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ABSTRACT

A two-layer quasigeostrophic S-plane channel model is used to examine the role of the wave-mean flow
interaction during the life cycles of baroclinic waves. Two cases are examined: a wide and a narrow jet limit.
These two limits are required to satisfy the property that their instability lead to a realistic baroclinic life cycle
consisting of baroclinic growth and barotropic decay. In order to characterize the properties of the zonal-wind
tendency in the two cases, scaling arguments based on a study by Andrews and Mclntyre are used. This scaling
procedure is then used to explain the nonlocal (local) zonal-wind tendency during the realistic baroclinic life
cycle for the wide (narrow) jet limit.

Several differences between the properties of the two jet limits are found. For the wide jet limit, the acceleration
at the center of the jet is confined to the growth stage. This contrasts the narrow jet limit where the jet is
accelerated throughout the entire life cycle. These differences depend upon the lower-layer potential vorticity
fluxes, which exhibit the same timing properties as the zonal-wind tendency. In addition, for both the wide and
narrow jet limits, irreversible potential vorticity mixing is shown to force nonlocal and local permanent changes
to the zonal wind, respectively. A comparison is also made between the vorticity flux and potential vorticity
flux to determine which is a better predictor of the zonal-wind tendency. It is shown that in the wide (narrow)
jet limit, the vorticity (potential vorticity) flux does better at predicting the zonal-wind tendency. It is also
argued that one can use a barotropic model to study the temporal evolution of the upper-layer flow for both
the narrow and wide jet limits.

Last, it is shown that the properties of the inviscid calculations are retained when thermal forcing and surface
Ekman friction are included. Calculations are performed with different values for the surface Ekman friction
coefficient and with the thermal forcing coefficient fixed. For the wide (narrow) jet limit, it is found that the
disturbance grows to a larger (smaller) total energy as the Ekman friction coefficient is increased (decreased ).
This behavior for the wide jet limit is explained in terms of an enhancement of the baroclinic energy conversions
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that overcome the barotropic governor mechanism of James and Gray.

1. Introduction

An examination of daily weather maps shows that
the properties of the midlatitude westerly jet are ex-
tremely variable. In particular, one can see large
changes in its strength, position, and width. Because
of the interaction of synoptic-scale waves with the
midlatitude westerly jet, synoptic-scale baroclinic waves
must also exhibit large variability in their life cycles
[as an example of this variability in the Southern
Hemisphere see Randel and Stanford (1985a)]. One
fruitful approach for studying the interaction between
synoptic-scale baroclinic waves with the background
westerly zonal flow during baroclinic life cycles has
been to use idealized models with a zonally symmetric
initial zonal flow. Examples of different techniques that
have been employed for studying this problem include
the analytical weakly nonlinear two-layer quasigeo-
strophic models of Pedlosky (1970, 1971, 1980, 1981)
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and the numerical multilevel primitive equation mod-
els of Simmons and Hoskins (1978, 1980).

In two previous studies, Feldstein and Held (1989)
and Feldstein (1991) (FH and F, respectively, here-
after), the life cycles of baroclinic waves were examined
with a two-layer quasigeostrophic model. In these
studies, it was found that if the meridional shear in the
upper-layer zonal wind is sufficiently strong to produce
a critical latitude, the disturbance undergoes a life cycle
of baroclinic growth followed by barotropic decay that
resembles those life cycles observed in the atmosphere
(see Randel and Stanford 1985a,b). Because of its suc-
cess in reproducing many of the dominant features of
the baroclinic life cycle seen in the atmosphere, the
same two-layer quasigeostrophic model as in FH and
F will be used to investigate the effect of different jet
widths on the properties of the wave-mean flow inter-
action during the baroclinic life cycles. The approach
to be adopted is to examine two limiting cases, one
with a very wide jet and the other with a very narrow
jet. In this manner, fundamental properties of the
wave-mean flow interaction can be isolated.

