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ABSTRACT

In this study, nonlinear numerical simulations of amplification of low-frequency planetary waves and concurrent
blocking formations were performed. The simulations are conducted by a barotropic spectral model derived
from three-dimensional spectral primitive equations with a basis of vertical structure functions and Hough
harmonics. The model is truncated to include only barotropic Rossby components of the atmosphere with
simple physics of biharmonic diffusion, topographic forcing, baroclinic instability, and zonal surface stress.
These four physical processes are found to be sufficient 10 produce a realistic and persistent dipole blocking
with a sharp transition from zonal to meridional flows on a sphere.

Analyzing energetics of blocking formations in the model. we showed an amplification of the meridional
dipolc mode was confirmed by means of the upscale cnergy cascade from svnoptic disturbances under an
environment of persisiently amplified wavenumber 2. When the persistent wavenumber 2 exists, synoptic dis-
turbances contribute to amplify the dipole mode of wavenumber 1. In contrast. when the persistent wavenumber
2isabsent, synoptic disturbances contribute to accelerate zonal flow with enhanced wave-mean flow interactions,
and wavenumber 1 is not amplified. Therefore. we find that the persistent wavenumber 2 plays a catalytic role
in drawing synoptic wavc encrgy and feeding wavenumber 1. The topographic forcing in amplifying wavenumber
2 appears to be necessary for the blocking system in the model. although it is not the main energy source for

the system.

1. Introduction

Amplification of low-frequency planetary waves in
the troposphere is oficn coupled with a blocking for-
mation. The importance of transient eddy forcing by
synoptic disturbances to maintain low-frequency
planetary waves has been a focus of interest in recent
years. Many blocking episodes appear to be related to
the transient eddy forcing. However, there are excep-
tions where enhanced transient eddy forcing failed to
create blockings or blockings occurred without signif-
icant transient eddy forcing (see Wiin-Nielsen 1986:
Shilling 1986). There is as yet no universally accepted
theory of blockings, and the causal relationship of the
amplification and blockings remains unclear.

Amplification of planetary waves in the troposphere
implies an increase of the wave energy. If total atmo-
spheric energy is partitioned in three energy boxes
(zonal, planetary waves. and synoptic to short waves),
there are only three paths by which planetary wave
energy can increase ( see Saltzman 1957): (i) downscale
energy cascade from zonal to planetary wave energy:
(ii) upscale energy cascade from synoptic and short
wave to planetary wave energy; and (iii ) energy supply
from external forcing. Every theory describes a unique
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energy flow 10 excite the planctary waves. We can clas-
sify a number of theories using these three paths.

The first class—downscale energy cascade from
zonal energy to planetary wave energy—includes in-
stabilities of the zonal mean state (e.g., Chen and
Shukla 1983 Shilling 1986). Atmospheric baroclinic
instability transforms zonal available potential energy
to planetary wave energy, whereas barotropic instability
of a zonal jet transforms zonal kinctic energy to plan-
etary wave energy. Recent energetics analyses by Sheng
and Hayashi (1990) showed that the baroclinic con-
version dominates the other energy supplies in the low-
frequency variability. A vacillation phenomenon and
an index cycle (Namias 1950) indicate downscale en-
ergy transformations from zonal energy to wave energy
in the growing stage of planetary waves. The wave en-
ergy is then dissipated during the vacillation cycle. The
underlying mechanism is the baroclinic instability of
planetary waves. However, the growth rates in plane-
tary waves are 0o small to explain the amplification
by this mechanism alone.

The second class—upscale energy cascade from syn-
optic waves to planetary waves—is caused by the strong
nonlinearity of wave-wave interactions. The synoptic
waves are strongly excited by the baroclinic instability
through the direct downscale cascade. The accumulated
energy then yields upscale energy decascade toward
planetary waves. It is known that the barotropic energy
transformations are upscale, whercas the baroclinic
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energy transformations are downscale (see Tanaka and
Kung 1988). Various observational analyses support
this upscale energy cascade as the major energy source
of low-frequency planetary waves (Hansen and Chen
1982:; Holopainen and Fortelius 1987; Nakamura et
al. 1987; Tanaka and Kung 1988; Kung et al. 1989).
The upscale energy cascade, in general, is accompanied
by energy transformations from high- to low-frequency
variations. The reinforcement of the mean dipole-vor-
ticity field by transient disturbances is demonstrated
by Shutts ( 1983), Hains and Marshali (1987), Malan-
otte-Rizzoli and Malguzzi (1987), and Vautard and
Legras (1988), among others. Further examination is
desirable using spherical coordinates without a quasi-
geostrophic assumption.

The third class—energy supply from external forc-
ing—includes topographic forcing and thermal contrast
of land-sea distributions. Linear resonant Rossby
waves (Tung and Lindzen 1979) draw cnergy from
topographic forcing of the same wavenumber when a
free wave slows down and becomes in-phase with to-
pographic forcing. Topographic instability (Charney
and DeVore 1979) converts zonal energy into planetary
waves via mountain torque, so it belongs partly to the
first class. The surface topography plays a catalytic role
in drawing zonal energy and feeding wave energy. The
topographic instability tends to modify the basic state,
so that the resonant phase speed of the system becomes
closer to the forcing frequency (Plumb 1981).

