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Abstract

This study proposes a theoretical framework that links hydrological dynamics to ther-
modynamics, with emphasis on dynamics and dissipation of free energy and produc-
tion of entropy in the critical zone. Based on this theory we analyse simulations with a
physically based hydrological model in the Weiherbach and the Malalcahuello catch-
ments to learn about free energy dynamics and entropy production in these different
hydro-climatic and hydro-pedological settings. Results for the Weiherbach catchment
suggest the existence of a thermodynamic optimal hillslope structure as a result of
co-evolution of biotic patterns and the soil catena. This optimum structure allowed ac-
ceptable un-calibrated reproduction of observed rainfall-runoff behaviour when being
used in a catchment model — in fact it came close to the best fit. Results corroborate
furthermore that connected network-like structures — vertical preferential pathways and
the river network in this case — act as dissipative structures by accelerating flow against
driving gradients, which implies accelerated entropy production. For the Malalcahuello
catchment we found that maximum drainage is the functional optimum hillslope struc-
ture. This is explained by the very wet, energy limited climate, the presence of non-
cohesive highly permeable ash soils and the different mechanism causing preferential
flow.

1 Introduction

Hydrological research and models have traditionally been focused on predictions of
water driven hazards, or the water balance. While this is a story of on-going success,
we still struggle to predict how the catchment structure and distributed dynamics con-
trol integral system responses, especially at the scale of intermediate systems. Ac-
cording to Dooge (1986), intermediate catchments are heterogeneous systems with
a strong degree of spatial organization. Their integral response is controlled by the
way how organized patterns of vegetation, soil properties and preferential flow paths
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dynamically interact with the space time patterns of boundary conditions (Schulz et al.,
2006; Uhlenbrook, 2006; Zehe and Sivapalan, 2009; Phillips, 2006). All these patterns
and structures — we subsume as catchment architecture — have up to now been shaped
by the same flow processes they control in the present (Phillips, 2006) and can thus be
regarded as their long term structural fingerprints. The key question behind this study
is thus whether a better understanding of the “cause” — i.e. why organized structures
in catchments have been formed and persist — might be a key for better understanding
and predicting how organized structures control critical zone water flows.

1.1 Catchment organization and the search for organizing principles

A close look at catchments as hydro-geo-ecosystems reveals a highly organized ar-
chitecture that is characterized by typical patterns, of topography, soil and vegetation
and self-affine flow networks at all scales. Textural elements — soils and parent rock —
provide a mechanical and stable matrix for growth of terrestrial biota and soil formation.
They conserve storage of water and dissolved nutrients against gravity and root extrac-
tion, because water acts as wetting fluid in the pore space. The pore size distribution of
a soil is at the same time a fingerprint of the work that up to now has been performed
by weathering processes. As a long range and strong spatial covariance is claimed by
Kondepudi and Prigogine (1998) to be generally a fingerprint of spatial organization,
an apparent covariance of soil hydraulic properties is a measure of spatially organized
storage within a given soil type. Spatial organization of textural elements and thus stor-
age at the hillslope scale is reflected by the existence of a typical soil catena (Zehe and
Fluhler, 2001; Zehe and Bloeschl, 2004).

Textural storage elements are interspersed with strikingly self-similar network-like
structures which organize export and redistribution of water, solutes and sediments.
Following Bejan (2007) we name them flow structures or flow networks. These flow
structures have been created either by biota (earth worms, moles, voles, plant roots) or
by dissipative processes — soil cracking (Zehe et al., 2007) or fluvial erosion —in a self-
reinforcing manner (Kleidon et al., 2012; Howard, 1990). Regardless of their different
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origin, connected flow structures exhibit similar topological characteristics and similar
functioning: they are connected flow paths of very low specific flow resistances (there
is no bottleneck along this flow path) and thus allow for high mass flows even at small
driving potential gradients. Hence, flow structures organize and dominate drainage and
redistribution at almost any scale:

— Vertical flow structures (worm burrows or soil cracks) organize and dominate verti-
cal flows and thus redistribution of water at the plot scale — this is usually referred
to as vertical preferential flow (Beven and Germann, 1982; Vogel, 2005; Klaus
and Zehe, 2010, 2011);

— Surface rill and gully networks organize and dominate hillslope scale overland
flow response and sediment export (Bull and Kirkby, 1997; Kirkby et al., 2003;
Poesen et al., 2003; Shao et al., 2005; Parkner et al., 2007);

— Subsurface pipe networks at the bedrock interface organize hillslope scale lateral
subsurface water and tracer flows (Lindenmaier et al., 2005; Weiler and McDon-
nell, 2007; Wienhofer et al., 2009); this is usually referred to as lateral preferential
flow in pipe systems;

— The river network directs flows of water, dissolved matter and sediments to the
catchment outlet and finally across continental gradients to the sea (Rinaldo et al.,
1996; Rodriguez-lturbe and Rinaldo, 2001; Kleidon et al., 2012; Howard 1990).

All these typical patterns of textural elements, flow networks and biota co-evolved
over “long” time scales (Dietrich and Perron, 2006) in response to the same dissi-
pative processes they organize at the present time in a self-reinforcing manner. The
latter must necessarily be true for allowing these structures and biota to persist. Self-
reinforcement and positive feedbacks might imply that certain system architectures are
“closer” to a functional optimum compared to other possible system architectures. This
vague idea has inspired various scientists to suggest optimality principles to explain
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organization of ecosystems, landscapes and flow networks. Bejan’s constructural law
(Bejan et al., 2008) postulates that “flow systems evolve towards an optimal structure
by allowing the currents greater and greater access to the system they flow through”.
This is a very well-reasoned diagnostic statement, but difficult to falsify as “greater ac-
cess” is somewhat imprecise. Rodriguez-Iturbe et al. (1998), Rodriguez-Iturbe and Ri-
naldo (2001) as well as Rinaldo et al. (1996) employed thermodynamics to explain the
organization of river networks as “least energy structures”, which minimize local energy
dissipation at a steady state configuration. Kleidon and Schymanski (2008) proposed
that most processes in the hydrological cycle, including soil wetting, are irreversible
and produce entropy. The hypothesis of Maximum Entropy Production suggests that
an optimal steady state system architecture is organized such that exchange fluxes of
mass and energy maximise entropy production (MEP). The MEP hypothesis has been
used to successfully predict states of planetary atmospheres (Lorenz et al., 2001) or
to identify parameters of general circulation models (Kleidon et al., 2006). Porada et
al. (2011) recently used MEP to constrain parameters for a physically based model
based on multi 1-D columns to simulate the water balance of the largest 35 catch-
ments on Earth. Zehe et al. (2010) showed within a numerical study that connected
vertical macropore networks increase depletion of matric potential gradients and thus
dissipation of free energy during rainfall events. They speculated that an optimal hill-
slope architecture maximizes reduction of free energy (MED) during rainfall events as
this minimizes time to thermodynamic equilibrium. However, they did not find an ap-
parent optimum in their study, which focused exclusively on free energy dynamics in
soil. MED and MEP are in fact equivalent (see next section for a brief introduction into
thermodynamics). The idea of “Maximum Power” states that an ecosystem/organism
is “fittest” if it maximises power and thus extraction of free energy from persistent gra-
dients (Odum, 1969; Lotka, 1922a, b). This implies that a maximum amount of free
energy is available to be transformed into mechanical work (movement) and metabolic
processes. This is deemed as an advantage against other competitors. MEP, MED and
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Maximum Power are equivalent during steady state conditions, as will be explained in
the next subsection.

1.2 Common grounds and common difficulties of organizing principles

All these different principles have the following features in common. They suggest a
thermodynamic treatment of the system. This implies the existence of thermodynamic
macro scales in environmental systems: because thermodynamic state variables are
only well defined for a representative ensemble. In simple systems such as a gas the
number of gas molecules determines whether ergodic conditions are reached and a
thermodynamic treatment is justified. Identification of similar macro scales that assure
ergodicity in the critical zone is however not a straight forward issue (Zehe et al., 2006;
Lee et al., 2007; Reggiani et al., 1998; Bloeschl and Sivapalan, 1995).

Furthermore, these principles assume steady state conditions, with respect to (a)
the catchment architecture as well as (b) water, mass and energy dynamics. While the
first assumption is justified at the daily to monthly scale time (as morphological pro-
cesses are slow as long as the hydro-meteorological forcing is not too extreme), the
latter assumption is inadequate. Mass- or energy inputs into the catchment occur in
the form of rainfall or as solar radiation. These forcing regimes are alternating and thus
intermittent; we speak thus of the rainfall and the radiation driven context. Due to the in-
termittent nature of these forcing regimes, the time scale for defining a thermodynamic
optimum should be small against the morphological time scales but large enough to
include the typical variability of forcing events and flow processes.

The role of flow networks in free energy dynamics of the critical zone depends fur-
thermore on the prevailing forcing context. During radiation driven conditions, land-
scape compartments deplete a vertical temperature gradient that is build up by de-
pleting a gradient in the radiation fluxes. These temperature gradients are very steep
close to the soil surface (both above and below ground) and close to the plant leaves.
Evaporation is a relatively slow water mass flux, of order 0.1 mm h™, that is strongly
dominated by plant transpiration. Due to the large specific heat of vaporisation this
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processes is nevertheless very efficient at depleting these temperature gradients,
thereby depleting water potential gradients in the Prandtl layer near the soil surface.
Evaporation is however strongly reduced during rainfall events and evaporation fluxes
are two orders of magnitude slower than rainfall intensities that can reach up to tens of
mmh~". If rainfall did accumulate only at the land surface and in the top soil this would
imply fast rising potential energy gradients, high mechanical loads and a reduced shear
stability of the soil (Lindenmaier et al., 2005; Wienhofer et al., 2011; Hinkelmann et al.,
2011; Ehlers et al., 2011). Depletion of these large gradients and mechanical stressors
is only possible by means of fast mass flows that redistribute water in soil and export
“excess water” from the system. We suggest that flow networks optimise free energy
dynamics mainly during rainfall-driven conditions, when large mass flows are the key for
efficient reduction of free energy. They are of minor importance during radiation-driven
conditions, when large energy fluxes are the key for efficient dissipation/reduction of
free energy.

