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As opposed to isolated systems, the Earth is maintained in a steady-state far away
from its thermodynamic equilibrium. It is hypothesized that this state reflects a
state of maximum entropy production. In this study, we examined this maximum entropy production principle (MEPP) using an expanded version of Budyko’s
nine-box energy balance including, among others, the cloud and water vapor feedback mechanisms as well as diagnostic calculations of entropy production associated
with heat transport following two separate methods. With this system, we assessed
whether the MEPP is satisfied in Budyko’s model, focusing on the role of the implemented feedback mechanisms and on its application to the faint young sun paradox.
We were unable to successfully reproduce the current climate while constraining
the heat transport constant by the MEPP, neither were we able to successfully apply
the MEPP in order to explore the faint young sun paradox in our model. However, our
results did bring to light the imperative role of the ice albedo feedback in determining the moment at which the model reaches a local maximum in entropy production.
We further illustrate how the behavior of entropy production as function of the heat
transport constant can be characterized by our implemented feedback mechanisms. In
addition, we propose the possibility that entropy production can perhaps better be seen
as a direction in which a system like the Earth evolves in response to changes in forcings
and Earth system dynamics rather than explaining its current state.
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1

Introduction

When looking at the Earth, one can see erosion of
mountains, heat being transported from the equator
to the poles, and biological material breaking down.
What these processes have in common, is that they all
seem to develop in the same direction, but also show
to be irreversible in nature. Each of these processes

perform work to minimize gradients present on Earth.
A thermodynamic equilibrium (TE) can be expressed
as a state in which all gradients have vanished, and all
these aforementioned processes seem to work towards
this state. However, in its current state, the Earth has
clearly not yet reached a TE. The atmospheric composition for example currently consists of an average
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relative humidity of 60% and an oxygen content of
21%. However, in TE, all oxygen would have disappeared through means of oxidation, and the atmosphere would gain moisture until saturation is reached
(Kleidon, 2012).
Thermodynamic processes produce entropy until
a TE is reached, in which entropy is at its maximum.
So why can the Earth constantly produce entropy and
at the same time not reach TE? The second law of thermodynamics states that the entropy of an isolated system can either increase or remain constant when in a
steady state. However, the earth is not an isolated system, but undergoes an ongoing exchange of energy as
well as an exchange of entropy with its surrounding.
This exchange of energy can be seen as the ultimate
driving force behind system Earth’s ability to maintain a state far away from TE (Kleidon, 2010). Lovelock (1965; 1975) has even suggested that this state far
away from a TE, as found on Earth, is a sign of the
presence of widespread life. He put forward the possibility to use it as a tool to recognize signs of life on
extraterrestrial planets.
The exchange of entropy with its surrounding enables the Earth to keep producing entropy through
thermodynamic processes but still preserve its state far
away from TE. It raises the question how far away
the Earth is from a TE. To answer this, the maximum
entropy production principle (MEPP) has been proposed by Paltridge (1975, 1978). The MEPP states that
thermodynamic processes on Earth produce entropy at
their maximum rate, hinting at the notion that the Earth
is as far as possible away from a state of TE (Kleidon,
2010).
To illustrate this, we show in Figure 1 the meridional heat flux as a function of TE on Earth. When the
rate of meridional energy transport approaches infinity, the Earth becomes isothermal, that is, with a lack
of temperature gradients (i.e. the Earth reaches a TE in
relation to temperature). Consequently, due to a lack
of meridional heat transport, entropy production in this
isothermal state becomes zero and the total entropy has
reached its maximum. At the other end of the scale you
find an Earth without any heat transport, which physically speaking is an unrealistic outcome. What Figure 1 portrays is the idea that potentially a broad range
in rates of meridional heat transport exists, but as can
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be inferred from observations, the Earth is presently
in a state with strong mixing and stormy conditions.
The rate at which the Earth’s atmospheric dynamics
operate, is a rate where maximum work is performed
and thus also a rate that results in maximum entropy
production. A clear explanation of the MEPP has been
given by Kleidon et al. (2010): ”...if there are sufficient
degrees of freedom, that is, sufficient choice among
steady-states that all meet the fundamental conservation laws, the system would be characterized by a maximization of entropy production”.
The MEPP has already been evaluated for a
wide range of topics (Paltridge, 1975, 1978; Paltridge
et al., 2007; Nicolis and Nicolis, 1980; Noda and
Tokioka, 1983; Wyant et al., 1988; Gerard et al., 1990;
O’brien and Stephens, 1995; Lorenz et al., 2001; Pujol, 2002; Kleidon, 2004, 2010; Dyke, 2008; Meysman
and Bruers, 2010; Porada et al., 2011; Pascale et al.,
2012)
Paltridge (1975) and Nicolis and Nicolis (1980)
for example showed how the Earth’s meridional energy flux can be predicted with extraordinary accuracy
by application of the MEPP. Gerard et al. (1990) have
used the MEPP to study the ongoing so-called ”climatic paradox of the faint young sun”. They showed
that when meridional heat transport is constrained by
the MEPP, there is a possibility that the Earth was
never fully covered in ice. The MEPP prevents the
system from a full glaciation over an extended range
of values for the solar luminosity, hereby increasing
the Earth’s stability, i.e. the Earth’s state of a partly
glaciated surface is proven to be more stable compared
to models not based on the MEPP. A full glaciation
can be prevented by decreasing the heat flux between
the lower and higher latitudes, allowing more heat to
stay in the lower latitudes and thus preventing it from
a glaciation.
Another example of how application of the MEPP
can provide useful insight in Earth system dynamics
is a research conducted by Lorenz et al. (2001). In
their study, a simple two-box model is used to represent the Earth’s meridional heat flux, as well as that of
Titan and Mars, in which the meridional heat flux was
constrained by the MEPP. Their model simulations resulted in inferred zonal temperatures and heat flows in
accordance with observed values for all three planets.
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What these examples have in common, is the idea
that one simple principle can be used to model complex phenomena in situations where detailed information is lacking. However, not all studies report a successful application of the MEPP. Meysman and Bruers
(2010) applied the principle to living systems. Although they did show that living systems occur in a
state of higher entropy production than abiotic systems, they also found that an increase in the complexity of ecosystems (i.e. more trophic levels) cannot directly be linked to an enhanced entropy production compared to an ecosystem lacking this complexity.This, however, does not necessarily negatively reflect on the MEPP. As Goody (2007) mentioned, it is
essential to define the applicability of the MEPP before it can be applied with confidence. The results apprehended by Meysman and Bruers (2010) can help to
further define the applicability of the MEPP.
In the ideal situation, all parameters describing
the functioning of system Earth and its many processes
are known and are measurable. However, for the Earth
this is not the case, let alone for extraterrestrial planets. Nevertheless, one way to further enhance our understanding and ability to represent Earth system dynamics, is by use of the proposed principle of maximum entropy production. As put forward by Kleidon
(2009), the MEPP can be seen as generally applicable and able to postulate simple behavior in complex
systems.
As previously discussed, a wide range of studies
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have applied the MEPP to fairly simple energy balance
models Paltridge (1975, 1978); Gerard et al. (1990);
Lorenz et al. (2001); Pujol (2002); Dyke (2008). However, as Wyant et al. (1988) mentioned in his article,
the applicability of the MEPP still needs to be determined within models considering climate interaction,
focusing on non-linear modeled interactions in particular. Although a physical support is still lacking for
the MEPP, by use of information theory, Dewar (2003,
2005) was able to show statistically that for systems
away from a TE, the most probable state is one of
maximum entropy production. This statistical prove
substantiates the MEPP, increasing the importance of
a further assessment of its applicability. Here we plan
to build on previous work, by sticking with a simple
energy balance model, but extending it through the explicit inclusion of three well-known critical feedback
mechanisms and aim to increase our ability in assessing the applicability of the MEPP.
A modified version of the energy balance model
by Budyko (1969) will be used. The following three
feedback mechanisms will be implemented and analyzed: the ice-albedo feedback (already present) , the
cloud feedback, and the water vapor feedback. At
first we will apply the MEPP to the model without
presence of feedback mechanisms, to confirm previous results by others. Afterwards, entropy production
will be analyzed as function of the various feedback
mechanisms. In this study we also aim to assess to
what extent consideration of these feedback mecha-

Figure 1: The mechanical effort as function of meridional heat transport. SOURCE MISSING

Earth system feedback mechanisms and maximization of entropy production within a zonal energy balance model

J. VAN DER POL

Page 4

nisms further informs us, comparable to a study by
Gerard et al. (1990), who has examined the ”climatic
paradox of the faint young sun” while solely including the ice albedo feedback. Here, the same test will
be performed with either solely the ice albedo feedback mechanism, as well as combined with both of the
other two feedback mechanisms.

2

The model

The model developed for this study is an altered version of the energy balance model designed by Budyko
(1969). Budyko’s one dimensional energy balance
model aims at determining the Earth’s latitudinal surface temperature distribution. Calculation of incoming
shortwave radiation, outgoing longwave radiation, and
heat flux for each zone in the model, enables the setup
of a zonal energy balance and subsequently the calculation of the surface temperature. The same principle
was applied here.
Originally, Budyko’s model solely consisted of
the northern hemisphere divided into nine boxes, each
spanning 10◦ . However, the model developed here
is extended towards a full global model consisting of
eighteen boxes, including differences in some of the
essential parameters for each hemisphere. One important assumption made here is the lack of heat transport
across the poles and across the equator. For a list of
the parameters and certain reference values used in the
model, see Appendix A and Table 1.