A brief description of the model is presented in sec-
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tion 2. The life-cycle solutions with an emphasis on
the properties of the wave-mean flow interaction are
shown in section 3. In section 4, the results with surface
Ekman friction and thermal forcing are presented. The
conclusions appear in section 5.

2. Model description

A detailed description of the model including the
boundary conditions can be found in FH. The stream-
function ¥ and the potential vorticity g are separated
into a zonally averaged and a disturbance part:

Yn(X, y, 1) = ¥ (p, ) + ¥iulx, y, 1)

(X, ¥, 8) = Ou(y, 1) + qn(x, y, 1), (1)

where n = 1 denotes the upper layer and n = 2 the
lower layer, and ¥, and g, are related by

Gn =V, + By + (1) (Y1 —¥2)/2.  (2)

The dimensionless disturbance and zonally averaged
potential vorticity equations are

g,/ 9t + Uydq’y/0x + v,00,/8y = —vV};

and

(3)

3Q,/9t = —3(v}q})/8y — vWoU,,. (4)

For the two-layer quasigeostrophic model, the equa-
tions relating the zonally averaged zonal flow to the
zonally averaged potential vorticity flux can be derived
by combining the equations for the zonal-wind ten-
dency dU, /3t and potential temperature tendency 46/
ot

oU,/dt = vhq, + D¥ + v3*U,/dy*
80/0t = —w*,

(5a)
(5b)
where
oF =0, — (—1)"0F

w+ a(v16')/3y,
1/2(8v,*/dy),
and 8’ = y| — ¥5, to give
8/3t(8%U,/dy* — 2U,) = d*v,qn/dy*

— (Vg + vhgh) — w8 U,/ 8y — 2U,). (T)

(6a)
(6b)

M‘,*

M_)*

In this study, the initial jet profile is given the form
Ui(y,0) = sech’[(y — yo)/a]; Ua(y,0)=0, (8)
where y; = 0.5W, W being the width of the channel

and ¢ the half-width of the jet: U;(y, 0) has been scaled

so that it has a value of 1.0 in the center of the channel
and W will always be large enough so that U, goes to
a value very close to zero before the channel walls.
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3. Life cycles

In this section, we will examine the wave-mean flow
interaction during the baroclinic life cycles for two
cases: a “wide jet” and a “narrow jet” limit. For these
calculations, the initial jet will be weakly supercritical
to instability. As in F, a weakly supercritical initial state
is chosen since the results are simpler and easier to
interpret. Also, as in F, the disturbance is limited to
one zonal wavenumber since the solution is not found
to be sensitive to the zonal truncation. Before pro-
ceeding to look at the numerical solution, it is necessary
to define the wide and narrow jet limits for the present
problem. This definition is based on the constraint that
the instability of this jet must lead to a life cycle char-
acterized by baroclinic energy conversions from the
zonal flow to the disturbance during the growth stage
and by barotropic energy conversions from the distur-
bance back to the zonal flow during the decay stage,
as is typically observed in the atmosphere. In F, it was
found that if the jet was sufficiently wide, the energy
conversions between the disturbance and the zonal flow
are baroclinic in both the growth and decay stages.
Therefore, the wide jet limit is defined to be approxi-
mately the widest possible jet for which the energy
conversions are barotropic while the disturbance is de-
caying. On the other hand, the narrow jet limit is de-
fined as approximately the narrowest possible jet for
which the upper-layer meridional potential vorticity
gradient, that is, dQ,/dy, is initially positive and re-
mains positive throughout the life cycle. In that way,
barotropic energy conversions cannot contribute to the
growth of the disturbance.

