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Abstract

Hydrological processes are irreversible and produce entropy. Hence, the framework of
non-equilibrium thermodynamics is used here to describe them mathematically. This
means flows of water are written as functions of gradients in the gravitational and chem-
ical potential of water between two parts of the hydrological system. Such a framework5

facilitates a consistent thermodynamic representation of the hydrological processes in
the model. Furthermore, it allows for the calculation of the entropy production associ-
ated with a flow of water, which is proportional to the product of gradient and flow. Thus,
an entropy budget of the hydrological cycle at the land surface is quantified, illustrat-
ing the contribution of different processes to the overall entropy production. Moreover,10

the proposed Principle of Maximum Entropy Production (MEP) can be applied to the
model. This means, unknown parameters can be determined by setting them to values
which lead to a maximisation of the entropy production in the model. The model used
in this study is parametrised according to MEP and evaluated by means of several
observational datasets describing terrestrial fluxes of water and carbon. The model15

reproduces the data with good accuracy which is a promising result with regard to the
application of MEP to hydrological processes at the land surface.

1 Introduction

The analysis and modelling of soil hydrological processes on a global scale is a chal-
lenging task, mostly due to interactions of the mechanisms involved combined with20

spatial heterogeneity at many scales. Although single processes (e.g. infiltration or
bare soil evaporation) are well understood, a unifying quantitative framework to de-
scribe hydrological behaviour at catchment or larger scales is still missing (Sivapalan,
2005). It is therefore in general not possible to make correct predictions about a certain
catchment or region based on a model that has been designed for another catchment.25
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This paper presents an alternative approach to model hydrological processes. In-
stead of describing each single process by a standard empirical theory, the framework
of non-equilibrium thermodynamics is used. Thermodynamic methods have already
been used by Edlefsen and Anderson (1943) to characterise soil moisture relations
and they are the theoretical basis of common hydrological state variables, such as the5

matric potential of soil water. Gradients in matric potential between two locations can
then be used to quantify the tendency of the water to move from high to low potentials,
e.g. from wet to dry soil. Later, Leopold and Langbein (1962) introduced the concept
of entropy production into soil hydrology, using the analogy of a thermodynamic heat
engine. Similar to heat moving along a temperature gradient towards the cooler tem-10

perature, the authors formulated runoff as a function of the gradient in the gravitational
potential of water, which results from topography. By flowing downhill, the water moves
from high to low gravitational potential, thereby converting potential energy of water
into kinetic energy which is then dissipated into heat by friction. The entropy produc-
tion of runoff is then proportional to the product of the flow of water and the gradient15

in gravitational potential. It corresponds to the amount of heat generated by the flow
divided by temperature.

Given the basic concepts of water potential and entropy production associated with
a flow of water, what is necessary to use thermodynamics as a unifying framework for
the description of hydrological processes? The soil is a non-equilibrium open system20

where gradients in water potential drive flows of water. Assuming local thermodynamic
equilibrium (Kondepudi and Prigogine, 1998), a chemical potential of water can be
calculated as a function of the water content in a sufficiently small part of the soil
hydrological system. All exchange flows of water can then be formulated as functions of
gradients in the combined chemical and gravitational potential of water. In the following,25

these combined potentials will be denoted by the term “water potential” and they will be
expressed by the symbol for chemical potential (µ, e.g. Eq. 1). The implementation of
the thermodynamic framework described above into a simple land surface-vegetation
model is one main motivation for this paper.
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Having formulated flows of water as functions of gradients in water potential, it is
straightforward to quantify an entropy budget of the most important soil hydrological
processes. This can be used to illustrate the relative contributions of different pro-
cesses to the overall dissipation at the land surface.

Another advantage of a thermodynamic formulation of hydrological processes is the5

possibility to apply the principle of Maximum Entropy Production (MEP) to the respec-
tive models (Kleidon and Schymanski, 2008). This is explained using the example of
root water uptake at the global scale. The flow of water from soil to roots is formulated
as a linear function of the gradient between soil and root water potential, with a propor-
tionality constant c. The value of c is unknown since the speed of water movement at10

the root-soil interface depends on a large number of factors such as soil type, macro-
pore density, root density, etc. which are highly variable at the global scale. At steady
state, a maximum in the entropy production associated with root water uptake results
from a trade-off between the flow and the gradient which is driving it: in the presence
of alternative pathways (e.g. runoff or bare soil evaporation), high values of c lead to a15

strong dissipation of the gradient and consequently to a large flow at a small gradient
(Schymanski et al., 2009). Conversely, small values of c lead to a large gradient but a
small flow. Since the entropy production is proportional to the product of gradient and
flow, it shows a maximum at intermediate values of c. MEP predicts that the value of c
which leads to maximum entropy production is the most probable one, given the model20

structure and forcing. For reviews about MEP see Martyushev and Seleznev (2006);
Ozawa et al. (2003).

MEP and other approaches dealing with the dissipation of free energy have been re-
cently used in hydrology and ecology to predict various properties of land surface sys-
tems, ranging from the spatial distribution of biomass in semiarid regions (Schymanski25

et al., 2010) to preferential flow on hillslopes (Zehe et al., 2010). The aim of the present
paper is to determine parameter values of a global land surface model (JESSY/SIMBA,
Porada et al., 2010) by MEP. In a second step, the model output based on these param-
eter values is compared with empirical data to test whether the MEP-based prediction
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leads to realistic results.
This paper is structured as follows: Sect. 2 contains a description of the most impor-

tant parts of the model used in this study, followed by the model setup in Sect. 3. In
Sect. 4, the results of this study are presented, including a parametrisation of the model
according to MEP, an entropy budget of the hydrological cycle at the land surface and5

an evaluation of the model performance. The paper closes with a discussion and an
outlook.

