JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D20, PAGES 24,257-24,263, OCTOBER 27, 1999

Greenhouse gases and climatic states of minimum

entropy production

Toni Pujol

Departament de Fisica, Universitat de Girona, Girona, Spain

Josep Enric Llebot

Fisica Estadistica, Departament de Fisica, Facultat de Ciencies, Universitat Autonoma de Barcelona, Bellaterra,

Spain

Joaquim Fort

Departament de Fisica, Universitat de Girona, Girona, Spain

Abstract. The hypothesis of minimum entropy production is applied to a simple one-
dimensional energy balance model and is analyzed for different values of the radiative forcing
due to greenhouse gases. The extremum principle is used to determine the planetary
“conductivity” and to avoid the “diffusive” approximation, which is commonly assumed in
this type of model. For present conditions the result at minimum radiative entropy production
is similar to that obtained by applying the classical model. Other climatic scenarios show
visible differences, with better behavior for the extremal case.

1. Introduction

Energy balance models (EBMs) provide a global descrip-
tion of the climate system. Among them, thermodynamic one-
dimensional (1-D) horizontal models have been extensively
analyzed because of their appealing features, namely (1) the
adoption of simple and understandable equations; (2) the
definition of a few, but important, independent variables; and
(3) the possibility of studying other parameters not directly
related to the main climatic variables. However, these models
are intrinsically limited, because of (1) the simplified equa-
tions adopted for the radiative field, (2) the low resolution ap-
plied, (3) the description of meridional heat fluxes by means
of diffusive equations, and (4) the limited number of free
variables.

The present paper is focused on the role of entropy pro-
duction in the climate, which can be easily analyzed by using
a standard 1-D thermodynamic EBM. Few papers in the cli-
mate system deal with this variable, in spite of the fact that it
is of utmost thermodynamical importance [Prigogine, 1947].
Thus, if steady states reached by the climate satisfied an ex-
tremal condition for the entropy production, the main vari-
ables at any scenario would be simply obtained [see, e.g.,
Paltridge, 1975; Mobbs, 1982; Wyant et al., 1988; O'Brien,
1997].

On the other hand, the climate entropy production is
formed by two different contributions, due to material and ra-
diative fields. In the case of radiative emission by a system
with a nonuniform temperature distribution, material and ra-
diative entropy production rates are completely analogous
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[Fort and Llebot, 1998]. In contrast, the radiative part of the
climate entropy neither follows a Gibbs equation nor presents
a bilinear form, simply because the radiation entropy is not
only associated with the terrestrial temperature [Li et al,
1994]. Therefore Prigogine's minimum principle of entropy
production at steady states cannot be applied to the climate
system [Prigogine, 1947].

The majority of studies involving entropy production as a
relevant parameter in defining the climatic states are based on
the hypothesis of maximum material entropy production,
postulated by Paltridge [1975]. This principle has been ap-
plied to a 1-D box EBM, leading to reasonable results for cur-
rent conditions [O'Brien and Stephens, 1995]. Moreover, the
same model also leads to plausible solutions at the state of
maximum total entropy production (i.e., material plus radia-
tive parts), as well as at the state of minimum radiative en-
tropy production [Pujol and Llebot, 1999a]. However, it is
important to stress that a rigorous derivation of an extremal
behavior at steady states has not so far been presented, except
for a variety of specific cases [Essex, 1984].

Here we analyze a standard 1-D diffusive EBM, presented
in section 2, which has been extensively used in several cli-
matic studies without any mention of the climate entropy
[e.g., North, 1975a, b; Hyde et al., 1990; Lee and North,
1995]. We apply the principle of minimum radiative entropy
production for different values of the radiative forcing of
greenhouse gases, on the basis of Planck's results as discussed
in section 3 [Planck, 1913]. The comparison between values
at a minimum rate of radiative entropy production and those
obtained by the classical model is carried out in section 4,
where better behavior for the extremal case is observed.

