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ABSTRACT

Anomaly models based on a spectral general circulation model (GCM) are formulated and applied to a study
of low-frequency atmospheric variability in the extratropics, and long-range forecasting research. A steady linear
version of the anomaly model is treated by a matrix method. This model consists of nine vertical levels, 15
wave rhomboidal truncation, primitive equation system, and a fixed basic state, which is three-dimensionally
variable. The matrix to be handled is extremely large, but can be solved using Krylov’s technique. The solutions
represent various teleconnection patterns known in the observed atmosphere. The sensitivity of the response
of this anomaly model to zonal variability of the temporally fixed basic fields and to the geographical position
of tropical heatings is investigated. The solutions of the steady linear anomaly model are compared with those
of the original GCM, revealing that there are a few similarities among the solutions, but considerable discrepancies
are also evident. A time-dependent nonlinear anomaly model is applied to further investigate the discrepancy.
It appears that transient eddies are crucial for explaining the disagreement, although the study with the time-
dependent anomaly model is preliminary.

A noteworthy aspect of the overall approach is that the anomaly models are derived, with only small mod-
ifications, from the full GCM, and therefore, their relationship can be readily investigated. It is concluded that
the steady linear model may be used as a diagnostic tool for investigating the characteristics of the full GCM
and the dynamics of a particular state of the atmosphere. However, caution is needed when there is a significant
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role played by transient eddies, and in the treatment of tropical Rayleigh friction.

1. Introduction

The Long-Range Numerical Weather Forecasting
Group in Beijing, China (1977, 1979) and Chao et al.
(1982) proposed an atmospheric-oceanic model that
treats anomaly components, forced by the effect of SST
(sea surface temperature). The equation for SST is
solved numerically by integrating in time, whereas the
equations for the atmospheric anomalies are assumed
to be stationary. This model was applied to real cases
and a number of monthly and seasonal forecasts were
performed with some skill (see Chao et al. 1982; Mi-
yakoda and Chao 1982). Opsteegh and Van den Dool
(1980) also used a model that is based on a similar
concept. Their model treats the departure from zonal
mean instead of the anomaly from the zonally asym-
metric climatology.

Originally the anomaly model was considered to be
advantageous in avoiding two difficulties which are in-
volved with the conventional time-dependent GCM,
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i.e., systematic error (climate drift) and complexities
due to the nonlinearities. Hollingsworth et al. (1980),
in a study of 10-day forecasts, showed that a large por-
tion of error is contained in the planetary scale waves.
Miyakoda et al. (1986) has concluded that a reasonable
monthly forecast is possible only by eliminating a con-
siderable amount of climate drift for the particular
GCM. With respect to the anomaly model, observed
information can be utilized for the basic state, thereby
unburdening the forecast from carrying along the evo-
lution of the basic climatic component. Besides, in the
usual GCM it is extremely complicated to identify a
clear-cut cause-and-effect relationship between external
forcings or internal dynamics and the resulting solu-
tions. With regard to the anomaly model, one can find
straightforwardly the cause for a particular anomaly
pattern by investigating anomalous boundary forcings,
such as the soil moisture, the SST, or the anomalous
atmospheric basic state. The steady linear (SL) anomaly
model provides a precise single solution for the specified
forcing or for the prescribed basic state.

However, a question is to what extent the solutions
of the SL model have practical value, or to what extent
they are associated with those of the nonlinear full
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GCM. Cubasch (1985) has recently published a pro-
vocative article, casting serious doubt on the capability
of simple models to explain a number of atmospheric
processes, including the teleconnection effect. It is true
that the behavior of midlatitude atmospheric circula-
tion is extremely complicated and that the variability
even in the time averaged form is too subtle to be pre-
dicted accurately. We believe, however, that the step-
wise relaxation of constraints from a simple model to
a complex model is a good strategy for illuminating
the complex mechanism (Hoskins 1983), and that the
SL anomaly model constitutes an intermediate level
of complexity.

Recently Geisler et al. (1985) have pointed out that
the teleconnection patterns as revealed by their GCM
are different from those of linear models. The GCM
solutions are insensitive to the longitudinal positioning
of the tropical thermal forcing, so far as remote re-
sponses are concerned. The postulated reason is that
the midlatitude jet streams induce a secondary and yet
dominant energy source for Rossby wavetrains asso-
ciated with a kind of instability. This instability which
was originally termed ‘“normal mode instability” by
Simmons et al. (1983) is related to the presence of a
two-dimensionally-varying basic flow in a barotropic
atmosphere. We will hereafter refer to the resulting dis-
turbance as the SWB disturbance (Simmons-Wallace—
Branstator) (Pierrehumbert, personal communication).

The SL anomaly model in this paper contains the
SWB disturbance in a more generalized form, which
includes baroclinic effects as well as the lateral wind
shear of the basic flow. The combined baroclinic-
barotropic instability was extensively investigated by
Frederiksen (1982, 1983). -

One of the thrusts in this paper is that anomaly
models can be derived, without extensive changes to
the conventional GCM. In other words, the anomaly
GCM and the full GCM are closely linked, and there-
fore, this simple model may be useful as a diagnostic
tool for the full GCM’s simulation. The SL anomaly
model, however, sometimes shows a considerable dis-
crepancy from the full GCM, especially for the extra-
tropical solution. It appears that, in addmon to the
SWAB stationary distrubance, the transient ‘eddies may
play a significant role in forming teleconnection wave-
trains. This issue will be addressed by use of a time-
dependent nonlingar anomaly model.

