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ABSTRACT

Such role as polar regions may have in determining global climate obviously depends on the transport of
heat between polar regions and other latitudes. We review the way such transport affects climate sensitivity
and stability within the context of simple energy balance models, noting that climate sensitivity in most such
models is too small to readily permit the functioning of the Millankovitch mechanism, for example. We then
turn to the development of new heat transport parameterizations wherein radiative equilibrium distributions
of temperature with latitude are adjusted on the basis of recently noted properties of Hadley cells and baro-
clinically unstable eddies. The simplest application of this adjustment tends to underestimate the observed
pole-equator temperature difference —the error being confined almost entirely to high latitudes (in effect
the parameterization overestimates the heat flux). Including the effects of static stability changing with
latitude virtually eliminates the discrepancy. This situation is remarkable since heat transport by both
stationary waves and ocean currents has been ignored. The implications of this are discussed. Moreover,
it is found that climate sensitivity and stability for the new transport parameterization can be different
from what is obtained with simpler models, and appears capable of simulating the sensitivity called for by
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existing climate data.

1. Introduction

Much that we identify with climate is closely as-
sociated with polar behavior; ice ages being the most
obvious example. The question nonetheless remains
as to how polar regions interact with the rest of the
earth. Clearly, in 2 world governed by local radiative
equilibrium there would be no interaction. Transport
is necessary in order that the polar thermal state can
be communicated with the rest of the planet. Thus,
an understanding of the transport of heat between
different latitudes is central to understanding the role
of polar regions in global climate.

In Section 2 of this paper we will review some
results from energy balance climate models in order
to identify the general role of transport. In Section 3
we describe a physical approach to modeling trans-
port due to Hadley cells and baroclinic instabilities.
These mechanisms alone appear capable of account-
ing for the total observed heat flux without consider-
ing heat fluxes due to either stationary waves or
ocean currents. The possible implications of this
finding are discussed. It should be noted that our
approach provides the first simple (and fairly accu-
rate) prediction of the pole-equator temperature dif-
ference from first principles and without disposable
parameters. We parameterize heat fluxes in terms of
radiative forcing rather than surface temperature.
The latter, in fact, is a consequence of the various
heat transport mechanisms, and not really what is
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forcing the eddies. Practical difficulties in relating
heat flux to temperature gradients have already been
noted by Lorenz (1979). Similar problems do not
arise in the present parameterization.

In Section 4 our heat flux parameterization is criti-
cally assessed, It is found to have important short-
comings in polar regions where too much heat flux is
predicted. It is shown that the inclusion of the lati-
tude variation of the static stability of the lowest 2 km
of the atmosphere (omitted in Section 3) largely
eliminates these shortcomings. Our work, however,
does not, as yet, establish the origin of the varia-
tions in static stability. This matter is of substantial
importance to the determination of climate stability
and sensitivity. When, for example, the latitude vari-
ation of static stability is held fixed regardless of the
position of the ice line, we obtain results similar to
other studies of climate stability. In particular, the
polar regions are too insensitive to the global heat
budget to allow the operation of the Millankovitch
mechanism for ice ages. When, however, the distri-
bution of static stability follows the position of the .
ice line, then sensitivity is greatly increased. Data
for climatic trends over the last century support a
high sensitivity.

2. Gengral role of heat transport

Following Lindzen and Farrell (1977), we will
study the role of heat transport in the context of
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one-dimensional energy balance models of the sort
developed by Budyko (1969) and Sellers (1969).
Such models deal with a surface heat balance
wherein all terms may be either externally specified
or represented as a function of surface temperature.
Restricting ourselves to steady equilibria, such
models lead to equations of the form

Os(x)f(x,x;) — (A + BT) + F[T] = 0,

where

1)

T surface temperature

F[T} divergence of dynamic heat flux, F
: representing some operator

x sing

¢ latitude

Xg value of x at ice-snow/ice-free,

snow-free boundary

Os(x)A(x,x;) solar input

o solar constant + 4

s(x) normalized distribution of incoming
radiation

H(x,x;) 1 — albedo

A + BT linearization of infrared cooling of
surface. 2)

A suitable approximation to the annual average form
of s(x) is
s(x) = 1 — 0.482P,(x),

where
Py(x) = Y5(3x%2 - 1). ?3)
For «(x,x;), we usually use
o = [ao + a,Py(x), x <x, @
by, x > xg,

where the term a,P,(x) crudely includes the zenith
angle dependence of the albedo (Hartmann and
Short, 1979).

Various values have been suggested for the con-
stants in (2) and (4). Two sets of choices which
span the most commonly used values are given in
Table 1. The first set of values is close to what was
used by Budyko (1969), Sellers (1969), Held and
Suarez (1974), and North (1975), while the second
set was used by Hartmann and Short (1979) and
derived from an analysis by Oerlemans and Van
den Dool (1978). We shall later consider the depend-
ence of climate models on these parameter choices.

For F[T}, Sellers (1969) suggested

d dar
F[T]=—({ - x3D — , 5
(7] o (1 -x% T &)
while Budyko (1969) suggested
F[T] = -C(T - 1), ©

where

1
T= J Tdx.

0
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TABLE 1. Two sets of radiative parameters. See text for details.
The first set will be referred to as B-S (Budyko-Sellers), and the
second as H-S (Hartmann-Short).

A B
aq a, by (Wm™) [Wm(0)]
B-S 0.7 0 0.4 211.2 1.55
H-S* 0.697 -0.175 0.38 205 2.23

* Based on Oerlemans and Van den Dool (1978).