2 Model description

The model used in this study simulates terrestrial biogeochemical processes in a sim-
ple way at the global scale. It consists of a soil model called JESSY (JEna Surface10

SYstem model) and a vegetation model, SIMBA (SIMulator of Biospheric Aspects).
JESSY and SIMBA use global gridded climate data as input to predict fluxes of carbon
and water at the land surface, including evapotranspiration, runoff and Net Primary Pro-
ductivity (NPP). Furthermore, reservoirs such as soil water, biomass and soil carbon
can be quantified. The two models are designed to run independently. Consequently,15

additional models can be coupled to both JESSY and SIMBA, which increases their ap-
plicability to biogeochemical questions. Both models are described in detail in Porada
et al. (2010). Therefore, only the model parts which have been extended or added for
quantifying the entropy production of soil hydrological processes are explained here. In
JESSY, the entropy production of surface runoff, infiltration, bare soil evaporation, root20

water uptake and baseflow is quantified using a bucket approach. Transpiration by the
vegetation and the associated entropy production is calculated in SIMBA (see Fig. 1).
An overview of the most important model variables and parameters can be found in
Table A. All model parameter values are globally uniform.

It is assumed that the reservoirs of the hydrological cycle at the land surface are25

in steady state if averaged over long time periods (several decades). This implies
that soil water storage is constant if averaged over long time-scales and it also means
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that the entropy produced in the soil or the vegetation is completely exported to the
surroundings (Kondepudi and Prigogine, 1998, p. 387).

2.1 The potential of water in different parts of the hydrological system

The potential of water vapour in the atmosphere is written as (Kleidon and Schymanski,
2008):5

µatm = RV · Tair · ln(RH) + g · z (1)

where RV is the gas constant, Tair the temperature of the atmosphere, RH is the relative
humidity of the air, g is the gravitational acceleration and z is the height above mean
sea level.

Soil water potential µsoil is formulated as the sum of the modified matric potential ΨM10

and the gravitational potential of water in the soil (Kleidon and Schymanski, 2008). In
general, both potentials vary with the height z of the soil water:

µsoil(z) = ΨM(z) + g · z (2)

where g is the gravitational acceleration. The gravitational potential increases linearly
with z. The value of the matric potential ΨM at height z depends on the relative soil15

water content Θsoil(z) at that height. In unsaturated conditions, the relation between
ΨM(z) and Θsoil(z) is determined by the van-Genuchten soil water retention curve (van
Genuchten, 1980; Mualem, 1976) and the value of ΨM(z) is negative. This is written
as:

ΨM(z) = −
g
αvg

((
Θsoil(z)

Θsoil,max

)
1

mvg − 1
) 1

nvg

(3)20

where Θsoil,max is the relative water content at saturation and mvg, nvg, and αvg are the
parameters of the van-Genuchten soil water retention curve. They are set to values
corresponding to the soil type sandy loam (Carsel and Parrish, 1988) which can be
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found in Table A. Under saturated conditions, ΨM(z) is replaced by the hydraulic head
(Atkins, 1998).

To obtain the value of µsoil for the whole soil column, it is assumed that the wa-
ter reaches a vertical equilibrium distribution in each time step of the model. Conse-
quently, the soil water potential is constant across the soil profile, µsoil(z)= const. This,5

however, requires a vertically non-uniform distribution of the water in the soil column
(see Fig. 2). Each possible value of µsoil(z)= const is then associated with a different
vertical equilibrium distribution of water. To assign the correct value of µsoil to a given
relative water content of the soil Θsoil the equilibrium soil moisture distribution whose
integral is equal to the value of Θsoil is calculated. The relationship of µsoil and water10

content Θsoil is shown in Fig. 3.
The height of the soil surface is denoted by zs. The potential of rain µrain at the

surface is then set to the gravitational potential at zs since rain is free water. The
potential of free water in the river channel, µchannel, is set to the gravitational potential
at the height zc of the channel.15

The potential of water in the vegetation, µveg is described by:

µveg =
(
Θveg − max

(
1.0, Θveg

))
· ΨPWP · g (4)

where ΨPWP is the permanent wilting point, and Θveg is the relative water content of
the vegetation (see Fig. 3). µveg decreases linearly with plant available water content
(Roderick and Canny, 2005; Schymanski, 2007) from zero to the minimum possible20

root water potential at the wilting point.

2.2 Calculation of entropy production by flows of water

Root water uptake is described in JESSY as a function of the gradient in water potential
between the soil and the vegetation according to:

qroot = croot ·
(
µsoil − µveg

)
(5)25
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where µsoil is the soil water potential, µveg is the potential of water in the vegetation
and croot is an effective conductivity at the soil-root interface (see Table A and Eqs. 4
and 2). The entropy production of root water uptake is formulated as:

σroot = qroot · ρ ·
µsoil − µveg

Tsoil
(6)

where Tsoil is the soil temperature and ρ is the density of water which is used to express5

the entropy production in the units W m−2 K−1.
Baseflow is expressed as:

qbase = cbase · (µsoil − µchannel) (7)

where µchannel is the potential of water in the river channel and cbase corresponds to
the effective conductivity of the interface between the soil and channel. The entropy10

production of baseflow is calculated as:

σbase = qbase · ρ ·
µsoil − µchannel

Tsoil
(8)

Bare soil evaporation qevap and transpiration qtrans are calculated by the minimum of
atmospheric demand qepot and the amount of water which is available for evaporation
from the soil and the vegetation during a day:15

qevap = min
(
qepot,

Θsoil · ∆S

pdt

)
(9)

qtrans = min

(
qepot,

Θveg · ∆V

pdt
+ qroot

)
(10)