1.3 Objectives, key assumptions and underlying hypotheses

In the present study we thus focus on connected flow structures in the critical zone and
their role in dynamics of free energy and production of entropy when activated during
rainfall driven conditions. Our approach is:

— to employ the physically based hydrological model CATFLOW that addresses all
the relevant hydrological processes in the critical zone in a coupled way (most of
the studies listed above are based on strongly simplified models);

— to use behavioural model structures: This means they have been shown to closely
portray system behaviour and its architecture in a sense that they reproduce dis-
tributed observations of soil moisture and catchment scale discharge and repre-
sent the observed structural and textural signatures of soils, flow networks and
vegetation;
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— to simulate the full concert of hydrological processes at the hillslope and head-
water scales for meaningful perturbations of the behavioural model structure and
compare them with respect to dynamics of free energy and production of entropy.

The study areas are two very well investigated research catchments: the Weiherbach
(Germany) and the Malalcahuello headwaters (Chile), which are located in distinctly
different hydro-climatic, geological and land use settings.

Before providing a brief background in thermodynamics and further elaborating the
necessary theory, the underlying data base and simulation results, we present the as-
sumptions and key hypotheses underlying this study and propose several implications
of these hypotheses which are falsifiable with the outlined approach. We assume that
possible hydro-geo-ecosystem configurations are constrained by the climate and geo-
logical setting, available resources for biota (sunlight, phosphorus, nitrogen, water) and
reflect thus on the amount of work that has been performed by past mass and energy
flows and biota, given these constraints. This implies that any scenario should respect
limitations in the degrees of freedom arising from these constraints.

We focus on hydrological systems whose spatial configuration is — though being
far from thermodynamic equilibrium — in steady state. This implies that mass flows
do not perform any work to create or destroy flow structures in the system and that
the life cycles of the vegetation community are stationary. The entire available free
energy that flows through the system is used to redistribute water within the system
(thereby depleting gradients) and to export water against persistent gradients as well
as to maintain the stationary life cycle of functional vegetation. In this case we may use
equilibrium thermodynamics to analyse dynamics of free energy in the critical zone.
We do not explicitly address the case of strong interactions between mass flows and
structures, which means that structures are destroyed or evolve and phase transitions
occur (Kleidon et al., 2012). Based on these assumptions we hypothesise that:

— H1: macroscopically connected flow networks enhance redistribution of mass
against macroscale gradients and thus dissipation and export of free energy, be-
cause they minimize local free energy dissipation per unit mass flow continuously
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along the flow path (Kleidon et al., 2012). This implies (1) mechanical stability
of the flow network and of the textural storage elements and thus of the entire
system against frequent disturbances under stationary conditions.

— H2: a steady state architecture of a hydro-geo-ecosystem is closer to a functional
optimum than other possible configurations if it dissipates and exports more of the
available free energy by redistributing mass and energy within and exporting mass
and energy from the system (in the following we will use the term dissipation of
free energy to subsume all processes that reduce free energy of the system). This
implies (12) that the system approaches a dynamic equilibrium state characterised
by a minimum in free energy faster than other configurations and that less free
energy from flow against persistent gradients is available to perform work on the
system architecture itself. This is deemed to be favourable for mechanical stability
of the system.

These hypotheses imply furthermore that:

— 13: recent terrestrial geo-ecosystems — at least those that have been strongly
modified by fluvial erosion, soil formation and biotic activities — should at a dis-
crete hierarchy of thermodynamic macroscales be very efficient in dissipating and
exporting free energy and close to a functional optimum (when existent);

— 14: in the long term the optimally structured system would serve the “act” of de-
pleting the macro scale gradients in a minimum time by maximising mass flows
against them (if these gradients were not sustained by external processes).

The remaining study is structured as follows. In Sect. 2 we briefly introduce the thermo-

dynamic background, suggest a hierarchy of hydrological and thermodynamic macro

scales where H1 and H2 should apply, and develop the necessary theory to link physi-

cally based hydrology and thermodynamics. Section 3 introduces the two study areas,

the Weiherbach and the Malalcahuello catchments, and provides a brief description of

the numerical model. It then explains the numerical experiments that were performed
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to shed light on free energy dynamics and entropy production to test H1, H2 and the
implications 11, 12 and I3 at the hillslope and headwater scales. This is followed by
presentation and interpretation of the modelling results in Sect. 4 and discussion and
conclusions in Sect. 5.

2 Theory
2.1 Thermodynamic background

Thermodynamics is a fundamental theory of physics that deals with the general rules
and limits for transforming energy of different types. It is commonly applied to conver-
sions that involve heat, and to systems with fixed boundary conditions, such as a heat
engine. The scope of thermodynamics is, however, much wider, as will be shown in
Sect. 2.3. The first law of thermodynamics is a more precise formulation of the law of
energy conservation and states that the change of total internal energy of a thermody-
namic system is equal to the change in heat dQ plus the change in free energy dF (see
Sect. 2.3 for definition of free energy in the critical zone).

dU =dQ +dF (1)

Any exchange of heat is proportional to the change in entropy dS times the absolute
temperature 7. Hence

_do

ds 7

()
From Eq. (2) it becomes evident that exchange of heat d@ against a temperature gra-
dient is associated with the net production of entropy while the temperature, gradient
is depleted: the cooler reservoir gains dS =dQ/T,,, and the warmer reservoir loses
—dS = -dQ/Tp4n- The second law of thermodynamics states that entropy cannot be
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consumed but stays constant during reversible processes and is produced during ir-
reversible mixing processes. Depletion of temperature gradients, or more generally
depletion of any gradient, is thus associated with production of entropy, irreversibility
and a reduction in free energy, while total energy is conserved. For isolated systems
this implies that the system evolves to a state of maximum entropy, which implies per-
fect mixing, absence of any gradient and thus maximum disorder. Open systems may,
however, exchange energy and mass with their environment. Organized structures may
hence form and persist, as long as incoming fluxes provide the necessary free energy
to form and later on maintain these structures and to export entropy that is produced
during related irreversible processes across the systems boundary to the environment.
The entropy balance equation of an open system is thus the sum of the entropy pro-
duced by irreversible processes, o, and the net entropy exchange with the environment
NEE.

dSs

i o+ NEE (3)
Persistent energy and mass flows through the system require, however, persistent driv-
ing macroscale gradients that span across the entire system: the Bernard cell and
Planet Earth are prominent examples. Heat fluxes along these macroscale tempera-
ture gradients would deplete them, if there were no external processes that worked
against its depletion. For the Bernard cell this is the heating at the bottom and cooling
at the top of the cell; for Planet Earth this is planetary radiation exchange (the poles
receive less radiation input than the equator).

2.1.1 Maximum Entropy Production and related principles

The MEP principle states that an open system is in steady state structured in such

a way that entropy production is maximized. A term for entropy production may be

derived from the work balance of an open system, which can be written as the sum

of generated power P minus the amount of dissipation of free energy into heat by
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production of entropy due to irreversible processes:

%:P—Tazmv-VCD—To. (4)
Note that mechanical Power is force F times velocity v. As force is mass times acceler-
ation, and acceleration is in conservative force fields equal to a potential gradient VO,
power is mass flow times the driving potential gradient (In case of electrical power we
have current i.e. charge flow times the electric tension, which is the gradient in electric
potential). In steady state, when dF/dt is equal to zero, production of entropy is thus
equal to flow times the driving gradient divided by the absolute temperature. Maximiza-
tion of entropy production in steady states implies thus maximization of flow against
the macroscale gradient, maximization of power in this flow and maximum reduction
of free energy of the system (compare Eq. 1). In the case where there were no exter-
nal processes that sustained the gradients this would imply that the system reached
thermodynamic equilibrium through depletion of the driving macro scale gradient as
fast as possible. The external processes that sustain potential gradients at the land
surface/critical zone are re-distribution of water by means of rainfall as a fast process
and iso-static uplift as a very slow process (Kleidon et al., 2012).

2.2 System boundaries, controls on flows and thermodynamic macro scales
2.2.1 Upper and lower boundaries

The very first step to treat the critical zone in thermodynamic terms is to define the
system’s boundary. The critical zone extends from the land surface and the surface
of the vegetation (upper boundary), through the unsaturated soil zone down to the
groundwater surface, which forms the lower boundary. The definition of lateral system
boundaries is a little more involved as they separate the different scale levels for which
a thermodynamic treatment of critical zone water dynamics is deemed as justified.
Analogous to the gas example we need ergodic conditions but here with respect to the
10606

HESSD
9, 10595-10655, 2012

Coincidence or
self-organized

optimality?
E. Zehe et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/10595/2012/hessd-9-10595-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/10595/2012/hessd-9-10595-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

potential gradients and the resistances that control water, heat and mass fluxes within
the critical zone and across its boundaries. This means the system must be much
larger than the critical length scales of the landscape elements that control potential
gradients and resistances.

2.2.2 Gradients and resistances controlling mass flows in the landscape

Fast lateral flows are driven by gradients in piezometric heads and thus potential en-
ergy. These potential gradients arise at inclined material interfaces, i.e. the land sur-
face, the bedrock surface and the groundwater surface. They range from zero to the
hydrostatic geo-potential gradient. Except for groundwater dominated systems these
potential gradients are thus largely determined by the quasi static micro and macro
topography of these interfaces. Vertical subsurface water fluxes in soil are driven by
vertical gradients in soil hydraulic potential (matric potential plus gravity potential); soil
texture and the water retention curve of a soil (y(8)) act as time invariant controls; soil
moisture and depth to groundwater act as time variant controls of these potentials (see
Fig. 1). Matric potential gradients in fine textured soils can be much steeper than geo
potential gradients and range up to values of 100 m m™', especially during dry spells.

Gradients in plant and atmospheric water potential are controlled by plant physiology
and air humidity and air temperature. These are in fact the steepest gradients that drive
fluxes (Porada et al., 2011). Canopy resistance depends on the stomatal resistance and
the Leaf Area Index. Stomatal resistance is deemed to depend on PAR (photosynthetic
active radiation), water availability in the root zone and the physiology of the plant of
interest.

