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Abstract

In this study, an orthonormal wavelet expansion along a latitudinal circle is applied to decompose
atmospheric data into a series of wavelet components with different spatial scales, and longitudinal lo-
cations. The application of the local spectral energetics allows the investigation of the local energy
transformations for the local structures in the atmosphere.

By applying the local spectral energetics analyses to 10 events of the Pacific blocking, we find that
different energy conversion terms contribute to the increase of eddy kinetic energy during the develop-
ment of the blocking events. For 8 out of 10 blocking events, the gain of energy through the wave-wave
interaction of eddy kinetic energy is the most important process for the onset of blocking. The intensified
trough of the blocking scale which is located at the western side of the blocking and the synoptic dis-
turbances around the blocking, especially the western side, to convert eddy kinetic energy into the other
components through the wave-wave interaction. The local spectral energetics analysis demonstrates that
the wave-wave interaction of the eddy kinetic energy of the planetary-scale, and synoptic disturbances,
at the western side of the blocking anticyclone plays an important role for the formation, and develop-
ment of the atmospheric blocking. The behavior of the wave-wave interaction of the eddy kinetic energy
in terms of the scale and longitudinal location is essentially consistent with the eddy straining hypothe-
sis at the western side of the blocking.

1. Introduction In an early study of the general circulation,
Saltzman (1959) proposed that the large-scale
quasi-stationary flow systems are maintained
by a nonlinear barotropic transfer of kinetic
energy from smaller, cyclone-scale disturbances
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observed and simulated atmospheres, respec-
tively. In addition, Tanaka (1998) suggested
that the growth of synoptic disturbances played
essential roles both in the onset and the main-
tenance of blocking. The results of Tanaka
(1998) are consistent with the so-called eddy
straining mechanism proposed by Shutts (1983)
and supported by Mullen (1987) and Nakamura
and Wallace (1990).

It is, however, noted that the separation of
energy variables into the traditional zonal
mean and eddy components does not always
permit the simple interpretation of the ener-
getic mechanism, particularly for a local synop-
tic system. The traditional spectral energetics
employing Fourier expansion suffers from a
difficulty dealing with the local structures, such
as atmospheric blocking. Fourier transforma-
tion is a fundamental tool in data analysis,
since it enables us to decompose data into com-
ponents with different scales. Fourier spectral
energetics generally ignores the phase of each
coefficient. Therefore, Fourier spectra lack
information about locations of local events,
which underlie the characteristics of the local
spectra.

The wavelet transform method enables us
to decompose data into components with differ-
ent scales and locations. Applying the wavelet
transform method to decompose a series of
data, we may identify the characteristics of the
spectra of local events occurring in the physical
domain. The wavelet analysis method simul-
taneously provides us with information of the
locality, and scale of the physical phenomena.
A theoretical treatment of wavelet analysis is
presented in Daubechies (1992), and compre-
hensive descriptions of geophysical applications
can be found in Kumar and Foufoula-Georgiou
(1997). The wavelet transform is classified into
the continuous and discrete methods. Special
cases of the latter type are known as ortho-
normal wavelet expansion methods. The con-
tinuous wavelet transform methods are re-
cently applied to the studies on atmospheric
turbulence (e.g., Argoul et al. 1989; Farge
1992), climate change (e.g., Bolton et al. 1995;
Lau and Weng 1995; Lin et al. 1996), and so on.
The continuous wavelet is useful to detect in-
termittency, or fractal structures in a series
of data. It is, however, inadequate to deal
with quantitative information about the pro-
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cess because of redundancy of the continuous
(i.e., not orthogonal) wavelet. Yamada and Oh-
kitani (1990, 1991) examined the wavelet en-
ergetics analysis using the orthonormal wave-
let basis. The orthonormal wavelet expansion
permits conventional physical interpretation of
expansion coefficients from the energetic point
of view.

The scale interaction, especially upscaling
from synoptic to planetary waves, of the local
energy conversion or the eddy straining mech-
anism, is essential both for the formation and
maintenance of the blocking, which has a local
structure in the spatial domain (e.g., Shutts
1983; Tanaka 1998). There are, however, few
studies on the local spectral energy conversion
of the blocking. The orthonormal wavelet anal-
ysis is suitable for investigation of the local en-
ergy conversion.

The purpose of this study is to analyze the
local energy flow during the blocking develop-
ment in the atmosphere using the orthonormal
wavelet energetics method in place of the tra-
ditional spectral energetics. The wavelet en-
ergetics analysis enables us to identify time
developments of the local structures of block-
ing in view of each scale and each longitudinal
location simultaneously. Fournier (1996) con-
structed a kinetic energy transfer function with
orthonormal wavelet basis. However, Fournier
(1996) dealt only with the time averaged sta-
tistics, and did not compute the baroclinic
conversion. In this study, we follow the de-
velopment of blocking, estimate the baroclinic
conversion, and propose a new energetics
scheme for blocking events, using wavelet
analysis.

Section 2 briefly illustrates an orthonormal
wavelet expansion and the wavelet spectral en-
ergetics scheme along a latitudinal circle. Sec-
tion 3 simply presents the dataset employed in
this study. Both the location, and spatial scale
of a blocking, are defined in Section 4 using the
wavelet analysis. Section 5 presents the results
of these analyses applied to data during forma-
tion of the Pacific blocking anticyclone in the
northern winter periods. Conclusions and dis-
cussions are presented in Section 6. Details of
the local spectral energetics scheme are de-
scribed in Appendix A, and the traditional
spectral energetics is briefly illustrated in Ap-
pendix B.
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2. Method

2.1 Orthonormal wavelet expansion

Various kinds of orthonormal wavelet func-
tions have been used in studies of micro-
meteorology, meteorology, and climatology, for
example, the Haar (e.g., Gamage and Hagel-
berg 1993), Daubechies (e.g., Fournier 1996),
and Meyer wavelets (e.g., Yamada and Ohki-
tani 1990, 1991; Sato and Yamada 1994; Mak
1995). The choice of the wavelet basis function
is important to the wavelet spectrum, since dif-
ferent wavelet functions will yield different
transforms (e.g., Qiu et al. 1995; Kumar and
Foufoula-Georgiou 1997; Torrence and Compo
1998). We follow Meyer's method, especially
Yamada and Ohkitani (1991) to construct an
analyzing wavelet, while Fournier (1996) em-
ployed Daubechies wavelet function. Figure 1
shows Meyer type wavelet basis functions in
the physical and wavenumber domains. Meyer
type wavelet function has the following proper-
ties. A Meyer wavelet is a real analytic sym-
metric function in the physical domain. For ex-
ample, Yy, (thick solid line) is symmetrical
with respect to an axis 1 = 45° in Fig. la. We
need to consider the direction of the asymmet-
ric wavelet function, since the results of the
wavelet transform may have discrepancies be-
tween both directions using an asymmetric
wavelet, such as the Daubechies wavelet. The
symmetric wavelet function, such as the Meyer
wavelet, provides us the uniqueness in terms
of its direction. On the other hand, a Meyer
wavelet is a complex function in the wavenum-
ber domain. Thus, the absolute values of the
basis functions are plotted in the wavenumber
domain as Fig. 1b. The Meyer wavelet basis
constructs a complete orthonormal basis in
L2(R). A Meyer wavelet, and its derivatives of
any order decay more rapidly than any power
function. Meyer wavelet function has a compact
support in the wavenumber domain as Fig. 1b,
for example, ‘ﬁz,o (thick solid line) is not equal
to zero between n = 1 and 5. Therefore we ex-
pect that the wavelet coefficient roughly corre-
sponds to a colléction of the Fourier coefficients
in this support (Yamada and Ohkitani 1990).
Using this relation, we can compare the results
of Meyer wavelet, and Fourier spectral en-
ergetics. A series of Meyer wavelet basis de-
rived from Yamada and Ohkitani (1991) is,
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Fig. 1. Meyer wavelet basis functions
with no shift (k = 0) for scale j=0to 5
in physical and wavenumber domains.