2. Formulation of the anomaly model

The spectral “transform” model used here is based
on the GCM of Gordon and Stern (1982). The relevant
equations in the present discussion are: tendencies of
vorticity, {; divergence, D; temperature, T, and surface
pressure, p;; as well as the hydrostatic equatlon For
the sake of discussion, the equation for the mixing ratio
of water vapor, g, will be mentioned here, but it will
not be used for the anomaly model in this paper.
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a. Basic equations

Using a sigma (¢ = p/p;) vertical coordinate, and
horizontal coordinates of the longitude, A, and latitude,
¢, the set of equations is written as

Vorticity:
a¢
5——V ‘kXs+k- V><F2 (2.1)
Divergence:
oD 2 vy :
o1 =V-s V(¢+T)+V°F2, 2.2)
where
. gv
=—(+fkXv— i RTVP (2.3)
P = Inp; 2.4)
Temperature:
T T
T v T)+TD+R 25 éz+Q+F3
ar ¢ D do ¢
2.5)
Moisture:
dq 9 O
—=-V. — — == .
3 (vq)+qD "a T tF (26)
Surface pressure:
1 1
Q}—) = —(f vda) VP — f Dds 2.7)
ot 0 0
Hydrostatic relation:
2(2 = — & (28)
Ao o .

where f = 2Q sing is the Coriolis parameter; v is the
horizontal wind vector; ¢ is the vertical sigma velocity;
w 1s the vertical pressure velocity; ¢ is the geopotential
height; R is the gas constant; ¢, is the specific heat ca-
pacity at constant pressure; L is the latent heat of con-
densation; and T, is the virtual temperature. Here, Q

. is a diabatic heating function, and is written as (Yanai

et al. 1973)
Q=0+ 0r (2.9)

where Qr is the radiational heating; Q, is the “apparent
heat source” due to the condensation; and Q, is the
‘“apparent moisture source”. In (2.2) F, is the eddy
viscosity vector, and F; and F, are the eddy thermal
and moisture diffusion, respectively. All F terms in-
clude both horizontal and vertical diffusion.

b. Anomaly equations

All variables are now divided into two components,
i.e., the climatological norm ( ). and the deviation or
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the anomaly (). The climatological norm is defined
by arithmetic average of a variable over the whole sam-
ple. The norm is expressed by

( )=EC ), (2.10)

where E denotes the ensemble mean. Using this no-
tation, any variable is written as

§=8+¢ (2.11)
F=F +F, (2.12)

Inserting the split variables in Eq. (2.1), for example,
and taking the ensemble mean of the equation, we have

etc.

%i;=—V-kXSc+k-V><(F2)c+Re(§‘C) (2.13)
where
. dV,
Sc=—(.+f )k XV.— g, e R(T,).VGP.. (2.14)

This is the equation for the climate part of vorticity.
Subtraction of Eq. (2.13) from Eq. (2.1) leads to the
equation for the anomaly part of vorticity, i.e.,

a !
6_i =-V.kXS*+K:-VXF5—Re{") (2.15)
where
S* = —(L+RXV =k Xv.— {kXV
. av’ -1 avc >t avlc ’
ROk Fyatd % R(T,). VP
— R(T,y VP — R(T,YVP. 2.16)

These equations (2.13) and (2.15) include the term,
Re, i.e., the second order correlation of the anomalies
in the ensemble mean:

Re = —E(V -k X S*)
= Re({e)
= Re({). (2.17)

The Reynolds term, Re(-), enters both the equation
for the climate (2.13) and the anomaly (2.15) but with
opposite signs. This symmetry is generated by the en-
semble-mean splitting (2.11) or (2.12) when it is applied
to the nonlinear terms. The Reynolds terms represent
the interaction between the climate basic state and the
anomaly component. Similar manipulations of Eq.
(2.1)-(2.7) lead to the complete set of ““Anomaly equa-
tions”, for instance

oD’

= - + V.F, — Re(D') (2.18)
T o . ' ’
e + . + F3; —Re(T").  (2.19)

The other equations are not written here.
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In this system the equations of the climatological
variables are not used, but the climatological norms
are assumed to be known. They are fixed in time or
are forced to vary slowly. This is a key aspect of the
anomaly model. Another unique point is that the
terms, Re, are involved in the equations. These terms
are referred to in this paper as the Reynolds term, in
analogy to the Reynolds stress terms that arise in tur-
bulence theory.

¢. Lower boundary conditions

The terms F,, F3 and F, in Egs. (2.1)-(2.6) represent
the divergences of subgrid-scale eddy fluxes, which are
required in spatially discretized or spectrally truncated
models. These terms are divided into the horizontal
and the vertical parts.

At the earth’s surface, the turbulent fluxes are as-
sumed to be governed by bulk aerodynamic drag laws,
ie.,

70 = —pCplv]v (2.20)
Hy/C, = —pCp | v|[8(2) — 6(z0)] (2.21)
Eo = —pCpBlvlg(2) — gl TS)] (2.22)

where Cp is the drag coefficient; 8 the availability of
soil (or sea) moistures; g.(7T;) the saturation value of
g at the surface temperature T; z a level close to the
earth’s surface; and z, the roughness height.

There are nine vertical levels in the model atmo-
sphere. Some of the variables such as {, D and T are
specified at k = 1, 2+ - -9, and the vertical velocity o
is specified at k = 2, 1'%, + + + 9%, where k is the index
for the vertical levels, and the earth’s surface corre-
sponds to k = 9%,

In the horizontal directions, all variables are ex-
pressed in terms of spherical harmonic functions as

§ $n

D M m+s | D"

T (= 2 2 [T Yum(® )N (2.23)
P m=—M n=|m| an )

q a."

where Y, ,, is the spherical function defined by
Yn,m = n,m(d’)eim)\s

P, ., is the Legendre function for planetary wavenum-
ber n and zonal wavenumber m and M, J are the order
of truncation. In practice, we use rhomboidal trunca-
tion, i.e., M = J; R15, for example, denotes rhomboidal
truncation at the zonal wavenumber 15, i.e., M = 15.
The anomaly equations can be treated using the same
spectral transform technique used for the full GCM.
In fact, simple, “surgical”, changes can be made to the
GCM code in order to transform it into an anomaly
model.

(2.24)
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3. Design of models

A four-model hierarchy is considered by combining
three aspects of models’ features, i.e., the total com-
ponent versus the anomaly component, the time-
dependent nonlinear (TN) versus the steady linear (SL)
versions, and finally the inclusion or exclusion of
moisture. Thus the models are: (i) the original total
model; (ii) the simplified total model, in which the
equations of moisture are not included, but the external
parameters, Q' and T are prescribed; (iii) the TN
anomaly model; and (iv) the SL anomaly model. Heat-
ing functions are prescribed in the last three models.
In this paper, our focus is on the SL anomaly model.
Yet the comparison of four models may be useful in
elucidating the character of the SL model.