2.1 Base model
Within Budyko’s model, the equation used for zonal
surface temperature calculations is:
Ts,i =

Qi (1 − αz,i ) − A + kt Tp
,
B + kt

(1)

where i=1:18 represent the eighteen zones in our
model, Qi the zonal incoming solar radiation, αz,i the
zonal albedo, A and B reflect the loss of energy by
black body radiation, kt is the heat transport constant,
and Tp is the planetary average surface temperature.
However, to allow for the implementation of the cloud
and water vapor feedback, within Equation (1) the incoming radiation (Qi (1 − αz,i )) has been adapted:
Ts,i

Fin,wv,i − An/s + kt Tp
=
.
Bn/s + kt

(2)

Here Fin,wv,i represents the total incoming radiation
which is calculated through:
Fin,wv,i = Qi (1 − Cci αc,i )(1 − αs,i ) + W vi ,

(3)

Cci represents the zonal cloud cover, αc,i the zonal
cloud albedo, αS,i the zonal surface albedo, and W vi
the enhancement in incoming radiation due to the
water vapor feedback. The rewritten calculation of
temperature according to Equation (2) allows a direct implementation of both feedback mechanisms
through the parameters Cci and LWwv,i , representing
the cloud and water vapor feedback respectively. αz,i ,
which originally corresponded to the total albedo of
the zone in question, is now split into separate albedo
values for either the zone’s surface (αs,i ) or clouds
(αc,i ). This enabled the inclusion of cloud cover (Cci )
within the zonal temperature calculations through multiplication with cloud albedo.
In Equation (2) as well as in subsequent equations, parameters A and B were replaced with An and
Bn for the northern hemisphere, and with As and Bs
for the southern hemisphere (indicated as An/s and
Bn/s ). This is needed to recreate the distinct temperature patterns observed for each hemisphere, as was
done by Cess (1976). In order to simulate realistic
temperatures in the model, the chosen values for the
constants An , Bn , As and Bs were slightly adapted
with respect to values used by Budyko. However,
these new values only differ by a few percent from values used by for example Budyko (1969); Cess (1976);
Chỳlek and Coakley Jr (1975); North et al. (1981,
1983); Walsh and Rackauckas (2015) in similar energy
balance models.
The equation used to calculate the average planetary temperature is adapted from Budyko according
to:
Q
(1 − αp ) − An/s
Tp = 4
,
(4)
Bn/s
with Q representing the solar constant and αp the planetary albedo. The planetary albedo is a fixed constant
within Budyko’s model, however for diagnostic purposes and to enable the calculations of snowball Earth
it is made more explicit here by calculating it in each
iteration through:
αp =

18
X

Zi (Cci αc,i + αs,i (1 − Cci )),

i=1
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Table 1: Reference parameters used in the model.
Latitude
[◦ ]

T
[K]

Surface area
[km2 ] e6

αs0,i

Cc0,i

αc0, i

North
80-90
252.63 3.908
0.61
0.62
0.642
70-80
258.63 11.594
0.61* 0.66
0.627
60-70
267.24 18.905
0.24
0.65
0.534
50-60
275.51 25.706
0.14
0.60
0.509
40-50
283.11 31.497
0.12
0.53
0.464
30-40
290.41 36.405
0.10
0.46
0.459
20-30
296.00 40.198
0.10
0.43
0.419
10-20
299.16 42.778
0.09
0.47
0.383
0-10
299.63 44.084
0.08
0.52
0.354
South
0-10
298.91 44.084
0.07
0.52
0.339
10-20
297.25 42.778
0.08
0.48
0.344
20-30
292.91 40.198
0.08
0.48
0.381
30-40
287.41 36.405
0.08
0.54
0.429
40-50
282.00 31.497
0.07
0.66
0.463
50-60
274.36 25.706
0.17
0.72
0.481
60-70
264.66 18.905
0.21
0.76
0.565
70-80
252.85 11.594
0.63
0.65
0.660
80-90
243.10 3.908
0.84
0.54
0.650
T : sea surface temperature of each zone, obtained from Haurwitz and James (1944)
αs : surface albedo for each zone, obtained from Sellers (1965)
Cc : Cloud cover for each zone, obtained from Sellers (1965)
αc : cloud albedo for each zone, obtained from Cess (1976)
* This values has been adjusted to represent the albedo of ice in the model as the reference temperature in this box is
beneath 263K (Tcrit ).

with Zi representing the relative zonal contribution to chosen threshold temperature below which ice forms,
the total planetary albedo.
here set to 263K, the zone’s surface albedo increases
from an albedo belonging to an open ocean/ice free
2.2 Feedback mechanisms
land surface albedo to an albedo value of 0.61 belonging to ice. However, the reference surface albedo val2.2.1 Ice albedo feedback
The ice albedo feedback mechanism that already ex- ues used for the two most southern boxes are already
ists in Budyko’s model is kept mostly unchanged. The higher than the albedo value chosen to represent the
feedback is parameterized as a step function checking albedo of ice. Therefore it is chosen to leave these two
whether or not the temperature of each of the eighteen boxes out of this feedback mechanism, setting their
zones during each iteration is below a certain threshold reference surface albedo values at their default values
of 0.63 and 0.84 as can be seen in Table 1.
temperature. This is implemented as
We have also chosen to implement a second ap(
proach
for the parameterization of the ice albedo feedαground,i if Ts,i ≥ 263 K
αs,i =
(6) back. For this we have followed a method used by
αice
if Ts,i < 263 K,
Kleidon (2004) who has parameterized the surface
where αice represents the albedo of ice, and αground,i albedo as function of temperature according to the folthe albedo belonging to the zone’s surface without the
presence of ice. When the temperature drops below the
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lowing exponential function:
αs = αice,i − (αice − αs0,i )(1 − e−ks ∗(Ts,i −263) ), (7)
where αice,i represents the albedo of ice; αs0,i the
zonal reference surface albedo (see 1) ; ks a tuning
parameter which determines the slope at which the
albedo increases with decreasing temperature. This
function is applied for zonal surface temperatures
ranging from 263 to 273K. Use of this function is supposed to result in a more gradual shift from an ice free
zone towards a fully covered zone, in contrast to the
previously described method which results in abrupt
changes. The first described method for the ice albedo
feedback, equation Equation (6), is used throughout
the whole research unless specified otherwise.

the global average temperature increases by one degree in the model, it will be doubled if the water vapor feedback is included within the model run. aC c is
subsequently chosen in such a manner that the model
simulation resulted in a numerically stable solution of
the system. When the value was set higher, the model
setup in which all feedback mechanisms are activated
jointly, was unable to reach a stable temperature due
to a runaway effect of the cloud cover.
2.2.3 Sensitivity analysis
In order to compare the strength of the feedback
mechanisms, we have conducted a climate sensitivity
analysis.The climate sensitivity parameter λ was calculated according to:
λ = dT /dQ,

(10)

2.2.2 Cloud and water vapor feedback
Both newly implemented feedback mechanisms, the
cloud (Cc) and water vapor feedback (W v), are parameterized according to the following set of equations:
Cci =

exp(aCc (Ts,i − Th,i ))
,
(1 + exp(aCc (Ts,i − Th,i ))
Cc

Th,i = T s0i −

log 1−Cc0,i0,i

where dT represents the change in temperature between model simulations with no increase in solar constant and with an increased solar constant, and dQ represents the change in radiation between the aforementioned model simulations. To result in λ values for the
(8) feedback mechanisms, λ of the model without feedback mechanisms is subtracted from λ associated with
the other model setups. These calculations were done
for four experiments, in which the solar constant is in(9) creased from 1% to 10%.

,
aCc
aCc represents the tuning parameter for the cloud feedback, Th,i the reference surface temperature, and Cc0,i
the reference cloud cover. Equation (8) results in a sigmoid relationship ranging between zero and one with
increasing temperature, where the variable aCc determines the steepness of the slope. The equations are
now shown for the cloud feedback, but can also be
used for the water vapor feedback through replacement
of Cci , Cc0,i , and aCc,i by W vi , W v0,i , and awv,i ,
respectively. Both feedback mechanisms are parameterized as function of the modeled surface temperature
compared to the reference surface temperature as well
as the reference values for the cloud cover or water vapor constant.
The water vapor feedback on average causes any
potential temperature increase to be doubled or even
tripled (Hall and Manabe, 1999; Held and Soden,
2000; Myhre et al., 2013). The tuning factor awv in
Equation (8) and (9) is chosen in such a way, that when

2.3 Entropy calculation
The model has further been extended by including diagnostic calculations of entropy production associated
with horizontal heat transport, enabling evaluation of
the MEPP. Entropy production was calculated using
two different methods, proposed by Paltridge (1975,
1978) and Lorenz et al. (2001).
2.3.1 Paltridge’s method
In his seminal paper, Paltridge used Equation (11), to
calculate entropy production associated with horizontal heat transport, which is explained more elaborately
by Ozawa et al. (2003).
Shf =

18
X
Fout,i − Fin,i
i=1

Ta,i

,

(11)

wherein Fin,i represents the net incoming shortwave
radiation, Fout,i the outgoing longwave radiation at the
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top of the atmosphere (TOA), and Ta,i the temperature
at the TOA which is the systems border at which these
fluxes are exchanged with system Earth.
Near the poles, the net incoming radiation is
smaller than the outgoing radiation, which results in
positive values for entropy production. Conversely,
near the equator, the net incoming radiation is higher
than outgoing radiation, resulting in negative values
for the lower latitudes. Due to the fact that emission
temperatures near the equator are higher than those at
the poles, a summation of all boxes should globally result in positive entropy production values. Although,
as stated by the second law of thermodynamics, entropy production is always positive, this method results
in negative values for the lower latitudes. Because of
this, a trade off of this method is its inability to calculate zonal values of entropy production, and therefore
is only applicable on a global scale.
For calculating the zonal outgoing radiation
Fout,u , Budyko’s method was applied:
Fout,i = An/s + Bn/s Ts,i .

(12)

The absorbed radiation is calculated through
Fin,i = Qi (1 − Cci αc,i )(1 − αs,i ).

(13)

Because the atmospheric temperature is not explicitly considered within Budyko’s model, the equation
for calculating the temperature at the TOA has been
adapted from Paltridge (1975, 1978):
1

4
Ta,i = ((GσTs,i
(1 − Cci ) + f 0 σTs,i Cc)/σ) 4 , (14)

applied here, however the manner in which heat transport is calculated here differs from theirs. The equation for entropy production as found in Lorenz et al.
(2001) is:
Shf,i = Fhf,i (

1
1
−
),
Ts,i Ts,i+1

(15)

wherein Fhf,i represents the zonal meridional heat
flux. Surface temperatures of two different zones are
included in the equation. Ts,i represents the surface
temperature of the cooler box, while Ts,i+1 is the temperature of the warmer box of the two, i.e. the box
from which the heat flux originates.
Lorenz et al. does provide an equation for calculation of the meridional heat flux, which is:
Fhf,i = kt (Ts,i+1 − Ts,i ),

(16)

where kt represents the heat transport constant.
However, within the model from Lorenz et al., kt has a
value in the range of 0.6-1.1 W/m2 /K while ours has
a default value of 3.81. If Equation (16) would be
implemented in our model, it would result in unrealistically large heat fluxes, making its implementation
an undesirable choice. Therefore, two other methods
were used for calculation of the meridional heat flux.
Basically, when assuming steady-state conditions, Fin,i − Fout,i can be interpreted as the zonal
gain or loss of energy through meridional heat transport. The first manner in which this is calculated here,
is by use of Equation (12) and (13). The second manner in which the zonal difference in heat is calculated
here, is by use of an empirical relation proposed by
Budyko:

where G represents the fraction of longwave radiation
loss to space by a cloud free atmosphere, f a reduction
fraction by which black-body radiation from clouds
D = kt (Ts − Tp ).
(17)
is reduced compared to surface black-body emission
Both approaches for calculating the zonal gain or
due to the lower temperature of clouds, σ the StefanBoltzmann constant, and 0 the constant of the atmo- loss of energy due to meridional heat transport were
implemented and compared to determine their implispheric window to IR.
cations for entropy production. However, to calculate
2.3.2 Lorenz’s methods
entropy production according to Equation (15), both
The second method used to calculate diagnostically methods first have to be converted towards zonal heat
the entropy production is a slight variation on the flux values. This was done using the simple princimethod used by Lorenz et al. (2001). The method used ple that for each box, the zonal gain or loss of energy
by Lorenz et al. (2001) for calculating entropy produc- through meridional heat transport is equal to energy
tion associated with meridional heat transport will be input minus output.
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2.3.3 Entropy maximization
For all three methods, entropy production due to
meridional heat transport has been maximized as function of the heat transport constant, kt . For each method
used to calculate entropy production, we have maximized kt for a model setup wherein no feedback mechanisms were considered as well as for each possible
combination of feedback mechanisms activated.
In order to determine which value of kt results in
the highest maximum in entropy production, the simplex method of Nelder and Mead was used (Nelder and
Mead, 1965; Lagarias et al., 1998). Afterwards, we
compared the kt values resulting in the highest maximum in entropy production to our model’s default
value of 3.81 W/m2 /K.