Subsurface flow resistance R is a property of the control volume (not just a material
property), depending on texture i.e. soil hydraulic conductivity 1/k(€) and its character-
istic lengths. In general, flow resistance is a tensor and can be strongly anisotropic.
Apparent flow networks (pipes, macropores) connected in the direction of the driving
potential gradients V® reduce control volume resistances and result in accelerated
fluxes and stronger power production/entropy production. Surface flow resistances for
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lateral water flows depend on surface roughness and thus vegetation. Again, apparent
connected networks of rills in the direction of the driving gradient V& reduce con-
trol volume resistances and result in accelerated overland flow and shorter response
times of hillslopes. Common characteristic of connected flow networks is, thus, that
they reduce control volume resistance by means of a spatially organized arrangement
of materials; this implies strong anisotropy in control volume resistance along differ-
ent possible flow directions. Note that this internal organization due to apparent flow
structures must not imply any change in geo statistical properties (mean, variance,
covariance).

2.2.3 Lateral boundaries rendering scale levels

We can now define precisely the criteria needed for the definition of lateral system
boundaries, with which to allow a meaningful thermodynamic treatment, by criteria
that characterise the statistical homogeneity of driving gradients, control volume resis-
tances and the boundary conditions:

— The system extends to next relevant minimum in (geo) potential that controls lat-
eral mass flows. This implies the system spans the macroscale gradients that
drive vertical and lateral water fluxes. Please note that the gradient is deter-
mined by strength and direction, thus significant changes with respect to aver-
age strength, actual profile/shape in vertical or lateral directions, or in average
direction determine lateral boundaries of macro scales.

— The system is large enough to ensure ergodic conditions with respect to (a) vari-
ability and covariance of functional vegetation communities and soil textural ele-
ments as well as (b) the density and topology of vertical and/or lateral flow net-
works. This implies that the system is representative with respect to the control
volume resistance along the entire extent of the driving gradients.
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— The system is large enough to integrate the relevant spatial variability of the cli-
matic forcing or small enough to neglect this spatial variability. This implies homo-
geneity with respect to the regimes of mass and energy inputs.

These criteria are suitable to define the same hierarchy of macroscales — plot, hillslope,
headwater and river basin — that have been used intuitively in hydrology for a long
time (Fig. 2). The plot scale is characterised by the absence of lateral geo-potential
gradients. Its lateral extent depends (a) on the length up to which lateral gradients in
matric potentials can be neglected and a laterally uniform potential can be defined,
(b) on lateral correlation lengths of soil matrix properties as well as the length scale at
which the average density of vertical preferential pathways changes to ensure ergodic
conditions.

The hillslope scale extends from the watershed boundary (this is in fact where driving
lateral geo potential gradients flip their direction and point into different catchments)
down to the next local minimum in geo-potential, which is the riparian zone. Note that
only “macroscopically” connected flow networks that extend continuously to a system
boundary (either the surface or the riparian zone) play a pivotal role in organizing mass
flows and dissipation of free energy, because other networks do not allow for fast flows
against the entire extent of the vertical and lateral driving gradient.

The next scale level is the headwater scale, where several hillslopes are inter-
connected by a river net that routs water, sediment and nutrients in an organized
manner downstream. Flow accumulation of hillslopes in headwaters is however still
strongly confluent. Transitions to higher scale levels (catchment and river basin) might
be defined based on significant changes in network topology (Strahler order), related
changes in flow accumulation (to parallel and even divergent hillslopes), as well as on
changes in climate, landuse and textural elements (geological strata, change in soil
landscape).
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2.3 Free energy dynamics due to fast and slow dynamics in the critical zone

Dynamics of free energy in the critical zone are compiled by various forms of free
energy exchange as follows:

dF = —-d(ST) -d(pV) +d(Z/1,-M,-) +d(ZdD/-M,-) +d(v - p) +d(c, A,)---
I Il IIII /IV \Y \

()

Free energy is minimal during thermodynamic equilibrium and each form of free energy
is defined as a product of conjugated pairs of an intensive and extensive state variable
of the critical zone. The first term relates changes in entropy S (J/K) and in absolute
temperature T (K) and describes the change in free energy due to heating/cooling or
to irreversible processes such as evaporation. The second term refers to changes in
mechanical pressure p (N m_z) and volume V (m3) and describes the change in free
energy due to mechanical work, for instance due to shrinking/ swelling soils or due to a
slowly increasing mechanical load on the system (for instance by increasing biomass).
The third term refers to changes in chemical potential u (m2 s'2) and mass M (kg) of the
constituent / and characterizes the change in free energy due to chemical mixing and
reactions. The fourth term refers to changes in geo potential ® (m2 s‘z) and the mass
M in the gravity field and characterizes the change in free energy due to fast but also
slow mass flows in the geo potential field. In the short term this is also largely affected
by soil water dynamics and surface runoff, as further elaborated below. The fifth term
refers to changes in velocity of mass flows v (m s‘1) and the momentum p (kg ms'1)
and thus describes changes in free energy due to changes in kinetic energy of mass
flows. This is largely related to transient and steady state discharge in the catchments,
as further elaborated below. The last term describes changes in free energy due to a
change in surface tension of water g, (kg 3_2) and the water-air interface A,, (m2) in
the pore space of the sail.

The next important step is to separate soil water mass from other masses. Total
stored water mass in the pore space and geo potential of water in the subsurface are
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directly related to soil water content 8 (m3 m_s) and the height z above the groundwater
surface:

=gz

Where g is the acceleration of the earth (9.81m 3’2), 0 is the density of water (kg m’3)
and z is elevation above the ground water surface (M). Inserting of Eq. (6) into term
four of Eq. (5) allows separation of soil water mass from the other masses and leads
to:

dF = ~d(ST) - d(pV) +d( 2 u;M)+d(Y ®;M,) +d(gzpV6) +d(v - p) +d(0yA,)  (7)

Note that the index / in term four refers to surface water and sediment mass.

Next we establish a link for the last term in Eq. (7) to the definition of matric poten-
tial/capillary potential of water in soil. Surface tension of water and capillary potential
are linked through the curvature radius r of the air-water interface.

w(6) = 555 = 0 = 30gW(O) @®
TALr =~V =6V

Furthermore we approximate 1/2 A, r as the volume of the water phase V. This is
equal to soil moisture times the total volume of the soil. Insertion of Eq. (8) into the last
term of Eq. (7) and rearrangement of terms yields:

dF = ~d(ST)=d(pV)+d( S u;M;)+d(S D;M,)+d(pgw(6)V6)+d(0g2zV6)+d(v-p) (9)

Applying Leibnitz rule and rearranging terms with respect to dominant processes, their
characteristic time scales and governing equations (if known) yields the following ten
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5

terms:

dF = —SdT —TdS ™™ Heatbalance eq., Entropybalanceeq.
—pdV "™ Soil shrinking /swelling

+pogVy(6)dl + pgV zdo Term3 Soilwaterdynamics, Richardseq.
+2Mvdv + v2dM ™" Runoff, Saint—Venant& Massbalance eq.

+3 W dM, + S Midu; "% Reactive transport, Conv.— Disp. eq.
7 7

(10)
+ > @,dM,; e™MS Overlandflow & Erosion, Navier—Stokes & Sedimentbalance eq.
i

+pgV8dz e GW-—level dynamics, Darcy eq., Bousinesque eq.

_Vdp ™8 Growth ofinterannual plants, saturated soil loads

Term 9

+pgV08dy(0) — Changeinporesizedistrubtion, soil weathering
Term 10 . .
+<ZM,> dp — " Iso-staticuplift
i

Free energy dynamics according to term 1 is determined by the heat balance and
the entropy balance equations (Eq. 3) of the critical zone. This term is dominant dur-
ing radiation-driven conditions, with especially the phase transition from liquid water
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to water vapor during the evaporation process related to the term 7dS (Kleidon and
Schymanski, 2008). This term creates feedbacks on Term 3.

Term 2 is (a) related to short term cracking and swelling of the soil and is of relevance
for soils containing Smectite clay minerals and (b) to long term root growth, which feeds
back on Term 8.

Term 3 accounts for changes in free energy due to soil water dynamics and is thus
determined by the Richards equation. Please note that during steady state, i.e. dF =0
and when neglecting all terms except Term 3, thermodynamic equilibrium is equal to
the well-known hydraulic equilibrium of the soil.

The first part of Term 4 is only non-zero during transient flow conditions and is de-
termined by Navier-Stokes /Saint-Venant equations. The second part in Term 4 is also
non-zero during steady flow conditions and is dominated by discharge in the river net
as it scales with v° (note flow velocities in the subsurface are 4-5 orders of magnitude
smaller than in river networks and at the surface).

Term 5 accounts for reactive transport and mixing of dissolved substances in the
water phase and can be characterised by coupling the Convection-Dispersion equation
with Richards equation and Saint-Venant equation.

Term 6 is determined by overland flow and sediment transport, and can be quantified
by coupling Saint-Venant Equation with the sediment balance. This term creates long
term feedbacks on Term 10.

Term 7 accounts for a change in free energy of the critical zone due to slow changing
groundwater levels, as the latter determines the level of zero geo potential in soil.

Term 8 accounts partly for even slower processes like slowly increasing mechanical
pressures due to growth of inter-annual plants, for instance trees, and for mechanical
loads from rainfall.

Term 9 addresses a change in matric potential at constant soil water content.
This term can thus account for hysteresis or for changes in the soil water retention
curve/pore size distribution, either on the short term due to soil compaction or in the
long term due to soil weathering.
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Term 10 accounts for slow changes in the geo-potential due to erosion and iso-static
uplift (Kleidon et al., 2012).

As we are focusing on the steady state architectures of the critical zone as well as on
free energy dynamics related to mass flows during rainfall driven conditions, we neglect
Terms 1, 8, 9 and 10. Furthermore, we also neglect Term 2 as the soils in the two study
areas are non-swelling and Term 4 which describes the export of kinetic energy. The
latter is justified since the maximum amount of kinetic energy export by overland flow is
determined by its potential energy in Term 6. Finally, we neglect Term 7 which is related
to fluctuations in the groundwater surface Thus, free energy dynamics is characterized
by

dF = pgV(w(6) + z)d6 — ddM. (11)

M summarizes all water flows that leave the system against geo potential gradients
(we neglect erosion here). We may substitute ® by gz, times sine of the slope when
looking at overland flow and subsurface storm flow, and dM by the product of water
density times the accumulated flow Qdt. Finally we end up with

dF = pgV(y(0) + 2)d6 — gzpQdt. (12)

Q summarizes all water flows that leave the system: surface runoff, groundwater
recharge and subsurface storm flow at the hillslope scale or total discharge at scales
larger than the headwaters. We can thus quantify free energy dynamics within the criti-
cal zone as a function of incoming and outgoing mass flows and redistribution of water
within soil by solving Richards equation and simulating total overland low, interflow and
groundwater recharge for a given catchment. Note there is, depending on retention
properties of prevailing soils and apparent connected flow networks, a trade-off be-
tween maximizing storage and thus minimizing matric potentials of water in soil and
maximising drainage and thus minimizing potential energy and enhancing the export
of kinetic energy due to runoff. We will explore this trade-off for the two research ar-
eas — the Weiherbach (Germany) and the Malalcahuello headwater (Chile) — using
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model structures that have been shown to closely portray systems behavior at the plot,
hillslope and headwater scales.