D and C are constants which are adjusted so that
(1) simulates the currently observed T(x). Egs. (5)
and (6) are ad hoc parameterizations which are fun-
damentally dependent on an adjustable parameter.
In Section 3 we will attempt to replace (5) and (6) with
explicitly physical parameterizations which ideally
will be free of disposable constants.

As shown in Lindzen and Farrell (1977), (1) may
be solved to obtain the dependence of x, on Q. To do
this one must identify x, with a particular 7,. One
usually adopts T, = —10°C. Parameterization (6)
allows a discontinuity in T atx = x; whichleads to a
certain arbitrariness in the determination of x,—but
some fix (such as using the mean T at x,) is generally
obvious. The calculational procedure involves (i)
selecting x,; (ii) solving (1) for T(x); and (iii) adjusting
Q until T(x,) = —10°C. By movingx, from 1to 0 one
obtains the complete dependence of x;, on Q (or vice
versa). Q is formally identified with the solar con-
stant; however, it is more appropriate to simply re-
gard it as a measure of the global heat budget. Changes
in Q can result from seasonal effects, changes in
global cloud cover, etc. The dependence of x; on Q
is a general measure of the sensitivity of polar climate
to global heat balance.

We shall now review some results of previous
studies concerning the dependence of x; on Q. Let us
first consider the case F[T] = 0. We shall refer to
the temperature distribution so obtained as the radia-
tive equilibrium distribution T .(x). Fig. 1 (taken from
Held and Suarez, 1974) shows the variation in 6,
(= sin~! x,) with g (a measure of Q). Because of the
discontinuity in T at x,, we have two curves. For
both curves a reduction in g leads to an equatorward
advance of x;. As explained in Lindzen and Farrell
(1977), this implies a stable climate, and compari-
sons of Fig. 1 with subsequent results will show that
the resulting climate is, indeed, very stable. For
reference purposes an advance of 6, from 72° (x,
= 0.95, present value) to 50° (x; = 0.77) requires a
30% reduction in Q. Fig. 2 (taken from Hartmann
and Short, 1979) compares Q(x;), using (5), for both
choices of parameters in Table 1. For both choices
D was independently chosen to simulate present
conditions. Note first that with F[T] # 0, Q(x,) has
a minimum at some x, = X. For x, < X, the climate
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F1G. 1. Variation of a quantity proportional to Q(q) vs 6,
(sin~'x,) for radiative equilibrium. The curve g_represents T = T,
for the ice-free side of x, while g, represents T = T, for the ice-
covered side of x,. From Held and Suarez (1974).

is unstable and perturbations away from equilibrium
lead to an ice-covered earth. Note that the choice of
parameter set 2 from Table 1 leads to a far less sensi-
tive climate than parameter set 1. For the latter a 2%
reduction in Q causes x, to advance from 0.95 to
0.77 while for the former such an advance requires
an 8% reduction. Both cases, however, are far more
sensitive than they would be in the absence of trans-
port. In order to explain why results differ for the
two parameter choices, let us turn to Fig. 3 (from
Lindzen and Farrell, 1977) which shows Q(x;) based
on (5) and parameter set 1, but with different choices
for D (no attempt was made to simulate present

MONTHLY WEATHER REVIEW

VoLuME 108

conditions). We see that the larger D/B is (i.e., the
more effective transport is) the more sensitive x, is to
variations in Q. Indeed for sufficiently large D /B,
the climate is everywhere unstable. Finally, Fig. 4
shows T.(x) (radiative equilibrium) for the two
parameter set choices; also shown is the observed
T(x). Clearly, T(x) has a much smaller pole-equator
temperature difference than either 7.(x). However,
for parameter set 1, T, (x) is substantially colder near
the pole thanit is for set 2. Thus for set 1 alarger D/B
is needed in order to simulate existing conditions,
and from Fig. 3 we see that this implies greater
sensitivity —as, in fact, was the case in Fig. 2.

Before continuing let us summarize the results
of the above discussion:

1) Transport is essential to the instability of simple
climate models. The instability arises from the need
for ice-free regions to share their heat with ice-cov-
ered regions. This process is obviously more general
than the simple models with which it was studied.

2) In models where transport is adjusted to simu-
late existing conditions, the lower the value of T,(x)
over ice, the greater the need for transport will be,
and the more sensitive (less stable) will be the re-
sponse to variations in Q.

As we have already suggested, the quantity dQ/dx,
is the general measure of sensitivity and stability. As
clearly illucidated in Held and Suarez (1974), dQ/dx,
< 0 implies instability while dQ/dx, > 0 implies
stability. Moreover, when dQ/dx, is positive, the
sensitivity of x; to the global heat balance (as repre-
sented by Q) is inversely proportional to dQ/dx,. In
addition, Held and Suarez showed that for time de-
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Fi1G. 2. Q/Q (Q, = present value) vs x; for various choices of radiative param-
eters. Curve 1 is for the BS parameters; curve 2 is for the HS parameters; curves 3
_and 4 are for intermediate choices. From Hartmann and Short (1979).
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1.0
Q/QO

Fi1G.3.Q/Q, vsx, for BS radiative parameters and various choices
of thermal conductivity. From Lindzen and Farrell (1977).

pendent perturbations away from equilibrium, re-
laxation rates are proportional to dQ/dx,. In practi-
cal terms, for example, the operation of the Mil-
lankovitch mechanism for ice ages (Imbrie, 1979;
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Suarez and Held, 1976) demands a very small dQ/
dx,—much smaller than obtained with models in-
corporating flux parameterizations (5) and (6) (Lind-
zen and Farrell, 1977; North and Coakly, 1979). In
a similar vein, various models for climate oscilla-
tions have been suggested (Newell, 1974; Saltzman,
1978). A typical schematic for such a model is shown
in Fig. 5. Although there is a clear set of negative
feedbacks which can lead to a long-period oscillation,
the oscillation is damped and the damping, not sur-
prisingly, is proportional to dQ/dx;. In unpublished
calculations by the present author, it was generally
found that the high-latitude values of dQ/dx; in Fig. 2,
were so large as to overdamp the oscillations.

