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Abstract

e We review theory and model concepts for evaporation from porous media.
e We discuss the underlying assumptions and simplifications of different approaches.
e Approaches differ in the description of lateral transport, transport in the air phase of the

porous medium, and coupling at the porous medium free flow interface.
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Abstract

Evaporation is an important component of the soil water balance. It is comprised of water flow
and transport processes in a porous medium that are coupled with heat fluxes and free air flow.
This work provides a comprehensive review of model concepts used in different research fields to
describe evaporation. Concepts range from non-isothermal two-phase flow, two-component
transport in the porous medium that is coupled with one-phase flow, two-component transport in
the free air flow to isothermal liquid water flow in the porous medium with upper boundary
conditions defined by a potential evaporation flux when available energy and transfer to the free
airflow are limiting or by a critical threshold water pressure when soil water availability is limiting.
The latter approach corresponds with the classical Richards equation with mixed boundary
conditions. We compare the different approaches on a theoretical level by identifying the
underlying simplifications that are made for the different compartments of the system: porous
medium, free flow and their interface, and by discussing how processes not explicitly considered
are parameterized. Simplifications can be grouped into three sets depending on whether lateral
variations in vertical fluxes are considered, whether flow and transport in the air phase in the
porous medium are considered, and depending on how the interaction at the interface between the
free flow and the porous medium is represented. The consequences of the simplifications are

illustrated by numerical simulations in an accompanying paper.
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Introduction

The primary exchanges of heat and water that motivate global and local meteorological conditions
occur at the Earth’s surface. Many weather and climate phenomena (e.g., monsoons and droughts
) are primarily influenced by processes associated with land-atmosphere interactions in which soil
moisture and its control on evapotranspiration plays an important role [Seneviratne et al., 2006].
More than half of the Earth’s surface is arid or semiarid having little to no vegetative cover [Katata
et al., 2007; Verstraete and Schwartz, 1991; Warren, 1996]. In addition, over 40% of the Earth’s
terrestrial surface is devoted to agricultural purposes, much of which, due to tillage practices, is
bare over a substantial period of the year. Properly describing the water cycle on the basis of heat
and water exchanges between the atmosphere and the soil surface is paramount to improving the
understanding of water balance conditions in these regions. Despite the importance of these
predictions, standard models vary in their ability to predict water fluxes, flow pathways and water
distribution. For instance, the fraction of globally averaged evaporation from the soil surface to
the total evapotranspiration from the land surface (i.e. including transpiration by the vegetation)
varies for different land surface models between 36% and 75% [Wang and Dickinson, 2012] with
a mean of 58%.

Understanding and controlling evaporation rates from soil is also important at much smaller scales
for the water management of cropped soils. For instance, in rain fed agriculture in semiarid regions,
where fields are cropped only once every two years and water is harvested during the non-cropped
year, evaporation losses during the non-cropped year determine the process or practice efficiency.
Evaporation may be reduced in several ways. First, by tillage, capillaries or fine pores that connect
the evaporating soil surface with the water stored deeper in the soil are disrupted, potentially
decreasing evaporation fluxes. Nevertheless, tillage may bring deeper wet soil to the soil surface
therefore increasing the evaporation losses. In addition, vapor diffusion may be facilitated through

the large interaggregate pores in tilled soils. The rougher surface of a tilled soil may also affect
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reflectivity (albedo) and net radiation [Potter et al., 1987] and the vapor transfer between the soil
surface and the atmosphere. Tillage-affected soil structure alter the evaporation behavior
depending on the weather conditions and may either lead to larger or smaller evaporation losses
[Moret et al., 2007; Sillon et al., 2003; Unger and Cassel, 1991]. Another way to reduce
evaporation from soil is through a drying concept known as “self-mulching”, referring to the
development of a dry layer within the soil, which transfers moisture only in the vapor phase [Li et
al., 2016; Novak, 2010]. This naturally formed layer represents an effective way to maintain soil
moisture in the subsurface and it can be improved artificially by applying non-natural mulching
materials, such as gravel or plastic, to the soil surface in arid/semi-arid regions or in various
horticultural systems [Chung and Horton, 1987; Modaihsh et al., 1985; Tarara and Ham, 1999;
Yamanaka et al., 2004]. The physical mechanism is a hygroscopic equilibrium between the soil
vapor pressure and the atmospheric humidity, minimizing the evaporation from the mulch [Fuchs
and Hadas, 2011]. Several experimental studies have been conducted to investigate the effects of
mulch properties on soil surface evaporation processes [Diaz et al., 2005; Xie et al., 2006; Yuan et
al., 2009]. A negative correlation between evaporation reduction ability and grain size as well as
a positive correlation with mulch thickness has been recognized through sensitivity analyses of
experimental results. Or et al. [2013] reviewed the physical processes that control evaporation
processes from porous media and focused on the role of capillary and viscous forces and of
diffusive transfers in the porous medium and across the interface between the porous medium and
the free flow. This approach allowed them to relate evaporation process to microscopic properties
of the porous medium. In simulation models that operate at the continuum scale, these small scale
processes and properties must be included in macroscopic properties and constitutive relations
between properties, states and fluxes.

Practical and theoretical limitations of modeling efforts at the continuum scale are often magnified
at the land-atmosphere interface, where water and energy fluxes are highly dynamic and

dramatically influenced by changes in temperature and moisture gradients and direction of flows
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[Lehmann et al., 2012]. The flow and transport behavior at the soil surface is affected by the
conditions in the atmosphere (e.g., humidity, temperature, wind velocity, solar radiation) and by
the soil thermal and hydraulic properties and states (e.g., thermal and hydraulic conductivity,
porosity, capillary pressure, temperature, vapor pressure), all of which are strongly coupled [Sakai
et al., 2011]. For most subsurface models, the soil surface serves as the upper boundary to the
porous medium domain and is characterized using prescribed flux terms that serve as sources and
sinks. Similarly, in most atmospheric models, the vadose zone serves as a lower boundary with
prescribed fluxes. Such an approach is a simplification of the interaction processes at the common
interface of the two flow compartments. Although widely used due to its simplicity and ease of
use, such an approach has been shown by both atmospheric and hydrogeological scientists to
misrepresent flux conditions, resulting in model prediction errors [Seager et al., 2007].

In practice, the Richards equation is the most frequently used conceptual model to describe water
movement within the vadose zone, and to simulate water and energy exchanges between the land
surface and the atmosphere at the global scale. However, it is mostly used in a form that considers
only isothermal liquid water flow but neglects vapor diffusion and air flow in the porous medium
and the effects of temperature gradients on flow and transport processes. Although the application
of Richards equation has been successful to describe soil water fluxes at various scales (e.g.
[Mortensen et al., 2006; Nieber and Walter, 1981; Schoups et al., 2005; Vereecken et al., 1991]),
there may arise conditions in which the non-considered processes become relevant. The predictive
capacities of the Richards equation to evaluate, for instance, surface manipulations that influence
air flow, vapor transport and thermal regimes in the porous medium could therefore be questioned.
Also for global scale simulations, the consideration of additional processes such as vapor transport
in the soil and transport driven by thermal gradients are receiving more attention to reduce the bias
in bare soil evaporation predictions that are observed in these models [Tang and Riley, 2013b].
Most Richards equation based models assume that soil water flux is one-dimensional (i.e. water

flow only occurs vertically), thus neglecting any lateral variations in fluxes within the soil profiles
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and also at the soil-atmosphere interface. Three-dimensional solutions of the Richards equation
have been used to investigate the effect of soil heterogeneity and hence dimensionality on flow
and transport processes. However, these simulation studies focused mostly on conditions when
flow was directed downward (infiltration). For certain problems of practical relevance, e.g.
evaporation from surfaces that are partially covered by mulches or row crops, a multidimensional
description of upward flow in the soil is used [Bristow and Horton, 1996; Horton, 1989]. The few
studies that also looked at heterogeneous flow and transport for upward directed flow
(evaporation) reported conceptual problems with the definition of the boundary conditions at the
soil surface [Bechtold et al., 2012; Schluter et al., 2012].