3 Material and methods
3.1 Study areas and data base
3.1.1 The Weiherbach catchment

The Weiherbach catchment (South West Germany, 6.8 km2) has been intensely mon-
itored since 1989: this included (a) a soil and plant survey, derivation of typical soll
hydraulic properties based on more than 200 soil cores (Table 1), and growth curves
for arable crops, (b) monitoring of rainfall and runoff at six rain and two river gauges,
(c) observation of standard meteorological variables and ET from eddy correlation data.
A soil map was compiled from texture information that was available on a regular grid
of 50 m spacing.

Geologically the Weiherbach valley consists of Keuper and Loess layers of up to
15m thickness. The climate is semi humid with an average annual precipitation of
750-800 mm yr'1, average annual runoff of 150 mm yr‘1, and annual potential evapo-
transpiration of 775 mm yr'1. More than 95 % of the total catchment area is used for
cultivation of agricultural crops or pasture, 4 % is forested and 1 % is paved area. The
geomorphology is characterized by gentle slopes with a typical loess soil catena formed
by erosion: moist but drained Colluvisols at the foot of the hillslopes and valley floors as
well as drier Calcaric Regosols in the upper hillslope sectors. The macropore system
was mapped at 15 sites by counting anecic earthworm burrows (Lumbricus terrestris
and Aporectodea longa) and measuring their depth (Zehe and Fluhler, 2001b; Zehe et
al., 2001). This revealed a higher spatial density of larger and deeper worm burrows
within the downslope Colluvisols. One likely reason for this spatial organization is that
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earthworms find better habitat conditions due to the more even moisture regime and
the higher amount of soil organic material within the Colluvisols.

These typical organized patterns of soils and macroporosity have caused a spa-
tially organized pattern of infiltration at the slope scale (Fig. 3a, Zehe and Fluehler,
2001b) which in turn has been shown to exert a key influence on the catchment scale
runoff response to extreme rainfall events (Zehe et al., 2005). Due to the absence of
lateral subsurface strata, Hortonian overland flow dominates event runoff generation.
Because the apparent macropores elevate infiltrability of soils, rainfall runoff events are
rare. Event runoff coefficients range from 12 % during extreme thunder storms down to
2.0 %. Base flow is almost constant throughout the year. In the present study we focus
on the 3.5 km? large upper catchment area upstream of the gauge Menzingen.

3.1.2 The Malalcahuello catchment

The Malalcahuello catchment is located on the southern slope of Volcano Lonquimay
within the Reserva Forestal Malalcahuello (Fig. 3b) in the Chilean Andes. The catch-
ment has a size of 6.26 km?, ranges in elevation from 1120 to 1856 m with mean slopes
of 51 % (27°). 80 % of the catchment is covered with native forest of the types Arau-
caria and Nothofagus with a dense understorey of bamboo (Chusquea culeou). The
climate is temperate-humid with yearly rainfall ranging from 2000 to 3000 mm yr’1. The
soils are young, little developed volcanic ash soils with high porosities (60-80 %) and
saturated hydraulic conductivity (1 07°-103ms™ ).

Within an extensive field campaign, Blume et al. (2007, 2008a, b) instrumented a
transect in a focus area with soil moisture probes, shallow piezometers, throughfall
collectors and installed several rain and stream gauges in the catchment. These in-
struments yielded continuous data for the period 2004 to 2006. These observations
of states and fluxes were complemented by auger- and electric resistivity tomography
(ERT) profiles to explore strata and depth to bedrock, derivation of soil hydraulic pa-
rameters, observations of stable isotopes, river chemistry, distributed dye tracer profiles
and much more. Existing data prior to this study included data from two nearby climate
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stations where data have been measured (a) on a daily basis since 1989 and (b) on
an hourly basis since 1999. A stream gauging station (maintained by the Universidad
Austral) at the main outlet of the catchment has been in intermittent operation since
1998.

Note that runoff production within the Malalcahuello catchment is totally different
from that in the Weiherbach. Annual runoff coefficients are of order of 60 % and thus
three times larger than in the Weiherbach, while event runoff coefficients are within
4 to 19 % similar as in the Weiherbach. Overland flow is of negligible importance for
runoff generation. Subsurface storm flow and mobilization of pre-event water from the
riparian zone or the lower hillslope sector are the dominant lateral runoff processes
(Blume et al., 2008b). The vertical trigger is fast finger flow that is caused by fairly
strong hydrophobicity of these soils during the summer (Blume et al., 2009).

3.2 Model and basic model setups
3.2.1 Process components of the numerical model

The numerical experiments were conducted with the physically based model CAT-
FLOW (Zehe et al., 2001). CATFLOW represents a hillslope along the steepest descent
line as a 2-dimensional cross section that is discretized by 2-dimensional curvilinear
orthogonal coordinates. The hillslope is thus assumed to be uniformly perpendicu-
lar to the slope line. Soil water dynamics are described by the Richards equation in
the potential form that is numerically solved by an implicit mass conservative Picard
iteration (Celia and Bouloutas, 1990). Soil hydraulic functions are described after van
Genuchten (1980) and Mualem (1976). The model allows for simulation of solute trans-
port by means of the 2-dimensional convection dispersion equation, which is solved
using a particle tracking approach. Evapo-transpiration is represented by an advanced
SVAT approach based on the Penman-Monteith equation, which accounts for growth
of agricultural crops and annual cycles of LAl and ground cover of perennial plants.
Surface runoff routing down the hillslopes and flood routing in the river net is simulated
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based on the diffusion wave approximation of the 1-dimensional Saint-Venant equa-
tions. The latter is numerically solved by an explicit upstream finite difference scheme.

CATLFOW allows for representation of vertical and lateral preferential pathways
along two main avenues. One is explicit representation as connected flow paths of
low flow resistance and low retention properties. This approach was shown to be suit-
able to predict preferential flow and tracer transport that has been observed at the field
scale (Klaus and Zehe, 2010, 2011). It was furthermore used when investigating the ef-
fect of connected flow paths on dissipation of free energy at the plot and the small field
scale (Zehe et al., 2010). In the present study we will reanalyse one of the numerical
experiments of Zehe et al. (2010) as explained below. The main advantage of this ap-
proach to representing preferential pathways is that it can be parameterized based on
observable quantities (worm burrow density, lengths and maximum water flow rates in
worm burrows). Due to its computational expense, this approach is restricted to small
spatial scales and short time scales.

In the present study we use the effective approach that enlarges hydraulic conduc-
tivity by the macroporosity factor f;, when soil water saturation S exceeds a threshold
Sy Bulk hydraulic conductivity k® is then increased linearly with relative saturation, as
follows:

B 5-S5y
k® =ks+kifn7—= ifS>S,

13,
kB = kg otherwise : (13)
P
- gs_er

Where kg is the saturated hydraulic conductivity of the soil matrix (m 3'1), the terms 6,
and 6, are saturated and residual soil moisture, respectively. The macroporosity factor,
f, is the water flow in all macropores, Q, (m3 s ), in a water saturated model element
of area A divided by the saturated water flow rate in the soil matrix. It is an effective soil
property representation of how all activated macropores enhance infiltrability compared
to the surrounding matrix flow.
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This simple approach was proven to yield good predictions at different scales. Plot
scale bromide transport at three sites of different macroporosity was simulated in good
accordance with experimental findings (Zehe and Bloschl, 2004). In this case f,,,-values
were calculated from plot scale observations of worm burrow density, lengths and max-
imum water flow rates in worm burrows. Feasibility has been corroborated by success-
ful simulations of tracer transport and the water balance of a complete hillslope for a
period of two years (Zehe et al., 2001). Furthermore, the model performed well in a
continuous simulation of the water balance of the Weiherbach catchment over a period
of 1.5yr (Zehe et al., 2001), after £, was tuned to match the largest observed runoff
event in June 1994. This approach also allowed good predictions to be made of rainfall
runoff in the Malalcahuello catchment during snow free periods (Blume, 2008).

The range of f,, depends on the fact whether preferential pathways end in the soil
matrix (as in the Weiherbach), which implies that hydraulic conductivity in the soil matrix
controls flow in water-saturated macropores. In this case f,, ranges from 1—4, because
infiltration into a given area is moderately accelerated as the macropores offer an addi-
tional amount of interface area. However, flow velocities across this additional interface
still correspond to matrix flow (Beven and Clarke, 1986). When vertical and lateral pref-
erential pathways are interconnected and extend to the stream, as in the Malalcahuello
catchments, 7, values might be tuned up to values of 50-100, to reproduce or match
observed fast flow reactions (Blume 2008).

3.2.2 Basic model setup for the Weiherbach catchment

For the simulation in the Weiherbach catchment we used the basic setup introduced in
Zehe et al. (2001). The catchment was subdivided into 169 hillslopes and an associated
drainage channel network. The hillslope model elements, typically, are 5-20 m wide,
10m long, and the depth of each layer varies from 5 cm of the surface elements to
25cm of the lower layers. The total soil depth represented by the model was 2m.
The Manning roughness coefficients for the hillslopes and the channels were taken
from a number of irrigation experiments performed in the catchment, as well as from
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the literature (Scherer et al., 2012). For the hillslopes the following boundary conditions
were chosen: free drainage at the bottom, mixed boundary conditions at the interface to
the stream, atmospheric boundary conditions at the upper boundary, no flux boundary
at the watershed boundary.

