Hydrol. Earth Syst. Sci., 17, 4294322 2013 Hyd rology and
www.hydrol-earth-syst-sci.net/17/4297/2013/ g
doi:10.5194/hess-17-4297-2013 Earth System »
© Author(s) 2013. CC Attribution 3.0 License. Sciences 2

A thermodynamic approach to link self-organization, preferential
flow and rainfall-runoff behaviour

E. Zehel”, U. Ehret?, T. Blume?, A. Kleidon?3, U. Scherett, and M. Westhoff!

IKarlsruhe Institute of Technology (KIT), Karlsruhe, Germany
2GFZ German Research Centre for Geosciences, Section 5.4 Hydrology, Potsdam, Germany
3Max-Planck-Institut fiir Biogeochemie, Jena, Germany

*1 dedicate this work with all my love to my little son Paul, who passed away much too early.
Correspondence tdE. Zehe (erwin.zehe@kit.edu)

Received: 15 August 2012 — Published in Hydrol. Earth Syst. Sci. Discuss.: 20 September 2012
Revised: 16 August 2013 — Accepted: 16 September 2013 — Published: 1 November 2013

Abstract. This study investigates whether a thermodynam-act as dissipative wetting structures by enlarging water flows
ically optimal hillslope structure can, if existent, serve as against steep gradients in soil water potential after long dry
a first guess for uncalibrated predictions of rainfall-runoff. spells. This implies accelerated depletion of these gradients
To this end we propose a thermodynamic framework to linkand faster relaxation back towards LTE. We found two local
rainfall-runoff processes and dynamics of potential energyoptima in macropore density that maximize reduction rates
kinetic energy and capillary binding energy in catchmentsof free energy of soil water during rainfall-driven conditions.
and hillslopes. The starting point is that hydraulic equilib- These two optima exist because reduction rates of free energy
rium in soil corresponds to local thermodynamic equilibrium are, in this case, a second-order polynomial of the wetting
(LTE), characterized by a local maximum entropy/minimum rate, which implicitly depends on macroporosity. An uncali-
of free energy of soil water. Deviations from LTE occur ei- brated long-term simulation of the water balance of the Wei-
ther due to evaporative losses, which increase absolute vaherbach catchment based on the first optimum macroporosity
ues of negative capillary binding energy of soil water and performed almost as well as the best fit when macroporos-
reduce its potential energy, or due to infiltration of rainfall, ity was calibrated to match rainfall-runoff. In the Malalc-
which increases potential energy of soil water and reduceshuello catchment we did not find an apparent optimum den-
the strength of capillary binding energy. The amplitude andsity of macropores, because free energy dynamics of soil
relaxation time of these deviations depend on climate, vegwater during rainfall-driven conditions is dominated by in-
etation, soil hydraulic functions, topography and density of creases of potential energy. Macropores act as dissipative
macropores. Based on this framework we analysed the fredrainage structures by enhancing export of potential energy.
energy balance of hillslopes within numerical experimentsNo optimum macropore density exists in this case because
that perturbed model structures with respect to the surfac@otential energy change rates scale linearly with the wetting
density of macropores. These model structures have beerate. We found, however, a distinguished macroporosity that
previously shown to allow successful long-term simulationsassures steady-state conditions of the potential energy bal-
of the water balances of the Weiherbach and the Malalc-ance of the soil, in the sense that average storage of potential
ahuello catchments, which are located in distinctly differentenergy is compensated by average potential energy export.
pedological and climatic settings. Our findings offer a new This distinguished macroporosity was close to the value that
perspective on different functions of preferential flow pathsyielded the best fit of rainfall-runoff behaviour during a cal-
depending on the pedological setting. Free energy dynamicibration exercise and allowed a robust estimate of the annual
of soil water in the cohesive soils of the Weiherbach is dom-runoff coefficient. Our findings are promising for predictions
inated by dynamics of capillary binding energy. Macroporesin ungauged catchments (PUB) as the optimal/distinguished
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model structures can serve as a first guess for uncalibrateenergy dissipation. Maximum entropy production (MEP)
predictions of rainfall-runoff. They also offer an alternative suggests that steady-state system architectures are organized
for classifying catchments according to their similarity of the such that fluxes of mass and energy maximize production
free energy balance components. of entropy (Kleidon and Schymanski, 2008). The MEP hy-
pothesis has been corroborated within studies that allowed
(a) successful predictions of states of planetary atmospheres
1 Introduction (Paltridge, 1979; Lorenz et al., 2001), (b) identification of pa-
rameters of general circulation models (Kleidon et al., 2006)
1.1 Spatial organization and the search for organizing or (c) identification of hydrological model parameters to es-
principles timate the annual water balances of the 35 largest catchments
on Earth (Porada et al., 2011). Kleidon et al. (2013) recently
A closer look at catchments often reveals a spatially orga-explored whether the formation of connected river networks
nized “architecture” (Dooge, 1986; Schulz et al., 2006; Zeheis in accordance with the maximum power principle (Lotka,
and Sivapalan, 2009). Spatial organization has different fin-1922a, b) and thus whether “free” energy transfer to sedi-
gerprints and affects different processes. An apparent spanent flows is maximized, which implies fastest depletion of
tial covariance of soil hydraulic properties (Zimmermann et morphological gradients (compare Sect. 2.1 for a definition
al., 2008) is for instance a fingerprint of local spatial or- of free energy).
ganization (Kondepudi and Prigogine, 1998), which trans-
lates into spatially organized storage of water (Brocca etl.2 Obijectives, motivation and hypotheses driving
al., 2007; Western et al., 2004; Zehe et al., 2010b). Hills- this study
lope scale spatial organization of soil types is often reflected
in a typical soil catena (Zehe et al., 2006), which can beThe overall objective of this study is to test whether a thermo-
of key importance for overland flow response and sedimentdynamically optimal hillslope structure can, if existent, serve
yields. The most striking evidence for spatial organization is,as a first guess for uncalibrated predictions of rainfall-runoff.
however, the omnipresence of networks of preferential flowTo this end we propose a novel thermodynamic framework
paths, which vein soils, unconsolidated rock and even solidor analysing flows and conversions of kinetic energy, poten-
bedrock. Independently from their genesis, whether they ardial energy and capillary binding energy which occur during
bio-pores (worm or rodent burrows, root channels) or finger-the rainfall-runoff processes. A thermodynamic treatment of
prints of past dissipative processes (shrinkage cracks, pipethese energy conversions is necessary because they reflect
erosion rills), they exhibit similar topological characteristics conservation of energy and the second law of thermodynam-
and similar functioning. Preferential flow networks allow for ics, as they imply small amounts of dissipation of free en-
high mass flows at small driving gradients, because the flonergy into heat and thus irreversibility. This in fact explains
resistance is continuously small in the entire network. Theywhy water naturally flows downhill and soil water flows nat-
thus “organize” export and redistribution of water and mat- urally deplete gradients in soil water potential. The kinetic
ter across scales: locally as vertical macropores (Beven andnergy input from incoming rainfall is partly dissipated into
Germann, 1982), at the hillslope scales as surface rills or subkeat and partly used to break up soil aggregates (Kleidon et
surface pipe networks (Bull and Kirkby, 1997; Parkner et al.,al., 2013; Scherer et al., 2012). Depending on soil hydraulic
2007; Weiler and McDonnell, 2007; Wienhéfer et al., 2009) properties and apparent macropores, incoming rainfall is split
or at the catchment scale as river networks (Kleidon et al.into surface water and soil water. Potential energy of surface
2013; Howard, 1990). The rationale of this study is to betterwater is partly transformed into kinetic energy of overland
understand why these organized patterns of soils and prefeflow and exported by means of surface runoff/discharge and
ential flow paths in catchments have formed and persisted upartly dissipated by frictional losses at the surface (Fig. 1a).
to now. In particular we explore whether the surface and sub-The other fraction of rainfall infiltrates, thereby increasing
surface architecture of hillslopes in distinctly different hydro- potential energy of soil water by adding mass at the topsoil.
climatic settings is in accordance with thermodynamic opti- This wetting process does at the same time reduce absolute
mality principles. This implies that these optimal hillslope values of negative capillary binding energy of soil water.
architectures should allow for acceptable uncalibrated sim- These outlined energy conversions are two orders of mag-
ulations of rainfall-runoff behaviour, as will be explained nitude smaller than those associated with the surface energy
below. balance, which might explain why they have mostly been ig-
The fact that persistent spatial organization in catchmentsiored in the past. These energy conversions are nevertheless
exists has inspired many scientists to speculate whetheof key importance because they are related to the partition-
this is a manifestation of self-reinforcing co-developmenting of incoming rainfall mass into runoff components and
(Dietrich and Perron, 2006) due to an underlying organiz-storage dynamics. This splitting as well as the subsequent
ing principle. Rodriguez-Iturbe and Rinaldo (2001) explain subsurface dynamics is strongly controlled by preferential
river networks as “least energy structures” minimizing local flow paths. We thus focus on how macropores affect these
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state of minimum free energy of soil water. Note that free en-
ergy/chemical energy of soil water is equal to the sum of po-
tential and capillary binding energy (Kleidon and Schyman-
ski, 2008). Zehe et al. (2010a) provided evidence that vertical
macropores accelerate depletion of matric potential gradients
during single rainfall events after long dry spells, which im-
plies accelerated reduction of free energy of soil water. In
their study the reduction rate of free energy increased almost
linearly with increasing surface density of macropores; an
optimum density that maximized the reduction rate was how-
ever not found at this timescale.

The reported findings and the work of Kleidon et al. (2013)
motivate our first hypothesis (H1): macropores (preferential
flow paths in general) act as dissipative structures by en-
hancing reduction (dissipation plus export) of free energy
of the hydrological system during the rainfall-runoff pro-
cess. Preferential flow paths accelerate mass flows against
driving gradients in soil water potentials or in surface water
levels, which implies a faster depletion of these gradients.
Accelerated reduction of free energy means that the system
state comes closer (not necessary back) to local thermody-
namic equilibrium. This is favourable for mechanic stabil-
ity of the system because mass flows in the pipe or macro-
pore networks exert less “hydro-mechanical stress” on the
system itself and mechanic/hydraulic loads are quickly re-
duced (Lindenmaier et al., 2005; Ehlers et al., 2011). In the
present study we test H1 within numerical experiments that
focus on daily and annual timescales and perturb the macro-
pore density of “behavioural” model structures. These have
been previously shown to allow successful long-term simula-

tions of the water balances of our test catchments Weiherbach
Fig. 1. Free energy dynamics of a hillslope during rainfall-/mass- and Malalcahuello. These model structures are thus regarded
flow-driven conditions;(a) potential energy input from rainfall a5 pest structural and functional representations of the hy-

(Eq. 5), kinetic energy export by means of overland flow (Eq. 6), grological systems, which are located in distinctly different
changes in free energy of soil water arising from changes in soil wa:

; tont ilary bindi 4 notential . épedological and climatic settings. The annual timescale is
er content (capillary binding energy and potential energy; Compargye s e g pe appropriate to assess dynamics of free energy