According to Shilling’s (1986) comprehensive anal-
ysis, blocking occurrence shows highest coherence with
baroclinic instability of planetary waves, as in Sheng
and Hayashi (1990). However, there are cases in which
barotropic instability plays an important role, and cases
in which the upscale energy cascade from synoptic dis-
turbances dominates the other energy supplies. This
suggests that the blocking system is exciled by various
energy sources from case to case, but reveals the same
characteristic structures and behaviors. In the light of
Shilling’s puzzling results, Tanaka and Kung (1989)
discussed a possibility that blockings can be understood
as atmospheric eigenmodes excited by different encrgy
sources from case to case. We intuitively understand
the common persistent features as a low-frequency ei-
genmode. The characteristic structure may be under-
stood such that the cigenvector has the dipole config-
uration. The eigenmode may be excited by various en-
ergy or vorticity supplies because it is a free mode. The
positive and negative anomalies should have similar
structures (see Dole 1986). We examined cigenmodes
of low-frequency. unstable planetary waves in the zon-
ally varying basic state, along the line of studies by
Frederiksen ( 1982) and Frederiksen and Bell (1987),
using spectral primitive equations on a sphere. Two
different types of slow-moving Charney modes are
found in planetary waves. showing diflerent meridional
structures. One of the Charney modes, M, . is stationary
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at a preferred geographical location, indicating nearly
barotropic structure. It resembles so-called € blockings
in the atmosphere. The other Charncy mode, M>, in-
dicates a dipole structure in the zonally varying basic
state. The structures and behaviors of the dipole Char-
ney mode markedly resemble dipole blockings in the
atmosphere (see Fig. 1). We proposed that dipole
Charney modes of wavenumber 1, which is modulated
by the steady wavenumber 2, are responsible for large-
scale dipole blocking, supported. for example, by the
upscale energy cascade from synoptic disturbances.
Yet, it is necessary to confirm the hypothesis using a
fully nonlinear time-dependent model. because our
previous results are based on a linear model under a
restriction of small amplitudes.

The purpose of this study is to simulate the ampli-
fication of low-frequency planetary waves and con-
current blocking formations as realistically as possible,
using a fully nonlinear spectral primitive equation
model that is as simple as possible. The hypothesis of
the blocking formation due to the upscale energy cas-
cade from synoptic disturbances under the persistent
wavenumber 2 is examined. The energy flows among
different waves during blocking events are investigated
in detail.

For that purpose, we construct a three-dimensional
spectral primitive equation model with a basis of three-
dimensional normal-mode functions (3D NMFs) for
the motionless atmosphere (see Tanaka and Sun 1990).
The model is then truncated to include only the baro-
tropic component of the atmosphere. The contribu-
tions from the baroclinic components are parameter-
ized as baroclinic-barotropic interactions. The model
has simple physics of biharmonic diffusion, topographic
forcing, baroclinic instability, and zonal surface stress.
The upscale energy cascade from synoptic disturbances
to planetary waves is achieved by the nonlinear wave-
wave interactions. It will be shown that these combi-
nations of physical processes are sufficient to produce
a realistic and persistent dipole blocking with a sharp
transition from zonal to meridional flows, although
these may not be the necessary conditions.

The mode! description is given in detail in section
2. Section 3 describes the results of the simulation, in-
cluding the time series, the gross energy budget, the
synoptic features, and the energy flows during a block-
ing episode. The concluding summary of this study is
given in section 4.

2. A description of the spectral primitive equation
model
a. Prognostic equations

A system of primitive equations in a spherical co-
ordinate of longitude A, latitude 0, normalized pressure
o = p/pp. and normalized time v = 2t may be reduced
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FI1G. 1. Meridional-height section of the dipole Charney mode M, of n = 1 in the baroclinic atmosphere (see Tanaka and

Kung 1989), compared with the observed dipole structure of n1 = | during the Pacific blocking in January 1979 (sec Tanaka et
al. 1989). Amplitudes of the geopotential height are multiplied by o'/2 to remove a density stratification effect.

to three prognostic equations of horizontal motions
and thermodynamics. The three dependent variables
are horizontal wind speeds, V = (u, v), and geopoten-
tial deviation ¢ from the global mean reference state.
Using a matrix notation. thesc equations ( refer to Ta-
naka and Sun 1990) may be written as

M£U+LU=N+F,

1
ar (h
where
U=(u,v ¢)", (2)
d a2 9
M =2Q di Ll -———
(228
0 —2Q sind ! i
a cosf oA
L= 2Q sinf 0 1£
aadf
I i 1 3( )cosh 0
| acosf N a cost a0 J
(4)

[ du tanf
-V-Vu—-—w—+—uv
do a
dv  tanf
N= |-V Vv—w———n—uu , (5)
a
0 (o y g9
do \ Ry do
e a T -
F= (F,,‘Fu.-g) : (6)
do ¢,y

The symbols used in the equations are the earth’s
radius 4, the angular speed of the earth’s rotation Q,
the specific gas constant R, the specific heat at a con-
stant pressure ¢, static stability parameter %, the nor-
malized vertical p velocity w = do/dt, the zonal F,
and meridional F, components of frictional force, and
the diabatic heating rate Q.

A 3D spectral representation of the primitive equa-
tions can be derived by taking an inner product of (1)
and basis functions of the 3D normal-mode functions
Hr:lln()‘~ 0, U)~

d
<M a U+LU-N-F Y, II,,,,,,> =0. (7)




2922

where
Hm’m(}\: 8, ‘3') = Hum(N, 0)G(0), (8)
Y = 2Q diag(Vghy, Vghm, 1), (9)
and the inner product is defined as
1 i 2x 1
—f f f 11%,, « IL, 50, cosbd ad Ndf
2w J-zp2do Jo
= <Hn!ms Hn’!’m’) == ann’aﬁ’anmr’- {10)

Here H,, (A, #) and G,,,( ) are Hough harmonics and
vertical structure functions for zonal wavenumber n,
meridional index [, and vertical index m, respectively.
The scaling matrix Y, is defined with the earth’s gravity
g and equivalent height A, for every vertical index.
Refer to Tanaka and Sun (1990) for the detail of the
definitions and the derivation.

The resulting spectral primitive equations become
a system of ordinary differential equations for Fourier
expansion coefficients of variables

i MM

i . .

i +iow; = —i 2 2 rawwe + fi,
i j=1 k=1

i=1,2,-+, M, (11)

where w; and J; are the expansion coeflicients of the
dependent variables and diabatic processes, ; are La-
place’s tidal frequencies, r;; are interaction coefficients,
and M is the total number of the series expansion for
the 3D atmospheric variables. Any choice of expansion
basis functions with consistent boundary conditions
will result in the representation of (11) after a proper
diagonalization of the linear terms. The resulting ex-
pansion basis functions consist of vertical normal
modes and Hough harmonics as in (8). The vertical
normal modes consist of barotropic and baroclinic
components, and the Hough harmonics comprise ro-
tational and gravitational modes.