moreover, suitable for the expansion along a
latitudinal circle because of their periodicity. A
brief description of Meyer wavelet is given in
the following. Refer to, for example, Daubechies
(1992) and Yamada and Ohkitani (1990, 1991)
for the mathematical details.

Let y; ;(1) be the mother orthonormal wave-
let y(4) dilated by 2/, translated by 2zk/27
al;;;]g the latitudinal circle, and normalized by
2774,

. — 27k /27
) =2y (222,

= 29/2y(293 - 2nk), (1)

where j is the dilation parameter, % is the
translation parameter, and both parameters
are integers. The wavelet basis has the useful
property of the orthonormal condition with re-
spect to both scale (j), and location parameters
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Fig. 2. A schematic diagram of spatial scale-location plain decomposed into orthonormal wavelet

components.

3

(k) simultaneously:

1 2n .
72|, VikO e h) i = By,

1 j=j and k=7
= simultaneously ,
0 otherwise

(2)

where {*(1) is the complex conjugate of y(A).
If we choose a Meyer wavelet as the analyz-
ing wavelet, (1) is the real function (ie.,
Y™ (4) = y(2)).

Any real, single-valued function f(), which
is piecewise differentiable on a latitudinal cir-
cle, may be written in terms of an orthonormal
wavelet representation,

-12/-

[f]"‘z Z’jk%k("l

Jj=0 k=

(3)

where J is the maximum dilation parameter,

N =27 is the number of data on the latitu-
d1na1 circle, and [f] = Jo (A)dA and f(1) =
Z sz R ]5 1 k() are the zonal mean and
eddy components of function f(1), respectively.
The wavelet coefficients, f; ;, are given by

- 1 2n

A (O ROLY @
If we choose a Meyer wavelet as the analyz-
ing wavelet, ¥*(1) = (1), and f 1 1s the real
coefficient. The one- dlmensmnal data on a lat-
itudinal circle are decomposed into the two-
dimensional plain. Figure 2 illustrates sche-
matically both relations between j, and spatial
scale classification, and between % and location
on a latitudinal circle. In this study, we classify
the spatial scale parameter j as the planetary
(J =0 to 2, 360° to 90°), synoptic (j = 3 and 4,
45° and 22.5°), and short (j > 5, smaller than
above) waves, respectively. Since there are 2/
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basis functions at each scale j, the shift pa-
rameter, &, is labeled eastward from 0 to 2/ — 1.
The eastern sector of 2 = 2/ — 1 component is
k = 0 component because of periodicity.

Because of the periodicity of the latitudinal
circle, we may perform the wavelet expansion
from arbitrary longitudinal grid. In order to in-
vestigate the blocking, therefore, we need to
define the blocking scale and location appropri-
ately. The definition of the blocking center is
described in Section 4.

2.2 Brief description of local spectral
energetics analysis scheme based on
orthonormal wavelet expansion

For the global energetics analysis, the com-
putation in this study is based on the standard
method of spectral energetics in terms of a one-
dimensional wavenumber decomposition after
Saltzman (1957, 1970). Here, all meteorological
variables are expanded in scale-location (longi-
tude) domain, and substituted in governing
equations. We shall now define kinetic energy
decomposed in the wavelet, and derive the
equation for the rate of change of kinetic energy
for disturbances, given the dilation and trans-
lation along a latitudinal circle.

We obtain the following expression for the
rate of change of kinetic energy K, for given
scale j, and location % in (5). The derivation is
described in detail in Appendix A:

oK; ;,
ot

=0z —Mj‘k -}-Lj‘k —Dj'k —f—XCGj,k
+YCG; . + VCG:,‘,k? (5)

where j=0,1,2,...,J —landk=0,...,2/ - 1.
Symbols, definitions, and variables used in this
article are listed in Table 1.

If we sum the equation (5) over all wavelet
components, and integrate it over the entire
mass of the atmosphere, a set of equations cor-
responding to eddy kinetic energy is reduced
to that derived by Lorenz (1955) and reviewed
by Oort (1964) under the name ‘space domain
equations’

P8 — Gy~ Mo + Dy, ©
For completeness, we may write down an equa-
tion of the rate of change of zonal mean kinetic
energy in the symbolic form, as derived in the
previous studies, for example, Lorenz (1955)
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and Saltzman (1957, 1970):

ff_fm = Cy + Mgym + Dy (7)

In this study, the vertical range of integra-
tion is from the surface to 100 hPa, and dis-
sipation of kinetic energy is obtained as a re-
sidual term to balance the respective energy
equation.

3. Data

Reanalysis datasets of the global atmo-
spheric fields have been produced by NCEP
(National Center for Environmental Predic-
tion)) NCAR (National Center for Atmospheric
Research) and ECMWEF' (European Center for
Medium Range Weather Forecasts), in support
the needs of the research and climate mon-
itoring communities in the late 1990s. In this
study, we use the four-times daily NCEP/
NCAR reanalysis dataset on the pressure co-
ordinate. The NCEP/NCAR reanalysis data
were stored at 00, 06, 12, and 18Z on 2.5° by
2.5° longitude-latitude grids. The data during
the northern winter period, November to next
March, were analyzed for 16 winters from 1979/
1980, to 1994/1995.

The horizontal grid points of the original
data are 144 x 73 for longitude and latitude.
Because of the discrete wavelet expansion in
the longitudinal coordinate, only the longitudi-
nal grid data need to be interpolated into a
power of 2 grid points. The NCEP/NCAR re-
analysis data, however, include insufficient
energy in the components with zonal wave-
number greater than 30, because of the model
resolution (Kistler 1997, personal communica-
tion). The longitudinal data were, therefore, in-
terpolated from 144, into 64 = 26 grid points,
maximum zonal wavenumber n = 32, not into
128 =27, n =64. The data were analyzed at
the 12 levels of 1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, 100 hPa mainly in tro-
posphere, because the blocking anticyclones are
the phenomena occurring in the troposphere.
More details of the NCEP/NCAR reanalysis
data are described in Kalnay et al. (1996).