Egs. 2 and 7) as well as export of water mass at different poten-

tial energy levels (please refer to Eq. 7). Free energy dynamics of éjurlng rainfall—runoff processes in a representative manner
hillslope during radiation-driven conditionf)) components of the and long enough that a slow negative feedback could lead

surface energy balance (i.e. net radiation, sensible and latent he# @n optimum macropore density that maximizes entropy
fluxes) as well as soil heat dynamics triggered by the soil heat flux.;Production or reduction of free energy of soil water (see
Note that the soil heat budget is linked to soil water dynamics asSect. 2.3.1 for further explanation).
the volumetric heat capacit§y(9) and thermal conductivity (6) In case such an optimum exists, will this be of any value
depend on the actual soil water content for predictions? Here our second hypothesis (H2) comes into
play: we postulate that a hydro-geo-ecosystem configura-
tion is closer to a functional optimum than other configu-
conversions and whether this role is associated with the exrations if it accelerates reduction of free energy of soil and
istence of an optimal macropore density which maximizessurface waters during rainfall-driven conditions by acceler-
average entropy production or, equivalently, maximizes av-ated redistribution of water against internal gradients in the
erage dissipation of free energy of soil water at a tempo-soil and accelerated export of “excess” water from the sys-
ral extent where quasi-steady state can be assumed. Zelem. Hypothesis H2 does not postulate that functionally opti-
et al. (2010a) explored the role of macropores in these enmal configurations necessarily exist, but in case they do, H2
ergy conversions. They showed that soil hydraulic equilib-implies maximization of export and dissipation of free en-
rium (HE) corresponds to local thermodynamic equilibrium: ergy during rainfall-driven conditions. In case an optimum
as soil water potential is uniformly zero in the entire pro- macropore density exists and if the catchment developed in-
file, this is a state of maximum entropy or, equivalently, a deed in accordance with H2, the optimum should allow for
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an acceptable uncalibrated simulation of the catchment be2.2 Catchments as open thermodynamic systems
haviour to split rainfall into surface and subsurface runoff
components. Validation of the uncalibrated prediction is thus
a test of H2. In the remaining study we explain the ther-
modynamics of catchments with emphasis on the role of
macropores during the rainfall-runoff processes, and develop
the framework to link mass flows and energy conversionsCatchments or hillslopes are open thermodynamic systems
(Sect. 2). Section 3 introduces the study areas and the modddecause they exchange mass, energy and entropy with their
After presenting the results of the numerical experiments inenvironment. Macropores, those organized structures dis-
Sect. 4, we close with discussion and conclusions in Sect. 5cussed here, form and persist in the critical zone, which con-
sists of the land surface including vegetation and the un-
saturated zone down to the groundwater surface. Formation
2 Linking thermodynamics and hydrology of organized structures and stabilization of such a system
configuration far away from the TE require (a) that incom-
ing energy and mass fluxes provide the necessary free en-

Thermodynamics is a fundamental theory of physics deal =9 to form and maintain structures, and (b) outgoing en-

ing with the general rules and limits for converting energy grg_y and masgbflluxes export tth?hentropy wh|cht|strc(>jducedq
of different types, classically applied to conversions that in- uring irreversible processes to the environment (Kondepudi

volve heat such as heat engines. The first law of thermodyfjlnd Prigogine, 1398). Energy and mass inputs that sustain

namics states that the change of total energy of a thermod _ise_.\quilibrium ir_] the critical Zone occur in two alternating
namic system is equal to the exchange in heat and the amouhpd!Mes as rad|at|on.anq rainfall (F|gs. Land 2.)’ thereby
of work that is performed by the system. Due to the second’ €ating frequent oscﬂlgﬂons_qf §0|I water poten'ua_l arou_nd
law of thermodynamics, the entrogy(d K~1) in a thermody- the local thermodynamic equilibrium (LTE)/hydraulic equi-

namic system cannot be consumed, remains constant durinl(_l?b”um' The amplltL_Jde and relaxgtmn time of thes_e oscilla-
ons depend on climate, vegetation, water retention curves

reversible processes and is produced during irreversible mix- i . b N .
ing processes. The second law explains why heat flows na of the soils (determining the “reset forces”) and their flow re-
urally from warm to cold and thereby depletes temperatureSiStance' The latter is controlled by unsaturated soil hydraulic

gradients: the reversal would consume entropy (Kondepudf:ondUCtIVIty and macropores.

and Prigogine, 1998). Isolated systems, which exchange neit-. ID.epIT.Uondt')f r.e—etgtabllfs?ed gradients ”21 SO'L water p%ten-
ther energy nor mass nor entropy with their environment, al implies dissipation of frée energy and entropy produc-

evolve due to the second law to a “dead state” called ther_t|0n, because soil hydraulic conductivity specifies dissipa-

modynamic equilibrium (TE), where entropy is maximized tive Iossgs QUe to drag force.s in the porous med'“f“- I_Entropy
due to perfect mixing. production is, however, dominated by evapotranspiration, be-

It is possible for heat to flow from cold to warm. How- cause energy conversions during the surface energy balance

ever, this requires performance of work to steepen the tem2'€ much larger than those associated with rainfall-runoff

perature gradient as for instance realized in a refrigerator opTOCESSes. Evaporatl_on IS strong_ly dissipative due to the large
a heat pumpFree energy is in the Oxford Dictionary de- specific heat of vaporization (Kleidon, 2012), thereby deplet-

fined as a thermodynamic quantity equivalent to the capacing steep surface gradients in air temperature and humidity

ity of a system to perform work: i.e. to accelerate a (water)(F'g' 1b). Entropy export from the critical zone is sustained

mass (as overland flow), to lift a (water) mass against gravit)}()zl;gggno'gg 1Ig)ng-wave radiation and turbulent heat fluxes

(as capillary rise) or to enlarge a potential gradient. Forms
of free energy are kinetic energy, gravitational potential en-
ergy, electrical energy, chemical energy, and nuclear energy2.2.2 Free energy dynamics of soil water and the role of
Forms of free energy can ideally be entirely converted into macropores

another form of free energy. In reality these conversions are

always associated with small amounts of dissipation. Heat iﬁiree energy of soil wateES°! _(chemical energy accord-

i chem
energy but not free energy. Heat can only be converted mtqng to Kleidon and Schymanski, 2008) is the sum of po-

work/free energy if an apparent temperature gradient can be_~ . i . . :
exploited, but the converted amount is limited by the Carnot_?entlal ener%);fgg't V) gnd the (negative) capillary bind-
efficiency Twarm — Teold)/ Twarm (Kondepudi and Prigogine, N9 energyE2Ql (J). Capillary pressure, the product of ma-

cap
1998). Free energy can of course also entirely be dissipate

fyic potentialyy (m) and the specific weight of waterg,
-1 . . . .
into heat. Free energy is thast a conservativeroperty as (K9 (m?s?)~1), determines how capillary binding energy
dissipation is a “one-way avenue”. Free energy is minimal in

changes with changing volume of the soil water phige
TE, as entropy and thus dissipation have been maximized.

2.2.1 Linking mass, energy and entropy balance
of catchments

2.1 Classical thermodynamics in a nutshell

(m®). Similarly we define hydrostatic pressure of soil wa-
ter as the product of gravity potentialm) and the specific
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Soil water potential ¥y = ¥+ 2 * potential energy scale linearly with the drainage amount and
topographic elevation above the groundwater level (Fig. 2).
Evapotranspiration decreases near-surface soil water po-
rainage o reduce tentials to strongly negative values, thereby enlarging abso-
excess potential energy lute values of negative capillary binding energy (Figs. 1b and
q(z>=fk<0>% 2). This implies capillary rise, where upward water flows
perform work against gravity (Fig. 2). Near-surface gradi-
ents in soil matric potential are, in cohesive soils during dry
Relaxation time scales linearly with d0 oy . . .
faciltated by drainage structures conditions, much steeper than the gradient in geo-potential.
7 This is because the increase of the absolute value of capil-
lary binding energy associated with a decrease of soil water
contentd (m3m~—3) increases non-linearly with decreasing
soil moisture, reflecting the strongly increasing slope of the
soil water retention curv€ (6) = dv/36 (compare Fig. 3).
_ _ L _ Soil hydraulic conductivity in the matrix of cohesive soils
Fig. 2. Local thermodynamic equilibrium in soil as state of zero soil decreases even stronger with decreasing soil moisture: net

water potential. Drying causes deviations to negative values by in-

creasing absolute values of negative capillary binding energy; Wet-Inflltratlon or capillary rise into such a dry *bottleneck” is

ting causes deviations to positive values by increasing potential enthus very Sma!l (Zeh? and BIOSChI, 2004),’ Requatlon back
ergy of soil water. Note that the change in capillary binding energy!0 LTE by matrix flow is thus slow in cohesive soils (Zehe et

per unit soil moisture change scales non-linearly with the slope ofal., 2010a). Dead-ended vertical macropores, worm burrows
the soil water retention curve, which is a fingerprint of the pore sizeor cracks, allow infiltrating surface/rainfall water to bypass

distribution in soil (compare Fig. 3). this bottleneck, thereby establishing saturated conditions at

the macropore end (Fig. 2) and successive wetting of the sur-

. _ rounding dry soil matrix. This process enhances depletion of

weight of water as change of potential energy per volumesteep gradients in matric potential, thereby shifting the sys-

|
¥

4
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L B
ol B

change of the soil water phase: tem faster back towards LTE by reducing the strength of cap-
soil soil illary binding energy.
cap pot
aVy P&y ©): IV P8z @) 2.3 Thermodynamic optimality and process trade-offs

. . in the critical zone
As the groundwater surface defines the next relevant min-

imum of potential energy and matric potential is constantly2 3.1 Macropores as wetting or drainage structures and
zero there too, it is the natural choice for defining the refer- related trade-offs

ence level for potential energy in the critical zone (note that

this selection is essential for defining soil hydraulic equilib- From a thermodynamic perspective plants act as “drainage
rium). Free energy of soil water is thus indeed equal to thestructures”. During long dry spells they “push” the root
integral of soil water potential over the entire volume of the zone far away from LTE to states of strongly negative cap-
water phase, and its absolute value is equal to zero in soil hyiHlary binding energies, because their roots may extract wa-
draulic equilibrium/LTE (Fig. 2). As the volume of the water ter against large suction heads. Enhanced wetting and wa-
phase is the product of soil moistutgdm® m~3) and a small  ter storage is favourable for reducing the absolute value of
control volume dV where soil moisture is spatially homoge- capillary binding energies, especially in fine porous cohesive

neous, we obtain soils where capillarity dominates. This implies on average

<oil soil <oil faster relaxation back to LTE. In contrast, enhanced reduc-
Ehem= Eap+ Epot = [ g (¥/(0) +2)6dV (2) tion of potential energy due to enhanced drainage might be
ESN = pg [YHOdV; Yy = (0) +z. favourable to reduce free energy in non-cohesive soils — es-

pecially in steep terrain, where potential energy is the dom-
inating term. With respect to these two “functions” we dis-

. tinguish dead-ended macropores acting as wetting structures
downward water fluxes. These reduce the excess potentigl . " : :
. . similar to arteries) from open-ended macropores acting as
energy in the system and shift the system back towards LT . L .
drainage structures (similar to veins). Both types of macrop-

(Figs. 1a and 2). Open-ended vertical macropores that con- . ) . X
; . ores enlarge soil water flux against a driving gradient by re-
nect either to the groundwater surface or via lateral prefer-

. . . .—ducing the flow resistance in the control volume. This reduc-
ential flow paths to the river body accelerate this reduction ; . . .
tion stems from the organized arrangement of soil material

of pot_e_nt|a_1l energy in soil. They act as drainage ?trucmresassuring connectedness of the flow paths, rather than from a
by facilitating export of excess water. Note that this export

stops at soil hydraulic equilibrium/LTE. Reduction rates of change in the material properties.