In the above, we have identified (dQ/dx,)™! as a
measure of the interaction of polar regions with global
climate. This interaction is fundamentally depend-
ent on heat transport, and this motivates our at-
tempt, in the following sections, to develop a physi-
cally based parameterization of heat transport.

3. Mechanistic approach to heat transport

In this section we attempt to replace (5) and (6)
with parameterizations explicitly based on known
physical mechanisms: the tropical Hadley circulation,
and baroclinically unstable eddies. Rather than cal-
culate heat fluxes directly we will calculate 67/dx

Observed

Rad. Eq. B-S—s,|
!

1 | L =~4 }

60 70 80 ~°90
Latitude

T T
3 4 5 6

T T T T i

g 8 9 95 10
b3

FiG. 4. T;(¢) for both HS and BS radiative parameterizations. The observed T(¢)
is also shown. For reference purposes, x as well as ¢ are shown.
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poleward heat flux in atmosphere —

decreasing ice

F1G. 5. Schematic illustration of how insulation of deep water by
ice could lead to climate oscillation.

as determined by these processes and implement
the mechanisms by adjusting 07/dx.

a. Hadley transport

Schneider (1977) has shown that a nonlinear, in-
viscid, Hadley cell (as schematically illustrated in
Fig. 6) is governed by two simple principles:

1) The zonal wind on the poleward branch of the
Hadley cell should conserve angular momentum.!
This implies that u;,, the zonal velocity on poleward
branch, is given by

) Qa sin*¢ _ Qax®
cosd (1 — xpre
where (1 is the earth’s rotation rate and g the earth’s
radius.

, M

2) Bothu, and the temperature field must be com-
patible with the thermal wind relation, which leads
to the approximate equation

oT

“m = — g —
HHadley 20 Sih¢T 6y
g oT
= —— (1 - x?)V2 — , 8
2QaTx ( ) ox ®)

where y is the distance from equator and T some
characteristic temperature.
Combining (7) and (8) yields

oT 20%°T

5
0x | Hadley &Hyaqiey 1 — x

N —

-9

A more detailed discussion of these relations may
be found in Lindzen (1979) and in Held and Hou
(1980). One uses (9) to adjust T.(x) in the following
manner: At the poleward boundary of the Hadley

! The neglect of friction actually inhibits the role of the Hadley
cell in transporting heat. Assuming angular momentum is con-
served thus tends to minimize the effect of the Hadley cell.
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cell Tyagiey = Te(xz), where x,, is chosen so that

Zp
J (Thadiey — To)dx = 0. (10)

(]
Because of (10), the Hadley cell only redistributes
heat betweenx = 0 and x = x,, without altering the
global mean temperature. The temperature distribu-
tion consisting in Tyugey for 0 < x < x, and T, for
xp < x =< 1 will be called Tyz(x). We turn next to the
modification of Tyg(x) by baroclinic processes.

b. Baroclinic adjustment

A common approach to parameterizing the effect
of an instability on a basic state is to assume that the
basic state is neutralized with respect to the instabil-
ity. The best known example of this is convective
adjustment wherein negative lapse rates are adjusted

" to zero. Pocinki (1955), and, more recently, Stone

(1978) have suggested a similar approach to the ef-
fects of baroclinic instability. The suggestion stems
from the observation that in two-level models, there
is a critical shear (and by the thermal wind relation,
a critical meridional temperature gradient) which is
of the order of the observed shear. The difficulty
with this approach stems from the fact that in a con-
tinuous (as opposed to two-level) atmosphere, there
does not appear to be a critical shear. For a zonal
flow profile characterized by a shear dii/dz in the
lower troposphere, Lindzen and Farrell (1980) have
shown that the minimum time scale for exponential
growth of inviscid baroclinic eddies (corresponding
to maximum growth rate) is given by the approxi-
mate formula

- dia )\t
MiN Terowtn = (0.31\/2—") , amn
) dz
where .
_ 402 sin’¢
R T
N? = 5__(61 N _g_) ,
T\ 9z Cp
Using the approximate thermal wind relation
di g oT
dz fT oy’

where f = 2() sing, and y is the meridional distance
from the equator. Taking for d7/0z a characteristic
value of —6.5 K km™, Eq. (11) simplifies to

' T \!
min 7gown = 74 K day“l( - a—¢) . (12)

It is clear from (12) that, in the abserice of damping,
instabilities will exist for any negative 37/0¢. How-
ever, for very small values of [07/0¢|, Tgrowtn Will
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exceed a characteristic damping time. Thus, taking
7 = 10 days to be a characteristic damping time,
baroclinic adjustment [using Eq. (12)] would lead to

e,
¢

which, in turn, would imply a pole-to-equator tem-
perature difference of
(13)

AT|Po ~ 7.4° x ’27— = 11.6°C.

eaqtr

As we see from Fig. 4, this is much smaller than
observed. Such an adjustment would call for larger
heat fluxes than are carried by the sum of all transport
processes in the atmosphere and ocean.

