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ABSTRACT

The asymptotic response of the Charney baroclinic instability problem to a localized perturbation is
determined using the formalism of Briggs (1964) and exploiting a recently obtained highly accurate WKB
approximate dispersion relation (Lindzen and Rosenthal, 1981). Comparison is made with previous results

for two-level and Eady models.

Small scales and rapid growth characteristic of the initial stages of cyclogenesis are found and the linear
dispersion relation, which can be obtained from observation of zonal wind and stability, emerges as a forecast
tool for prediction of geographically local cyclogenesis.

1. Introduction

Since its discovery in the work of Charney (1947)
and Eady (1949), baroclinic instability has been ac-
cepted as a major source of synoptic-scale distur-
bances in midlatitudes. The normal-mode method of
analysis used in these early works and in most sub-
sequent investigations makes the assumption of a
solution infinitely periodic in the horizontal direction
and determines the space-independent growth rate
as an eigenvalue of the resulting system of equations.
The wavelength of the disturbance most rapidly
growing in time is then compared with observed syn-
optic cyclone scales. The agreement found encour-
ages the identification of these features with baro-
clinic instability. However, this identification requires
that the response of the baroclinically unstable fluid
to an initial perturbation, which is most likely lo-
calized in space, will evolve into normal mode form.
Whether this happens can be decided within the re-
strictions of linear theory by solving the appropriate
initial value problem. In the case investigated here
it is found that as a function of distance from the
initial perturbation, widely different space scales
dominate the solution, calling into question the iden-
tification of maximally time-growing normal mode
wavenumber with the scale of synoptic features.

As it is usually formulated, the IVP requires fi-
nally the double inversion of a Fourier transform in
space and a Laplace transform in time; in general
a formidable task even for the simplest of models.
Progress has been made in the asymptotic evaluation
of these integrals for large time, in work done in
connection with plasma instabilities (Briggs, 1964).
It is found that this limit is determined by the linear
dispersion relation generalized to complex frequency
and wavenumber. An important conceptual distinc-
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tion is pointed out by the analysis—that between the
so-called absolute and convective instabilities. In the
former the response continues to grow in time at
every point which has been reached by the traveling
pulse; in particular, it continues to grow at the point
of excitation. In the latter the instability is carried
along with the flow so that despite its constantly in-
creasing amplitude, at any fixed point the distur-
bance eventually decreases; in particular, at the point
of the excitation the effects of perturbation are elim-
inated after finite time.

Absolute instability has been found for sufficiently
small shear in the two-layer model on an f-plane and
on the B-plane (Merkine, 1980). The Eady problem
was examined by Simmons and Hoskins (1979) and
found to have no absolute instability. These model
flows have the virtue of possessing dispersion rela-
tions expressible in simple analytic form, but are lim-
ited in that the structure of these dispersion relations,
which is of less consequence in picking out most rap-
idly growing in time normal modes, is crucial to the
asymptotics of pulses. In the hierarchy of baroclinic
models the Charney problem is the simplest one to
possess at least in modified form most of the features
of realistic dispersions from global models (Simmons
and Hoskins, 1976; Geisler and Garcia, 1977). Un-
fortunately, the solution of the Charney model is in
terms of hypergeometric functions and yields no ex-
act closed form dispersion relation. In what follows,
a highly accurate approximate dispersion relation is
used to extend pulse asymptotic results to this case.

It should be borne in mind that these linear asymp-
totics are valid only after an unspecified long time
has elapsed since the original perturbation; it is pos-
sible that for some initial conditions the entire de-
velopment to nonlinear equilibration of the system
which is being modeled may take place before these
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results obtain validity. The time scale for evolution
of an initial barotropic perturbation to normal mode
form in a baroclinic zonal flow is examined in a forth-
coming report (Farrell, 1981). That it may be com-
parable to synoptic time scales is indicated by the

slow approach to normal mode form exhibited by the -

pulse-excited Eady example in Simmons and Hoskins
(1979).