‘4. Definition of the blocking scale and

location

In the previous studies, various definitions of
blocking events or persistent anomalies were
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Table 1. Symbols, definitions, and variables.

A longitude corresponding to the blocking location

o latitude

& latitude at the southern houndary

) latitude at the northern boundary

P pressure

! time

u zonal wind speed

P meridional wind speed

\% horizontal velocity, V = (u.v)

o vertical p-velocity

T temperature

Z geopotential height

F horizontal viscous or {riction force

a radius of the earth

f Coriolis parameter

g gravity of the earth

R gas constant of dry air

i = (-1 )1/2

J dilation or scale parameter

J maximum dilation parameter

n zonal wavenumber

N the number of data on the latitudinal circle, N = 2/

k translation or shift parameter, 0 < k< 2/ —1

Ky zonal mean Kkinetic energy

Kg zonal eddy kinetic energy

K Kinetic energy at scale j and shift

N, Kinetic energy of zonal wavenumber n

Mgm conversion from Mg to Iy

M conversion from A to Ky

M, conversion from A, to Ay

Cm conversion from zonal mean available potential energy to Ay
g conversion from zonal eddy available potential energy to A
Cix conversion from eddy available potential energy at scale j and shift & to I}
<, conversion from eddy available potential energy of wavenumber » to k',
Ljx conversion of A from all other scales and locations to A 4
L, conversion of ©'g from all other wavenumbers to i,

NCG i, convergence of the longitudinal component of geopotential flux at scale j and shift &
YOG convergence of the meridional component of geopotential flux at scale j and shift &
YOG,  convergence of the meridional component of geopotential flux of wavenumber n
VG, convergence of the vertical component of geopotential flux at scale j and shift &
VOG, convergence of the vertical compuonent of geopotential flux of wavenumber u

Dy dissipation of Ay

Dy dissipation of A'p

D dissipation of K4

D, dissipation of K,

[] zonal mean, [| = 5= f(f"'( ) A

(i) zonal deviation

{ }:"J meridional mean between ¢y and ¢
() vertical mean '




e amm e Y

«ﬁfﬁiﬁ’e‘ D

TR

T

August 2002

proposed, for examples, Rex (1950a, 1950b),
Lejenis and @kland (1983), Mullen (1986). Le-
jends and @kland (1983) decided to use as a
blocking index the height difference between
40°N and 60°N, I(l) = Z40<~N - ZGO"N, where Z,;
is the 500 hPa geopotential height at the lati-
tude ¢. They defined the blocking as the case
where I(A) <0. Mullen (1986) defined the
blocking as the continuous occurrence of a par-
ticular longitude (50°N-60°N average) of a
large positive 500 hPa geopotential height de-

~ viation (more than 150 m) from a regional

zonal mean (90° longitude wide) for a relatively
long time (at least 7 days). Fournier (1996)

defined blocking events as the cases where

500 hPa geopotential height averaged over the
55°N-90°N zone exceeds the zonal mean by
more than 250 m for longer than 7 days.

In this study, the blocking definition of
Mullen (1986) is employed with some mod-
ifications. Instead of the geopotential height
deviation from the regional zonal mean of

Ay

(b) j=2(planetar
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Mullen (1986), we employed the geopotential
height reconstructed with each wavelet compo-
nent. The definition of the blocking using the
wavelet transform method is obviously suitable
for the wavelet energetics analysis of the block-
ing, rather than the other definitions. The
averaged 500 hPa geopotential height between
50°N and 60°N was expanded with the ortho-
normal wavelet basis along the latitudinal cir-
cle at all spatial scales, and all longitudinal
grid points. Multiplying each wavelet coeffi-
cient by the peak amplitude of the correspond-
ing wavelet function, we obtained the geopo-
tential height peak component at each scale
and longitude. That is, the wavelet expansion
and reconstruction are employed as a band-
pass filter. Plotting the height peak associated
with a particular wavelet component for the
latitudinal band sequencially in time, we ob-
tained a Hovmoller diagram of the geopotential
height peak at each scale, as shown in Fig. 3,
for the case of the northern winter of 1979/

y) o (c) j=3(synoptic)

>
O
pd
Q
<)
a)
c
(3]
S
Q
Qo
L
T
=
longitude longitude ~ longitude
R ] e R —
-500 -400 -300 -200 -100 100 200 300 400 500

Fig. 3. Hovmoller diagrams of the geopotential height of the meridional means between 50°N and
60°N using wavelet transform with the spatial scales 180° (j = 1), 90° (j = 2), and 45° (j = 3) from

November 1979 to March 1980.

.
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1980. The continuous occurrence at a large
positive geopotential height peak deviation
(more than 200 m, mentioned later) recon-
structed with the wavelet coefficients at the
spatial scale j =0 to 2 (planetary scale dis-
turbances) for a relative long time (at least 7
days) is defined as a blocking in this study. We
can detect, for example, 4 blocking events of the
zonal scale of j = 2 in the Pacific region in the
northern winter of 1979/1980, November, Jan-
uary, early February, and late February to
early March, as shown in Fig. 3b. If the maxi-
mum height deviations of more than two differ-
ent scales (0 <j <J — 1) are more than 200 m
at the same longitude simultaneously, we de-
cided that the scale with the highest value was
the blocking scale. Figure 3c indicates the syn-
optic disturbances which propagated eastward
or blocked at the blocking.

It is noticed that Mullen’s definition tends to
detect the stationary ridge mixed in the block-
ing events. The wavelet transform method,
based on the method of Mullen (1986) has
the same weak point as Mullen’s definition. In
order to remove the stationary ridges from the
blocking events detected by the wavelet trans-
form method, we simultaneously refered to the
500 hPa geopotential map, and Lejends and
Okland’s (1983) definition with the wavelet
transform method. It is demonstrated that the
definition of Lejends and @kland tends to de-
tect the cut-off low mixed with the blocking
events. Thus, the ideal blocking events may be
detected applying the two definitions together
(Hayasaki 1999, personal communication). Fig-
ure 4 is, for example, Hovmoller diagrams of
the geopotential height difference between
40°N and 60°N from November 1979 to March
1980, where shaded area means the negative
value of I(4). Pacific blocking in early January
1980, analyzed later in details, is detected with
both the definitions shown in Fig. 3b and Fig. 4.
The other events detected by the wavelet trans-
form method in Fig. 3b are not detected by the
zonal index method of Lejends and @kland
(1983) as shown in Fig. 4.

