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High and nearly constant evaporation rates from initially saturated porous media are sustained by capillary-
driven flow from receding drying front below the evaporating surface. The spatial extent of continuous liquid
pathways in homogeneous porous medium is defined by its hydraulically connected pore size distribution. We
consider here evaporative losses from porous media consisting of two hydraulically coupled dissimilar do-
mains each with own pore and particle size distributions separated by sharp vertical textural contrast. Evapo-
ration experiments from texturally dissimilar media were monitored using neutron transmission and dye pattern
imaging to quantify water distribution and drying front dynamics. Drying front invades exclusively coarse-
textured domain while fine-textured domain remains saturated and its surface continuously coupled with the
atmosphere. Results show that evaporation from fine-textured surface was supplied by liquid flow from adja-
cent coarse domain driven by capillary pressure differences between the porous media. A first characteristic
length defining limiting drying front depth during which fine sand region remains saturated is deduced from
difference in air-entry pressures of the two porous media. A second characteristic length defining the end of
high evaporation rate includes the extent of continuous liquid films pinned in the crevices of the pore space and
between particle contacts in the fine medium. We established numerically the lateral extent of evaporation-
induced hydraulic coupling that is limited by viscous losses and gravity. For certain combinations of soil types
the lateral extent of hydraulic coupling may exceed distances of 10 m. Results suggest that evaporative water
losses from heterogeneous and coupled system are larger compared with uncoupled or homogenized equivalent
systems.
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I. INTRODUCTION

Evaporation rate from porous media is determined by
complex interactions between internal transport mechanisms,
media properties, and external boundary conditions. Early
stages of evaporation from initially saturated porous media
are often marked by high and relatively constant drying rate
�stage 1� and formation of a receding drying front. Capillary
flow along hydraulically connected pathways �1,2� through
partially saturated zone above the drying front denoted as
“film region” �3� sustains high evaporation rates. The extent
of the film region is determined by balance between flow
inducing capillary gradients and counteracting gravitational
forces and viscous dissipation. These forces are not deter-
mined by representative pore size only as previously as-
sumed �4,5� but by differences in hydraulically connected
pore size distributions. A capillary pressure gradient spanned
by differences in pore size distributions drives liquid flow
from large pores to supply water evaporating from small
pores at the surface �6�. The importance of capillary-driven
liquid flow for drying processes was discussed in previous
studies denoting this flow mechanism as “capillary pumping”
�7�, “capillary transfer” �8�, or “counterflow” �9�. In this
study we extend the concept to consider internal exchanges
and evaporation from “capillary coupled” or hydraulically
coupled porous domains highlighting the potential for
heterogeneity-enhanced evaporative losses. Lehmann et al.
�10� demonstrated that the spatial extent of capillary-flow

region between a receding drying front and evaporating sur-
face could be deduced directly from capillary pressure-
saturation relationship for the porous medium. Additionally,
capillary pressure at the drying front remains at air-entry
value whereas capillary pressure at the surface gradually be-
comes more negative pulling water upward �against gravity�
from the drying front along liquid structures remaining in
connected pores and crevices. When gravity exceeds maxi-
mum capillary pressure difference between the drying front
�air-entry value� and the surface, water recedes from the sur-
face and drying rate dropped to vapor diffusion controlled
stage 2. In fine-textured porous media viscous resistance in-
troduces an additional constraint to gravity reducing the ex-
tent of film region. Additionally, for high drying rates, evapo-
ration flux can be limited by coupling between evaporating
surface and air boundary layer above �11–13�. However,
surface-air coupling does not affect the film region extent
and associated reduction in drying rate due to this coupling
effect is considered as stage 1 as well.

Evaporation from initially saturated porous system con-
taining abrupt vertical textural contrasts introduces an addi-
tional form of hydraulic coupling and mass exchange be-
tween the texturally different domains. Experimental
evidence of structural and textural effects on drying front
patterns is shown in Fig. 1. While drying patterns and rates
of the two homogeneous sand columns shown in Fig. 1 could
be understood in terms of the width of the pore size distri-
bution �10�, the drying front pattern in the column with in-
teracting fine and coarse sand domains cannot be deduced
from drying front behavior in the homogeneous columns.
The drying front propagates exclusively in the coarse sand
domain while the fine sand domain remains water saturated.
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The objective of this study is to quantify and predict im-
pact of vertical textural contrast on stage-1 evaporative dry-
ing �always directed against gravity�. The process is concep-
tualized by extending a simple model originally proposed by
Krischer �14� that considers hydraulically interacting pairs of
capillaries with different radii inducing capillary flow from
the large to the small capillary having a pinned meniscus
evaporating at its top. The extension of the conceptual pic-
ture to hydraulically interacting domains in a porous medium
with abrupt textural transitions is relatively straightforward.

The consequences of such coupling give rise to several
interesting phenomena with potentially important hydrologic
and engineering applications for evaporation from heteroge-
neous porous media. In this study we extended the concept
of evaporation characteristic length of Lehmann et al. �10� to
heterogeneous porous media, considering, in a first step,
simple heterogeneities such as abrupt textural changes when
two materials are arranged in parallel. The specific objectives
were to quantify effects of vertical textural discontinuities on
�1� drying front displacement patterns, �2� duration and
maximum front depth of stage-1 evaporation, and �3� total
evaporative water losses as compared with homogeneous po-
rous medium under similar conditions.

II. THEORETICAL CONSIDERATIONS

The duration of the stage-1 evaporation and the maximum
drying front depth before capillary liquid connections are

interrupted is determined by a characteristic length that de-
pends on the driving capillary forces and counteracting
gravitational and viscous effects. At the microscopic scale,
the characteristic length of homogeneous and heterogeneous
materials is introduced by representing the porous medium
by a pair of equivalent capillaries with well defined air-entry
pressures. At the macroscale, the effect of hydraulic coupling
is deduced from relationship between capillary pressure head
h, liquid saturation �, and hydraulic conductivity K of the
coupled porous media.

A. Microscale modeling of evaporation from hydraulically
coupled capillaries of different sizes

Evaporation-induced capillary flow in a porous medium is
dominated by two characteristic sizes expressed as equiva-
lent capillary pressures. First is the air-entry pressure defined
by the largest drainable pore size �denoted by the index L for
large� which is also the capillary pressure at the drying front.
The second is defined by the capillary pressure where hy-
draulic continuity between drying front and evaporating sur-
face is interrupted �denoted by index S for small�. When
liquid connections break, evaporation becomes diffusion lim-
ited and the second stage of drying begins.