Infiltrating water from rainfall shifts near-surface soil wa-
ter potential from LTE to positive values, which implies

www.hydrol-earth-syst-sci.net/17/4297/2013/ Hydrol. Earth Syst. Sci., 17, 4297322 2013
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The fact that depletion of gradients in capillary binding en- 2.3.2  Free energy balance of the critical zone during the
ergy in cohesive soils is non-linear and facilitated by wetting rainfall-runoff process
structures implies a trade-off. Changes of the absolute values
of capillary binding energy and potential energy during wet- Temporal changes in free energy densige/dr (W m~2)
ting/drying events occur always in opposite directions. An Of the critical zone is determined by the rate of free energy
elevated density of macropores enlarges the wetting rate ifput from the environment™ (Wm~2) minus the rate of
the top soil and thus also the long-term average soil watefree energy that is dissipatea (W m=2) by irreversible pro-
content. This implies a long-term decreasing reduction ratecesses and the export rate of free energy to the environment
of capillary binding energy associated with the same wetting/°" (W m~2):
amount. The potential energy change rate at a given depth dey g
pends in contrast exclusively and linearly on the wetting rate.
This trade-off thus causes a long-term negative feedback that .
could result in an optimum density of dead-ended macroJn steady state the storage term on the left-hand side of

pores that maximizes average reduction of free energy oEd.- (3) is zero; the entire free energy input is either dissipated

soil water during rainfall-runoff processes. The break-even®' €XPorted. A positive free energy balance implies that the

point is reached when the reduction rates of capillary bind-surplus can be used.to perform additipnal work fgr instance
ing energy are compensated by the increase rates of potentiff créate structures in a catchment/hilislope (Kleidon et al.,
energy, because the slope of the soil water retention curvé913). The_ environment” of the critical zone consists of the
C(6) = 9v/36 in a soil layer becomes equal to its eleva- qtmospherlc poundary layer, the groundwater body and the
tion above the groundwater surface. The former determine&Ver (@t the hillslope scale) or the catchment outlet (at the
how strongly capillary binding energy is reduced, the latter Caichment Sca'@- . , )

how strongly potential energy increase with a certain wetting €€ Storage in the critical zone is mainly storage of chem-

S I . . . .
amount. This break-even point separates two different theriC@l €nergy Eg,,) while free energy input is due to rainfall

modynamic regimes in soil water dynamics: dominance ofO" radiation input. Free energy export (and entropy export)
capillary binding energy, which implies that total free energy t© e atmosphere is sustained by the surface energy balance
during rainfall-driven conditions is decreasing; from poten- components, free energy export in the form of kinetic energy

tial energy dominance, when total free energy of soil wateroceurs in the form of surface runoff or discharge. Our focus is
is increasing during rainfall-driven conditions on the part of the free energy balance associated with changes

Closely related to this trade-off is the trade-off between ©f S0il moisture and the rainfall-runoff processes (Fig. 1a):
soil water fluxes and gradients in soil water potentials. EI-INPut of potential energy by rainfall, export of kinetic energy

evated steady-state water fluxes due to an elevated densify Surface runoff and export of potential energy by runoff
of macropores increase average near-surface soil moistur&,Omponents at distinct geo-potential levels. Thus Eg. (3) can

thereby reducing the steepness of the gradient in soil waP® Written as (ignoring)

ter potential. Again, this implies a slow negative feedback, Chemical energy of soil water
—_—

=xi" — D — JoU (3a)

which could result in an optimum density maximizing the dgsol o dEin "
product of soil water flow times the potential gradient. Note —_chem _ pOt(gZS, i)
that this product is due to the definition of power in fluid flow dr _ar dr__
(as flow times pressure), in fact power in soil water flow. Potential energy from rainfall
Also steady-state entropy production is in the literature of- d Elgilrf dmguFtL

ten defined as being equal to the product of mass flow and - T(U’ T)

the driving gradient, i.e. dissipation, divided by the absolute

~—
temperature (Porada et al., 2011; Kleidon and Schymanski, Export of kinetic energy

t
2008). _ 9o 2z T2 (3b)
Other studies have explored the second trade-off to search dr oub gy '
for an optimum soil hydraulic conductivity that maximizes mass loss at geo potentialsout

entropy production or power (Kleidon and Schymanski The storage element for mass and energy in the critical
2008; Porada et al., 2011; Westhoff and Zehe, 2013). Here . ge . gy :

: , one is the soil, and free energy of soil water changes with
we propose a different avenue to search for an 0pt|malz

macropore density, based on analysing the free ener baﬁhanging soil moisture. The left-hand side of Eq. (3b) is
pore Y, D& alysing oy ence the temporal derivative of Eq. (2) divided by the sur-
ance of hillslopes during the rainfall-runoff process. The X "
. . - face area of the hillslope/catchmety (note we applied the
annual timescale is deemed as sufficiently long to anal-

yse steady-state behaviour and to neglect changes in so‘flhaIn rule to the termg (9)):

hydraulic properties (due to soil development) and non-dEgﬁgm 0g v (0) 1963 0 90
stationarity in the density of biotic macropores. dr =A75 < 90 2 ot J”MG)E“LZE) dv. (4)
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The firstterm in Eq. (4) implies thatEfﬁgm/dt depends non- flow velocity. The squares of the upper limit compared with
linearly ono®/dt. This is of key importance for the existence the actual flow velocities yield an estimate of dissipation.
of possible optima in macropore density as explained in theSteady-state entropy production is, in case kinetic energy ex-
next subsection. Free energy input from incoming rainfall  port can be neglected, defined as the product of flow and the
(ms™1), the first term on right-hand side of Eq. (3b), dependsdriving gradient divided by the absolute temperature (Porada
on the incoming mass flux P, (kg (m?s)~1) and the geo- etal., 2011). As kinetic energy of soil water flow can indeed

potential height of a surface element: be neglected, steady-state dissipation of free energy of soil
0 water is equal to flow times the gradient in soil water poten-
dEpqy/dt = gzsp Py (5) tial, because dissipation is equal to entropy production times

. . . the absolute temperature at which this happens.
This expression needs to be averaged across the entire sur- P PP

face area as neithgrs nor rainfall is homogeneous. Export 5 3 3 Maximum reduction of free energy of soil water

of kinetic energy depends on the outgoing mass flgee.

(kg (m?s)™1) of surface runoff and the squared flow velocity Steady-state conditions in Eq. (7) are reached at a timescale
(ms1). This is equal tg;3, , because the specific run@®  where changes in soil moisture storage can be neglected. We
is the ratio of the volumetric flow divided by the wetted cross suggest this is the annual timescale as annual changes in soil

section. We obtain as the second term in Eq. (3b) water content are often close to zero, because of the repeti-
out 1 3 tive annual cycles in short-wave radiation input, rainfall input
dEgy/dr = 30 (qoFL) and plant phenology. We aim to find an optimal macropore
dESY e (6) density .0 DY focusing on free energy dynamics dur-
—dar = P8 (ZROFL +2LgssP) + 4 J z0a6wdAp. ing rainfall-driven conditions, since this is when macropores

Note that lect kineti ‘b bsurf accelerate infiltration and soil water flows, thereby reducing
ote that we negiect kinetic energy export by subsur acestrengths of capillary binding energies and increasing poten-

”."fmﬁ components due to t_he|r small flow velocities. Spe- tial energy of soil water. These two concurring processes de-
cific mass losses and potential energy export from the SYstehrmine in sum the change rates of total free energy of soil
are finally determined by specific surface rungffr., spe- water £S0il -

cific subsurface storm floyssgand groundwater recharge chent
qcw, leaving the critical zone either at the geo-potential ele-
vation of the river bankgzg, or the layer(s)¢zi where in-  njac0=2arg ma><<mean<
terflow seeps into the river, or at the lower boundgty
through a bottom elemen second line in Eq. 6). B i . .
9 v ( a. 6). By where (Es""m/dt is determined by Eq. (4). Note that the

inserting Egs. (4)—(6) into Eq. (3b) we obtain the part of the che

. . ) irSoil e i _ ;
normalized free energy balance of the critical zone that ischange rate iEg., is in fact a second-order polynomial

determined by the rainfall-runoff processes: in 6, which depends implicitly on macropore densifacro
The quadratic term depends on the slope of the soil water
369 (o) +z&) dv = retention curve, reflecting soil water retention properties and
a1 ar T <%; ; ; ; o
average soil moisture dynamics, which in turn are affected
by macropores and climate. The first linear term is deter-
mined by matric potential, reflecting soil moisture (affected
_ﬁ_i [ z0qcwdAg. by macropores and climate) and the soil water retention
curve. The last linear term depends on elevation above the
Please note that Eq. (7) mainly links specific rainfall-runoff groundwater level, reflecting the topographic setting and soil
components with appropriate coefficients to turn them intodrainage properties (via depth to groundwater). In a given
free energy fluxes and stocks. Equation (7) is not the comiandscape this term gains weight when moving upslope.
plete free energy balance and thus not closed because theln case free energy dynamics of soil water is dominated
radiation/surface energy balance is missing. The left-handy dynamics of capillary binding energy, absolute values of
side only accounts for changes in free energy due to changesgﬁ,'s'm are, as explained in Sect. 2.3decreasingduring
in water mass and ignores those arising from temperatureainfall-runoff events. This implies relaxation back towards
changes. Nevertheless the left-hand side is, as explained, sebtE. We expect this to happen in landscapes with cohesive
sitive to drying by evapotranspiration, which is a key compo- soils, especially during summer conditions. The quadratic
nent of the surface energy balance. Closing of the free energterm in Eqg. (8) dominates, which implies that two optima
balance equation requires furthermore explicit treatment of% ..o (1 m~2) could exist because a second-order polyno-
dissipation, because free energy is not a conserved propertyial may have two roots. These optima maximize the aver-
Dissipation of free energy by surface runoff can be estimatedage reduction rate of free energy in soil Wa@?gm during
by the geo-potential difference of the upslope source areagainfall-driven conditions. This coincides with maximum en-
and the river bank, which determines the upper limit of theergy dissipation by soil water flows, because the reduction

dEgﬁgm(”macro) .
— vt with P(t) > 0, (8)

P8 (aw(e)

1
As 30 2

L8 [ 2sPdAs— p5q3p — pg (zRqorL +21gssp ()
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rate in free energy reflects how fast the flux depletes the grawhere zo 5 is the average depth over which soil moisture
dient. Please note that it is not unusual that several optima ithanges occur. Eq. (10), which approximates the mean of a
environmental fluid mechanics exist (Kleidon et al., 2013); product by the product of the means, estimates the steady-

the most popular one is the hydraulic jump. state storage-to-runoff ratio during rainfall-runoff conditions
In the contrary case, when free energy dynamics is dombased on the ratio of the geo-potential levels where poten-
inated by potential energy dynamics, absolﬂ@ﬁgm is in- tial energy is exported and the upslope average geo-potential

creasingduring rainfall-runoff events. This implies that the where storage happens. One minus this fraction yields an es-
system is pushed farther away from LET. We expect this totimate of the annual runoff coefficient. Note that the proposed
happen in landscapes with highly permeable, non-cohesivestimate relies essentially on the assumption that dynamics in
soils and steep topography, which implies that the third termcapillary binding energies in soil can be neglected, and that
dominates Eqg. (8). Average increasing rates in total free enthe mean of the product in the first line of Eq. (10) can be
ergy are expected to change linearly with increasing macropapproximated by the product of the means, which is valid as
orosity: there might be at best an optimum macroporosity aigeo-potential changes at a much longer timescale than stor-
the upper margin of the parameter space. However, still a disage and discharge.

tinguished macroporosity can be defined as explained inthe We can thus explore the existence of an opti-
following. Due to the absence of overland flow production mum/distinguished density of macropores by analysing
in such an environment the free energy input from rainfall matric potentials, soil moisture and runoff components sim-
contributes exclusively to the increase of potential energy ofulated within numerical experiments for varying macropore
soil water (we neglect changes in capillary binding energy).density, by means of Egs. (8) and (10). We expect Eg. (10)
Potential energy export is determined by subsurface stornto apply at our second test area (Malalcahuello), which
flow and groundwater recharge, which are both affected byis located in Chile, and the non-linear term in Eqg. (8) to
macroporosity. We can define a special/distinguished macrodominate in the Weiherbach catchment.