2. Diffusive EBM With Greenhouse Gas Effect

The model used is based on North's diffusive EBM [North,
1975a, b]. Although more elaborated versions can be found,
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even in two dimensions, the global picture of current condi-
tions in this simple 1-D spectral model becomes enough for
our purposes. At stationary conditions the imbalance between
absorbed solar radiation and outgoing terrestrial radiation
equals the meridional convergence of heat fluxes.
2.1. Radiative Energy Fluxes

The longwave energy flux to space H¥(T,c) can be ap-
proximated by a first-order expansion in the surface air tem-
perature 7 and the logarithm of the atmospheric carbon diox-
ide concentration ¢ [Hoffert et al., 1980]

,C)=A+ I{CICO), (})

where 4 and B are constants (4 = 214.2 W m-2, B = 1.575
W m-2 K- [Nicolis and Nicolis, 1980]). In fact, several values
of 4 and B can be found in the literature [e.g., Kuhn et al.,
1989; Graves et al., 1993; Caldeira and Kasting, 1992]. For
comparative purposes we have chosen 4 and B similar to
those used in some papers that analyze the role of the entropy
in the climate system [Nicolis and Nicolis, 1980; Li and
Chylek, 1994; Pujol and Llebot, 1999a].

The last term in (1) is the greenhouse gases (GHG) radia-
tive forcing. A value for the coefficient C can be obtained
from C = 2.5B/In2 ~ 5.7 W m-2 [Hoffert et al., 1980], which
tries to reflect the best “estimate” sensitivity expected for the
climate. However, other values of C have been proposed. For
example, a value of C = 6.3 W m-2 has been obtained by
Mitchell et al. [1995] and used by the Intergovernmental
Panel on Climate Change (/PCC) [1995], whereas a value of
C' =5 W m-2 has been more recently adopted by Hewitt and
Mitchell [1997]. Since the present paper is not especially fo-
cused on one particular scenario, several values of the radia-
tive forcing due to greenhouse gases will be analyzed. Thus
the specific value of C' becomes a somehow minor point be-
cause the sensitivity of the climatic variables to changes in C
will be obtained.

In (1), T is expressed in degrees Celsius and c, represents
the greenhouse gas concentration at current conditions. On the
other hand, the absorbed shortwave energy flux H™ (x,«a),
follows

H (x,a)=F S(-a) , )

where x is the sine of the latitude, « is the albedo, F' is the
solar “constant” divided by 4 (340 W m-2), and S is the inso-
lation function, which decreases toward the pole.

2.2. Material Energy Fluxes

The meridional energy flux Q is obtained by using a diffu-
sive approach, which yields

Q (T)=-2VT, 3)

with A a given constant planetary “conductivity,” chosen as
Ag = 0.591 W m-2 K-1 for current conditions [Nicolis and
Nicolis, 1980]. The gradient operator in (3) is dimensionless,
following ‘

/2
V:ax(l—x2) 2,

P (4a)
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whereas

/2
o 1-x2
V-=a, R

Py (4b)

holds for the divergence, a, being a unit vector toward the
Py s
poie.

2.3. Latitudinal Dependence of Variables and Parameters

The latitudinal variation of the parameters is prescribed,
following North [1975b], as

T'(x)=To+Th P2 (x), (5a)
Sx) =1+SP(x), (5b)
a(x) =a+aP(x), (5¢)

where P (x) is the second-order Legendre polynomial. First-
order terms drop out by taking symmetric hemispheres into
account. Thus 7y is the
perature in °C. 7 is two thirds the difference between the
temperature of the poles and that of the equator, and S, =
-0.477.

Equation (5¢) is used for latitudes below the ice sheet edge
(ap = 0.303, ap = 0.0779), whereas above this boundary a
constant albedo (equal to the ice value ~ 0.62) is assumed.
Moreover, the ice sheet edge x; is defined as the sine of the
latitude where the surface temperature becomes —10°C (i.e.,
T(xs) = —10°C).

v avaragad tama
the planetary, glea}}y aveéragea icim-

2.4. Steady State Equations

The temperature and the ice sheet edge are the only free
variables in the model. At stationary conditions, 7, T», and x;
are obtained by solving the following:

A+BTo—Cln(cles) = Flp (xs), 6)
(B+640)T2 =F D(xs), (7
To+ T2 Py (x5) =-10°C, (8)

where /,, (xy) is given by

1
1)(x,) = (2m+1) Ide(x)[]—a(x,xs)]Pm(x), m=0,2. (9)
0

Equation (6) has been obtained by averaging over the whole
globe the energy balance equation, namely,

V.-Q=H - H*. (10)
Moreover, (7) is the globally averaged result of multiplying
(10) by Py(x), taking the orthogonal properties of the Legen-
dre polynomials into account. Finally, (8) represents the ex-
plicit condition for evaluating the ice sheet edge x;.