Two capillaries representing largest and smallest pore
sizes in fine and coarse porous media are shown in Figs. 2�a�
and 2�b�. The air-entry pressures hb for the two media are
defined by the capillary radii cL and fL �with c for coarse and
f for fine, respectively�. Smallest drainable pore sizes �or
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FIG. 1. Drying of porous media affected by texture and cou-
pling. Three initially saturated sand filled Hele-Shaw cells of 10
mm thickness are separated by glass walls. The distribution of water
saturated �black� and partially air-filled region �white� was deduced
from the distribution of blue dye. Two cells �on left� were filled
homogeneously with one type of sand material �grain size range is
indicated� and the drying front penetrates in both media with similar
velocities during stage 1. In the third column �right� fine and coarse
sands are hydraulically coupled and the air phase enters preferen-
tially the coarse material with completely saturated fine sand. The
gray vertical dashed line indicates the position of the material
interface.
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FIG. 2. �Color online� Characteristic length �LC� and capillary
coupling between large �index L� and small �S� capillaries and
coarse �c� and fine �f� materials. The capillaries represent effective
capillary pressures defining air-entry value hb and value close to
residual value hmin driving liquid flow �white arrows� to replace
water evaporated from the surface �black arrows�. The dashed ver-
tical lines denote the positions of the material interface. In �a� and
�b� the characteristic lengths LC for homogeneous coarse and fine
materials are shown. �c� defines the depth of the meniscus �front
depth� in the coarse just before air can enter the fine domain. �d�
shows the end of stage 1 with flow from the drying front in the
coarse to the partially saturated fine-textured surface. In this con-
ceptual figure, viscous effects are neglected and the characteristic
length equals the gravitational length LG.
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pressures sustaining continuous thick liquid films� are char-
acterized by capillary radii cS and fS. The corresponding cap-
illary pressure heads are denoted as hmin

c and hmin
f for coarse

and fine materials, respectively.
As in case of homogeneous material, the heterogeneous

porous medium containing a distinct vertical textural contrast
is represented by a pair of hydraulically coupled capillaries
with each capillary representing a characteristic domain of
one material �Figs. 2�c� and 2�d��. To determine the air en-
trance in fine material, each capillary represents the largest
pores of a medium. Air invades the coarse-textured domain
through a pore or large capillary of radius cL and into the
fine-textured domain via fL. Air invades the initially liquid
filled and hydraulically coupled capillaries when interface
curvature equals the radius of the large capillary cL. The
subsequent penetration of the interface mimics a receding
drying front into the coarse-textured domain. Note also that
the fixed curvature in the large capillary determines a con-
stant water pressure behind the receding meniscus and cap-
illary gradient inducing flow toward the small capillary with
radius fL. The maximum extent of capillary driving force
before air enters the fine medium is determined by the dif-
ference in air-entry values between small and large capillar-
ies expressed as capillary pressure head �hcap �dimension of
length�,

�hcap =
2�

�g
� 1

fL
−

1

cL
� , �1�

with g as acceleration due to gravity, � as surface tension,
and � as water density. For vertically oriented capillaries
with negligible viscous losses, the magnitude of the capillary
driving force �expressed as length �hcap� adjusts to over-
come the gravitational head difference �hG between the me-
niscus in the large capillary and the evaporating surface at
the top of small capillary. The maximum length �drying front
depth� between menisci in large and small capillaries for
which capillarity driving force overcomes gravity is a char-
acteristic of the porous medium defined by the pore sizes and
is denoted as gravity length LG=�hG=�hcap. The maximum
depth of the meniscus �drying front� in the large capillary
before air enters the fine material is shown in Fig. 2�c�.

Capillary-flow required for sustaining stage-1 drying rate
persists even while drying front recedes into the fine domain
�Fig. 2�d�� with driving capillary pressure difference between
drying front in the coarse domain �meniscus in cL� and the
surface of the saturated capillary with radius fS expressed as
follows:

�hcap =
2�

�g
� 1

fS
−

1

cL
� . �2�

Hence, in the absence of significant viscous losses, the maxi-
mum extent of capillary driving force �hcap equals the gravi-
tational head difference �hG between the meniscus in the
largest capillary and the surface. The gravitational head dif-
ference equals the drying front depth LG=�hG=�hcap. In
Fig. 2 the front depth LG for homogeneous and heteroge-
neous media is shown.

The limitation of liquid flow in capillary by viscous limi-
tations was analyzed in �15� and can be expressed as a char-
acteristic viscous length LV �10� as discussed explicitly in the
forthcoming section for the macroscale.

B. Macroscopic description of evaporation from texturally
different and hydraulically coupled domains

Extension of the concept of interacting cylindrical capil-
laries to real porous media �macroscopic scale� requires in-
troduction of media hydraulic properties, in particular, the
hydraulic conductivity K�h� and water content ��h� as func-
tions of capillary pressure h �in the following we use the
absolute value of capillary pressure�.

1. First characteristic length of capillary coupling defining air
entry in fine medium

Increasing capillary pressure close to water saturation
may not result in noticeable changes in saturation until a
critical pressure known as air-entry value hb is attained �16�,
where subsequent increase in capillary pressure results in
significant drainage and reduction in water content. A similar
process occurs during evaporation where propagation of the
drying front is associated with menisci exceeding air-entry
value followed by air invasion along the front. For coupled
domains of coarse and fine porous media, air invades first the
domain with lower air-entry value, namely, the coarse-
textured domain with air-entry value hb

c. The fine-textured
domain remains saturated until water pressure at the surface
reaches the fine-domain air-entry value hb

f . During evapora-
tion, water flows from coarse-textured domain to the fine-
textured surface according to driving capillary pressure gra-
dient of

�hcap = hb
f − hb

c . �3�

The air-entry values and hence the driving capillary pressure
difference can be determined experimentally as discussed in
Secs. III and IV. As long as the pressure at the surface is less
than the critical capillary pressure hmin

c of the coarse, water
flow along continuous liquid films in the partially dry coarse
region is possible in addition to water flow from coarse to the
fine region. The partition between film flow in the coarse and
saturated flow in fine material depends on the hydraulic re-
sistances in the two regions.

2. Second characteristic length of capillary coupling defining
end of “stage-1” evaporation

Although the region above a receding drying front grows,
the drying front remains hydraulically connected with evapo-
rating surface as evidenced by constancy of high evaporation
rate during stage 1. Lehmann et al. �10� have shown that
drying front depth at end of stage 1 could be predicted from
macroscopic hydraulic properties of the porous medium
�e.g., relationship between liquid saturation and capillary
pressure�. They used the parametric model of Van Genuchten
�17� to quantify the saturation-capillary pressure relationship
�also denoted as soil water characteristic or water retention
curve�,
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� =
��h� − �res

� − �res
= �1 + �	h�n�−�1−1/n�, �4�

with effective saturation �, volumetric water content ��h�
for a pressure head h, �res as the residual water content
�where liquid phase becomes fragmented�, � as the porosity
that equals saturated water content, 	 as a characteristic in-
verse pressure head, and the parameter n attributed to pore
size distribution. Lehmann et al. �10� linearized the satura-
tion pressure relationship to determine air-entry value hb and
capillary pressure close to residual saturation hmin.