porosity as the one that leads on average to a steady state

in the free energy/potential energy balance of the soil during

the rainfall-runoff process. This is the case when the aver3 Material and methods

age export rates of potential energy are equal to the avera

. . . o 91 Scope and outline of numerical experiments
increase rates in free energy storage in soil:

SO Based on the proposed framework we explore the exis-
"marco= argze"( mear( e ) +meanpgzgsseiimarco) tence of an optimum/distinguished density of macropores by
N _ 02 [ 96 (imarco analysing soil water flows, soil moisture and matric poten-
+mear( /ZquWdAB)) Narg( - mear(*‘sjz u dv) (9) tials);rorrglJ long-term numerical experiments with the ghysi—
+mear(pgz|_qssp(nmarcg))+mear( fzgqew(nmarco)dAB>> cally based hydrological model CATFLOW. To this end we
Vi with P(1) > 0. perturb the macropore density of “behavioural” model struc-
tures, which have been previously shown to allow success-
Note that a steady-state free energy balance does not imply| |ong-term simulations of the water balances of the Wei-
that average runoff equals average rainfall, because free efirerbach and Malalcahuello catchments. Both catchments are
ergy export happens at a non-zero geo-potential. located in distinctly different hydro-climatic settings. Appar-
Next, we approximate change rates in total free energy byent soils differ strongly with respect to the degree to which
change rates in potential energy (second line of Eq. 9). Weapillary binding energy (Weiherbach Fig. 3al and a2) or
now use the fact that the integral of this first term is linear, thepotential energy (Malalcahuello Fig. 3b1 and b2) dominates
derivative and the integral can be exchanged and the mean fgee energy of soil water. Also the mechanisms causing verti-
alinear operator as well. This allows us to derive an equationta| preferential flow are entirely different. In the Weiherbach
that sets the ratio of the mean change of areal averaged spgatchment we expect that several optimal macropore densi-
cific storage heigh® (the vertical integral the of soil water tjes can be defined based on Eq. (8). A generic test for our
content) over the mean runoff components equal to the ratiqey hypothesis H2 is whether at least one of these optima
of the geo-potential levels of groundwater recharge and subg|lows acceptable uncalibrated predictions of rainfall-runoff
surface storm flow and the integral averaged geo-potential ohehaviour. In the Malalcahuello catchment we search for a

upslope storage: distinguished macroporosity as defined in Eq. (10). Also here
e d i we will test the predictive power of this macroporosity within
mear(A @/ (0 5®("ma’°‘9)dA> an uncalibrated simulation of rainfall-runoff behaviour. The

meaf(ngLqSSF(nmamo))erear( i zoqew(nmarco)dAB> (10) performance of this uncalibrated simulation and the good-
vt with P(t) > 0, — ness of the estimated annual runoff coefficient can be re-

mear(d®,/dr) ~ a+4; [ 20048 garded as a test of H2 in the Malalcahuello catchment.
mearnigssp+meangcw) Ais [ (zo5)dA
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Fig. 3. (a) A typical view on the Weiherbach valley (left) and diagram of the typical spatial organization at the hillslope scale: typical catena
and observed typical dye tracer patterns characterizing infiltration in the different soil types. Panels al and a2 show the soil water retention
curve and its (decreasing) slope as a function of soil water corft®ntypical view of the Malalcahuello catchment (left) and overview of

the experimental area, including the soil water retention curve and its slope plotted against soil water content.

Additionally we revisit numerical experiments carried out 3.2 Study areas and database

by Zehe et al. (2010a) for a small hillslope stretch close the

Weiherbach brook. This is to shed light on how reduction3.2.1 The Weiherbach catchment

of free energy in soil water during a single rainfall event in-

creases with increasing surface density of macropores angep|ogically, the Weiherbach valley (southwestern Germany,

whether this increase becomes, due to the above-explainegls kn?) consists of Keuper and loess layers of up to 15m

trade-off, indeed smaller with increasing wetness of the soil thickness. The climate is semi-humid with an annual precip-
itation of 800 mmyr?, annual runoff of 150 mmyr, and
annual potential evapotranspiration of 775 mmYyrMore
than 95 % of the total catchment area is used for cultivation
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of agricultural crops, 4 % is forested and 1% is paved areaTable 1. Laboratory measurements of average hydraulic proper-
The geomorphology is characterized by gentle slopes with dies for typical Weiherbach soils (after van Genuchten, 1980, and
typical catena formed by erosion: moist but drained Colluvi- Mualem, 1976): saturated hydraulic conductivii porosity 6s,
sols at the foot of the hillslopes and valley floors as well asrésidual water conter, air entry valuey, shape parameter
drier Calcaric Regosols in the upper hillslope sectors. Cap-
illary binding energy dominates free energy of soil water in
these soils, which have a large amount of medium size pores
The slope of the soil water retention curve of, for instance, Calc. Regosol 4 x 10:2 0.44 0.06 040 2.06
the Colluvisol ranges from values of 10 m close to saturation, _c°IUvisol 10107 040 0.04 190 12
over 50 m at 0.2 hm~2 soil water content up to values larger
than 1000 m when soil moisture decreases below a value of
0.15m* m~2 (Fig. 3a2). (107°-103ms1). Note that capillary binding energy in
The Weiherbach catchment was intensely monitored in thehese soils is rather small; matric potentials at 50 % satura-
period 1989-1996. This included (a) a soil and crop sur-tion range between 0.1 and 1 m (Fig. 3b1), which is one to
vey, derivation of typical soil hydraulic properties based on two orders of magnitude smaller than in the Weiherbach soils
more than 200 soil cores (Table 1), and growth curves for(Fig. 3al). We expect thus that potential energy dominates
arable crops; (b) monitoring of rainfall and runoff at six rain free energy of soil water here.
and two river gauges; and (c) observation of standard mete- Within an extensive field campaign, Blume et al. (2007,
orological variables and ET from eddy correlation data. A 2008a, b) instrumented a transect in a focus area with soil
soil map was compiled from texture information that was moisture probes, shallow piezometers, and throughfall col-
available on a regular grid of 50 m spacing. The macrop-lectors and installed several rain and stream gauges in the
ore system consists of anecic earthworm burrdwsr(bricus  catchment. These instruments yielded continuous data for
terrestrisand Aporrectodea longajhat build mostly dead- the period 2004 to 2006. These observations were comple-
ended macropores. A survey of the macroporosity at 15 sitesnented by auger and electric resistivity tomography (ERT)
revealed a higher spatial density of larger and deeper wornprofiles to explore strata and depth to bedrock, derivation of
burrows within the downslope Colluvisols (Zehe and Flihler, soil hydraulic parameters from soil cores, observations of sta-
2001; Zehe et al., 2001). One likely reason for this spa-ble isotopes, river chemistry, distributed dye tracer profiles
tial organization is that earthworms find better habitat con-and much more. Existing data prior to this study included
ditions due to the smoother moisture regime and the highedata from two nearby climate stations where data have been
amount of soil organic material within the Colluvisols. These measured (a) on a daily basis since 1989 and (b) on an hourly
typical organized patterns of soils and macroporosity havebasis since 1999.
caused a spatially organized pattern of infiltration at the slope Note that runoff production within the Malalcahuello
scale (Fig. 3a, Zehe and Fluhler, 2001), which in turn ex-catchment functions distinctly different from the Wei-
erts a key influence on the catchment scale runoff responskerbach. Annual runoff coefficients are between 60 and 70 %
to extreme rainfall events (Zehe et al., 2005). Due to theand thus three times larger than in the Weiherbach, while
absence of lateral subsurface strata and the huge loess lagvent runoff coefficients are within 4 to 19 %: similar to the
ers, Hortonian overland flow dominates event runoff gener-Weiherbach. Overland flow is of negligible importance; sub-
ation. Because the apparent macropores elevate infiltrabilitgurface storm flow and mobilization of pre-event water from
of soils, rainfall-runoff events are rare. Event runoff coeffi- the riparian zone or the lower hillslope sector are the domi-
cients range from 12 % during extreme thunder storms dowmant runoff processes (Blume et al., 2008b). The vertical trig-
to only 2 %. Base flow is almost constant throughout the yearger is fast finger flow caused by the fairly strong hydropho-
bicity of these soils in summer (Blume et al., 2009). In this
3.2.2 The Malalcahuello catchment setting we expect that potential energy is largely dominating
free energy of soil water. We thus search for a distinguished
The Malalcahuello catchment is located on the southerrmacropore density as defined in Eq. (10), which implies that
slope of Volcano Lonquimay within the Reserva Forestalthe annual runoff coefficient estimated using Eq. (10) should
Malalcahuello (Fig. 3b) in the Chilean Andes. The catch- compare to the observed values of 60—70 %.
ment has a size of 6.26 Kmand ranges in elevation from
1120 to 1856 m with mean slopes of 51 % {R7Eighty 3.3 Process representations in the CATFLOW model
(80) % of the catchment is covered with native forest of the
typesAraucariaandNothofaguswith a dense understorey of The numerical experiments were conducted with the phys-
bamboo Chusquea culequThe climate is temperate humid ically based model CATFLOW (Zehe et al., 2001). The
with yearly rainfall ranging from 2000 to 3000 mnTyr. The model represents a hillslope as a 2-dimensional cross sec-
soils are young, little developed volcanic ash soils with hightion along the steepest descent line that is discretized by 2-
porosities (60—-80 %) and saturated hydraulic conductivitiesdimensional curvilinear coordinates. Hillslopes are assumed

ks 93 9r o n
ms™ mEm=3 m¥m=3 mY [
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to be uniform perpendicular to the slope line. Soil water dy- The former case implies that matrix hydraulic conductiv-
namics are described by the Richards equation in the poity limits flow at the end of the macropores and across the
tential form that is numerically solved by an implicit mass macropore walls (Beven and Clarke, 1986). Hence, for the
conservative Picard iteration (Celia and Bouloutas, 1990)Weiherbach soilgmacranges from 1 to 4. When vertical and
The model can thus also account for soil water flows un-lateral preferential pathways are interconnected and extend
der saturated conditions (Zehe et al., 2001). Soil hydraulicto the stream, as in Malalcahuello, matrix hydraulic conduc-
functions are described after van Genuchten (1980) andivity is not limiting. In this casefnac values range up to
Mualem (1976). Evapotranspiration is represented by an advalues of 54 to reproduce observed flow reactions (Blume,
vanced SVAT (Soil Atmosphere Vegetation Transfer) ap-2008).
proach based on the Penman—Monteith equation, which ac-
counts for growth of agricultural crops by annual cycles of
LAI (Leaf Area Index) and ground cover of perennial plants.
Surface runoff routing down the hillslopes and flood rout-
ing in the river network is simulated based on the diffusion
wave approximation of the Saint-Venant equations, which
are numerically solved by an explicit upstream finite differ-
ence scheme.