∆S and ∆V are the ’bucket depths’ of soil and vegetation, respectively, and pdt is the
model time step which is set to a day. The demand qepot is quantified by an equilibrium
evaporation approach (McNaughton and Jarvis, 1983):20
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qepot =
(

dsdT
dsdT + γ

· f net Γ
)
/λ (11)

with dsdT =
e
pvp1 · zT

pvp2 + zT · pvp1 · pvp2 · pvp3(
pvp2 + zT

)2 · ρ

where zT corresponds to (surface temperature in K – melting temperature of water),
f netΓ is net radiation and dsdT is the slope of the saturation vapour pressure versus
temperature relationship. The values of the parameters λ, pvp1, pvp2, pvp3, ρ and γ5

can be found in Table A. To account for the decrease in hydraulic conductivity at lower
soil water contents, bare soil evaporation takes place only as long as the difference be-
tween the maximum relative soil water content and the actual one is smaller than 0.01.
This value is chosen such that, assuming a vertical equilibrium soil water distribution,
the decrease in hydraulic conductivity at the top of the soil column is approximately10

2 orders of magnitude (van Genuchten, 1980). Since bare soil evaporation is small on
vegetated surfaces, it is constrained to the fraction of bare soil in each grid cell. The
entropy production of bare soil evaporation and transpiration is written as:

σevap = qevap · ρ ·
µsoil − µatm

Tsurf
(12)

σtrans = qtrans · ρ ·
µveg − µatm

Tsurf
(13)15

where µatm is the atmospheric water vapour potential and Tsurf is the surface tempera-
ture.

Surface runoff is described as saturation excess flow and is consequently controlled
by the bucket size (see Table A). The entropy production of surface runoff is then cal-
culated as:20

σsurf = qsurf · ρ ·
µrain − µchannel

Tsurf
(14)
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where µrain and µchannel are used because free water flows from the soil surface into
the nearest river channel. The entropy production of the river discharge qriver into the
oceans, which consists of water from surface runoff and baseflow, is then written as:

σriver = (qsurf + qbase) · ρ ·
µchannel − µmsl

Tsurf
(15)

where µmsl corresponds to the potential of free water at mean sea level, which is set to5

zero. Since the gradients µrain−µchannel and µchannel−µmsl are constant, both σsurf and
σriver vary only with the flow rate.

Additionally, entropy is produced during the infiltration of water into the soil, which is
formulated as:

σinf = (qrain − qsurf) · ρ ·
µrain − µsoil

Tsoil
(16)10

where qrain−qsurf is the amount of infiltrated water and µrain−µsoil is the gradient be-
tween free water at the surface and bound water in the soil.

3 Model setup

JESSY and SIMBA are run on a global rectangular T42 grid (2.8125◦ resolution) with a
climate data set (1971 to 2006; Sheffield et al., 2006) that consists of shortwave radia-15

tion, downwelling longwave radiation, precipitation, average temperature and minimum
temperature at 2 m height on a daily basis. Terrestrial longwave radiation and relative
humidity are derived from these variables (see Porada et al., 2010 for further informa-
tion). The model is run until all variables are in a dynamic steady state. The model
output is then obtained by averaging over the last 10 years of the simulation.20

3.1 Observational datasets to test the model

JESSY and SIMBA are evaluated by comparing the model output to datasets contain-
ing runoff, evapotranspiration, Net Primary Productivity (NPP) and soil carbon. This

114

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/2/105/2011/esdd-2-105-2011-print.pdf
http://www.earth-syst-dynam-discuss.net/2/105/2011/esdd-2-105-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
2, 105–132, 2011

Entropy production
in soil hydrology

P. Porada et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

method has already been used to evaluate the basic version of the model (Porada
et al., 2010).

In a first test, runoff output from JESSY is compared to river basin discharge data
from the 35 largest catchments by area of the world. A basin mask from Vorosmarty
et al. (2000) is used to identify the model grid cells contributing to a certain basin. The5

discharge data is taken from Dai and Trenberth (2002).
In a second test, modelled evapotranspiration for each grid cell is compared with

the one predicted by the empirical Budyko curve (Budyko, 1974). The Budyko-curve
estimates evapotranspiration as a function of a climate index, which is calculated from
net radiation and precipitation. These are taken from the climate input dataset. The10

climate index is then calculated for each of the 35 largest river basins as a function of
the mean net radiation and precipitation over the basin.

In a third test, the NPP and soil carbon content predicted by SIMBA is compared
against global datasets. NPP-data is provided by Cramer et al. (1999) and includes the
mean of the NPP-estimates of 17 different vegetation models. In this way, the coupled15

JESSY/SIMBA model can be compared to other recent global vegetation models. Soil
carbon estimates for the first meter of the soil column are taken from IGBP-DIS (1998).
The comparison is performed using latitudinal profiles of NPP and soil carbon.

3.2 Determining the MEP-state of root water uptake and baseflow

JESSY and SIMBA contain several unknown parameters, which had to be tuned pre-20

viously (Porada et al., 2010). In this study, two influential parameters, croot and cbase
(see Eqs. 6 and 8 and Table A) are instead determined by MEP. This means they are
set to values which lead to a maximisation of the entropy production of the flows they
control, namely root water uptake and baseflow.

Maximising the entropy production of both root water uptake and baseflow requires25

an iterative approach, since the value of one parameter, e.g. cbase, may affect the MEP-
state with respect to the other parameter, e.g. croot, since cbase determines a boundary
condition for root water uptake. Hence, a stepwise approach is chosen to find the
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MEP-states of root water uptake and baseflow: first, cbase is set to a fixed value and
the MEP-state of root water uptake is determined by varying croot over several orders
of magnitude (see Fig. 4). Then, cbase is set to another value and another MEP-state
of root water uptake is determined. Thus, an MEP-value of croot is assigned to each
value of cbase. Finally, the pair of cbase and croot which corresponds to an MEP-state5

of baseflow is selected (see Fig. 4). This is then used for parametrising the model and
evaluating it by comparison with the observational data mentioned in Sect. 3.1.

4 Results

By varying the two unknown model parameters croot and cbase, the values correspond-
ing to maximum entropy production of the flows root water uptake and baseflow are10

determined (see Sect. 3.2). These are croot =3.5E-11 s m−1 and cbase =8.6E-9 s m−1

(see Fig. 4). The model output obtained by this parametrisation is then evaluated.