For hydraulically coupled and texturally different do-
mains, liquid connectivity between the drying front in the
coarse domain and the partially wet surface of the fine do-
main persists until the pressure at the evaporation surface in
the fine domain equals hmin

f and the liquid films in the fine
region become disconnected. The maximum driving capil-
lary pressure at end of stage 1 is thus

�hcap = hmin
f − hb

c . �5�

In Fig. 3 the effect of the hydraulic coupling on the maxi-
mum capillary pressure gradient and drying front depth in
the coarse material is shown.

3. Viscous losses for upward flow

Flux density through a porous medium is linked to vis-
cous dissipation by Darcy’s law �or Buckingham-Darcy for
unsaturated conditions�. Prior to air entry into the fine-
textured domain, flow is controlled �macroscopically� by
saturated hydraulic conductivity of the fine medium Ks

f. Fol-
lowing air entry, the unsaturated hydraulic conductivity func-

tion Ku
f �h� determines the ensuing flow and viscous dissipa-

tion. According to Fig. 3, upward �vertical� water flow in the
fine domain is saturated between hb

c and hb
f and unsaturated

above the drying front for capillary pressure heads h
hb
f .

The unsaturated conductivity Ku
f �h� affects viscous dissipa-

tion in the film region and limits the characteristic length and
front depth. To combine viscous effects in both the saturated
and unsaturated fine material we tested different averaging
methods and parametrizations and we quantified the effective
hydraulic conductivity Kf for the fine material as follows:

Kf =
hb

f − hb
c

hmin
f − hb

c Ks
f +

1

hmin
f − hb

c�
hb

f

hmin
f

Ku
f �h�dh , �6a�

Ku
f �h� = Ks

f�1 + �	h�n�−�1−1/n���− 1 + 	1 −
1

1 + �	h�n
1−1/n�2

,

�6b�

with the hydraulic conductivity model of van Genuchten �17�
and Mualem �18�. The unsaturated hydraulic conductivity
K�h� contains an additional parameter � related to flow path
geometry and connectivity and is generally set to 0.5 �17,18�.

Stage 1 of evaporation ends when the sum of viscous
dissipation expressed as head loss �hV in the fine medium
and gravitational head difference �hG between the evaporat-
ing surface and drying front depth in the coarse domain bal-
ances the driving capillary pressure difference �hcap. We
start the analysis with the first characteristic length of cou-
pling determining the front depth in coarse material at air
entrance into the fine-textured porous medium. First, we ne-
glect the effect of gravity �assuming horizontal arrangement
of the soil� focusing on the limitations by viscous effects.
The driving capillary pressure equals the differences in the
air-entry values hb

f −hb
c and is compensated by viscous losses

of water flow expressed according to Darcy’s law,

q =
e0

� f
= Ks

f �hV

LV
⇒ �hV = �hcap

=
1

Ks
f

e0

� f
LV ⇒ LV = �hcap

Ks
f� f

e0
, �7�

with the fraction of the fine-textured medium � f, the satu-
rated hydraulic conductivity of the fine Ks

f, and a length char-
acteristic for viscous losses expressed as viscous length LV.
By combining viscous and gravitational head losses, a char-
acteristic length LC just prior to air entry into the fine me-
dium can be computed,

�hcap = hb
f − hb

c = �hG+�hV = LC�1 +
e0

� fKs
f� → LC

=
�hcap

1 +
e0

� fKs
f

=
LG

1 +
LG

LV

. �8�

Equation �8� shows that the evaporative characteristic length
for porous media with very large hydraulic conductivity �i.e.,
large viscous length� is determined primarily by the gravita-
tional length.
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FIG. 3. �Color online� Maximum driving capillary pressure gra-
dient for hydraulically coupled porous media. �a� Water content
distribution below the surface at end of stage 1 deduced from the
water retention function. The water retention curves �and the corre-
sponding linearization—dashed line� were determined for the two
sand media used in the series of laboratory experiments presented in
Sec. III. �b� Dye distribution at end of stage 1 with drying fronts in
coarse and fine parts. The pressures at the front are equal to the
corresponding air-entry values. Saturated regions are shown in
black and partially air-filled zones are white. The black lines in the
fine indicate continuous liquid structures denoted as “thick films”
that sustain liquid flow. Water flow �arrows� is driven by capillary
pressure difference between hmin

f �head close to residual saturation
for fine material� at the surface and the air-entry value hb

c at the
front of the coarse material.
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Frequently the importance of gravitational, viscous, and
capillary forces is expressed by dimensionless capillary and
bond numbers, denoting the ratio of viscosity or gravity with
capillary forces. The definitions of both bond and capillary
numbers typically contain a single characteristic pore size
which is not directly applicable for determination of charac-
teristic length for drying processes that are driven by a dif-
ference of pore sizes. Nevertheless, dividing capillary with
bond numbers �by choosing the definitions given in �19��, we
can express the ratio between viscous and gravitational
length as

Ca

Bo
=

��/���e0/� f��r2/ f�
r2�g�/��

=
��e0/� f�

 fg�
=

e0/� f

Ks
f

=
LG

LV
⇒ LC =

LG

1 +
Ca

Bo

, �9�

with capillary number �Ca� and bond number �Bo�, represen-
tative pore radius r, dynamic viscosity �, and permeability of
the fine medium  f that is equal to Ks

f��−1g−1. For small ratio
of capillary and bond number viscous effects are small and
the resulting characteristic length is close to the gravitational
length defined by the width of the hydraulically connected
pore size distribution.

For the second characteristic length of coupling defining
the end of stage 1, the driving capillary pressure difference is
enhanced. The capillary pressure head at the fine-textured
surface exceeds the air-entry value and a drying front recedes
into the fine-textured material as well. Water flows from the
drying front in the coarse toward the surface until the pres-
sure head reaches a value of hmin

f . To quantify the viscous
dissipation and the characteristic length for end of stage 1,
the hydraulic conductivity according to Eq. �6a� must be
taken into account. The resulting characteristic length is thus

�hcap = hmin
f − hb

c = �hG + �hV = LC�1 +
e0

� fK
f� → LC

=
�hcap

1 +
e0

� fK
f

. �10�

Equations �8� and �10� are different with respect to the driv-
ing capillary pressure difference and the hydraulic conduc-
tivity for the fine. Note that a characteristic front depth could
be determined for any driving capillary pressure difference
�h−hb

c� with hb
c �h�hmin

f but for simplicity we use Eq. �10�
as estimate for the characteristic depth at end of stage 1.

Front depth and mass loss in coarse domain are expected
to be larger in the heterogeneous �coupled� media compared
to uniform coarse porous material due to the enhanced dif-
ferences in capillary pressure. The ratio of characteristic
lengths with and without evaporation-induced hydraulic cou-
pling is enhanced �
1� if the following condition is fulfilled:

hmin
f − hb

c

1 +
e0

� fK
f



hmin

c − hb
c

1 +
e0

Ku
c

→
hmin

f − hb
c

hmin
c − hb

c 


1 +
e0

� fK
f

1 +
e0

Ku
c

, �11�

with the unsaturated hydraulic conductivity of the coarse
sand Ku

c. For a small fine-textured fraction � f and small hy-
draulic conductivity of the fine Kf, the ratio between capil-
lary pressure difference with and without coupling must be
large to enhance evaporative losses.