Results for current conditions (¢ = ¢,) imply a globally av-
eraged temperature 7o = 14.9°C, a pole-equator temperature
difference of —42.3°C and an ice sheet edge x; = 0.96 (~ 73.7°
of latitude).

Any variation in greenhouse gases would lead to a change
in temperature as well as in ice sheet edge. Nevertheless, there
is no reason to assume a constant value for the planetary con-
ductivity Ap because the climate dynamics at other scenarios
can differ from the current one. Thus Figures 1a and 1b show
the values for Ap and the changes in globally averaged tem-
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perature 79 (relative to the present value) as functions of the
ice sheet edge and the radiative forcing due to greenhouse
gases (GHG radiative forcing). Values shown in Figure |
have been derived as follows. Equation (6) relates 7 to x; and
¢ (this has been used to obtain Figure 1b). Equation (8) relates
T> to To and x,. Thus these two equations can be used to relate
7> to xy and ¢. Combining this dependence with (7) (which
relates ¢ to xs and 7>) allows us to relate Ag to x; and ¢ (Fig-
ure 1a), because the solar insolation F has been kept fixed.

By applying the classical climate model described above,
the changes in temperature due to variations in greenhouse
gas forcing would follow the isoline of Ap=10.591W m-2K-1.
Thus, for a radiative forcing of only ~ 0.75 W m-2, an ice-free
Earth would be obtained with an increase in globally averaged
temperature =~ 1.6°C. Hence a given variation in Ap would
improve the climatic states obtained by using a simple 1-D
diffusive EBM at future scenarios. However, if the heat fluxes
are kept as free variables (i.e., if Ap is no longer fixed), an ad-
ditional constraint must be included in the system. We tackle
this problem by making use of the principle of minimum ra-
diative entropy production, which is presented in the next
section, as an additional constraint.

3. Minimum Radiative Entropy Production

Essex [1984], based on one of Planck’s results [Planck,
1913], has analytically proved the application of the principle
of minimum radiative entropy production in several systems
in radiative equilibrium, among them, a continuos atmosphere
including both material and radiation fields. Therefore this
principle is of interest within the framework of stellar theory,
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and it may also be a useful tool in the study of the climate,
although it is not in radiative equilibrium at a given latitudinal
point.

However, the steady state of a global picture of the climate
is, in fact, in radiative equilibrium. In consequence, one could
expect that the principle of minimum radiative entropy pro-
duction could successfully be applied to the climate when a
simple and schematic climate model is used.

Indeed, we show how a simple picture of the climate sys-
tem (based on a 1-D diffusive model where the convective
fluxes are not taken into account) is able to follow such an
extremal behavior. First, it is convenient to define the compo-
nents of climatic entropy.

3.1. Entropy Production

At stationary conditions the total entropy production %
(matter plus radiation) becomes

‘?ZV.J_ +Q'V_:

V-H 1 (11
T T
where J and H are the entropy and energy fluxes of radiation,
respectively [Pujol and Llebot, 1999b], and T is the tempera-
ture in kelvins (7= T + 273). The last term on the right-hand
side of (11) is the expression for the entropy production due
to material fluxes, namely,
1

211 = Q ! V; > (12)
which has been extensively analyzed in several thermody-
namic systems [Jou et al., 1996]. Also in the climate system,
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Figure 1. (a) Planetary “conductivity” Ag (W m-2 K-1) and (b) globally averaged changes in temperature (°C)
dependence on the ice sheet edge (sine of the ice sheet latitude) and the greenhouse gas (GHG) radiative
forcing (last term in equation (1)). Values for a usual procedure in the energy balance model analyzed would
follow the isoline of g = 0.591 W m-2 K-1. Climatic states at minimum radiative entropy production present

variations in Ag.
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P has a bilinear form, provided that a diffusive approach for
the total material heat flux Q is assumed.
At stationary conditions the meridional integration of (12)
yields
! v ! 1
J';de= _IQ.v_dx’
T T
0 0

(13)

where x is the sine of the latitude, since Q vanishes at poles
and equator. Thus the meridional integration of 7 equals the
entropy fluxes across the boundary of the system, because the
last two terms on the right-hand side of the meridional inte-
gration of (11) cancel out, since they are the same as those
appearing in the energy balance equation (10) after it is inte-
grated over the latitude and divided by 7. Moreover, we have
applied that V-H becomes the difference between H* and
H™ within the 1-D model used. These fluxes are given by (1)
and (2), respectively. We stress that the radiation flux of en-
tropy J is not linearly related to the radiation flux of energy H
[see also Pujol and Llebot, 1999b].