CATLFOW allows representation of vertical and lateral

preferential pathways along two avenues. One is an expliciin this experiment we explore whether the dynamics of free
representation as connected flow paths of low flow resistanc@nergy of soil water is accelerated by an increasing macro-
and low retention properties (Zehe et al., 2010a). This appore density, and to which extent this sensitivity is reduced
proach was shown to be suitable to predict preferential flowat higher initial saturations. This is to corroborate the exis-
and tracer transport in the Weiherbach catchment (Klaus angence of the trade-off discussed in Sect. 2.3.1, which in fact
Zehe, 2010, 2011) and a catchment in the Vorarlberg Alpsseparates the two different thermodynamic regimes in soil
(Wienhoefer and Zehe, 2013). The advantage of this apwater dynamics. To this end we employ a setup that has been
proach is that it may be parameterized using observed data Ofroposed by Zehe et al. (2010a) to explore how dynamics
density of worm burrows/macropores, their lengths and maxof free energy of soil water is accelerated by an increasing
imum water flow rates. Due to its computational expense, itmacropore density during block rainfall events at the daily
is restricted to small spatial scales and short timescales. Wemescale. The simulation domain represents a field site in
thus use this approach within the small-scale numerical exthe meadows close to the Weiherbach. The stretch is 30 m
periments focusing on single events. long and 2 m deep, and total elevation difference is 2 m. Soil
For the experiments on the annual timescale we will thushydraulic functions of the apparent Colluvisol are listed in

use an effective approach that enlarges hydraulic conductiviable 1. The lateral and vertical grid width was 2 cm. Ver-
ity by the macroporosity factofmac when soil water satu-  tical worm burrows were represented as explicit connected
ration S exceeds a thresholty Bulk hydraulic conductivity  structures, generated with a Poisson process and a stochastic

4 Numerical experiments: setup and results

4.1 Experiment 1: free energy reduction at the event
scale as function of macropore density and
initial saturation

4.1.1 Basic model setup and perturbations

kB is then increased linearly with relative saturation: agent which mimics the digging behaviour of the earthworms
B P (Fig. 4a). The database for this consisted of observations of
k=(6) = k(©) + k(0) fmact=g, if S = So areal density and depth distribution of worm burrows at this
kB(6) = k(®) otherwise (11)  field site. We generated five different setups that differed ex-
S= gs‘_%r. clusively with respect to the areal density of worm burrows

_ _ _ (5, 10, 15, 20 and 25 f); observed average macropore depth
The macroporosity factor is the water flow in all macro- at this site was 0.8 m with a standard deviation of 0.2 m. Zehe
pores in a model element where the saturation is larger tha@nd Bloschl (2004) determined the maximum water flux in
the thresholcﬂo, divided by the water flow rate in the soil ma- worm burrows based on lab experiments as_‘]]o—3 m 5—1_
trix. Generally one can chose whether macroporosity affectszdditional details on the representation of macropores in the
only vertical soil water flows or whether it works in both di- model can be found in Zehe et al. (2010a). We simulated soil
rections. At small scalegmac can also be determined based water dynamics and rainfall-runoff of these hillslopes using
on data on density of worm burrows, their lengths and max-a block rain of 10 mm in 2 h at different initial saturations,

imum water flow rates (Zehe and Bléschl, 2004). In large- 5, of 0.4, 0.6, and 0.8 and analysed the free energy balance
scale studies we Usgnac however as calibration parameter. ysing Eq. (8).

This has been shown to work well during continuous sim-
ulation of the water balances of the Weiherbach catchment
(Zehe et al., 2001) and the Malalcahuello catchment (Blume,
2008). The range ofmacas a calibration parameter depends
on whether the macropores are dead ended or open ended.
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a positive at the beginning and only slightly increases during
; the course of the experiment. Note that the increase rates
- of potential energy are for both initial saturations nearly the
5 same, because the net wetting amounts are pretty similar. The
10 . . . . . . .

12 flattened reduction rate in capillary binding energy is thus in-
14

deed due to the fact that the slope of the soil water retention
curveC(0) decreases with increasing wetness (compare also
Fig. 3a2).

This trade-off is even better illustrated in Fig. 6, which
presents averaged reduction rates of capillary binding energy
(blue dots, panels a, c, €) and increases of potential energy
\ . Sk (black dots, panels b, d, f) which sum up to reduction rates of
s, Rugoso N 15 e free energy of soil water (red dots, panels a, c, €). Reduction

— rates in capillary binding energy decrease by three orders of
o o1 02 03 04 05 06 07 08 08 1 magnitude when increasing initial saturation from 0.4 to 0.8

normalised siope length [-]

(compare top, middle and bottom panels), while increases in
potential energy remain much more stable.
We may thus state that the sensitivity of the reduction rates

3 O

s ZZ | 7/;»} in free energy of soil water on macropore density does indeed

— 0 /W/f decrease with increasing wetness, because the decreasing de-
g ol / pletion rates in capillary binding energy are more and more

compensated by the increases in potential energy of soil wa-
ter. As proposed in Sects. 2.3.1 and 2.3.3 total free energy
of soil water in cohesive soils (as the Weiherbach Colluvi-
sol) isdecreasingluring rainfall-driven conditions, because

Fig. 4. (a) Stretch close to the Weiherbach brook with simulated feduction rates of capillary binding energies (in fact of their
macropores as connected soil structures. Shown is the log to thabsolute values because they are negative) dominate against
saturated hydraulic conductivit{h) Digital elevation model, slope  increases of potential energy. This dominance is strong, be-
lines of steepest descent (solid green) and channel network (solidause the stretch under investigation is rather flat. As cap-
blue) that compile the catchment model. On the left one can see thélary binding energy is the dominating factor, we explore
soil pattern and the deterministic pattern of macroporosity assignegn the next subsection whether optima in macroporosity that

to each hillslope(c) Hillslope and location of grid nodes for the maximize averaged reduction rates of free energy exist.
Malalcahuello catchment: different line colours symbolize different

boundary conditions (red: no flux; blue: seepage; yellow: gravity
flow; green: atmospheric). On the right one can see the sequence
soil layers; the red arrow symbolizes the large macroporosity fac-

T T T
0 20 40 60

distance [m]

é%.z Experiment 2: the role of macropores in the free
energy balance of the critical zone in

tor that had to be assigned to the top 80 cm to fit observed specific the Weiherbach
discharge. . _
4.2.1 Basic model setup and perturbations
4.1.2 Results: event scale free energy balance and For the simulation in the Weiherbach catchment we per-
process trade-offs turbed a setup introduced in Zehe et al. (2001). The catch-

ment was subdivided into 169 hillslopes and an associated
Results of experiment 1 are presented in Figs. 5 and 6drainage channel network (Fig. 4b). The hillslope model el-
Changes in free energy in the dryer experiment are stronghements are 5-20m wide and 10m long, and vertical grid
dominated by the reduction of the absolute value of capillarysize varies from 10 cm close to the surface to 60cm close
binding energy due to the accelerated wetting in macropore$o the lower boundary. Total soil depth represented by the
which peak at-1 W m2 (Fig. 5f). The associated increase model was 2 m. Manning roughness coefficients for the hill-
of potential energy is one order of magnitude smaller. Freeslopes and the channels were taken from irrigation experi-
energy of soil water is strongly negative and dominated byments performed in the catchment as well as from the lit-
capillary binding energy; the absolute values are 5 to 6 timesrature (Scherer et al., 2012). We used free drainage as
larger than potential energy of soil water (Fig. 5h). An in- the lower boundary condition for the hillslopes, a seepage
crease of the initial saturation by 0.2 to 0.8 results in muchboundary condition at the interface to the stream, an atmo-
flatter reduction rates of capillary binding energy, with abso-spheric boundary condition at the top and no flux at the wa-
lute values only slightly larger than the increase rates in potershed boundary. All hillslopes in the catchment model were
tential energy (Fig. 5e). Free energy of soil water is alreadygiven the same relative catena, with Calcaric Regosol in the
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Fig. 5. Free energy balance components of numerical experiment 1. The left f@nét3, (e), and(g) belong to the wet initial saturation of

S = 0.8, the right panels to the dryer initial saturation of 0.6. Please note that kinetic energy export by surface runoff deceases with macropore
density, while changes in capillary binding energy increase with macropore density. Time series of potential energy input by eaidfall (

b), kinetic energy export by surface runoff éndd), temporally averaged change rates in potential energy, the absolute value of capillary
binding energy and free energy of soil waterafdf; compare Eq. 7) and the time series of free energy components of soil watedf,

after Eq. 2).

upper 80 % and Colluvisol in the lower 20 % of the hill. The macropores. Threshold saturation was sefSge= 0.8. As
corresponding van Genuchten—Mualem parameters are listedorm burrows extend mainly in the vertical direction, we
in Table 1. Vegetation was parameterized based on availehose the anisotropic version that works only in vertical flow
able crop patterns in the simulation period (April 1994 to direction. The macroporosityimac is the remaining free pa-
September 1995) and tabulated data with typical annual cyrameter, which was calibrated to match the hydrograph of
cles for LA, plant height, root depth and values for stomatathe largest observed flood event in June 199¢.= 1.5 al-
resistances. lowed the best of (a) observed discharge during a 1.5 yr-long
Observations of macroporosity suggested a downslope insimulation with a Nash—Sutcliffe coefficient (NSE) of 0.8,
creasing density of worm burrows with normalized macrop- (b) soil moisture dynamics observed at 61 TDR ((Time Do-
ore volumes of B x 10-3m3®m~2 at the hillfoot and typ- main Reflectometry)) station®¢ between 0.5 and 0.7), and
ically 0.6 x 10-3m3m~2 at the hilltops (Zehe, 1999:; his of evaporation observed at the central meteorological station
Fig. 4.1). We represented this organized pattern by assigntR2 = 0.9, Zehe et al., 2001).
ing fixed scaled values of macroporosity to each hillslope: During the numerical experiment we simulated the wa-
0.6 X fmac at the upper 70%, 1.% fnac at the range from ter balance of a single hillslope, which was randomly se-
70 to 85% of the hillslope, and.Ax fnac at the lowest lected from the catchment model. Simulation started at
85 to 100 % of the slope length. The depth of the macrop-21 April 1994 and lasted until 15 September 1995, be-
orous layer was assumed to be constant throughout the emause this is the only period where rainfall-runoff events
tire catchment and was set to 1 m to simulate dead-endedith runoff coefficients larger than 2% occurred. In total
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Fig. 6. Averaged reduction in absolute values of capillary binding energy (blueaatse), enlargement of potential energy (black ddis,
d, f) and reduction of free energy of soil water (red dats;, e, Eq. 8) for numerical experiment 1. Average initial saturation decreases from
top to the bottom panels as indicated in panels from 0.8 over 0.6 to 0.4.

we performed 30 simulations, which differed with respect4.2.2 Results: rainfall-runoff process and related free
to fmac Which was incrementally enlarged from a value of energy dynamics
1 to a value of 2.5. This gradual increase corresponds to a
higher maximum infiltrability and implies a higher density of Figure 7b presents the accumulated fluxes of the hillslope
activated macropores/worm burrows. Each model structurévater balance for the 30 model runs. The water balance
was dynamically initialized by using the final state of a two- in the Weiherbach is dominated by evapotranspiration, fol-
year simulation period (21 April 1992—20 April 1994), which lowed by groundwater recharge and occasional direct runoff
started with hydraulic equilibrium in soil and was driven us- events by Hortonian overland flow. Highgifac values have
ing observed boundary conditions. thus only a small effect on the accumulated water balance
As the Weiherbach hillslope is composed of two differ- COmponents, because they mainly reduce event scale Horto-
ent cohesive soils and the macroporosity increases downgian overland flow production during rare events and slightly
lope with fixed scaled ranges, separate optimum macroporogdncrease storage during the overland flow events (note that
ity values after Eq. (8) could exist for each soil. Please notethe macropores are dead ended). The difference in accu-
that the macroporosity factor scales hydraulic conductivities mulated groundwater recharge among the different simula-
which is in the Calcaric Regosol, with210-®m s, twenty  tions is thus as small as 15 mm. Figure 7d presents the spe-
times smaller than in the downslope Colluvisol. Additionally cific catchment scale runoff and the best fit obtained with
the weight of potential energy increases in most upslope arfmac= 1.5 for the largest flood event. Please note that the
eas, due to the elevation difference of 40 m compared to th&orresponding runoff coefficient was only 12 %.
hillfoot sector. Free energy dynamics of soil water averaged Figure 8 presents the forcing data and temporal change in
over the entire hillslope is thus a volume-weighted average ofree energy balance components for the Weiherbach calcu-
what happens in upslope Calcaric Regosol and in downslopéated from Eq. (7) as a function of time. Comparison of the
Colluvisol. The resulting optima of averaged reduction ratesupper three to the lower three panels corroborates that free
of free energy in the entire hillslope can thus be expected tenergy fluxes and changes in free energy stocks related to
be less sharp than in a system with uniform soil and uniformthe (large) mass fluxes during rainfall-driven conditions are
macroporosity. two orders of magnitude smaller than during radiation-driven
conditions (when mass fluxes are small).
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Fig. 7. Accumulated fluxes of the water balance from the numerical experiment 2 for the hillslope in the Malalcahuello cateharent (

the hillslope of the Weiherbach that was selected for experimeb}: dinfall (solid blue), evapotranspiration (black), direct runoff (solid

green; surface runoff in the Weiherbach, subsurface storm flow in Malalcahuello), groundwater recharge (dashed red). Best fit of observed
specific discharge in Malalcahuello, NSE =0.7 for fmac=54) and the Weiherbaclil(NSE = 0.8 for fmac=1.5) as well as uncalibrated
simulation based on the two optimum macroporosity values 1.45 and 2.0 (compare also Fig. 10 for the maxima). Please note that base flow
in the Weiherbach catchment is so small that it cannot be detec{el)l @md that difference in accumulated surface runoff for the different

model runs are not easy to detect at this scale (simply because of the fact that the number of overland flow events is 12 within this period).