4.1 Model evaluation

To evaluate JESSY and SIMBA, the model output is compared to observational data
described in Sect. 3.1. All variables contained in the datasets are affected by the pa-15

rameters croot and cbase that are optimised according to MEP. While runoff and evap-
otranspiration are directly controlled by root water uptake and baseflow, NPP and soil
carbon are influenced through the effect of root water uptake on the productivity of
vegetation. The results of the evaluation are shown in Fig. 5.

The model output shows reasonable agreement with observational data. Both gen-20

eral patterns and absolute values of runoff, evapotranspiration, NPP and soil carbon
predicted by the model are close to observations. Considering the Budyko-curve, mod-
elled runoff in the northern temperate regions seems to be slightly too high. In com-
parison with runoff data, however, the model seems to slightly underestimate runoff
in these regions. A possible reason to explain both mismatches is underestimation of25
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precipitation in the model input data of the northern regions, as discussed in Porada
et al. (2010).

4.2 Entropy budget of soil hydrological processes

The results of the entropy budget of the hydrological cycle (Eqs. 6 to 16) are shown in
Fig. 6 and in Table 1. Note the different scale ranges below each plot.5

It can be seen that the entropy production due to transpiration dominates over other
processes. The reason for this is the large share of transpiration on the global water
balance combined with a strong gradient between vegetation and atmosphere. The lat-
ter also leads to a relatively high entropy production of bare soil evaporation compared
to the small contribution of evaporation to the water balance (3 orders of magnitude10

smaller than other flows). The gradients associated with root water uptake and infiltra-
tion are much smaller, thereby leading to smaller values of the corresponding entropy
production. While baseflow and surface runoff contribute little to the entropy budget
due to the very small gradients in water potential associated with these processes,
river discharge results in a relatively high entropy production, especially in mountain-15

ous regions characterised by high potential energy of water and high runoff.

5 Discussion

Non-equilibrium thermodynamics provides an additional constraint for the formulation
of soil hydrological processes, which is usually not considered explicitly. Flows of water
are not only constrained by the mass balance, but they are also driven by gradients in20

water potential between two locations. The formulation of flows and gradients then
directly leads to the quantification of the entropy production of hydrological processes.
The entropy production characterises the irreversibility of these processes. This is
illustrated in Table 1: although root water uptake is of the same order of magnitude
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as baseflow, it is much more irreversible due to the strong gradient in water potential
between soil and atmosphere.

Apart from extending the theoretical basis of a hydrological model, the thermody-
namic approach also makes possible the testing of the Principle of Maximum Entropy
Production (MEP). By applying MEP to the JESSY/SIMBA model, the values of two un-5

known model parameters that otherwise would have to be tuned can be determined. In
spite of the simplicity of the model, the output of the MEP-parametrised JESSY/SIMBA
agrees well with observational data. This suggests that MEP can be used in this case
to determine unknown parameter values instead of tuning them.

The reason why deriving model parameter values by MEP leads to realistic predic-10

tions is still a matter of discussion. One possible explanation could be that MEP is a
physical principle and systems “vary” their properties (expressed by parameters such
as croot and cbase) to achieve maximum entropy production. Alternatively, MEP can
be interpreted as an algorithm to objectively “guess” some outcomes of a model given
the information contained in that model. Hence unknown parameters such as croot15

and cbase can be derived since the remaining model structure is sufficient to correctly
represent all important processes (Dewar, 2009).

Although some of the soil hydrological processes in the JESSY/SIMBA model can
be parametrised by MEP, other parts of the model still need to be reformulated using
a thermodynamic approach. Soil water, for instance, is assumed to reach a vertical20

equilibrium distribution in each time step of the model. This may not be possible in
case vertical gradients in soil water potential are insufficient to drive a strong water
movement towards equilibrium. Since a bucket model is not able to represent vertical
gradients in water potential, a layered model is needed here. Varying the conductivi-
ties between the layers, the flow of water through the soil could then be determined by25

MEP. Furthermore, evapotranspiration should be written as a function of the gradient in
relative humidity instead of using the minimum of supply and demand (see Eq. 2.2). In
the current implementation, this gradient is represented only indirectly by the saturation
vapour pressure versus temperature relationship dsdT. Not only flows of water, but also
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carbon fluxes could be described in thermodynamic terms. MEP could be useful here
since the parametrisation of diverse vegetation is difficult and often arbitrary. More-
over, additional entropy producing hydrological processes at the land surface could be
included in the model. Among these are heat diffusion associated with temperature
changes of soil water, irreversible chemical reactions of water with other substances5

within the soil and physical transformations of the soil, including frost heaving and soil
erosion.

Errors concerning the quantification of the entropy production in the model can result
from the underestimation of spatial and temporal variability due to the resolution of the
model. This means that spatial gradients in water potential or temporal variability of10

rainfall, for instance, are not captured by the mean values used for a grid cell. Since
these gradients could contribute to further entropy production, averaging might lead to
underestimation of the entropy produced. Another source of error could arise from the
time step of the model: since the potential depends on the water content the gradi-
ent is usually reduced by the flow of water during a time step. Hence, the equations15

that include µsoil, µveg and µatm may overestimate entropy production by the respective
processes since the value of the potential is kept constant during a time step. This
artificially maintains a high gradient which results in higher entropy production. Con-
sequently, the time step should not be too long. It is difficult, however, to estimate
the magnitude of the errors mentioned above since no numbers of global entropy pro-20

duction due to hydrological processes exist to our knowledge. A rough estimate has
been made by Kleidon et al. (2009) and their numbers of the entropy production of
evapotranspiration and river discharge are of the same order of magnitude as the ones
calculated by JESSY/SIMBA.