Boundary conditions for the Richards equation are determined as a uniform flux boundary
condition, which is derived by solving a surface energy balance, as long as a threshold pressure
head is not reached. When the soil dries out and the critical pressure head is reached, the boundary
condition is switched to a pressure head boundary condition. First, the definition of this critical
pressure head is often debated. Second, for a heterogeneous soil surface in which patches of wet
soil alternate with dried out areas, the evaporation rate from the wet patches may increase
compared to the evaporation from a uniformly wet surface due to lateral exchange processes in the
air flow (free flow) or in the porous medium. The effect of lateral exchange processes in the free
flow on evaporation leads to the so-called ‘oasis effect’ and has been quantified to evaluate, for
instance, the effect of the size of pores [Assouline et al., 2010; Shahraeeni and Or, 2012],
evaporation pans [Brutsaert and Yu, 1968], or ponds and lakes [Harbeck, 1962]. Lateral water and
heat fluxes in heterogeneous porous media may lead to a larger water loss due to evaporation from
a porous medium compared to the water loss from a homogeneous medium [Lehmann and Or,

2009; Shahraeeni and Or, 2011].

The general objective of this paper is to theoretically compare various model concepts used to

describe evaporation processes from soils at the continuum scale. Modeling concepts vary in
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complexity from fully coupled free flow and porous media flow representations to reduced
complexity models such as those using Richards equations. First, we present the modeling
concepts for flow and transport in the porous medium (i.e. soil), the free flow (i.e. atmosphere),
and the coupling of the porous medium with the free flow (Figure 1). As different scientific
communities (soil physics, hydrology, atmospheric sciences and micrometeorology, and fluid
mechanics in porous media and in free flow) place different emphasis on the porous medium versus
the free flow, oftentimes the coupling is strongly simplified or overlooked. This often leads to
inconsistencies in the degree of detail with which processes are described in the porous medium
or in the free flow (e.g. 3-D flow in the porous medium coupled with a 1-D transfer resistance to
describe the exchange with the free flow) and misunderstandings between communities about the
importance of different processes. Therefore, the first objective of this work is to present a
comprehensive set of equations that describe all processes in both compartments (free flow and
porous medium) and all relevant coupling conditions. This is followed a discussion of common by
simplifications that lead to models of reduced complexity. Table 1, provides an overview of the
constitutive equations for the two compartments, their interface and potential simplifications.
What can be observed immediately from Table 1 is that the variables and parameters used in the
various approaches differ significantly.

The second objective is to show the similarities and differences between the different approaches
by deriving the variables and parameters based on a theoretical analysis of the comprehensive
model. Model simplifications and ‘fixes' are explained in detail, thus allowing for a full
understanding of all approaches and for a classification of the simplifications.

In an accompanying paper, the consequences of these simplifications on the predictions of

evaporation are investigated for two sets of exemplary simulations.
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Coupled heat and water flow in porous media: overview of
concepts and simplifications at the continuum scale

In this section, we introduce the model concepts used to describe heat and water fluxes in soils at
the continuum scale. From the general balance equations, simplified equations are derived and the
assumptions behind these simplifications are discussed. The employed constitutive equations are

presented.

Balance equations:

A full description of water and vapor transport in a porous medium requires a description of flow
of the two fluid phases, liquid and gas {l, g}, and of the transport of the components, water and
dry air {w, a} in each of the two phases. For simplicity, we consider air as a pseudo-component
consisting of oxygen, nitrogen and other gases except vapor, which is regarded as separate
component. A mass balance for each component k € {w, a} is given by:

0paXES, [1]

—— 24 V-F<=0
¢ dat
a€e(l,g)

where ¢ is the porosity, which is assumed to be constant, p« is the mass density of phase o [kg m
%], XX is the mass fraction of component « in phase a, S. is the saturation or the volume fraction
of the porosity occupied by phase a, F* is the mass flux of component « [kg m s™%]. Source and
sink terms (e.g. to account for liquid uptake by roots) are not included in the mass balance
equations but can be simply added. The component mass flux F* is given by:

K K K M* K [2]
F* = Z (qaana - Da,pmpaﬂ_vxa)

ae(Lg) @
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where o [m s?] is the volume flux of phase a, DE pm(Se) [M? s1] is the effective diffusion
coefficient of component « in phase « in the porous medium, x% is the molar fraction of k in a,
M is the molar mass of k and M, is the mole weighted average molar mass of phase o, with M, =
xy MY + x3M*. The effective diffusivity is lower than the diffusivity of « in phase « alone: D
due to the tortuosity of the diffusive pathways and the smaller cross-sectional area available for
diffusion within the porous medium, which depend both on the phase saturation [Millington and
Quirk, 1961]. The volume fluxes are calculated with an extended Darcy’s law for multiple fluid

phases:

ko (S 3
= - ‘u( )k'V(pa_pagz) 3l

a

qa

where kr(Se) is the relative permeability of phase o at a saturation Sa, Kk is the intrinsic
permeability tensor [m?], p. [Pa s] is the dynamic viscosity of phase o, po [Pa] is the phase
pressure, g [m s?] is the gravitational acceleration vector (directed downwards) and z [m] is the
coordinate vector (positive upward). To close the system of equations, supplementary equations
need to be specified.

First, the capillary pressure is defined as the pressure difference between the non-wetting and
wetting phase: p. = py, — p;. According to the Young-Laplace equation capillary pressure
depends on the surface tension of the gas-fluid interface, o(N m™), and on the curvature of the

gas-liquid interfaces, r (m™), which depends on the saturation degree, Si:

3 20(T) [4]
Pe =508

In continuum scale models, functional relations between the saturation degrees of the phases and
the capillary pressure: p. = f(S,), are used (e.g. [Brooks and Corey, 1964; van Genuchten, 1980]).

Using simple pore network models, the form and parameters of relative permeability-saturation
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functions were linked to the capillary pressure-saturation functions. In the Mualem van-Genuchten
model, cylindrical pores are assumed. Assuming other pore geometries, e.g. triangular pores, lead
to considerably higher permeabilities under dry soil conditions [Diamantopoulos and Durner,
2015; Peters and Durner, 2008; Tuller and Or, 2001]. Also, retention functions which describe
the dry range of the water retention curve better than the van Genuchten function have been
proposed and tested (e.g. [Lu et al., 2008]) and might be more suited to describe evaporation
processes.

Second, the sum of all phase saturations and of all mass fractions equals 1.

