ANNALI DI GEOFISICA, VOL. 41, N. 4, October 1998

On baroclinic adjustment
of a radiative convective atmosphere

Isabella Bordi(') and Alfonso Sutera(?)
(") Dipartimento di Matematica e Fisica, Universita di Camerino, Italy
() Dipartimento di Fisica, Universita «La Sapienza», Roma, Italy
D

Abstract

In this paper we study the implication of the hypothesis that the radiative convective equilibrium climate is

neutral with respect to baroclinic eddies. If such neutral state is

achieved by tropopause height readjustment,

we find that the sensitivity of the climate equilibrium to baroclinic eddies is comparable to the sensitivity to
water vapor profile. Multiple solutions to the readjusted tropopause are found by decreasing stratospheric

static stability.
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1. Introduction

In the next century planet Earth faces the
potential hazard of climate changes, such as
climate warming, rising sea level, deforesta-
tion, desertification, ozone depletion, acid rain,
and reduction in biodiversity. However, many
related important scientific questions remain
unanswered. For example, while a significant
global climate change, man induced or not, is
likely, its magnitude and timing (both at the
global and regional level) are quite uncertain.
Additional information on the rate, causes, and
effects of global change is essential in order to
develop an understanding of a such important
physical process. An overreaching goal of a
program to determine the extent, causes, and
regional consequences of global climate change
consists in the understanding of how the change
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in the average temperature and the time scale
over which it will occur may cause variations
which prove to be most detrimental to the en-
vironment. For these reasons studying Climate
is an unpostponable research program.

Lastly, we will understand climate changes
through a combined effort between careful
monitoring of climate behaviour and theoretical
studies, which in turn may help the design of a
complete and efficient observational network.

The present paper, which falls in the latter
category of studies, discusses how climate
equilibrium may be achieved through the inter-
action of the adiative properties of the atmo-
sphere and the dynamical processes.

Although it is not longer common practice,
we will try to approach the question on the
ground of simple calculations that explicitly
avoid detailed interactions. Nevertheless, we
hope that the conclusions which we may draw
will be helpful for planning future studies or
measurement needs.

We intend to study the sensitivity of a ra-
diative-convective equilibrium surface temper-
ature on the baroclinicity of the resulting atmo-
sphere. The observed climate statistics do not
show baroclinic active eddies. In fact, the long
term mean removes these features. However,
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as is known, the heat and momentum transport
implied by these disturbances modify the cli-
mate equilibrium especially in midlatitude,
probably leaving the symmetric circulation
near a neutral state.

In studying these effects, we solve in Sec-
tion 2 for a radiative-convective atmosphere
where the zonally symmetric circulation is de-
termined by a simple prescribed profile of the
radiation reaching the top of the atmosphere. In
Section 3 we present a condition for neutrality
with respect to the baroclinic (Eady) atmo-
sphere which is parameterized through the
tropopause height variation. The overall ques-
tion whether baroclinic unstable eddies acted
to bring the atmosphere to a neutral state has
been discussed for many years (see Stone and
Brascombe, 1992 and reference therein).

These studies focus on the Charney-Stern
theorem (Charney-Stern, 1962) following which
the condition for the flow to be unstable in-
volves the existence of a surface temperature
gradient. In fact, the potential vorticity gradi-
ents are generally positive in the interior flow,
so that the Dirac delta implied by the boundary
condition destabilizes the fluid. For the Eady
model, being the potential vorticity gradient
zero in the entire domain, baroclinic instability
is due to the interaction of two waves gener-
ated at the two vertical boundaries.

Thus, we can have surface temperature gra-
dient and stable eddies provided that the two
edge waves are uncoupled. As a consequence,
in the Eady problem neutrality can be achieved
by sufficient displacement of the model top
layer which is generally assumed to be a rigid
surface. In Section 4 we calculate the sensitiv-
ity to model parameter changes. Conclusions
and a few speculations are offered in the final
section.

2. A simple model for radiative equilibrium

In this section we develop a «toy model»
for radiative-convective processes in the atmo-
sphere.

Let us consider the simplest equilibrium
which an atmosphere can attain, i.e. a hydro-
static equilibrium with no motion. In this case,
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assuming a gray atmosphere, the equations of
radiative transfer in the two stream approxima-
tions are

d 3
dTU > (U-B)

2.1
d 3
dTD > (B—-D)
where U and D are the upward and downward
infrared fluxes respectively; B = oT* 7(z) is
the optical depth. Boundary conditions are
D(0)=0 and B(7(0)) = 0T, where T, is the
surface temperature.