Hence, considering the limitations of the model presented here and the possibilities25

for future applications, this study can be seen as a first step towards a description of
earth system processes which is based on general principles and which is not heavily
relying on calibrated parameters.
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6 Conclusions

In this study a simple model of water and carbon fluxes at the land surface,
JESSY/SIMBA, which contains a thermodynamic formulation of soil hydrological pro-
cesses, is used. This framework describes flows of water as functions of gradients in
the combined chemical and gravitational potential of water. It allows for the quantifi-5

cation of an entropy budget of the hydrological cycle at the land surface and also for
the testing of the principle of Maximum Entropy Production (MEP). This principle can
be used to determine unknown model parameters. Hence, the model is parametrised
according to MEP and is then evaluated by comparing the model output with observa-
tional data. The results of the evaluation are reasonable which shows that MEP can be10

successfully applied to the model. Consequently, the approach presented here could
be used as a basis for further applications of thermodynamics to land surface and
vegetation models, leading to increased physical consistency and reliability of these
models. This is crucial for understanding and predicting interactions and feedbacks at
the land surface resulting from global change.15
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Appendix A

Description of model variables and parameters.

Symbol Description Value Units

pools Θveg relative vegetation water content
Θsoil relative soil water content
Csoil organic carbon in soil kg C m−2

states Tsoil soil temperature K
Tsurf surface temperature K
Tair air temperature K
µatm atmospheric water vapour potential m2 s−2

µveg vegetation water potential m2 s−2

µsoil soil water potential m2 s−2

µchannel potential of water in a river channel m2 s−2

µrain potential of rain at surface m2 s−2

RH relative humidity

rates qrain rainfall m2 s−1

qroot root water uptake m2 s−1

qbase baseflow m2 s−1

qtrans transpiration m2 s−1

qevap evaporation m2 s−1

qsurf surface runoff m2 s−1

qriver river discharge m2 s−1

NPP Net Primary Productivity kg C m−2 yr−1

σevap entropy production of evaporation W m−2 K−1

σtrans entropy production of transpiration W m−2 K−1

σroot entropy production of root water uptake W m−2 K−1

σbase entropy production of baseflow W m−2 K−1

σsurf entropy production of surface runoff W m−2 K−1

σriver entropy production of river discharge W m−2 K−1

σinf entropy production of infiltration W m−2 K−1
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Symbol Description Value Units

parameters g gravitational acceleration 9.81 m s−2

RV gas constant of water vapour 461.5 J kg−1 K−1

λ latent heat of vaporization 2.45E6 J kg−1

γ psychometric constant 65.0 Pa K−1

pvp1 parameter to calculate vapour pressure 17.269
pvp2 parameter to calculate vapour pressure 237.3 K
pvp3 parameter to calculate vapour pressure 610.8 Pa
ρ density of water 1000.0 kg m−3

z height above mean sea level m
zs height of the soil surface above sea level m
zc height of the channel above sea level zs−1.0 m
∆S depth of the soil bucket zs−zc m
∆V depth of the vegetation bucket 1.0 m
croot effective conductivity at soil-root interface 3.5E-11 s m−1

cbase effective conductivity at soil-channel interface 8.6E-9 s m−1

αvg van Genuchten parameter α 7.5 (sandy loam)
nvg van Genuchten parameter n 1.89 (sandy loam)
mvg van Genuchten parameter m 0.47 (sandy loam)
Θsoil,max relative soil water content at saturation 0.41
ΨPWP permanent wilting point 150.0 m
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Table 1. Global land surface mean values of entropy production averaged over 10 years of
simulation with the JESSY/SIMBA model which is parametrised according to MEP.

Hydrological process Entropy production Flow of water
in mW m−2 K−1 in km3 yr−1

Transpiration 2.4 74 682
River discharge 1.1E-1 27 786
Root water uptake 7.9E-2 74 624
Infiltration 5.1E-2 91 415
Evaporation 4.5E-4 21
Baseflow 6.8E-5 16 814
Surface runoff 9.1E-8 10 972
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2 P. Porada et al.: Entropy Production in Soil Hydrology

tem. All exchange flows of water can then be formulated as
functions of gradients in the combined chemical and gravi-
tational potential of water. In the following, these combined
potentials will be denoted by the term ’water potential’ and
they will be expressed by the symbol for chemical potential
(µ, e.g. Equation 1). The implementation of the thermody-
namic framework described above into a simple land surface-
vegetation model is one main motivation for this paper.

Having formulated flows of water as functions of gradi-
ents in water potential, it is straightforward to quantify an
entropy budget of the most important soil hydrological pro-
cesses. This can be used to illustrate the relative contribu-
tions of different processes to the overall dissipation at the
land surface.

Another advantage of a thermodynamic formulation of hy-
drological processes is the possibility to apply the principle
of Maximum Entropy Production (MEP) to the respective
models (Kleidon and Schymanski, 2008). This is explained
using the example of root water uptake at the global scale.
The flow of water from soil to roots is formulated as a linear
function of the gradient between soil and root water poten-
tial, with a proportionality constantc. The value ofc is un-
known since the speed of water movement at the root-soil in-
terface depends on a large number of factors such as soil type,
macropore density, root density, etc. which are highly vari-
able at the global scale. At steady state, a maximum in the
entropy production associated with root water uptake results
from a trade-off between the flow and the gradient which is
driving it: In the presence of alternative pathways (e.g. runoff
or bare soil evaporation), high values ofc lead to a strong dis-
sipation of the gradient and consequently to large flow at a
small gradient (Schymanski et al., 2009). Conversely, small
values ofc lead to a large gradient but a small flow. Since
the entropy production is proportional to the product of gra-
dient and flow, it shows a maximum at intermediate values of
c. MEP predicts that the value of c which leads to maximum
entropy production is the most probable one, given the model
structure and forcing. For reviews about MEP see Martyu-
shev and Seleznev (2006); Ozawa et al. (2003).