Figure 5 shows the longitudinal location of
the Pacific blocking center during the devel-
opment in January 1980, previewed in Fig. 8.
The filled and open circles indicate ridges
larger and smaller than 200 m, respectively.
Bars with the circles illustrate the longitudinal
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Fig. 4. Hovméller diagrams of the height
difference between 40°N and 60°N from
November 1979 to March 1980.

scales of the anticyclones. The Pacific blocking
moves slightly, and has 90° longitudinal scale
(j =2), during the development in January
1980. In this study, the component indicated
by the bar for each blocking is defined as
(J,k) = (2,0), and is called as a blocking com-
ponent. Figure 6 shows the development of the
geopotential height ridge, reconstructed with
only the blocking component in January 1980.
The geopotential height of the blocking compo-
nent mostly develops in 3 days from the onset,
as shown in Fig. 6. Thus, the period of the onset
phase is defined as 3 days from the onset in this
study.

Figure 7 shows the longitudinal distribu-
tions of the frequencies of the blocking-like
ridges which are detected by the individual
definitions during northern winter periods
(November to March) from 1979/1980, to 1994/
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Fig. 5. The location of the Pacific block-
ing center, during the formation of the
Pacific blocking from early January
1980.

1995 without applying the continuity criteria.
Figure 7a indicates that ridges detected by
Mullen’s method are distributed in 3 regions in
the Pacific (around 225°E), Atlantic (0°E), and
Eurasia (90°E). Figure 7b indicates that the
blocking-like ridges, with negative blocking
index I(1), are distributed in two regions in
the Pacific (around 180°E), and Atlantic (0°N).
The longitudinal distributions of the blocking-
like ridges detected by the wavelet transform
method, are illustrated in Fig. 7c—f, for differ-
ent longitudinal scale parameters. Figure 7c
and f indicates that a few ridges exceeding
200 m in height, exist in j = 0 and 3 (360° and
45° longitudinal widths) scale disturbances.
Most of the blocking ridges in the Pacific
regions, exist in j = 2 scale disturbances, as
shown in Fig. 7e. The frequency and location of
the blocking ridges exceeding 200 m in height,
in j =2 scale are comparable to those higher
than 150 m in Mullen’s definition in the Pacific
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Fig. 6. The height of the Pacific block-
ing center reconstructed by the single
wavelet component corresponding to
the blocking during the formation of
the Pacific blocking from early January
1980.

region. On the other hand, ridges in the Atlan-
tic region, detected by the wavelet transform
method, are divided into j = 1 and 2, 180° and
90° longitudinal wide disturbances, as shown
in Fig. 7d and e. Therefore, the wavelet spectral
energetics analyses of the Atlantic blocking,
may be more difficult than those of the Pacific
blocking. The frequency of the blocking ridges
in j=1 is comparable to that in Mullen’s
method, while the location in j = 2 resembles
that in Mullen’s definition.

Table 2 shows 10 events of the Pacific block-
ing detected both by the wavelet transform,
and zonal index methods during 16 northern
winters from 1979/1980, to 1994/1995. Dura-
tions of the Pacific blocking events, in Table 2
are about 9 to 50 days, and most of them con-
tinue 2 or 3 weeks. First of all, a typical case of
the Pacific blocking in January 1980 is ana-
lyzed, then analyses are carried out for 10
Pacific blocking events listed in Table 2 later.-
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Fig. 7. The longitudinal distributions of
the frequency of the ridges for some
blocking definitions during the north-
ern winters from 1979/1980, to 1994/
1995.

5. Results

5.1 Geopotential height components for
different wavelet scales
Figure 8 shows 500 hPa geopotential height
distributions, and indicates the blocking devel-
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opment in the Pacific region in January 1980,
The Pacific blocking event is detected both in
Figs. 3b and 4. A ridge on 4 January intensifies
in the Pacific region, then omega type Pacific
blocking onsets on 5 January. The time when
the blocking starts, so called by the onset, is
referenced to as blocking day 0 in this study.
The dipole blocking occurs on 6 J anuary, and a
synoptic ridge is advected eastward in Fig. 8c.
Figure 8d and f illustrates that the synoptic
disturbance upstream of the Pacific blocking is
strained and merged into the blocking. The day
when the geopotential height is the highest in
the blocking life cycle is hereafter referred to as
the mature phase, for example, 00Z 8 January
in this event.

We examine the orthonormality and corre-
spondence between original data, and fields re-
constructed with the wavelet coefficients before
showing the results of energetics. A meteoro-
logical field, f(4), of each scale is reconstructed
by the summation of wavelet components over
all locations, £ = 0 to 2/ — 1, for a certain scale
J:

2/-1
H) =" Fava(d). (8)
k=0

If we add the zonal mean field, [f], to the sum-
mation of f;(1) over all scales, the original me-
teorological field is reconstructed as derived in
(3).

Figures 9 and 10 show the 500 hPa geopo-
tential height fields, Z;(1), with different zonal
scales j = 2 and 3, corresponding to 90° and 45°
longitudinal widths, during the development of

Table 2. Ten events of Pacific blocking detected by the wavelet transform and zonal index methods
during the northern winters from 1979/1980 to 1994/1995.

onset mature continuity process
00Z 5 January 1980 | 00Z & January 1980 9days Ly
I8Z 29 January  1982|06Z 7 February 1982 | 16days L
06Z 31 January 1986 | 18Z 7 February 1986 [ 22days "k
122 22 December 1987 | 12Z 2 January 1988 | 20days | ¢ T YVOG;
18Z 30 January 1989 | 06Z 5 February 1989 | 50days Ly
122 15 January 1991 1 18Z 25 January 1991 | 19days L
06Z 22 Febryary 1991 [ 182 26 February 1991 | 17 days L
12Z° 27 December 1994 | 06Z 6 Januvary 1995 [ 20days L
00Z 27 January 1995 12Z 7 February 1995 | 23days Lix
182 25 February 1995 | 00Z 3 March 1995 | 17 days L
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Fig. 8. The 500 hPa geopotential height maps during the formation and development of the Pacific

blocking in January 1980.

the Pacific blocking in January 1980, respec-
tively. The geopotential height field, Z(4), cor-
responding to the Pacific blocking, illustrates
the development of the blocking, as shown in
Fig. 9. Before the onset of the blocking, no sig-
nificant ridge is detected in Fig. 9a. During the
onset of the blocking, the anticyclone is signifi-
cant on Alaska, as shown in Fig. 9b. Figure 9¢—
f shows the growing blocking anticyclone dur-
ing the development. 3

The geopotential height field, Z3(4), indicates
synoptic disturbances. Before the onset of the
blocking, synoptic disturbances are the most
significant across the northern North Pacific
in Fig. 10a. During the development of the

Pacific blocking, as shown in Fig. 10b—f, the
larger synoptic disturbances weaken around
the blocking anticyclone.