Because of the spatially organized hillslope soil catena, all hillslopes in the model
catchment were given the same relative catena, with Calcaric Regosol in the upper
80 % and Colluvisol in the lower 20 % of the hill. The corresponding van Genuchten-
Mualem parameters are listed in Table 1. Vegetation was parameterized based on
available crop patterns in the simulation period (April 1994 to September 1995) and
tabulated data with typical annual cycles for LAI, plant height root depth and values for
stomata resistances. Observations of macroporosity at 15 sites in the Weiherbach sug-
gested a downslope increasing density of worm burrows. On the foot of the hillslopes
the macropore volumes typically were 1.5 x 1073 m? for 1m? sampling area while on
the top they typically were 0.6 x 1073 m® (Zehe, 1999, his Fig. 4.1). The most parsi-
monious approach to represent this spatial organization is a deterministic pattern of
the macroporosity factor with fixed scaled values of the macroporosity factor at each
hillslope. We chose the macroporosity factor to 0.6 x f,, at the upper 70 % of the hill-
slope, 1.1 x £, at the mid-sector ranging from 70 to 85 % of the hillslope, and 1.5 x £,
at the lowest 85 to 100 % of the slope length, where f,,, is a remaining free parame-
ter. The depth of the macroporous layer was assumed to be constant throughout the
whole catchment and was set to 0.5m. As the number of macropores connected to
the soil surface varies throughout the year, the f,, value was calibrated to match the
hydrograph of the largest observed flood event in June 1994: 1.5 allowed the best fit
(Zehe et al., 2001). This value allowed, without change, an acceptable reproduction of
the discharge for a continuous simulation of 1.5yr with a Nash-Sutcliffe coefficient of
0.8, soil moisture dynamics observed at 61 TDR stations (R2 between 0.5 and 0.7),
and of evaporation observed at the central meteorological station (R2 =0.9).
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3.2.3 Basic model setup for the Malalcahuello catchment

For the simulation of the Malalcahuello Catchment the monitored hillslope near the
catchment outlet was considered typical for the entire catchment. Due to the very fast
travel times within the stream network (event response times as low as 30 min have
been observed at the catchment outlet), it seemed feasible to neglect transport times
within the stream. The model therefore consisted of only one hillslope of 80 m length
and a total elevation difference of 60 m. Specific hillslope outflow was compared to
catchment specific discharge for validation purposes. The hillslope domain had a depth
of 10 m (Fig. 4). The soil layers were parameterized according to field observations and
consisted of a 5¢cm humus layer followed by several layers of volcanic ash soil. At 2m
depth a layer of gravel-size volcanic material is likely to function as a poorly ermeable
barrier. This was represented as layer of lower permeability (compare Table 2). The
lower boundary condition is modelled as a no flow boundary at the lowest 15 % of the
hillslope, the rest was free drainage. The right boundary is no flow in the lower part (up
to 2.5m below ground) producing a saturated wedge in the lower part of the hillslope,
above which a seepage boundary allows for hillslope outflow. Vertical and lateral hy-
draulic conductivity in the upper 80 cm was enlarged by a macroporosity factor. Best fit
with a Nash 0.7 was achieved with a value of 50 and threshold saturation of Sy = 0.4.
The modelled vegetation was deciduous forest with parameter values either observed
in the field or taken from the literature.

3.3 Numerical experiments

3.3.1 Experiment 1: connected flow networks as accelerators for entropy
production in the Weiherbach?

The first numerical experiment was designed to test hypothesis H1 which states that
connected flow structures — in our case the river network itself — enhance flows against
macroscale driving gradients and thus production of entropy. The idea was to compare
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overland flow production from headwaters with linear and nonlinear but homogeneous
topography and no river net to the overland flow production of the headwater with the
fully developed geomorphology: with locally inclined hillslopes and a river net. The first
two setups represent possible initial configurations before fluvial structure formation
has started (see Kleidon et al., 2012); the latter represents the steady state of a mature
landscape (Fig. 4c).

We thus compared three different cases;

— Case 1: the basic model setup, with the f,, value that allowed the best prediction
of the long term rainfall runoff behavior and water balance for a period of 1.5yr
(Fig. 4a).

— Case 2: a “catchment” size hillslope with uniform slope, with the same area, same
length and the same elevation difference along its extent as the real catchment.
We assigned the same effective catena and macroporosity pattern and same f,,
value as in the real catchment (case 1). The crop pattern of the real catchment
was assigned to this uniform hillslope by using their areal fractions. Please note
that runoff that leaves the hillslope has flowed along the same catena. However,
this is simulated as sheet flow and not as flow in a connected river network that
interlinks 169 hillslopes, and which has cut itself into the landscape by backward
erosion, as explained in Kleidon et al. (2012).

— Case 3: is identical to case 2, except that we did not assume a homogenous
topography but used the hypsometric curve of the Weiherbach catchment: (areal
fraction of pixels about a relative height h/H; where h is the height above the
outlet and H the total elevation difference). We considered this as a representative
mean hillslope form that reflects the average geomorphic shape of the hillslopes
(including the presence of a riparian zone) and thus “the age” of the catchment
(Fig. 4b). Again runoff flows along the same catena and is driven by the areal
average of the same local geo potential gradient.
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Simulation started at 21 April 1994 and lasted until 15 September 1995, because this
is the only period where rainfall runoff events with runoff coefficients larger than 2 %
occurred. Each model structure was dynamically initialized by using the final state of a
two year simulation period (21 April 1992-20 April 1994), which started with hydraulic
equilibrium in soil and was driven using observed boundary conditions. Flow across
the lower boundary of the hillslopes was treated as groundwater recharge. In case
1 this was set as equal to the base flow contribution of the individual hillslopes and
added to river flow. In the other two cases it was regarded as groundwater runoff.
For each of these cases we calculated generated power from runoff as flow times the
driving potential gradient, which is proportional to entropy production during steady
states (Eq. 4).

Additionally, we calculated power production using data from a numerical experiment
carried out in the study of Zehe et al. (2010). They simulated soil water dynamics and
surface runoff response to a block rain of 10 mm h™! for a selected field site in the
meadow close to the Weiherbach. Total simulation period was one day. The stretch
was 30 m long, 2m deep, total elevation difference was 2 m. Soil hydraulic properties
of the apparent Colluvisol are listed in Table 1. As the lateral grid width was 2cm,
vertical worm burrows were represented as explicit connected structures in the model
domain (Fig. 4d). Maximum water flow rates in a single worm burrow exceeded the
value of the soil matrix by a factor of 100. In the present study we re-analyzed simula-
tion results for 5, 10, 15, 20 and 25 burrows m™= by calculating power (from Eq. 4) in
soil water flow (SW), ground water recharge (GW) and overland flow (OFL) per time
step by numerically integrating the product of flow and the gradient across the entire
model domain/boundaries. Additionally, we plotted power production averaged over the
1 day long simulation period as a function of the areal worm burrow density. This is an
additional test of hypothesis H1, but for vertically connected macropores at the small
field scale and for a single event. Note that in the following we will always normalize
power production and free energy with the surface area of either the hillslope or the
catchment under investigation.
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3.3.2 Experiment 2: is there an optimal macropore density in the Weiherbach
soils?

In the second numerical experiment we used the basic model setup (Case 1 of experi-
ment 1) but gradually increased macroporosity f,, from 1 to a maximum of 4.2 within 30
steps for a single representative hillslope. According to Eq. (13), this gradual increase
corresponds to a higher maximum infiltrability and implies a higher density of activated
macropores/worm burrows. Zehe et al. (2010) have already corroborated that an ele-
vated density of worm burrows enhances the dissipation of free energy during single
rainfall events. Their study focused exclusively, however, on free energy dynamics as
determined by the first term in Eq. (12). Within the present study we account for the
trade-off arising from the amount of water that is stored in the soil, which dissipates free
energy by depleting gradients in soil water potentials, and water export from the sys-
tem, which exports free energy by means of ground water recharge and surface runoff.
The numerical experiment shall thus reveal whether this trade-off leads to an optimum
macroporosity. We thus calculated power (from Eq. 4) in soil water flow (SW), ground
water recharge (GW) and overland flow (OFL) per time step by numerical integration
across the entire model boundaries. Similarly, we integrated Eq. (12) for each time step
to calculate free energy in the entire model domain. We then checked whether there is
a macroporosity factor that maximizes entropy production averaged across the entire
simulation period, or that maximized free energy reduction/dissipation over the simu-
lation period. The latter was calculated by subtracting free energy at the end of the
simulation from its initial value.

The next idea was to assign this thermodynamically optimal macroporosity factor —
if existent — to all 169 hillslopes of the catchment, simulate the catchment scale water
balance and compare simulation results with those of the best fit as well as to the
observed runoff behavior.
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3.3.3 Experiment 3: what is the optimal hillslope architecture given a fixed
macroporosity?

In the last numerical experiment for the Weiherbach we simulated the water balance
for the period from 21 April 1994 to 15 September 1995 for:

— Case 1: the basic model setup based on the typical catena, spatially organized
macroporosity and the 7, value that yielded the best fit (1.5);

— Case 2: the basic model setup but with a flipped spatial pattern of macroporosity
(decreasing macroporosity with slope length). Note: this implies that ecosystem
engineers with a different habitat preference have created the opposite spatial
pattern of preferential pathways, because they prefer a drier soil habitat;

— Case 3: the basic setup with a flipped spatial pattern of macroporosity and a
flipped catena. We admit that this appears to be a non-meaningful scenario with
respect to the discussion in the introduction. It implies that fine material has been
left as residuals in the hilltop area, while it has been washed away in the hill
foot reaches, leaving coarser materials there. Additionally, we assume that anecic
worms which prefer the upslope fine grained soils have built the preferential path-
ways.

Note that within these procedure we changed neither the relative fraction of the re-
spective soil types, nor the fraction of hillslope reaches that have high, medium or low
macroporosity, nor absolute values of f,,. This implies that (a) averages, (b) variance
and (c) covariance of hydraulic properties remain invariant. What does change, how-
ever, is their topology, i.e. their sequence along the direction of the potential gradient
that drives overland flow downslope.
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3.3.4 Experiment 4: is there an optimal macropore density in young ash soils
of the Malalcahuello catchment?