MEP and other approaches dealing with the dissipation of
free energy have been recently used in hydrology and ecol-
ogy to predict various properties of land surface systems,
ranging from the spatial distribution of biomass in semiarid
regions (Schymanski et al., 2010) to preferential flow on hill-
slopes (Zehe et al., 2010). The aim of the present paper is to
determine parameter values of a global land surface model
(JESSY/SIMBA, Porada et al. (2010)) by MEP. In a second
step, the model output based on these parameter values is
compared with empirical data to test whether the MEP-based
prediction leads to realistic results.

This paper is structured as follows: Section 2 contains a
description of the most important parts of the model used
in this study, followed by the model setup in Section 3. In
Section 4, the results of this study are presented, including a
parametrisation of the model according to MEP, an entropy

budget of the hydrological cycle at the land surface and an
evaluation of the model performance. The paper closes with
a discussion and an outlook.

2 Model description

The model used in this study simulates terrestrial biogeo-
chemical processes in a simple way at the global scale. It
consists of a soil model called JESSY (JEna Surface SYstem
model) and a vegetation model, SIMBA (SIMulator of Bio-
spheric Aspects). JESSY and SIMBA use global gridded cli-
mate data as input to predict fluxes of carbon and water at the
land surface, including evapotranspiration, runoff and Net
Primary Productivity. Furthermore, reservoirs such as soil
water, biomass and soil carbon can be quantified. The two
models are designed to run independently. Consequently, ad-
ditional models can be coupled to both JESSY and SIMBA,
which increases their applicability to biogeochemical ques-
tions. Both models are described in detail in Porada et al.
(2010). Therefore, only the model parts which have been
extended or added for quantifying the entropy production of
soil hydrological processes are explained here. In JESSY,
the entropy production of surface runoff, infiltration, bare
soil evaporation, root water uptake and baseflow is quanti-
fied using a bucket approach. Transpiration by the vegeta-
tion and the associated entropy production is calculated in
SIMBA (see Figure 1). An overview of the most impor-
tant model variables and parameters can be found in Table
A1. All model parameter values are globally uniform. It is

Precipitation

Surface
runoff

Baseflow

µveg

µ: water potentialflows of water

µsoil Root water uptake

Transpiration

µatm

Bare soil
evaporation

system boundary

µchannel

µrain

Fig. 1. Overview of the main flows and state variables quantified
in JESSY and SIMBA. Soil water dynamics are described using a
bucket model. The entropy production is proportional to the product
of a flow of water and the gradient in the potential of water between
two reservoirs.

assumed that the reservoirs of the hydrological cycle at the

Fig. 1. Overview of the main flows and state variables quantified in JESSY and SIMBA. Soil
water dynamics are described using a bucket model. The entropy production is proportional to
the product of a flow of water and the gradient in the potential of water between two reservoirs.
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land surface are in steady state if averaged over long time
periods (several decades). This implies that soil water stor-
age is constant if averaged over long time-scales and it also
means that the entropy produced in the soil or the vegetation
is completely exported to the surroundings (Kondepudi and
Prigogine (1998), p.387).

2.1 The potential of water in different parts of the hy-
drological system

The potential of water vapour in the atmosphere is written as
(Kleidon and Schymanski, 2008):

µatm =RV ·Tair · ln(RH)+g ·z (1)

whereRV is the gas constant,Tair the temperature of the
atmosphere,RH is the relative humidity of the air,g is the
gravitational acceleration andz is the height above mean sea
level.

Soil water potentialµsoil is formulated as the sum of the
modified matric potentialΨM and the gravitational potential
of water in the soil (Kleidon and Schymanski, 2008). In gen-
eral, both potentials vary with the heightz of the soil water:

µsoil(z)=ΨM (z)+g ·z (2)

whereg is the gravitational acceleration. The gravitational
potential increases linearly withz. The value of the matric
potentialΨM at heightz depends on the relative soil water
contentΘsoil(z) at that height. In unsaturated conditions, the
relation betweenΨM (z) andΘsoil(z) is determined by the
van-Genuchten soil water retention curve (van Genuchten,
1980; Mualem, 1976) and the value ofΨM (z) is negative.
This is written as:

ΨM (z)=−

g

αvg

(

(

Θsoil(z)

Θsoil,max

)
1

mvg

−1

)

1
nvg

(3)

whereΘsoil,max is the relative water content at saturation
and mvg, nvg, and αvg are the parameters of the van-
Genuchten soil water retention curve. They are set to values
corresponding to the soil type sandy loam (Carsel and Par-
rish, 1988) which can be found in Table A1. Under saturated
conditions,ΨM (z) is replaced by the hydraulic head (Atkins,
1998).

To obtain the value ofµsoil for the whole soil column,
it is assumed that the water reaches a vertical equilibrium
distribution in each time step of the model. Consequently,
the soil water potential is constant across the soil profile,
µsoil(z) = const. This, however, requires a vertically non-
uniform distribution of the water in the soil column (see Fig-
ure 2). Each possible value ofµsoil(z) = const is then as-
sociated with a different vertical equilibrium distribution of
water. To assign the correct value ofµsoil to a given relative
water content of the soilΘsoil the equilibrium soil moisture
distribution whose integral is equal to the value ofΘsoil is

equilibrium
distribution

soil moisture

water table

potential

matric potential

gravitational potential

µsoil

0

zc

bedrock

zs

0

Fig. 2. Left: Equilibrium distribution of soil water inside the bucket,
zs andzc correspond to the height of the surface and the channel, re-
spectively. Right: Soil water potentialµsoil as a function of height.

calculated. The relationship ofµsoil and water contentΘsoil

is shown in Figure 3.
The height of the soil surface is denoted byzs. The poten-

tial of rainµrain at the surface is then set to the gravitational
potential atzs since rain is free water. The potential of free
water in the river channel,µchannel, is set to the gravitational
potential at the heightzc of the channel.