This concept of wide and narrow jet limits is closely
related to scaling of the zonal-mean flow by Andrews
and Mclntyre (1976). In that study, a “tall” mean flow
was defined as one in which the ratio fL/NH < | where
fis the Coriolis parameter, N the Brunt-Viiséld fre-
quency, L the horizontal length scale, and H the vertical
length scale. Under these conditions, they showed that
the response to the wave forcing, that is, the meridional
potential vorticity flux, is local, and the eddy-induced
residual circulation is negligible. As a result, the ten-
dency equation for the zonal-mean flow in a vertically
continuous flow becomes oU/dt = v},g},. Although not
discussed by Andrews and MclIntyre, if one examines
the opposite case where fL/NH > 1, it is straightfor-
ward to show that the tendency of the zonal-mean flow
is barotropic, that is, 8/3t(dU/9dz) = 0, where z is the
vertical length coordinate. This implies that even if the
meridional potential vorticity flux varies with height,
the zonal-flow response must be nonlocal as a residual
circulation must be induced to maintain the barotropic
zonal-flow tendency.

In the continuous case of Andrews and Mclntyre,
the four parameters that comprise the ratio fL/NH
determine the appropriate balance in the zonal-wind
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tendency equation, whereas in the present two-layer
model, the only parameter that is being allowed to vary
is the jet width ¢. For the two-layer model, we can
apply analogous scaling arguments to those of Andrews
and MclIntyre for both the wide and narrow jet limits
by either neglecting or retaining the y derivative terms
in (7), respectively. As a result, the wide and narrow
jet zonal-wind tendency equations become

0Uy/dt = 1/2(v'q) + v243) 9

and
U, /8t = vi,.q), + vd*U,/dy*, (10)

respectively. These equations exhibit the same prop-
erties as in the continuous case.

a. Wide jet limit (¢ = 16.0)

For the wide jet limit, we choose ¢ = 16.0, 8 = 0.486,
W =110.0, v = 0.01, k = 0.82, and 100 grid points in
the meridional direction are used. The initial distur-
bance is chosen to be symmetric about the center of
the jet (the fastest-growing normal mode is always
found to be symmetric) and its amplitude is small
enough so that it can attain its normal-mode form be-
fore modifying the zonal flow. The linear growth rate
of this disturbance is w; = 0.016.

The energy cycle is illustrated in Fig. 1. The distur-
bance undergoes a single life cycle of baroclinic growth
followed by barotropic decay. If one were to compare
this life cycle with that for a slightly wider jet, for ex-
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FiG. 1. Eddy energy (multiplied by 2.0 X 10%) and energy con-
version (multiplied by 1.0 X 10°) for the wide limit ¢ = 16.0 westerly
jet. Solid line denotes total disturbance energy; long dashed line,
baroclinic conversion; short dashed line, barotropic conversion.
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ample, ¢ = 17.0, slightly negative baroclinic energy
conversions would be found as the disturbance is de-
caying. Thus, the baroclinic life cycle for the ¢ = 16.0
jet represents the wide jet limit as defined earlier in
this section.

In Figs. 2a and 2b, the temporal evolutions of U, /
dt and U,/ at are illustrated with a contour diagram.
As expected, based upon these scaling arguments, the
pattern of the zonal-wind tendencies in the two layers
are very similar. At the center of the jet, both U, /dt
remain positive during the growth stage and are neg-
ligible during the decay stage. At the wings of the jet,
both U, /dt are very small while the disturbance is
growing and become strongly negative while it is de-
caying. Thus, we get a simple picture of acceleration
of the center of the jet during the growth stage and
deceleration of the wings of the jet during the decay
stage.

A further understanding of the zonal-wind tenden-
cies can be attained by examining the temporal evo-
lution of the potential vorticity fluxes (see Figs. 2¢ and
2d). In this case, if we compare the numerical values
of the zonal-wind tendencies to those approximated
by (9), the error is found to be about 20%. Therefore,
for physical interpretation, (9) represents a good ap-
proximation (this is not surprising because the two
dU,/dt in Figs. 2a and 2b are similar). An inspection
of Figs. 2¢ and 2d indicates that the lower-layer poten-
tial vorticity fluxes are dominant during the growth
stage and the upper-layer potential vorticity fluxes are
during the decay stage. This also allows one to arrive
at the simple picture that the acceleration of the center
of the jet in both layers is driven by the lower-layer
potential vorticity flux and the deceleration of the wings
of the jet in both layers is driven by the upper-layer
potential vorticity flux. Furthermore, since the lower-
layer potential vorticity flux is found to be very much
dominated by the meridional heat flux, the jet can also
be said to be accelerated by the meridional heat flux.
Since the baroclinic energy conversion is equal to the
integral of the product of the meridional heat flux with
the vertical shear of the zonal wind, once the baroclinic
growth ceases, so does the acceleration of the jet.