As expected free energy dynamics of soil water is in these4.2.3  Results: optima in macroporosity and their
loess soils clearly dominated by capillary binding energies performance during rainfall-runoff simulation
(Fig. 8d). Free energy of soil water is strongly negative in

the dry summer 1994 (day 0-100), then oscillates around:jg,re 10 presents the free energy balance components of the
local thermodynamic equilibrium/hydraulic equilibrium dur- 36 1 64e| runs as function of the macroporosity factor. Note
ing the wetting period from fall 1994 to spring 1995 (day hat the values were averaged across all time steps where
110 to day 200) and becomes positive from day 200 t0 day5infa|| occurred. Average changes of total free energy of soil

420, as spring and summer 1995 were quite wet. Sronglyyater are indeed negative (panel a), which corroborates that

negative values of total free energy occur again in late sSUMzqqyction rates of capillary binding energy (panel b, in fact

mer 1995 around day 450. The temporal changes in free ens¢ ihejr ahsolute values) dominate against the increases in po-
ergy of so!l V\{ater are also (_10m|nated by reduction rages iMNtential energy (panel c). Kinetic energy export by means of
capillary binding energy, which peak at values-of Wm™ overland flow decreases with increasifigac because over-

for heavy infiltration events during summer conditions. As- |anq flow production decreases with enhanced infiltrability
sociated increase rates of potential energy are 50 % smallen:ig_ 10c). Increase rates in potential energy in soil water

they gain, however, importance during wet conditions (day(jq_10d) show at first a steep increase when infiltrability in

100-400). Export of potential energy by means of groundwa-ups|0pe areas is increasing (which needs laigag values),
ter recharge is, with values smaller tharr @V m=2, unim-

Ve X followed by a slower increase with increasing macroporosity.
portant. Export of kinetic energy by surface runoff is mostly paquction rates in the strength of capillary binding energy

small except for the largest overland flow event, on 27 Juney .o o average 3 times larger than changes in potential en-
1994 (day 62). Figure 9 provides the free energy balance-ergy and they peak at two local maxima fiac values of
components after Eq. (7) for this largest event. Kinetic en-1 45 anq 2.0 respectively. The location of the first optimum
ergy export peaks at 1_WT‘% and decreases clearly within g yery close to the macroporosity that yielded the best fit of
increasing macroporosity. Complementary to this, the reducqpseryed rainfall-runoff behaviour. The local maxima are, as
tion rates of the absolute value of capillary binding energy gypected, not very sharp. This may be explained by the fact
increase with increasing macroporosity (Fig. 9¢), while po-yhat reduction rates in the two different soils peak at slightly
tential energy changes are positive and increase with increagsiterent £, values. The reduction rates of total free energy
ing macroporosity as well. show a very similar dependence on macroporosity to reduc-
tion rates of capillary binding energy; the local maxima are
located at the same positions.
We may thus state that free energy dynamics of soil wa-
ter during the rainfall-runoff process is in the Weiherbach
soils on average dominated by capillary binding energy. As
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Fig. 8. Free energy balance components as functions of time for numerical experiment 2 in the Weiherbach. Observed global radiation
input (a), simulated radiation balangb) and simulated latent heat flIRET (c) as function of time, trajectories of capillary binding energy,
potential energy and total free energy of soil wdtr(derived from Eq. 2, the curves {ig) are the numerical derivatives of the curves in

(d) with respect to time). Potential energy input by rainfa)l kinetic energy export by surface runoff and potential energy loss by means of
groundwater rechard®), as well as temporal changes in free energy, capillary binding energy and potential energy of s¢g)(atenpare

Eqgs. 7 or 4).

the quadratic nature of Eqg. (8) dominates we find two localthat observed discharge is not part of the presented analysis
optima that maximize average reduction rates of free energyf the energy balance components; therefore this simulation
of soil water during rainfall-driven conditions, with values of is indeed uncalibrated.

0.028 and 0.0285W r?. To assess the predictive value of

these optima we assigned the corresponding: values of 4.3 Experiment 3: the role of macropores in the free

1.45 and 2.0 to all 169 hillslopes of the catchment model and energy balance of the critical zone in the

simulated the water balance for 1.5yr. Figure 7d compares Malalcahuello headwater

simulated catchment scale discharge based on the optimum

Jmac values to the results of the best-fit setup for the largesty 3.1  Basic model setup and perturbations

flood event, observed on 27 June 1994. The simulation based

onthe f_irst op;imum performs a_lmost as well (NSE:_0.79 for For the simulation of rainfall-runoff in the Malalcahuello
the entire period) as the best fit (NSE = 0.8). The simulationcaichment, the monitored hillslope near the catchment out-
based on the second optimum produces as expected mugh; yas considered typical for the entire catchment. Due to
less direct runoff due to overland flow (Fig. 7d). Please notee very fast travel times within the stream network (event
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Table 2. Laboratory measurements of average hydraulic proper-
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t d . .
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Fig. 9. Time series of potential energy input by rainfé), kinetic Low 16x10-6 046 0.06 220 3.7
energy export by surface rundth) temporal changes in potential, permeable layer
absolute values of capillary binding energy and total free energy of
soil water(c) during the largest flood event in June 1994.
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response times as low as 30 min have been observed), ig; |- B3 0042f 0000
seemed feasible to neglect transport times within the stream * %" 5 2 PERR s 2 25
The model therefore consisted of only one hillslope of 80 m - " "
length and a total elevation difference of 60 m. Specific hill- “g y & 00u8
slope outflow was compared to catchment-specific discharge 5 ° § 00UBl e sesee, e
for validation purposes. The hillslope domain had a depth of ~ &:* B L 7
® 2 © 0.0144
1

10 m (Fig. 4b). The soil layers were parameterized accord- 1 5. 2 25 15 2 25
ing to field observations and consisted of a 5cm humus layer
followed by several layers of volcanic ash soil. At 2m depth Fig. 10. Temporally averaged change rates in free energy during
a layer of gravel-size volcanic material is likely to function rainfall-driven conditions for numerical experiment 2 in the Wei-
as a poorly permeable capillary barrier. This was representetierbach plotted against the macroporosity factor: total free energy
as layer of lower permeability (compare Table 2). The lower of soil water(a) (as defined in Eq. 8), capillary binding ener@y,
boundary condition is no flow at the lowest 15 % of the hill- kinetic energy export by surface run¢é) and potential energfd).
slope; the rest was free drainage. The right boundary condilNote that panel¢a) and(b) show the minus one times the change
tion is no flow in the lower part (up to 2.5 m below ground), rate to better visualize the maxima locatedfafac values of 1.45
. . .1 and 2.05.

producing a saturated wedge in the lower part of the hills-
lope, above which a seepage boundary allows for hillslope
outflow. Vertical and lateral hydraulic conductivity in the up- egtimate of the annual runoff coefficient as the ratio of the
per 1 m was enlarged by a macroporosity factor. Best fit withs;m of the geo-potential levels where mass is released from
a NSE of 0.7 was achieved with a value of 54 and a threshyhe system to the upslope-volume-averaged geo-potential
old saturation offo = 0.4, which corresponds to field capac- \yhere storage occurs. To estimate the annual runoff coeffi-
ity in these non-cohesive soils. Note that macroporosity actgjent pased on Eq. (10) we defings as 50 % of the depth
isotropic and thus also enhances flow into the lateral downsyhere relative soil moisture changes during rainfall-driven
lope direction. The modelled vegetation was deciduous foronditions were less than 1%. The depth of the interflow
est with parameter values either observed in the field or takefayer ;¢ corresponds to the depth of the impermeable
from the literature. [

We performed 20 runs with the basic model setup that dif-
fered with respect to the macroporosity factor, which was4.3.2 Results: rainfall-runoff process and related free
gradually increased from 1 to a maximum of 70 within 20 energy dynamics
steps. This corresponds to maximum hydraulic conductivity
of2.1x10-2ms 1in the case of activated macropores. Each Figure 7a presents the accumulated fluxes of the hillslope wa-
model structure was dynamically initialized by using the fi- ter balance for the 20 model runs, which evidently strongly
nal state of a one-year spin-up period, which started withdiffer from the water balance in the Weiherbach: accumu-
hydraulic equilibrium in soil and was driven using observed lated rainfall is twice as large (compare with Fig. 7b), though
boundary conditions. the simulation period is just 6 months compared to 18 months

As already explained in Sect. 3.1 we expect no optimumfor the Weiherbach. Evaporation plays a minor role com-
macroporosity but a distinguished macroporosity to exist,pared to groundwater recharge and direct runoff, which is fed
which brings potential energy in the system on average closby subsurface storm flow. For small macroporosity factors
est to steady-state. This idea allows, based on Eq. (10), athe simulated water balance is dominated by groundwater
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Fig. 11.Free energy balance components as functions of time for numerical experiment 3 in the Malalcahuello headwater. Observed global
radiation input(a) and simulated latent heat flIET (b) as function of time. Trajectories of capillary binding energy, potential energy and

free energy of soil watg(c) (derived from Eq. 2). Potential energy input by rainfall), potential energy export by means of subsurface storm

flow groundwater recharge), as well as change rates in free energy, capillary binding energy and potential energy of sdif)\Webenpare

Eq. 7). Note that the curves {f) are the numerical temporal derivatives of the curveg)n

runoff, followed by subsurface storm flow. At larger macrop- of subsurface storm flow events dominates reduction of free
orosity values subsurface storm flow takes over the dominanénergy during events, while groundwater recharge adds a
role. The best fit of observed specific discharge was achievedmaller but continuous component to potential energy export.
with a macroporosity factor of 54 (Fig. 5c).