2. Method of analysis

The initial value solution is an integral over the
normal mode solutions consisting of the exponen-
tially growing modes and their complex conjugate
decaying modes plus another integral over a contin-
uous spectrum. The decaying exponentials make no
contributions to the long time behavior and the con-
tinuous spectrum contributes at most O(z) (Burger,
1966), so the asymptotic solution takes the form of
an integral over the exponentially growing modes

Wx, z, 1) = f_ ) dka(k)y(z)e™—®l (1)

where a(k) is the projection of initial conditions on
the normal mode at k and ¥,(z) the vertical structure
of mode at k. Let

k) = —[kit‘ - w(k)] .

Evaluation of (1) is carried out for a frame of
reference moving at speed U = x/¢ by deforming the
path of integration in the k plane in the direction of

diminishing Q; until one of two conditions is met:

1) There is reached a contour for which @, < 0
for all k without having encountered a point k, where

oQ

dk

=0 and Q,>0,

ks

in which case the system is stable as viewed from the

_ translating frame. _

~ 2) Inperforming the deformation of the k contour
a saddle point k, is encountered where

oQ

okl = 0, Q«k,)>0.

ks

(2)

This is the condition of the so-called pinch singular;
ity. The solution is seen by the observer to be unstable
having asymptotic form

Wx, z, t) = b(kx)tpk:(z)[_l/ze‘iﬂ(ks)r

= bk Wi () Pkt (3)

In particular, if such a saddle point is found for
U = x/t = 0 with associated Q(k,) > O then the
system is absolutely unstable with the perturbation
envelope at the point of excitation growing as
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exp[Q(k,)t]. In general, the exponent of the local
envelope growth for any x/¢ is
= w(k) — Im(k) . )
Examination of the dispersion relation A(k, w)
= 0 reveals-that deformation of the k contour results -
in the associated w moving in the complex plane.
Because of this, the above procedure is visualized
best by examining contour plots of complex w in the
complex k plane. Absolute instability, for instance,
would exist if for x/t = O there is a saddle in w
between the real k axis and the «; = 0 contour.
The pulse shape is found by plotting »; against x/
t. v; is proportional to the log of the envelope mag-
nitude and x/t to the horizontal extent, with pro-
portionality factor ¢, the time at which the snapshot
is taken. ' ]
The pinch singularity method is equivalent to the
method of steepest descent and extends the station-
ary phase technique for stable-wave packets to the
complex plane. For absolute instability one would
naively expect that the region in k space near where
the real group velocity vanishes dw,/0k, = 0 would
make the greatest contribution, but this expectation
must be modified by taking into account the imag-
inary parts of w and k as (2) is the complete con-
dition. We will find that for the Charney problem
the real group velocity zero points closely approxi-
mate the absolute instability real wavenumber. The
basic reason for this is that the growth rates are not
so large or rapidly varying with wavenumber as to
swamp the real dispersive contribution to the saddle
point asymptotics and insofar as these growths are
typical we can expect this to be true for other realistic
models. o
Model flows examined in the past have often been
characterized by dispersion relations of the form

Cw= kU + ig(k), (5)

with U and g real and U constant, so that dw,/dk,
= U is also constant for all unstable k. The wave-
number selection is in terms of the imaginary vari-
ation of 'w and the k of largest g(k) will dominate.
Models of this type include the two-level model on

_an f-plane and the Eady model. Insight can be gained

by expanding the leading order terms in (5) about
6 = (x/t) — U to obtain an approximate asymptotic
pulse (Benjamin, 1961) -

Y =~ exp l(? - U>k,,,t

G-y

gk) = gl | [ ©

+
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where k,, is chosen so that

9,
% -o.
ok,

Absolute instability is predicted in this approxi-
mation when the Gaussian wave packet spreads more
rapidly than it advects. The limits of the packet are
at

)

~ |

= U + [2g(kn)lg" (kT2

In these cases the group velocity is constant and
the spreading of the packet is determined by the
magnitude of the maximum growth rate g(k,,) and

“the packet width, proportional to |g"]s,. The point of
maximum growth, which is the peak of the wave
packet, moves at velocity U and has the wavenumber
of the most unstable normal mode. Note that the
phase speed is also U so that the high or low located
at the peak of the packet remains there as the packet
propagates. This would not be true for dispersive
waves where individual highs and lows move through
the packet maximum (Merkine and Shafranek,
1980). Returning to (7), if x/¢t < 0, then absolute
instability is predicted by this approximation and the
saddle point asymptotics will, in general, confirm
this. .