b. Narrow jet limit (¢ = 1.5)

For the narrow jet limit, we choose ¢ = 1.5, 8
=0.39, W= 15.0,» = 5.0 X 1073, k = 0.82, and again
use 100 grid points in the meridional direction. As in
the wide jet limit, the amplitude of the initial distur-
bance is sufficiently small so that the zonal flow is not
modified before the disturbance reaches normal-mode
form. The linear growth of this disturbance is also w;
= 0.016.

The energy cycle is shown in Fig. 3. As in Fig. 1, the
disturbance also undergoes a single life cycle of baro-
clinic growth and barotropic decay, but the time dif-
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FIG. 2. y/W -time contour diagram of the tendency of the zonally averaged zonal wind and the upper- and lower-layer potential vorticity
flux for the o = 16.0 westerly jet; (a) dU,/dt, contour interval is 6.0 X 1073, (b) aU,/dt, contour interval is 6.0 X 1075, (c) v\ 4}, contour
interval is 8.0 X 107°. (d) v5g5, contour interval is 8.0 X 1073, Solid contours are positive and dashed contours negative.

2

ference between the maximum baroclinic and baro-
tropic conversions is reduced. This behavior is dis-
cusssd in F. A numerical calculation was also
performed with ¢ = 1.25 where it was found that al-
though 3Q, /3y is initially positive everywhere, it be-
comes negative at a later stage of the life cycle. Thus,
a ¢ = 1.5 jet is an appropriate choice for our narrow
jet limit.

The temporal evolution of the 3U,, /3¢t are shown in
Figs. 4a and 4b. These tendencies are dominated by
an acceleration of the jet in the lower layer and decel-
eration of the wings of the jet in the upper layer. In
addition, both the acceleration and deceleration occur
throughout entire the life cycle. An understanding of
the properties of the dU,/dt can be obtained by ex-
amining the potential vorticity fluxes (see Figs. 4c and
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FiG. 3. As in Fig. 1 except for the narrow limit o = 1.5 jet.

4d) and then relating these fluxes to the zonal-wind
tendencies through (10). Based on the scaling argu-
ments that were used to derive (10), the zonal-wind
response to the potential vorticity fluxes must be local
so that the dU, /3t and the v,q), should bear a close
resemblance. A comparison between dU,/dt and
v, g, shows that the two patterns are similar, as the
potential vorticity fluxes are concentrated in the same
regions as dU,/dt, but the accuracy of this approxi-
mation is not as good as the approximation made in
the wide jet limit. In some sense, it is a surprising that
the narrow jet approximation is even this good when
one considers that the derivation of (10) required that
the horizontal length scale be much less than one. Be-
cause the correspondence between the location of the
potential vorticity fluxes and the zonal-wind tendencies
are consistent with the properties implied by (10), the
acceleration of the jet in the lower layer must be driven
by the lower-layer potential vorticity flux and the de-
celeration of the wings of the jet in the upper layer
must be driven by the upper-layer potential vorticity
flux. The same property also shows that the absence
of a significant zonal-wind acceleration (deceleration )
at the center (wings) of the jet in the upper (lower)
layer is because of the weak potential vorticity flux in
these regions. It is also interesting to note that the weak
upper-layer potential vorticity flux, and hence the small
upper-layer zonal-wind acceleration at the jet center,
occurs because of the strong cancellation between the
upper-layer vorticity and heat flux that tends to ocur
in narrow jets. Furthermore, because of the relationship
between the baroclinic energy conversion and the
lower-layer potential vorticity flux, the acceleration of
the jet in the lower layer must persist throughout the
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life cycle together with the baroclinic energy conver-
sion.