Figure 11 presents the free energy balance component$.3.3 Results: distinguished macroporosity and its
calculated from Eg. (7) as a function of time. As expected, performance during rainfall-runoff simulation
free energy of soil water is clearly dominated by poten-

tial energy. Capillary binding energy plays a minor role Figyre 12 present the energy balance components after
(Fig. 11c). The regime is characterized by an excess ofq. (9) plotted against macroporosity. Note these compo-
potential energy through the entire simulation period. Thenents were averaged over all time steps when rainfall was
enormous drainage capabilities of these soils and evaponon-zero. The change rates in total free energy in soil wa-
transpiration during radiation-driven conditions are not suf-ter are on average positive during rainfall-driven conditions
ficient to deplete this excess during the simulation period.(panel a), and decrease with increasing macroporosity. The
Changes in free energy of soil water during rainfall events arqatter appears at first sight counterintuitive, but can be un-
clearly positive, because increases in potential energy domderstood by the fact that lateral soil water flow dominates
inate against associated much smaller decreases in capilla%ainst vertical flows with increasing macroporosity. This
binding energy. Increase rates in potential energy of soil washift towards lateral soil water flows is also visible from the
ter peak at 2Wm?. Export of potential energy by means  fact that (negative) export of potential energy by subsurface
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Fig. 12. Temporally averaged change rates of free energy during

Weiherbach Malalcahuello

rainfall-driven conditions for numerical experiment 3 in Malalc- OpHMUM frge =2.0 Best ft o= 54
ahuello plotted against the macroporosity factor: change rates of

total free energy in soil water and potential energy of soil wedgr =

potential energy export by groundwater rechgigeand subsurface

storm flow(c) as well as the sum of the changes rates in free energy
storage in soil and free energy export by runf defined after

Eq. (9).
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Fig. 13.Box plots of the soil water potentials for the two optima for
the Weiherbach as well as steady-state macroporosity and the best
storm flow increases with increasinfgac (panel c), which is it model structure of the Malalcahuello catchment averaged across
fed by lateral soil water flows at the lower boundary of the the top 1 m of the soil (this corresponds to rooting depth in the Wei-
macroporous soil layer. Consistently with this, the export byherbach and to one third of the rooting depth in Malalcahuello).
groundwater flow is decreasing with increasing macroporosAverage soil water pqtentials are 0.49 m for the first and 0.48 m for
ity (panel b). Panel d presents the sum of average increasd®® second optimum in the Weiherbach catchment.
rates in potential energy (storage increase) and the export
rates by subsurface storm flow and groundwater flow after

Eq. (10). The distinguished macroporosity for which this sum + M of Malalcahuello soils we have on average soil water po-
becomes zero igmac= 50. tentials of+22m (far away from LTE) and thus an excess

This macroporosity factor is close to the value of 54 which ©f Potential energy throughout the entire simulation period.
yielded the best fit. To assess the predictive value of theOscnIatlons around this average have an amplitude of 10 m.

distinguished macroporosity we assigned the correspondinahe best fit and the distinguished macroporosity are in fact

fmac value of 50 to the hillslope model and simulated the V'Y Similar.
water balance for the snow-free period in 2006. The corre- . ) :
sponding Nash—Sutcliffe efficiency is 0.65. Please note that4 4 ;ngtrtlmer:tr‘l.ctth?ergle o;;h:fhlgzlgpirica;e pattern
this fmac balances on average the increases in potential en- m;:/:rologr]ositu ures giv X verag

ergy during rainfall-driven conditions with the potential en- P y
ergy losses, and brings the system closest to a steady stage

) : : . 4.1 Basic model setup and perturbation

in energetic terms. As observed discharge is not part of the P P

analysis, the corresponding simulation is again uncalibratedy, the last numerical experiment we simulated the wa-
In addition we estimated the steady-state runoff coefficients, pajance for the entire Weiherbach for the period from

based on Eq. (10) to 0.74. This value is comparable to they apri| 1994 to 15 September 1995 for two different cases:
range of 0.6 to 0.7 that Blume et al. (2008b) derived from

observations. — Case 1: the basic model setup based on the typical
Figure 13 presents box plots of the spatially averaged soll catena and the observed spatially organized macrop-

water potentials in the root zone (free energy of soil water per orosity pattern with small values at the top and largest

volume divided by the specific weight of watep) for the values in the valley. As an average we seledgfgg.=

two optima in the Weiherbach (WBnac= 1.45 and 2.0 re- 1.45 of the first thermodynamic optimum (close to the

spectively) as well as for the best fit model setup and the dis- best fit).

tinguished macroporosity in Malalcahuellg{ac= 54 and

50 respectively). Free energy of soil water in the root zone of - Case 2: we assume that the earthworms have the oppo-

the Weiherbach soils oscillates around a mediasdf2 m. site habitat preference, building more worm burrows

The distribution is skewed towards negative values with a upslope and less downslope. We flipped the spatial

minimum of —6 m. The temporal averages of the optima are, pattern of macroporosity thus from hilltop to hillfoot

with 0.49 and 0.48 m, both close to zero, i.e. LTE. In the top and kept everything else as in case 1 (the fixed scaled
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ranges, the average macroporosity and depth as well as_ , . 10
the soil catena).

Each model structure was dynamically initialized by us- *

ing the final state of a two-year simulation period 5 o TR T A
(21 April 1992-20 April 1994), which started with hydraulic ~ *"  *®imeq *° ® time [d
equilibrium in soil and was driven using observed boundary
conditions.
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4.4.2 Free energy dynamics and average power in solil
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Figure 14 presents the simulated catchment scale discharggg. 14. Precipitation(a) and simulated catchment scale discharge
for both cases (Fig. 14c) for the largest rainfall-runoff event(c) for case 1 (optimum macroporosity, downslope increasing
observed in June 1994 (Fig. 14a presents the correspondingacroporosity; solid blue) and case 2 (optimum, but upslope in-
rainfall event), the trajectories of free energy of soil wa- creasing macroporosity; solid red). The graphs are zoomed to the
ter and its components (Fig. 14b) as well as the average&fr_geSt runoff event, obse_rved on 27 June 1994. Obse_rved discharge
reduction rates of free energy in soil water (panel d after's I SOlid black. Time series of total free energy of soil water, cap-
illary binding energy and potential energy for the entire period, and
Eq. 8). Apparently case 2 produces more surface runoff. Due . e
- veraged reduction rates of free energy in soil water for both cases
to the reduced macroporosity in dow_ns_lope reaches, I_ess fter Eq. (8)(d). Note that potential energy in case 2 is during the
the upslope-generated overland flow infiltrates at the hillfootgnge period clearly larger than for case 1, which explains the dif-
and can thus runoff from the system. At the same time casgerence in free energy of soil water.
2 has a clearly higher free energy of soil water during almost
the entire simulation period, because of a clearly enlarged
potential energy (Fig. 14b). Because of the enlarged macrops.1.1  Optimum density of wetting structures in cohesive
orosity at the hilltops, more water infiltrates in these reaches loess soils
which are on average 20 to 40 m above the hillfoot sectors.
Potential energy is thus clearly enlarged. Consistently, reducln numerical experiment 2 we found two apparent maxima in
tion rates of free energy of soil water are larger in case 1 thariree energy reduction of soil water for macroporosity factors
in case 2. This suggests that a worm species with the OpOf 1.45 and 2.0. The existence of these Optima is explained by
posite habitat preference is from a thermodynamic perspecthe fact that accelerated reduction of capillary binding energy
tive less favourable, as the system is on average farther awaguring rainfall-driven conditions dominate against acceler-
from local thermodynamic equilibrium and relaxation times ated increases of potential energy of soil water, when increas-
are longer. ing the macroporosity factor. Free energy of soil water is thus
on averageeducedduring rainfall-driven conditions and the
reduction rates of free energy are a second-order polynomial
5 Discussion and conclusions of the wetting rate. This implies that two roots may exist.
Capillary binding energy dominates against potential en-
ergy if the slope of the soil water retention cuwé&)), which
non-linearly decreases with increasing soil moisture, is on
The results from the numerical experiments 2 and 4 sugges verage ]arger than the depth to groundyvater In a certain
ayer. This is because the former determines how strongly

as far as we know for the first time, that the spatially orga- : : . .
) . matric potential decreases while the latter determines how
nized patterns of soils and dead-ended macropores that hav

. : sefrongly potential energy increases with a certain amount
been observed in a real-world landscape are in close accor-

dance with one of two apparent local thermodynamic optima.Of wetting during rainfall events. The break-even point is

These optima are expressed by locally minimized reIaxationre"’u:hed when the reduction in capillary binding energy is

. : e .~ ._ compensated by the increase in potential energy of soil water,
times towards local thermodynamic equilibrium, which is ~ . "~ . X

. . . which is the case when the slope of soil water retention curve
equivalent to maximize reduction rates of total free energyc(e) in a soil laver is equal to its elevation above aroundwa-
of soil water during rainfall-driven condition. This holds for Y q g

both themacfactor, which represents the enhancement of in_ter. This trade-off limits the degree to which a higher amount

. . : of active dead-ended macropores, which in the Weiherbach
filtration by activated macropores per unit area, as well as the

: are created by anecic earthworms, increases reduction rates
spatial arrangement of the macropores along the lateral po-

: : - . of free energy of soil water during rainfall-driven conditions.
tential gradient driving overland flow at the hillslope scale. .
In fact reduction of free energy rates start to slowly decrease

again when increasinginac beyond 2.0 (Fig. 10a).

5.1 Optimum density and pattern of wetting structures
in the Weiherbach soils
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It is striking that the first optimum is, with a value of 1.45. runoff due to overland flow and thus less soil erosion, which
close to the “best-fit macroporosity” of 1.5 and that simulatedis at present a pressing problem in the Weiherbach (Scherer
catchment scale discharge based on this thermodynamic opet al., 2012). The existence of these two optima makes sense
timal macroporosity is in pretty good accordance with ob-when recalling that the landscape is not static but slowly
served discharge response. Let us recall that re-establishmeatolving (Schaefli et al., 2011) and steady states can thus at
of disequilibrium in soil is controlled by the climate regime best be metastable. The first optimum can be interpreted as
in complement with vegetation, topography and soil watersuch a metastable landscape configuration from a thermody-
retention properties (Fig. 2). Transpiration and evaporationnamic perspective, which can obviously be realized within
play a key role in drying of cohesive soils that would other- the factors that limit population dynamics of the ecosystem
wise store most of their water against gravity and stay closeengineers creating the dead-ended macropores. Note that the
to local thermodynamic equilibrium. Roots act as a short cutmacroporosity factor is related to the areal density of worm
through dry top soil layers, thereby increasing dryness ofburrows and thus to the abundance of anecic earthworms (van
deeper soil reaches during summer conditions. Plant rootSchaik et al., 2013). In this sense the second optimum can be
are in fact those drainage structures that may extract wateregarded as a probable metastable state that could be reached
against very steep gradients of capillary binding energy andn a later stage of landscape evolution, which would be as-
push the system far away from local equilibrium conditions sociated with less surface runoff and less erosion. Testing of
(Fig. 14). The distance of the long-term average of soil watersuch a hypothesis requires, however, development of coupled
potential in the root zone from local thermodynamic equi- models for hydrology, population dynamics of earthworms
librium (0.48 m in the Weiherbach) as well as the deviation and even geomorphic processes, or in general terms, of mod-
to stronger negative values farther away from LTE is thusels that account for the relevant interactions and feedbacks
mainly controlled by transpiration. This is in turn driven by between biotic and abiotic processes and limitations for bi-
global radiation input and plant physiology. Relaxation backotic structure formation and their controls on water fluxes
to equilibrium is controlled by the amount and depth of wet- and related energy conversions.
ting structures, worm burrows here. Hence, both the devia-
tion from and relaxation back to equilibrium are controlled 5.1.2 The recent spatial pattern of macropores is
by biotic structures of different origin that dominate during efficient in reducing free energy of soil water
different prevailing boundary conditions.