The Eady problem with U(0) = 0 has a dispersion
relation of the form (5). For infinite meridional scale

it is s
k K?
=—4 -
w 2_l[kcothk 4 IJ.

Evaluation of (7) suggests that this problem just
fails to be absolutely unstable (see Appendix). The
asymptotic pulse is shown in Fig. 1a. Real wavenum-
ber k,, imaginary wavenumber k; and rest frame
frequency, w, across the pulse are shown in Fig. 1b.
Analytic results for the immediate neighborhood
of x/t = 0, 1 confirm that lim », = O and that

x/1—0,1

lim &, = oo (Simmons and Hoskins, 1979). If the

x/t—0,1
meridional scale is not infinite (/ # 0) this problem
fails to be even marginally absolutely unstable.

In the two-layer model with 8 # 0, the dispersion
relation can be written

_BR A1 [k - 4) + 462/

o=k eyl 2h(K + 2) ’

where ¢, the shear parameter, is such that the upper
. layer flow is U; = 1 + (¢/2), while the lower layer
flow.is U, = 1 — (¢/2).

The dispersion for real £ is shown along with the
group speed in Figs. 2a and b for a choice of param-
eters ¢ = 2.0, 8 = 1.0, which result in absolute in-
stability (Merkine and Shafranek, 1980, Fig. 22).
The growth rate »; from (4) is plotted in Fig. 2¢ and
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F1G. 1. (a) Local pulse growth rate v; as a function of reference
frame velocity x/t for the Eady example. Multiplied by any time,
to, these axes become log of pulse amplitude as a function of dis-
tance from the origin of the disturbance. (b) Coniplex wavenum-
bers k, and k; together with real rest frame frequency w, across
the pulse in (a).

the local wavenumber across the pulse in Fig. 2d.
Note that even though ¢, = dw,/dk, > 0 for all un-
stable k, the absolute instability is made up of wave-
numbers with lower values of c,.

Qualitatively speaking, the growth rate is small
enough that the effect contained in (6) is dominated
near the absolute instability by the tendency of zero,
or, as in this case, the smallest available, group ve-
locity waves to make up the stationary part of the
instability. This effect is even more striking in the
examples that follow, where group velocity zero is
associated with appreciable growth rate.

Note that these pulses have finite upstream veloc-
ity so that the addition of a sufficiently large uniform
zonal velocity to the basic flow would make the ab-
solute instability convective and the same pulse
would then be interpreted as a spatially amplifying
packet. The fact that the observed zonal surface
winds are small and westerly suggests that the at-
mosphere may often be near an absolute instability
state. Of course if zonal surface winds were easterly,
absolute instability would be much more common in
occurrence and even the Eady problem with U(0)
= 0 would exhibit absolute instability.

3. 'The Charney problem

The Charney problem describes quasi-geostrophic
perturbations of a zonal flow with velocity a linear
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Fi1G. 2. (a) Nondimensional real frequency w, and group velocity
¢, as a function of nondimensional wavenumber k, for the two-
level model with 8 = 1.0 and ¢ = 2.0. (b) Growth rate w; as a
function of wavenumber k; for the example in (a). (¢) Local pulse
growth rate »; as a function of reference frame velocity x/t for the
example in (a). Multiplied by any time ¢,, these axes become log
of pulse amplitude as a function of distance from the origin of the
disturbance. (d) Real wavenumber k, across the pulse in (c).
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function of height only, U(z) = mz. The scale height
H and Brunt-Vaisala frequency N are constant. The
effects of sphericity are confined to the g-plane ap-
proximation. In what follows, the notation of Lindzen
et al. (1980) will be used.