The model proposed by a group of Chinese Long-
range Forecasting (1977) corresponds to the SL anom-
aly model, though they included nonlinear terms. The
Chinese Group (1977) and Monin (1972) advocated
that the assumption of steadiness serves to filter out
the short-term synoptic processes from the solutions.
This statement comes from the notion that the objec-
tive of the anomaly model is to obtain the long wave
or the planetary wave due to anomalous forcing, and
that the transient components may not affect the de-
termination of these long waves. A question is whether
this hypothesis is valid and whether the SL anomaly
model is sufficient to meet the requirements for long-
range forecasts. Thus one objective of this paper is to
investigate the validity of the SL model as a diagnostic
tool.

a. Original (full) total model

The full R15 GCM (Gordon and Stern 1982) is the
original total model. A set of “control runs” is per-
formed using this model and from this data set the
basic fields, i.e., the climatological norms and Reynolds
terms, are derived.

b. Simplified total model

A simplification is made by the omission of moisture.
Namely, the equations of moisture are not used, and
instead, the external forcings, Q and vH, are specified
Jrom the data of the original total GCM.

In principle, all variables, and Q and yH,, should
be prepared continuously in time, but in practice, they
were stored at 3 hour intervals. If everything is exactly
the same, the solutions of the simplified model should
agree with those of the control runs, i.e., the original
total GCM. In this respect, the omission of moisture
should not affect the final results, however, the interval
at which forcings are saved and the computational
method could cause discrepancies.

Several different formulations of the simplified
model were tried to find the best trade-off between
manageability of calculations and reproducibility of the
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full GCM solution. It was found that forcing the model
with deep convective heating and surface fluxes every
3 hours yielded a reasonable similarity with the total
GCM. Better results were possible, however, by pre-
scribing the surface temperature rather than the heat
flux. The final version of the simple total model was
forced by convective heating and by prescribed surface
temperature at 3 hour intervals. The bulk formulas
(2.20)~(2.21) were then used to obtain the momentum
and heat fluxes.

¢. TN anomaly model

From Egs. (2.15)-(2.19), the TN anomaly model
may be rewritten in the following way.

% =-V.-kXS*+k:VXF,—Re({") (3.1)
T’ Ty
— I —Vo 4  — M —
” (vTY + (TDy (a 60)
R ’ ’
+—(Twy —F3—Re(T)+=. (3.2)
Cpep Cp

The equations for divergence, surface pressure and the
hydrostatic relation are not written here.

For the basic fields, the climatological variables de-
rived in the original -or the simplified total GCM are
used. The climatological norms are T, V¢, ., Q. etc.,
as functions of A, ¢ and ¢: The external parameters,
@', and T are also specified.

The spherical harmonic representation is applied to

'the anomaly GCM. The right-hand side of these equa-

tions consists of several terms. However, these terms
are very similar to each other in their mathematical
forms, and therefore, from the coding standpoint, the
same harmonic calculation routine is applied to them
repeatedly. '

d SL qnomaly model

This model is derived from the TN amomaly model
by eliminating the nonlinear terms, the Reynolds
terms, and supressing the time-derivative terms.

In the stationary model the parameterization of
fluxes of momentum and heat is not included. The
surface drag is usually represented by a Rayleigh dis-
sipation term; Newtonian cooling is also customarily
added to represent a radiational effect. However, these
dissipation terms seem to play an important role in
mimicking the overall effect of neglected nonlinear
terms in the SL model. They provide a crude param-
eterization of the transient term that is not used in this
model. Large dissipations have also been introduced
in zonally asymmetric models to account for a proper
treatment of critical lines (Nigam et al. 1986). Since
the anomaly model is zonally asymmetric a critical
line can become a critical surface and the equations
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are probably singular close to V = 0. It is important
to realize that both u and v are zero at the critical sur-
face. In the real atmosphere this is a relatively rare
event and it is doubtful that continuous critical surfaces
exist. The presence of other terms in the basic state
like the mean state divergence and vertical velocity
might also alter the balance, reducing the role of critical
lines or surfaces. A number of different formulations
of dissipation inspired by previous experience with
zonally symmetric models are used in the following to
explore the characteristic behavior of the asymmetric
model with respect to the dissipation formulation.

4. Numerical calculation of SL model

The spectral linearized equations of (3.1)-(3.2) are
symbolically written as

dx

7 +Ax=F
where the vector x represents the unknowns as {’, D’,
T’ and P'; F represents the external forcings (i.e, Q'
and v - T%); and the matrix A consists of the basic cli-
matological variables V., a., ¢, D, T, ¢., g. and P..
The orographic effect is implicitly included in P,.

4.1)

a. Matrix A

As has been demonstrated by Hoskins and Karoly
(1981), among others, the solutions of {’, etc. are wave-
like, reflecting teleconnection patterns (Horel and
Wallace 1981; van Loon and Rogers 1981). This im-
plies that the relaxation method does not work for
solving this equation, but that the direct method using
matrix inversion is required. Hoskins and Karoly
. (1981) showed that in order to calculate A, the tendency
equations (4.1) are used. Namely, setting F = 0, we
have

dax
EZ‘- —-A-x

* Xg* * -xy). Therefore, if one

4.2)

where x = (x;, - -
chooses a vector,

e =(0,0--+0,1,0 - ),

where e, is the kth-column of the N-diménsional iden-
tity matrix, then .

a; _

dt
This means that the kth column of A is equal to the
tendency vector —dx; /dt. In this way, all elements of
A are calculated. After obtaining A, Eq. (4.2) is ready

to be solved by multiplying the vector F by the inverse
of A. -

for j=1,..- L. 4.3)

~Aj

b. Solving the matrix

Linear models have been considered by a number
of investigators, among others, Grose and Hoskins
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(1979), Held et al. (1983) and Nigam (1983). But the
approach in this paper differs from previous investi-
gations in treating deviations from the nonzonal mean
basic state. Note, however, that nonzonal symmetry
was already treated by Simmons et al. (1983) and
Branstator (1983) for the barotropic model, and by
Frederiksen (1979, 1982) for the 2-level baroclinic
quasi-geostrophic model. The model described here
handles the dynamical processes of the standing eddies
superposed on the fixed basic planetary waves within
the framework of 9-level primitive equations. In this
system, a zonally symmetric critical line would not be
a problem at all. There are always “westerly ducts” in
the model atmosphere of the longitudinally-dependent
basic state (Webster and Holton 1982).