For the Malalcahuello we just performed the analogue to experiment 2 to explore the
existence of an optimal macroporosity factor. As the basic model setup for the Malalc-
ahuello catchment is not based on a similar clear spatial organization of soils and
macropores at the hillslope scale as in the Weiherbach, the analogue to experiment 3
does not make sense here.

We gradually increased macroporosity from 1 to a maximum of 70 within 20 steps.
Then we calculated power in soil water fluxes in the domain as well as in the other
fluxes leaving the domain from Eq. (4) as well the trajectories of total free energy from
Eq. (12). Finally we checked whether there is a macroporosity factor that maximizes
average entropy production/ power in the entire simulation period or minimized free
energy at the end of the simulation period, which was the half year long snow-free
period in 2004. Each model run was dynamically initialized allowing for a spin up of

1yr.

4 Results
4.1 Numerical experiment 1: river networks accelerate entropy production

Figure 5 presents total accumulated runoff simulated with the three catchment config-
urations (panel a). Accumulated runoff for case 1 (recent catchment geomorphology)
at the end of the simulation is more than ten times larger than for the other cases. This
is because the two other geomorphologies can due to the absence of the river net-
work and not produce a base flow component. Event-scale surface runoff responses
for the largest observed runoff event and the corresponding rainfall forcing are shown
in Fig. 5d and b, respectively. Simulated event-scale runoff and thus power generation
is 50 % larger for case 1 when compared to cases 2 and 3. This is because power
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generation/ entropy production adjusts linearly (due to Eq. 4) with the runoff /discharge
loss from the catchments (Fig. 5¢). Note that case 3 (solid black in panels ¢ and d),
i.e. when the hillslope of the same size, length, total elevation difference and catena
as the catchment, is shaped according to the hypsometric curve, is only slightly more
efficient in generating power/producing entropy, as the linear slope in case 2. As ac-
cumulated kinetic energy export increases directly with accumulated total runoff, it is
more than ten times larger in case 1 than in the other two cases. This is mainly due to
the base flow component that creates memory in the kinetic energy export. This point
will be further elaborated in the discussion section.

These results suggest that a change from a linear shaped catchment to a mature
geomorphology does — without additional formation of a river net — only slightly in-
crease runoff and thus reduction of free energy by means of kinetic energy export. The
additional formation of a connected river, which implies of course also that there are
locally steepened hillslopes in the vicinity of the stream of low stream order, causes in
contrast a strongly enhanced entropy production and export of free energy. The simu-
lation results from numerical experiment 1 thus corroborate the hypothesis H2 that a
connected river net enhances power generation and thus entropy production, both at
the time of the event and on the seasonal time scale.

Figure 6 presents fluxes of the cumulated water balance (panel a) of the hillslope
stretch: accumulated block rain (solid red), evapotranspiration (solid blue) and cumu-
lated surface runoff in solid green. Overland flow response decreases as expected with
increasing areal density of macropores both in volume (panel a) and in peak height
(panel c). Power generation is dominated by soil water flows (panel b) and reaches up
to T0Wm™2 during rainfall and decreases by two orders of magnitude at the end of the
experiment. But also overland flow has a small contribution that peaks at 0.5Wm™.
Power generation averaged over one day increases almost linearly with areal density of
macropores. This is explained by the strong enhancement of infiltrability by a factor of
more than 1000, and the strongly enhanced flow against the gradient in soil hydraulic
potential. Again this finding corroborates hypothesis H1.
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Average power generation in overland flow is also increasing with increasing density
of macropores. As surface runoff volume is not only controlled by the density but also by
the actual position of the macropores at the hillslope (which is random here), this is not
a strongly monotonous decrease in the present case. The next section will show that
overland flow and thus generated power does decrease monotonously with decreasing
macroporosity when its spatial pattern is fixed.

4.2 Numerical experiment 2: search for an optimum macroporosity in the
Weiherbach soils?

The accumulated fluxes of the water balance of the selected hillslope corroborate the
rareness of rainfall runoff events in the Weiherbach (Fig. 7a). The water balance is dom-
inated by evapo-transpiration (solid blue), followed by ground water recharge (dashed
red) and occasional surface runoff events. Different macroporosity values have thus
only a marginal effect on the water balance. Nevertheless, event scale overland flow is
strongly reduced by an increasing macroporosity as exemplarily shown for the largest
rainfall event observed at 27 June 1994 (Fig. 7b).

Figure 8 presents time series of different forms of free energy (panel a) and power
produced by different water flow components (panel b). Soil water flows dominate
power generation (solid red) and thus entropy production compared to power genera-
tion by groundwater recharge (solid green) and by means of overland flow events (solid
blue). This is because soil water flows especially during dry spells and near the soil
surface against the steepest potential gradient. Maximum values of power in soil water
flows thus reach up to 100Wm'2; higher macroporosity factors accelerate infiltration
and thus depletion of these potential gradients. Run number 8, with a corresponding 7,
of 1.7, maximises total power generation and thus entropy production averaged over
the entire simulation period (panel d). Depletion of a matric potential is due to the
non-linear shape of the soil water retention curve a non-linear phenomenon: a small
increase in soil water content can strongly decrease the absolute value of matric poten-
tials. An additional increase in infiltration by a higher macroporosity and thus infiltrability
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can thus be compensated by a strong reduction in the potential gradient. This, together
with the dominance of soil water flows, explains the existence of the relatively sharp
maximum.

Figure 8b presents the time series of different forms of free energy computed by
means of Eq. (9). Capillary binding energy makes in these fine porous soils by far the
largest contribution to total free energy dynamics compared to potential energy. But
also kinetic energy export (solid green, negative) has — at least during strong rain-
fall events — a clear contribution to free energy dynamics. Run 7, with an f,,, value of
1.6, maximises free energy reduction/dissipation over the simulation period (panel d).
Hence, both maximum power generation/entropy production (MEP) and free energy
dissipation/reduction (MED Maximum Energy Dissipation) suggest slightly different op-
timal hillslope scale macroporosity factors. In the discussion section we will provide a
possible explanation for this difference.

Figure 7d compares simulated catchment scale discharge based on these optimal
hillslope architectures (MEP in solid red, MED in dashed red) to results of the best
fit setup (macroporosity of 1.5, solid blue) and the discharge response observed at
27 June 1994. In particular, the simulation based on the MED optimum is in reasonable
accordance with observed discharge when compared to the best fit.

4.3 Numerical experiment 3: spatial re-organization of patterns in the
Weiherbach

Simulated catchment scale discharge (Fig. 9a and b) during experiment 3 was 60 % for
the observed hillslope architecture (Case 1) when compared to Case 2 (spatially flipped
pattern of macroporosity) and even 50 % when compared to Case 3 (when both pat-
terns are flipped in space). In consequence, total free energy at the end of the 1.5yr
long simulation period was clearly smaller for case 1 for the spatially “re-organized”
macroporosity patterns (Fig. 9d). In fact total free energy is clearly smaller for Case
1 as for Case 2 during almost the entire simulation period. Note that both cases are
identical with respect to mean, variance and covariance lengths of both macroporosity
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and soil hydraulic properties. They differ with respect to the spatial cross-covariance
of macroporosity and soil hydraulic functions at the hillslope scale and with respect to
the arrangement of the pattern of macroporosity along the macroscale lateral potential
gradient. Case 1 and Case 3 are even identical with respect to the cross-covariance of
macroporosity and soil hydraulic properties. The only difference is in the arrangement
of these different “functional units”, in this case sectors with homogeneous functional
soil parameters and macroporosity, along the macroscale lateral potential gradient.
This different topological arrangement has however a clear influence on overland hills-
lope flow and catchment scale overland response and free energy dynamics.

4.4 Numerical experiment 4: Malalcahuello catchment

The accumulated fluxes of the water balance of the hillslope corroborate that runoff
generation in the Malalcahuello catchment functions totally differently when compared
to the Weiherbach (Fig. 10a). Accumulated rainfall (solid red) is twice as large com-
pared to the Weiherbach, though the simulation period is just half as long. For a small
macroporosity the simulated water balance is dominated by groundwater recharge, fol-
lowed by subsurface storm flow. At large macroporosity values subsurface storm flow
plays the dominant part. The best fit of observed specific discharge (Nash Sutcliffe ef-
ficiency 0.7) was achieved with a macroporosity factor of 54 (Panel c, observed runoff
is in solid blue).

Free energy dynamics and power generation in the Malalcahuello catchment is dom-
inated by different water flows when compared to the Weiherbach catchment. Capillary
binding energy is less strong in these young, coarse grained volcanic ash soils. Matric
potential gradients in soil are thus much flatter and total free energy dynamics in soil is
dominated by dynamics in potential energy (not shown here). Ground water recharge
(GW) and subsurface storm flow (SSF) dominate power generation and depletion of
gradients. SSF dominates at the event scale with maximum values of 100Wm™2.
GW-recharge dominates as a slowly varying component at the seasonal scale and
is one order of magnitude larger than in the Weiherbach catchment. In contrast to the
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Weiherbach, there is no apparent optimum, neither a maximum in average power gen-
eration (Fig. 10d) nor a maximum in free energy reduction during the simulation period
(not shown). As overland flow has no influence here, there is no trade-off between
infiltration and overland flow production as in the Weiherbach. An increasing macro-
porosity enhances flow against driving gradients in soil, increases the ratio between
SSF and GW recharge and thus enhances total specific runoff (panel c). Thus power
generation in GW recharge is decreasing while power generation in subsurface storm
flow is increasing with increasing macroporosity. The net result is that averaged total
power increases with macroporosity (panel d).

5 Discussion and conclusions
5.1 Flow networks as dissipative structures

The first numerical experiment corroborates that overland flow in connected river net-
works is clearly accelerated when compared to sheet flow. Simulated overland flow
production for the “catchment size” hillslope, which had the same size, length, total
elevation difference, catena, spatial patterns of macroporosity and landuse as the Wei-
herbach catchment and was shaped according to the hypsometric curve, was reduced
by almost 50 %. The shape of these “catchment size” hillslopes was shown to be of
marginal importance since runoff from the mature sigmoid type was only slightly en-
hanced when compared to a linear homogeneous catchment size slope. This suggests
that an evolution of a catchment towards an architecture that enhances runoff implies
co-evolution of linear slopes to mature sigmoid types and of a river network (with locally
steepened river banks) that interconnects these mature hillslopes. Enhanced runoff
implies more efficient dissipation of free energy by means of kinetic energy export,
enhanced power generation and entropy production. We conclude that numerical ex-
periment 1 does clearly support hypothesis H2 and highlights that the formation of
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connected river networks makes a qualitative difference with respect to accelerating
runoff and enhancing power generation/entropy production.