Conservation of pseudo-potential vorticity requires
for the stream function ¥

2

q(y) o

Vat 1T

¥y =0, (8

4H 4H?
where

V= ¢(Z)e zf2H ik(x—ct)eily
o? = k* + 1, the sum of square zonal and mend-
ional wavenumbers
a(y)=(B/e) + (U,/H) ~
H = RT,/g, the scale height

e=f?/N?
f = Coriolis parameter
B = af/dy

x = distance in eastward direction
» = distance in northward direction
z = height.

The boundary condition requires that th¢ vertical
velocity vanish at the groun’d i.e.,

v

. SN = 9
l//Z + 2H U ¢ 0 r4 0’ - ( a)
and that y approach zero at infinity
lim Y(z) =0 (9b)

Z— 00

We assume a linear shear U(z) = mz, and make the
following nondimensionalizations

U=U/mH, z=_z/H,
&=c/mH, & = a*H?/e
so that (8).and (9) become

Vi + <r+ lc - 52>¢ 0, (10)
¢5+%+%=0, z=0, (11a)
lim ¥(2) = 0 (11b)
where o
r=gH/em,
R=&+r1/4=R+7+1/4  (12)

For typical midlatitude values of constants we have
B=16X10"s"m’

H=8X%X10"m
e =0.625 X 107
m = 205X 10735
r=1.0
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so that £ is related to dimensional wavelength by
_2rH1 _64X10°m
Ve k k
The tildes are dropped in the following.

The analysis of pinch singularities outlined above
requires a dispersion relation A(w, k) valid in the

(13)
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complex k and w planes. In principle, the eigenprob-
lem (10, 11) could be solved repeatedly to obtain
these eigenvalues but the computational burden
would be large. Fortunately, Lindzen and Rosenthal
(1981) recently obtained a highly accurate WKB
solution for the baroclinic problem, which is valid in
the complex plane. Their dispersion relation takes
the form

r+ 1)”2

B +om [2—)4«1_/75 (@ ok) T ata/ey (#

7))

oo socsoeli(g] {43

2 sin(w —

- (52 +
where
Zr = 7T(r + 1)/25,
(-2 )
k
r+1 w/k) { <r+ 1 2)"2H
5 K 1 é+ w/k + 6 .
Nine term expansions of the Bessel functions were

used and the real k dispersion relation obtained for
a representative midlatitude value of the stability
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parameter r = 1. The real k dispersion relation for
meridional wavenumber / = 0 is shown in Figs. 3a
and 3b. Real group velocity zero can be estimated
at k ~ 6 and k ~ 0.7. Associated saddle points in
the complex plane are shown in Fig. 4a and, with
more detail in the region near k = 0.7, in Fig. 4b.
Contributions to the asymptotic solution for absolute
instability come from these points which can be
found to lie at (nondimensional) k = 5.69-2.93i, and
k = 0.666-0.113i.

The wavenumber of maximum growth predicted
by normal mode analysis is ky = 1.4. Corresponding
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r
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Fi1G. 3. (a) Nondimensional real frequency w, as a function of nondimensional real wavenumber k, for the Charney problem
with r = 1.0. (b) Nondimensional imaginary frequency w, as a function of real wavenumber k, for r = 1.0.



512

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 39

10 ky
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ke

b

FiG. 4. (a) The complex dispersion relation for the Charney problem with /

= 0 and r = 1.0. Shown are contours of w in the k plane. Full lines are constant
w,, dashed lines are constant w;. (b) As in (a) except detail for saddie near &

= 0.67.

dimensional wavelength calculated from (13) are:
Av = (6.4 X 10%)/1.4 m = 4600 km for the normal
mode and A\, = (6.4 X 10°)/5.69 m = 1120 km for
the absolute instability. The latter compares favor-
ably with observed scales of cyclogenesis (Buzzi and
Tibaldi, 1978; Reed, 1979).