¢. Comparison between wide and narrow jet limits

There are several obvious differences that are ap-
parent between the wide and narrow jet limits. It is
verified that the scaling arguments, which were based
on the scaling procedure of Andrews and Mclntyre for
the ““tall” mean-flow condition, hold for the wide and
narrow jet limits; within these limits, the zonal-flow
response to the potential vorticity flux forcing is either
nonlocal or local, respectively. We also saw differences
in the timing of the acceleration in the center of the
jet. For the wide jet limit, this acceleration was confined
to the growth stage, whereas for the narrow jet limit,
the acceleration of the jet occurred throughout the life
cycle. These differences can be explained by noting
that in both limits it is the lower-layer potential vorticity
flux that forces the jet. In the wide jet limit, v5g5 be-
comes small once the disturbance starts to decay,
whereas in the narrow jet limit v5 g% remains significant
throughout the life cycle (an explanation of the timing
of these fluxes can be found in F).

Because permanent changes in the zonal flow can
be related to irreversible potential vorticity mixing, that
is, the nonacceleration theorem of Charney and Drazin
(1961), we examine the time-averaged potential vor-
ticity fluxes over the entire life cycle (see Fig. 5a and
5b). For both the wide and narrow jet limits, the pattern
of the time-averaged potential vorticity fluxes are very
similar. In the upper layer, the time-averaged potential
vorticity fluxes show negative values at the wings of
the jet and near-zero values at the center of the jet due
to cancellation between the negative and the positive
potential vorticity fluxes during the growth and decay
stages, respectively. In the lower layer, the time-aver-
aged potential vorticity fluxes are positive in the center
of the channel and negligible elsewhere.

These regions of nonzero time-averaged potential
vorticity fluxes were found to be locations of strong -
potential vorticity mixing (see FH). This mixing leads
to the formation of a region of almost zero dQ,/dy in
the center of the lower layer (the negative dQ,/dy region
is removed by this process and the zonal flow is sta-
bilized). Although not discussed in FH and F, as U,
increases from zero during the life cycle, critical lati-
tudes form in the negative dQ,/dy region in the lower
layer. In the upper layer, the negative potential vorticity
fluxes also correspond to regions of potential vorticity
mixing where the latitudinally radiating disturbance is
absorbed by the zonal wind (contour diagrams illus-
trating this process are shown in FH). The time-av-
eraged zonal-wind tendencies are shown in Figs. 5a
and 5b. As expected from Figs. 2 and 4, significant
differences are found between the dU,/dt for the two
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limiting cases. The most obvious differences, consistent
with earlier discussion, are the nonlocal versus local
nature of the time-averaged zonal-wind tendencies in
the wide and narrow jet limits. But, from Figs. 5a and
5b, we can see a close matching (much closer for the
wide jet limit) in the location of nonzero time-averaged
potential vorticity flux and zonal-wind tendency. Since

the nonacceleration theorem requires that nonzero po-

tential vorticity fluxes cause changes to the zonal wind,
we can directly relate the regions of potential vorticity
mixing to that of the permanent zonal-wind changes.
This comparison between the wide and narrow jet
limits yields some insight into whether the vorticity
flux or the potential vorticity flux is a better predictor
of the zonal-flow tendency. This particular problem
was addressed by Pfeffer (1987), who examined the
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effect of the synoptic-scale transient eddies on the
zonal-mean flow in the troposphere. He found that the
pattern of the zonal-wind tendency has a better cor-
relation with the vorticity flux than with the potential
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vorticity flux. The same property is found in the wide
jet limit in this study. This can be seen by referring to
(9) and noting that v ¢} + v5¢g5 = v ) + v5 ¢, where
¢ is the disturbance vorticity, and that v &} > v5¢5.
This is not surprising since baroclinic life cycles with
an initial zonal flow that resembles those seen in the
climatological atmosphere have a strong nonlocal re-
sponse (see Haynes and Shepherd 1989). On the other
hand, if the jet is sufficiently narrow, as may sometimes
occur in the troposphere for an instantaneous as op-
posed to a climatological zonal jet, the zonal-wind re-
sponse may be better correlated with the potential vor-
ticity flux and take on more local characteristics.