2.4

Snowball Earth implementation

As done by Gerard et al. (1990), we will perform an
experiment testing whether constraining the model by
MEPP results in a broader range of solar constant values for which the Earth is not in a fully glaciated state
compared to an unconstrained model setup. While
constraining the heat transport constant by the MEPP,
we have slowly decreased the solar constant in our
model in steps of 10 W/m2 until all zones within our
model were fully covered in ice. We constrained the
heat transport constant by use of all three previously
described methods of entropy production.
For comparison, we have likewise decreased the
solar constant in steps of 10 W/m2 , however without
constraining the heat transport constant but keeping it
fixed at its default value of 3.81 W/m2 /K. Afterwards,
we compared the percentage needed in solar constant reduction between the three methods for calculating entropy production and with the unconstrained
method. Once again, to determine at which value of
kt entropy production reaches its maximum, we used
the simplex method of Nelder and Mead (Nelder and
Mead, 1965; Lagarias et al., 1998).

3

Model validation

Here we present an evaluation of the model simulations to indicate how well our model captures the most
salient features of the Earth’s climate system. The observed average planetary temperature and albedo are
287.8K (Hazeleger et al., 2012; Sellers, 1965; Cess,

Page 8

1976) and 0.315 (Cess, 1976) respectively. The model
that was developed in this study simulates a global
mean temperature of 287.3K and an albedo of 0.307
when no feedback mechanisms are activated. When
all feedbacks are activated, it simulates a global mean
temperature of 287.8K and planetary albedo of 0.315,
which is remarkably similar to observations, especially
when considering the simplicity of the model.
Modeled zonal values of various diagnostic parameters are presented in Figure 2 together with corresponding observed values (Haurwitz and James,
1944; Sellers, 1965) and other model simulation results (Carissimo and Oort, 1985). Here, we show the
model’s simulated temperature (plots a and b), surface
albedo (plot c), cloud cover (plot d), and heat flux (plot
e) can be found.
Figure 2a shows the zonal temperature curve for
simulations without any feedback mechanisms activated and with a default solar constant of 1370 W/m2
(dash-dot line) as well as for an increased solar constant of 3 and 10% (dotted lines). Similar to the result for the average planetary temperature, the zonal
temperature pattern is in good agreement with observational data (solid line) overall, with just a slight deviation found near the poles which is caused by the reference values used for the surface and cloud albedo and
cloud cover in the model. Figure 2b likewise shows the
model’s zonal temperature curve (dashed line) compared to observed values (solid line), but here each
feedback mechanism is activated individually as well
as all combined. The model results still agree well
with observations.
Zonal surface albedo and cloud cover values from
the model are analyzed in Figure 2c and d. It can be
seen that like the temperature curve, these too are in
good agreement with their corresponding observations
(Sellers, 1965), both when solely the individual feedback mechanism is activated as well as when all are
considered jointly. Subsequently, the increase in solar
constant is used to further check the implementation of
the feedback mechanisms. An increase in the model’s
temperature associated with enhancement of the solar
constant should cause ice ablation and thus a lowering
of the surface albedo of the corresponding zone. As
can be seen in Figure 2c, the implemented ice albedo
feedback works as expected, the zones spanning from
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Figure 2: Observed temperature gradient (Haurwitz and James, 1944), surface albedo, cloud cover (Sellers,
1965), and calculated heat fluxes (Carissimo and Oort, 1985) compared to model simulations with default solar
constant and with an increased solar constant of 3% and 10%. The dash-dot lines represent the model’s simulations without activation of the feedback mechanisms; the dashed lines model simulations with each feedback
mechanisms activated separately as well as concurrently; the dotted lines model simulations with either a 3%
increase in solar constant or 10%; the plus-signed line represents the heat flux calculated by use of the method
from Paltridge (1975); the star-signed line the heat flux calculated by use of the method from Lorenz et al.
(2001); and the solid lines represent observational data.
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70 to 90 degrees north show a reduced albedo due to
the 10% increased solar constant (dotted line). Figure 2c also includes a line where no feedback mechanisms are activated as well as when solely the surface albedo feedback is activated and when all feedbacks operate jointly. However, these lines lie beneath
the line representing observational data, causing there
to be only one line visible within the graph. This
indicates a good representation of the surface albedo
within the model simulations (. An increase of the solar constant in our model should also result, besides
a lower surface albedo, in a higher simulated cloud
cover. Figure 2d displays that this behavior appears
to be accurately captured by the model (dotted line).
The cloud clover increases in each zone with exception of the southernmost box when compared to model
simulations without an increase in solar radiation (both
dashed lines).
Figure 2 e shows the calculated zonal heat flux for
both methods compared to computed values obtained
from Carissimo and Oort (1985). Both in magnitude
and pattern, the model simulations agree surprisingly
well with observations. The plot does show slight discrepancies between the two methods used, indicating
the relevance of calculating the entropy production for
two methods. When taking a closer look at the plot, it
can also be seen that the line representing the heat flux
calculated by use of the method from Paltridge (1975,
1978), becomes slightly negative at the most northern
box. This indicates that our model has a slight inconsistency within its energy balance.

Table 2 shows the differences between absorbed
shortwave radiation and emitted longwave radiation at
the top of the atmosphere compared to values found
in literature for several model set-ups. The discrepancy is in the range of -0.6929 to -2.4197 W/m2 , depending on which feedback mechanisms are included.
Unfortunately, we were unable to resolve this issue in
our model while maintaining values for all variables
representative of the current climate. However, the
main reason for this unclosed energy balance appears
to be the representation of the meridional heat flux in
the model. When the value of the heat transport constant (kt ) is set to 0, the model without consideration
of feedback mechanisms has a closed energy balance.
The model does not calculate the water vapor
content of the atmosphere directly, but solely the concurring radiative effect on the incoming longwave radiation of the system. This implies that we cannot directly evaluate this model feature by comparison with
observations. However, as aforementioned, the water vapor feedback tuning parameter was selected such
that it would cause a doubling of any surface temperature increase enforced on the system. When we introduced a temperature increase in the model of 3.2 K,
by increasing the solar constant with 3%, activation of
solely the water vapor feedback resulted indeed in a
total global warming of 6.4 K.

4

Model feedback behavior

Here we will analyze the behavior of our implemented
ice albedo, cloud, and water vapor feedback also

Table 2: A comparison between absorbed shortwave radiation and outgoing longwave radiation at the top of
the atmosphere for several model set-ups and other literature, values are in W/m2 .
Model

Absorbed shortwave
radiation

Emitted longwave
radiation

Difference

No feedback
Ice albedo feedback
Cloud cover feedback
Water vapor feedback
All feedback’s present
Trenberth et al. (2009)
Kiehl and Trenberth (1997)
Hazeleger et al. (2012)
Hartmann et al. (2013)

236.1876
236.1876
235.8316
236.1876
235.3256
239.4
235
242.6
240

236.8804
236.8804
237.2272
237.2680
237.7453
238.5
235
242.7
239

-0.6929
-0.6929
-1.3956
-1.0805
-2.4197
0.9
0
-0.1
0.6
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since this enables us to better evaluate and understand
entropy production due to meridional heat transport
in our model. We have analyzed the model setup
in which all feedback mechanisms were considered
jointly.

4.1

The ice albedo feedback

Figure 3 shows the simulated global mean surface
albedo as function of the heat transport constant (kt ) as
well as the global mean cloud cover and water vapor
constant. The abrupt changes present in the global average surface albedo can easily be explained by looking at the way in which we implemented the ice albedo
feedback in our model. The ice albedo feedback is parameterized according to a simple step function (see
Equation (6)) that checks whether the temperature is
below a certain threshold in each zone. If the temperature of the box indeed is below the threshold, it
is assigned an albedo representative of ice. Otherwise
it will keep its original albedo value representative of
its surface. Although this is a very rudimentary parameterization of the ice albedo feedback, the same
approach has been successfully applied previously by
for example Gerard et al. (1990) who used it to test the
faint young sun paradox by use of the MEPP. This parameterization of the ice albedo feedback can thus only
result in abrupt changes of albedo from either no ice in
the zone at all, to the whole zone immediately being
covered in ice, largely increasing its surface albedo.
It is though interesting to note that there seems to be
multiple tipping points and that there is not one major
tipping point in which the Earth changes from a state in
which it is mostly covered by ice to one state where it
is completely ice free, behavior that is observed when
using Budyko’s model with increasing and decreasing
solar radiation.