5.2 Local spectral energetics terms during
the development of Pacific blocking in
January 1980
Figure 11 shows the time series of energy
transfer terms of the blocking (central panel),
the eastern (upper), and the western (lower)
components of the blocking in the planetary
scale (j = 2) during the development of the Pa-
cific blocking in 1980. The eddy kinetic energy
of the blocking component is mainly main-
tained by the wave-wave interaction term dur-
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Fig. 9. The 500 hPa geopotential height maps with the spatial scale 90° (j = 2) during the formation
and development of the Pacific blocking in January 1980.

ing the onset phase. The other transfer terms
have less contributions to the eddy kinetic en-
ergy increase. The baroclinic conversion trans-
fers the eddy kinetic energy to eddy avail-
able potential energy during the blocking onset
phase. The western neighbor component of the
blocking gains the eddy kinetic energy through
the baroclinic conversion, and the longitudinal
component of geopotential flux convergence
during the development of the Pacific blocking
in January 1980. The energy loss through the
wave-wave interaction of the western compo-
nent, is comparable to the energy gain through
the baroclinic conversion during the blocking
development.

Figures 12 and 13 show the time series of
eddy kinetic energy transfer terms of the larger
(j=3) and smaller (j=4) synoptic distur-
bances around the western half of the blocking,
respectively. The larger synoptic disturbance,
marked by (j, %) = (3,0), of the western half of
the blocking (middle panel in Fig. 12) supplies
the eddy kinetic energy through the wave-wave
interaction during the onset, and the mature
period of the blocking. The larger synoptic dis-
turbance, marked by (j,k) = (8,7), of the west-
ern neighbor of the blocking (lower panel in
Fig. 12), provides the eddy kinetic energy into
other disturbances during the onset phase of
the blocking, while it gains the eddy kinetic

[PV UV
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Fig. 10. The 500 hPa geopotential height maps with the spatial scale 45° (j = 3), during the forma-
tion and development of the Pacific blocking in January 1980.

energy through the baroclinic conversion dur-
ing the blocking formation. The smaller synop-
tic disturbances of j =4 put the eddy kinetic
energy into other wavelet components, through
the wave-wave interaction during the blocking
onset phase. Figure 13 illustrates that the en-
ergy loss region shifts eastward, forward to the
blocking center, as the Pacific blocking develops
to the mature stage.

5.3 Local spectral energetics analyses for
10 blocking events
We apply the local spectral energetics to 10
events of the Pacific blocking listed in Table 2.
For the 8 of 10 blocking events, the wave-

wave interaction contributes to the kinetic
energy growth of the blocking component dur-
ing the onset phase, such as the cases of Janu-
ary 1980, as indicated in Fig. 11. For the 2
blocking events except for the 8 events, other
energy conversions, such as the baroclinic con-
version Cj, and geopotential flux convergence
YVCG;; = YCG;j; + VCG; ), supply the eddy
kinetic energy into the blocking component
during the onset phase. It is difficult to discuss
the onset process in which the other energy
conversions are significant, by means of only
the 2 events. Thus we focus on the onset phase
of the blocking developments for the 8 events
marked by L; ;, in Table 2.
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blocking day
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Jan 1980

Fig. 11. The kinetic energy balance of the
planetary j = 2 scale during the forma-
tion of the Pacific blocking in January
1980.

i

Table 3 shows the local spectral energetics
terms during the onset phase (3 days) averaged
for the 8 cases in which L;; is significant dur-
ing the blocking onset phase. The values in pa-
renthesis are the standard deviations of the
8 events. The eddy kinetic energy of the block-
ing component is primarily maintained through
the wave-wave interaction, and mainly lost
through the divergence of the meridional geo-
potential flux. Only the eddy kinetic energy of
the blocking component increases significantly
in all the wavelet components, as shown in
0K; /0t column in Table 3. The synoptic dis-
turbances around the blocking are mainly
maintained through the baroclinic conversion
on the blocking onset. The zonal-wave interac-
tion, or the barotropic conversion M; ;, contrib-
utes less to the amplification of the blocking
than any other processes.

Figure 14 shows the eddy kinetic. energy
around the blocking component (j,k) = (2,0)
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Fig. 12. The kinetic energy balance of the
larger synoptic j =3 scale during the
formation of the Pacific blocking in
January 1980.

during the onset phase, listed in Table 3. The
axes of abscissas, and ordinates in Fig. 14, il-
lustrates the longitudinal location and spatial
scale, respectively. A figure as Fig. 14 is con-
venient to recognize the scale and position of
each energetics components simultaneously.
The eddy kinetic energy of the planetary block-
ing component is more significant than those
of the same, and smaller scale disturbances
around the blocking.

Figure 15 depicts the wave-wave interac-
tion around the blocking component during the
onset phase. During the blocking onset, the
planetary scale trough located at the western
neighbor of the blocking is the possible primary
source of the eddy kinetic energy redistribution
through the wave-wave interaction. The larger
synoptic disturbances located at the western
neighbor, marked by (j,k)=(3,7), and the
western half, marked by (j,%) = (3,0), of the
blocking are the secondary energy sources for

e+ e a v
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Fig. 13. The kinetic energy balance of the
smaller synoptic j = 4 scale during the
formation of the Pacific blocking in
January 1980.

other wavelet components on the blocking on-
set. The transformations of the smaller syn-
optic disturbances of j =4 around the block-
ing also supply the eddy kinetic energy into
other components. These situations of the eddy
kinetic energy redistribution may indicate that
the wave-wave interaction, L;;, draws the
small scale eddy kinetic energy into the plane-
tary scale blocking location, and plays an im-
portant role in the blocking onset.

6. Concluding remarks

The present study investigates the forma-
tion of the Pacific blocking events in 16 north-
ern winter periods (November to March), from
1979/1980 to 1994/1995 applying the local spec-
tral energetics analysis using an orthonormal
wavelet expansion. It is noticed that the tradi-
tional analysis of spectral energetics based on
the Fourier decomposition, has a difficulty in
dealing with spatially localized structures. The
orthonormal wavelet expansion method en-
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ables us to decompose a series of data into the
wavelet components, which depend both on the
scale and location. Applying the orthonormal
wavelet expansion to atmospheric data along a
latitudinal circle, we isolate each spatially lo-
calized structure, such as atmospheric blocking,
with different longitudinal scale and location.
We investigate the local spectra of wavelet en-
ergy, its transformations, and the time changes
around the Pacific blocking during the forma-
tion using the NCEP/NCAR reanalysis dataset.