Clearly, baroclinic instability is not acting to di-
rectly eliminate temperature gradients in the manner
envisaged above. As already noted in Lindzen e al.
(1980), one may neutralize a profile with respect to
baroclinic instability with far less heat transport by
simply smoothing the surface potential vorticity gra-
dient sufficiently. Before explaining this in greater
detail, let us put forth the following plausible
conjecture:

o Baroclinic eddies will carry only as much heat as
would be absolutely necessary to neutralize the flow.

Note that this does not require that the final state
be neutral; it is only a statement about the heat
flux. In order to determine when a flow is neutralized,
we turn to a theorem due to Pedlosky (1964), Charney
and Stern (1962), and Bretherton (1966):

THEOREM: Baroclinic instability requires that the
meridional gradient of potential vorticity change sign.

In a simple baroclinic flow (where & is a function
only of z, altitude, and static stability is constant)
on a B-plane (where B is the meridional derivative of
the Coriolis parameter), the meridional gradient of

-

x

Kodley

_

Equator

Latitude

F1G. 6. Schematic illustration of Hadley circulation. The cell ends
at an x,, whose determination is described in the text.
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FiG. 7. Typical baroclinically unstable profile of #(z). The lower
boundary condition interprets iz(z) in the manner shown schemati-
cally in the insert.

potential vorticity is proportional to

_(B+1d12_d2[¢)
W=\ "TH 4 d4z2)°

where 8 = df/dy = (2Q/a) cos¢ and H is the density
scale height (Charney, 1973). We now consider the
flow shown in Fig. 7. Here diz/dz is everywhere
positive while d2i/dz? is zero or negative. Thus g,
is superficially positive everywhere, and the flow
should be stable. However, as noted in Lindzen and
Tung (1978), the nature of the lower boundary con-
dition for baroclinic instability is such as to render
di/dz = 0atz = 0, which, in turn, implies a positive
5-function contribution to d%u/dz® at the ground.
Thus g, is negative at the ground and the conditions
of the above theorem are satisfied. The situation is
schematically illustrated in the insert in Fig. 7. Now
consider the possibility that the transition between
dii/dz = 0 at z = 0 and the characteristic interior
shear is effected over a finite layer wherein g, is a
constant. Let

(14

B  1di d% m( dit dza)
—_——t —— e — = — r + — — ——
€ H d: dz2 H dz dz?
= —a?(Z 15
a ( H) : 1s)
where
H
r= B— N =2 above transition region, (15a)
em z
i = (a(z) — u(0))/mH,
Z=2/H,
da

Il
—m,
— O
88
NN
o
N
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FiG. 8. Normalized maximum growth rate versus d/dp..; (the height over which surface
potential vorticity gradient is spread). Various symbols represent calculated results at
different values of shear for z >d (viz., Fig. 9). Also shown is analytic representation

of results.

Since (15) is only 1st order in dit/dz, the boundary
conditions can only be satisfied at a particular d
which will be a function of a%. Solving (15) one
obtains
i=—(r+adE-d

+ (A +r+a»e?® - (1 +r+a?d, (16)

- 2 4r 4
d= ln(a—;l—z—%;—l) . (17)
When a? = 0,
d = dpews = ln(l + l) (18)
r

and the fluid is neutral with respect to baroclinic

u(@)

F1G. 9. Schematic illustration of profile examined in connection
with Fig. 8

instability since g, no longer changes sign in any
sense. It already has been noted by Lindzen et al.-
(1980) that the neutralization of the atmosphere by
spreading the region of negative g, until it ceases to
be negative involves much less heat flux than im-
plied by neutralization via Eq. (12). Before quantify-’
ing this flux, we note that we do not, a priori, expect
smoothing of the extent given by (18) because, pre-
sumably, there exists some smaller d for which
maximum growth rates are balanced by dissipation
rates. To test this, we calculated the stability prop-
erties of an array of profiles with varying d and
varying r (nondimensional measure of interior shear) 2
In Fig. 8 we show the variation of the maximum
growth rate (ac;)max divided by (ac¢;)max When d=0
[as given by Eq. (12)] versus d/d,.eut for various
choices of r. The profile examined is shown in Fig. 9
and consists a constant tropospheric shear zone,
above a transition zone described by (16), blending
into a constant & stratosphere at Z = 75 = 1.5. The
scatter of points in Fig. 8, in part, may represent
inaccuracy in the stability calculations. However,
there is no reason to expect a priori a universal
(0:C1)may VS dldpens curve independent of r. For ex-
ample, we may have a dependence on d/Zz (viz.
Fig. 9). This is especially likely when r is small and
d exceeds Z. In such cases, our smoothing proce-
dure is outlined in Fig. 10. These problems could
" be severe, but for one feature which emerges clearly
from Fig. 8: viz. (ac;)max changes slowly until dld pen
is almost equal to 1! That is to say, d must almost

2 The technique for evaluating stability is essentlally given in
Lindzen et al. (1980).
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FiG. 10. Schematic illustration of how the region of surface potential vorticity
gradient was smoothed when shear was assumed to end above zz and when d,qy

exceeded z.

equal dpey for neutrality even when we have damp-
ing—unless the damping rate is almost comparable
to the original growth rate. When the damping rate
is as large or larger than the original growth rate,
then, of course, we do not expect baroclinic instabil-
ity to act at all. For our purposes, it suffices to
represent the results in Fig. 8 by

¢ ~(1-

neut

Tgrowth

1/2
) > Tdiss = Terowth
Taiss

=0, (19

where Tgown 1S given by Eq. (12). d, as determined
from (19) is related to the i profile by (17), (16) and
the modification shown in Fig. 10.