Third, a chemical equilibrium of a component between different phases may be assumed. This sets
a relation between the mole fraction of air in the liquid phase, x;*, and the partial air pressure pg
[Pa] in the gas phase using Henry’s law. Furthermore, a relation between the vapor pressure and

the capillary pressure is given by Kelvin’s equation [Edlefsen and Anderson, 1943]:

pcMW) [5]
piRT

Py = PgsarXP (—
where py's, [Pa] is the temperature-dependent saturated vapor pressure, M" is the molecular
weight of water [kg mol™], R is the universal gas constant [J mol™* K] and T [K] is the absolute
temperature. The relation between the capillary pressure and the water vapor pressure only holds
for dilute solutions. When the concentration of salts increases, also the osmotic soil water potential
must be considered in Eq. [5] and an additional component equation for salt transport in the liquid
phase and chemical equilibrium equations describing salt precipitation and dissolution must be
included. We will not consider osmotic effects in the following but refer to [Nassar and Horton,
1997; 1999] who describe a model that considers coupled heat, vapor, liquid water, and solute
transport. The mole fractions and partial pressures can be directly related to the mass fractions

X2 using molar weights and the ideal gas law:
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poxy = pw =M Pg M Pgsr, (_pc ) [6]

RT ~ RT pRT

where py’ [kg m™] is the mass density of the vapor. The mole fraction of vapor in the gas phase

can be calculated as:

Y _PY 7]

When chemical equilibrium does not hold, extra equations to describe the mass exchange of
components between different phases are required [Benet and Jouanna, 1982; Chammari et al.,
2008; Nuske et al., 2014; Ouedraogo et al., 2013; Ruiz and Benet, 2001; Smits et al., 2011; Trautz
etal., 2015].

To properly approximate evaporative fluxes, it is important to account for the temperature
conditions inside the porous medium. The vapor pressure and density of the air phase are two
examples of temperature dependent state variables. A common assumption is that local thermal
equilibrium between the gas, liquid and solid phase exists so that the temperatures in each of the

three phases are equal to each other and a single energy balance equation can be used:

ps sT [8]

]
Paaa +V-Fr=0

S gl )y,

a€efl,g}

where U [J kgl] is the internal energy of phase a, ps [kg m?] is the mass density of the solid
phase, ¢s [J kg™ T1] is the heat capacity of the solid phase, T [K] is the absolute temperature, and
Fr [J m2 s?] is the heat flux. The internal energy is related to the enthalpy, ha [J kg™] plus the
pressure-volume work:

Pa [9]
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The enthalpy of the liquid phase is usually assumed to be independent of composition. The gas
phase enthalpy, hg, is calculated from the mass fractions and component enthalpies, h*, of the dry
air and water vapor components: h, = Xghg + Xg'hy'. Unlike the enthalpy of liquid water, the
enthalpy of vapor also contains the latent heat of evaporation. The heat flux is described by:

K K M* K\ Rk [10]
Fr = Z z (qaana - Da,pmpa M an) hg — AT,pmVT
a

ke{a,w} agfl,g}

where Arpm [J m? s K] is the effective thermal conductivity under no mass flow conditions of
the mixture of soil grains, liquid and gaseous phases. Mostly, relations are employed that derive
Atpm from the volumetric liquid phase content. The parameters of these relations are a function of
the texture of the porous medium, the organic matter content, and the dry bulk density [Campbell,
1985; Chung and Horton, 1987; Cote and Konrad, 2005; 2009; de Vries, 1963; Lu et al., 2007,
Tarnawski et al., 2000]. Under some conditions with high fluid velocities, Arpm is also a function
of the hydromechanical dispersion and heat capacity of the flowing fluid [Campbell et al., 1994;

Hopmans et al., 2002].

Simplifications and fixes:

In this section, we describe ways to simplify the above derived equations and include additional
processes that are not considered in the constitutive equations or simplified equations (e.g.
chemical and thermal non-equilibrium and turbulence induced gas phase fluxes in the porous

medium).

One component, ‘one-and-a-half’ phase equation:

In this approach, flow of the gas phase is not simulated but diffusive transport of components in

the gas phase is still considered. Processes in the gas phase are thus considered ‘half’.
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This approach assumes that the pressure in the gas phase, pg, is uniform and constant with time
which results in the independence of the liquid phase pressure from flow in the gas phase. This
assumption is justified based on the magnitude of the gas phase viscosity compared to that of the
liquid phase (smaller by a factor 50). Therefore, Eq. [3] is only solved for the liquid phase and gas
fluxes can be calculated directly from the change in the liquid phase saturation over time.
Secondly, only the flux of the water component is considered, assuming that the water component
flux is not influenced by the dry air concentrations in the two phases. For the liquid phase, this
approximation hinges on the fact that the mass fraction of water in the liquid phase is close to one:
X" = 1. For the gas phase, the vapor pressure that is in equilibrium with the liquid phase is
calculated from the capillary pressure (Eg. [5]), which depends only on the liquid phase pressure
since the gas phase pressure is assumed to be constant. The vapor concentration is calculated using
the ideal gas law (because X} = 1) (Eq. [6]) and thus independent of the dry air concentration in
the gas phase. Thirdly, it is assumed that advective fluxes of components in the gas phase can be
neglected, q40,Xy" =~ 0, compared with the diffusive fluxes. Finally, this approach assumes that
gradients in the molar volume of the gas phase can be neglected and that the mass density of the
liquid phase is constant. As a result of these assumptions, the water component flux equation (Eq.

[2]) reduces to:

FY = qup; — Dy pn(Sg)VpY [11]

The mass balance equation for water simplifies to:

0pgXy'S + ¢aplSl pikr(Sy) [12]

— | — —_ . w
o o V| - pgn)| -V [D

g.pmV Pg ] =0

This is the basic equation used by the soil physics community to describe non-isothermal liquid
water flow and water vapor transport in soils. However, it is usually expressed in the following

form [Milly, 1982; Saito et al., 2006]:
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26, 00,
FrRET

a(T) [13]
=V (Kl,w + Kv,lp) o ) lelTref + Kl,lpez +
ef

(7

V- (K, +K,7)VT

where & = ¢S is volumetric liquid water content and & the water vapor content expressed in
volume of liquid water (6, = ¢py'Sy/p1), Kixand Ky are the hydraulic conductivities for liquid
water flow and vapor transport, respectively, Ky, [m s] and Kyt [m2 K s1] are the isothermal
and thermal hydraulic conductivities, respectively, e; is the unit coordinate vector in the vertical
direction, and y{trer (M) is the pressure head of the liquid phase at the reference temperature Trer.
The first term on the right hand side of Eq. [13] represents the total water flow due to pressure
head gradients under isothermal conditions and due to gravity. Since the pressure head gradients
are defined at a reference temperature, a standard relation between & and w{rret can be used. The
second term on the right hand side accounts for the total water fluxes that are generated by a
thermal gradient.

In the following section, the relationships between the hydraulic properties Kyy, the variables &,
&, wiTrer, and T, the fluid properties, and the effective diffusion coefficients and permeability are
presented and the equality between Eqgs. [12] and [13] elucidated.