We demonstrated that observed basic features of
blockings can be represented by their barotropic com-
ponents. Based on this observed fact, we collect only
the barotropic components of the expansion coeffi-
cients with the index 2 = 0 in (7):

<|~u'lai U+LU—N-F, Yy ‘Hnm> =i 12
T

The corresponding spectral equations are

dw; . 5 :
d—TF + fow; = <N, Yo nm‘ﬁ> +Jis

P=120 v, Ny (13)

where IV is the total number in the series _expansion
for the barotropic model. The right-hand side of (13)
is parameterized in this study as
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<N, YQ_IH;> = —j z Z Fiae Wi Wi 2 {B[)“
Jj=1 k=1
=1, 2 N, (14)
and
Ji = (DF); + (TF); + (ZS);, (15)

where (Bl);, (DF),, (TF);, (Z8), are, respectively, the
formal source—sink terms derived from baroclinic in-
stability, diffusion, topographic forcing, and zonal sur-
face stress to be described later. In ( 14) the quadratic
products of w; for the barotropic component are ex-
plicitly evaluated. Therefore, the nonlinear wave-wave
and zonal-wave interactions are treated accurately as
a barotropic model. The rest of the nonlinear terms
describes barotropic-baroclinic interactions. We con-
sider only baroclinic instability among various possible
processes that cause the barotropic-baroclinic inter-
actions. Given these formal source-sink terms, the
nonlinear equation ( 13) becomes a closed system of
the prognostic equation.

It is important to notice that a diabatic heating rate
( for the barotropic component vanishes under a mi-
nor assumption of neglecting d G,/ do, since O may be
assumed to be zero in the subterranean regions:

topd 1
f i(Q)G{)d'a% i(ﬂr—Q)dfr=U, (16)
0 do \Cyy 0 da \cyy
where Gy is a vertical structure function of the baro-
tropic component. Every heat-related energy source in
the atmosphere goes to the baroclinic components, and
the energy is then transformed into the barotropic
component through the baroclinic-barotropic inter-
actions. The complicated heating fields produced by
numerous physical processes are reduced to the single
concept of the baroclinic-barotropic interaction.
Parameterizing a physical process based on a possible
energy gap in the spectral domain is desirable. The
energy gap should separate the resolvable large-scale

_process from the unresolvable small-scale process to

be parameterized. Although there is no such ideal en-
ergy gap in the horizontal energy spectrum, a clear en-
ergy gap in the vertical energy spectrum can be ob-
served between the baroclinic and barotropic compo-
nent (e.g., Tanaka 1985; Silva Dias and Bonatti 1986).
Therefore, the construction of a barotropic primitive-
equation model with energy sources from the baroclinic
component can be a viable method for understanding
the general circulation and the low-frequency vari-
ability of the atmosphere.

b. Diffusion

For large-scale atmospheric motions, an eddy mo-
mentum transfer by the Reynolds stress dominates the
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viscous stress. The Reynolds stress is initially and in
reality a nonlinear contribution in ( 11) for unresolvable
(high-frequency ) motions. In this study, we attempted
to parameterize the scale dependency of diffusion using
the 3D scale index ¢; based on the wave dispersion
relating wave scale and wave frequency. The bihar-
monic-type diffusion for the Rossby (rotational ) wave
dispersion (for wavenumber n # 0) is approximated
by

2
(DF), = —K(i) Wi, (17)

g
where K is a diffusion coefficient and K(2Q¢*) = 2.0
X 10'® m*s™'. Haurwitz waves on a sphere have phase
speeds represented by the total wavenumber of the

spherical surface harmonics / (see Swarztrauber and
Kasahara 1985):

e B
T+ T u

The rotational Hough modes are known to converge
to Haurwitz waves in the limit, as an equivalent height
I, tends to infinity. For the barotropic component, m
= 0, a realistic temperature profile gives Ay = 9623.9
m. Since the diffusion is often approximated with /(/
+ 1), the present form of diffusion in (17) approaches
the biharmonic-type diffusion for higher-order rota-
tional modes. For the zonal component, the meridional
index / is substituted for /. Note that the same form
of diffusion is automatically imposed on geopotential
field as well as wind field.

Similar approximation leads to a diffusion for non-
dispersive gravity modes as

4
(28ag;)” fgj}‘;‘z) W, (19)

because the phase speed of gravity modes (e.g., An-
drews et al. 1987) is given by

(18)

(DF); = -K

2
2 gho 0

Tl TN

It 1s found that the diffusion parametcrization in the
frequency domain is distinctly different for Rossby
modes and gravity modes. The diffusion of Rossby
modes depends solely on the inverse of the phase speed,
whercas that of gravity modes depends solely on the
frequency.

(20)

¢. Topographic forcing

A kinematic uplift of an air column by the surface
topography 1 is originated by a horizontal component
of the normal stress of the topography. It has been
parameterized by a forced upward motion w. which is
induced by the barotropic flow V. Because our model
atmosphere is compressible and w is zero in the sub-
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terranean regions, we must assume the vertical profile
of w. The topographic effect for the barotropic com-
ponent wy is parameterized by

|
w0=f Y do = kvy-v (21)
(1] ho

ho
where k is a constant depending on the profile of .
Charney and Eliassen’s (1949) original work uses k

= 0.4. The spectral representation of (21) becomes
(TF), in (15):

(TF): = {(0, 0. wo)", Yo~ ' T ). (22)

There is some arbitrariness in the choice of kV,: e.g.,
Jacgmin and Lindzen ( 1985) use the 1000-mb wind,
Chen and Trenberth (1988) use the 850-mb wind, and
Valdes and Hoskins (1989) use the true surface wind.
There is no wind at the true surface in our model.
Therefore, & is combined with H, and an idealized to-
pography of wavenumber 2 is used

kH(X, 0) = —Asin?(wp?) cos(2)\).  (23)

where A = 400 m and p = sinf#. The peak is located at
45°N, 90°E and 45°N, 90°W.

d. Baroclinic instability

Zonal available potential energy produced by dif-
ferential heating is transformed to eddy barotropic en-
ergy. The energy flow is characterized by a secquence
of energy transformations from zonal baroclinic to eddy
baroclinic and to eddy barotropic components. The
eddy barotropic energy is further transformed to zonal
barotropic energy (see the Appendix: Wiin-Nielsen
1962 Smagorinsky 1963). The maximum supply to
the barotropic energy occurs at the synoptic waves (see
Tanaka and Kung 1988). Baroclinic instability in
midlatitudes is responsible for this energy transfor-
mation. Since the most important part of the baro-
clinic-barotropic interaction is related to the baroclinic
instability, the parameterization of this process is es-
sential for the construction of a barotropic model. This
process has been ignored in many shallow-water-equa-
tion models on the sphere.