4. Solutions with forcing and damping

In this section, we will examine the wave-mean flow
interaction for both the wide and narrow jet limits with
surface Ekman friction and thermal forcing present.
When these two effects are included, the tendency
equation for the zonal wind becomes

8/0t(8°U,/3y* — 2U,) = 0*0),q,/dy*
— (Viq} + vhgb) — vWH(3?U,/dy* — 2U,)
—(—1)"(ryU, — r(d0/0y — 6%/ dy))
- 5n,2"f(92U2/ay2, (11)

where ryand 7, are Ekman friction and thermal forcing
coefficients and §,,, is the Kronecker delta. If we follow
the same scaling procedure as was used in deriving (9)
and (10), the wide and narrow jet limits of (11) are

d 1, —  —
— U, =z (v1q) + v14q;
3t 2( 191 292)

+2(=1)"TryUz = 1(38/3y — 96%/9y)]  (12)

and

a3 P
a_t U,=v,q,— VV4Un - 6n,2rfU2,

(13)
respectively. In addition to the local versus nonlocal
differences between (12) and (13), it is seen that ther-
mal forcing is more important in the wide jet limit and
surface friction acts to accelerate (decelerate ) the lower-
layer flow in the wide (narrow) jet limit.

A series of numerical integrations were performed
with both surface Ekman friction and thermal forcing
included. For both the wide and narrow jet limits, the
thermal forcing coeflicient is set at r, = 0.002, and the
Ekman friction coefficient is specified as either r, = r,
or ry= 10r,. Linear stability analyses with this choice
of parameters show that in the narrow jet limit the
linear growth rate is very sensitive to the value of r/,
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that is, for r, = r,, w; = 0.0138 and for r, = 10r;, w;
= 0.0050. When the linear stability analyses are per-
formed for the wide jet limit, the linear growth rate is
found to be insensitive to the value of 7, that is, for r,
= r, w; = 0.0152 and for ry= 107, w; = 0.0156 (similar
growth rates were also found for intermediate values
of r f) .

For both the wide and narrow jet limits, the corre-
sponding nonlinear numerical integrations retained the
nonlocal and local characteristics for the zonal-wind
tendency, as discussed earlier. Furthermore, in the
narrow jet limit for both values of r/, and in the wide
jet limit when r,= r,, the total energy of the disturbance
vacillates toward a steady state. On the other hand,
when r, = 10r, in the wide jet limit, after an initial
transient stage, the disturbance undergoes periodic
vacillations (the énergy cycles for the wide jet limit are
shown in Figs. 6a and 6b). In the narrow jet limit,
consistent with the values of the linear growth rates,
the total energy attained by the disturbance is smaller
with the larger r;. The wide jet limit solution shows
the opposite behavior as it is the larger r,that yields a
significantly greater total energy. This behavior resem-
bles that found in James and Gray (1986) where they

show with a multilevel primitive equation model that -

the disturbance energy increases with a larger surface
friction. Their explanation for this property (see also
James 1987), which they call the barotropic governor,
is that for smaller surface friction the disturbance be-
comes more meridionally confined. This is because the
meridional shear of the zonal wind builds up as the
disturbance grows and this enhanced shear causes the
critical latitudes to move in toward the jet center. As
a result, the disturbance is stabilized since the barotro-
pic energy conversions become stronger.