The pressure head y of the water phase can be defined in terms of the capillary pressure pc as:

pe = —Ygp [14]

Assuming a uniform and constant gas phase pressure and liquid phase density, the water pressure
gradient can be replaced by the pressure head gradient multiplied by a constant factor go.
Considering Eq. [4] the spatial gradient of y can be written as:

9 op| 9 1
M go,+ 24 2 pr 1]
36,

V0, T) = 9y OT
L

or
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vy (6, T) = el Ve, + 0‘91 = VT
61/) a9[ l/)Tref [17]
VY(,T) = —| —| V§|pert ——=| =VT
v, a0, oyl ., Wlrert S 3 6,07
_ O-(T) l/}Tref 60' [18]
Vy(6,T) = T Vi rrert o) . 3T VT

The first term of the right hand side of Eq. [16] represents the gradient in pressure head due to a
gradient in the volumetric water content under isothermal conditions. Using the relationship
between pressure head and volumetric water content at a reference temperature, Tref, this term can
be rewritten in terms of a pressure head gradient at a reference temperature (first term of Eq. [18]).
The second term in Eq. [16] represents the gradient in pressure head due to a temperature gradient
at a given volumetric water content 4. This term can also be rewritten in terms of a pressure head
for a given water content é at a reference temperature (Eq. [18]).

In a similar vein, the gradient Vpg can be written as:

opy| o(T) apy [19]
w g\ 7 —9
Vpg (Itbt T) - al/) . O-(Tref) Vlljl T[‘Ef+ oT v VT
Including Equations [14], [18], and [19] in Eq. [12] leads to the following equation:
[20]

26, 06, DY ,.(S,) apY
—=V-||K :
at ot K by o oY

o) ,, K
T) O-(Tref) ¢|Tref+ l,l[)ezl

)w
Y

Using the relation between the vapor density, capillary pressure and temperature (Eq. [6]) and

do n Dgpm(sg) dpg

+7-
Hj aoT P oT

v o (Tref)

( Kl‘ l»b Tref

defining the saturated vapor density pg'sq: [Kg m?] and the relative humidity of the air Hr =

py /pgsar it follows from Eq. [20] that the conductivities in Eq. [13] are defined as:
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P19k (S) [21]

K,,=——k
Ly K
IMypg sacHr [22]
Koy = o,RT Dgpm(sg)
do 23
Kl,T — K l/);:ref i [ ]
G( ref) 0 aT
HT apgsat [24]
- pm( )

v,T = pl aT

Eq. [13] relies on the assumption of local thermal equilibrium. However, the temperature of the
air, water and soil particles may differ due to the difference in thermal properties of these phases
and rapid changes of soil surface temperatures. Therefore, it is argued that the temperature gradient
in the soil air is often larger than the gradient of the mean temperature over the different phases.
The effective diffusion of water vapor in soil may be larger than that of other gases since water
vapor may condense and evaporate from capillary held water pockets (i.e. “liquid bridges” or
“capillary islands”), thus blocking the diffusive transport of other gases [Philip and De Vries,
1957]. These effects have been used to explain observations of enhanced vapor transport compared
to Fick’s law of diffusion [Gurr et al., 1952; Rollins et al., 1954; Taylor and Cavazza, 1954]. To
account for this, Kyt is multiplied by an enhancement factor n [de Vries, 1958; Philip and De
Vries, 1957] described by empirical formulations (e.g. [Campbell, 1985; Cass et al., 1984]). This
approach has been widely used and accepted to calculate heat and water flow in soils (e.g. [Hadas,
1977; Reshetin and Orlov, 1998; Rose, 1967; Shepherd and Wiltshire, 1995; Sophocleous, 1979]).
However, the validity or need for vapor enhancement has been questioned [Ho and Webb, 1998;
Shokri et al., 2009; Smits et al., 2013].

In addition ot vapor enhancement, an enhancement of the liquid flow that is induced by thermal
gradients has been proposed [Noborio et al., 1996; Saito et al., 2006]. This enhancement is

attributed to the change in surface tension that results from changes in soil water composition
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(ionic strength, concentration of organic surfactants) with temperature. Thermal enhancement is
accounted for by multiplying Kir (Eg. [23]) by a non-dimensional empirical ‘gain factor’ ranging
in value from 0 to 10 [Nimmo and Miller, 1986].

In Egs. [18] and [19], the gradients in the pressure head and vapor mass density were written in

terms of gradients in temperature and pressure head at a reference temperature assuming that the

a0,

change in water content with pressure head, 70"

is only a function of the surface tension, o, and

temperature effects were attributed to changes in owith temperature. But, the relationship between
é and w also depends on the interaction between the solid and liquid phase (i.e. the contact angle
between the liquid-gas surface and the solid phase or solid phase wettability) which may also
change with temperature [Bachmann et al., 2002]. Therefore, it is important to note that for non-
wettable soils temperature effects on solid-liquid phase interactions should be included in the
model to predict reduced evaporation from non-wettable soils or reduced water redistribution due

to temperature gradients in non wettable soil [Bachmann et al., 2001; Davis et al., 2014].

Isothermal one component, ‘one-and-a-half’ phase equation:

When water fluxes are considered over a longer period of time (i.e. multiple days), it may be
argued that the temporal average of the temperature gradients cancels out due to diurnal variations
in temperature. This also results in the temperature gradient driven fluxes canceling out [Milly,
1984]. Based on this assumption, the flow equation can be simplified to an isothermal equation
and flow due to a temperature gradient (i.e. in Eqg. [13]) can be neglected so that for a 1-D flow

process (as routinely assumed in soils), the following equation is obtained:

06, 96,

9 o [25]
ot "ot~ a2 [(K“” + Kuy) 2z K“”]
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Isothermal one component one phase equation, Richards equation

Finally, when vapor transport is neglected, the classical Richards equation is obtained:

00,

0 o [26]
9t - 9z [Kw Fr KW]

Flow and transport processes in the atmosphere

In this section, the free flow balance equations are described and then possible simplifications are

presented and discussed.

Balance equations

In the context of evaporation processes from soils, flow conditions in the free flow are mostly
turbulent. Turbulent flow is usually highly irregular with chaotic fluctuations of the local velocity,
pressure, concentration and temperature [Bird et al., 2007]. These fluctuations are caused by
vortices or eddies, which occur over a wide range of length scales. It is possible to simulate all of
these phenomena, but it requires the resolution of eddies on all scales and has therefore high
computational costs. To reduce these costs, turbulence can be parameterized rather than simulated
explicitly. The most commonly used parametrization approach is the so-called Reynolds
averaging. The basic assumption is that turbulent fluctuating quantities can be split in a temporal
average v and a fluctuating part v'. This is called the Reynolds decomposition:

v, [27]

=V, +Vy, Dy =D, +0',, x5 =x5+xy, T=T+T
where vy [m s1] is the gas velocity.

After replacing the instantaneous values in the balance equations by the sum of the average and
fluctuating parts, the balance equations are averaged over time. For a more detailed overview on
turbulence modeling and the Reynolds averaging procedure, we refer the reader to standard fluid

dynamic textbooks (e.g. [Bird et al., 2007; Wilcox, 2006]). The total mass balance for the gas phase

is:
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9p, _ [28]
=+ 7 pg7g] =0

The momentum balance is:

. [ ] [29]

a(pgvg) V'I — T ! ! —I = I _0
ot + Pg Vg Vg+  PgVg Vg  + Pyl —Tg1—pgg =
l turbulent stress/ J
Reynolds stress

The gas phase is considered to act as a Newtonian fluid without dilatation, therefore the shear
stress tensor 7; [kg m™ s2] solely accounts for the resistance to shear deformation:

Ty =y (VO + VD ") [30]
where pg [kg s m™] is the dynamic viscosity of the gas phase.