First consider trajectories of w;(7) in (11) for baro-
clinic atmosphere. When the amplitude of w;(7) for
eddies is small compared with that of the zonal com-
ponent, the direction to which w; (7) grows can be pre-
dicted; this direction is the unstable subplace £; due to
the atmospheric baroclinic instability, predicted by a
linear theory. Given a zonal field. the structure ¢ and
the growth rate v are known (sec Tanaka and Kung
1989). When w;(7) grows along the unstable subspace,
both the baroclinic and barotropic components of
w;(7) will grow cxponentially. maintaining the con-
sistent structure. The energy increases in the barotropic
and baroclinic components arc synchronized with each
other. It is in this process that the zonal baroclinic en-
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ergy is transformed to the eddy barotropic energy. The
growth of the barotropic components can be predicted
by the linear process with known §&;. Based on this
concept, parameterization of the atmospheric baro-
clinic instability for (13) has been attempted by cal-
culating the orthogonal projection of the barotropic
expansion coefficients w; (7) onto the barotropic com-
ponent of the prescribed £;:

wi(7) = a(r)é + (1), (24)
where £; has a unit norm, ¢;(7) is the orthogonal com-
plement of the projection, and a(7) is calculated from
w; (1) every time step:

a(r) = T w(n)l. (25)

By differentiating (24 ) with respect to 7, the predicted
growth due to the instability is obtained:

da(7)
dr

where v is the complex eigenvalue of the stability prob-
lem associated with §; . In the Appendix. the baroclinic
and barotropic wave growth and the parameterized
barotropic growth are compared using a nonlinear
baroclinic model. It is evident in the Appendix that
the parameterization is accurate for a small amplitude
of w;, as the linear theory predicts. Tanaka and Sun
(1990) suggest that this process operates even for finite-
amplitude planetary waves. The monthly mean zonal
basic state for January 1979 is used to obtain the ei-
genpair of » and £;. The growth rates and phase spceds
used in this study are listed in Table 1. This parame-
terization based on a prescribed zonal baroclinic energy
field causes a major energy source of the barotropic
model atmosphere. As the synoptic waves grow due to
the baroclinic energy source, the increased wave energy
starts to cascade to other waves and zonal flow by the
wave-wave and zonal-wave interactions. These two
competing effects of the energy source and the nonlin-
ear scattering ultimately equilibrate to a wave satura-
tion. It wili be shown that the resulting energy spectra
are consistent with observed energy spectra (see Fig. 5).

(BI); =

& = —wa(r)§;. (26)

e. Zonal surface stress

As the waves grow, the nonlinear zonal-wave inter-
action begins to accelerate the zonal flow. A northward
shift of the subtropical jet occurs due to the northward
eddy momentum transport induced by the waves. For
the barotropic flow, the important physics that must
be considered to balance the northward shift of the jet
arc the surface stress and mountain torque. The west-
erly deceleration in the midiatitudes and the easterly
deceleration in the low latitudes should balance with
the northward eddy momentum flux. We adopt the
following parameterization of the zonal surface stress:
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TasLE 1. Mode name, growth rates (day™"), and phase speeds (deg
day™") of the baroclinically unstable modes for wavenumbers n = 1-
6 M, is the dipole Charney mode and M the shallow Charney mode.

n 1 2 3 4 5 6
Mode 1'\12 M. 2 M 2 M. 2 M, C M c
Growth rate 0.06 0.11 0.15 0.18 0.25 0.35
Phase speed 8.9 9.1 9.0 8.6 8.1 8.4

(ZS), = —a(w; —w;) for n=0, (27)

where w; is the monthly mean for January 1979, and
a(29Q) = 2.32 X 107% s~!, which corresponds to the
relaxation time of 5 days. Similar relaxation is seen for
barotropic models by Charney and DeVore (1979).
Juckes (1989). and Salby et al. (1990).

[ Numerical scheme and initial condition

The system of nonlinear equations (13 ) is truncated
to include only the barotropic Rossby modes for m
=0, n = 0-6, and I = 0-19. We noted that the low-
frequency variability has a planetary-wave scale with
an equivalent barotropic structure. The truncation is
imposed in the frequency domain as well as in the
wavenumber domain by excluding high-frequency
gravity modes. We made the simplest model that still
retains realistic blockings in the model atmosphere.
The initial condition is a northern zonal field of January
1979, which is symmetric about the equator. Small
amplitude random disturbances are superimposed on
the initial zonal field. The ime integration is based on
a combination of leapfrog and periodic use of an Euler-
backward scheme with a time step of 1 h. By virtue
of the closure with the low-frequency subspace, our
model requires no implicit scheme and no artificial
smoothing.