We suppose that the atmosphere is transpar-
ent to the solar radiation / and that it is in ra-
diative equilibrium. Moreover, we consider [
as a linear function of latitude y. With these as-
sumptions we may determine the temperature
structure in the meridional plane. In fact, since

the atmosphere is supposed to be in radiative
equilibrium we have

U-D=1 (2.2)
Thus
-1
Il11 3 4
TGy = [; [5 .3 T” 23)
The corresponding lapse rate
_3
daT 3171|113 4 1dr
”Z’y)“az-“ﬁ[;[rzf]] o
2.4)

For an hydrostatic, motionless atmosphere we
must have

r,-r=o0 (2.5)
where I';=9.8 °K/km is the dry adiabatic
lapse rate. The optical depth 7 depends on the
atmospheric constituents, among which the

most important absorber, both for solar and
longwave radiation, is water vapor.
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We will present the case in which a detailed
profiling of this constituent, especially in the
upper troposphere, is of a paramount impor-
tance in determining the equilibrium structure
of the climate. For now, we pose (Goody and
Yung, 1989)

T= 1Ty exp (—z/z) (2.6)

where 1, 7, are, respectively, the maximum
optical depth and the scale height for water va-
por. Typical values of 7, z, for an equilibrium
atmosphere are 4 and 2 km respectively.

Taking for I; at the equator a typical solstice
value of 298 W/m? and

I=Io‘1.2y

we get, in the meridional plane, the tempera-
ture structure shown in fig. 1.

Of course, this solution cannot be stable
since the lapse rate exceeds the dry adiabatic
one, hence also the moist adiabatic lapse rate.
Therefore, convection will occur which will re-
duce the tropospherical lapse rate under critical

30 1 1 1

values. The new radiative-convective equilib-
rium can be calculated as follows.

Suppose that H; is the height above which
radiative equilibrium exists. Below such a
height assurance that no convection occurs re-
quires that the lapse rate decreases less than
the dry adiabatic one. The observed lapse rate y
in the troposphere averages around 6.5 °K/km,
so we choose such a value in our model.

Assuming temperature continuity at z = H;
we have

Tz, y) = [é [i

1

3 4
> + 7 T(z)” for z > Hy

(2.7a)

and

T, y) = [é [%

for z < Hj.

L
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2.7b)

1

20

H(Km)
0zt

10

1

0\¢

220

40

latitude(deq)

Fig. 1. The radiative equilibrium solution 7'(z, y) for: To=4; z9=2 km; I, = 298 W/m>.
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Fig. 2. The radiative convective equilibrium temperature 7'(z, ) for the values: 7,=

¥=6.5 °K/km.

To determine Hy, we can solve (2.1) by in-
creasing Hy from a given value up to the one
for which the upper boundary condition on U
is satisfied. Such a solution is shown in fig. 2.
This solution is stable with respect to ordi-
nary convection as long as the atmosphere is
not saturated. However, there are other pro-
cesses which may destabilize the above solu-
tion; among them, certainly baroclinic instabil-
ity processes account for a large portion of
heat transport, at least in midlatitude. As we
know, the time scale of baroclinic instability
processes is much shorter than the one on
which climate reaches a statistical equilibrium.
In fact, the time mean flow at midlatitudes (say
over winter) is the result of the interaction of
radiation and heat transport associated with
many instabilities and other dynamic stationary
processes. However, the time mean flow does
not show traces of these shorter time phenom-
ena. Thus, to calculate their effects on the cli-
mate equilibrium we must parameterize these
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4; zo= 2 km; I, = 298 W/m?;

instabilities. The total effect will be a «renor-
malization» of the circulation which, in our
simple model, will be reflected solely by a
modification of the tropopause height Hj.

3. Baroclinic instability of radiative
convective equilibrium

The meridional gradient implied by the ra-
diative-convective solution previously dis-
cussed will drive a zonal circulation. In fact,
the pressure gradient associated with the tem-
perature field must be balanced by the Coriolis
force. To compute the wind it is convenient to
write the equation of motion in In(p) coordi-
nate system, p being the pressure.