The component mass balance is given by:

anX_g v M* — [31]
T'FV' pgng;‘l‘ pg Vg’X.g, —Dgng:VXg =0
turbulent dif fusion g
and the energy balance by:
Opg Uy v-|p, v, hy "h,' Ap VT hED M Vxk =
ot + Pg Vg Ng + Pg Vg Ny —ArgVl — g gngZ Xg
turbulent conduction ke{a,w} 9
=0

Multiplication of the turbulent fluctuations in the abovementioned balance equations (e.g. the
convective portion of the momentum balance equation) leads to additional terms. Physically-
speaking, these terms, although originating from the convective portion of the equation, act like
additional viscous, diffusive, and conductive forces. Therefore, they are referred to as turbulent
stress, turbulent diffusion, or turbulent conduction and require parameterization to properly
account for the effects of turbulence. Various parameterizations of different complexity are well-
established in literature. The simplest one is based on the Boussinesq assumption [Boussinesq,
1872] which states that the Reynolds stress acts completely like a viscous stress so that only one

unknown per balance equation remains. These unknowns are called eddy coefficients: eddy
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viscosity ug? [kg m™ s, eddy diffusivity D*? [m* s, and eddy conductivity A5 [W m™
K] [Wilcox, 2006]. The most fundamental approach for calculating the eddy viscosity is based

on the Prandtl mixing length:

—pgVyVy = T = ug" (7, + V)
o 33
turb _ 2. avx [ ]
Ug Pg bmix 0z

where L;, = kz is the mixing length [m], k is the von-Karman constant [-], z is the wall distance

mix

[m], and v, the main velocity component [m s™]. The dynamic eddy viscosity can be converted to

the kinematic eddy viscosity with:

b —
turb _ 2 0% [34]
g pg mix aZ

In this model the kinematic eddy viscosity, vgurb, is only a function of the flow and its turbulence,
not of the fluid type itself.

In addition to the eddy viscosity, the eddy diffusivity and conductivity still need to be resolved.
The most pragmatic approach is by applying the Reynolds analogy. It assumes that the same
mechanisms leading to the eddy viscosity also lead to a higher mixing rate. Then the eddy

diffusivity is related to the eddy viscosity by the turbulent Schmidt number:

b
Dk,turb _ Mg;r [35]
g - Pg Scturb

In the same way the eddy conductivity is obtained with the turbulent Prandtl number:

ﬂ.turb _ Cp H gurb [36]
Tg9 — pyturb
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The turbulent Schmidt and Prandtl numbers are often assumed to be one.

Simplifications

The solution of the three-dimensional balance equations in the free flow is computationally
demanding. To simplify the solution, it is often assumed that the mean wind speed, air temperature,
and relative humidity (i.e. vapor content of the air) do not change in the horizontal direction or
along the air stream and that their changes over time are slow. This assumption implies that the
momentum, vapor, and sensible heat fluxes out of the soil surface are equal to the respective fluxes
in the vertical direction in the air stream above the soil surface and do not change with height. This
generally applies for a sufficiently large upstream fetch of a homogeneous evaporating surface (no
lateral variations in soil water content, soil temperature, evaporation fluxes, and soil surface
roughness). It also implies that the vertical component of the air flow is assumed to be zero in both
the porous medium and the free flow, which is consistent with the one component ‘one-and-a-half’
phase formulation of the flow and transport process in the porous medium.

When the momentum transfer occurs mainly through turbulent eddies, of which the size increases
linearly with height, the eddy viscosity increases linearly with height so that the turbulent shear
stress zwurs IS given by:

, dvy [37]
Tturb = PgKV ZE

where v* [m s?] is the friction velocity and « is the von Karman constant (=~ 0.4). It should be

noted that p,kv*z corresponds with the turbulent viscosity ug”bin Eqg. [33]. This leads to

logarithmic wind profiles that are generally observed in the so-called turbulent or ‘dynamic’

sublayer:

v (2) = %*ln (i) [38]

Zom
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where z,,, [m] is the momentum roughness length, which corresponds to the height above the soil
surface where extrapolation of Eq. [38] predicts zero velocity. Similar logarithmic profiles are
obtained for the air temperature and humidity. But, because of different interactions at the soil
surface, the temperature (zon) and humidity (zov) roughness lengths differ from zom. The
relationship between the different roughness lengths and characteristics of the porous medium-

free flow interface are discussed in the following section.

Heat and water fluxes across the soil-atmosphere interface

The soil-atmosphere interface represents a crucial boundary between the porous medium and the

free flow. In this section the coupling between transport in the atmosphere and the soil is discussed.

Coupling conditions:

The coupling of the two-phase porous-medium system with turbulent free flow involving the
Reynolds-averaged Navier-Stokes equations is based on the model presented in Mosthaf et al.
[2011] and revised in Mosthaf et al. [2014] and Fetzer et al. [2016]. It considers continuity of

fluxes and a local thermodynamic equilibrium at the interface.

Mechanical equilibrium

Mechanical equilibrium is defined by the continuity of normal and tangential forces. The normal
force acting on the interface from the free flow side is the sum of the inertia, pressure, and viscous
forces. The normal force from the porous-medium side of the interface contains only the pressure
force, since viscous forces are implicitly accounted for in Darcy’s law. Hence, the mechanical
equilibrium at the interface in the normal direction can be formulated as:

[n-({=pgvyvy —75 — 75" + pgl}")]ff = [pg]pm [39]
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The superscripts ff and pm mark the quantities at the free flow and the porous medium sides of
the interface in the sequel. Eq. [39] implies that the gas phase pressure may be discontinuous across
the interface due to the different model concepts (i.e. Navier-Stokes flow and Darcy flow) in the
two domains. Furthermore, in addition to considering the normal forces, the free flow requires a
condition for the tangential flow velocity components. When air flows over a porous surface, there
is a small macroscopic slip-velocity, which therefore calls the no-slip condition into question. For
that purpose, the Beavers-Joseph [Beavers and Joseph, 1967] or Beavers-Joseph-Saffman
[Saffman, 1971] condition can be employed; the latter formulation neglects the comparatively
small tangential velocity in the porous medium. The proportionality between the shear stresses t
and the slip velocity at the interface can be described as:

\/F ff [40]
('Ug _ i (‘tg + Tgurb)n> . til =0, ief{l,..,.d—1}
Xpjlg

Here, ag, is the dimensionless Beavers-Joseph coefficient, ¢; is a tangential vector, and k; = t; -
(kt;) a tangential component of the permeability tensor. The Beavers-Joseph condition was
originally developed for flow which is mainly tangential to the porous-medium surface and for
laminar single-phase flow in both the free flow and the porous medium. Its applicability for
turbulent flow conditions was analyzed by Hahn et al. [2002] who concluded that the slip condition
for laminar and turbulent flow is the same, because the flow conditions directly at the porous

surface can be expected to be laminar (viscous boundary layer) and velocities to be slow.

The influence of the Beavers-Joseph coefficient on the evaporation rate was analyzed in various
studies for different flow regimes [Baber et al., 2012; Fetzer et al., 2016]. For flow parallel to the
interface the evaporative fluxes are often dominated by diffusion through the boundary layer
normal to the interface [Haghighi et al., 2013], whereas the slip velocity promotes transport along

the interface.
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Chemical equilibrium

Ideally, chemical equilibrium should be formulated as continuity of the chemical potential. The
problem is that the assumption of mechanical equilibrium, as previously discussed, leads to a jump
in gas phase pressure across the interface. This jump in gas phase pressure comes along with a
jump in vapor pressure across the interface and consequently a jump in chemical potential. Hence,
continuity cannot be expressed in terms of chemical potentials. Instead, it is expressed in terms of
the continuity of mole fractions in the gas phase.