4.2

The behavior of the Cloud and water vapor feedback

As aforementioned, the average global surface albedo
decreases due to ablation of ice. This leads to increased zonal surface temperatures and therefore also
leads to an increased cloud cover and water vapor content, see Figure 3. Between the abrupt shifts in cloud
cover and water vapor constant, caused by the previously presented abrupt changes in surface albedo, the

Figure 3: Average global values are plotted for the
surface albedo, cloud cover, and the water vapor constant over a range of heat transport constant values,
kt .
cloud cover slightly decreases with kt , while the water vapor constant slightly increases. The water vapor and cloud feedback are parameterized identically
within the model and thus both behave akin (see Equation (8) and (9)). When the surface temperature of
a zone increases, e.g. due to enhanced energy transport from warmer to cooler zones due to an increase
in kt , both feedback mechanisms are parameterized to
behave similarly, in that both feedback mechanisms
should result in an enhancement of the parameter in
question. This unforeseen contrasting behavior of the
feedback mechanisms presented in Figure 3, can be explained by taking a closer look at the behavior of both
feedbacks within the equatorial zones compared to the
zones in the polar region.
The dissimilar behavior of the cloud and water
vapor feedback can be explained by looking at the reference values used for each feedback mechanisms and
how they are parameterized in our model approach.
One explanation for the difference in behavior lies in
the fact that the cloud feedback uses zonal dependent
reference values, while the water vapor feedback uses
a global reference value for each zone (as zonal values
were not available). However, the difference can to a
greater extend be assigned to the locations of the refer-
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Figure 4: Both cloud cover and water vapor constant
values are plotted for a range of kt values from 0 to 10
in steps of 0.01. Left at the start of the lines, kt is at
a value 0.01, while right on the end, kt has a value of
10. Cloud cover and water vapor constant values belonging to the zone closest to the equator in our model
are plotted against the y-axis, while the values belonging to the most northern box in our model are plotted
against the x-axis.

ence values. The difference in behavior between both
feedback mechanisms is visualized in Figure 4.
Within Figure 4 we have depicted the cloud cover
and the water vapor constant as function of kt . For
variables, the values belonging to the zone in our
model closest to the equator are set out against values from the zone closest to the North Pole. As can be
seen from the figure, both feedback mechanisms behave rather similarly when solely looking at values belonging to the polar zone, represented on the x-axis.
Both the cloud cover and water vapor constant have a
value near 0.1 for the polar zone for a kt of 0, and both
end in a similar fashion at a value near 0.9 when kt
has reached a value of 10. When we take a look at the
equatorial zone, which is represented on the y-axis, we
see a much steeper slope for the cloud cover as function of kt than for the water vapor constant. The cloud
cover ranges from 0.82 to 0.43, while the water vapor
constant only ranges from 0.96 to 0.79. The change in
equatorial cloud cover as a function of an increase in kt
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thus covers a range of 0.39, while the water vapor constant covers a range of only 0.17. These differences in
behavior in the equatorial zone can be ascribed to the
reference values used in combination with our parameterization method.
To parameterize the cloud and water vapor feedback mechanisms, we used a sigmoid function ranging from 0 to 1 with increasing surface temperature. 0
naturally represents absence of both cloud cover and
water vapor in the atmosphere and 1 represents a fully
covered atmosphere and a maximum atmospheric water vapor content, with the function’s steepest slope
and, consequently, the largest impact of the feedback
mechanisms is at a value of 0.5. This implies that selection of the actual reference values determines the
systems sensitivity to the feedback mechanism. A reference value >0.5 implies a reduced sensitivity for the
relative warm zones whereas the sensitivity is larger
for the cooler zones; a value <0.5 results in a larger
sensitivity for the warmer zones. The larger the difference between the reference value and 0.5, the smaller
the overall feedback sensitivity is.
Table 1 includes the reference values used for
cloud cover. The table shows that our reference values
for the zones ranging from 0-10◦ North and 80-90◦
are 0.52 and 0.62 respectively. As for the reference
values of the water vapor constant, both are set to the
global average value of 0.8409 (Trenberth et al., 2009).
Due to the function’s steepest slope being at a value
of 0.5, the simulated Earth system is more sensitive
to a change in temperature for the cloud cover than it
would for the water vapor constant. The consequences
are visible in the equatorial region, but due to large
variations in surface temperature it does not occur in
the polar region. In the polar area, the surface temperature varies to a far greater extend than temperatures
in the equatorial zones do, dominating the overall effect the reference values have the water vapor feedback
mechanism.
The fact that this dissimilar behavior occurs in the
equatorial instead of the polar zones, causes its effects
to be much more apparent. Since in our model, the
Earth is not divided into zones with equal surface areas, but the zones are determined by latitudinal differences (each of the 18 zones taking up a band of 10◦ ).
This method causes the zones in the equatorial region
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to be up to a factor 11 larger than the zones in the polar region causing equatorial zones to have much more
weight in the calculations of global average values of
variables. This creates the occurrence of a slight decrease in the global average cloud cover although it
increases to a greater extent in the polar zone than it
decreases in the equatorial zone (see Figure 4).
To conclude, both feedback mechanisms appear
to ultimately have a different impact on the simulated
climate climate in our simple energy balance model.
This is caused by the fact that the reference values used
for the cloud feedback mechanisms, also selected to
agree with other studies and to arrive at a realist simulation of climate, is quite close to the value of 0.5
resulting in the largest climate sensitivity. On the contrary, the reference values for the water vapor feedback are actually substantially larger than 0.5 implying
a strongly reduced sensitivity.
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Table 3: Results of the climate sensitivity analysis.
Values are in W/m2 /K.

Feedback sensitivities

In order to compare the strength of the feedback mechanisms, we have conducted a climate sensitivity analysis. Results in Table 3 confirm that the cloud feedback is a negative feedback, while the water vapor
and ice albedo feedback both are positive feedbacks.
Due to the parameterization method used for the ice
albedo feedback mechanisms, the feedback was not
triggered until a sufficient increase in the solar constant occurred, resulting in calculated values for λ of 0
W/m2 /K for three out of four sensitivity analyses.
Furthermore, it is visible that the water vapor
feedback is much stronger than the cloud feedback
with a 1% increase of the solar constant. The climate
sensitivity for the water vapor feedback typically receives a value of 2.2 W/m2 /K in general circulation
models(Cess et al., 1990). Assessing the climate sensitivity of the cloud feedback on the other hand is more
complicated as it can result in both positive and negative feedbacks (Cess et al., 1990), making a direct
comparison with literature difficult. However, as the
solar constant increases it can be seen that the strength
of the water vapor feedback in our model decreases,
while the strength of the cloud feedback conversely increases with the solar constant. This pattern though is
mainly caused by a decrease in the climate sensitivity parameter belonging to the model setup in which

1%

Solar constant increase
2%
3%
10%

None
Cloud
Water vapor
Ice albedo
All
λ

3.86
1.38
-2.26
0
-1.04
2.98

3.50
1.64
-1.87
0
-0.40
3.26

3.39
1.71
-1.74
0
-0.17
3.37

3.31
1.89
-1.17
-0.17
0.20
3.87

no feedbacks were considered, i.e. is solely influenced
by the inherent Stefan-Boltzmann’s feedback. For our
current model it is fair to say that the water vapor
feedback seems to be stronger than the cloud and ice
albedo feedback.

5
4.3

Feedback mechanism
activation

Maximizing entropy production

In our Budyko-based model, we have maximized entropy production with respect to the energy transport
constant (kt ) in order to test the MEPP. Figure 5 shows
entropy production calculated with our model by use
of our three described methods as function of kt when
no feedback mechanisms are considered. The first
method consists of entropy production due to meridional heat transport calculated as proposed by Paltridge (1975, 1978); in the other two methods, entropy
production is calculated by use of the method proposed
by Lorenz et al. (2001). The second method was subsequently split up in two alterations, which from now
on will be referred to as Lorenz P and Lorenz B. In
Lorenz P, the heat flux needed to calculate entropy
production is inferred from the zonal difference in incoming shortwave radiation and outgoing longwave
radiation and which is mainly based on Paltridge’s
method. In Lorenz B, the heat flux is inferred from
the zonal difference obtained from an empirical relation proposed by Budyko (1969). Table 4 subsequently
shows the values of kt acquired by optimization of entropy production in our model where either no feedback mechanisms are considered and for each possible
combination of activated feedbacks.
In our model a kt value of 3.81 W/m2 /K, as used
within Budyko’s original model, results in the best
agreement for the current climate. As can be seen in

Earth system feedback mechanisms and maximization of entropy production within a zonal energy balance model

J. VAN DER POL

Table 4, maximization of entropy production for each
of the three methods, without consideration of feedback mechanisms, results in kt values in the range of
2.02 to 2.23 W/m2 /K. Application of a kt value in that
range would result in too low of a heat flux in our
model, and subsequently in temperatures that are too
high in the tropics and too low in the temperate region. It is however note worthy that, as can be seen
in Figure 5, the three applied methods result in identical behavior of entropy production as a function of kt .
Besides, basically the same pattern in entropy production was presented by Lorenz (2002, 2010) in which
no feedback mechanisms were considered either.
It was expected that at least part of the obtained
values for kt would be comparable to the previously
mentioned optimal value of 3.81 W/m2 /K for our
model. This was expected in particular to be true for
kt values corresponding to the model with no feedback mechanisms included or solely the ice albedo
feedback, as results of previous studies have indicated
so (e.g., Paltridge, 1975, 1978; Grassl, 1981; Wyant
et al., 1988; Gerard et al., 1990; Lorenz et al., 2001;
Kleidon, 2004, 2010; Pascale et al., 2012). Table 4
however shows that, with exception of one simulation
(for which paltridge’s method was used and included
all feedback mechanisms), the kt values obtained by
maximizing entropy production in our model clearly
disagree with a value that would allow for a good representation of the current climate.
One interesting and perhaps important observation is that the use of one global value for the heat
transport constant results in underestimated temperatures at the lower latitudes while overestimating the
temperature at higher latitudes (Lorenz, 2002). It
would be interesting to test whether the MEPP is able
to successfully reproduce the current climate while
using zonally differing heat transport constants in
Budyko’s or another comparable model. In principal
this also is what Paltridge has done; he avoided the use
of a heat transport constant by working directly with
the unknown zonal heat fluxes.

5.1

Model setup

Golitsyn and Mokhov (1978) (as cited in Wyant et al.,
1988) used a Budyko-Sellers type of zonal energy balance model, comparable to the model used here, to test
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Figure 5: Entropy production as function of the heat
flux constant, kt , plotted for the three methods used in
this study when no feedback mechanisms are considered.

Table 4: kt values in W/m2 /K corresponding to the
highest maxima in entropy production in our energy
balance model. Values are obtained for the model with
either no feedback mechanism considered as well as
for each possible combination of activated feedbacks.
Methods by Paltridge (1975, 1978) and by Lorenz et al.
(2001) are used for calculation of entropy production,
in which the method by Lorenz et al. is divided into two
variations. B is the method in which heat transport is
calculated by use of Budyko (1969), while in P, Paltridge (1975, 1978) was used. Corresponding values
of entropy production can be found in Table 5.
Feedback mechanism
activation

Paltridge

Lorenz
B
P

None
2.24
2.03
11.4
Cloud
1.92*
4.39* 9.7*
Water vapor
2.72*
1.67* 10.4
Ice albedo
1.28*
1.28* 15.7*
Ice albedo & cloud
2.94*
1.18* 9.3*
Ice albedo & water vapor 5.84*
1.22* 19.6*
Cloud & water vapor
1.81
1.88* 9.5
All
3.62*
1.50
14.1*
* Indicates the presence of multiple maxima.
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the MEPP. Their results also showed that the energy
transport constant obtained through maximization of
entropy production does not agree well with empirical estimates. They concluded from their results that
the MEPP is not applicable to simple climate models.
On the one hand, results obtained in our study seem
to substantiate their conclusion, but on the other hand
they have no added value because the same model was
used as basis in our study as was used in theirs. This
could mean that Budyko’s model contains certain features that limit application of this system to further
asses MEPP. As previously mentioned, multiple other
studies that used simple climate models were able to
reproduce the current climate when their model was
constrained by the MEPP. Differences in model setup
could thus be explanatory for the dissimilarity in results found between several studies that applied the
MEPP to simple energy balance models.
Let us take the model set-up of Paltridge (1975)
as an example, as he was able to successfully reproduce the current climate by constraining his model by
the MEPP. Paltridge developed a simple 10-box energy balance model spanning the entire globe, assuming a closed energy balance for each box. His model
was set up in such a manner that there are basically
three unknowns present, namely: temperature, cloud
cover, and heat tranport. In principle, this leads to
an unsolvable model. However, constraining the heat
flux by the MEPP enabled him to reproduce, surprisingly accurately, not just the current average temperature but also the cloud cover and heat flux for each
box. Our model on the other hand, in its most basic
form consisted of an already complete model, with the
ability to accurately represent the current climate. In
short, Paltridge developed an incomplete model that
needs a constraint like the MEPP to be able to solve
the calculations of energy balance, transport and resulting temperature distribution, while we adapted a
valid existing model to test the MEPP. This possibly
led to overspecification of certain variables and constants in our model. A different explanation could be
the choice of inaccurate starting values, which potentially has large repercussions in the system due to the
presence of many parameterizations of processes. A
more detailed study on the relation between model setup and entropy production is needed in order to deter-
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mine with certainty how a varying model setup influences the outcome.