3. Results of the simulation
a. Time series

We examine first the basic features of the simulation
results because the numerical model in terms of the
3D NMF expansion is relatively new. A similar model
experiment was conducted by Kasahara (1977). using
shallow-water equations. By his demonstration. the
utility of a Hough mode expansion for a nonlinear
mode! has been established as an alternative approach
to the standard spectral methods. In contrast to Ka-
sahara’s model, our model is derived from 3D primitive
equations, and our model includes energy sources and
sinks in a highly parameterized form. A nonlinear sim-
ulation of a Haurwiiz wave was conducted (Phillips
1959) by eliminating all physics. The results agree well
with previous numerical cxperiments (e.g., Kasahara
1977; Holloway et al. 1973).
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FIG. 2. Time serics of zonal energy (dashed line) and cddy energy
(solid line) of the model atmosphere for days 0-200. Units are 10°
Im2,

The results of the numerical integration are shown
first for the time series of zonal (dashed line) and eddy
(solid line) energies in Fig. 2. The eddy encrgy (n = -
6) increases during the first 20 days. This period is
regarded as an initial adjustment against the model's
external forcing. After a slight decrease, the energy in-
creases again during days 40~60. The second energy
peak occurs around days 60-70. The peak energy level
is about 8 X 10° J m™2. Then the energy level fluctuates
around 6 X 10° J m™2 for the rest of the integration
period. Zonal energy fluctuates around the initial value
of 11 X 10°J m™2.

In Fig. 3, the eddy energy is split into n = 1 (dashed
line), #n = 2 (solid line), and the sum of n = 3-6 (dotted
line). It is clear that the initial growth of eddy energy
is caused by topographic forcing of # = 2. The energy
level of n = 2 fluctuates around 2 X 10° J m™2 after
day 30. There is a steady increase of n = 3-6 until day
40. The energy level is high (exceeding 4 X 10°J m?)
for days 50-100, but it is low (about 2 X 10° J m~?)
afier day 100. The energy of n = | increases after day
40, and thc energy peak (about 4 X 10° J m~2) occurs
around day 60. During this peak of n = 1, a pronounced
blocking appears in the model atmosphere.

Figure 4 illustrates latitude-time cross sections of
zonal wind speed and geopotential height amplitudes
for n = 1 and 2. The subtropical barotropic Jjet stays
near 40°N. indicating maximum speed of 18 m s~'.
Large variations are secn at the northern flank of the
Jet, showing occasional intrusion of westerly momen-
tum into high latitudes. A persistent casterly develops
in the tropical zone and another intermittent easterly
develops in the Arctic. Wavenumber 1 indicates large
amplitude of geopotential height exceeding 200 m for
days 45-75 and for days 90-105. The latitude of the
maximum amplitude is near 75°N for the first peak
and 65°N for the second peak. A notable event of a
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meridional dipole structurc of amplitude takes place
around day 60. The peak amplitudes are located at 75°
and 55°N. A dipole blocking occurs during this period
as the meridional dipole of n = | develops. Wavenum-
ber 2 shows the initial amplification by topography
near 65°N. The amplitude maximum exceeds 200 m.
In the subsequent time integration, large amplitudes
exceeding 200 m appear episodically.

b. Gross energy budget

According to Tanaka ( 1985), the total energy E; for
each basis function is defined in a dimensional form
by

E; =‘;pbh()|wi|2- (28)

By differentiating with respect to time and substituting
(13)-(15), the energy balance equation,

% = NL; + DF; + TF, + BL, + ZS;,  (29)

is obtained. where
NL; = ppho@[w} (NL); + w;(NL)¥ ],
DF; = pyh@w} (DF); + w;(DF)*].
TF, = po@fwi (TF); + wi(TE)Y ],
BL; = pohoQw} (BI); + w;(BI)* ],
ZS; = pphoQ Wi (ZS); + wi(ZS)¥].  (30)

The term (NL); is the nonlinear term in (14). Similar
symbols to those in (15) are used, but without the pa-
renthesis for real-valued energy variables of dynamical
and physical processes. Note that the linear term in
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FIG. 3. Time series of total energy of zonal wavenumber n = 1

(dashed line), n = 2 (solid line), and the sum of # = 3-6 (dotted
line). Units are 10° ) m™2,
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the left-hand side of (13) does not contribute to the
energy balance equation.

The results of time mean (days 30-200) energy
spectra for n = 1-6 are illustrated in Fig. 5 as functions
of the 3D scale index | g;|. There is an energy peak of
n=2at |a;| = 0.04. The peak of n = 1 is seen at the
lower frequency (|o;| = 0.02) and the peak of n = 3
at the higher frequency (|o;| = 0.08) relative to that
of n = 2. Wavenumber 6 indicates the peak at |o;|
. =0.05. These peaks are qualitatively similar to ob-
served spectral peaks (Tanaka and Sun 1990).

The energy variables are summed for all meridional
indices and averaged for days 30-200. The results of
the energy and energy transformations are summarized
in Table 2 for n = 0-6. The eddy energy is largest at n
= 2 and second largest at # = 1. The higher wavenum-
bers contain less energy. The mean energy levels of the
results are comparable to those of the real atmosphere.
There are two major energy Sources, the topographic
energy source at 77 = 2 and the baroclinic energy source
at n = 6. The energy is then redistributed by the non-
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Fic. 4. Latitude-time cross sections of (a) zonal wind speed
{m s ') and (b) geopotential height amplitude of n = 1 (m) and
(cyn=2

linear interactions toward # = 0. As in observation, n
= | receives energy through the nonlinear interactions.
There is a main energy sink at # = 0 from the zonal
surface stress. Diffusion is rather evenly distributed over
the waves. The important role of the nonlinear triad
interactions is evident in energy transfer from the
source at 7 = 2 and 6 to the sink at n = 0. The transfer
is characterized as the upscale cascade from small-scale
motions to large-scale motions. Further improvement
of the model may be possible by adding more physics.
However, the fundamental energy flow seems to have
been expressed by this simplest combination of the
physical processes. Our simple model already has the
capability of producing realistic and persistent block-
ings. Therefore, it is meaningful to analyze the low-
frequency variability of planetary waves in the model
in conjunction with the blocking episode.

¢. Synoptic features of a blocking episode
Although there are a number of variations, blocking
may be defined as a high pressure system that persis-
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FIG. 5. Time-mean (days 30-200) encrgy spectra (J m™2) as func-
tions of the dimensionless eigenfrequency | a; | in (1) for wavenumbers
n = 1-6. The frequency in the abscissa represents the modal 3D scale
due to the intrinsic dispersion relation of normal modes.

tently blocks the subtropical jet. This definition is based
on its characteristic persistence ( the low-frequency na-
turc) and its characteristic structure of a high pressure
system (dipole or € structure). A more quantitative
definition is given as a large-scale persistent anomaly
(e.g., Dole 1986). These definitions do not include any
restriction for the intrinsic cause.