In this general treatment, however, a notoriously
formidable problem occurs; the matrix to be inverted
is extremely large. The basic fields are functions of A,
¢ and o, and the spatial resolution is R15 and nine
vertical levels (R15L9). Thus the vector x, for example,
contains a large number of degree of freedom. The
vector X is written as

x = (T, O, (DO,
(T, (01, (DO -

(T, (£%s, (Do, (PO), - --
(ReTll)la (Refll)l, (Re(iDll))l: v

(AmT "), Am$y ')y, AM@ED),, 0] (4.4)

where Re and Im are the real and imaginary parts,
respectively, and ({,")s, for example, is the coefficient
of order n and degree m at the vertical level 9. The
total length of the vector is: L = (2J + 1)(J + 1)(3k
+ 1) — (2J + 1) (see Navarra 1987). For a barotropic
model (R15L1, J = 15, k = 1), L is 496; and for the
nine vertical level baroclinic model (R15L9) L is
13 869. In the case of the zonally symmetric basic fields,
the matrix A is block-diagonal, and the probiem can
then be split into inverting J + 1 submatrices, whereas,
in the case of the zonally asymmetric basic fields, the
full matrix has to be inverted simultaneously.

Thus the matrix contains a large number of com-
ponents, and their distribution inside the matrix is
dense without any special symmetry. In such a case,
direct methods such as Gaussian elimination are not
applicable. Navarra (1985, 1987) showed that a method
using a Krylov subspace is effective for solving this
problem numerically. The method (Saad 1981) is an
iterative technique that uses a Galerkin condition to
project the original problem on a smaller subspace.
The Krylov subspace provides a much smaller matrix
(L = 1000, for example) than the original one (L
= 13 869), and the smaller matrix is inverted at each
iteration.
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5. Characteristic of SL model solutions
a. Lateral friction

For the terms of lateral diffusion represented by F}
and F} in Egs. (3.1) and (3.2), three forms of friction/
diffusion are employed. These forms are the bihar-
monic diffusion, Rayleigh damping for momentum,
and Newtonian cooling for heat, i.e.,

Fb = K,V% — e,V (5.1)
Yy = K, VAT — ¢, T". (5.2)

In the linear system, it appears crucial to incorporate
adequate Rayleigh damping e, in the tropics, for the
purpose of simulating the neglected nonlinearities. The
discussions on friction formulation and the sensitivity
of the results to the Rayleigh friction have been given
by Simmons (1982), Nigam et al. (1986) and others.
In fact, our study indicates that the model’s solution
is, to some extent, sensitive to the tropical specification
of e,,.

In the subsequent discussions, we will use three kinds
of lateral frictions.

b. Friction A

The Rayleigh damping described herein was devel-
oped by Nigam et al. (1986); they applied this for-
mulation successfully to the reproduction of the GCM
simulation.

em = max(ey, €) (5.3)

v \2]-!
€ = {1.5 exp[(a. cos¢) H day™! (5.4)

_[(02/(c — 0.8) day™!, 08<o <10
*~11000" day™, s <08

where

(5.5)

o being the vertical coordinate, and u the zonal mean
of zonal wind in m s™. This Rayleigh friction is strong
(1 ~ 3 day) in tropics, as well as near the surface, but
weak (>100 day) in the middle latitudes. On the other
hand, Newtonian cooling is

»(5.6)

€p = 0.
The biharmonic diffusion coefficients are
Kn=K,=50X%X10"%m*s™". (5.7)

¢. Friction B

This Rayleigh friction is a simplified version of fric-
tion A. For 25°N > ¢ = 25°S and all vertical levels

em = (1 day)™. (5.8)

For the extratropics, i.e., ¢ = 25°N or 25°S = ¢.
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[ [60 — 59/8(k — 1)}~ day™!,
for k=1,2+++6

em(k) = < 37'day™!, k=7 (5.9)
27'day™!, k=38
lday!, k=09,
k being the inde); of vertical level.
For all ¢ and, for any & )
ex(k) = [10 — 5/8(k — ]' day™ = (5.10)
K,=K,=50X10"°m*s™". - (5.11)
d. Friction C
For all latitudes
[ (60 — 59/8(k — 1)]* day™,
D k=1,2,---6
emk) = en(k)= § 37'day™!, k=7
27'day™, k=38
(lday”!, k=9
(5.12)
K, =K,=150X 10" m*s™!, (5.13)

The values for K, and K}, in the original GCM or
the simplified total model, are 1.0 X 10'*m*s™!, which
corresponds to a decay rate of (150 day)™ for planetary
wavenumber 10. Friction A and C use 5 and 15 times
larger values. The magnitude of K, and K, does not
seriously affect the resulting flow pattern but they in-
fluence the convergence rate appreciably. Friction A
represents weakest damping; and Friction C the stron-
gest damping.

e. Example

Figures 2 and 3 display preliminary results of the
anomaly model from a January 1983 case using a re-
duced resolution model. A particular heating function
Q' in Fig. 1 is similar to the one used in theoretical
studies of Webster (1972), Gill (1980), and Lim and
Chang (1983), but it is slightly different; the positive
as well as negative values are juxtaposed. When a pos-
itive SST anomaly emerges at a certain location in the
equatorial zone, a negative SST anomaly often appears
next to the region (see Keshavamurti 1982; Shukla and
Wallace 1983). In this case, the node of this heating
dipole is located at the dateline. The vertical distri-
bution is sinusoidal with zero at the bottom and the
top of the model atmosphere. It, therefore, represents
internal heating in the definition of Lim and Chang
(1983). The maximum is at ¢ = 0.5, and its value is
10.0 mm d~! in units of rainfall rate. This value was
suggested by Arkin (1984); 14.0 mm d™! is the maxi-
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mum rate of rainfall derived from the anomaly of the
outgoing longwave radiation, i.e., —80 W m™2 in the
case of January 1983. This value is one of the largest
realistic monthly mean precipitation rates one can ex-

pect.
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FIG. 1. Dipole heating Q'. The maximum corresponds to 10 mm d~! in units of rainfall rate.
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FIG. 2. Anomaly streamfunction, &, obtained by the SL model with the dipole heating in Fig. 1, the

node of which is at the dateline and the equator. Negative values are stippled. Contour interval is 1 X 10%
2 -1 :
m?s7!,