C. Capillary coupling for heterogeneous system with fine-
textured inclusion at larger scales

Thus far, we have considered viscous losses associated
with vertical flows through the fine domain only, however, in
natural systems of considerable horizontal extent, horizontal
flows from coarse-textured domains to fine-textured inclu-
sions and associated head losses might be important for real
evaporative losses as well and must be treated in higher spa-
tial dimensions including lateral flow. Here, we characterize
evaporation from a system consisting of vertical cylindrical
fine-textured inclusion of diameter 2Rf embedded in coarse
medium of unlimited lateral extent �see Fig. 4�. Following a
period where the initial evaporation rate e0 is uniform across
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FIG. 4. �Color online� Definition sketch for water extraction
from coarse supplying water for evaporation from the fine-textured
inclusion surface. Initially, the entire surface evaporates at a rate e0

until the drying front in coarse reaches its own evaporative charac-
teristic depth LC. Subsequently, water evaporates only from the
fine-textured surface at higher rate e1 to compensate for the reduced
evaporating surface �assuming constant energy input�. Water is thus
extracted from saturated coarse region to supply evaporation from
fine-textured inclusion of radius Rf resulting in a receding interface
between saturated and partially unsaturated coarse materials. The
horizontal flow QH in the coarse �concentrated in a layer of thick-
ness z� matches the vertical flow in fine material QV and the evapo-
rative flux from fine-textured surface QE. The front depth L�R� be-
low LC depends on viscous losses associated with horizontal flow.
No water is extracted from distances larger than Rmax due to limit-
ing viscous losses. The maximum front depth L0 at the interface is
a characteristic length determined by viscous losses in the fine ma-
terial and the driving capillary pressure difference.
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the whole surface �representing ambient atmospheric de-
mand or energy input�, the drying front in the coarse domain
reaches its own characteristic length and changes evapora-
tion from capillary-driven flow to diffusion controlled evapo-
ration.

The characteristic depth of the coarse sand LC equals

�hcap = hmin
c − hb

c = �hG + �hV = LC +
e0

Ku
c LC → LC =

hmin
c − hb

c

1 +
e0

Ku
c

�12�

by expressing the head loss �hV related to an evaporation
rate of e0 using the law of Buckingham-Darcy with unsatur-
ated hydraulic conductivity of the coarse sand Ku

c.
Subsequently, we expect capillary-driven lateral water

flow from the coarse to the fine-textured surface that may be
limited by viscous effects. Several assumptions could be
made regarding the dynamics of evaporation flux from the
fine-textured domain and the water flow from coarse to fine
medium. For the evaporation flux we have chosen an as-
sumption consistent with small-scale experimental results
�presented in Sec. III� where the reduced evaporating surface
is compensated by enhancing drying rate at the fine-textured
surface from e0 to e1 to maintain constant areal average
evaporation �such compensation might reflect constant en-
ergy input for evaporation�. Regarding the water flow from
coarse to fine domain driven by capillary pressure difference
�hcap between air-entry value of the coarse hb

c and minimum
capillary pressure in the fine hmin

f , we neglect the vertical
flow component in the coarse medium. In ground water flow
this simplification is known as Dupuit-Forchheimer approxi-
mation �20� or vertical flow equilibrium �21� and is valid for
a large ratio between lateral and vertical flow distances.

In course of water flow from coarse to fine, water is ex-
tracted from the coarse material and the interface between
saturated and unsaturated regions in the coarse moves down-
ward. To supply water from coarse to evaporating fine-
textured surface, the driving capillary pressure gradient must
be larger than the sum of gravitational head difference �hG
and the viscous head losses related to horizontal and vertical
flows, �hH and �hV, respectively. The gravitational head dif-
ference between the position of the front and the surface �hG
equals the sum of characteristic front depth of the coarse LC
and a depth L�R� depending on the radial distance of the
position from where water is extracted. The gravitational
head �hG and the viscous losses �hH due to horizontal flow
are a function of radial distance R from the center of fine
inclusion. The balance between driving capillary pressure
gradient and counteracting gravitational and viscous effects
as a function of distance R equals

�hcap = hmin
f − hb

c = �hG�R� + �hH�R� + �hV

= LC + L�R� + �hH�R� + �hV, �13�

with the characteristic length of coarse material LC according
to Eq. �12�.

Viscous effects related to horizontal water flow increase
with distance from the fine-textured inclusion. For a maxi-
mum radius Rmax the viscous dissipation becomes suffi-
ciently large such that no flow is taking place beyond this
distance and the drying front depth remains at the character-
istic length of coarse medium. We may consider the initial
volumetric evaporative flux QE from a region of radius Rmax
as equal to Rmax

2 �e0. The same volumetric flow must be sus-
tained by evaporation from fine-textured inclusion according
to

Rf
2�e1 = Rmax

2 �e0 → e1 = e0
Rmax

2

Rf
2 . �14�

The water evaporating from the fine-textured surface is re-
placed by water extracted from the coarse sand and the hori-
zontal flow QH equals QE. At a radial distance R water flows
through a cross section of perimeter 2�R and depth z that
will be determined below. The flow balance for radial dis-
tance R equals

QE = QH = Rf
2�e1 = 2�Rzq�R� = 2�Rz Ks

cdhH

dR
�15�

with the water flux q�R� as a function of radial distance, the
water saturated conductivity of the coarse Ks

c, and the head
difference dhH related to flow across an infinitesimal distance
dR. By separating the variables hH and R and integrating
from Rf to Rmax, the total head loss related to viscous flow
�hH can be determined,

�hH = �
Rf

Rmax e1Rf
2

2zKs
c

dR

R
=

e0Rmax
2 �ln�Rmax� − ln�Rf��

2zKs
c .

�16�

The result for �hH is analogous to the computation of the
head loss for confined pumping wells �22,23�, here with con-
finement according to minimizing the viscous components of

K f=1000 e 0

K c=10 K f

K f=100 e 0

K c=10 K f

K f=1000 e 0

K c=10 K f

K f=100 e 0

K c=10 K f

FIG. 5. �Color online� Water extraction from coarse-textured
background material through evaporation from surface of a fine-
textured inclusion. The white lines indicate the boundary of the fine
inclusion. The colors �gray values� depend on the applied capillary
pressure difference between the pressure at the top of the fine and
the air-entry value of the coarse material �increasing radial distance
with increasing pressure difference�. The saturated hydraulic con-
ductivities K are given with indices f and c for fine and coarse
materials, respectively. With reduced hydraulic conductivity of the
inclusion medium, the radius of extraction diminishes.