The continuity of component fluxes is given by:

M* I [41]
<pgvgxg — (Dy +Df¥P)p, == ng> : nl =
g

M M o
- [(pgqug - D;pmpg M: ng + plqul’C - Dl’fpmpl 7 fo) ) nl
g l

The minus sign in the flux continuity accounts for the opposed directions of the normal vector of
the porous medium and the free flow domain (see Figure 1). When summing up the two

components, the continuity of total mass flux is given by:

lpgvg 'n]ff =—[(pgay + p11) - n]pm [42]

Thermal equilibrium

Thermal equilibrium assumes continuity of temperature at the interface. The free flow temperature
is equal to the temperature of the gas phase; in contrast, the porous medium temperature is the
temperature of one REV under the assumption of local thermal equilibrium.

The continuity of heat fluxes is given by:
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pghgvg — (AT,g +’1tTl,l£b)VT - Z hg(Dg +D§urb)pg 57 Vxg |'m| =

ke{a,w}

pm
K

R, — Z Z (qaanZrc - Dc’rc,pmpa M_ ng) h(’fc - AT,pmVT n
a

ke{a,w} a€{l,g}

The coupling condition for the energy balances may also include the net radiation R,, [J m? s] as
an additional energy flux to the porous medium. However, the assumption of thermal equilibrium
may be violated in case of fast invasion of water with a different temperature or strong temperature

differences between the free flow and porous medium [Nuske et al., 2014].

Simplifications and fixes:

The exchange processes are closely linked to the geometry and the roughness of the interface
which is not resolved in the abovementioned simulation models. The effect of this non-resolved
geometry or roughness needs to be parameterized in the coupling conditions. In the following
section, we discuss several simplifications that are made for coupling processes in the porous

medium and the free flow.

Full turbulence model and roughness

For smooth surfaces, the effects of turbulence inside the viscous boundary layer are negligible.
Therefore, the eddy coefficients approach zero and are not necessarily required in the coupling
conditions.

For smooth surfaces, the roughness elements are covered with a viscous boundary layer, although

the flow above the viscous layer may be turbulent. In this case the roughness influences the profile
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of the eddy coefficients in the direction normal to the surface and thus the velocity profile and the
viscous boundary layer thickness. Still, the coupling occurs in the viscous boundary layer.

For rough surfaces, the height of the roughness elements is larger than the viscous layer thickness
and the effects of the roughness and turbulence are important and cannot be neglected [Fetzer et
al., 2016]. This is accomplished by including the eddy coefficients, which are a function of
roughness, in the coupling conditions above. In the section on one-dimensional transfer between
the porous medium and the free flow, more details on the effect of roughness on the exchange

processes are given.

Coupled one-dimensional transfer between the soil surface and free flow: aerodynamic

resistances.

When lateral variations in wind, air temperature and humidity can be neglected, the sensible heat
and vapor fluxes can be described as one-dimensional fluxes that are calculated using equivalent
transfer resistances and differences in vapor concentrations and temperature that are measured at

different heights but at the same horizontal location (e.g. [Monteith and Unsworth, 1990]):

H=c, T(z=0) - T(Zref) [44]
T

F o= p‘zv(z =0) — pgw(zref) [45]

w = T

where H [J m? s is the sensible heat flux, ca [J m™ K] is the volumetric heat capacity of moist
air, zref (M) is a reference height at which wind speed, air temperature and air humidity are
measured or defined, Fw [kg m? s?] is the water vapor flux, and ry and ry [s m "] are the
aerodynamic resistance terms for vertical latent heat and vapor transfer in the air stream. Using a
mass and energy balance at the soil surface, the vapor and sensible heat fluxes are linked to the

water and vapor fluxes in the soil at the soil surface. The mass balance is given by:
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pm
p [46]
Fw = |91 — Dgeff(sg) aj

where the first and second terms on the right hand side are the liquid water and vapor flows towards
the soil surface, respectively.

For the energy balance equation at the soil surface, the solar and long wave radiation that is
absorbed by and emitted from the soil surface needs to be taken into account. Calling the sum of
these radiation terms the net radiation, Rn [J m s™] (where positive radiation terms denote the
radiation that is absorbed and negative terms denote the radiation that is emitted), the energy

balance at the soil surface is:

dpg T [47]
H + thW - Rn = _thgeff(Sg) a_; + h}/vplCIl - AT,pm&

Eqgs. [44], [45], [46], [47] link the state variables, i.e. temperature and air vapor concentration, and
fluxes at the soil surface with state variables that are defined at the reference height in the air
stream. The latter may therefore be considered as Dirichlet boundary conditions for the water and
heat fluxes in the coupled soil-air system. This implies that the water and heat fluxes at the soil
surface can be derived from these prescribed state variables in the air stream and do not have to be

prescribed as flux boundary conditions.

Crucial parameters in Eqgs. [44] and [45] are the aerodynamic resistance terms for vertical latent
and sensible heat transfer. They are related to the roughness of the soil surface, diffusive transfer
in the interfacial viscous or roughness layer, wind velocity and eddy diffusivity in the air stream,
and stability of the air above the heated soil surface. In the following discussion, we will consider

neutral stability conditions, i.e. the eddy diffusivity is not influenced by buoyancy. We refer the
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reader to text books on meteorology (e.g. [Brutsaert, 1982; Monteith and Unsworth, 1990;
Shuttleworth, 2012]) for a detailed treatment of buoyancy effects.

In the air stream, a constant shear stress, zwur» [N m™], with height is assumed. zur» corresponds to
a momentum transfer from the air stream to the soil surface and can be expressed in terms of a

resistance equation similar to Egs. [44] and [45]:

Vg,x (Zref) — VUgx (z=0) [48]

Ty

Tturb = Pg

where v, ,[m s is the horizontal air velocity, and rm [s m™] is the resistance for momentum
transfer between the reference height and the soil surface. rv is derived from the vertical wind
profile in the ‘logarithmic/dynamic’ sublayer above the roughness layer.

Combining Egs. [37], [38], and [48] leads to the following expression for ry:

() () [49]

Ty = =
M V*K Vg (2)K?

The momentum roughness length, z,,,, is a function of the kinematic viscosity of air, v, the friction
velocity, v*, and the height and density of the roughness elements of the soil surface. For rough
surfaces z,,, depends only on the roughness of the surface. A prediction of z,,, based on the
geometry of the surface roughness seems to be very uncertain and Wieringa [1993] found that the
relationship between z,,,, and the height of the surface roughness elements, d, may vary between:

R, [50]

For a small d or smooth surfaces, a viscous sublayer in which momentum transfer is dominated by

kinematic viscosity develops. In such a case, the velocity profiles and z,,, depend on v* and v:
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Zom = 0135 [51]

Whether a surface is rough or (hydrodynamically) smooth depends on the roughness Reynolds
number, z,, which is defined as:

Y Zom [52]