As we shall see in the results, the choice of damp-
ing time does not appear to be of dominant importance.

With the above results and concepts in hand, we
turn, finally, to their implementation in the form of a
baroclinic adjustment to Tyg [viz., Eqgs. (9) and (10)].

Given Tyg(x), we can calculate dTy:/dx and from
the approximate thermal wind relation we can ob-
tain Ouygp/0z as a function of x. This allows the de-
termination of r(x) [Eq. (15a)], dpew(x) [Eq. (18)],

Taiss < Terowths

Terowtn [EQ. (12)] and d [Eq. (19)]. Given d, Eq. (16)
yields the adjustment to uyg which renders it ef-
fectively neutral. Our last step is simply to calculate
the mass-weighted average of du/dz for this adjusted
profile over the height range 0 < Z < Z;. Simple
climate models assume that surface temperature gra-
dients are characteristic of the atmosphere-ocean
system as a whole so that radiative heating and cool-
ing as well as atmospheric and oceanic heat fluxes
can all be parameterized in terms of the surface
temperature (this is discussed in detail in Lindzen
and Farrell, 1977). Recall that our present procedure
is to determine the heat flux implied by baroclinic
neutralization. Within the context of simple climate
models, the simplest consistent way to introduce this
heat flux is to calculate the (mass weighted) average
change in 87/9dy (or equivalently, 0i/0z) produced
by baroclinic neutralization and apply this adjusted
8T /9y to the surface. The heat flux can then be in-
ferred from the radiative imbalance. In practice, the
last step is unnecessary since the adjusted tempera-
ture gradient is all we need.

For the nondimensional 9iz/8Z, this average will
be designated as (9i/9Z) and is given by

0 2p—d
3 J (—(r +a®d) + A +r + a¥ede?dz + [ e iz

<6u > _ J-a 0

oz | g4

oz " etz

—a
d -z
. — e~%8
ed — 1 - -
~ = f(d) for d < Zg, (20a)
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2p—d
< i > J-a
e~%dz

—d

In terms of dimensional quantities

OUag; \  Oumg , -~
< - >——az £, @1a)
aTadj> _ Oy . -

< ox ax ..

We will refer to (87 ,4;/0x) as 8Tgy/dx where Tyy
is determined by integrating T /0x and requiring
that ,

(21b)

1 1 1
J TBde = J THde = J Tde. (22)

0 0 (1]
In Fig. 113 we show d..(x) and d(x). We will be
discussing this figure further in_Section 3c. For the
moment, we merely note that d,. and d are close
except near the pole. Further, we see that d ., ap-
proximately equals or exceeds z, for x > 0.52 or
¢ > 31°. These values of d are larger than suggested

3 As shown in Fig. 11, our Hadley cell ends near x = 0.6

(¢ = 36.8°). While such an extent is consistent with Schneider -

(1977), it is greater than usually reported. However, as pointed
out by Wallace (1979) most analyses depict the Eulerian meridio-
nal circulation which tends to be more confined than the more
relevant Lagrangian circulation.

Boundary of
Hadley Cell

ice line

\\rr= S days

———————— { — —8600mb

X

FiG. 11. d vsx without damping [t = © and d given by Eq. (18)]
and with a damping _time of 5 days [r = 5 days and d given by
Eq. (19)]. Note that d reaches a maximum at the edge of the Had-
ley cell (corresponding to the climatological jet stream position),
decreasing sharply beyond this point. d also changes sharply at
the ice line.

=
rﬂ“" el —1\1-e

-ZB

__ 1) =f(d for d> 3z (20b)

in Lindzen et al. (1980) but recall that the results
in Lindzen er al. were based on observed vertical
shears, while those here are based on the much larger
values obtained from the Hadley adjusted radiative
equilibria. As can be seen from Eqgs. (20a) and (20b),
the cessation of shear above z; leads to greater baro-
clinic adjustments than would occur if one considered
shears continuing to indefinite heights. In Fig. 12 we
show Ty for the following cases: Radiative param-
eters based on each of the parameter sets in Table 1
with 745 = o, and radiative parameters taken from
Hartmann and Short (1979) (i.e., the second set in
Table 1) and 74 = 5 days. Note that this choice
for 74;s represents more dissipation that is regarded
as reasonable. We see the following:

(i) Tgy is essentially independent of our specific
choices of radiative parameters. The differences in
Fig. 12 are almost completely attributable to the
fact that the two sets of radiative parameters were
not adjusted so as to yield the same global mean
temperature.

(ii) Dissipation does reduce the effectiveness of
baroclinic adjustment—but only slightly.

(iii) Tgy is quite close to the observed tempera-
ture distribution (much closer than Tyg), but the
predicted pole to equator temperature difference is
significantly smaller than observed (32°C vs 46°C);
baroclinic adjustment proves more effective than the
total observed atmospheric and oceanic heat flux.