PETER LEHMANN AND DANI OR PHYSICAL REVIEW E 80, 046318 �2009�

046318-6



water flow as determined below. In this derivation, the ver-
tical flow component in the coarse-textured medium is ne-
glected. This simplification is valid when the ratio between
lateral and vertical flow distances is larger than 10 �21� or 5
�20�. As an estimate we choose the ratio between the radial
distance Rmax−Rf and L0 �maximum depth of front at the
interface between coarse and fine below the characteristic
depth of the coarse�. As shown in numerical experiments
presented in Sec. V this assumption is valid for the analyzed
media.

At the interface between coarse and fine materials, the
front between saturated and unsaturated regions is at a depth
L0 below LC. To determine the viscous dissipation in course
of vertical flow in the fine inclusion we have to take into
account that water flows from a depth z below L0. The vis-
cous losses and depth L0 are computed according to the
equation for Darcy flow,

e1 = Kf �hV

�LC + L0 + z�
→ �hV =

e1

Kf �LC + L0 + z� , �17a�

�hcap = �hV + �hG = �LC + L0 + z��1 +
e1

Kf�
→ L0 =

hcap

�1 +
e1

Kf� − LC − z , �17b�

with the average hydraulic conductivity of the fine-textured
medium Kf determined by Eq. �6�. The thickness of the layer
z is chosen to minimize the viscous head loss caused by the
horizontal and vertical liquid flows. It can be deduced from
solving the derivative of the sum of �hV and �hH given in
Eqs. �16� and �17� as a function of z for zero with z equals

z =��KfRf
2 + e0Rmax

2 ��ln�Rmax� − ln�Rf��
2Ks

c . �18�

To determine the maximum distance Rmax from the center of
the radial inclusion expression from Eqs. �12� and �16�–�18�
must be inserted in Eq. �13�,

�hmin
f − hb

c�KfRf
2

KfRf
2 + e0Rmax

2 =
hmin

c − hb
c

1 +
e0

Ku
c

+
e0Rmax

2 �ln�Rmax� − ln�Rf��

��2Ks
c�KfRf

2 + e0Rmax
2 ��ln�Rmax� − ln�Rf���

. �19�

The value for Rmax was determined numerically. For a given maximum distance Rmax, the front depth L�R� below LC can be
determined,

L�R� =
�hmin

f − hb
c�KfRf

2

KfRf
2 + e0Rmax

2 −
hmin

c − hb
c

1 +
e0

Ku
c

−
e0Rmax

2 �ln�R� − ln�Rf��

��2zKs
c�KfRf

2 + e0Rmax
2 ��ln�Rmax� − ln�Rf��

. �20�

An example of the front depth L�R� below the characteristic
depth of the coarse domain and the water extraction in three
dimensions by capillary coupling is shown in Fig. 5. The
figure shows nonlinear decrease in drying �or extraction�
front depth as a function of radial distance. Increasing hy-
draulic conductivity of fine �or coarse� domains reduces vis-
cous losses and water may be extracted from larger radial
distances.

To compute the extracted volume, we assume at end of
stage 1 of the coarse a linear water content profile between
LC �complete water saturation with water content equals po-
rosity �� and the surface with residual water content �res.
Due to the hydraulic coupling, the front between saturated
and partially water filled zones in the coarse decreases to a
larger depth �LC+L�R��. Between the surface and depth L�R�
the water content equals �res and a water column of height
L�R���−�res� was extracted by water flow from coarse to
fine-textured surface. The volume V of extracted water
equals

V = �� − �res��
�=0

�=2� �
R=Rf

R=Rmax

RL�R�dRd� , �21�

with the angle � ranging from 0 to 2�.

III. EXPERIMENTAL CONSIDERATIONS

A. Laboratory experiments

Experimental studies on effects of hydraulic coupling on
evaporation were carried out with two quartz sand media
denoted as “fine sand” �particle sizes of 0.1–0.5 mm� and
“coarse sand” �0.3–0.9 mm�, respectively. The hydraulic
properties of these sand media were analyzed with respect to
their water retention and saturated hydraulic conductivity
�10�. To compare measurements of evaporative mass loss
with drying front position we used glass Hele-Shaw cells of
260 mm height and 10 mm thickness. To enhance visibility
of fluid distribution, we used degassed dye solution �brilliant
blue, 0.5–1.0 g l−1�. In a first experiment �presented in Fig.
1� a Hele-Shaw cell of 200 mm width was subdivided into
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four compartments with three filled with single material �fine
and coarse sands, glass beads� and a fourth cell with hydrau-
lically coupled coarse and fine sands �the glass bead cell is
not analyzed in this paper�. An image was acquired every
hour to monitor the position of the drying front.

All other drying experiments were carried out with Hele-
Shaw cells of 75 mm width. Four columns with a vertical
contrast were packed with fine and coarse sands with frac-
tions of fine sand, 75%, 50%, 25%, and 8%. Two columns
filled with a single porous medium �coarse or fine� were used
for comparison with hydraulically coupled columns under
similar evaporative conditions. To pack a column with verti-
cal contrast, a thin aluminum bar of 10 mm width was in-
serted in the Hele-Shaw cell. At both sides of the aluminum
bar sand particles were filled in. To obtain completely satu-
rated initial conditions, the sand particles were dropped into
the liquid with the water table always above the sand surface.
With increasing level of the sand packing the aluminum bar
was lifted carefully, with the bottom of the bar at about
10–20 mm below sand surface. Each of the Hele-Shaw cells
was mounted on a digital balance for continuous monitoring
of evaporative mass losses. Air humidity and ambient tem-
perature were monitored using computer-controlled sensor
�Hygrowin, Rotronic, Switzerland� recording measured val-
ues once per minute. In several experiments fans were in-
stalled to enhance potential drying rates. To determine the
potential evaporation rate, the mass loss from a water filled
column connected to a Mariotte bottle �to sustain constant
water level in the cell� mounted on a balance was monitored
as well. The fluid distribution marked by the blue dye was
imaged once or twice every hour with digital camera.

B. Neutron transmission measurements

To deduce water and air content above the drying front,
series of experiments were performed at the Swiss spallation
neutron source SINQ �Paul Scherrer Institute �PSI�, in Villi-
gen Switzerland� with neutron radiography imaging at beam-
line NEUTRA �24�. Neutrons are attenuated by hydrogen
nuclei and are very sensitive to the presence of water. Neu-
tron transmission is a useful technique to measure nonde-
structively the water content in porous media �25,26� and
was applied in a former study on drying front morphology
�13�. The attenuation of neutrons passing a Hele-Shaw cell
�260�75�10 mm3� mounted on a digital balance was mea-
sured every 5 min. To optimize the limited beam time at the
NEUTRA station, the experiment was carried out under high
evaporative demand with a potential drying rate of about 31
mm/day. A detector of size 97�97 mm2 mapped the incom-
ing neutrons with a resolution of about 0.1 mm. The Hele-
Shaw cell was packed such that a vertical contrast was
formed with one half filled with fine and the other half filled
with coarse sand. To observe the expected flow of the fluid
from coarse to fine sand, the bottom of the column was filled
with D2O �heavy water� and only the uppermost 61 mm of
the porous medium was filled with H2O �light water�. Due to
the neutron in the nucleus of the deuterium atom, the inter-
action with the neutron beam is different compared to H2O
and the attenuation is tenfold less in case of heavy water. The

different attenuations of heavy and light waters make it pos-
sible to use heavy water as a tracer and the interface between
heavy and normal water could be monitored.