We thus conclude that in systems where capillary en-Numerical experiment 4 corroborates furthermore that the
ergy dominates, soil wetting during rainfall-driven condi- spatial pattern of worm burrow densities which reflect the
tions shifts the system back towards local thermodynamichabitat preference of the main ecosystem engineers is more
equilibrium, because total free energy of soil waterds  efficient in reducing free energy of soil water than the arti-
duced The results from numerical experiment 1 fully sup- ficial organized pattern that has been flipped from hilltop to
port hypothesis H1, which states that vertical macropores achillfoot. The typical soil catena with accumulated fine mate-
as dissipative structures by enhancing the reduction of freeials at the hillfoot sectors is a fingerprint of past dissipative
energy of soil water. Experiment 1 corroborates that this re-processes. Higher worm burrow densities downslope reflect
duction rate depends strongly on the system’s wetness evetheir habitat preference for moist but drained Colluvisols and
if the wetting rate is constant, because reduction in capillarythus ecological rather than thermodynamic optimality. Note
binding energy depends on the wetness state. Also, hypothehat case 2 in experiment 4 assumes that worms/ecosystem
sis H2 cannot be rejected. The behavioural model structure isngineers with a (different) habitat preference for drier soils
the best functional and structural representation of the Weidominate macropore formation. This hypothetical form of
herbach catchment in a model, as it represents the main struspatial organization has been shown to produce more over-
tural and textural features of the Weiherbach soils and reprofand flow, and more wetting in hilltop areas, which increases
duces different water balance components. This behaviourgbotential energy and total free energy of soil water within the
model structure is with respect to the calibratgghc value 1.5yr-long simulation. This implies that the “reorganized”
(1.5) close to the thermodynamic optimum. Partitioning of system is on average further away from LTE and needs more
rainfall input into Hortonian overland flow and infiltration time for relaxing back towards LTE.
is hence close to the optimum that assures fastest reduction We thus conclude that the recent spatial pattern of macro-
rates of free energy of soil water and minimum average dejporosity, which evolved in response to past mass and energy
viation from LTE. flows and related dissipative processes, is indeed superior in

We thus conclude that the Weiherbach itself has “co-the sense of H2 when compared to the other spatially orga-
evolved” (Schaefli et al., 2011) close to a configuration thatnized pattern. This finding clearly supports hypothesis H2.
is thermodynamically optimal given the climate conditions, We conclude that the combination of soil typesd vertical
land use, and hydro-pedological setting and topographic setdead-ended macropores and their spatial arrangement along a
ting. The second optimum is even more efficient in reducingsuperordinate potential gradient driving overland flow is not
free energy. Rainfall-runoff simulations produce less directa random product but might be the result of “co-evolution”
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(Troch et al., 2013) towards a configuration that increase restorm flow events dominates reduction of free energy dur-
duction rates of free energy of soil water in this environment.ing rainfall-driven conditions, and increases with increasing
But what is the benefit for the ecosystem engineers? Asnacroporosity, which in fact boosts lateral soil water flows
there is no direct feedback between the energy conversionthat feed subsurface storm flow. This finding thus does fully
due during the rainfall-runoff procedure and population dy-corroborate hypotheses H1. Although no optimum exists we
namics of earthworms, worms have no direct advantage frondefined a distinguished macroporosity, which brings the sys-
accelerated power in soil water flows. Nevertheless, theséem closest to steady state in the sense that average gains in
macropores apparently accelerate reduction rates of free empotential energy of soil water during rainfall-driven condi-
ergy in soil water, and two apparent optima exist, resultingtions are equal to average export rates of potential energy by
from the mathematical fact that the free energy reductionsubsurface storm flow and groundwater recharge. This distin-
is a second-order polynomial. One can speculate that coguished macroporosity factor is, with a value ffac = 50,
evolution selects species whose ecological optimum (patelose to the value of 54 that yielded the best fit and performed
tern and density) coincides with the thermodynamic opti-reasonably well during an uncalibrated simulation.
mum partitioning of rainfall water into overland flow into ~ We thus conclude that in systems where potential energy
infiltration in such a landscape. In this sense and the sensdominates soil wetting during rainfall-driven conditions, in-
these optimum configurations can be deemed as most prolfiltration events push the system further away from local ther-
able states in landscape evolution (Dewar, 2009). Possiblenodynamic equilibrium, because free energy of soil water is
advantages for the worms are as follows: increasing In this case at best a trivial optimum macroporos-
. ) ] ity at the upper margin of the parameter space exists. Nev-
— The optimum is a metastable state, establishes stablgytheless, an energy-centred analysis of the rainfall-runoff
environmental conditions and reduces energetic exrocess can be very helpful to explain the role of macrop-
tremes and thus disturbance as fast as possible. ores in the rainfall-runoff process. The macroporosity in the
Malalcahuello catchment seems to assure steady-state con-
ditions with respect to the potential energy balance during
he rainfall-runoff process, which implies that the rainfall in-
rest during dry summer conditions (van Schaik et al., put on average does_ r.10t push the system further away from
2013), LTE than it already_ is: potential energy gains are compen-
sated by the potential energy losses. Note that a steady-state
— As erosion events do still rarely occur in the first opti- Potential energy balance is not equal to a steady-state mass
mum, it assures that fine soil material from upslope re-Palance. As water leaves the system with finite potential en-
gions accumulates at the hillfoot during erosion events €rdy. steady state is determined by the geo-potential of ups-

This increases fertility in downslope areas, as thesdOpe storage regions and the amount of stored water, which
guys live from litter. is to be balanced with the geo-potential levels where water

leaves the system and the amount of runoff. Based on this

5.2 Distinguished macroporosity establishing in young idea one can estimate the storage to runoff ratio based on the
volcanic ash soils ratio of geo-potential levels where water leaves the system

to the geo-potential of upslope storage regions. This estimate
In the case of the Malalcahuello catchment we did not findyielded a storage to runoff ratio of 0.26. When assuming that
a macroporosity factor that maximized averaged free energygteady-state soil moisture storage equals steady-state evapo-
reduction. This is explained by the fact that accelerated inration, this yields an annual runoff coefficient of 0.74, which
creases of potential energy of soil water strongly dominateis in reasonable accordance with the value of 0.65 that Blume
over reduction of capillary binding energy during rainfall- et al. (2008b) derived from observations.
driven conditions, when increasing the macroporosity factor.
Free energy of soil water is thus on averagereasingdur- .
ing rainfall-driven conditions, and the exchange rates of free5'3 Concluding summary and outiook
energy scale linearly with the wetting rate. This implies at
best the existence of a trivial optimum at the upper margin ofThe presented results corroborate that an energy-centred
the parameter space, which would then maximize drainage.analysis of the rainfall-runoff process provides valuable in-

Soil water potentials in the upper 1 m of the soil are due toformation for understanding the role of preferential flow

the large rainfall amount on averag®2 m away from equi-  processes in different hydro-climatic settings. The proposed
librium (Fig. 13). Even at a macroporosity factor of 70 (run framework establishes a useful link between the water bal-
20), which corresponds to maximum flow velocities in the ance of the critical zone and conversions, export and dissi-
macroporous layer of almost2x 10-2ms1, drainage is  pation of free energy (potential energy, kinetic energy, capil-
not sufficient to reduce this excess and to shift the soil closetary binding energy). Based on this framework we may shed
to LTE. Export of potential energy by means of subsurfacelight on the dynamics of free energy in the critical zone by

— It assures moist but not too-moist conditions and
avoids dry stress. This probably prolongs the phase
in the year were worms can become active. They are a
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analysing water balance components simulated with physias observed discharge did not enter the analysis of the free
cally based hydrological models. energy balance of the hillslope. In the Malalcahuello catch-
Free energy of water stored in the soil plays a key rolement, as expected, we did not find an apparent optimum of
in this concert, as it determines local thermodynamic equi-drainage structures. However, the distinguished macroporos-
librium in soil, when soil water potential is zero along the ity was close to the value that yielded the best simulation
entire profile. Dynamics is associated with deviations fromof the water balance in the snow-free period, and a related
the local thermodynamic equilibrium either to states of ex-estimate of the annual runoff coefficient was in reasonable

cess negative capillary binding energy in case of evaporativaccordance with the observed one.

losses during radiation-driven conditions or to states of ex-

We suggest that this new thermodynamic perspective al-

cess positive potential energy in the case of infiltrating sur-lows for better discrimination of the different functions of
face water. We found that soil water dynamics can — dependpreferential flow paths as either of the following:

ing on the interplay of the soil water retention properties, the
topographic and climate setting — be classified into different
thermodynamic regimes. The end members of these regimes
are characterized by dominance of capillary binding energy,
which requires fine porous cohesive soils and apparent longer
dry spells, or by dominance of potential energy, which is
favoured by non-cohesive coarse porous soils, a steep topog-
raphy and a wet climate. In the former case free energy of
soil water isdecreasingluring rainfall input, which implies
relaxation towards LTE. In the latter case free energy of soil
water isincreasing meaning that the system is pushed fur-
ther away from LTE.

When capillary binding energy is dominating free energy
dynamics, dead-ended macropores act as wetting structures
during rainfall-runoff, thereby reducing relaxation times

— Wetting structures when capillarity dominateghey

enhance redistribution and storage and thus dissipation
of free energy by depletion of gradients in soil water
potential on the negative branch in Fig. 2. This might
imply the existence of local optima in their density.

— Drainage structures when potential energy dominates

They enhance export of excess water and thus export
of free energy and dissipation of free energy of soil
water by depletion of soil water potential gradients on
the positive branch in Fig. 2. This does not imply the
existence of local optima, as reduction of potential en-
ergy in soil water scales linearly with the soil moisture
change.

backto LTE, especially after long dry spells (Fig. 2). Severaltpe nresented findings are also promising for predictions
optima in macropore density might exist in this case, becaus ungauged catchments (PUB; Sivapalan et al., 2003) as
reduction rates of free energy are a second-order poWnomiiue thermodynamic optimal/distinguished model structure
9f the wetting rate, \_NhiCh implicitly depends 0N MACroporos- oo serve as a first guess for an uncalibrated simulation of
ity. In contrast to this, we do not expect an optimum density inta_runoff. The proposed thermodynamic treatment does
of macropores when potential energy dominates free energquuire physically based models that account for dynamics

of soil water, because change rates of potential energy of Soff, 5. ater potentials, as this determines free energy of soil
water scale linearly with the density of drainage structures, ey

However, we defined a distinguished macroporosity which The proposed approach might also be useful for discrim-

assures that potential energy of the system is on average ifying hehavioural combinations of soils, topography, and

steady state during rainfall-driven conditions. climate as suggested by Schaefli et al. (2011) in their be-
Based on the proposed framework we analysed NUMETLavioural model study, which ultimately aims to link the

cal experiments that perturbed behavioural model structuresy , vinian and Newtonian paradigms (Harman and Troch

which have been shown to closely portray system behaviou§013). Finally we suggest that Fig. 13 could be used to

and its architecture in the Weiherbach and the Malalcahuell
catchments. Both headwaters are located in strongly differ
ent hydro-climactic and hydro-pedological settings and ca
be deemed to represent end members of the possible ther-
modynamic regimes of soil water dynamics (Fig. 13). In the
Weiherbach catchment we found indeed two local optima in
macroporosity which maximized average reduction rates in
free energy during rainfall-driven conditions, when analysing
the free energy balance for varying density of wetting struc-
tures. The macroporosity of the first optimum comes close
to the one that yielded the best fit of the water balance
within a 1.5yr-long simulation. A simulation of the catch-
ment scale water balance for the same period based on the
optimal macroporosity factor performed only a little worse
than the best fit. Note that this is an uncalibrated simulation,

www.hydrol-earth-syst-sci.net/17/4297/2013/

%lassify catchments with respect to thermodynamic regimes
of soil water dynamics reflecting soil properties, the hydro-
Tclimatic forcing and the ecological setting:

— Does capillarity or potential energy dominate (left or

right sector of Figs. 2 and 13)? This depends on the
soil water retention properties, which are a finger-
print of parent rock and past weathering processes,
i.e. biotic and climatic processes, climatic setting and
topography.

— The distance of the long-term average of soil water

potential to zero should reflect the constraining fac-
tors that determine long-term average distance to local
thermodynamic equilibrium. This could be sensitive to
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