If { is the new vertical coordinate defined
as

{=—H, In (%) 3.1)
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where H, is an arbitrary scale height and p,
an arbitrary reference pressure the B-channel
equations of motion are

%u—fv:—aa—xd)

%Hfu:—%q)

a%nb:% (3.2)
(a,+2h)a%q>+§'a%(%cb+ K<D)= KQ
aig l- §'+[div ZhL:o

where Zh = (u, v), u, v are the horizontal wind
vector, and its zonal and meridional compo-
nents respectively; @, R, T, Q are the geopo-
tential, the perfect gas constant, temperature
and heating rate. Finally k= R/ ¢, C, being the
specific heat at constant pressure, and

f=fo+By,

with f;, B = [-8% f] the Coriolis parameter
Y=Y

and its derivative calculated at a central lati-
tude y,. The geostrophic balance and the hy-
drostatic equation imply that

(i) = (g, 0) = (—%%cb, 0)
3.3)
0 R 0
—Ug=———T.
A P

Thus, although the system is assumed to be
convectively stable, a slanted convection is still
possible. Heat and moisture transport being al-
lowed, correction to the radiative-convective
equilibrium must be calculated.
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If the sought equilibrium has to resemble
the long-term multiyear time average, we can
postulate that the atmosphere must be neutral
with respect to baroclinic instability process of
the sort implied by (3.3). In fact, observational
and theoretical studies (Speranza and Mal-
guzzi, 1988) show that the multiyear time
mean of winter circulation has a very weak
residual baroclinic wave structure mostly con-
centrated on the ultralong waves (Lindzen,
1993, Stone and Nemet, 1996; Hall and Sar-
deshmukh, 1998).

The way in which the atmosphere achieves
such a state of baroclinic neutrality is matter of
ongoing research and no firm results are yet
available (Lindzen, 1990). Apparently, interac-
tion with the meridional structure of the jetisa
good candidate. However, a direct interaction
with the tropopause height can be implied (Eg-
ger, 1995 and references therein).

Let us suppose here, just to see how far we
can go, that baroclinic neutrality is achieved
only by the variation of the tropopause height.
To calculate the needed variation the relevant
dynamics is quasi-geostrophic, and the equa-
tions of motion reduce to the conservation of
the quasi-geostrophic potential vorticity

d

1
g=V?®s+f+—
¢ po 9¢

and the thermodynamic energy equation

(3P0 a% %) (3.4)

(-%+;G)%¢G+4;NZ=O (3.52)
where
2. R0 . . T
N°= H(a§ T+KH)
P (3.5b)
0
(‘:::N—z.

The subscript G denotes geostrophic variables,
while py is the basic density profile. Suppose
that the fluid is Boussinesq, then Po is a con-
stant and drops from (3.4). As a further simpli-
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fication let us consider the basic field deduced
from the radiative-convective model as inde-
pendent on y, i.e we consider the latitudinal av-
erage of the geostrophic basic wind and N2
Moreover, in simplifying the following calcu-
lations let us assume that

ué=11€ N=N,
up=X4§ N=N,

The above constants can be calculated as ap-
propriate estimates from the radiative-convec-
tive solution (see next section).

With these assumptions, plus the condition
B =0, our baroclinic instability problem re-
duces to Eady problem and can be readily
solved.

We distinguish two cases depending on
whether the «vertical velocity» perturbation
field § is set to zero (rigid 1id) or not at the
tropopause.

For the rigid lid case, the linearized vortic-
ity and thermodynamic equations are

{<Hr
CZHT'

(a,+ u;ax)(vz¢)1 + 81(—9%5@) = 0
(3.6)
(at+u;ax)a§¢l_ax¢l aéuli =0 at 5 = 0? HT

where ¢, is the geopotential perturbation. As
lateral boundary conditions we use rigid
walls.

The normal mode solution is obtained by
setting

L= ¢, (z) cos lyxexp (ik(x—ct)).  (3.7)

Thus from (3.6) and (3.7) we get the following
eigenvalue problem:
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which leads to dependence of ¢ on Hy

4 cosh aHy 4

MHy  AHp
c= * - - +
aHysinhaHy  oH?

2 2

Neutral perturbation is achieved for Hy such
that the square bracket is = O for any ¢, which
occurs for

0 H;/2 = coth (a¢Hy/2) or
oaHr =2.4. (3.8)
Next, consider that a {= H; the variables are
continuous but their vertical gradients are

discontinuous functions of {. It implies that at
{ = H;y we must have

o=@ (3.9a)
51 = éz-

Moreover, we must require that

(3.9b)
0, ()= 0 §— oo (3.9¢)
Set
ot=k+ 1)/ g
og=(K+1)/ g
we get the following equations:
(0, + uy0,) (V2 @y + €05 ¢) = 0
(0, + u39,) (V2 + €039, = 0. (3.10)
The normal mode solutions are
¢ = ¢, (§) cos ly X exp (ik (x—ct))
& = @, () cos ly x exp (ik (x — ct)).