Figure 6 illustrates daily barotropic geopotential
fields during days 54-69. Illustrated is the period when
wavenumber | amplifies persistently, indicating a me-
ridional dipole structure (see Fig. 4). The barotropic
geopotential field roughly corresponds to the 500-mb
height field. The coastal line is drawn for reference in
the model results. During days 54-356. the blocking
system developed near 45°W, indicating a progression.
A stretched polar vortex began to split into two vortices
along 90°E and 90°W. Clearly wavenumber 2 ampli-
fied with its troughs along 90°E and 90°W. A dipole
blocking emerged with its high pressure center at 60°N,
45°W. The location corresponds to 45° downstream
of the major trough along 90°W. During days 57-60,
the dipole blocking entered its first mature stage. The
geopotential height near 60°N is 300 m higher than
surrounding area. The polar vortex developed along
90°W, then it migrated to 90°E through the North
Pole. During days 61-62, the high pressure cell decayed
and deformed as a cutoff low progressed over the East
Coast. During days 63-65, the blocking high entered
its second mature stage. The migrating cutoff low was
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blocked by the blocking high. The southern low, as-
sociated with the blocking, began to progress. During
days 66-67, this southern low ultimately evanesced.,
and the blocking indicated an intermission. During
days 68-69. the ridge developed again and the blocking
showed the third mature stage: this time it was the Q
blocking. A strong cutoff low progressed upstream of
the © blocking by which the blocking eventually dis-
appeared.

The results described above reasonably resemble
observed blocking evolution. A sharp transition from
zonal to meridional flow is clear at the upstream of the
blocking system. The persistency of the system is more
than two wecks. Our simple nonlinear barotropic
model seems to capture the essential mechanism of the
blocking system. We can conclude, at least, that the
blocking can be simulated using a barotropic model
with four physical processes of diffusion. topographic
forcing, baroclinic instability, and zonal surface stress.
It is interesting to observe not only the blocking but
the developing synoptic waves. For example. a weak
trough along 150°E on day 58 progressed and was de-
veloped by the parameterized baroclinic instability.

d. Energy budget during the blocking episode

The amplification of the meridional dipole structure
of n = 1 is found to be important for the development
of the large-scale dipole blocking. The blocking struc-
ture also requires the amplification of # = 2. We dem-
onstrated that a model run without topography fails
to simulate the large-scale blocking because the plan-
ctary waves were not amplified. Amplification of these
low-frequency planetary waves is necessary for blocking
formations. To analyze the cause of the amplification
of n = 1 and 2, an energy budget analysis is conducted
for low-frequency variations during the blocking pe-
riod.

If the long-term means of the energy variables in
Table 2 are subtracted from the energy equation (29),
we obtain an energy balance equation for transient
variations indicated by primes:

TABLL 2. Averaged energy variables for wavenumbers 7 = 0-6
during days 30-200. The symbols designate total energy I, nonlinear
interaction NL, . diffusion DF,. topographic forcing TF,, baroclinic
instability BI,,. and zonal surface stress ZS,,. The units are 10° J m~2
for encrgy and 107 W m™2 for encrgy transformations.

n E, NL, DF, TF, BI, ZS,

0 1136 258 ~11 —44 0 —-203
1 131 25 -28 0 11 0
2 204 -185 -54 207 32 0
3 76 4 -35 3 31 0
4 72 -9 -39 9 39 0
5 56 -15 ~-38 -2 58 0
6 50 -83 —48 -2 138 0
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FIG. 6. Daily geopotential fields during days 54-69 when a blocking occurred in the model atmosphere.
The contour interval is 100 m.

E;
% - NL; + DF; + TF, + BI} + ZS.

An integration with respect to time yields

(31)

! t
E,‘([)_E,‘(t()):f NL;dl+f DF; dt
19 I

T 4 !
+f TF:dt +f Bl}dt+f Z8;dt. (32)
1) o o

The equation shows that the transient energy increase
or decrease, E;({) — E;(1y), from a certain base time
to is caused by the integrals in the right-hand side of

(32). The integrals represent energy evolution expected
{from the transiency of individual dynamical and phys-
ical processes. The sum of the energy evolution for the
right-hand side of (32) must agree with E; (t) — E;(10).
Since the integral operator emphasizcs a low-frequency
transiency, we can analyze the low-frequency vari-
ability of energy field from the comparison of computed
energy evolution.

The results of the energy budget of low-frequency
variations during the blocking period are illustrated in
Fig. 7. The base time was chosen at day 40. The time
evolution of solid lines are the same as in Fig. 3, except
for a shift by E;(f,). The results show that the ampli-
fication of n = 1 is caused by nonlinear wave-wave
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mteractions NL;. The low-frequency variation of # = |
is almost completely explained by NL;, and other
physical processes show secondary importance. The
energy variation for # = 2 is caused by two competing
processes of topographic forcing TF; and the nonlinear
scattering NL;. During the amplification of n = 1,
wavenumber 2 draws energy from topographic forcing
and feeds the energy for other waves through the non-
linear interactions. It is enticing to support the topo-
graphic origin for the amplification of wavenumber 1.
Contrasted with the smooth variation of TF;. NL;
contains both the high- and low-frequency variability.
The low-frequency part cancels out and only the high-
frequency part appears in energy variation. The zonal

motion receives the largest part of the nonlinear inter-
actions (see Table 2). Yet. the transiency in #n = 0 is
considerably small relative to the large energy level and
steady energy transformations. This result is consistent
with observations.