ZO+ =

When z,, > 2, the surface is considered to be rough whereas z,,. equals 0.135 for flat surfaces. It
should be noted that when z,, is defined by d/30, the following well-known relation for a wind

speed profile above a rough surface is obtained [White, 1991]:

vt oz . [53]
v (2) = 7ln (5) + 8.5v
For smooth surfaces, the following relation is obtained:

v (2) = v—ln (zv ) + 5.0v"
K %
The transfer of water vapor and sensible heat in the logarithmic/dynamic sublayer is also caused
by turbulence and eddy diffusivity, which according to the Reynolds analogy may be considered
equivalent to the eddy viscosity. Therefore, a close relation between the transfer resistances for
momentum, sensible heat and vapor transfer may be assumed. Yet, these resistances differ from
each other because of the different transfer mechanisms in the viscous or roughness layer. The
kinematic air viscosity differs from the molecular diffusion of water and heat. Also, the roughness
of a bluff surface has a different effect on momentum transfer than on transfer of a scalar quantity
like vapor or sensible heat. For rough surfaces, momentum transfer can be considered more
effective or influential than vapor or heat transfer. Therefore the resistance for heat/vapor transfer

is larger than that for momentum transfer. As a consequence, an additional boundary resistance,
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re [s m™] must be considered when relating the transfer resistances for vapor and sensible heat
transfer to the momentum transfer:

TWRTy =Ty +Tp [55]

The larger resistance results in a larger gradient of vapor and temperature across the viscous or
roughness layer; the vapor and heat roughness lengths z,,, and z,y are therefore smaller than z,,,.
The similar transfer through the logarithmic/dynamic layer allows for the transfer resistance for
vapor and heat transport to be described using an equation similar to Eq. [49]:

n (ZOZV,H> _ {ln (ZOZV,H>}2 =

v’k Vg (2)1c?

rV,H=

This equation may be rewritten in terms of ry and rg as:

zn[ ] HEA l [ZOm] 21y [ZOm] [57]
ZovH. Om ZOy,H. ZOm ZOm Zoy,H.

Kv* K2 vy, x(z) K2V 2 (2)

Tyg="Ty + 7 =

A number of equations that relate zy, ; with z,,, and v* have been proposed (see for instance
Yang et al. [2008]). Brutsaert [1982] developed the following relation between zg,,, and zq,, 4:

0.25 [58]
kvg,x (Z)ZOm

In (i) %

*

ZovH Zom

v 0.25
=17. 4exp[ 2.46( > l = 7.4exp |—2.46

Z0m

In Figure 2, the calculated resistances using Eq [49], [50], [57], and [58] for different surface
roughness lengths, d and two wind velocities, v, ,, at 2m height above the soil surface are shown.
According to these calculations, the total resistance (r+) decreases with increasing roughness. This
can be attributed to the decreasing transfer resistance in the logarithmic/dynamic sublayer with

increasing roughness of the soil surface. However, the difference between transfer resistance for
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momentum transfer, rv, and heat/vapor transfer, ry,n (i.e. rg,) increases with increasing roughness.
For heat/vapor transfer, the effect of larger turbulent diffusivity in the logarithmic/dynamic layer
above a rougher soil surface is counteracted by a longer diffusive pathway through a thicker
roughness layer. As a consequence, the decrease of the resistance for heat/vapor transfer with
increasing surface roughness is less prevalent than the decrease of momentum transfer resistance
(Figure 2).

It should be noted that the transfer resistances described above are based on the assumption of a
bluff surface with a no-slip boundary condition. As described before, slip conditions may apply at
the surface of a porous medium, which can be accounted for by Beavers-Joseph interface boundary
conditions. One way to represent these effects is to define a displacement height, similar to what
is used to describe momentum, heat, and vapor transfer between vegetated surfaces and the
atmosphere. However, this displacement height should be negative. We are at this moment, not
aware of any studies that specify such displacement heights for air flow over rough dry porous

media.

Semi-coupled porous medium and free flow using potential evaporation rates and soil

surface resistances for drying porous medium.

In the sections above, we described how water flow and heat transport in the porous medium and
the free flow are coupled at the interface. However, this coupling is often relaxed by specifying or
defining state variables a-priori at the interface. When the vapor pressure at the interface is defined

to be the saturated vapor pressure, the water flux from the interface into the free flow is::

_ pysat(z=0) = py (Zrer) [59]

I w,pot —
rV

where Fwpot 1S the so-called potential evaporation, which is calculated without considering the
porous medium. It represents the ‘demand’ for water by the atmosphere and can be used as a flux

boundary condition in the porous medium as long as the flow in the porous medium can ‘supply’
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the demand. The saturated vapor concentration at the soil surface depends on the soil surface
temperature, which is derived from solving the surface energy balance (Eq. [47]). _ENREF 1

An additional soil transfer resistance, rs [s m™] was introduced to account for a reduction in
evaporation when the soil surface dries out and the vapor pressure becomes smaller than the

saturated vapor pressure:

PEV,sat(Z = Zevap) - PZ;V (Zref) [60]
E, = = f(0 F.
w Ty + rs(el,top) ﬁ( l,top) w,pot

where zevap IS the depth where evaporation takes place (i.e. where air is assumed to be saturated
with vapor) and @ op is the water content of the ‘top soil layer’. However, neither zevap nor the
thickness of the top soil layer are explicitly defined or simulated. The soil transfer resistance, rs, is
a function of the water content in the top soil layer whereas r, depends on the free flow conditions.
Water transport in the porous medium and into the atmosphere are hence semi-coupled in this
approach. The gfactor represents the ratio of the aerodynamic resistance to the sum of the soil and
aerodynamic resistance. This approach is often used in large scale simulation models to describe
the reduction of evaporation from drying bare soil compared with the potential evaporation from
wet soil [Tang and Riley, 2013a].

Kondo et al. [1990], Mahfouf and Noilhan [1991], and Vandegriend and Owe [1994] used a soil
transfer resistance term that increases with decreasing surface soil water content to account for the
additional resistance for diffusive vapor transfer when the evaporative surface recedes into the soil
profile and Tang and Riley [2013a] derived a model for the soil transfer resistance based on the
vapor diffusivity and liquid water hydraulic conductivity. Experimentally derived soil transfer
resistances were smaller than expected, considering the depth of the evaporation surface and the
vapor diffusion coefficient. The smaller resistances were attributed to turbulent eddies that
propagate into the porous medium and generate upward and downward movement of air and hence

an extra opportunity for mixing with incoming air in the upper soil layer [Farrell et al., 1966;
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Ishihara et al., 1992; Kimball and Lemon, 1971; Scotter and Raats, 1969]. It should be noted that
Assouline et al. [2013] found that the evaporation flux calculated using Ficks’ Law and the depth
of the evaporation front (i.e. zevap) Underestimated the evaporation rate; however turbulent mixing
was not recognized in this case as a potentially relevant process. Additional turbulent mixing leads
to an additional dispersive flux of gases in the upper soil layer and has been shown to be of
importance for the flux of vapor and trace gases from soil [Baldocchi and Meyers, 1991; Maier et
al., 2012; Poulsen and Moldrup, 2006] and soil covered with mulches [Fuchs and Hadas, 2011].
The parameterization of this additional mixing due to turbulence in the top soil is not well known
and debated.