Because these saddle points are separated in scale
and arise from distinct regions of the dispersion re-
lation—the first from the Charney mode and the sec-
ond from the Burger mode—it is instructive to derive
the pulse asymptotics separately. The dominant
mode for any x/7 can be quickly determined by com-
parison if desired.

Fig. Sa shows the puise shape for the saddle located
in the Charney mode. Wavenumber and frequency
across the pulse are shown in Fig. 5b. Note that w,
is the rest frame frequency which is related to the
local frequency by v, = w, — k(x/1).

High wavenumbers are found in the vicinity of the
origin of the disturbance with the leading edge of the
pulse being made up of wavenumbers near the neu-
tral point in the dispersion at k = 0.87 where the
real group velocity is at a maximum. Phase speeds
of the short waves making up the absolute instability
are small. Downstream, the wavelength rises until
at the pulse peak we recover the maximum growth
rate normal mode at k = 1.4. We note that this
increase in wavelength has been found in other -
plane models as well (Simmons and Hoskins, 1979)
and appears to be a quite general feature. Further
downstream, the pulse shape is dependent on the
detail of the dispersion in the neighborhood of the
neutral point with the leading edge dominated by the
longest waves near k = 0.87. Upstream influence
shows a rapid decay in space with k, large and neg-
ative.
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FIG. 5. (a) Local pulse growth rate », arising from the saddle point in the Charney
mode for / = 0, r = 1.0, as a function of reference frame velocity x/¢. Multiplied
by any time #,, these axes become log of pulse amplitude as a function of distance
from the origin of the disturbance. (b) Complex wavenumbers k, and k; together
with real rest frame frequency w, across the pulse in (a).

The pulse arising from the Burger mode is shown - downstream by the positive with the absolute insta-
in Figs. 6a and 6b. The growth rate is smaller than bility located near the zero of group velocity.
the Charney, but nonetheless dominates the up- So far only perturbations infinite in the meridional
stream influence. Upstream influence is character- direction, corresponding to / = 0 have been consid-
ized by the high negative group velocity waves and ered. The saddle point method can be generalized to
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F1G. 6. As in Fig. 5 except for the saddle point in the Burger mode.
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FIG. 7. As in Fig. 5 except for I = 1/2. ‘

two or more dimensjons (Bers, 1975), but these so-
lutions present many difficulties. In fact, the initial
perturbation is likely to be a distributed source of
vorticity and problems associated with point sources
in two and three dimensions do not necessarily yield
insight commensurate with these difficulties. The
simplest localized source to use is the fundamental
mode in a channel, and taking this to be 6400 km
wide, we choose / = 1/2 in the expression for 82 (12).
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Fi1G. 8. As in Fig. 5 except for Burger mode saddle and [ = 1/2.
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F1G. 9. As in Fig. 5 except for [ = 2.

The Charney absolute instability point moves to k
=5.77 - 2.87i; w = 0.692 + 0.112i, and the absolute
instability point associated with the Burger mode
moves to k = 0.516 — 0.059i; w = 0.137 + 0.205i.
The pulse arising from the former is shown in Fig.
7a and associated quantities in Fig. 7b. The pulse
from the Burger mode is shown in Figs. 8a and 8b.
We remark that the general features discussed above
for the / = 0 case persist, but the detail of the leading
edge is modified. This effect is even more pronounced
when the meridional wavenumber is further re-
stricted to / = 2, corresponding to a channel width
of 1600 km. The Charney mode puise survives and
is shown in Figs. 9a and 9b. Absolute instability oc-
curs for k = 6.98 — 2.25{ and « = 0.675 + 0.090i.
The maximum growth rate at k£ = 2.19 is only 1.74
times the absolute instability growth rate. What is
even more remarkable is that the growth of an in-
dividual disturbance will be significantly larger than
this would indicate, at least near the absolute insta-
bility point. This is because the local growth depends
also on the wave phase speed in relation to the local
pulse speed and the derivative of growth with local
pulse speed (Simmons and Hoskins, 1979)

e
BTG “T %) ax/t)

This effect enhances the apparent growth of waves
between the origin and the peak of the pulse. The
phase and group velocity difference is shown in Fig.
10; we can evaluate (13) for x/t = 0.0 to find

i, = 0.09 + (0.1)(2.0) = 0.29.