The important problem is to show from where the
energy of n = 1 is transformed. Every triad wave-wave
interaction must satisfy a wavenumber rule # = n’ + »”.
For n = 1 the triad interactions (1. n’, n") can be clas-
sified in three types: downscale self-interactions with 7
= 0. that is, (1, 0. 1); upscale self-interactions with n
= 2, thatis, (1, —1, 2); and the rest of upscale triad
interactions of (1, -2, 3), (1, —3, 4), (1, —4, 5), and
(1. =5. 6). Any upscale interaction toward smaller
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FI1G. 6. (Continned)

wavenumber involves 4 triad combination with a neg-
ative wavenumber. The negative wavenumber appears
as a complex conjugate term in Eq. (11), and its math-
cmatical role in the system is quite different from that
of a positive wavenumber (see Tanaka and Kung
1989). The nonlinear wave-wave interactions of n = 1
in Fig. 7 are further divided in contributions from these
three types of interactions (see Fig. 8). The chain-dot
line (1, 0, 1) describes zonal-wave interactions of or-
dinary barotropic conversion. The result indicates
negative values, that is. an enhanced acceleration of
the zonal jet. The dashed line (1, —1, 2) describes the
interaction with # = 2 where the topographic forcing
exists. The result shows an increased energy supply at

the end of the blocking episode. The dotted line de-
scribes the energy supply from synoptic disturbances
of n = 3-6. There is an increased energy supply at the
beginning and mature stages of the blocking episode.
The solid line describes the sum of these three lines
(see also Fig. 7). The results show that the important
energy supply into # = | through the wave-wave in-
teractions comes from synoptic disturbances. Robinson
(1985) discussed a growth of » = | as an expense of
cnergy of n = 2 as well as n = 0. Although the result
in Fig. 7 exhibits wave 1-wave 2 vacillation, we find
from Fig. 8 that the energy supply from topographic
forcing appears to be of secondary importance for the
blocking in the model.
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FiG. 6. ( Continued)

4. Concluding summary

We have attempted in this study to simulate the am-
plifications of low-frequency planetary waves and con-
current blocking formations as realistically as possible,
using a fully nonlinear numerical model that is as sim-
ple as possible. We have shown that a simple barotropic
model with four physical processes (biharmonic dif-
fusion, topographic forcing, baroclinic instability, and
zonal surface stress) is sufficient to simulate a realistic
and persistent dipole blocking, although these processes
may not be the necessary conditions. The basic struc-
ture of the large-scale blocking is explained by a su-
perposition of a meridional dipole structure of wave-

number | and a monopole structure of wavenumber
2. The problem in large-scale blocking is then focused
on why these planetary waves are amplified.

There are two major energy sources in the model
atmosphere: topographic forcing at wavenumber 2 and
baroclinic instability in synoptic waves. These energy
supplies in the system are transferred to other waves
by the nonlinear wave-wave interactions. In this model
the important amplification of low-frequency wave-
number | is caused by the nonlinear wave-wave in-
teractions. A further analysis shows that the dipole-
mode energy is transformed from synoptic disturbances
originated by the parameterized baroclinic instability.
The energy supply from topographic forcing at wave-
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FiG. 7. Time evolutions of total energy, E,(¢) — E,(to), (thick
solid lines), starting from a base time 7, at day 40. The energy evo-
lution is decomposed in transient contributions from nonlinear in-
teractions (dashed lines), diffusion (dotted lines), topographic forcing
{chain-dot lines), and baroclinic instability (thin solid lines) for
wavenumbers 1 = (-2, The thin solid line for n = 0 represents zonal
surface stress rather than the baroclinic instability, Units are 10° J
m~2. Refer to (32) in the text for the details of the energy balance.

number 2 appears to be less important for the onset.
However, we demonstrated that a model run without
topography fails to simulate large-scale blocking be-
cause the planetary waves were not amplified. In this
case, the synoptic-wave energy is transformed directly
to the zonal flow. This implies that the triad interactions
without topography are highly random except for the
zonal-wave interactions, since the waves are excited by
a linear process that operates individual waves. The
result confirms that the large-scale, persistent zonal
asymmetry is essential for a blocking formation (e.g.,
Kikuchi 1969; Malanotte-Rizzoli and Malguzzi 1987).
Synoptic disturbances contribute to the amplification
of wavenumber 1 and to the sharp transition from zonal
to meridional flows only when the quasi-stationary
planetary waves already exist. In this study, we showed
that the persistent wavenumber 2 plays a catalytic role
in drawing synoptic wave energy and feeding wave-
number 1.

This study demonstrated that excitations of_both
quasi-stationary planetary waves and synoptic distur-

MONTHLY WEATHER REVIEW

VOLUME 119

n=1

6.0

Energy Difference

_2_“ | Il
40 50 60 70 80
Day
n=

4.0
o 20F
1)
E
@
B
o
=
o oo
=
=]
A
o i ;
[ Qo " |
w & 3 s

2.0 | :

-4.0 :

40 50 80 70 20

Day

bances permit blocking formations in the model. The
topographic forcing in amplifying wavenumber 2 is,
however, not the main energy source for the blocking
system in the model. The results of our numerical sim-
ulation are summarized as follows:

(i) wavenumber 2 is amplified by the prescribed to-
pographic forcing;

(ii) synoptic disturbances are excited by parame-
terized baroclinic instability;

(iii)} under the quasi-stationary wavenumber 2, a
meridional dipole mode of wavenumber 1 is amplified
by the upscale energy cascade from synoptic distur-
bances;

(iv) basic futures of the blocking are created by the
superposition of amplified wavenumbers 1 and 2, and
the synoptic disturbances contribute to the sharp dif-
fluent structure of the zonal jet.

It is discussed that the excitation mechanism of
blocking is not unique. Instability of zonally varying
basic state, transient forcing of a low-frequency com-
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FiG. 8. Time evolutions of nonlincar interactions for n = 1 in Fig.