The potential of water in the vegetation,µveg is described
by:

µveg =(Θveg−max(1.0,Θveg)) ·ΨPWP ·g (4)

whereΨPWP is the permanent wilting point, andΘveg is the
relative water content of the vegetation (see Figure 3).µveg

decreases linearly with plant available water content (Rod-
erick and Canny, 2005; Schymanski, 2007) from zero to the
minimum possible root water potential at the wilting point.
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Fig. 3. Soil water potentialµsoil (blue, solid) and vegetation wa-
ter potentialµveg (magenta, dashed) as a function of relative water
content of the soil,Θsoil, (bottom x-axis) and the vegetation,Θveg,
(top x-axis), respectively.

Fig. 2. Left: Equilibrium distribution of soil water inside the bucket, zs and zc correspond to
the height of the surface and the channel, respectively. Right: Soil water potential µsoil as a
function of height.
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land surface are in steady state if averaged over long time
periods (several decades). This implies that soil water stor-
age is constant if averaged over long time-scales and it also
means that the entropy produced in the soil or the vegetation
is completely exported to the surroundings (Kondepudi and
Prigogine (1998), p.387).

2.1 The potential of water in different parts of the hy-
drological system

The potential of water vapour in the atmosphere is written as
(Kleidon and Schymanski, 2008):

µatm =RV ·Tair · ln(RH)+g ·z (1)

whereRV is the gas constant,Tair the temperature of the
atmosphere,RH is the relative humidity of the air,g is the
gravitational acceleration andz is the height above mean sea
level.

Soil water potentialµsoil is formulated as the sum of the
modified matric potentialΨM and the gravitational potential
of water in the soil (Kleidon and Schymanski, 2008). In gen-
eral, both potentials vary with the heightz of the soil water:

µsoil(z)=ΨM (z)+g ·z (2)

whereg is the gravitational acceleration. The gravitational
potential increases linearly withz. The value of the matric
potentialΨM at heightz depends on the relative soil water
contentΘsoil(z) at that height. In unsaturated conditions, the
relation betweenΨM (z) andΘsoil(z) is determined by the
van-Genuchten soil water retention curve (van Genuchten,
1980; Mualem, 1976) and the value ofΨM (z) is negative.
This is written as:

ΨM (z)=−

g

αvg

(

(

Θsoil(z)

Θsoil,max

)
1

mvg

−1

)

1
nvg

(3)

whereΘsoil,max is the relative water content at saturation
and mvg, nvg, and αvg are the parameters of the van-
Genuchten soil water retention curve. They are set to values
corresponding to the soil type sandy loam (Carsel and Par-
rish, 1988) which can be found in Table A1. Under saturated
conditions,ΨM (z) is replaced by the hydraulic head (Atkins,
1998).

To obtain the value ofµsoil for the whole soil column,
it is assumed that the water reaches a vertical equilibrium
distribution in each time step of the model. Consequently,
the soil water potential is constant across the soil profile,
µsoil(z) = const. This, however, requires a vertically non-
uniform distribution of the water in the soil column (see Fig-
ure 2). Each possible value ofµsoil(z) = const is then as-
sociated with a different vertical equilibrium distribution of
water. To assign the correct value ofµsoil to a given relative
water content of the soilΘsoil the equilibrium soil moisture
distribution whose integral is equal to the value ofΘsoil is

equilibrium
distribution

soil moisture

water table

potential

matric potential

gravitational potential

µsoil

0

zc

bedrock
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0

Fig. 2. Left: Equilibrium distribution of soil water inside the bucket,
zs andzc correspond to the height of the surface and the channel, re-
spectively. Right: Soil water potentialµsoil as a function of height.

calculated. The relationship ofµsoil and water contentΘsoil

is shown in Figure 3.
The height of the soil surface is denoted byzs. The poten-

tial of rainµrain at the surface is then set to the gravitational
potential atzs since rain is free water. The potential of free
water in the river channel,µchannel, is set to the gravitational
potential at the heightzc of the channel.

The potential of water in the vegetation,µveg is described
by:

µveg =(Θveg−max(1.0,Θveg)) ·ΨPWP ·g (4)

whereΨPWP is the permanent wilting point, andΘveg is the
relative water content of the vegetation (see Figure 3).µveg

decreases linearly with plant available water content (Rod-
erick and Canny, 2005; Schymanski, 2007) from zero to the
minimum possible root water potential at the wilting point.
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Fig. 3. Soil water potentialµsoil (blue, solid) and vegetation wa-
ter potentialµveg (magenta, dashed) as a function of relative water
content of the soil,Θsoil, (bottom x-axis) and the vegetation,Θveg,
(top x-axis), respectively.

Fig. 3. Soil water potential µsoil (blue, solid) and vegetation water potential µveg (magenta,
dashed) as a function of relative water content of the soil, Θsoil, (bottom x-axis) and the vegeta-
tion, Θveg, (top x-axis), respectively.
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Fig. 4. Entropy production of a) baseflow and b) root water uptake as a function of the two model parameterscbase andcroot. The combined
MEP-state of baseflow and root water uptake lies at the intersection of the two ’ridges’ in a) and b), the corresponding values can be found
in Table A1.

mountainous regions characterised by high potential energy
of water and high runoff.

Table 1. Global land surface mean values of entropy production av-
eraged over 10 years of simulation with the JESSY/SIMBA model
which is parametrised according to MEP.

Hydrological process Entropy production Flow of water
in mW m−2K−1 in km3 yr−1

Transpiration 2.4 74682
River discharge 1.1E-1 27786
Root water uptake 7.9E-2 74624
Infiltration 5.1E-2 91415
Evaporation 4.5E-4 21
Baseflow 6.8E-5 16814
Surface runoff 9.1E-8 10972

5 Discussion

Non-equilibrium thermodynamics provides an additional
constraint for the formulation of soil hydrological processes,
which is usually not considered explicitly. Flows of water
are not only constrained by the mass balance, but they are
also driven by gradients in water potential between two loca-
tions. The formulation of flows and gradients then directly
leads to the quantification of the entropy production of hy-
drological processes. The entropy production characterises
the irreversibility of these processes. This is illustrated in
Table 1: Although root water uptake is of the same order of
magnitude as baseflow, it is much more irreversible due to
the strong gradient in water potential between soil and atmo-
sphere.

