and C(A.,
A;), which sharply increased over the North Atlantic
and the Norwegian Sea during this period. Due to
these dramatic variations, a strong A; flow appeared
from the North Atlantic to the Norwegian Sea, and
conversion between one energy and another over this
region became active. For instance, Ay, converted en-
ergy to A; over the North Atlantic. This converted
A; was transported northward and converted a part of
energy to A then to Ay,. Over the Norwegian Sea, A,
converted energy to A; to compensate the loss of A;
flow, consequently, A, increased over this region. At
the same time, C(A4;, Ay ) and C(A4;, A.) shifted south-
west from north Russia to central Eurasia (Figs. 7d-f).
These active conversions of available potential energy

may have resulted from the development of the West-
ern European high. Because of the development of the
high, more heat flux was produced over the area be-
tween the high and the North American trough. Con-
sequently, the terms in the right-hand side of Eq. (7)
here or Eq. (12¢) in Murakami (2011) changed; that is,
C(4;, Ae) and C(An, A;) changed.

From 19 to 21 January (Figs.7f-g), over North
America, C(Am, Ai) and C(A;, Ae) decreased to
<10x1072 m? s73. Over the North Atlantic C(Ay,,
A;) decreased and C(A4;, A.) increased. So, A, con-
tinually increased over this region (Figs.7f-g). On
21 January (Fig.7g), drastic conversions among Ay,
A;, and A, were found over the North Pole. During
this period, the Western European high shifted slightly
eastward, and the trough over Eurasia developed; this
behavior may have resulted in the variation of heat
flux over Eurasia. Finally, the conversions of available
potential energy became more active over this conti-
nent.

From 21 to 25 January (Figs. 7g-i), C(Am, 4;) de-
creased first and then increased with westward shift-
ing from the North Atlantic to eastern North America.
The variation of C(A;, A.) resulted from that of C'(Ay,,
A;). The decrease of C(A;, Ap) to <10x1073 m? s73
over the Norwegian Sea and the shift of C(Ae, 4;) to-
ward northwestern Russia also resulted from the varia-
tion of C (A, 4;). At the same time, over Eurasia and
northern Canada energy conversion became more ac-
tive than it had been previously (Figs.7g—i). During
this period, due to the development of the Aleutian
high and cyclones over Eurasia and North America,
more heat flux was produced, then more available po-
tential energy was converted over the area between
high and low pressure systems.

The —weae term, shown in Fig. 8, was approxi-
mately one order of magnitude less than APE genera-
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tion term and <2x1073 m? s~3 before 17 January, so
only the term from 17 to 25 January is shown in Fig. 8.
This term is commonly interpreted as the conversion
between transient kinetic energy and transient APE.
This conversion was seen over the Norwegian Sea, con-
verting Ae to K. on 17 January (Fig.8a). Before
the major warming event, this conversion shifted east-
ward and was located over Western Europe (Figs. 8a—
8d) and remained there during the warming event
(Figs.8d-e). The conversion from K. to A. can be
found over the North Atlantic on 19 January and
shifted to Greenland from 19 to 25 January. Over the
northern Norwegian Sea, the conversions between A,
and K. were active. A similar feature can be found at
the same time in Fig. 7g. On the basis of this analysis,
the baroclinic conversion wea. was less important to
the growth and decay of A, or K. during the SSW
process.

5. Conclusion

The budget of transient available potential energy
and kinetic energy were investigated using ECMWF
Interim Reanalysis data during the SSW event of Jan-
uary 2009.

The SSW in January 2009 was characterized by the
asymmetric variations of K., and A, between North
America and Eurasia. The Western European high
played important roles in the propagation of the en-
ergy from North America to Eurasia. When the West-
ern Furopean high appeared and shifted eastward,
energy conversions increased and energy propagated
from North America to Eurasia as a form of inter-
action energy flow. Energy was converted into inter-
action energy from mean flow, then was transported
into transient energy from interaction energy. There
were two main K; flows between these two continents.
One was the K; flow that passed through North Amer-
ica and then through the Norwegian Sea into north-
ern Russia. The other was the K; flow that passed
through the North Atlantic from the turning area over
North America into Western Europe. The source of
A; flow was found over the North Atlantic. A; flow
passed through the North Atlantic and then through
the Norwegian Sea into Eurasia.

The wea, term, which was interpreted as the con-
version between K, and A., and the horizontal ad-
vection of geopotential height were approximately one
order of magnitude less than K, and A, generation
terms. Therefore, these terms were less important to
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the growth and decay of K, and A, during this SSW

event.
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