For 8 out of the 10 blocking events inves-
tigated in this study, the energy gain through
the wave-wave interaction of eddy kinetic en-
ergy, is the most important process for the on-
set of the blocking. The traditional spectral en-
ergetics (e.g., Tanaka and Kung 1988; Hansen
and Sutera 1984; Kung and Baker 1986) in-
dicated that the eddy kinetic energy of the
atmospheric blocking is primarily maintained
by the upscale energy cascade from synoptic
eddies through the wave-wave interaction, L,,
during the formation. In this study, both the
scales and longitudinal locations of the energy
source region are clarified by applying the local
spectral energetics analysis using the ortho-
normal wavelet expansion. The local spectral
energetics analysis demonstrates that the plan-
etary, and synoptic scale disturbances of the
western side of the Pacific blocking, supply the
largest portion of the eddy kinetic energy into
other wavelet components corresponding to the
blocking. Combining the knowledge from the
traditional spectral energetics, the local spec-
tral energetics divides the eddy kinetic energy
supply through the wave-wave interaction into
the upscale energy transfer from synoptic dis-
turbances, and the energy redistribution from
the planetary scale disturbance upstream of
the blocking during the Pacific blocking forma-
tion.

This study investigates the time series of
the energetics terms around the Pacific block-
ing during the increase of eddy kinetic en-
ergy of the blocking component, in addition
to that by Fournier (1996). The time series of
the wave-wave interaction, L; ;, of the synoptic
disturbances of j =3 and 4 indicates that the
strained synoptic disturbances upstream of the
blocking feed the eddy kinetic energy into the
other wavelet components as they advect east-
ward into the blocking. In terms of time aver-
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Table 3. Local spectral kinetic energy analyses (30°N-80°N, 1000—100 hPa) averaged during the
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formations of the 8 Pacific blocking events.

Vol. 80, No. 4

J 3 ;o Cix NCGjy YVCOG; & — A i Liv OK;, /ot
zonal mean 11.39 0.03 — 11.04 -0.37 — -0.23
(1.21) (0.32) - (8.96) (0.29) — ( 0.29)
0 0 1.48 —0.04 -0.39 ~0.18 0.09 0.91 0.09
(0.64) (0.35)  (0.49) (049) (0.11) (067)  (0.26)
| 0 1.05 0.26 0.05 0.07 -0.05 -0.02 0.08
(0.64) (0.35) ( 0.49) (049) (0.11) ( 0.67) { 0.26)
1 1 0.96 1.73 -0.01 -1.60 -0.01 —-0.32 -0.02
(0.23) (0.75) (0.41) (0.86) (0.3) (061)  (0.13)
1 total 2.02 2.00 0.04 -1.52 =006 —-0.34 0.07 -
| (0.62) (0.66) (0.40) (0.90) (0.13) (086)  (0.24)
2 0 1.42 0.10 —0.03 —0.49 0.01 0.74 0.27
(0.35) (0.37) (0.58) (055) (0.08) (054)  (0.17)
2 1 1.12 0.29 0.01 —-0.63 0.09 0.34 0.03
(0.29) (0.17) (0.26) (0.50) (0.14) (043)  (0.19)
2 2 0.62 0.19 0.03 -0.26 0.02 0.1] 0.01
(0.30) (0.26) (0.28) (0.26) (0.04) (025  (0.18)
2 3 0.92 0.45 0.23 0.12 0.13 —-0.86 —-0.02
(0.35) (0.28) ( 0.28) (0.32) (0.09) (043) ( 0.18)
2 total 4.08 1.03 0.25 -1.25 0.25 0.33 0.29
(094) (033) (0.55) (0.81) (0.15) (059)  (0.28)
3 0 0.47 0.17 0.26 —0.04 0.02 —0.47 —-0.05
(0.17) (013) (0.73) (0.22) (0.04) (078)  (0.16)
3 1 0.42 0.24 —0.24 —-0.10 0.00 0.24 -0.07
(0.16) (0.16) (0.71) (057) (0.07) (050)  {0.10)
3 2 0.51 0.43 —-0.12 -0.16 0.03 -0.08 -0.08
(0.13) (017) (057 (0.39) (0.08) (026) (0.15)
3 3 0.53 0.34 0.09 =025 =001 -0.12 0.02
(0.16) (0.18) (0.32) (0.23) (0.04) (034)  (0.15)
3 4 0.39 0.10 -0.03 —-0.04 -0.02 0.16 0.07
(0.13) (0.09) (0.32) (0.22) (0.03) (028  (0.11)
3 5 0.29 0.09 -0.17 0.05 0.0] 0.07 -0.03
(0.10) (0.07) (043) (0.30) (0.03) (016)  (0.11)
3 0 0.25 0.15 -0.23 0.00 0.03 0.12 -0.01
(0.05) (0.10) (061) (0.19) (0.03) (037)  (0.04)
3 T 0.42 0.27 047 -0.23 0.01 ~0.48 -0.05
(0.11) (023) (061)  (0.24) (0.07) (032)  (0.10)
3 total 3.29 1.79 0.0-1 —-0.78 006 -0.56 -0.19
(0.30) (0.51)  (0.64) (049) (0.12) (0.53)  (0.45)
1 total 1.74 1.22 0.07 -0.35 002 -0.62 —-0.03
(0.38) (0.33)  (036) (0.36)  (0.06) (0.42)  (0.26)
5 total 0.25 0.17 0.00 —~0.04 0.01 0.13 0.01
(0.03) (0.04)  {0.02) (0.03) (001) (005) (002
eddy total 12.86 65.16 0.00 —-1.14 0.37 -0.15 0.23
(151) (1.06)  (0.00) (108) (0.29) (038) (041

age for the blocking formation, the eddy kinetic
energy supply from the synoptic disturbances
at the western side of the blocking through the
wave-wave interaction, L;,, is important. The

synoptic disturbances traveling eastward in the :

Jet stream convert the eddy available potential
energy into the eddy kinetic energy, and supply
the energy into other wavelet components in-
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j=0,1 3.50
{total)

blocking scale

je2 0.92 1.42 1.12

j=3 0.25 0.42 0.47 0.42 0.51 0.53

scale

hEL] 0.06f 0.0 0.07 ©0.09 0.1 0.3§ 0,13 ¢:1) ©.23 0.1}y 0.1} 0.13

west east

Fig. 14. The kinetic energy, Kj;, around
the blocking component (j, k)= (2,0)
averaged during the formation periods
of the 8 blocking events.

j=0,1 0.57
{total)

blocking scale

j=2 -0.86 0.74 0.34

jo3 | 0.22 | -0.48 | -0.47 | 0.24 | -0.06 | -0.22

scale

J=4 0.0 -0.04 0.001-0.05-0.10 -0.04-0.06 -0.06 -0.05 -0.04 -0,08 -0.0

west east

Fig. 15. The wave-wave interaction, L; ;,
around the blocking component (j,k) =
(2,0) averaged during the formation
periods of the 8 blocking events.

cluding the blocking component. This interpre-
tation of the contribution of the synoptic dis-
turbances to the atmospheric blocking, referred
to as the upscale energy transfer, is consistent
with the eddy straining mechanism. The im-
portance of the contribution of the upstream
baroclinic disturbances to the blocking onset,
was pointed out in previous studies. A sig-
nificant contribution of the upstream synoptic
disturbances, as presented in this paper, is in

planetary

synoplic

planetary

synoplic
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agreement with the findings in the eddy strain-
ing mechanism (e.g., Shutts 1983; Chen and
Juang 1992; Kimoto et al. 1992; Nakamura et
al. 1997). The present study, based on wavelet-
based local spectral energetics, has extended
the analysis in the previous studies that sup-
port the upscale energy cascade mechanism,
equivalent to the eddy straining hypothesis
(e.g., Saltzman 1959; Hansen and Sutera 1984;
Kung and Baker 1986; Tanaka 1991). Figures
14 and 15 in local spectral energetics can be
regarded as an extension of Fig. B.1 in tradi-
tional spectral energetics.