IV. RESULTS

A. Preferential drying front displacement and water flow from
coarse to fine medium

Neutron transmission images were used for observing
preferential displacement of the drying front into the coarse
medium and of lateral flows between the hydraulically
coupled domains. We tracked the motion of the H2O /D2O
interface in fine sand to determine the flow velocity from
coarse to fine material. Figure 6 depicts the position of the
interface between heavy and light waters as a function of
time and shows neutron transmission images for three differ-
ent time steps. Initially, the interface between the heavy and
normal waters is indicated as distinct contrast in 61 mm
depth between high �D2O� and low �H2O� gray values. Dur-
ing evaporation, air invades the coarse sand domain exclu-
sively and the interface between the two liquids spreads
slightly by diffusion. After 0.33 days the drying front in the
coarse domain reaches the H2O /D2O interface and subse-
quently upward motion of the interface between the two liq-
uids is apparent in the fine sand domain. The upward motion
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FIG. 6. The position of interface between heavy and normal
waters in the fine domain was monitored using neutron radiography
to delineate water flow driven by evaporation in hydraulically
coupled sand media. Neutron transmission images are inserted to
show the motion of the drying front and the H2O /D2O interface.
Zones saturated with normal water are dark gray and heavy water
and partially air-filled regions are indicated by bright values. Air
penetrates preferentially the coarse material. When the drying front
in the coarse reaches the initial H2O /D2O interface at a depth of
61 mm after 0.33 days, the boundary between the two liquids is
moving upward in the fine domain due to water extraction from the
coarse sand pushing �heavy� water toward the fine-textured surface,
a process driven by the capillary pressure difference between the
surface of the fine and the drying front in the coarse. The liquid
interface moves with a velocity of about 47 mm/day. The black line
indicates the drying rate expressed as velocity and corresponds to
the expected H2O /D2O interface velocity when water is evaporated
exclusively from the fine material. The difference between this line
and measured velocity is caused by vertical flow in the partially
air-filled coarse medium along thick liquid films.
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of the interface confirms the postulated mechanism of lateral
water extraction from the coarse region driven by more nega-
tive capillary pressure at the fine-textured surface pulling the
liquid interface upward. The heavy water of the coarse sand
is pushed into the fine region by capillary pressure difference
between the drying front and fine sand surface.

It is interesting to note that the H2O /D2O interface re-
mains stationary until the drying front reaches the interface
depth, indicating that the lateral exchange so far occurred
above the interface location �always taking the shortest path
between the two domains�. The fine sand remains water satu-
rated until the drying front in the coarse is at depth of about
100 mm after 0.7 days. As shown in Fig. 6, the interface
between heavy and light waters starts moving after 0.33 days
with a mean velocity of about 47 mm/day. We use this esti-
mated pore water velocity to analyze if pathways in the film
region of the coarse region contribute to evaporation from
partially dry coarse surface. The deduced pore water velocity
in the coarse part corresponds to a flux density of about
20 mm/day �with porosity of 0.42�. When scaling by the
entire cross sections of both coarse and fine, the flux density
equals 10 mm/day and is comparable with measured evapo-
ration rate. Due to decreasing surface water content and thus
coupling with the atmosphere, the drying rate decreased from
initially 31 to 14 mm/day and was higher than estimated
lateral water exchange from coarse to fine sand �of about
10 mm/day�. We thus conclude that although lateral water
exchange between the domains dominated the process, ver-
tical flow within the partially saturated coarse domain along
liquid films was about 4 mm/day at the end of stage 1 evapo-
ration and cannot be neglected. As soon as the pressure at the
surface is negative enough to interrupt the films in the coarse
domain, water transport in the coarse will be limited by va-
por diffusion.

B. First characteristic length of capillary coupling defining air
entry in fine medium

During evaporation from hydraulically coupled columns
with vertical textural contrast, air phase invades preferen-
tially the coarse sand domain while the fine sand remains
completely water saturated. When drying front in coarse do-
main had reached a depth of about 100 mm, air invades the
fine sand as well. Liquid distributions �as marked by dye
patterns� in the experimental columns are shown in Fig. 7 for
conditions just before air entry into the fine sand. Results
clearly show that drying front depth reaches the same depth
�at the point of air entry into the fine� irrespective of the
fraction of the fine sand domain. The drying front in the
coarse sand receded most rapidly in the column with 75%
fine fraction and arrived in a depth of 100 mm after less than
2 days. The smaller the fraction of the coarse material, the
less water volume was extracted from the coarse domain
before the drying front reaches 100 mm depth. Hence, for a
constant drying rate e0, the time for drying front depth of
100 mm decreased with decreasing fraction of coarse sand.

The value of drying front at air entry into fine �about 100
mm� could be understood by analyzing water retention func-
tions of the two materials shown in Fig. 3. From these func-

tions we observe a characteristic air-entry value of hb
c

=120 mm for coarse sand and about hb
f =230 mm for the

fine sand. Liquid flow from coarse to fine material is thus
driven by capillary pressure difference hb

f −hb
c �see Fig. 2�c��

of 110 mm. This capillary driving force is balanced by gravi-
tational head difference between drying front depth and
evaporating surface. Hence a drying front depth of 100 mm
is about the value to the driving capillary pressure difference
�110 mm� within the experimental accuracy of determining
front depth position and air-entry values.

Obviously, the drying front depth in the coarse before air
entry into the fine domain was not affected by viscous flow
within the fine sand. The drying rate e0 in the range of
5 mm/day and a minimum fine fraction of 8% resulted in
maximum water flux of 62.5 mm/day. With the saturated
conductivity of 58.8 m/day for fine sand, the capillary and
bond numbers where 6�10−7 and 6�10−4 with a small ratio
Ca/Bo of 1�10−3 indicating a minor effect of viscous resis-
tance on characteristic length LC according to the expression
given in Eq. �9�.