5.2

Time dependence

Wyant et al. (1988) have indicated a model characteristic which, according to them, is essential for successful application of the MEPP in simple climate models. Their study namely concluded, that inclusion of
a time dependent radiation source, e.g. consideration
of a seasonal cycle in radiation, is essential to successfully apply the MEPP. This provides an interesting
model characteristic that could enable a successfully
application of the MEPP in simple climate models, but
they were unable to provide a theoretical foundation
why consideration of this seasonal cycle in radiations
would allow the model to result in a state of maximum
entropy production. This however, does propose an
explanation as to why application of the MEPP perhaps was not as expected in our study. Would we have
known from the start, it could have been implemented
here as well based on studies by North and Coakley Jr
(1979) and Su and Hsieh (1976) for example. Although, using a simple two-box energy balance model,
we were able to test the effect of this proposed role
of seasonality in incoming radiation on the application
of the MEPP. This model includes the possibility to
switch seasonality off and on as needed. Details of
this model and its implementation can be found in Appendix B.
Figure 6 shows the results of our two-box energy
balance model constrained by the MEPP. The simulated temperatures for the equatorial and temperate
box are shown as a function of the transport constant
(kt ). The Figure also includes entropy production due
to meridional heat transport which is shown for the
model with and without consideration of the seasonal
cycle in radiation. Besides entropy production, the
temperatures are also plotted for the model with and
without the seasonal cycle activated, although these
differences are too small to visualize in such a manner. Nonetheless, that there are differences in temperature between the simulations with and without seasonality in radiation can be inferred from the differences
in entropy production, as entropy production directly
depends on temperature.
The vertical lines in Figure 6 indicate the peaks
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should be included in the model to explore its effects
in greater detail.

6

Figure 6: Shown is the modeled temperature of the
two-box model as a function of the heat transport constant. The upper solid line represents the equatorial
box; the lower the temperate box; and the shaded areas a range of observed values in these two regions. At
the bottom of the graph entropy production is plotted
for the model with seasonality activated (dashed line)
as well as with seasonality switched off (dotted line).
Figure and observed values after Lorenz et al. (2001)

of entropy production. The inclusion of seasonality
appears to result in a slight enhancement in entropy
production at a slightly larger kt value but also seems
to result in zonal temperatures slightly closer towards
the middle of the banded areas representing observed
temperatures. Consideration of seasonality thus causes
the model to move, although slightly, towards a more
realistic representation of the current climate.
The influence of seasonality within the model
seems rather small when looking at Figure 6. However, in light of the fact that these two boxes represent
the whole of the Northern hemisphere within a simple
model, it can be argued that its influence potentially
is larger when applied to models with increasing complexity and detail. Inclusion of seasonality in a model
when studying the MEPP thus potentially poses an important and at least interesting phenomenon. In future
research on the MEPP when using both simple energy
balance models and more advanced models, seasonality, e.g. consideration of a seasonal cycle in radiation,

The existence of multiple maxima

Paltridge (1975, 1978) has noted that there is no prove
to be found for the presence of multiple maxima in entropy production in his model. One main reason for not
having such multiple states of maximum entropy production is probably the lack of feedback mechanisms
in his model. Figure 7 shows how entropy production
due to meridional heat transport in our model behaves
as a function of the heat transport constant, kt , when
all feedback mechanisms are activated jointly. It is
clearly visible that, in our model, there are multiple local maxima in entropy production for two of the three
methods, specifically those from Paltridge and Lorenz
P. When looking at the entropy production calculated
by use of Paltridge’s method, it can even be seen that
there are peaks representing nearly identical values of
entropy production but consisting of differing values
for kt . Although the method from Lorenz, in which
the heat flux is determined by use of Budyko’s method,
does not show multiple peaks, the same broad pattern
is present.
Figure 5 depicts the behavior of entropy production in our model when no feedback mechanisms are
considered. It showed how strikingly similar the behavior of entropy production between each of the three
different methods is in our model. If we now look at
entropy production for each of the three methods in
Figure 7, we see that the behavior has become quite
dissimilar. Although all three methods are proposed
to calculate the same, namely entropy production due
to meridional heat transport, they each result in quite
different values and behavior with an enhancement of
the model’s complexity. A possible reason for this is
that our model’s energy balance is not entirely closed
as seen in Table 2. Entropy production calculated by
Paltridge’s method for example, is highly dependent
on the zonal values of absorbed shortwave radiation
and emitted longwave radiation. Any inconsistency
present in these variables could thus have considerable
repercussions for our calculated values of entropy production.
For a more detailed analysis of what actually explains the simulated behavior in entropy production as
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Figure 7: Entropy production with all feedback mechanisms activated jointly is plotted as function of the heat
transport constant. Next to that is the global average surface albedo plotted against the right axis.
a function of kt , we have chosen to focus on one of
the three methods used to calculate entropy production. As Paltridge’s method was likewise used in a
model consisting of multiple boxes representing the
entire world, we have chosen to solely focus on that
method in the remaining part of this chapter.

6.1

Local maxima

Model setups that resulted in multiple local maxima
are highlighted in Table 4 and Table 5 by * behind the
values. As these tables show, most model setups which
consider either one or multiple feedback mechanisms
show the presence of multiple maxima in entropy production as a function kt . As depicted in Figure 7 the
local maxima perfectly align with the drops in the average global surface albedo. This simple but clear interaction indicates the immensely important role of the
ice albedo feedback for entropy production maximization within our model. In our model implementation,
the ice albedo feedback seems solely responsible for
the existence of multiple local maxima in our model.
However, one has to wonder how realistic this representation of ice cover within the model is.

The number of zones within the model has a large
influence on how the feedback mechanism operates
to a large extent. The feedback causes whole zones
within the model to be either fully covered in ice or
that there is no ice present at all. The feedback can thus
operate more freely within a model containing a large
number of zones, allowing it to glaciate smaller surface areas of the world at a time. Lian and Cess (1977)
have re-examined the role of the ice albedo feedback
within zonally average energy-balance models. They
found that especially Budyko’s model appears to substantially overemphasize the influence the ice albedo
feedback should have on the Earth’s climate. Their
analysis showed that the ice albedo feedback sensitivity parameter in Budyko’s model is a factor six too
large.
Because of the current restriction in surface
albedo and its potentially falsely perceived importance
when using the current parameterization in the model,
we have chosen to perform the same tests, while implementing a different approach to represent the ice
albedo feedback. This was done by use of our second
described method for the ice albedo feedback parameterization. This method uses an exponential function,
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Figure 8: The global average surface albedo is plotted as function of the heat transport constant, kt , for the
model with the ice albedo feedback calculated by use of the step-function, as well as for the model that uses the
exponential function. In both model setups, all feedback mechanisms were activated jointly. For kt values in
the range of 5.5-7 an inset of entropy production is also shown for both model setups.
given in Equation (7), instead of the step function that
was given in Equation (6). The impact of this alteration in our model on entropy production and surface
albedo is displayed in Figure 8.
Figure 8 depicts the change in the global mean
surface albedo as function of kt for both parameterizations of the ice albedo feedback. For most boxes, the
shift from no ice to full ice coverage still occurs instantly in our model. This indicates that once in a certain box starts ice starts to form, increasing its surface
albedo, it often does not reach a steady state before it
is fully covered by ice or vice verse, as our model is an
equilibrium model and only presents steady-state solutions of the system. This effect also has as a consequence, that when kt is nearly 0, our model with
the ice albedo feedback parameterized according to the
sigmoid function results in an overall larger ice cover
within the system than when parameterized according to the stepwise function. As a result, the model
is unable to represent the current climate when using
the exponential function. When kt surpasses a value
of 5 W/m2 /K however, the simulated shifts in surface

albedo become more gradual in nature. This could
be due to the fact that the surface temperature varies
less as function of kt for higher values of kt . Next
to the surface albedo, Figure 8 also shows an inset of
the entropy production for both model setups, for kt
values ranging from 5.5 to 7.0 W/m2 /K. This shows,
that when the ice albedo changes less sudden, entropy
production also changes more gradually, but also that
there are now even more local maxima to be found in
the entropy production rate. Results of another study
confirms this more gradual change of entropy production as function of kt (Herbert et al., 2011). These results indicate how solely the ice albedo feedback can
determine if and where local entropy production maxima exist within our model. When studying entropy
production, the behavior of the ice albedo feedback
proves to be a critical component of our energy balance model.
Other literature on the MEPP also shows that consideration of the ice albedo feedback tends to show the
existence of multiple local maxima in entropy production (Herbert et al., 2011). Besides the mere presence
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of multiple maxima, it has even been suggested that
the steady-state in which a system finds itself, is not
necessarily a state representing the highest maximum
entropy production. The state of the system could just
as well represent one of the other lower local maxima
in entropy production. It implies that in which of the
local maxima the system will find itself dependents on
initial conditions of the system in question (Herbert
et al., 2011).
Noda and Tokioka (1983) studied the MEPP applied to a model with varying distributions of water vapor. Their model also showed that multiple maxima in
entropy production exist. One of the states represented
a maximum in entropy production and resembled a
quite accurate simulation of the current climate. However, this maximum did not correspond with the highest maximum in entropy production but represented
one of the lower local maxima.
A study on entropy production in relation to the
thermohaline circulation by Shimokawa and Ozawa
(2002), found multiple equilibria in their model when
constrained by the MEPP. They found that the final
steady-state of their system did not necessarily depend
on the highest maximum in entropy production, but
rather was determined by perturbations introduced into
the system. Perturbations either caused the system to
irreversibly increase its entropy production, or caused
the system to recover to the state it was in before the
perturbation occurred. The magnitude and direction of
the perturbations introduced in the model were found
to be the key factor determining the evolution of the
system.
These results seem to indicate that the entropy
production provides an indication in which direction
a system will evolve over time when disturbed, rather
than enabling us to determine the current state of a
system by solely looking at maximization of entropy
production. An extensive review by Martyushev and
Seleznev (2006) also concluded that the MEPP is an
indication of the most probable state instead of the
current state. However, he did note that if a state of
lower entropy production is acknowledged, it concerns
a metastable state.
As long as we did not include feedback mechanisms in our model, there is no indication that multiple
maxima in entropy production exist, as was indicated
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by Paltridge (1978). However, consideration of feedback mechanisms in the model runs resulted, for most
of the possible combinations of feedbacks, in multiple
maxima in entropy production as shown by other studies (Noda and Tokioka, 1983; Shimokawa and Ozawa,
2002; Jupp and Cox, 2010; Herbert et al., 2011).