(14)
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The apparent growth is nearly twice as fast as the
maximum growth rate normal mode and with a
wavenumber considerably higher being k = 7.0, re-
sulting in a dimensional wavelength from (13) of A
= 920 km, which is a reasonable scale for the early
stages of cyclogenesis (Reed, 1979). Remarkably,
individual waves at the leading edge of the pulse can
be seen to exceed maximum normal mode growth
rates as well. .

‘When making connection with more detailed mod-
els it must be borne in mind that the presence of a
jet structure in the meridional often effectively limits
the wave to smaller meridional scales than the geo-
metric constraint alone would imply. Consequently
this / = 2 case compares most closely with primitive
equation integrations with realistic jets (Simmons
and Hoskins, 1979).

4. Discussion

Absolute instability, previously found in the two-
level models (but absent in the Eady problem), has
been confirmed to exist in the Charney problem.

Examination of the dispersion relation for zeros
of real group velocity allows a useful estimate to be
made of the wavenumber characterizing the absolute
instability.

Because decrease of phase speed with increasing
wavenumber is a robust feature of more realistic
dispersion relations (Geisler and Garcia, 1977; Sim-
mons and Hoskins, 1976), it is suggested that the
high wavenumber, low phase speed and rapid growth
found for the absolute instability here may be a quite
general feature.

This result of short initial scales maturing into
larger scales and possessing high growth rate en-
courages the identification of absolute instability
with preferred regions of cyclogenesis (Merkine,
1977; Buzzi and Tibaldi, 1978), and the low phase
speed at least partially answers the objection of Sim-
mons and Hoskins (1979) that the individual low
may propagate out of the region of enhanced baro-
clinicity before obtaining substantial amplitude.

In normal mode analysis it is generally assumed
that the basic state is either zonally unbounded or
periodic and a function only of height and latitude.
Such uniformity is not found in the atmosphere
where regions of enhanced baroclinicity result in pre-
ferred areas for cyclogenesis (Petterssen, 1956). The
absolutely unstable waves described here would be
able to take advantage of these inhomogeneous states
by virtue of their small scale and rapid growth cou-
pled with low-phase speed. As has been noted, the
predicted wavelengths of the absolute instability are
commonly observed even though they are much
shorter than those suggested by normal mode anal-
ysis.

BRIAN F. FARRELL

Fic. 10. Rest frame phase speed ¢, and apparent phase speed
as viewed from the translating frame ¢, = ¢, — x/t for the case
in Fig. 9a.

The two-level and Eady models are limited by
unrealistically high phase speeds, with steering levels
near the center of the flow, and by the lack of a
potential for zero group velocity. It would seem that
the Charney problem is the simplest model that pro-
duces the observed scales.

The asymptotics of long waves which in the Char-
ney model arise from the Burger mode were sepa-
rately derived above. While the Charney mode waves
in general dominate, at least in the downstream so-
lutions, the separation in scale between the waves
making up these pulses suggests that observational
correlates may be found for both. In particular, the
variation of the dispersion as the zonal velocity and
Brunt-Vaisala frequency change, say from continen-
tal land masses to ocean or in time, may result in the
absolute instability being manifest in one or the other
modes separately. :

It is of interest to note that the amplitude and
scale of waves in the atmosphere often behave as
would be expected from the above pulse asymptotics,
e.g., Sanders and Gyakum (1980, their Fig. 7). Here,
two areas of origin of the wave envelope may be
identified: in the Atlantic off the east coast of the
United States and in the Pacific near Japan. The
episodic occurrence of absolute instability in. these
jet entrance regions could result in the observed index
cycle variations noted downstream from them (Nitta
and Yamamoto, 1973).