C. Second characteristic length of capillary coupling defining
end of stage-1 evaporation

Even after air entry into the fine sand, the drying fronts in
both coarse and fine domains continue to recede with almost
no effect on original drying rate. For the hydraulically
coupled columns the driving capillary pressure gradient is
determined by the difference between largest and smallest
hydraulically connected pores ��hcap=hmin

f −hb
c� and is equal

to 250 mm for the sands under study. This is similar to col-
umn length and the drying front in the coarse sand domain
may reach the bottom of the column during stage 1 with little
effect on drying rate. As long as the pressure at the surface is
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FIG. 7. �Color online� Dye distribution in the four hydraulically
coupled columns just before air enters the fine sand area. The dye
distribution was classified as water saturated �black� and partially
air filled �white�. Air enters exclusively the coarse �c� sand until the
depth of the drying front is about 100 mm �horizontal dashed line�
and is close to the difference of the air-entry values of the two
materials. The fraction of the fine �f� sand decreases from the left
from 75%, 50%, 25%, and 8% and determines the time �indicated at
the top of each column� until the drying front reaches 100 mm
depth. The dashed vertical line indicates the position of the interface
between the coarse and fine textural domains.
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less negative than the minimum pressure hmin
f , thick liquid

films in the fine material remains continuous and water is
extracted from the drying front in the coarse and flows first
through the water saturated region of the fine and then along
films in the partially water saturated fine region.

The drying rates of four columns with vertical textural
interfaces between fine and coarse sands were compared with
drying behavior of homogeneous columns filled with either
coarse or fine sand. As shown in Fig. 8, cumulative mass loss
is higher for the hydraulically coupled columns as compared
with the homogeneous fine or coarse sand material. The drop
in drying rate for the homogeneous fine medium is a conse-
quence of attaining its characteristic length �hmin

f −hb
f � of

about 140 mm. The transition occurred after evaporation
depth �mass loss per cross section� of about 55 mm. The drop
of drying rate at end of stage 1 for the homogeneous coarse
material is less distinct and happened after evaporation depth
of about 25 mm.

For hydraulically coupled columns, the driving capillary
pressure gradient of about hmin

f −hb
c =250 mm supports dry-

ing front displacement in the coarse sand to the bottom of the
column before end of stage 1. Even for the smallest fractions
�8%� of fine sand domain no transition to stage 2 was ob-
served indicating that viscous losses are relatively minor.
Calculations of flow rates for initial drying rate e0 of 5 mm/
day indicate that water flux through 8% fine sand domain
fraction was about 62 mm/day �assuming all water was
evaporated exclusively from the fine surface�. Even for such
a high local evaporative flux, the value is small as compared
with the intrinsic value of saturated hydraulic conductivity
Ks of 58.8 m/day indicating a ratio Ks /e0 of about 1000
�hence negligible viscous losses�.

V. SPATIAL EXTENT OF HYDRAULIC COUPLING

To generalize experimental findings presented in Sec. IV
and the potential role of viscous dissipation in larger field
scale systems, we carried out numerical experiments in three
dimensions. The hydraulic functions of various soil classes
were chosen according to Carsel and Parrish �27� that deter-
mined the parameters of the van Genuchten �17� model and
the saturated hydraulic conductivity for 12 soil classes.

A. Radius of influence for evaporation from fine-textured
inclusions

Lateral flow between coarse- and fine-textured domains to
supply evaporation from a fine-textured surface coupled with
the atmosphere is limited by viscous resistance to flow
through both coarse and fine domains. Combinations of soils
with different textures designated as “clay,” “loam,” “silt,”
and “sand” were analyzed using hydraulic parameters re-
ported by Carsel and Parrish �27�. For comparison and sim-
plicity we employed axial symmetry with a fixed radius of
fine-textured inclusion of 1 m and considered initial evapo-
ration rates from wet surfaces in the range of 0.1–10 mm/day
�range of evaporation from terrestrial surfaces�. The maxi-
mum lateral extent of evaporative water extraction equals
Rmax−Rf, with Rmax determined from Eq. �19�. In computa-
tional results summarized in Fig. 9 we assumed that evapo-
ration rate from the fine-textured surface adjusts to accom-
modate lateral flows. Water extracted from the maximum
radial distance Rmax evaporates from the fine-textured surface
at local rate e1=Rmax

2 /Rf
2e0.

Computations show that despite considerable increase in
flux and viscous dissipation, certain combinations of porous
media sustain water extraction to distances in excess of 10 m
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FIG. 8. �Color online� Evaporative losses expressed as equiva-
lent depth �evaporated water volume per column cross-sectional
area� shown for four columns with vertical contrast and for the
homogeneous fine and coarse sand columns. The arrows mark end
of stage 1 evaporation from uniformly-packed columns. In the ho-
mogeneous fine sand the evaporation rate drops when the drying
front reaches a depth of about 140 mm �evaporation depth of 55
mm� and the hydraulic connections between the front and the sur-
face breaks. For the coarse sand the rate drops at a front depth of
about 90 mm �evaporation depth of 25 mm�. In the hydraulically
coupled columns water flows from the coarse to the surface of the
fine medium spanning a distance of the entire column length with-
out significant drop in drying rates.
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FIG. 9. �Color online� Numerical estimates of range of radial
influence of fine-textured inclusion with radius Rf =1.0 m for initial
drying rates e0 ranging from 0.1 to 10 mm/day. The radius of influ-
ence �Rmax−Rf� is the maximum radial distance, where the drying
front in the coarse domain is equal to its characteristic length and
hydraulic coupling between fine and coarse vanishes. For the four
coupled textures presented in the figure, sand is the background
medium in three cases and loam serves as background for clay
inclusion.
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�especially for low initial evaporation rates�. Viscous limita-
tions become more important for clay inclusions as com-
pared with silt and loam, resulting in limited radius of evapo-
rative water extraction. Simulation results neglect vertical
flow component in the coarse medium. This is justified for
ratio of lateral flow distance Rmax−Rf to vertical flow dis-
tance L0 larger than 5–10 �20,21�. For combination of silt
and sand �this ratio is 
21�, and loam and sand �ratio

25� this criterion is fulfilled. Only in case of clay inclusion
the ratio becomes smaller than 5 for average evaporation
rates larger than 8.4 mm/day for sand as background material
�0.9 mm/day for loam as background material�.

The amount of water volume extracted from the coarse
domain by evaporation from 1 m radius fine-textured inclu-
sion is depicted in Fig. 10. It is maximal for sand coupled
with a loamy inclusion in agreement with the largest spatial
extent of hydraulic coupling shown in Fig. 9.