Jan 1983 OBS 12 200mb
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FIG. 3. Observed distribution of anomaly streamfunction for 10-30 January 1983.
Negative values are stippled. Contour interval is 5 X 10° m? 5.
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Applying this anomaly heating, Q', the SL model at
R7L9 resolution (low résolution is used only in Fig.
2) with Friction C was solved with the climatological
basic fields (zonally varying). Figure 2 is the anomaly

streamfunctions from the SL model, and Fig. 3 is the
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observed map for January 1983, the anomaly stream-
function &y being defined by V8¢ = {". Surprisingly,
the solution of ¢ in the SL model closely resembles
the observed anomaly streamfunction, though the in-
tensities of the circulation are quite weak (note the
different contour intervals in Figs. 2 and 3). The at-
mospheric response in the tropics to this heating is
similar to those described by Gill (1980) and Lim and
Chang (1983). The basic configurations of Kelvin and
Rossby waves in the equatorial zone and the dynamics
of waves were discussed by Matsuno (1966) and Web-
ster (1972). A difference from Gill and Matsuno may
be found in the teleconnection wave-train on the global
scale. Despite internal forcings, these deep heatings ap-
pear to be capable of exciting external Rossby waves,
probably due to the effect of vertical wind shear (Ka-
sahara and Da Silvia Dias 1986); the waves propagate
poleward in the westerly basic wind field (Egger 1977,
Webster 1982). The distinct horizontal tilt of this wave-
train is reminiscent of the barotropic Rossby mode ob-
tained by Lim and Chang (1983), and Lau and Lim
(1984); and the vertical structure agrees with the ex-
ternal Rossby mode outside the tropics shown by Held
et al. (1985). The teleconnection ray originating from
the tropics has been revitalized in the baroclinic (Grose
et al. 1984) and the horizontal shear instability zones
in the midlatitudes, and has been modulated by the
orographic effect (Kinter 1983). A comparison with a
zonally symmetric solution for this case (not shown)
indicates that there is less penetration of the forced
waves in midlatitudes. Navarra (1985) showed that in
a zonally varying basic state, disturbances originating
in the tropics can be amplified in the jet zone, resuiting
in longer and stronger anomaly waves than in the zon-
ally symmetric case. Friction eventually will dissipate
the wave, but the zonally varying case is damped out
at a slower rate. A question is whether the good agree-
ment in Figs. 2 and 3 (in phase but not in amplitude)
is a fortuitous coincidence or a logical consequence.

f. Effect of nonzonally symmetric basic state

The SL model for the same heating with Friction C
is solved for two versions; one is with the climatological
basic state, which is zonally varying, and the other is
with the zonal mean basic state. Therefore, the former
model includes stationary eddies in the fixed basic state,
whereas the latter does not, and the solution in the
former version may exhibit the strong SWB distur-
bance, whereas the latter does not. The zonal mean
basic state in the latter mode is obtained by computing
the zonal average of the basic state variables, i.e., U,,
V., T., 0. and w, on o-surfaces, in the former model,
and thereafter replacing the basic state in the former
model by these zonal means of the respective clima-
tological variables. It is noted, however, that for
P.(=(Inp,).) the original climatological distribution
(i.e., longitudinally varying) is used in order to retain
the same orographic effect.
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Let us first look at Figs. 4a and 4b and Figs. 5a and
Sb, in which the anomaly height patterns at 300 mb,
6z, are shown for the case of 180° heating. The pre-
sentation consists of two kinds of maps. One is the
longitude~latitude map, intended to show the near-
field feature, and the other is the stereographic projec-
tion map for the far-field features. It is quite clear in
these figures that the teleconnection patterns with the
climatological basic state are considerably different
from those with the zonal mean basic state. Figures 4a
and 5a closely resemble propagating Rossby wavetrains
along a near-great circle on a sphere from the equatorial
region (Hoskins and Karoly 1981). Figures 4b and 5b
depict complicated wavy patterns, that might be related
to the two major energy centers identified in the zonally
varying climatology (Branstator 1985; Navarra 1985).
The equatorial waves appear amplified in the vicinity
of the jet over Japan and, less appreciably for the North
American Jet.

In summary, the stationary anomaly model has been
shown to be feasible. Results indicate some capability
of simulating equatorial forced flows. It also exhibits
marked differences with the zonally symmetric case.
The zonally asymmetric model. exhibits a richer and
more complicated behavior, with amplification of the
signal away from the source in the jet regions.

6. Outline of ekperiments
a. Four steps

In order to explore the usefulness of the anomaly
model, a more exact evaluation of the relationship be-
tween the SL anomaly model and the total GCM is
attempted. For this purpose, four steps are taken cor-
responding to the four hierarchial models in section 3,
as follows.

Step 1: Using the original total GCM and clima-
tological values of SST, two month forecasts are per-
formed for a number of January cases.

Step 2: Using the simplified total GCM and applying
Q and T (every three hours) as obtained in Step 1, two
month forecasts are carried out again for the same
number of January cases as in Step 1. The initial con-
ditions are the same as before. However, Step 2 includes
two forecasts, i.c., one with Q' = 0 and the other with
Q' # 0, the dipole heating as in Fig. 1.

Step 3: The SL anomaly model is solved with Q'
# 0. This is the main part of this paper. SL has a zonally
varying basic state.

Step 4: The TN model is solved with Q' # 0. This
is done only for the purpose of understanding the role
of transient eddies. :

By its own nature, the SL solution in Step 3 is a
result of only one integration for each case. On the
other hand, the TN solution in Step 4, in principle,
requires stochastic forecasts. However, the TN model
study in this paper is preliminary; the initial conditions
are based on the SL solution obtained in Step 3 for
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each case. Some additional runs were made by per-
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FIG. 4. 300 mb geopotential height anomalies in the SL. models of the zonally symmetric basic field (upper)
and of the climatological basic field (lower). The heat source, located at the equator and 180° longitude, is
shown at the bottom. Contour interval is 100 m. Negative anomalies are shaded.

turbing these initial conditions with random numbers. are the same as in Fig. 1.
The overall results are not changed, as long as the mag- ‘
nitude of the perturbations remain small. The numer- ¢. The simplified total GCM
ical results shown here are the ones obtained from the

original nonperturbed initial conditions.

b. Data samples and cases of heating locations

The data samples are for 1 January 1977, 78, 79, The differences are listed in Table 1.

80, 81, 82, 83 and 16 January 1979. The initial con-
ditions are based on the NMC (National Meteorological

Center) analysis for 0000 UTC (see Miyakoda et al. height anomaly is written as

1986).