Finally, from (11) and (12), the radiative entropy produc-
tion is [Li and Chylek, 1994]

V-H

B=V-J-—.

7 (14)

3.2. Extremal States

At the steady state the terms involving the meridional heat
flux Q in % and F,, can be obtained from (10), in which the
latitudinal distribution of temperatures is not prescribed. Thus
% and B, do not involve any planetary conductivity. Hence,
for a given ice sheet edge, the temperature distribution that
maximizes both % and 7, is obtained. Pujol and Llebot
[1999b] found that the climatic state maximizing 7; (F,, say)
corresponds to an isothermal distribution, whereas the maxi-
mum in %, (P,m, say) presents a higher latitudinal variation
than current values. Moreover, comparison of the values ob-
tained for both %, and %, to those for % and %, corre-
sponding to the present state, indicate that the current climate
does not follow maximum behavior, neither in total nor in
matter entropy production within North's [1975a, b] 1-D
model. However, the climate seems to tend to a given state
where the extreme of the difference between %, and P,
(P, say) equals the value for the radiative entropy produc-
tion A.. We shall here refer to %, as the minimum radiative
entropy production, following Pujol and Llebot [1999a], who
found that the state of minimum radiative entropy production
in Paltridge's 1-D box model is nearly equivalent to the states
that satisfy both %, or %, conditions.

4. Results

Differences between %, and %, in function of the ice sheet
edge for different values of GHG radiative forcing are shown
in Figure 2. By making use of the hypothesis of minimum ra-
diative entropy production, the climatic state (i.e., the ice
sheet edge and temperature) has been determined such that its
value of 7. equals to %, or, if this is not possible, that the
difference between both becomes minimum. Moreover, for a
given value of the GHG radiative forcing, two possible states
where 7. = F,, have been found. In this case and according
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Figure 2. Differences between minimum radiative entropy
production %, and radiative entropy production % as a
function of the ice sheet edge and for different values of ra-
diative forcing due to greenhouse gases.

to the hypothesis above, the state with the minimum value of
radiative entropy production has been selected. For current
conditions (¢ = ¢,) the minimum climatic state in 7 - B,
leads to 14.8°C for the globally averaged temperature Ty,
—28.5°C for T, (= —42.75°C for the pole-equator temperature
difference), 0.955 for the ice sheet edge (= 72.7° latitude), and
0.588 W m-2 K- for the planetary conductivity. Such values
are in close agreement with those corresponding to the current
state obtained from the standard diffusive model (see the sec-
ond paragraph below (10)). However, some differences arise
in the analysis of future scenarios, where the GHG radiative
forcing is expected to present a considerable increase. Table 1
summarizes the results obtained through applying the hy-
pothesis of minimum radiative entropy production for several
values of the internal forcing. For example, the results for cur-
rent conditions (given above) correspond to the fourth row in
Table 1. For comparison purposes, Table 2 presents the values
obtained by using the standard 1-D model presented in sec-
tion 2 (i.e., by assuming a constant planetary conductivity Ao
=0.591 W m-2 K-1). For example, the results for current con-
ditions (given below (10)) correspond to the fourth row in
Table 2.

The GHG radiative forcing corresponds to a doubling of
CO; concentration for a value of C = 6.3 W m-2 (GHG radia-
tive forcing = 4.37 W m-2 [Mitchell et al., 1995]) or C = 5
W m-2 (GHG radiative forcing ~ 3.47 W m-2 [Hewitt and
Mitchell, 1997]). For the latter value of C, results at 1.5, 0.75,
and 0.5 times the present concentration of greenhouse gases
¢, are also shown in Tables 1 and 2. Moreover, the GHG ra-
diative forcing corresponding to the Last Glacial Maximum
(LGM) has also been included. In this case, the variation of
the last term in (1) has been assumed to be ~ C In (200/280)
[see Hewitt and Mitchell, 1997], and the results are shown for
C=5and 6.3 W m-2.