Clearly, the discrepancies must be considered
further. However, item (iii) above suggests the im-
portant possibility (already suggested in Stone, 1978),
that baroclinic (and Hadley) transports in the atmos-
phere can account for the total meridional heat flux.
To be sure, other processes contribute to the ob-
served heat flux: ocean heat flux, and heat flux due
to forced stationary waves being notable examples.
However, these processes, in contrast to baroclini-
cally unstable eddies, do not seem to have the well-
defined limiting fluxes described in this paper. It is
thus conceivable that these other fluxes simply take
up part of the role that baroclinic fluxes would
handle if the other transport mechanisms were ab-
sent. Baroclinic eddies can then be viewed as a
climatic ‘‘voltage’” regulator, where the pole-to-
equator temperature difference plays the role of
‘‘voltage’’ . Before turning to both the discrepancies
in Fig. 12 and the climatic implications of our re-
sults, we turn briefly to the relation of our results
to results obtained from two-level models.
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F1G. 12. Ty vs ¢ for HS and BS radiative parameters without dissipation for HS
parameters with 74 = 5 days. Also shown is the observed T(¢).

c. Two-level models

It was noted in the preceding subsection that two-
level models possess a critical shear for baroclinic
instability —whereas continuous models do not. A
close examination of two-level models reveals why.
We noted that in a continuous atmosphere baro-
clinic instability typically depended on the existence
of a 5-function contribution to the potential vorticity
gradient at the ground and if this contribution were
spread over a depth d,.y, as given by Eq. (18), the
fluid would be neutralized. In a two-level model, the
é-function contribution is always spread over the
bottom layer. The critical shear in such a model
corresponds to that shear at the interface of the two
layers for which the smoothing is achieved by a
layer with zero potential vorticity gradient. Greater
shears lead to a negative potential vorticity gradient
in the bottom layer and thus to instability. In Fig. 11
we indicate that value of d corresponding to a middle
level at 600 mb. It is easily shown from this figure
that a baroclinic adjustment consisting in setting
duloz to its critical value in a two-level model would
lead to a smaller value than that obtained in this
paper for the region poleward of ~22°, and to a
larger value for the region equatorward of ~22°.
These peculiar features of two-level models consti-
tute serious drawbacks to their use in climate
modeling.

4. Effect of static stability variations on baroclinic
adjustment: Implications for climate

From Fig. 12 we see that our baroclinic adjustment
leads to greater heat fluxes than we want, and, in

view of the discussion of Section 2, we expect less
climatic stability than shown in Fig. 2. This expecta-
tion will be quantitatively confirmed later in this sec-
tion. First, however, we must consider why our
baroclinic Hadley adjustment is leading to smaller
than observed pole-equator temperature differences.
From Fig. 12 we note that our adjustment matches
observed temperature gradients (87/9¢) almost per-
fectly (apart from an additive constant) from the
equator to 45-50° (from x = 0 to about x = 0.75,
i.e., over % of the earth). The error is almost en-
tirely due to an underestimate of d7/8¢ poleward
of 50°.

While there are certainly questions concerning our
basic premises, it is also clear that the procedure
proposed in Section 3 was not precisely implemented.
Without a more careful implementation, further criti-
cal assessment of the basic procedure may not be
altogether meaningful. In determining the heat flux
needed to neutralize baroclinic instability, we as-
sumed a specified constant value for the static stabil-
ity. Observationally, this is not the case, at least
for the lowest 2 km of the troposphere at high al-
titudes. The lapse rate diminishes from ~6.5° km™!
to zero and even positive values over ice- and snow-
covered regions. What we will show, in this section,
is that the inclusion of such variable lapse rates in
our parameterization significantly alters our results

_—bringing them into much better agreement with

observations. This is consistent with the findings of
Held and Suarez (1978). What we will not be able to
show is the exact origin of the variable lapse rates.
Over ice, it seems likely that local physical proc-
esses are of importance. It is also clear, however,
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that had we allowed the lapse rate, in addition to #,
to change, it would have been possible to further
reduce the heat flux necessary to neutralize the at-
mosphere with respect to baroclinic instability. (It
is clear simply because the use of the observed lapse
rate variations reduces the heat flux.) Thus far we

I _ g5 Ckm,
0z
oT -
— = (=6.5°C km—l)(u) ,
0z Y2 — W1
= —6.5°C km™!,
ﬂ — 0’
0z
= —6.5°C km™,

For y, we will take the poleward boundary of our
Hadley cell [viz., Eq. (10)]. Recall that this bound-
ary extends well into middle latitudes. We will ex-
periment with the choice of y,, but the most plausible
choice would appear to be the ice boundary. For
future reference,

sing;.

For present purposes we will take (23a)-(23¢) to
be applicable for both radiative equilibrium and ad-
justed states. Since static stability (and consequently
€ = f?/N?) now varies with z, Eq. (14) must be re-
placed by the more general expression '

ye=a¢; and x; =

T(°C)
30

20

10

_20_
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have been unable to solve this more complicated
extremization problem.

In what follows we will continue to use both the
Budyko-Sellers and Hartmann-Short formulations
for determining radiative equilibrium surface tem-
peratures. In addition, we will specify the lapse rate
as a function of both height and latitudes as follows:

(23a)

y <y, 0<z <z
Y1 <Yy <Y z <z, =025H
VW <y<y;y; z:<z<z (23b)
Y >y z<z
Yy >y 2y <z < 2. (23¢)
1 18 i
gy = —|B— ——|e€ , 24
Y e['B psaz( ps 62)} @)

where p, the basic density distribution = py(sur-
face)e#'". Our calculation of the neutral distribution
of u and the accompanying adjustment of surface

temperature gradient follows lines parallel to those

described in Section 3. Details are given in the Ap-
pendix. Eq. (11) is now used to calculate growth
rates, where € and di7/dz are evaluated at the surface.
We continue to use (19) for including the role of
dissipation.