Three cases of equatorial heating Q' # 0 are treated,
in a similar way to the study of Keshavamurti (1982).
The nodes of the heatings are located at 120°E, 180°,

0z=2(Q #0)— Z(Q' =0).
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and 120°W in the equatorial Pacific, and the intensities

The approach with the GCM in Step 2 is similar to
that of Blackmon et al. (1983) and Geisler et al. (1985)
in many respects. The models employed in all these
studies were spectral models with R15L9 resolution.

In Step 2, the difference between the solutions Q'
= 0 and Q' # 0 is defined here as the “anomaly”; the

(5.1

The simplified total GCM solutions maps for Step 2,
shown in the lower parts of Figs. 6-8 and Fig. 9, are
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zonal mean ¢




1 May 1988

TABLE 1. Spectral models with R15L9 resolution.

Blackmon et al.; The present
Geisler et al. study
Model Full GCM (Step 1 Simplified GCM
approach) (Step 2
approach)
Samples 8 realizations 8 different real
from model’s Januarys
perpetual
Januarys
Duration of run 90 days 60 days
External forcings Anomaly of SST Anomaly of
heating
Anomaly heatings 8.7 mm day™! 10 mm day™!
predicted specified
Longitudinal positions 2W 165°W 120°E
of equatorial (165°E)
heatings EPAC 120°W 180°
(150°W)
FAR 105°W 120°W
(135°W)
EPAC (max
(node) SST
anom)

the arithmetic means over eight January samples, and
also the time means for 30 days from 30 to 60 days
(i.e., February). In the total GCM solutions, the dis-
turbances in the extreme far fields should be small due
to cancellation within eight samples, but in practice it
did not happen.

These patterns of total GCM solutions are similar
to those of Blackmon et al. (1983). In addition, Fig.
7b resembles the PNA (Pacific/North American) pat-
tern, but to a lesser extent, as compared with Blackmon
et al. The anticyclone pair anomaly around the equator
in the tropical upper layer is less pronounced than
Keshavamurti or Geisler et al.

In order to confirm the similarities among the GCM
solutions for three different heatings, (Geisler et al.
1985) the correlation coefficients are calculated for the
geopotential height and zonal wind anomaly patterns.
Figures 10 and 11 show thé vertical distributions of
correlation coefficients for a pair of different tropical
heatings, i.e., between 120°W and 180°, between 180°
and 120°E, and between 120°E and 120°W. The ver-
ification domains are the tropics (25°N-25°S) and the
extratropics (90°~25°N), the longitudinal sector being
from 60°E through 180° to 30°W. The domain on
which correlations are calculated has been chosen so
as to contain most of the response to the tropical heat-
ings, without having the adverse effect of including
areas where the response is very small. The correlation
coefficients were computed on a 2.5 X 2.5 deg grid.
About 3700 grid points were used for the midlatitude
domain, whereas 2900 points went into the calculation
for the tropical domain.
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Though some caution is in order in evaluating cor-
relation coefficients, the diagrams are consistent with
the visual inspection of the GCM solution patterns.
The anomalies tend to be close to each other in the
extratropics, as in Geisler et al. In the tropics, the cor-
relation are low because of the phase shifts in the
anomaly heating centers at the equator. The GCM re-
sponse to the heating can then be divided into two
parts, a local equatorial response, locked in phase to
the heating, and a midlatitude response, phase-inde-
pendent with regard to the heating location.

d. Teleconnection indices

The formulas of the teleconnection indices for the
PNA are given by (Wallace and Gutzler 1981),

PNA index = i(azx — oz + oz — 628) (5.2)

where 8z* is the normalized 500 mb height anomaly,
defined by 6z/{( )*)'/% 6z are obtained from the SL
(for TN) models; 6z.ps are based on the NMC analyses;
the ensemble average ( ) is performed with respect
to a 30 year series of data, and the geographical posi-
tions for the point label are: A (20°N, 160°W),
B (45°N, 165°W), C (55°N, 115°W) and D
(30°N, 85°W).

Table 2 shows results of the teleconnection indices
for the total GCM in Step 2 (multiplied by 100). The
indices depend not only on the external forcing, but
also on the initial condition. Perhaps it is important
to note that the indices for all heating cases in this
experiment show large positive values. For 120°W and
180° cases in particular, positive values are distributed
homogeneously throughout the eight samples, only for
one instance in each case is the index negative (see
Geisler et al. 1985), while the PNA indices for the
120°E case diverge largely from one January sample

. to another, including negative values in many samples.

In their sensitivity study, Geisler et al. reported that
the response generally consists of a well-defined PNA
pattern, though the probability of exciting the PNA
patterns decreases eastward from 165°E. The latter
point is not evident in the result of this paper.

The Keshavamurti’s study on the impact of three
anomalous forcings in the equatorial Pacific concludes
that the strengthening of the jet off Alaska is always
observed in all three cases, and that this effect is smallest
for forcing in the western Pacific, and strongest for
forcing in the central Pacific. In these experiments, the
numerical simulation of the 45°N, 165°W cyclone cell
in the PNA wave train was not impressive and accord-
ingly, the strengthening of the jet was not pronounced
for three different cases of heating (see the lower parts
of Figs. 6-8).

e. Summary of this section

The results of the GCM in Step 2 are consistent
overall with those obtained by Geisler et al. (1985) or
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FiG. 6. Comparison of the solutions of the SL anomaly (upper) and of simplified total GCM (lower) in
terms of the 300 mb geopotential height anomalies. The node of heat source is located at the equator and
120°E longitude. Contour interval is 200 m. Negative anomalies are shaded.

Keshavamurti (1982). Irrespective of the locations of
equatorial heat source, the teleconnection wave trains
in the extratropics are similar to each other; positive
PNA patterns are present in all ensemble means for
the respective heatings. -

7. Solutions of SL model

The SL anomaly model in Step 3 with Friction A is
applied to three cases of equatorial heatings. The upper
parts of Figs. 6-8 display the 300 mb height anomaly
patterns from Step 3. They are compared with the pat-
terns of Step 2 in the lower parts of the figures, the
contour intervals being the same both in the Step 2
and Step 3 patterns. A similar comparison is shown in
Fig. 9 where the 300 mb geopotential height is mapped
on a stereographic projection.