4.1. Temperature and Ice Sheet Changes

The usual procedure in the standard 1-D model yields a
high warming until reaching the ice-free Earth; afterward, a
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Table 1. Results for Several Greenhouse Gas Radiative Forcings at the State of Minimum Rate of Radiative Entropy

FROL 131025 107 4]

C, cle, A[C In(c/e,)], To, ATy, 1, Ice Sheet 20, FAIy(xy), YGHG » Ixs »
Win=2 W m=2 °C °C °C Bdge,deg Wm2Ki Wm2 Km2W- Km2W-i

6.3 2 4.4 18.8 -29.0 86.4 0.52 2.0 0.9 2.1

5 2 3.5 8.0 3.2 -28.6 81.9 0.54 1.6 0.9 2.0

5 1.5 2.0 16.7 1.9 -28.7 77.4 0.56 1.0 0.9 2.0

- 1 - 14.8 - -28.5 72.7 0.59 - - -

5 0.75 -1.4 12.6 -2.2 -29.6 66.5 0.60 -2.0 1.5 1.1

5 200/280* -1.7 11.8 -3.0 -30.6 64.0 0.60 -3.1 1.8 1.0
6.3 200/280 -2.1 10.6 -4.2 -31.6 61.2 0.59 -4.4 2.0 0.9

5 0.5 -3.5 7.6 272 -33.7 55.7 0.59 -1.7 2.1 0.9

Parameters are defined in the text. The greenhouse gas (GHG) radiative forcing is represented as A[C In(c/c,)]; ATy is the change in
globally averaged temperature Ty relative to the result of the model for the current state (14.8°C). Global climate sensitivity is 1/B =
(xouo! + xxs!) (£ 0.04 K m2 W-1 with the accuracy of ygyg and yys used).

* Value is assumed to be equivalent to the Last Glacial Maximum to present conditions [Hewitt and Mitchell, 1997].

lower rate of temperature increase is obtained. The minimum
radiative forcing that leads to an ice-free Earth is only ~ 0.75
W m-2, corresponding to a globally averaged warming ~
1.6°C.

More reasonable values appear in the case of minimum ra-
diative entropy production, where an ice-free Earth is not
reached even for the maximum radiative forcing adopted (see
Table 1). From this perspective it is merely fortuitous that the
value of 7 at the 2CO, state is close to that obtained by using
the standard EBM with fixed planetary conductivity. The
changes in globally averaged temperature become important,
being in the range of 3.2°-4.0°C, depending on the GHG ra-
diative forcing chosen for the scenario of doubling the CO,
concentration. These figures agree, for example, with Stocker
and Schmittner [1997], who found a value ~ 3.7°C using an
EBM coupled to an oceanic global climate model (GCM), and
with Reader and Boer [1998], who found a value ~ 3.4°C us-
ing the GCMII of the Canadian Centre for Climate Modelling
and Analysis (CCCma).

For a negative GHG radiative forcing the climatic states
obtained through the minimum principle of entropy produc-
tion become similar to those found by using the standard

model (rows 5-8 in Tables 1 and 2, respectively). As a special
case, the cooling corresponding to the LGM lies between
-3.0°C and —4.2°C, depending on the value assumed for C.
Although this variation in temperature is similar (in absolute
value) to that found for the 2CO, state, the GHG radiative
forcing in that case was almost two times higher. Changes in
temperature at the LGM from proxy data and from GCMs lie
in the interval between —3.0°C and —5.0°C [Broccoli and Ma-
nabe, 1987; Hoffert and Covey, 1992; Hewitt and Mitchell,
1997].

4.2. Planetary Conductivity and Meridional
Temperature Gradient

The standard 1-D model relies on a fixed value for the
planetary conductivity, namely, 4p = 0.591 W m-2 K-,
whereas the model based on the constraint of minimum rate of
radiative entropy production allows for different values of 4.
As is seen trom Table 1, for negative GHG radiative forcings,
the planetary conductivity is similar to that obtained for the
present value and used in North's [1975a, b] model. However,
for positive values of the GHG radiative forcing, the planetary
conductivity decreases substantially. Therefore meridional

Table 2. Results for Several Greenhouse Gas Radiative Forcings by Following the Usual Procedure, Ap = 0.591