After substitution in (3.10) we get the follow-
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ing eigenvalue problem:

2

d_é'z(pl - alz(pl =0
) 3.11)
d
d-é,_z(l’z_ %2(02: 0
d
M- —@e-Ae =0at {=0 (3.12)
d¢
and
jvl_z{(/llHT"C)ag(Pl -Ahol=
1 (3.13)

= -]% {()'ZHT_C)BC(PZ_AQ(PZ} at ¢ = Hj.
2

Boundary conditions require that
$2=A4; exp (—a,8)
while
¢ =A, sinh o; {+ B, cosh oy .

Substitution in (3.12) and (3.13) plus continu-
ity (3.9a) gives

A+ A c+A; =0 (3.14)
where the coefficients of the characteristic
eq. (3.14) are lengthy expressions of the pa-
rameters of the problem which we will not re-
port here. Neutrality requires that the discrimi-
nant of (3.14) be > 0.

With the mathematical apparatus describ-
ed above, we will analyze the effect of the
baroclinic instability on the troposphere height
as a function of z,, the height scale of water
vapour.

4. Sensitivity studies

Consider our midlatitude channel to be 30°
wide, say from y; = 30°N to y, = 60°N.
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Let us consider the dependence of Hy, Ay,
A, Ny and N, as a function of z, (from 1 to
3 km) for the case of the radiative-convective
equilibrium.

N, and 4, defined by egs. (3.5b) and (3.3),
have a weak dependence on the latitude which
we averaged out across the channel and along
the troposphere for N, and A,, and from Hr to
Hyy, = 30 km for the stratosphere

Y2 Hr

1 R 0
A= —— =T, |dyd(,
1 AyHT;':!).( foay 1) Yy C
Y2Hmp

1 R 0
Apg=— L+ 297 )dyac,
2 Ay(Hmp—HT)H( fo 3 2) v

¥, Hiop

2 1 R 8 TZ)
-— 1 ([ R l2)ayac
o —Hﬁ”ﬂ(ac vk )dvdt

op

Here T and T, are the temperature profiles of
radiative-convective equilibrium in the tropo-
sphere and in the stratosphere respectively (see
egs. (2.7a), (2.7b)), Ay is the width of the
channel. The results are summarized in table 1.

Apparently, the detailed water vapour pro-
file has a profound influence on the tropopause
height Hy which, in turn, determines the sur-
face temperature through the convective ad-
justment discussed in Section 2.

It remains to impose that the climate state
just found must be neutral with respect to baro-
clinic instability. Lindzen ( 1993), using the
Eady model of Section 3 with the rigid lid con-
dition, found that H; could be determined, if
the meridional scale of the Eady wave was
specified. In fact, if L, is such meridional scale
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Table 1. Values of Hy, Ay, A,, N, N,, T, as function of z; = 1, 2, 3 km for the case of radiative convective
equilibrium. T} is the resulting surface temperature using the lapse rate y= 6.5 °K/km in the troposphere.

Hy (km) zo km %107 s A% 107051 N#F 1072 s Ny * 107267 T, (°K)
9 1 2.93 0.91 1.47 27297

11 2 2.41 0.76 1.19 287.23

13 3 2.07 0.65 0.99 303.03

then the total wave number is K%:kf+—17,

s .

k. = , § = zonal wave number and r is
¥ Ccos ¢

the Earth’s radius. By considering Lindzen’s
choice of parameters, we found his results,
namely, that to neutralize with respect to baro-
clinic disturbances the tropopause should be
about 16 km. We can apply its argument to our
case by considering a channel 30° wide and
centered at 45°N. For the rigid lid case the re-
sults are summarized in table II.

The impact of the baroclinic waves on the
climatic equilibrium seems to be relevant and

Table II. New values of tropopause height, Hy,, as
function of z, for which the atmosphere is neutral
with respect to baroclinic instability for the rigid lid
case. AT, is the corresponding variation of the sur-
face temperature in Kelvin degrees with respect to
the radiative convective case.

Hy(km)  zy (km)  Hp, (km) AT (°K)
9 1 134 28.6
11 2 16.1 33.2
13 3 187 37.1

Table III. As in table II for the Eady two levels
model.