The reanalysis of the numerical experiment 1 of the study of Zehe et al. (2010)
further supports hypothesis H1. An elevated density of vertical macropores increases
flow against soil water potential gradients during a simulated block rain of 10mm in 1 h.
Power production does linearly increase with macropore density. Also vertical worm
burrows do thus act as dissipative structures. At this small field stretch we did not find
an optimum macropore density. This can be explained (a) by the ten times smaller
topographic gradient (2m/30m), therefore the trade-off between kinetic energy ex-
port by means of overland flow and depletion of soil water potential gradients is not
that strong; and (b) by the small time scale for analyzing power generation. Averaging
across a single event is not enough to characterize steady state behaviour with respect
to power generation and production of entropy.

We conclude that river networks are a prime example for macroscale dissipative
structures, which would enhance dissipation and depletion of apparent macroscale po-
tential gradients, if rainfall did not always re-establish this gradient (compare Sect. 2.1).
Note that enhancement of macroscale dissipation of free energy is a consequence of
reducing local dissipation/friction per unit mass transported in the river net (Kleidon
et al., 2012). Minimum energy expenditure (Rodriguez-lturbe and Rinaldo, 2001) and
Maximum Power/MEP do thus not contradict each other but arise from different scale
perspectives.

The significance of the river net is that it creates memory in overland flow in the
form of base flow and due to the high flow velocity in the river memory in kinetic en-
ergy export. Accumulated total runoff in case 1 (catchment with recent geomorphol-
ogy) was 150 mm due to apparent base flow. This corresponds to (a) the long term
average specific discharge observed at gauge Menzingen and (b) to the accumulated
ground water recharge simulated in the cases 2 and 3. Let’s assume that groundwater
recharge (150 mm yr‘1) in these two cases feeds steady state groundwater runoff. The
accumulated 150 mm yr‘1 specific runoff volume corresponds to 0.016 m3s™ average
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base flow of the Weiherbach at gauge Menzingen. This has to be equal to groundwater
runoff in cases 2 and 3 during steady state conditions. Let's now assume a hydraulic
conductivity of the aquifer of 10™*ms™"; which is 100-1000 times larger than the sat-
urated hydraulic conductivity in the deep unsaturated Loess layers (Zehe et al., 2001)
in the Weiherbach. If we assume a hydraulic head gradient equal to the average topo-
graphic gradient in cases 2 and 3 (40 m/2000 m), we can estimate the aquifer cross-
sectional area that is necessary to allow such steady state groundwater runoff to leave
the catchment as 8300 m?. As the width of the two uniform catchment sized hillslopes
is 17750 m, the necessary aquifer thickness is 4.7 m. If we assume that the steady hy-
draulic gradient driving this hypothetical groundwater runoff is one order of magnitude
smaller (more realistic), we have either to assume a ten times larger aquifer thickness
or a hydraulic conductivity of 10°m s_1, which implies in our perception the presence
of connected structures in the aquifer. From this simple calculation we conclude that
the present steady state water cycle in the Weiherbach (and also in larger catchments)
could not function without connected structures — either the river network or fractures
that facilitated drainage of excess water. This corroborates our initial statement that
textural elements are storage elements not drainage elements in the landscape.

5.2 Thermodynamic optimal hillslope architectures for the Weiherbach:
coincidence or co-evolution?

Results from numerical experiments 2 and 3 suggest, as far as we are aware for the first
time, that the spatially organized patterns of soils and vertical macropores that have
been observed in a real world landscape (the Weiherbach) are in close accordance with
a thermodynamic optimum. This holds for both the macroporosity, which represents
the enhancement of infiltration by activated macropores per unit area, and the spatially
arrangement of these patterns along the driving lateral potential gradient at the hillslope
scale.
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5.2.1 Optimal macroporosity in mature Loess soils

In numerical experiment 2 we found very similar macroporosity factors which maxi-
mized average power generation (1.7) or maximized free energy reduction (1.6) within
the simulation period. These optima arise from the trade-off between depleting matric
potential gradients by enhanced infiltration and export of kinetic energy by means of
overland flow. As already mentioned, depletion of a matric potential gradient is a non-
linear phenomenon: a small increase in soil water content can strongly decrease the
absolute value of near surface matric potentials. An additional increase in infiltration
by enlarging the macroporosity and thus infiltrability is at higher water contents com-
pensated by a reduction/flattening of near surface matric potential gradients. Entropy
production by soil water flows and free energy dissipation does thus not further in-
crease with increasing macroporosity when this “break-even point” is exceeded, while
kinetic energy export still decreases due to a reduction in surface runoff.

This trade-off limits the degree to which a higher amount of active macropores, which
are in the Weiherbach created by anecic earthworms, increases the efficiency of the
system to produce entropy/dissipate free energy during steady state conditions. It is
striking that these hillslope scale optima were close to the “best fit macroporosity (1.5)”
and simulated catchment scale discharge based on these optima was in reasonable
accordance with observed discharge response; in fact, they were close to the best fit.
Why are these different optima close but not identical? This can be explained by the
fact that free energy reduction also accounts for the effect of evapo-transpiration (ET),
which enlarges matric potentials during dry spells. Power generation by means of ET
was — as explained in the introduction — not included in the calculation of overall power
generation. The MED optimum can thus be deemed as being closer to the overall
optimum, while the MEP optimum accounts exclusively for the trade-off arising from
flows of liquid water: soil water flow, ground water recharges and surface runoff.

We conclude that the results from numerical experiment 2 fully support hypothe-
sis H2 and its implications 12 and I3, which state that recent systems should be very
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efficient in reducing free energy (by depletion of gradients and free energy export) and
close to the optimum (when existent). We hypothesize that the thermodynamic opti-
mum macroporosity, which reflects the areal density of worm burrows and is related to
the abundance of anecic earthworms, is not beyond a value that can, given the biotic
and ecological limitations, establish in this landscape. The small deviation of the best
fit from the optimum might be explained due to disturbances from agricultural practice.
Testing of such a hypothesis requires development of coupled models for hydrology
and population dynamics of earthworms, or in general terms, of models that account
for the relevant interactions and feedbacks between biotic and abiotic processes and
limitations for biotic structure formation and their controls on water fluxes.

5.2.2 Recent spatial arrangement of patterns is optimal

Numerical experiment 3 corroborates furthermore that (a) the typical erosion catena
and (b) pattern of worm burrow densities which reflect the habitat preference of the
main ecosystem engineers are most efficient in dissipating free energy. This typical
catena with accumulated fine materials at the hill foot sectors is a fingerprint of past
dissipative processes. Higher worm burrow densities downslope reflect their habitat
preference for moist but drained Colluvisols and thus rather ecological than thermody-
namic optimality. Note that the different scenarios in experiment 3 assume either (a)
that ecosystem engineers with a (different) habitat preference for drier soils dominate
macropore formation, or (b) that fine material has been left over at hilltops (which is not
a meaningful but an instructive scenario). Each of these hypothetical forms of spatial
organization has been shown to produce more overland flow and be less efficient in re-
ducing free energy of the system within the 1.5 yr long simulation. This implies that the
reorganized systems are on average further away from a thermodynamic equilibrium
state of minimum free energy.

We thus conclude that the real spatial patterns, which co-evolved in response to past
dissipative processes, is indeed functionally superior in the sense of H2, when com-
pared to other spatially organized patterns. This finding clearly supports hypothesis
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H2 and its implications 12 and 13. We suggest that the spatial organization of func-
tional units (soils types and vertical connected macropore networks), i.e. their spatial
arrangement along a superordinate potential gradient, is not a random product but the
result of co-evolution towards a configuration that increases dissipation of free energy,
possibly towards an optimum, when existent. This is favourable for fast relaxation to-
wards thermodynamic equilibrium, which implies faster redistribution of water in soil
(reducing mechanical stressors) and fast export of excess water and is thus favourable
for (mechanic) stability of the system against frequent disturbances due to large pre-
cipitation events. Ecosystem engineers whose biotic optimal pattern of soil structures
is opposite to the thermodynamic optimum will, in contrast, weaken their habitat which
can be deemed to be selection criteria against these species.

5.3 Maximum drainage as optimum in young volcanic ash soils

In the case of the Malalcahuello catchment we did not find a macroporosity factor that
maximized total power generation/ free energy reduction at the end of the simulation
period. In this young, highly permeable volcanic ash soils, runoff production is domi-
nated by base flow and subsurface storm flow from the lower hillslope sectors; over-
land flow does not occur (Blume et al., 2007). Soil water flow, due to the low water
retention properties and flatter near surface matric potential gradients, plays a minor
role in power generation and entropy production. Free energy dynamics are dominated
by potential energy in soil. The latter is, however, minimized by maximizing drainage.
Consequently, average power generation continuously increased and free energy at
the end of the simulation time continuously decreased with increasing macroporosity.
Even at a macroporosity factor of 70 (run 20), which corresponds to maximum flow ve-
locities in the macroporous layer of almost 102 m s'1, there was no detectable plateau
in power generation. The macroporosity factor that yielded a best fit of the observed
specific discharge (NSE 0.7) was, at 54, remarkably high and corresponds to an infil-
trability of 10°ms™ (compare Table 2). This finding does at least not contradict H2
and its implication 13.
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Vertical preferential flow in these non-cohesive soils is, according to Blume et
al. (2009), not classical flow in connected macropores but is the result of wetting front
instabilities and formation of hydrophilic channels in a hydrophobic matrix in summer.
We thus conclude that in such a hydro-pedological setting without water limitation (an-
nual rainfall is 3000 mm) and at this stage of soil formation and ecosystem evolution,
enlargement of drainage seems to be favorable as it increases power reduction in free
energy dynamics.