6.2

Entropy behavior

The presence of abrupt peaks in entropy production
can solely be ascribed to the ice albedo feedback. To
also explore the behavior of entropy production as a
function of kt between those peaks in entropy production we need to consider the role of the cloud and water
vapor feedback globally as well as their zonally differing behavior. As explained in subsection 4.2, although
both feedback mechanisms are parameterized identically, they can behave slightly different in each zone
because the behavior of the parameterization method
differs with the use of different reference values.
In order to fully grasp the behavior of entropy
production between the peaks, it is important to determine how entropy production is calculated according
to Paltridge’s method in Equation (11). When we take
the current climate as example, the net incoming radiation is higher than the emitted longwave radiation
at the equator. Conversely, near the poles the emitted longwave radiation is higher than the net incoming
radiation. From Equation (11) we can subsequently
deduce that the difference in emitted versus absorbed
radiation results in positive entropy production values
near the poles, and in negative values near the equator. The key component that causes the overall entropy
production to be positive, is the atmospheric temperature. Atmospheric temperatures are lower at the poles
than at the equator, hence positive values of entropy
production at the poles should outweigh the negative
values seen at the equator. The shown behavior of
Equation (11) emphasizes the importance of the zonal
behavior of the model in order to analyze the behavior of entropy production due to meridional heat transport. For our explanation of the influence of surface
albedo on entropy production, we did use global values of surface albedo. This can however be condoned
by the fact that each drop seen in the global surface
albedo is caused by a single zones becoming ice free
while all other zones remain the same. In order to ex-
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Figure 9: The absorbed radiation with the emitted radiation as function of the heat transport constant (kt ) is
shown for the zone closes to the North pole in plot A, and for the zone closes to the equator on the northern
hemisphere in plot B. The radiation values are plotted for a model setup in which all feedback mechanisms were
considered jointly.
plain the decrease in entropy production between the
abrupt peaks according to Paltridge’s method, we need
to explore zonal rather than global variations in the
cloud and water vapor feedback mechanisms within
our model.
In Figure 9 we show the absorbed and emitted radiation as a function of kt for the zone closest to the
North Pole as well as for the zone closest to the equator on the northern hemisphere. The polar zone shows
a strong increase in the outgoing radiation as function
of kt , together with a slight decrease in the incoming
radiation. The latter response reflects the change in
the zone’s albedo due to the change in cloud cover as
well as the change in ice for the simulated change in
temperature. If we apply the observed behavior of the
radiation fluxes to Equation (11), we can deduce that
entropy production in the polar zone as function of kt
increases. However, the increase in entropy production
is slightly dampened by the enhanced temperature in
this zone, which can be deduced from the increase seen
in outgoing radiation as this directly depends on temperature (see Equation (12)). Hence, Figure 9a shows

us that entropy production slowly increases in the polar zone of our model with an increase in kt .
focusing on the equatorial zone, depicted in Figure 9b, we see contrasting behavior in the radiation
fluxes. Here, the net incoming radiation strongly
increases while the outgoing radiation strongly decreases for an increase in kt . Application of this behavior to Equation (11) shows how entropy production
within the equatorial zone becomes more negative with
increasing kt . Entropy production becomes even more
negative due to a decreasing temperature, as deduced
from the outgoing radiation. Figure 9B thus shows
how the negative entropy production in the equatorial
region decreases further with an increase in kt .
The reason why entropy production decreases for
an increase in kt in between the maxima, can by explained by taking a look at the behavior of both the
cloud and water vapor feedback. As shown in Figure 4, the cloud cover strongly increases in the polar
zone as function of kt , resulting in an increase in the
albedo of the polar zone. The decrease seen in net incoming radiation in the polar zone reflects an albedo
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increase due to the cloud cover feedback. The feedback is thus responsible for the decrease in net incoming radiation as function of kt , herewith enhancing the
rate at which the net incoming radiation diverges from
the outgoing radiation with increasing kt . The increasing water vapor constant augments the rate of increase
in outgoing radiation by trapping more heat, resulting
in raised temperatures. Both feedbacks enhance the
rate at which the differences between the outgoing radiation and net incoming radiation of the polar zone
diverge as function of kt . Hence, the entropy production increase in the polar zone with an increase in kt is
enhanced by both the cloud and water vapor feedback
mechanism. This is the first step of the analysis of how
the global entropy production decreases as function of
kt (see Figure 7). For a full picture we also need to assess what happens to the radiation balance within the
equatorial zone.
Figure 9b shows the opposite behavior in the
equatorial radiation fluxes compared to the polar zone.
It can be inferred from Figure 4 that within the
equatorial region, Figure 4 both the cloud cover and
the water vapor constant decrease with kt , although
the decrease in water vapor constant is less compared
to that of the decrease in cloud cover. As for the polar
zone, the increase in net incoming radiation mainly reflects the role of the cloud feedback, which enhances
the divergence of the radiation fluxes as function of
kt . The rate of decline of the outgoing radiation being
the result of our induced increase in heat flux by incrementation of kt , is enhanced by the reduction of the
water vapor constant as function of kt . Both feedbacks
thus enhance the rate at which the radiation fluxes diverge from each other, but for this zone resulting in
a stronger decrease in entropy production as function
of kt . If we combine this with the increase in entropy
production of the polar zone, this overall results in a
global decrease in entropy production with an increase
in kt until the next tipping point on ice formation is
being reached.
This further detailed analysis based on Figure 9a
and b shows how entropy production increases in the
polar zone while further decreases in the equatorial
zone as function of kt . Furthermore, the different behavior of the cloud feedback compared to the water
vapor feedback as seen in Figure 4 seem on the one

Page 21

hand to enhance the increase in entropy production in
the polar zone with an increase in kt , while on the other
hand the feedback mechanisms more strongly reduces
entropy production in the equatorial zone. Besides the
effect of the feedback mechanisms on radiation is their
influence on temperature also important resulting in an
increase in the temperature in the polar zone, while the
equatorial zone’s temperature further decreases. This
effect on the temperature reduces the total entropy production of the system. One important last aspects that
has not yet been discussed, is the differing zonal surface area. Our model uses zones spanning 10◦ rather
than zones of equal sizes. Thus although both feedbacks enhance the patterns seen in both the polar and
equatorial zone, due to the size being a factor six larger
in the equatorial zone, the influence of the feedbacks
there is more substantial. This effect can be seen in 9
by the more responsive radiation patterns in the equatorial region compared to the polar region. The cloud
and water vapor feedbacks thus enhance the rate at
which the radiation fluxes diverge, herewith enhancing the rate at which entropy production increases in
the polar zone while also enhancing the rate at which
entropy production decreases in the equatorial zone.
However, due to the additional effects on temperature
as well as the increased weight in the equatorial region
resulting from its larger surface area, the rate at which
the total entropy production decreases as function of
kt is enhanced by our implemented feedback mechanisms within Budyko’s energy balance model.
A last note, Figure 9 also substantiates the peaks
in entropy production, as previously discussed, caused
by the ice albedo feedback. The abrupt shifts in radiation in the figure perfectly align with the abrupt drops
in surface albedo as seen in Figure 7. These abrupt
shifts especially manifest themselves in the equatorial
region, i.e. the region that entails the largest impact on
the total entropy production. The abrupt peaks in radiation in the equatorial region, result in a convergence
of the radiation fluxes in the equatorial region, which
according to Equation (11) will result in a less negative entropy production. Besides that, the increased
outgoing radiation indicates that the temperature also
increases, which as well results in a less negative entropy production in the equatorial region. The fact that
the drops in albedo result in a convergence of the ra-
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Table 5: Values of entropy production due to meridional heat transport in mW/m2 /K representing the
highest maxima in entropy production from our energy balance model. Values are obtained for the model
with either no feedback mechanism activated as well
as each possible combination of feedbacks activated.
The method by Paltridge (1975, 1978) and by Lorenz
et al. (2001) are used for calculating entropy production, with the method from Lorenz et al. divided into
two variations. B is the method in which heat transport is calculated by use of Budyko (1969), while P by
use of Paltridge (1975, 1978). Corresponding kt values can be found in Table 4.
Feedback mechanism
activation

Paltridge

Lorenz
B
P

None
13.3
11.2
11.4
Cloud
19.3*
9.5*
9.7*
Water vapor
23.1*
24.5* 10.4
Ice albedo
21.4*
12.8* 15.7*
Ice albedo & cloud
17.3*
11.8* 9.3*
Ice albedo & water vapor 25.1*
31.2* 19.6*
Cloud & water vapor
37.7
13.7* 9.5
All
21.4*
20.9
14.1*
* Indicates the presence of multiple maxima.

diation fluxes in Figure 9b and due to the increased
temperature, the entropy production of the system is
less negative and thus results in the peak values of entropy production as seen in Figure 7. Even more importantly, as can be seen from Figure 11, without this
effect of the cloud and water vapor feedback on the
radiation balance, the drops is surface albedo would
cause a drop in entropy production. The occurrence
of all three feedback mechanisms simultaneously are
thus needed in order to result in the peaks in entropy
production as seen in Figure 7.