H-S
Tdiss=10d

i 1 L

1 i 1
50 60 70 80 90
LATITUDE (degq)

1 1 1 J

L [T T
o1 23 4 5 6

i
.8 9 .95 . 99 10

FI1G. 13. Ty (corrected for variations in static stability) vs ¢ for HS radiative
parameters, 74 = 10 days, and various choices of x, [see Eq. (23)]. Also shown

is the observed T(¢).
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F1G. 14. As in Fig. 13 except BS

Our results for Tg(¢) are shown in Figs. 13 and 14.
We consider x, = 1 and 0.85 as well as x, = 0.95
(corresponding to x, = x,). In all the calculations
shown in Figs. 13 and 14 we have taken x;, = 0.95;
we have also taken 74;5; = 10 days. Comparison with
resuits for 74, = ® are given in Table 2. Fig. 13
shows results using the Hartmann-Short radiative
parameterization while Fig. 14 uses the Budyko-
Sellers parameterization. In both figures, the ob-
served temperature is shown for comparison pur-
poses. As in Fig. 12, the results for Tz are much
the same regardless of the choice of radiative pa-
rameterization. The differences can still be attributed
to the fact that the two parameterizations do not
yield the same global mean temperatures. Indeed,

X

radiative parameters were used.

even agreement with the observed temperature could
be improved if the radiative models were adjusted
to yield the observed global mean temperature.
Despite this, the general agreement of the predicted
temperatures with the observed temperatures is re-
markably good —much better than in Fig. 12. More-
over, as can be seen from Table 2, the agreement
does not depend strongly on the choice of 74i. TO
be sure, the predicted pole-equator temperature dif-
ferences are still a few degrees less than observed.
‘This discrepancy is diminished as x, is reduced from
1.0 to 0.085. However, the results forx, = x, = 0.95
are already entirely acceptable. For example, with
x2 = x5 = 0.95, Tgu(x,) is very nearly —10°C (T gpserveds
in fact, is significantly less than —10°C). Seeking

TABLE 2. A comparison of Ty(x) with different static stability corrections (x, = 0.85 and 1.0), both choices of radiative parameters
(H-S and B-S), with and without dissipation (745 = * and 10 days).

Ty (°C) with static stability correction

x, =1 x, = 0.85
Radiative
parameters X ¢ (deg) Taiss = @ Taiss = 10 days Tdiss = © Taiss = 10 days
0.99 81.9 -10.6 -11.8 -12.7 —-14.4
0.75 48.6 3.77 3.53 2.32 2.1
H-S 0.5 30 17.6 17.6 18.7 18.8
0.3 17.5 25.1 25.4 26.1 26.5
0.0 0 26.9 27.3 27.9 28.4
0.99 81.9 -12.3 —13.6 —14.1 —15.8
0.75 48.6 1.95 1.73 0.5 0.29
B-S 0.5 30 16.1 16.1 17.2 17.3
0.3 17.5 23.6 23.9 24.7 25.1
0.0 0 25.4 25.8 26.5 26.9
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F1G. 15. Q/Q, vs x, for the uncorrected baroclinic-Hadley adjustment, and for the baroclinic-
Hadley adjustment corrected for static stability variations with both x, = 0.95 and x, = x,.
Calculations with both HS and BS radiative parameterizations are shown. 74 = 10 days

was used.

closer agreement seems unwarranted for at least two
reasons: '

1) The observed temperature is merely the average
between crudely determined winter and summer re-

sults (hence the use of quotation marks about ob-

served in Figs. 13 and 14).

2) In a system as nonlinear as the present one,
it is unreasonable to expect precise agreement be-
tween annually averaged temperatures and the re-
sponse of the $ystem to annually averaged radiative
conditions.

The present results demonstrate the importance: of
meridional variations in the static stability of the
troposphere’s lowest 2 km. They are also unique in
that agreement with observations was achieved with
essentially no disposable parameters. The close
-agreement strongly supports our suggestion that
baroclinic instability acts as a thermal regulator for
the zonally averaged climate system.

We turn next to the stability properties associ-
ated with baroclinic-Hadley transport as described
in Section 3 and modified in the present section. In
Fig. 15 we show x, vs Q/Q, for the following three
cases (using both Budyko-Sellers and Hartmann-
Short radiative parameterizations):

(i) Heat transport described by the unmodified
baroclinic-Hadley adjustment of Section 3.
(ii) Baroclinic-Hadley adjustment modified to in-

clude effect of variable static stability where x,
= 0.95 regardless of x,.

(iii) Baroclinic-Hadley adjustment modlﬁed as in
item (ii), but with x, = x,.

For case (iii) no attempt was made to continue.
calculations to values of x, less than the poleward
edge of our Hadley circulation.