W m-2 K-1)

C, cle, A[C In(cley)], Ty, ATy, 1, Ice Sheet  FAIy(x,), XGHG » Ixs >

W m-2 W m-2 °C °C °C Edge, deg W m-2 K m2 W-1 K m2 W-1
6.3 2 4.4 18.8 3.9 -26.6* 90.0t 1.8% 0.9 2.1 (0.9%)
5 2 35 18.2 3.2 -26.6* 90.01 1.8% 1.0 1.8 (0.9%)
5 1.5 2.0 17.3 2.4 -26.6* 90.0t 1.8% 1.2 1.3 (0.9%)
- 1 - 14.9 - -28.2 73.7 - - -
5 0.75 -14 11.9 -3.0 -30.8 64.0 -3.3 2.1 0.9
5 200/280 -1.7 11.4 -3.5 -31.1 62.9 -3.8 2.1 0.9
6.3 200/280 -2.1 10.5 -4.4 -31.8 60.9 -4.8 2.1 0.9
5 0.5 -3.5 7.7 -7.2 -33.5 55.9 -7.8 2.1 0.9

Parameters are defined in the text. The GHG radiative forcing is represented as A[C In(c/c,)]; ATy is the change in globally averaged
temperature T relative to the result of the model for the current state (14.9°C). Global climate sensitivity is 1/B = 1/(ygug-! + IxsD) (£ 0.04

K m2 W-I'with the accuracy of ygug and yys used).
* Value is same as that obtained for an ice-free Earth.

T An ice-free Earth is obtained for a GHG radiative forcing = 0.75 W m-2 or higher.
# These values correspond to the variation between the current state and that obtained with a GHG radiative forcing = 0.75 W m-2,
Values in parentheses are those considered before an ice-free Earth is reached.
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heat transport is reduced, which agrees with usual predictions
carried out by GCMs [/PCC, 1995].

From the values of 77 in Table 1, we see that the pole-
equator temperature gradient presents slight changes for an
enhancement in greenhouse gases (¢ > ¢,) when the hypothe-
sis of minimum radiative entropy production is adopted.
However, a reduction in greenhouse gases with respect to the
present value (¢ < ¢,) implies a clear trend to increase the
pole-equator gradient of temperatures. On the other hand, the
standard 1-D model, with a constant value for A, always pre-
dicts an increase in 73 (i.e., decrease in pole-equator gradient
of temperatures) for an increase in Tj.

4.3. Ice Sheet Radiative Forcing

Any variation in the ice sheet edge obtained for a given

climatic scenario produces a particular change in the globally
averaged shortwave radiative forcing (6). Thus the ice sheet
radiative forcing, namely, F° Alo(xs), is shown in both Tables 1
and 2. This depends only on the variation of the ice sheet
edge if F remains constant. By doubling the CO,, the ice
sheet radiative forcing becomes between 1.6 and 2.0 W m-2,
depending on the value of C that has been assumed. On the
other hand, changes in the ice sheet edge for the LGM lead to
an ice sheet radiative forcing within the range —3.1 W m-2 and
—4.4 W m-2, values which are higher than those obtained by
using GCMs (e.g., ¥ —2.9 W m-2 [Hewitt and Mitchell,
1997]). In this case, however, the sum of the ice sheet plus the
GHG radiative forcings in Table 1 is in agreement with the
range obtained from proxy data and simulated by GCMs
(between —4.7 and —6.6 W m-2).

4.4. Climate Sensitivity

The climate sensitivity y, defined as

_ ATy

N (15)

can be analyzed by noting that (6) links the changes in Tj to
variations in the energy fluxes, which we denote by AH ,

BATy = A[CIn(c/c,)|+ FAIg(x,) = AH . (16)
In Tables 1 and 2 the changes due to both energy fluxes have
been analyzed separately. Thus the value of yGuHg refers to the
changes in the outgoing longwave radiation due to green-
house gases (here AH corresponds to A[C In(c/c,)]), whereas
Zxs is related to the changes in ice sheet edge (so that AH cor-
responds to F Aly(xs)). Therefore B = ygug! + ixs-! from
(16).

Both changes in globally averaged temperature A7y and
longwave energy fluxes AH appearing in (15) are taken in ref-
erence to current conditions (i.e., relative to the case c/c, = 1
in Tables 1 and 2).