Apart from extending the theoretical basis of a hydrolog-
ical model, the thermodynamic approach also makes possi-
ble the testing of the Principle of Maximum Entropy Produc-

tion (MEP). By applying MEP to the JESSY/SIMBA model,
the values of two unknown model parameters that otherwise
would have to be tuned can be determined. In spite of the
simplicity of the model, the output of the MEP-parametrised
JESSY/SIMBA agrees well with observational data. This
suggests that MEP can be used in this case to determine un-
known parameter values instead of tuning them.

The reason why deriving model parameter values by MEP
leads to realistic predictions is still a matter of discussion.
One possible explanation could be that MEP is a physical
principle and systems ’vary’ their properties (expressed by
parameters such ascroot and cbase) to achieve maximum
entropy production. Alternatively, MEP can be interpreted
as an algorithm to objectively ’guess’ some outcomes of a
model given the information contained in that model. Hence
unknown parameters such ascroot andcbase can be derived
since the remaining model structure is sufficient to correctly
represent all important processes (Dewar, 2009).

Although some of the soil hydrological processes in the
JESSY/SIMBA model can be parametrised by MEP, other
parts of the model still need to be reformulated using a ther-
modynamic approach. Soil water, for instance, is assumed to
reach a vertical equilibrium distribution in each time stepof
the model. This may not be possible in case vertical gradi-
ents in soil water potential are insufficient to drive a strong
water movement towards equilibrium. Since a bucket model
is not able to represent vertical gradients in water potential,
a layered model is needed here. Varying the conductivities
between the layers, the flow of water through the soil could
then be determined by MEP. Furthermore, evapotranspira-
tion should be written as a function of the gradient in rela-
tive humidity instead of using the minimum of supply and
demand (see Equation 11). In the current implementation,
this gradient is represented only indirectly by the saturation
vapour pressure versus temperature relationshipdsdT . Not
only flows of water, but also carbon fluxes could be described

Fig. 4. Entropy production of (a) baseflow and (b) root water uptake as a function of the two
model parameters cbase and croot. The combined MEP-state of baseflow and root water uptake
lies at the intersection of the two “ridges” in (a) and (b), the corresponding values can be found
in Table A.
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Fig. 5. a) Modelled evapotranspiration averaged over a basin plotted against thetheoretical Budyko-curve (magenta, dashed) for the 35
world’s largest river basins. b) scatterplot of modelled runoff and measured runoff for the 35 largest river basins of the world.• corresponds
to humid tropical,� humid subtropical,⊡ temperate,> cold continental and× (semi) arid climate regions. c) latitudinal pattern of modelled
NPP (blue, solid) and the mean NPP of 17 global vegetation models (magenta, dashed) latitudinal pattern of modelled (blue, solid) and
measured soil carbon (magenta, dashed), both accumulated over thefirst meter of the soil. All shown model estimates are derived from a
MEP-based parametrisation. They are average values over the last 10years of a simulation.

in thermodynamic terms. MEP could be useful here since
the parametrisation of diverse vegetation is difficult and of-
ten arbitrary. Moreover, additional entropy producing hy-
drological processes at the land surface could be included in
the model. Among these are heat diffusion associated with
temperature changes of soil water, irreversible chemical re-
actions of water with other substances within the soil and
physical transformations of the soil, including frost heaving
and soil erosion.

Errors concerning the quantification of the entropy pro-
duction in the model can result from the underestimation of
spatial and temporal variability due to the resolution of the
model. This means that spatial gradients in water potentialor
temporal variability of rainfall, for instance, are not captured
by the mean values used for a grid cell. Since these gradi-
ents could contribute to further entropy production, averag-
ing might lead to underestimation of the entropy produced.
Another source of error could arise from the time step of the

Fig. 5. (a) Modelled evapotranspiration averaged over a basin plotted against the theoretical
Budyko-curve (magenta, dashed) for the 35 world’s largest river basins. (b) Scatterplot of
modelled runoff and measured runoff for the 35 largest river basins of the world. • corresponds
to humid tropical, � humid subtropical, � temperate, > cold continental and × (semi) arid
climate regions. (c) Latitudinal pattern of modelled NPP (blue, solid) and the mean NPP of
17 global vegetation models (magenta, dashed) latitudinal pattern of modelled (blue, solid) and
measured soil carbon (magenta, dashed), both accumulated over the first meter of the soil.
All shown model estimates are derived from a MEP-based parametrisation. They are average
values over the last 10 years of a simulation.
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Fig. 6. The global distribution of the entropy production of the most important soilhydrological processes is shown, quantified by the MEP-
based JESSY/SIMBA model: Transpiration, root water uptake, surface runoff, baseflow, river discharge and infiltration. All model estimates
are average values over the last 10 years of a simulation.

model: Since the potential depends on the water content the
gradient is usually reduced by the flow of water during a time
step. Hence, the Equations that includeµsoil, µveg andµatm

may overestimate entropy production by the respective pro-
cesses since the value of the potential is kept constant during
a time step. This artificially maintains a high gradient which
results in higher entropy production. Consequently, the time

step should not be too long. It is difficult, however, to es-
timate the magnitude of the errors mentioned above since
no numbers of global entropy production due to hydrolog-
ical processes exist to our knowledge. A rough estimate has
been made by Kleidon et al. (2009) and their numbers of the
entropy production of evapotranspiration and river discharge
are of the same order of magnitude as the ones calculated by

Fig. 6. The global distribution of the entropy production of the most important soil hydrological
processes is shown, quantified by the MEP-based JESSY/SIMBA model: Transpiration, root
water uptake, surface runoff, baseflow, river discharge and infiltration. All model estimates are
average values over the last 10 years of a simulation.
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