7, divided in contributions from downscale self-interactions with n
=, that 1s, (1. 0. 1) for chain-dot line; upscale self-interactions with
n =2 thatis, (1, —1, 2) for dashed line: and the rest of upscale triad
interactions of (1. =2, 3). (1, =3, 4), (1. —4. 5), and (1, -5, 6) for
dotted linc. The solid line describes the sum of these three lines.
Units are 10° ] m™2.

ponent, and direct topographic forcing are possible
mechanisms. Among those, the vorticity forcing
mechanism for dipole blocking by transient distur-
bances is supported by many recent studies (Shutts
1983; Hains and Marshall 1987: Vautard and Legras
1988: Hansen and Chen 1982; Holopainen and For-
tclius 1987). The present study demonstrates the same
mechanisms based on a primitive equation model on
a sphere with an emphasis that steady planetary waves
play a catalytic role in this process. Observational anal-
yses, however, indicate considerable baroclinic con-
versions related to blocking formations and low-fre-
quency variability (Shilling 1986; Sheng and Hayashi
1990; Dole and Black 1990). A recent study by Dole
and Black ( 1990) suggests the importance of large-scale
instability for three-dimensional climatological states
(see Frederiksen 1982: Malanotte-Rizzoli and Malguzzi
1987). Further studies are necessary to show the rel-
ative importance of the transient forcing mechanism,
the three-dimensional instability theory, and the direct
topographic forcing for better understanding of the low-
frequency variability.
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APPENDIX
A Life Cycle of Nonlinear Baroclinic Waves

Simmons and Hoskins (1978) conducted a numer-
ical simulation of a life cycle of nonlinear baroclinic
waves. According to their simulations, an initial per-
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turbation superimposed on a zonal field grows expo-
nentially by baroclinic instability drawing zonal avail-
able potential energy. The amplified baroclinic waves
start to transfer the energy back to the zonal kinetic
energy by the barotropic conversion. The nonlinear
baroclinic waves appear to accelerate the zonal jet at
the end of their life cycle.

In the present study. the life-cycle experiment is
demonstrated for the Simmons and Hoskins 45° jet
with nitial perturbations of #n = 6 by integrating the
three-dimensional spectral model of (11). A sole phys-
ics of the biharmonic diffusion similar to (17) is used
in the simulation. Figure Al illustrates the results of
energy evolution and corresponding energy transfor-
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FiG. Al. (a) Time variation of eddy baroclinic energy (dashed
line). eddy barotropic energy (dotted line). and zonal barotropic
encrgy (solid line with the right ordinate) for wavenumber 6 distur-
bances. Units are in 10*J m™?. The eddy barotropic energy is projected
onto the most unstable mode (circles) according to (24 ). The fastest-
growing Charncy mode is stabilized and is replaced by other most
unstable mode (triangles) for days 4.5-6.5. The circles are the second
unstable modes during this period. (b) Time variation of various
energy transformations associated with the energy variations. The
dashed line is for a transformation from zonal baroclinic to eddy
baroclinic energics. the dotted line is from eddy baroclinic to cddy
barotropic energies. and the solid line is from zonal barotropic 1o
eddy barotropic energics. Units are in watls per square meter (W
m™2). Parameterized energy transformations from eddy baroclinic
to eddy barotropic energies according to (26 ) are plotted with circles
and triangles. The triangles for days 4.5-6.5 are the most unstable
modes. and the circles are the second unstable modes during this
period.
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mations in the framework of baroclinic-barotropic de-
composition of atmospheric energy (see Tanaka and
Kung 1989). The energy transformations from the
zonal baroclinic to eddy barotropic components in their
Fig. 8 are rearranged in this study so that the transfor-
mations pass through the eddy baroclinic components.
Similarly, the transformations from the zonal barotro-
pic to eddy baroclinic components are rearranged so
that they pass through the eddy barotropic components.

The initial perturbations of # = 6 grow exponentially
drawing zonal baroclinic energy. This early evolution
is reasonably described by linear baroclinic instability
of the 45° jet. Both the baroclinic energy (dashed line)
and barotropic energy (dotted line) of n = 6 increase
simultaneously since the unstable mode maintains its
consistent structure to grow. The energy flow is char-
acterized as from zonal baroclinic energy via cddy
baroclinic energy and eddy barotropic energy. These
energy transformations are also synchronized, since
they are proportional to the eddy energy levels in the
linear framework. When the waves reach finite ampli-
tude, the barotropic conversion {sohid hne) incrcases,
transferring the eddy barotropic energy toward zonal
barotropic energy. As a result, zonal barotropic energy
increases when the waves decay. It is shown that the
zonal jet is accelerated so that the structure becomes
more barotropic. The results are consistent with pre-
vious studies (e.g., Hoskins 1983).

The important process in baroclinic instability is the
eddy heat flux due to the downscale zonal-wave inter-
action and baroclinic conversion. The early stage of
this baroclinic conversion 1s fundamentally a linear
process. In contrast, the upscale zonal-wave interaction
of the barotropic conversion is essentially a nonlinear
process. We find that the important baroclinic-baro-
tropic interactions (dotted line of Fig. A lb) are coupled
with baroclinic instability rather than the barotropic
conversion. The applicability of the parameterization
at the finite amplitude is examined here.

The orthogonal projection in (24) (circles in Fig.
Ala) accounts for the major part of the eddy barotropic
energy during the early stage, indicating the dominant
linear process. Since the baroclinic-barotropic inter-
action attains its maximum at day 4 and decreases later
(dotted line in Fig. A1b), the parameterization should
deviate from the exponential energy growth to reduce
the energy conversion. At day 4, the orthogonal pro-
jection decreases substantially, while the barotropic
energy keeps increasing. The resulting reduction in the
energy conversion is consistent with the nonlinear
model results. As the zonal field varies by the activities
of the unstable waves, the fast-growing Charney mode
(circles) is stabilized and is replaced by the other un-
stable mode (triangles). In Fig. Alb, the encrgy supply
due to the parameterized baroclinic instability (circles
and triangles) agrees reasonably well with the model
result even at the mature stage. Hence, the parameter-
ization of baroclinic instability in sections 2-4 may be
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justified as the first approximation of the baroclinic-
barotropic interactions. The parameterization tends to
overestimate the energy supply at the finite amplitudes
and is poor when the most unstable mode changes.
However, in the observed atmosphere under the con-
tinuous differential heating, thc Charney mode is the
dominant mode most of the time.
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