7

Augmented maximum entropy production

A last observed feature of our model is the increase
seen in the values representing the highest maximum
entropy production when one or multiple feedback
mechanisms were considered within the model setup.
Table 5 contains the values of entropy production belonging to the corresponding kt values found in Ta-

ble 4. We have also visualized this in Figure 11, which
shows entropy production within our model as function of kt for a model setup in which no feedbacks
are considered as well as for model setups considering each feedback mechanism separately. The figure
clearly shows that model setups considering one of the
feedback mechanisms result in a higher peak value of
entropy production compared to the model setup considering no feedback mechanisms.
Entropy production values for each method when
no feedback mechanisms were considered are in the
same order of magnitude as reported in other studies
(Paltridge, 1978; Peixoto et al., 1991; Pujol, 2002; Pascale et al., 2012), but generally being slightly larger
compared to those studies. For example, Paltridge reported an entropy production of 8.9 mW/m2 /K. It has
been raised that entropy production increases as the
model’s resolution increases up until a certain point
Kleidon et al. (2003). The difference in entropy production could result from the fact that our model resolution is slightly higher than that of Paltridge for example, who used 10 boxes. Additionally, the two-box
model developed to determine the influence including seasonality has on entropy production, resulted
in lower values for entropy production. Namely, the
model setup excluding seasonality resulted in an entropy production of 8.26 mW/m2 /K, whereas the setup
including seasonality resulted in 8.69 mW/m2 /K, providing additional prove for the link between model resolution and entropy production.
In Figure 10 we have depicted zonal entropy production values according to Paltridge’s method belonging to the highest maximum in entropy production, i.e. belonging to kt values given in Table 4. We
have plotted entropy production values for a model
setup in which no feedbacks were considered at all,
as well as when the model setup contains each of the
three feedbacks separately. When the model setup
contains a feedback mechanism, we clearly see a less
negative entropy production in the equatorial region
and a slightly reduced entropy production in the polar
regions. The only exception to this is the model setup
in which the ice albedo feedback is activated, which
results in an enhanced entropy production in the polar
region. Note that entropy production values have already been recalculated to take into account the differ-
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Figure 10: Zonal entropy production values for a model setup in which no feedback mechanisms were considered at all, as well as for model setups considering each feedback mechanisms separately. Entropy production
values have been scaled to the zonal surface area.
ing zonal surface areas. In order to explain the behavior seen in entropy production in the different zones,
we again have to look how Paltridge’s method calculates entropy production. For a detailed description of
this function, we would like to refer you to subsection 6.2 and Equation (11).

7.1

Feedback behavior

An explanation as to why entropy production is less
negative in the equatorial zone, shown in Figure 10,
has to do with the effect of the cloud and water vapor
feedback on the radiation balance. As depicted in Figure 4 the cloud cover is high in the equatorial zone for
small values of kt (<∼ 5). A higher cloud cover causes
an increase in the zonal albedo and thus lowers the net
incoming radiation. As can be deduced from Equation (11), lower net incoming radiation in the equatorial zone results in a higher entropy production, i.e.
less negative. Note, this seems to contradict observations made in subsection 6.2, where we presented
that consideration of both the cloud and water vapor
feedback mechanisms resulted in a stronger decrease
in entropy production (more negative) as function of

kt . However, there we intended to highlight that for
an increase in kt there is a stronger divergence of the
net incoming and outgoing raidiation fluxes, whereas
here we want to stress that considering the feedback
mechanisms causes the absolute entropy production to
increase (become less negative) in the equatorial zone.
In the model setup containing the water vapor
feedback, differences in radiation also reduces due to
inclusion of the feedback. As depicted in Figure 4 we
see an enhanced water vapor constant for the equatorial region when kt is low. The enhanced water vapor
constant causes the atmosphere to trap more heat and
subsequently increases the outgoing radiation. As a
reduced net incoming radiation does, an enhancement
in the outgoing radiation also results in a less negative
entropy production according to Equation (11). The
feedback mechanisms themselves thus cause the entropy production to be less negative in the equatorial
region by enhancement of either the cloud cover or the
water vapor constant.
If we apply the same line of thought to the polar/temperate region, we can see from Figure 4 that
both the cloud cover and water vapor constant are re-
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duced for low values of kt . Here, the reduced cloud
cover and water vapor values result in higher net incoming radiation and lower outgoing radiation respectively. When applying these observations to Paltridge’s method in Equation (11), we can deduce that
this results in decreased entropy production values for
the model setups containing either of the two feedbacks.
For the model containing the ice albedo feedback,
it looks like entropy production is enhanced in the polar/temperature region. However, when we sum up
the values of zone one up until zone five, it results
in a lower entropy production compared to that of the
model without feedback mechanisms considered. The
radiation balance for all of these five zones resemble
the behavior seen in the left plot of Figure 9. In general, as kt increases, the heat transport in the model
increases as well, and subsequently causes zones to
become ice-free. As zones become ice-free within the
model, the albedo of the zones in question decrease
significantly. The reduced surface albedo in the zones
then cause an increase in the net incoming radiation.
As seen from Equation (11), a higher net incoming radiation results in a reduction of the entropy production. However, this described behavior follows a fine
line between either reducing entropy production or increasing it. A second consequence of the reduced surface albedo and increased net incoming radiation, is
an enhanced temperature and strong redistribution of
the zonal heat fluxes. These alterations result in higher
outgoing radiation levels in certain zones and thus in a
higher entropy production, as can be seen by the two
peak values in Figure 10 as well.

7.2

Enhancement of entropy production

Entropy production according to Paltridge’s method
consists of a strong interdependence between positive entropy production in the temperature/polar area,
and negative entropy production in the equatorial area.
The feedback mechanisms in general result in a lower
entropy production in the polar/temperature region,
while enhancing entropy production in the equatorial
region. As can be seen from Figure 10, the effect
the feedback mechanisms have on entropy production
manifest themselves particularly in the equatorial regions, resulting in an overall positive effect of the feed-
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Figure 11: Entropy production as function of our heat
transport constant (kt ) for a model setups which considers either no feedback or each feedback mechanism
separately.

back mechanisms on entropy production as seen in
Figure 10.
As can be seen in Figure 10, the zonal values
of entropy production are quite large compared to
the total entropy production. This implies that slight
changes in the behavior of the model can result in
large differences in the total entropy production. It also
shows the sensitivity of the zonal behavior of entropy
production within the model, it is critical to determine
in which zones certain repercussions, in this case the
feedback mechanisms, have the largest impacts. The
use of different reference values or parameterization
methods could result in quite different results compared to the current model setup. Inclusion of feedback mechanisms in the current model setup result in
an enhancement as well as a reduction of entropy production in the model. Because the enhancement of entropy production in the equatorial region is more apparent than the reduction in entropy production in the
polar/temperate region, inclusion of feedback mechanisms results in an overall enhancement of the total entropy production. We do have to mention, that the location of increase in entropy production differs for the
other two methods. There, the increase is mainly, if at
all, present in the temperate zone, while for Paltridge’s
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method it is in the equatorial zone. We have not yet
further explored the main explanations for these differences in behavior of the system for the other two
methods.

8

Snowball Earth experiment

Some models indicate that the Earth in the past was
once fully covered in ice due to the fact that the solar
constant was approximately 25% lower than it is currently (Newman and Rood, 1977). The MEPP has previously been applied to this ”faint young sun paradox”
by constraining the heat flux (Gerard et al., 1990). Results indicated that in order for the model to comply to
the MEPP, the heat flux decreases when the solar constant decreases, resulting in warmer tropics and therefore delaying the onset of a full glaciated Earth. Here
we have also conducted an experiment in which we
constrained the heat transport constant by use of each
of the three methods of entropy production separately
as well as without constraining the heat transport constant by the MEPP, i.e. using a fixed heat transport
constant. When we performed the experiment by use
of a fixed heat transport, it showed that with a model
setup solely including the ice albedo feedback, a reduction in solar constant of 25.6% was needed in order
to create a snowball Earth. In the model setup in which
all feedback mechanisms were considered jointly, a reduction in solar constant of just 22.6% resulted in a
snowball Earth. This result can be explained by the
fact that the water vapor feedback is a positive feedback, which is stronger in our model than the other
added negative cloud feedback as aforementioned in
subsection 4.2. Therefore, the decrease in temperature due to the lower solar constant is enhanced by the
lower water vapor content of the atmosphere. Given
that the solar luminosity has increased by roughly 25
% from the initial formation of the Earth up to the
present-day (Newman and Rood, 1977), this result indicates the Earth could have seen a full glaciation in its
past.
Our results of the experiment in which the heat
transport constant was constrained by the MEPP are
presented in Figure 12. The first striking result we
see is that, based on Paltridge’s method, the system
does not reach a maximum in entropy production but
instead results in a continuous increase of entropy pro-
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duction when the solar constant is decreased. This
results is in contrast with Gerard et al. (1990), who
successfully applied Paltridge’s method to perform the
same tests. Gerard did use the model from Paltridge
(1975, 1978), which when constrained by the MEPP
according to Paltridge’s method is able to accurately
reproduce the current climate. Our model’s optimal
simulation of the current climate on the other hand,
as previously demonstrated, does not resemble a state
of maximum entropy production. while we have already previously demonstrated our model an optimal
simulation of temperature does not resemble the MEP
state. The other two used methods did behave as was
expected, i.e. do show a decrease in kt and thus the
heat flux with as the solar constant decreases.
It is hypothesized that in order to avoid the Earth
to become fully covered in ice, a reduced efficiency in
heat transport is critical (Gerard et al., 1990). The reduced heat transport enables the preservation of more
heat in the tropics, resulting in temperatures in the
tropics high enough to keep the Earth from a full
glaciation. Figure 12 shows an overall decrease in the
heat transport constant when decreasing the solar constant for the methods Lorenz P and B. However, for
a decrease in solar constant of roughly 20%, entropy
production becomes highly negative for both methods
(not visible in the figure). A possible explanation here
could be the temperature deviations in our base model
at the two poles, as seen in Figure 2. A more detailed
analysis of our results showed that these deviations
became more extreme with the decreasing solar constant. A further cause of the negative values in entropy
production is our method to calculate the meridional
heat flux. It became apparent that while decreasing the
solar constant in our model, the heat flux often took
unrealistic values when constrained by the MEPP. To
calculate entropy production according to the methods
Lorenz P and B, the heat flux is a critical component,
as shown in Equation (15). Thus although the methods of Lorenz P and B do show behavior that would
be expected, they show physically impossible behavior when the solar constant is decreased to a certain
small value, because the heat transport becomes zero.
These model results are thus unsuitable to assess for
which solar constant the model would result in a full
ice coverage.
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Figure 12: Snowball Earth experiment results. The value of the heat transport constant kt constrained by the
MEPP is plotted for solar constant values ranging from 1370 - 900 W/m2 . Plot a shows the results for the model
setup in which only the ice albedo feedback was considered and plot b the results for the model setup in which
all feedback mechanisms were considered jointly.
Consequently, we have concluded that we were
unable to successfully apply the MEPP in order to explore the faint young sun paradox in our model. An
important reason for this could be the fact that we
were unable to accurately reproduce the current climate when our model was constrained by the MEPP.
A more detailed study could perhaps shed more light
on this, particularly a study focused on the method
of Paltridge within a Budyko energy balance model.
As previously mentioned, local maxima could potentially form an critical feature of the MEPP. Although
Paltridge’s method was unable to maximize entropy
production without a runaway effect, it did show local maxima for values of kt that are more in line with
expectations. As we previously mentioned, the MEPP
can possibly better be seen as a direction in which a
system evolves. In future studies on exploring the faint
young sun paradox by use of MEPP, it can perhaps be
of interest to use the evolution of the sun as a way to
explore the increase of entropy production over time.
Within this study, one can investigate whether entropy
production in the Earth’s history has evolved from lo-

cal maxima towards higher local maxima and perhaps
currently the highest maximum in entropy production.