It may be said that the case of 120°E heating shows
a certain degree of correspondence in the teleconnec-
tion patterns between Step 3 and Step 2 for the extra-
tropics, while for the cases of 180° and 120°W heatings,
there is no agreement. This feature may be shown more
quantitatively in Figs. 10-13, which display vertical
distributions of correlation coefficients for height and
wind anomaly patterns between the Step 3 and Step 2
solutions. They are presented for both the tropics
(25°N-25°S) and the extratropics (90°-25°N). The
verification domains are different for various heating
cases, i.e.; the longitudinal sections, 60°E~150°W for

* the 120°E heating case; 120°E-90°W for 180° heating

cases; and 180°-30°W for 120°W heating cases.
The diagrams reveal that (i) the correlations in the
extratropics are positive only in the case of 120°E
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FIG. 7. As in Fig. 6 except that the node of the equatorial heat source is located at 180° longitude.

heating, and are negative for other heating cases; (ii)
the correlations in thé tropics have two modes in the
vertical, reflecting the baroclinic circulation structure
in the near field of the equatorial heating; (iii) the cor-
relations in the tropics are high for all cases except near
the node level and in the stratosphere; and (iv) the
correlation curves in the extratropics appear monotonic
in the vertical, compared with those in the tropics, re-
flecting the equivalent barotropic structure of wave
trains in the far field from the source regions (Held et
al. 1984; Opsteegh and Vernekar 1982).

Table 3 displays the PNA indices for the SL (and
TN later) model solutions in Step 3 (and Step 4 later).
In the absence of a comprehensive study of the SL
model sensitivity to the different specifications of the
basic state, climatology was chosen for the first exper-
iment. It is of course conceivable that the solution will
exhibit some sensitivity with respect to the basic state,

but we will not go further into this topic in this paper.
The basic state data were obtained from a Crutcher
and Meserve (1970) compilation and it contains the
full tridimensional structure of the stationary waves.
The first row is the indices for the SL with Friction A.

Inspection of these indices for the SL models, to-
gether with Table 2, may lead to the following. First,
the PNA indices in Table 3 agree with those in Table
2 only for the case of the 120°E heating. The indices
for the 180° and 120°W heatings are negative, implying
once again that there is a considerable discrepancy in
the phase of teleconnection patterns.

To summarize this section, the SL model with zon-
ally asymmetric basic flow (Step 3) alone is unable to
explain the whole teleconnection pattern of the PNA.
In particular, the fact that the anomalies in the Pacific/
North American sector are similar irrespective of the
longitudinal positions of equatorial heating cannot be
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FI1G. 8. As in Fig. 6 except that the node of the equatorial heat source is located at 120°W longitude.

reproduced. Although the results are not shown in this
paper, the teleconnection patterns in the extratropics
are affected by the specification of Rayleigh damping
in the tropics with the framework of the SL anomaly
model.

8. Remarks with TN anomaly model solutions

In order to examine the reason for the discrepancy
of solutions between Step 3 and Step 2, we proceed to
Step 4, i.e., the TN anomaly model. This model should
provide the effect of transient eddies and nonlinearity.

The anomaly model system is represented by equa-
tions (3.1)-(3.5). The lateral diffusions in Egs. (4.5)-
(4.8) do not include Rayleigh damping, nor Newtonian
cooling. Concerning the biharmonic diffusion coeffi-
cients and Reynolds terms, two versions are used.

Version I

Reynolds terms, and Km.= K,=5X10%m*s™!
(8.1)

Version II:
No Reynolds term, and
K,=K,=20X10%m*s™". (8.2

In Version I, the Reynolds terms were calculated from
the eight January cases based on the full GCM in Step
1. These terms are constant in time, but are functions
of three-dimensional space. Vertical diffusion and
anomaly surface turbulent fluxes were excluded.
Three numerical experiments were performed. Each
experiment was designed to check the effect of nonlin-
earities and time-evolution for a particular equatorial
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F1G. 9. Comparison of the geopotential height anomalies at 300 mb level for the three models for the heating node at 120°E. The SL anomaly
model (upper left), the simplified total GCM (lower left), and the TN anomaly model (lower right). Contour intervai is 200 m. The result of the TN
anomaly model is the monthly mean for days 61-90. The model does not include (Re) term.

anomaly heating. In order to avoid the necessjty of
stochastic realizations, the initial condition for each
case was chosen to be the solution of the SL model
(with climatological basic state) corresponding to that
heating, although, as mentioned earlier, the additional
runs were made by slightly different initial conditions.
The three experiments are not forgcasts in a conven-
tional sense; nevertheless they give some information
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on the nature of the nonlinear time evolution of the
anomaly waves. In fact, if the initial conditions were
the same as those used in the conventional forecasts,
the TN model experiments would become exactly the
same as the GCM run in Step 2.

The results of Step 4 with Version II are shown in
Fig. 14 and Fig. 9. The solutions shown are the 30 day
average for the third month. It may be noted that (1)
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TABLE 2. Teleconnection indices (normalized) for GCM PNA
indices (X100) Day 30-60.
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Run Years 120°E 180° 120°W
1 1977 3 8 14
2 1978 -5 —48 31
3 1979 1 41 57
4 16/79 -1 35 33
5 1980 89 78 42
6 1981 -8 33 -28
7 1982 -16 51 64
8 1983 124 81 152

Averaged pattern 23 35 46

the amplitudes are considerably increased, and (2) the
flow patterns for the three heating cases start to resem-
ble each other. :

Figure 15 and 16 display the correlation coefficients
between the TN anomaly (Step 4) and the simplified
total GCM solutions (Step 2). It may be seen that the
positive correlations are more dominant in the TN
model case than in the SL model case, particularly for
the extratropics. Comparing Fig. 16 and Fig. 13, it is
possible to see that there is a trend toward more positive
correlations in the TN integrations than in the SL case.
The trend is more apparent in the extratropics than in
the tropics. A similar analysis performed on the second
month of the TN data yielded less satisfactory results.
This may indicate that there is a tendency towards
larger correlations (i.e., better agreement with the full
GCM) as the integrations proceed. However, in this
first study the TN integrations were stopped after three
months. The results of Version I are similar to those

VoL. 45, No. 9

of Version II, and Rayleigh terms slow down the speed
of adjustment to the equilibrium state.

Observations of these patterns may lead to the fol-
lowing: 1) Three patterns in the GCM resemble each
other; 2) Similarly, the three patterns in the TN model
without Reynolds terms (no (Re)) resemble each other,
and so do the three patterns in the TN model with
Reynolds terms; and 3) Reynolds terms do not give a
particularly large effect to the geopotential height pat-
terns.