In the present two-layer model, for both values of r,
in the wide jet limit, the temporal evolution of the
phase speed of the disturbance was examined. For r,
= r,, the disturbance phase speed ¢, = 0.0138 initially
and increases to a value of ¢, = 0.0212 near its first
total energy maximum after which it becomes slightly
smaller. For r, = 10r,, ¢, = 0.034 initially, but then
increases substantially up to ¢, = 0.103 also at a time
close to its first total energy maximum. In addition,
the r, = 10r, solution exhibits a stronger zonal-wind
increase (not shown) with greater meridional shear of
the zonal wind. This suggests that the disturbance may
be more meridionally confined in the r, = 10r, case,
which is opposite to the behavior found by James and
Gray. However, an examination of the temporal evo-
lution of the potential vorticity fluxes (not shown) in-
dicates that for both values of r,the meridional extent
of the disturbance is the same. This indicates that a
mechanism other than that found by James and Gray
(1986) for the primitive equation model must be re-
sponsible for the increase in disturbance energy with
surface friction for the two-layer quasigeostrophic
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FIG. 6. Eddy energy (multiplied by 2.0 X 10%) and energy con-
version (multiplied by 1.0 X 10%) for the wide limit ¢ = 16.0 westerly
jet; (a) rr = r,, (b) r, = 10r,. Solid line denotes total disturbance
energy; long dashed line, baroclinic conversion; short dashed line,
barotropic conversion.

model. Based on the energetics shown in Fig. 6, a plau-
sible explanation for this behavior is that the surface
friction increases the vertical tilt of the disturbance,
which in turn allows the disturbance to grow to a larger
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energy via baroclinic processes. In addition, as the dis-
turbance grows, the enhanced vorticity fluxes increase
the meridional shear of the zonal wind and increase
the effectiveness of the barotropic governor. However,
the barotropic governor cannot overcome the stronger
baroclinic energy conversion. Furthermore, it is inter-
esting to note that because of the large increase in ¢,
in the r,= 10r, case, a critical layer never forms in the
lower layer. Even though a critical layer fails to form,
strong mixing still takes place in the center of the lower
layer at a time shortly after the disturbance reaches its
first total energy maximum since dQ,/dy goes to zero
in that region. In all of the other examples in this study,
both with and without surface Ekman friction and for
both the wide and narrow jet limits, a critical layer
always develops in the lower layer.

5. Conclusions

In this study, numerical integrations were performed
with the two-layer quasigeostrophic model to examine
the properties of the wave-mean flow interaction dur-
ing baroclinic life cycles. Two cases were considered:
a wide and a narrow jet limit. These limits were con-
strained by the requirement that the instability of these
jets lead to realistic baroclinic life cycles characterized
by baroclinic growth and barotropic decay. Scaling ar-
guments that resemble those of Andrews and Mclntyre
(1976) were used to explain the nonlocal (local ) prop-
erties of the zonal-wind tendency for wide (narrow)
jet limits. As a result, it was shown that both narrow
and wide jet scaling can apply to realistic baroclinic
life cycles in the two-layer model. Timing differences
for the acceleration of the jet center were found for the
two cases. For the wide jet, this acceleration was limited
to the growth stage, whereas for the narrow jet it takes
place during both the growth and decay stages of the
life cycle. These differences were shown to be related
to the timing of the lower-layer potential vorticity fluxes
that force the acceleration of the jet. In addition, for
both the wide and narrow jet limits, irreversible po-
tential vorticity mixing occurs both in the center of the
lower layer and at the wings of the jet in the upper
layer. As a result, this mixing must drive the nonlocal
and local permanent changes to the zonal wind for the
wide and narrow jets, respectively. A comparison was
also made as to whether the potential vorticity flux or
the vorticity flux is a better predictor of the zonal-wind
tendency. It was argued that in the wide (narrow) jet
limits, the vorticity (potential vorticity) flux does better
at predicting the zonal-wind tendency.

Last, it was shown that the foregoing inviscid (ex-
cluding horizontal diffusion ) properties are retained in
numerical integrations with thermal forcing and surface
Ekman friction. With the thermal forcing fixed and the
surface Ekman friction varied, the total disturbance
energy was found to increase (decrease) with the Ek-
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man friction coefhicient in the wide (narrow) jet limit.
However, the increase in total disturbance energy for
the wide jet limit was shown to arise from baroclinic
processes and not by the barotropic governor mecha-
nism of James and Gray (1986).