Hy(km)  zy (km)  Hp, (km) AT, (°K)
9 1 9.8 5.2
11 2 11.6 3.9
13 3 13.3 1.9

comparable to the one introduced by the water
vapour radiative effect. One would be tempted
to conclude that, at variance with the tropical
atmosphere, the climate equilibrium in midlati-
tude is determined by the baroclinic neutraliza-
tion process here envisioned.

However, when we consider the effect of
including a stratosphere, i.e. the region of ra-
diative equilibrium, the neutralization process
effect is substantially reduced. In fact in table
IIT we report the results obtained by removing
the rigid lid assumption and using the parame-
ter values presented in table 1. The table shows
that the previous effect has been reduced and it
is no longer comparable to the one associated
to water vapour content. Nevertheless it is com-
parable to the effect that is implied by CO,
doubling.

So far we have discussed how climate can
achieve equilibrium by neglecting some impor-
tant properties of the stratospheric radiation
balance and transport. Here, in fact, the strato-
sphere is simply a region of strict radiative bal-
ance which is determined, in the absence of the
solar heating due to ozone and the cooling as-
sociated with CO,, by the upper boundary con-
dition on the upwelling radiation. These as-
sumptions, together with no meridional trans-
port, do not allow a correct description of
stratospheric circulation in the meridional plane.
To improve the representation of the strato-
sphere, the proper approach would be to re-
place our radiative and stratospheric dynamics
model with one where the above effects are ex-
plicitly calculated. Here we decided, instead, to
call for observations and thus to empirically
correct for the shortfalls of the model.

In particular, for the lack of the observed
decreasing wind vertical shear above the
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z(Km)
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N2(1/s)

0.008 Q0.016

Fig. 3a. The height of tropopause for a neutral at-
mosphere with respect to baroclinic instability as a
function of N,; solid lines correspond to Im(c) =0
for the case zy=2 km and A,=0.

tropopause we just assume that it exists. For
the lack of the mechanism associated with
ozone heating and CO, cooling (balance re-
sponsible for the increase of temperature with
height in the stratosphere), we will consider
bulk parameter values for static stability. This
translates into A, being negative or just zero,
while, for N, we choose a range of variability
included in between the one corresponding to
the isothermal stratosphere previously com-
puted and some reasonable asymptotic value
suggested by observations.

As an example, we show in figs. 3a and 3b,
two cases for z; = 2 km.

First, in fig. 3a we consider the case A, =0.
It can be seen that by considering a constant
wind, it is possible that a variation of the
stratospheric static stability may be associated
to a reduction of the tropopause height. The ef-
fect in terms of surface temperature changes is
comparable to those which may be induced by
CO,. This effect is solely due to the baroclinic
adjustment process.

Next, we can calculate the same effect in
the presence of a decreasing wind in the strato-
sphere, again, as a function of the static stabil-
ity in this layer.
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z(Km)

\0

B —
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|

0.024

N2(1/s)

0.008 0.016 0.040

Fig. 3b. The height of tropopause for a neutral at-
mosphere with respect to baroclinic instability as a
function of N,; solid lines correspond to Im(c) =0

for the case zo=2 km and A,= At

Setting A;=-A,, the height of the tropo-
pause required for a neutral atmosphere with
respect to baroclinic instability as a function of
N, is presented in fig. 3b.

Surprisingly enough, the neutralization con-
dition changes drastically. The tropopause height
has decreased further with the appearance of
two possible solutions with the same value of
N;. One of these solutions implies that surface
temperature increases a great deal, while the
other solution would lead just to the opposite
result.

The appearance of this degeneracy is a
novel result that should, however, be con-
firmed by more complex models. Nevertheless,
in the limits of validity of our calculations, it
seems possible to argue that a decreasing
stratospheric static stability (for instance, due
to the more cooling expected by increasing
CO, content) may lead in some circumstances
to a decrease of the surface temperature.

5. Conclusions

In the present paper we have studied the
consequences of possible water vapour in-
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crease on the climate radiative-convective
equilibrium and its impact on baroclinic eddies
heat transport.

We have shown that the stratospheric ther-
mal state may have a profound impact on the
surface temperature because of the processes
which operate in neutralizing the atmosphere
with respect to these eddies.

We found that a declining stratospheric
lapse rate does not necessarily imply a warm-
ing of the surface temperature of the model.

Moreover, we found that two drastically dif-
ferent tropopause heights exist which lead to a
radiative-convective and baroclinic equilib-
rium.

In the near future we plan to verify the find-
ings of the present paper in a more detailed
model environment.
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