Fournier (1996) also estimated the zonal-
wave and wave-wave interactions of the kinetic
energy of the blocking. Some differences in the
methodologies are noted between this study
and Fournier (1996), with respect to the choice
of the wavelet basis function, and the defini-
tion of scales and locations of the blocking
events. The results by Fournier (1996) are ba-
sically consistent with those of this study in
terms of the zonal-wave and wave-wave inter-
actions. The inverse energy transfer through
the wave-wave interaction maintains the block-
ing kinetic energy, while the barotropic conver-
sion through the zonal-wave interaction is neg-
ligible.

Further investigations are needed for deeper
understanding of blocking development maybe
from the following points of view. The local
spectral enstrophy analysis may be effective
in order to support the eddy straining mecha-
nism using the orthonormal wavelet expansion
method. The enstrophy cascade from larger
into smaller scale eddies, is associated with the
inverse energy cascade from smaller into larger
scale disturbance in two dimensional fluid
(Fjgrtoft 1953; Kraichnan 1967). On the other
hand, it is noticed that the structure of atmo-
spheric blocking is equivalent barotropic, while
the synoptic disturbance has the baroclinic
structure. Thus, dividing into the barotropic
and baroclinic components may enable us to
clarify the interaction between the baroclinic
disturbances, and barotropic blocking, in addi-
tion to the local spectral energetics simulta-
neously. The local spectral analyses using the
orthonormal wavelet expansion, may enable
us to extend our interpretation on the local
phenomena, such as the atmospheric blocking
event, in further investigations. :
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Appendix A

Details of the local spectral energetics
scheme based on orthonormal wavelet
expansion

Using the orthonormal wavelet representa-
tion, and expansion (3) and (4), we may write
the orthonormal wavelet expansion pairs for
the partial derivatives of f(4,¢,p,t). Although
in the Fourier basis it is simple to expand
the derivative of f(1) with respect to 1 using
(df/&l) = inf,, in the wavelet basis it is sim-
pler to perform the differentiation with respect
to 4 before the transform. Here, f, is the Four-
ier coefficient for f(1) of zonal wavenumber n.
We now consider the product of two functions,
f(2) and g(4), whose wavelet coefficients de-
fined by (4) are f; ;, and 8; 1, respectively.

1 2n
%L (F(Wg(R); () d2

1 121
-2 [ ((n+S > Fran

_0 kl

J-12i"-1
X ([g] + Z Z g:j",k”%”,k") ) l//j.k dl)

jll=0 k=0

J-124-1g-12/"-1

=I§,k[g]+[f]§j,k+z > Z Z

J'=0 k'=0 j'=0 k"=0
X fr wdjr ¥, 17 R 15" k"), (A1)

where W3(j,k|j',k'|j" k") is the triad correla-
tion part, or the integral of the product of three
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wavelet functions:

‘P3(j7 k ljl’kl |.j”)k”)

2n
:2—171 L Ui i (W (MY 1 (A) dA. - (A2)

Using this computation method, we can discuss
the arbitrary wave-wave interaction elements
of the triad products with three kinds of scales
and location labels, described later.

We now apply the orthonormal wavelet rep-
resentation to meteorological quantities speci-
fied along a given latitudinal circle. Adopting
the hydrostatic approximation, the governing
fundamental equations (i.e., the equations of
motion, and continuity) in the (4,4, p,¢) coordi-
nate system, may be transformed from the
physical domain to the spatial scale-location
domain. These transformations are performed
by multiplying y, ,(4)/2r for the basic equa-
tions, and integrating around a latitudinal cir-
cle:

aV,':k=_l7j_,k V] _ & ka[V]_tan¢
ot a 0¢ dp a
o (VY ) oV,
X ix[V] acos¢(6)~)j’z a 6:15
Vi, L
o [u])k <V

i}jlykl af’j"‘k” ~
P e .

X ﬁlkf/;,,) Y3(j, k| k| k")

— ~

—8&(VZ);, —Fju, (A.3)
Zi, R
B (44
1 (ou 1 2. p+ 20k
acos ¢ \ 61 . acos¢6¢vjkcs ap

= 0. (A.5)
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First, the kinetic energy, K = Ky + Kg, on a
latitudinal circle may be decomposed as fol-
lows:

K- —l—Jzan(A) V() d2
N 27L 0 2 K

=Eu+) > K (A.6)

Here, the kinetic energy decomposed in the
wavelet, K ;, is defined by the wavelet expan-
sion coefficient V; ;, as

K= %‘G,k Vi, (A7)
which has two indices representing the scale j,
and the location k. The summation over all in-
dices for Kj ;, results in the traditional eddy ki-
netic energy Kg along a latitudinal circle.

The balance equation for the wavelet spectral
energy may be derived by differentiating (A.7)
with respect to time and substituting (A.3) for
the time derivative of Y, &- By multiplying (A.3)
by V‘ x, averaging along a given latitudinal
band between ¢, and ¢;, and applying (A.4) and
(A.5), we obtain the following expression for the
rate of change of K , for given scale j and loca-
tion k:

oK _
ot

ik =My +Ljp — Dy
+XCGj +YCG; + VCG;s,  (AS8)

where j=0,1,2,...,J —1andk =0,...,2/ — 1.
Definitions of energy conversion terms in (5)
are written as follows, where all quantities are
measured per unit mass. Symbols, definitions,

and variables used in this article are listed in
Table 1.