The results of this study suggest a two-layer extension
of the barotropic model of Held and Phillips (1987).
They find acceleration at the center of the jet in the
region of excitation and deceleration at the wings of
jet where the disturbance is absorbed. In the two-layer
model, the jet is also accelerated in the region of ex-
citation and decelerated in the disturbance absorption
region. However, in the two-layer model, these regions
occur in different layers as the excitation (absorption)
region is located at the center (wings) of the jet in the
lower (upper) layer. In addition, in the wide jet limit
for the two-layer model, there is a nonlocal zonal-wind
response, which of course is not present in a barotropic
model.

The model calculations also suggest that it is possible
to use a barotropic model to study the temporal evo-
lution of the upper-layer flow for both the narrow and
wide jet limits. In the narrow jet limit, the disturbance
must be externally forced. Otherwise, in contrast to the
results presented in subsection 3b, the upper-layer jet
would be accelerated throughout the life cycle. This
forcing represents the generation of disturbance poten-
tial enstrophy due to the poleward meridional heat flux,
which of course cannot be represented in a barotropic
model. On the other hand, in the wide jet limit, an
initial-value approach (as in Held and Phillips 1987)
can be adopted. In this case, it is not necessary to rep-
resent the meridional heat flux by an external forcing
because the meridional heat flux cancels when the up-
per- and lower-layer meridional potential vorticity
fluxes are summed (recall from subsection 3c that the
upper-layer zonal-wind tendency is closely approxi-
mated by the sum of the upper- and lower-layer po-
tential vorticity fluxes, which in turn is well approxi-
mated by the upper-layer vorticity flux). These differ-
ences in the barotropic representation for the narrow
and wide jet limits just reflect the local and nonlocal
zonal-wind tendencies, respectively, for these two lim-
iting cases.

Additional insight into the properties of the merid-
ional radiation of the disturbance can be obtained by
examining the upper-layer vorticity flux. For the wide
jet limit, as discussed in the previous paragraph, the
upper-layer vorticity flux is very similar to the upper-
layer zonal wind tendency. By viewing Fig. 2a, and
relating the upper-layer vorticity flux to the meridional
radiation of the disturbance, it can be seen that the
radiation from the center of the jet is completed during
the growth stage and that this radiation is confined to
the wings of the jet during the decay stage. For the
narrow jet limit, the upper-layer vorticity flux closely
resembles the upper- (lower-) layer potential vorticity
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flux at the wings (center) of the jet (the upper-layer
vorticity flux and lower-layer potential vorticity flux at
the center of the jet are similar because in this region
the lower potential vorticity flux is dominated by the
meridional heat flux, and, as stated in subsection 3b,
the upper-layer vorticity flux and meridional heat flux
are almost identical). Thus, to visualize the upper-layer
vorticity flux for the narrow jet limit, we must sum the
potential vorticity fluxes in Fig. 3c and 3d. By looking
at these figures, we can see, in contrast to the wide jet
limit, that the disturbance is radiating in the meridional
direction throughout the entire life cycle.

The results of this study show that the lower-layer
potential vorticity mixing contributes to the mainte-
nance of the westerly jet. In the narrow jet limit, the
mixing maintains the lower-layer jet against surface
friction. On the other hand, in the wide jet limit, this
mixing acts together with surface friction [see Eq. (13)]
in the lower layer and thermal forcing in the upper
layer to maintain the jet in both layers. With regard to
the atmosphere, these results suggest that surface mix-
ing associated with frontogenesis contributes to the
maintenance of the midlatitude westerly jet. Such a
relationship between surface processes and mainte-
nance of the midlatitude westerly jet have been dis-
cussed by Hoskins (1983) and Pfeffer (1987), who
show that a poleward surface heat flux induces a ther-
mally direct residual circulation. Further studies are
planned with a primitive equation model to investigate
this link between surface frontogenesis, baroclinic life
cycles, and the maintenance of the westerly jet.
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