For levels of greenhouse gases that are not great enough to
produce an ice-free Earth, the standard 1-D model (Table 2)
presents a climate sensitivity ygug = 2.1 K m2 W-1, which
has been obtained from the values of ATy and A[C In(c/c,)]
shown in Table 2. This value for ygug is higher than those
found by GCMs (= 0.4 — 1.1 K m2 W-! [Cess et al., 1989]).
Beyond a GHG radiative forcing of 0.75 W m-2, the climate
sensitivity ygug becomes lower because an ice-free Earth is
reached. In this case, the value of ygpg contains two types of
contributions,
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o
XGHG A[C [n(c/Co)]

~ AT + AT,
AV[CIn(c/cy)]+ AT [Cln(e/e,)] ’

(17)

where the contributions denoted by the superscript iv (ice
variable) refer to the variations from present conditions until
reaching an ice-free (if) Earth. Until this point, yGuGlv reads

v AT,

1
vong¥ = ———t0 21K m2 W,
HO T AV[CIn(e/ey))]

(18)

The second type of contribution in (17), denoted by the super-
script if (ice free), corresponds to the variation from the initial
point where the ice-free Earth has been reached, until the final
state specified. In this stage, xs = 1 is fixed, thus we have from
(9) that Alg(xs) = 0 and (16) become B AifT = Aif [C In(c/c,)].
Thus in the ice-free stage, ygugif reduces to

P :—A”L=lz061<m2w-l (19)
GRS " AT[CIn(e/e,)] B ’
where we have made use of the value for B given below (1).
The fact that yguGif < ygug!v leads to a lower climate sensi-
tivity on the greenhouse gas concentration in the top three
rows in Table 2 (where the values of ygyg have been ob-
tained from (17)). Similarly, the climate sensitivity due to
changes in the ice sheet radiative forcing is

O AT+ AT,
Xs — - i
FALy(xg)  FAYIy(x)
AivT if
= o, £To (20)

CFAVI(x,)  FAVI(x,)

In the last column in Table 2 we give the values of yyxs ob-
tained from this equation and, in parentheses, the corre-
sponding values when only the variation until an ice-free
Earth is considered (i.e., the first term on the right-hand side
of (20)). As may be seen from Table 2, this change is the
same as that obtained in those simulations in which the
changes in GHG concentration do not produce an ice-free
Earth, as they should.

In comparison, the climate sensitivity ygyg found by ap-
plying the minimum radiative entropy production decreases
when the GHG radiative forcing increases (Table 1). For ex-
ample, at the state of doubling the CO; concentration, yGHG ~
0.9 K m2 W-1, which is similar to that value obtained by
Hewitt and Mitchell [1997] by using a GCM, whereas the
climate sensitivity at LGM becomes ~ 1.9 K m2 W-1, which
agrees with that obtained from proxy data [Hoffert and Covey,
1992]. Moreover, both standard and extremum procedures
lead to similar values for the climate sensitivity at LGM con-
ditions. Finally, the simplicity of the model must be stressed,
which implies that the numerical results found should be re-
garded as useful for illustrative purposes but not of absolute
validity.

5. Conclusions

Planck's principle of minimum radiative entropy produc-
tion has been shown to hold strictly for a series of specific
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systems, although a completely general proof is still lacking
[see, e.g., Lssex, 1984]. This principle has been applied here
to a simple 1-D EBM [North, 1975a, b], so that the diffusive
approach can be removed. Thus, whereas a usual approach to
the standard 1-D model fixes the value of the planetary con-
ductivity, the hypothesis of minimum radiative entropy pro-
duction provides this parameter as a function of the radiative
forcing applied. For current conditions the climate at the
minimum radiative entropy production is similar to that ob-
tained by the standard application of the model. However, for
a moderate positive radiative forcing of greenhouse gases, the
climate predicted from the hypothesis of minimum radiative
entropy production presents a lower coefficient for the plane-
tary conductivity, producing a reduction in meridional heat
transport and avoiding the ice-free Earth predicted by the
standard model. Moreover, the climate sensitivity due to
changes in greenhouse gases becomes similar to that obtained
by GCMs, although it increases for a reduction in their con-
centration. On the other hand, the conductivity corresponding
to meridional heat transport remains nearly unchanged for a
reduction in greenhouse gas concentration.
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