9

Conclusion

This paper provides an analysis of how inclusion
of feedback mechanisms within an simple equilibrium 18-box energy balance model based on Budyko
(1969) affects entropy production due to meridional
heat transport. Budyko’s model originally already included the ice albedo feedback mechanisms, and is
here extended by implementation of both the cloud
and water vapor feedback. For the calculation of entropy production, the methods proposed by Paltridge
(1975, 1978) and Lorenz et al. (2001) were used and
compared to each other, with the main focus being the
method by Paltridge. Furthermore have we applied
the MEPP to explore whether the Earth was once fully
glaciated within its early days. A short evaluation of
model simulations showed that our model is able to
capture the most salient features of the Earth’s climate
system when not constrained by the MEPP (see Figure 2.
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With the exception of the model setup including all feedback mechanisms and entropy production
calculated by use of Paltridge’s method, our model
was unable to reproduce the current climate when the
meridional heat flux was constrained by the MEPP
(see . This could partly be due to the model setup.
A comparison of our model setup with that from Paltridge for example indicated that certain processes
within our model (e.g. the heat flux) are possibly overspecified. Another factor that could play a role is seasonality, e.g. consideration of a seasonal cycle in radiation. Another study has constrained two models by
the MEPP and found that in order for both models
to accurately simulate the current climate inclusion of
seasonality was essential Wyant et al. (1988). A short
rework of these proposed effects of including seasonality on the application of the MEPP, is here presented
by use of a simple two-box energy balance model. The
results from this small experiment showed that including seasonality has an influence on the entropy production within the system and result in an, although small,
enhancement of the model’s ability to reproduce the
current climate. Due to the fact that only a two-box
model is used within this study, inclusion of seasonality could have larger repercussions in more complex
models.
Although documented more often Noda and
Tokioka (1983); Shimokawa and Ozawa (2002); Martyushev and Seleznev (2006); Jupp and Cox (2010);
Herbert et al. (2011), the existence of multiple maxima in entropy production is, at least to our knowledge, still not an integral part of the MEPP. Results
of this study also indicates the existence of multiple
maxima in entropy production within system Earth.
The ice albedo feedback mechanism showed here to
be imperative for multiple maxima to occur. However,
the cloud and water vapor feedback mechanisms were
needed in order for the model to result in positive peak
values of entropy production. Due to the importance
of the ice albedo feedback mechanism for the entropy
production to result in the sudden peaks seen within
Figure 7, we have implemented a second parameterization of this feedback. This second parameterization
showed that as the behavior of the ice albedo feedback
becomes less abrupt, entropy production within the
model also exhibited a more gradual behavior as func-
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tion of the heat transport constant kt (see Figure 8).
A last observed feature of the entropy production
within our model is the enhancement of maxima in entropy production when the feedback mechanisms are
included within the model runs either individually or
all jointly (see Figure 10). Analysis of the behavior of
entropy production on a zonal scale showed that the
feedback mechanisms cause the entropy production to
become less negative within the equatorial region, and
therefor result in a higher global maxima in entropy
production. Although entropy production according to
the second law of thermodynamics can never become
negative, negative entropy producion here is a tradeoff of the method used and can because of this only be
successfully applied when summed globally.
It is suggested that the Earth possibly has once
been fully covered in ice in its past due to the solar
constant being approximately 25% lower than it is currently Newman and Rood (1977). Here we have investigated when our model, when constrained by the
MEPP and when not constrained, would result in a
global ice coverage when the solar constant is slowly
reduced. Results of the unconstrained model showed
a global ice coverage when the solar constant was reduced by 22.6% when all feedback mechanisms were
included, indicating that the Earth could have seen a
full glaciation in its past. However, when only the ice
albedo feedback mechanism was included a solar constant reduction of 25.6% was needed. Our experiment
with the model constrained by the MEPP resulted in
physically unrealistic values for the heat transport and
are therefore untrustworthy.
Our model is able to reproduce the most salient
features of Earth’s climate when unconstrained. However, when constrained by the MEPP, the model
showed to be unable to accurately reproduce the current climate. As has also been previously reported by
other studies, but not yet an integral part of the MEPP,
entropy production within the model resulted in the
occurrence of multiple maxima in entropy production,
with the ice albedo feedback mechanism being essential. Besides resulting in multiple maxima, consideration of the feedback mechanisms within the model resulted in an increased maximum in entropy production
compared to model runs in which no feedback mechanisms were considered. A short review of literature on
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the MEPP combined with the results of our study indi- Golitsyn, G. and Mokhov, I. (1978). Stability and
extremal properties of climate models. Academy
cates the notion that the MEPP possibly represents the
of Sciences, USSR, Izvestiya, Atmospheric and
direction rather than the present day state of the system
Oceanic Physics, 14:271–277.
or perhaps presents the possible steady-state solutions
of a system.
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Appendices
A

Table: variables of the model

Table 6: Parameters with their corresponding values
and units used in the model.
Symbol

Value/unit

Variable
2

Q
Qi
Fin,i
Fin,wv,i
Fout,i
Wv
Ts,i
Ts 0
Tp
Th

1370 [W/m ]
[W/m2 ]
[W/m2 ]
[W/m2 ]
[W/m2 ]
0.8409* [W/m2 ]
[K]
[K]
[K]
[K]

Ta,i
αp
αz
αc,i
αs,i
αice
α0, i
Cc
An
Bn
As
Bs
kt
ks
aCc
awv
Cc0,i
W v0,i

[K]

G
’
f
Fhf
Shf
σ

0.4 [%]
0.75
0.8 [%]
[W/m2 ]
[W/m2 /K]
5.67-8 [W/m2 /K]

0.61
[%]
204 [W/m2 ]
2.10 [W/m2 /K]
206 [W/m2 ]
2.2 [W/m2 /K]
3.81[W/m2 /K]
0.14
0.061
0.061
[%]
[W/m2 ]

Solar constant
Zonal incoming radiation
Zonal net incoming shortwave radiation at TOA
Zonal incoming radiation from both the sun and water vapor feedback
Zonal outgoing longwave radiation at TOA
Average zonal LW radiation absorption constant of the atmosphere
Average zonal surface temperature
Average zonal reference temperature
Average planetary surface temperature
Calculated reference temperature with respect to one of
the feedback mechanisms
Average zonal temperature at TOA
Average global albedo
Average zonal albedo
Average atmospheric zonal albedo
Average zonal surface albedo
Albedo of ice
Reference zonal surface albedo
Average zonal cloud cover
Temperature tuning parameter for the northern hemisphere
Temperature tuning parameter for the northern hemisphere
Temperature tuning parameter for the southern hemisphere
Temperature tuning parameter for the southern hemisphere
Heat transport constant
Tuning parameter determining the slope at which albedo increases
Tuning parameter for the cloud feedback
Tuning parameter for the water vapor feedback
Reference cloud cover for each zone
Average zonal reference LW radiation absorption constant of the
atmosphere
Fraction of longwave radiation loss to space by a cloud-free atmosphere
Constant of the atmospheric window to IR
Fraction reduced black-body radiation from clouds
Zonal difference in heat due to meridional heat transport
Entropy production due to meridional heat transport
The Stefan–Boltzmann constant
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Two-box model: inclusion of time
dependence

Wyant et al. (1988) studied the application of MEPP
in simple energy balance climate models from a different angle. They chose to look at models including seasonality instead of average equilibrium models used for example in the studies by Paltridge (1975,
1978); Nicolis and Nicolis (1980); Grassl (1981); Gerard et al. (1990); Lorenz et al. (2001) and in this study.
They concluded time dependence, e.g. consideration
of the seasonal cycle in radiation, to be essential for
successful application of MEPP in simple energy balance models.
Our equilibrium model showed to be unsuccessful in the application of MEPP, in particular when the
model did not include all feedback mechanisms simultaneously. The same conclusion was reached previously by Golitsyn and Mokhov (1978) (as cited in
Wyant et al., 1988) who used a similar Budyko-Sellers
type energy balance model. The results of Wyant et al.
(1988) propose a potential incentive as to why. Their
study concluded that inclusion of time dependence was
essential in the models they used in order to reproduce
the current climate when the model was constrained by
the MEPP. Further exploration of this idea could be of
interest in explaining the results found here and previously by Golitsyn and Mokhov (1978) (as cited in
Wyant et al., 1988).
We would like to test the validity and extend of
this idea here. For simplicity we have chosen, instead of applying seasonality to our previously described Budyko-type model (by use of the study by
North and Coakley Jr (1979) for example), to apply
it to a comparable two-box energy balance model depicted in Figure 13. The model, similar as the modeling approach according to Lorenz et al. (2001), distinguishes two boxes of equal surface area covering
together the whole northern hemisphere. One box represents the equatorial region and the other the temperate/polar region. Each box was subsequently divided
into two layers, a surface and an atmospheric layer.
For both layers in each box, differential equations
are used to calculate the change in temperatures compared to the previous time step and is subsequently
added each iteration to the previous temperature to calculate the new temperature. The model used time steps

Figure 13: Overview of the model setup used to test the
effects of including seasonality, e.g. a seasonal cycle
in radiation, on the MEPP.
of days, and ran for a period of 10 years. The change
in temperature is calculated by dividing the change in
heat by the heat capacity of either the surface or the
atmosphere. The heat capacity of the surface takes
into account differing heat capacities of the ocean, bare
surface, and when covered by ice or snow. The basic
equation to determine the change in temperature is:
dT
= (Rnet + −Fhf )/C,
dt

(18)

in which Fhf represents the added heat due to the heat
transport between the boxes, which is for the equatorial boxes negative and for the polar box positive. The
heat transport is defined as F = kt ∆Ts within the
model. Rnet represents the net radiation of the box,
which is calculated for the surface through:
Rnet,s = Fin + Flw,a − Flw,s ,

(19)

where Fin represents the net incoming shortwave radiation, Flw,a the incoming longwave radiation from
the atmosphere (i.e. greenhouse effect), and Flw,s the
outgoing longwave radiation from the surface. For the
atmosphere Rnet,a is calculated through:
Rnet,a = Flw,s − Flw,a − Fout,a

(20)

where Fout,a denotes the outgoing longwave radiation
from the atmosphere to space. Customarily, one would
add the heat due to the heat flux between both boxes
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to the atmospheric layer, however here it is chosen to
add it to the heat balance of the surface layer to enable comparison of the methodology and results with
that from Lorenz et al. (2001) for model validation purposes (e.g. comparison of values for the heat transport
constant). Seasonality is created within the model by
applying a sine function to the incoming shortwave radiation at the top of the atmosphere, Fin .
Apart from the heat transport, all variables and
constants in the model are fixed, the model does not
contain any feedback mechanisms. The heat transport
within the model was constrained by the MEPP, with
entropy production of the model being calculated according to Lorenz et al. (2001):
S = Fhf (

1
1
−
).
T s, cold T s, hot

(21)

Two runs were conducted with the model, the only difference being the activation of seasonality.
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