To summarize this section, similar patterns in the
extratropics are obtained in three different heating cases
by the TN anomaly model, agreeing with the total GCM
solutions; the patterns bear some resemblance to the
PNA patterns; the amplitudes of the TN model solutions
tend to be substantially larger than those of the SL
models.

This experiment suggests that the discrepancy be-
tween Step 3 and Step 2 could be ascribed to the effect
of transient eddies. In other words, in order to repro-
duce the PNA pattern, not only is the teleconnection
wave train from the equatorial heat source necessary,
but also secondarily induced stationary disturbances
(the SWB) and transient eddies are also needed.

This finding is by no means new. For example, Sim-
mons (1982) reported that in his numerical experi-
ments, using both the linear and nonlinear time-
dependent barotropic model, “the signature of PNA
recur again and again”. There have been recent studies
(for example, Hayashi and Golder 1985; Itoh 1983;
Kok and Opsteegh 1985; Nigam et al. 1986), suggesting
that quantitatively the nonlinearities due to transient
eddies contribute appreciably to the formation of

TROPICS
Simplified Simplified
total GCM §2 total GCM su
mb mb
100} 100} X
— A - 120°E-120°W
200 200}
300 300}
400} 400+
500 | - 500} 4
Z 7120w —180° 180° - 120°E} .
700} e 700} 0 2
= 1 120°W —180°
- T Y 850} .
820 /x ,"‘A T ’l’%« '
1000’ D 1000L_§ e
-2 -1 0 1 2 3 4 5 6 7 -1 0o 1 2 3 4 5 & 7 8 9 10

CORRELATION —

CORRELATION ===+

FIG. 10. The correlation coefficients of the height anomaly, 6z, and the zonal wind anomaly, du, between a pair of solutions for the
simplified total GCM for different heatings. The abscissa is the coefficient value, and the ordinate is the model’s vertical level (mb). The
verification domain is the tropics for the latitudinal belt between 25°N and 25°S, and see the text for the longitudinal sector.
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FIG. 11. As in Fig. 10 except for an extratropical verification domain, between 90° and 25°N.

blocking highs. Prior to these studies, Youngblut and
Sasamori (1980) and Opsteegh and Vernekar (1982)
reached the conclusion, in their analysis of the statistical
effect of stationary and transient eddies, that monthly
mean geopotential height patterns are significantly af-
fected by transient eddies. A similar relation was
pointed out even earlier by Holopainen (1978) in his
diagnostic analysis of observational data.

One of the reasons why transient eddies have not
received proper attention in the past is that the con-
tribution of this effect to the vorticity budget, for ex-
ample, is not large as compared with the contributions
of other terms, such as the divergence and the hori-
zontal advection of vorticity. Kang and Held (1986)
mentioned that the transient eddy term (for summer)
is one-fifth of other terms, although it is comparable
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FIG. 12. The correlation coefficients of 6z and du between the SL anomaly model and simplified total GCM
for three heating cases. The verification domain is the tropics.
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FI1G. 13. As in Fig. 12 except the verification domain is for the extratropics.

in certain regions of the globe. Besides, the effect of
nonlinearity is included in the vorticity budget in a
-complicated way. The divergence term in the vorticity
equation is, in large part, the implicit result of transient
eddies. '

The SL model does not seem to be able to obtain

good simulations of the GCM monthly anomaly. In
particular the PNA-like wavy structures and blocking
ridges are misrepresented by the SL model. This in-
dicates that processes left out of the SL model are re-
quired to improve the simulation of the GCM anom-
alies on a monthly time scale. The TN model seems
to give some positive indications in this direction. The
nonlinear evolution of the SL waves seems to turn them
closer to the original GCM anomalies. It is encouraging
that this positive result can be achieved in such a pre-
liminary and schematic model as the TN. However,
more work is needed to understand the physical mech-
anisms at work in the TN and put this result on firmer
ground. In most past studies, the transient eddies are
specified as an external forcing. A unique aspect of the
TN is that the transient eddies are treated as the product
of the internal dynamics.

9. Conclusions

Anomaly models are constructed based on a spectral
_ GCM of RI5L9 resolution. In particular, the SL

TABLE 3. PNA indices (X100).

120°E 180° 120°W
SL Friction A 22 T —14 -1
TN Case I 33 ~16 -6
TN Case 11 21 —4 10

anomaly model is formulated and solved by a matrix
method, using the Krylov technique. This paper, based
on the numerical studies with the SL and the TN
anomaly models, concludes the following:

(i) In contrast to the perturbation model, which uses
a zonal, symmetric basic state, the SL anomaly model
can handle a zonally varying basic state. The numerical
results show that the model’s far-field response to
equatorial heating is amplified and revitalized in the
midlatitude jet region. The resulting anomaly pattern
is more complex, and stronger, extending over a larger.
portion of the -hemisphere, than in the zonally sym-
metric case. These results are in agreement with Na-
varra (1985).

(ii) However, the SL anomaly model alone cannot
account for the anomaly patterns in the extratropics,
which are obtained by the full time-dependent nonlin-
ear GCM.

(iii) A better simulation of the anomalies in the Pa-
cific/North American sector can be obtained by allow-
ing a nonlinedr time evolution of the SL solution with
the TN model. Though the TN result must be regarded
as preliminary, the TN model definitely warrants more
investigation to sharpen the understanding of the finite
amplitude modifications of anomaly waves.

(iv) In the case of January 1983, the observed
anomaly patterns both in the near- and far-fields are
simulated with considerable skill by the SL anomaly
model. But this must be fortuitous, because the PNA
patterns are determined, in general, by both the tropical
heating and transient eddy effect.

(v) The SL anomaly model is not sufficient for use
in long-range forecasting. The TN anomaly model
might be usable for this purpose.
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F1G. 14. The 300 mb geopotential height anomalies, as revealed in the monthly averaged patterns from
day 61 to 90 of the TN anomaly model with the nodes of the equatorial heat source at the longitudes of
120°W (upper), 180° (middle), and 120°E (lower). Contour interval is 200 m. Negative anomalies are
shaded. '
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FIG. 15. The correlation coefficients of 8z and éu between the TN anomaly model and simplified total GCM
for three heating cases. The verification domain is the tropics.
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FIG. 16. As in Fig. 15 except for the verification domain of the extratropics.

However, the study with the TN anomaly model in Acknowledgments. We wish to thank Professor J. P.
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