R _ -
Cie = ——@xTjs, (A.9)
p .
Vikg OVl . & 0V
‘A{[jvk = JT‘GJ‘ ’ a¢ + wj,k‘ik ’ ap
+ ta;‘ P aVin- (B x [V]), (A.10)
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WV t .
+ Wjt ke 3p'k -+ an ¢k X uj’,k"{i”,k”)
x Ws(j, k|7 k' " k"), (A.11)
Djr =V, -Fiy, (A.12)

am-—2_(a (%

du
o, (m) )

| 3

YCGjh = ~~ cgs 52 wZircos g, (A14)
o . =

VCGj . = -g %mj,kzj,k- (A.15)

If we sum each equation (A.7)-(A.10) and
(A.12) over all wavelet components, equations
are reduced to the zonal eddy kinetic energy. If
we sum (A.11) over all wavelet components, the
summation of L; ; is equal to the convergence of
eddy kinetic energy flux. In addition, the sum-
mation of L;; vanishes if integrated over the
entire mass of the atmosphere:

J-12/~ #n
<{Z ZLJ,I,} > = —({V - VEg}$'> =

J—O k=0 ¢
(A.16)

where ¢g and ¢y are the latitudes of the South
and North Poles, respectively.

If (A.13) is only summed over all wavelet
components, the summation of XCG;) means
convergence of the longitudinal component of
geopotential flux, and vanishes without inte-
grations over the entire mass of the atmo-
sphere:
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J-12/-1 d -
XCG, = ——5— —[a2] = 0.
= = a cos ¢

(A.17)

In the local spectral energetics, XCG,, is
the unique term, not included in traditional
spectral energetics using Fourier expansion.
The summation of XCG;; over all compo-
nenjts on a certain scale j, will not vanish,
,f=51XCGj, r # 0. Thus XCGj ;, plays the role of
another wave-wave interaction term different
from L; ;, in the local spectral energetics.
Convergences of the meridional and vertical
components of geopotential flux, YCG,, and
VCG;,;, will vanish if integrated over the meri-
dional and vertical coordinates, respectively:

N
| & 0.5 -
{YCGjr}yy = {a cos ¢ a¢UZ cos ¢}¢S 0,
(A.18)
(VCG; > = —g<%d)Z~> =0, (A.19)

Integrated over the portion of the atmosphere,
however, all the flux convergence terms must
be calculated. More details are described in
Hasegawa (2000).

Appendix B

Spéctral energetics terms during the
formation and development of blocking

Table B.1 shows the energetics terms derived
by traditional spectral energetics analysis us-
ing a Fourier basis averaged during the for-
mation of 8 Pacific blocking events described
in Section 5.3. The equation of the traditional
spectral energetics derived by Saltzman (1957,
1970) is written as follows:

'aIﬁ = Cn - Mn +Lu _Dn _I_ YCGn + VCGYL)

ot
(B.1)

where n =0,1,2,...,N. Because of the fluxes
through the lateral boundaries, summations of
YCG, and L, are not conserved on a part of
globe. The residual term is, therefore, difficult
to explain as dissipation of kinetic energy. Fig-
ure B.1 shows (a) kinetic energy K,,, and (b) its
wave-wave interaction L, in the wavenumber
domain.
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Table B.1. Traditional spectral kinetic
energy analysis (30°N-80°N, 1000-
100 hPa) averaged during the forma-
tions of the 8 Pacific blocking events.

n N, ', G, =M, L, 9K, [fot
0 11.39 003 1105 -037 — =023
(1.21) (0.32) (949) (0.29) (=) (0.24)

1 2.63 128 —1.08 0.07 0.27 0.02
(0.90) (0.67) (0.80) (0.21) (045) (0.27)

2 2.19 0.69 —0.56 0.12 0.10 0.26
(1.01) (037) (048) (0.11) (0.62) (0.29)

3 227 072 —1.14 0.06 0.55 0.18
(0.72) (0.34) (062) { 0.18) (0.40) (0.30)

4 1.02 047 -0.37 .00 0.03 0.01
(0.29) (0.46) (0.36) ( 0.11) (0.a8) (0.32)

5 0.96 041 —0.29 0.04 0.02 0.02
(0.30) (0.26) (021) (0.09) (030) (0.25)

6 0.94 049 -0.12 005 -028 —0.12
(021) {0.21) (022) (v.03) (0.25) (o0.15)

T 0.64 053 -0.16 -0.01 -0.33 —0.07
(0.37) (0.27) (0.15) (0.04) (0.49) (0.30)

8 0.55 040 -0.15 0.02 -0.17 ~0.03
(0.19) (0.19) (0.15) (0.03) (0.16) (0.11)

9 0.42 031 -0.08 —0.01 -020 -0.04
(0.17) (0.9) (0.07) (0.03) (0.22 { 0.15)

10 0.32 0.23 —-0.04 0.01 -0.11 0.01
(0.10) (0.10) (0.03) (0.02) (0.11)  (0.08)

1] 0.20 0.16 ~0.03 0.00 -0.11 -0.03
(0.07) (0.07) (0.04) (0.01) (0.10) (0.05)

12 0.16 0.10  —=0.02 0.00 -0.05 0.00
(0.04) (0.02) {0.02) (0.01) (0.03) (0.02)

13 0.12 0.08  -0.02 0.00 0.00 0.03
(0.03) (0.03) (0.02) 0.01) (0.05) (0.03)

11 0.09 0.06 —0.0] 0.00  -0.01 0.0]
(0.02) (0.03) (0.02) (0.01) (0.03) (v.01)

15 0.09 0.07  ~0.02 0.00  —0.01 ~0.01]
(0.02) (0.02) (002) (001) (0.03) (0.01)

16 0.06 0.05 =0.01 0.00 0.01 0.00
(001) (0.01) (0.02) (000) (001) (0.01)

n=17-32: not shown

eddy 1 12.86 6.16  —4.13 037 —0.15 0.23
(151) . (1UG) (1.40) (0.29) (038) (041

The traditional spectral energetics view of
the formation and development of the blocking
is as follows: first of all, the baroclinic conver-
sion term, C,, converts the eddy available po-
tential energy to eddy kinetic energy in terms
of the synoptic scale disturbances; second, the
synoptic kinetic energy is redistributed through
L,, the wave-wave interaction term. The wave-
wave interaction terms of the synoptic and
short scales are negative, thus the eddy kinetic
energy is transformed to the other scale dis-
turbances. On the other hand, L, of the plane-
tary scale disturbances is positive, thus the
eddy kinetic energy is supplied from the other
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Fig. B.1. The kinetic energy and wave-
wave interaction terms of the different
wavenumbers averaged during the for-
mation periods of the 8 blocking events.

scale disturbances. The eddy kinetic energy is
redistributed by the upscale energy cascade of
the wave-wave interaction term, as shown in
Fig. B.1b.

Differently from the hypothesis that the up-
scale energy cascade is closely connected with
the formation of the blocking anticyclone, Table
B.1 indicates the baroclinic conversion term C,
gain more eddy kinetic energy than wave-wave
interaction L, in the planetary scale. However,
the traditional spectral energetics has difficulty
dealing with the locations (longitude) of local
structures, mentioned in Section 1. As detailed
in Section 5, the spatially localized spectral en-
ergetics indicates the eddy kinetic energy of the
blocking component grows up by means of the
upscale energy cascade, not the baroclinic con-
version.
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