As already suggested, the use of the uncorrected
baroclinic-Hadley adjustment (which significantly
underestimates pole-equator temperature differences)
greatly reduces climate stability; indeed, for Budyko-
Sellers parameters we have instability. When ac-
count is taken of latitude variations in static stability
and x, is fixed at a value of 0.95 (realistically simulat-
ing the present temperature distribution) we obtain
stability results only mildly different from those in
Fig. 2 [For example, Fig. 15 shows a small Hadley
stabilization (Lindzen and Farrell, 1977) absent in
Fig. 2]. At this stage, one would be left with the
impression that for a given radiative parameteriza-
tion, any heat flux parameterization which produces
the present T(¢) will also have the same stability
properties. That this is not the case is shown by case
(iii). Allowing static stability changes (presumably
induced by an ice/snow covered surface) to affect
baroclinic heat fluxes, leads to a significant reduction
of stability (increase of sensitivity) poleward of x,
= 0.8 (¢, = 53°). In fact, for Budyko-Sellers param-
eters we have weak instability forx, > 0.98 and very
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weak stability for 0.85 < x; < 0.98. The stability
diagram for Budyko-Sellers parameters and case (iii)
is strikingly similar to the schematic diagram pre-
sented in Lindzen and Farrell (1977) which would
readily permit the operation of the Millankovitch
mechanism. :

5. Concluding remarks

In this paper we have noted the importance of
polar regions to global climate depends on global
heat transport. Therefore, we have attempted to
model and parameterize this transport on the basis
of the known physics of both the Hadley circulation
and baroclinic instability. This led to a procedure
whereby, given a radiative equilibrium distribution
of T;(¢), one may immediately adjust it to take ac-
count of Hadley and baroclinic processes.

This baroclinic-Hadley adjustment has several
important and noteworthy properties:

1) Heat transports are parameterized in terms of
radiative forcing (the true external forcing for the
climate system) rather than surface temperature which
is an internal consequence of the heat transports.

2) When account is taken of the latitude varia-
tion of static stability in the lower troposphere (viz.,
Section 4), we are able to predict the present pole-
to-equator temperature distribution remarkably well
with essentially no important disposable parameters.
Such agreement is especially interesting since we
have taken no account of heat transport due to ocean
currents and stationary waves. This suggests that
pole to equator temperature differences may be reg-
" ulated by baroclinic instability regardless of the pres-
ence of other transport mechanisms.

3) The use of our adjustment together with a
plausible relation between static stability and surface
ice/snow cover significantly decreases climate stabil-
ity (or, equivalently, increases climate sensitivity)
at high latitudes. With Budyko-Sellers radiative pa-

Thus
T(y,z) = T(y) — 6.5°C km™!z,

T(y.2) = Tu(y) — 6.5°C km(y 2 ") )z,
Ye — Y1

= T,(y) — 6.5°C km-l(yL-_—y)z, —~ 6.5°C km~'(z - z,),

Y2 — W1
T(y,z) = Ty(y),
" =Tyy) — 6.5°C km ™z — z,),

We see from (Ala)-(Alc) that not only does static
stability (and hence, €) vary with height, but in the
regiony; <y <y, so does 97/8y (and hence du/0z).4
These two features require us to modify the details of
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rameters, the sensitivity is sufficiently great to allow
operation of the Millankovitch mechanism for ice
ages. Sensitivity can also be increased by properly
including seasonal variations (Suarez and Held,
1976; North and Coakley, 1979). Such effects can
be enhanced by the present process even should less
propitious radiative parameters prove appropriate.
Observations do support a high sensitivity for high
latitudes. Namely, findings by Mitchell (1966) re-
produced in Goody (1980) shows that long-term vari-
ations in global temperature indeed are greatly mag-
nified at high latitudes.

The present study is obviously preliminary. It
does, however, show that heat transport can be ef-
fectively parameterized in terms of explicit physi-
cal processes, and that such a parameterization can
be as simple (in practice) as the ad hoc parameteriza-
tions currently in use. The present parameterization,
moreover, helps account for the high sensitivity of
the polar regions to the global heat budget.
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APPENDIX
Effect of Static Stability on Baroclinic Adjustment

We let T(y) be the surface temperature. For either
Hadley adjusted equilibrium or fully adjusted states
we assume that Eqs. (23a)-(23c) describe the
associated vertical temperature structures—at least
for 0 <z =< ziz. For the former Ty (y) = T ue(y),
while for the latter T(y) = T gu(y).

Yy <Jyu (Ala)
z < zy; Y1 <y <Y,

221723 y1<Y <Yy (Alb)
z < 2y Yy >y

2>z Yy >y (Alc)

* To be sure du/dz varies with height in the baroclinically neu-
tral state, but as explained in Section 3, the baroclinically neutral
state is simply a reference state enabling us to calculate the ad-
justed value of d7,/dy.
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the adjustment described in Section 3 in a simple,
straightforward manner.

The variation of both e, and duyg/0z (for the
Hadley adjusted radiative equilibrium) with height
requires that (24) be used instead of (14). Consistent
with this, (15) is replaced by

oi ) N
0z
The boundary conditions given by (15a) remain un-

altered. Integrating (A2) subject to these boundary
conditions yields

19
- —Zep,
g psaz(p

—at.

(A2)

L w(eps (A3)

it ) .
= —a ,
9z €

0z

( de BH
O agjustea — f T dy

oz ( dT; sy
T\ &y

We next take the density weighted average of (AS)
with respect to z (for our purposes it is sufficiently
accurate to use a constant average value for g/fT
to obtain

<6ﬁ> __ & deBH
0z fT dy
| _gH 6.5C km-l( e~ ne ) 6
ST y:—y 1 —e

In the region y, <y < y,, (A6) replaces (21a,b) in
relating dT, gy /dy to (8i/dz), (dir/dz) having already
been calculated from (A3).
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