6 Summary and overall conclusions

In summary we state that the present study establishes, as far as we know, for the first
time a thoroughly detailed link between hydrological dynamics and thermodynamics.
Based on this theory we may shed light on the dynamics and dissipation of free en-
ergy and production of entropy in the critical zone by analyzing simulated dynamics
from physically based hydrological models. This is exemplified in the Weiherbach and
the Malalcahuello catchment which are located in strongly different hydro-climactic and
hydro-pedological settings. The application to the Weiherbach catchment suggests the
existence of thermodynamic optimal hillslope structures as a result of co-evolution of
biotic patterns and the soil catena. These optima allow acceptable uncalibrated repro-
duction of observed rainfall-runoff behaviour when being used in a catchment model:
in fact they come close to the best fit. Application showed furthermore that connected
networks like vertical preferential pathways and the river net, act as dissipative struc-
tures by accelerating flow against driving gradients, which implies an elevated entropy
production. This seems to be “a key instrument in this concert”.

We conclude that this theory makes a substantial contribution to understanding
the omnipresence of preferential flow and the functional advantage of this phe-
nomenon; which seems to be independent of scale and nature of the flow paths. Al-
though we did not address biotic structure formation in an explicit manner we think this
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can be accounted for in the presented framework (we need the right models) as well
as the trade-off between short and long term dynamics.

We conclude further that the presented findings are promising for predictions in un-
gauged catchments (PUB). The thermodynamic optimal model structure can, if exis-
tent, be used as first guess for an uncalibrated simulation of rainfall runoff. In case of
the Weiherbach catchment this uncalibrated simulation of catchment scale overland
flow is not the best but a good match of the observed discharge time series over 1.5yr.
For the Malalcahuello catchment it seems that maximum drainage is the optimum: this
provides at least the clue as to how to tune the model. The proposed thermodynamic
treatment does however require physically consistent models, i.e. that flows are driven
by potential gradients, as explained in Sect. 2.2.

In general it seems necessary to explore the full concert of processes, including
evaporation and the underlying structural and biotic controls, in such an optimization.
This is, however, not a straightforward issue. For instance, we cannot assume that the
photosynthetically active vegetation biomass will be elevated by 20 %, without checking
whether this could be possible with the given nutrient, water and energy resources.
Even if possible, such a transition does not happen overnight and feeds back to litter
fall, habitat for resident organisms and thus soil structures controlling other processes.
Also, reshuffling of soil and functional vegetation in pristine areas is not a meaningful
scenario, as soils, soil biota and soil structures co-evolved, influenced by litter fall,
throughfall, etc. In contrary, in agricultural systems this makes sense as most soils and
soil biota have experienced typical arable crops and related management techniques
several times.

Accounting for the full concert of processes in such a treatment requires coupled
models for hydrology, population dynamics of ecosystem engineers and the most im-
portant vegetation that account for the key interactions, feedbacks and factors that (a)
limit biotic structure formation and (b) stationary vegetation biomass and thus pose
upper limits to infiltrability and plant transpiration. As these models are currently not
at hand, one has as in the present case or in the study of Porada et al. (2011) to
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optimize model parameters for individual processes under constraints, for instance by
fixing the water balance. A naive, free optimization of a model structure to maximise
power/entropy production will simply maximize the water flow against the steepest gra-
dient, which is transpiration. An ecosystem configuration that maximizes transpiration
is, however, unlikely as a steady state configuration: it will end up as a desert.
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Table 1. Laboratory measurements of average hydraulic properties for typical Weiherbach soils
(after van Genuchten, 1980 and Mualem, 1976): saturated hydraulic conductivity kg, porosity
0, residual water content 8,, air entry value a, shape parameter n.

kems™] 6, m°m™°] 6, m°m™] am™] n[]
Calc. Regosol 2.1 x 107° 0.44 0.06 040 2.06
Colluvisol 1.0x107° 0.40 0.04 190 1.25
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Table 2. Laboratory measurements of average hydraulic properties for typical Malalcahuello
soils (after van Genuchten, 1980 and Mualem, 1976). Saturated hydraulic conductivity g,
porosity 8, residual water content 8,, air entry value a, shape parameter n.

ks O, 0, a ni-]
Ims™'] Mm*m=] [m®m=2] [m™']
Humus 27x107% 0.8 0.01 24 1.25
Volcanic ash horizon 1 35x107* 0.72 0.06 17.7 1.2
Volcanic ash horizon 2 40x10™ 0.68 0.2 10.6 1.34
Low permeable layer 16x10° 046 006 220 37
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and the hillslope scale. From left to right: (1) soil column with a groundwater table present; = ! !
(2) equilibrium profiles of matric potential y,, hydraulic potential v, , and gravity potential y, S
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Control on gradient & resistance

Log length scale

Fig. 2. Schematic hierarchy of scale levels separated by gaps of non-homogeneity with respect
to controls determining either gradients or control volume resistances or boundary conditions.
Possible control variables are mean and variance of soil hydraulic properties, areal density of
macropores at the soil surface, areal density of pipes, rills in a lateral network.
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a, Weiherbach

Calc. Regosol

Colluvisol

Slope length
b, Malalcahuello

catchment boundary

N
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| DS — )

$0il moi - AF

soil moisture (cont.) A ERT measurement

'V gauging station

+ observation well

Fig. 3. (a) A typical view on the Weiherbach valley (left) and diagram of the typical spatial or-
ganization at the hillslope scale: typical catena and observed typical dye tracer patterns char-
acterising infiltration in the different soil types. (b) Typical view of the Malalcahuello catchment
(left) and overview of the experimental area.
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depth [m]

e e s E iy Ee

Fig. 4. (a) Digital elevation model, slope lines of steepest descent (solid green) and channel
network (solid blue) that form the catchment model in case 1 of the numerical experiment 1.
(b) The Hypsometric curve as for a mature shape of the catchment size hillslope compared
to a uniform topography (the hypsometric curve is the areal fraction of pixels about a relative
height h/H, where h is the height above outlet and H the total elevation difference). (¢) Uniform
configuration of a headwater according to Kleidon et al. (2012) and mature headwater with
mature geomorphology with inclined valleys and a connected river net. (d) Structure of anecic
earthworm burrows as reported in Shipitalo and Butt (1999, their Fig. 3) and (right) exemplary
generation of earthworm channels of high conductivity for a 1.5 by 1 m model domain.
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Fig. 5. Accumulated total runoff from numerical experiment 1 (Panel a, case 1 in solid red,
case 3 in dashed blue, case 2 in solid black). Rainfall forcing at the 27 June 1994 (b), simulated
total runoff/surface runoff (d) as well as generated power for this largest observed rainfall runoff
event (c). Simulated runoff and generated power with the real world catchment architecture are
shown in red (case 1); simulation results for the linear (case 2) and the hypsometric shaped
catchment (case 3) are in blue and black, respectively. Power generation has been normalized
with the surface area of the catchments.
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Fig. 6. Fluxes of the cumulated water balance (a) of the hillslope stretch: accumulated block
rain (solid red), evapotranspiration (solid blue) and cumulated surface runoff in solid green.
Time series of generated power (b) soil water flows (SW) and overland flow (OFL). Overland
flow response is decreasing as expected with increasing areal density of macropores both in
volume and in peak height (c). Power generation averaged over one day and plotted against
density of macropores (d).
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Fig. 7. (a) Accumulated fluxes of the water balance of the selected hillslope: rainfall (solid red),
evapo-transpiration (solid blue), surface runoff (solid green) and groundwater recharge (dashed
red, this is negative as it points downward). Note that differences for the different macroporos-
ity values are marginal, as they only affect overland flow response during occasional events.
Simulated surface runoff is strongly reduced with increasing macroporosity as shown for the
largest rainfall runoff event observed in June 1994 (b): note this is derived from accumulated
hourly runoff). Rainfall forcing at the 27 June 1994 (c). Simulated catchment scale discharge
for the following model configurations (d) basic model setup that yielded the best fit (solid blue
line), the macroporosity factor that maximized entropy production (MEP soild red line) and the
macroporosity that maximized free energy reduction during the entire simulation period (MED
dashed red line).

10652

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

HESSD
9, 10595-10655, 2012

Coincidence or
self-organized
optimality?

E. Zehe et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/10595/2012/hessd-9-10595-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/10595/2012/hessd-9-10595-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

Free Energy [J/mz]

"o 100

200

time [d]

300

400

i I N I
3 3 b J3
o N N (o2}
o o o o

Free energy reduction [J/mz]

IS
(%]
®
(=]

BN

18

2,6
£ 1

34

4.2

GW ——OLF =

- SSF

100

200

300
time [d]

400

Sw

SSF
Gw
OLF
TOT

Fig. 8. Different forms of free energy plotted against time (a; total free energy, capillary bind-
ing energy (first term in Eq. 12), potential energy (second term in Eq. 12), kinetic energy ex-
port, (third term in Eq. 12)). Time series of power generated by different water flows (Panel b,
soil water flow SW, groundwater recharge GW, subsurface storm flow SSF and overland flow
OLF); note that, according to Eq. (4), power is equal to entropy production times the absolute
temperature). Reduction of total free energy (c) and temporally averaged power generation for
different water fluxes (d) plotted against the macroporosity factor f,,. Power generation and free

energy have been normalized with the surface area of the selected hillslope.
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Fig. 9. Precipitation (a) and simulated catchment scale discharge (c) for Case 1 (best fit solid
blue), Case 2 (flipped spatial pattern of macroporosity) and Case 3 (flipped soil and macrop-
orosity patterns). The graphs are enlarged to the largest runoff event observed at 27 June 1994.
Observed discharge is in solid black with crosses. Time series of total free energy density (b) as
well as total free energy density at end of simulation for both cases (d).
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Fig. 10. Accumulated fluxes of the water balance (a) of the model hillslope: rainfall (solid red),
evapo-transpiration (dashed blue), surface runoff (solid green), groundwater recharge (dashed
red) and subsurface storm flow (solid black). For a small macroporosity the water balance
is dominated by groundwater recharge, followed by subsurface storm flow; at large macrop-
orosity values the dominance switches to subsurface storm flow. Best fit of observed specific
discharge (Nash Sutcliffe efficiency 0.7) was achieved with a macroporosity of 54 (Panel c,
observed runoff is in solid blue). Time series of power generated by different flows (Panel b,
soil water flows SW, groundwater recharge GW, subsurface storm flow SS and overland flow
OLF) and temporally averaged power generation for different water fluxes plotted against model
parameter f,,. Power generation has been normalized with the surface area of the hillslope.
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