These considerations imply that an accurate fore-
cast model must closely approximate the dispersive
properties of unstable waves over the entire range of
wavenumbers making significant contributions to the
asymptotic pulse; it is not sufficient to do well near
the wavenumber of the most rapidly growing normal
mode. Conversely, having an accurate local linear
dispersion relation, either for the atmosphere or a
model simulation, it should be possible to predict
regions of cyclogenesis and the scales, phase speeds
and growth rates of the unstable waves. Initially, the
scale can be approximated by the wavenumber of
zero group velocity, which can be easily found from
the common phase speed vs. wavenumber plot by
noting that the group velocity is given by

dw, dk.c dc
= —— = —— = + —
ok, ok, Tk
where ¢ = w,/k, is the phase speed.

Cy
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Application to the 30° jet of Simmons and Hoskins
(1976) predicts absolute instability (¢, = 0) for zonal

wavenumber ~ 16. Realistic results for spectral

models would require a truncation that not only gen-
erously includes this wavenumber but also has a re-
alistic dispersion relation at these small scales as well.

5. Relation to blocking ridge developmeht

The central North Pacific and North Atlantic are
preferred locations for the development of planetary-
scale stationary perturbations in the zonal geopoten-
tial height field. These so-called blocks have been
well documented in the literature but their origin
remains a matter of controversy. Recently a mech-
anism for the growth and maintenance of planetary
waves by the interaction between cyclone-scale waves
and the mean flow has been identified in a GCM
simulation. (Gall and Blakeslee, 1979). Essentially,
the ultralong waves result from spontaneously oc-
curring inhomogeneities in the amplitude of the cy-
clone scale waves. While their model generates the
inhomogeneity internally from a zonally uniform jet,
it is at least as likely that zonal inhomogeneity in the
jet would. give rise to similar effects. In particular,
the occurrence of an absolute instability in the jet
would be revealed by an outlining stationary envelope
of planetary scale, with the upstream edge of the

block being coincident with the absolute instability ‘

point in the zonally varying jet. Because absolute
instability generates weak upstream velocity, it would
be expected that the occurrence of blocks should be
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APPENDIX

Benjamin’s Approximation Apphed
to the Eady Problem

The dispersion relation for Eady’s model can be
written in the form (5)

k k2 12
w=2% <kcothk—7—1> ,
U=1/2,

kz 1/2
g=t<kcothk—z— 1) )

The maximum of g, g(k,,) = 0.310, occurs at k,,
= 1.6062. (5) can be evaluated as

2

k
= k cothk — e 1,
(gZ)r/ = 2(g/2 + ggrl)
= 3/2 + 2 cothk(k coth*k ~ cothk — k),

3/4 + cothk,,(k,, coth’k,, — cothk,, —
g (k)

ki)

g”lkm =

= (.389,

so that the limits of the packet are predicted to occur

highly correlated with weak upstream jets. Such a. 4t

correlation is observed (White and Clark, 1975; their
Fig. 12), (Wallace and Gutzler, 1981; their Fig. 21),
with the frequency of blocking increasing when zonal
average surface winds drop below ~3 m s™'. Note
~that while the Charney problem dispersion (Fig. 9a)
gives maximum dimensional upstream velocity

(5) =0.02mH =033 m s,
dim

This number is sensitive to the shear, m and to the
details of the dispersion relation near the wavenum-
ber of absolute instability, as can be seen by exam-
ining the pulse in Fig. 6a which exhibits much higher
upstream velocities.

~ A quantitative test of this mechamsm could be
made by calculating the dispersion relation in the jet
region and correlating the occurrence of absolute in-
stability with blocking (in a first approximation look-
ing for ¢, = 0).
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1
5 0.491 > 0,

suggesting that this flow just fails to achieve absolute
1nstab1hty

x 1
775 e knlg]” =
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