A second reason for a decrease in evaporation rate from a drying surface is the spatial variation of
the vapor pressure at the soil surface at the microscopic scale. When the lateral distance between
evaporating water surfaces in pores at the soil surface becomes too large, the reduction of the
evaporating water surface when the soil surface dries out cannot be compensated by an increased
lateral diffusion of vapor through the viscous or roughness layer [Haghighi et al., 2013;
Shahraeeni et al., 2012; Suzuki and Maeda, 1968]. In this case, vapor transfer through the viscous
or roughness layer rather than vapor transfer within the porous medium is the limiting factor. If
this effect is also accounted for by an additional resistance term, experimental results of
Shahraeeni et al. [2012] suggest that this resistance term increases with decreasing surface soil
water content, that it is larger in soils with larger pores, and that the ratio of this resistance term to
the resistance for vapor transport from a saturated soil surface increases with increasing wind
velocity. It should be noted that a similar relation with wind speed is observed for the ratio of re/rv
(see Figure 2).

Soil transfer resistances have been introduced in soil evaporation models. However, using an
additional transfer resistance in a model that explicitly considers diffusive vapor transfer in the

soil surface layer (e.g. Saito et al. [2006]) leads to a double counting of the transfer resistance
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through the soil surface layer and therefore a too strong and rapid decrease in the actual

evaporation rate from the soil surface.

Threshold formulation of boundary conditions.

In this approach, water transfer between the porous medium and the free flow is either fully
controlled by free flow conditions or by water transport in the porous medium. When the free flow
controls the transfer, the potential evaporation is used as a flux boundary condition for water flow
in the porous medium. When the porous medium controls the flux, a constant water pressure or
water content at the surface of the porous medium is defined and the water flux towards the soil
surface is calculated by solving the flow equations in the porous medium for a Dirichlet boundary
condition. This approach is used in soil models that solve the Richards equation, e.g. Hydrus 1D
[Simunek et al., 2008]. There are no exact guidelines to define the critical pressure head, ri,
which is kept constant at the porous medium surface. As a rule of thumb, yrit should correspond
with a pressure head for which the hydraulic conductivity and capacity of the porous medium
(d6/dy) become very small so that a smaller wcrit would hardly influence simulated water contents
and water fluxes towards the soil surface. As will be shown in some simulation examples in the
accompanying paper, simulated water fluxes are not so sensitive to the exact choice of this critical

pressure head.

Summary and Conclusions:

This work presented an overview of concepts with different complexity that can be used to describe
the transfer of water and energy from a porous medium into free flow. We identified how the
different approaches are related and which simplifications are used. The most comprehensive

description of processes considered multi-dimensional flow of liquid and gas phases and transport
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of dry air and water components in the porous medium that was coupled consistently
acknowledging mechanical, chemical and thermal equilibrium at the interface to a free flow in the
gas phase and transport of vapor and heat above the porous medium. Since the direction of the free
flow is generally different from the main direction of the flow and transport processes in the porous
medium, this comprehensive approach implies a multi-dimensional description of the flow and
transport processes.

However, for homogeneous soil surfaces of a sufficiently large fetch, lateral variations in state
variables in the free flow become very small. This leads to a first simplification from a multi- to a
one dimensional description of the flow and transport processes in which only the vertical
components of flow and transport (in the porous medium) are considered and the vertical
components of the gas flow in both the porous medium and the free flow are neglected. This
implies that in the porous medium transport in the gas phase happens by diffusion only (i.e. air
flow is neglected). This assumption allows to couple the water and heat fluxes in the porous
medium and in the free-flow at the porous medium interface using transfer resistances that
calculate fluxes from states at the soil/free-flow interface and at a defined height in the free-flow.
A second simplification assumes that vapor transport in the porous medium can be neglected
leading to the one component one phase or so-called Richards equation. This simplification
decouples water from heat fluxes in the porous medium. At the porous-medium free flow interface,
the heat balance equation is solved to determine the water flux at the interface. This balance is
solved assuming that the vapor concentration at the soil surface is equal to the saturated vapor
concentration so that the heat balance equation is in fact decoupled from the water flow equation
in the porous medium. The water fluxes that are derived from this heat balance apply therefore
only when the soil surface is sufficiently wet.

The third set of simplifications is related to the description of the interactions or the coupling of
the water flow in the porous medium, the interface heat balance, and the evaporation from the

interface. In a first approach the transfer between the porous medium and free flow is described
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by threshold boundary conditions that use prescribed fluxes derived from a surface energy balance
until a critical threshold water pressure head is reached at the porous medium surface. This so-
called Richards equation with threshold boundary conditions is widely used in soil water balance
models. During periods when the pressure head at the surface equals the critical pressure head, the
dynamics of the evaporation fluxes are completely defined by the hydraulic properties of the
porous medium and the water distribution in the porous medium but are decoupled from the
dynamics of the evaporative forcing: radiation, free flow velocity, relative humidity and
temperature. A second approach, which is often used in large scale simulation models, combines
the diurnal dynamics of the evaporation of a wet surface with a soil surface resistance depending
on the soil water content and represents a semi-coupling between the dynamics of the evaporative
forcing and the flow process in the porous medium.

Finally, there are processes that are not represented or resolved in the comprehensive process
description that we presented. These processes are parameterized in the vapor transport description
in the porous medium and in the transfer resistances for momentum, heat and vapor transfer
between the porous medium and the free flow. . Processes like turbulent diffusion and
enhancement of thermal vapor diffusion by thermal non-equilibrium within the porous medium
are parameterized in the vapor transport. Non-equilibria (thermal and chemical) can be included
in the models by adding additional equations that describe the rate with which an equilibrium is
reached, typically first-order rates [Smits et al., 2011]. The rate coefficients are in essence
additional empirical parameters that need to be estimated, for example by inverse modeling. Since
the surface roughness is not represented in the continuum equations, the effect of roughness on the
exchange processes needs to be parameterized in the transfer resistances. Because the small scale
mechanisms that control the exchange processes at a rough interface differ for momentum vs heat
and vapor exchanges, the parameterizations of the respective transfer resistances differ. However,

these parameterizations have been derived mainly for bluff surfaces. Therefore, the effect of
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vertical (turbulent pumping) and lateral gas flow in the surface layer of the porous medium, which
may be important in highly porous mulches, aggregated soils, and dry soils, is not accounted for.

Based on this summary, we conclude that the description of evaporation processes in systems
where an important lateral variation in fluxes and states can be expected would require a
multidimensional representation of the processes in both the porous medium and the free flow.
Although this seems at first sight trivial, it is in fact not generally applied. For instance, several
studies that investigated the effect of soil heterogeneity on soil water fluxes use a multidimensional
description of the flow process in the porous medium but describe the transfer from the soil surface
into the atmosphere using transfer resistances that presume laterally homogeneous state variables
in the free flow.

The consideration of the vapor transport in the porous medium and its parameterization due to
non-represented processes or its indirect representation in transfer resistances between the porous
medium and the free flow is another important difference between the presented model concepts.
Under which conditions these differences lead to important differences in simulated evaporation
needs to be further investigated.

These conclusions are the starting point of accompanying paper in which we will evaluate the
impact of lateral variability and the representation of vapor transport in the porous medium on

evaporation simulations.
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Tables:

Table 1: Overview of the equations that describe processes in the porous medium, the free flow, and the coupling conditions at the porous medium-free flow interface

using different degrees of simplifications.

Porous medium equations

2 component 2 phase

1 component 1.5 phase

1 component 1.5 phase

1 component 1 phase
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Free flow equations
1-D steady state

Mass balance, Reynolds averaged Navier Stokes, component and energy balance
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at
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Coupling conditions at the porous medium free flow interface

2 component 2 phase

| 1-D transfer, aerodynamic resistances

| Semi-coupled using soil surface resistance | Semi-coupled using threshold

Mechanical transfer
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