B. Heterogeneity and spatial distribution of fine inclusions

In nature, distinct vertical contrasts between materials of
different textures can be caused by wind erosion, termites,
worm burrows, sequences of freezing, and thawing or swell-
ing and shrinking. Additionally, vegetation patterns in semi-
arid regions may affect the spatial distribution of texture due
to effects on wind deposition and water erosion, in general
with a higher fraction of fine particles deposited at shrub
mounds �28�. A different interaction between soil texture and
vegetation affected by swelling and shrinking of clay is pre-
sented in Fig. 11 with small density of vegetation in patches
of loamy texture at the mounds compared to vegetation rich
depressions with clay soils �29�. While the loamy mounds
�25% clay� have small infiltration capacity due to sealing
effects, water can penetrate deeper in cracks of the clay ma-
terial �55% clay� and along root channels. The spatial distri-
bution of different textural inclusions and the extent of het-
erogeneity are expected to affect evaporative losses or water
extraction by evaporation due to the subterranean hydraulic
coupling. For illustration purposes, we selected sand as back-

ground soil and loam as inclusion material �mimicking hy-
pothetical scenario of aeolian loam material trapping by
desert vegetation �28��. We analyzed three patterns of fine
inclusions with a total cross-sectional area of 15%. This
value and the radius of 1.2 m for one case of inclusion pat-
tern were deduced from a study on spatial distributions of
shrubs �30�.

For a region of 25�25 m2, 20 structures of 1.2 m in
radius were distributed randomly based on the constraint that
they do not overlap. This pattern was compared to a single
inclusion in the center of the system. In the last case struc-
tures with 1/20 of the initial cross section were chosen. The
resulting radii in the three patterns were 0.27, 1.2, and
5.46 m, respectively. The water extracted from the coarse
medium by evaporation from the fine-textured inclusion was
estimated for initial drying rates of 1.0 and 10 mm/day. We
assumed that the drying rate of the fine inclusion will be
enhanced to compensate the reduction in evaporating surface
when the drying front exceeds the characteristic depth of the
coarse material. We computed the maximum range Rmax of
water extraction as a function of drying rate and size of the
fine inclusion Rf. For the high drying rate the values for Rmax
for small, intermediate, and large structures were 0.72, 2.54,
and 8.46 m �2.17, 7.32, and 22.21 m for low drying rate�.
The radius of extraction and the pattern of fine inclusions are
shown in Fig. 12.

For the low drying rate water is extracted from the entire
domain’s cross section in all three cases. For high drying
rates the fraction of coarse sand affected by evaporation from
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FIG. 10. �Color online� Water volume extracted from coarse
sand by evaporation from fine-textured inclusion of radius Rf

=1.0 m for initial drying rates e0 in the range of 0.1–10 mm/day.
The volume increases with the hydraulic conductivity of the inclu-
sion material. For clay as inclusion medium, the extracted volume
decreases with the conductivity of the background material �which
is 30 times larger for sand compared to loam�.
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FIG. 11. �Color online� Figure adapted from Warren Wilson and
Leigh �29� showing the distribution of loamy patches �black� with
less vegetation compared to the clay material �white�. Along an
11 m transect shown in orange �dashed bold line�, the water front
after heavy rainfall was measured �gray solid line in bottom figure�
indicating higher water content in clay soil. The patchiness of soil
types and vegetations motivates the numerical example shown in
Fig. 12.
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fine inclusions increases with decreasing structure size �or
increasing interfacial length between the two soil textures�.
For inclusions with smallest radius, water was extracted from
61% of the cross section under the evaporation rate 10 mm/
day.

In addition to estimation of cross-sectional area affected
by the inclusion, the volume of extracted water was also
determined. For each pixel of the image �spatial resolution of
0.1 m� the depth of the front in the coarse and drainable
water fraction as a function of the radial distance from the
closest inclusion was computed. We found that larger inclu-
sions resulted in larger extracted water volumes. For areal
average evaporation rate of 10 m/day, the extracted volumes
from the entire domain under study were 1.31, 2.54, and
2.7 m3 for small, intermediate, and large inclusions. The dif-
ferent volumes can be explained by different shapes of the
front depth as a function of radial distance for different in-
clusion size. With increasing size of the structure Rf the ratio
Rmax /Rf becomes smaller. For small inclusions the ratio is
high indicating a flat and shallow front depth. For large
structures the front depth as a function of radius is rather
steep reaching higher depth close to the material interface.
For large values of Rf the flux density and the hence the
viscous dissipation in the fine are small and the front can
penetrate deeper. These results highlight the dependency of
evaporation behavior on soil and textural heterogeneities and
their spatial distributions and link field scale evaporative
losses with potential evaporation rates and spatial heteroge-
neity.

VI. SUMMARY AND CONCLUSIONS

Capillary induced liquid flow from internal drying front to
the surface supports high and nearly constant evaporation
rates from porous media during stage 1. Gravity and viscous
dissipation limit the extent of the partially saturated region
between the drying front and evaporating surface. These in-

teractions are conceptualized using pairs of hydraulically
coupled capillaries of different sizes. In this study, the con-
cept of coupled capillaries was extended to analyze evapora-
tion from porous media containing a sharp vertical textural
contrast. The driving capillary forces typically depending on
the width of pore size distribution for a porous medium are
enhanced when hydraulic coupling of two texturally different
media is considered. Based on theoretical considerations and
experimental results we arrive at the following conclusions
for evaporation from porous media with sharp vertical con-
trast:

�i� Drying front forms and propagates preferentially into
the coarse-textured medium whereas the fine-textured do-
main remains water saturated resulting in a remarkably sharp
contrast in water contents.

�ii� Air enters into fine material when the drying front
depth in the coarse material equals the difference between
the air-entry values of the two materials, defining a first char-
acteristic length of coupling �extent of saturated fine region
above drying front in the coarse�.

�iii� The capillary pressure difference between drying
front in the coarse and surface of the fine region results in a
horizontal flow component from the coarse to the fine do-
main.

�iv� Although most evaporation takes place from the fine-
textured surface, some evaporation may occur through the
coarse surface due to flow along continuous liquid films �and
via vapor transport�.

�v� Following air entry into fine-textured domain evapo-
ration rate may not be affected and remains at stage 1 as long
as hydraulically continuous water films in the fine domain
remain uninterrupted, defining a second characteristic length
of coupling.

�vi� The maximum extent of liquid pathways connecting
drying front in coarse to evaporating surface in fine domain
is defined by the width of their drainable pore size distribu-
tions deduced from their water retention characteristics.

�vii� Based on numerical experiments, the lateral extent of
evaporation-induced water extraction may exceed 10 m
thereby could be of significant hydrological and ecological
importance.

The findings of this study can be used to construct ar-
rangement of materials and inclusions to control the drying
rate. For example, Abu-Zreig et al. �31� proposed a method
called “evaporation drainage” by inserting fabric columns
from where water is evaporating preferentially. Our study
reveals that the hydraulic coupling may dominate the evapo-
ration rate from heterogeneous surfaces resulting in larger
evaporative losses than would have been predicted from con-
sideration of single porous media properties alone. Results
also anticipate heterogeneity of evaporative fluxes at scales
similar to near surface soil textural heterogeneity. This
patchiness affects thermal signatures used for remote sensing
of water and energy balances of heterogeneous evaporating
surfaces. Hence, models of water exchange between atmo-
sphere and terrestrial systems must take into account the ef-
fect of surface heterogeneity on water extraction from
coarse-textured materials.
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FIG. 12. �Color online�. Effect of spatial distribution of fine
inclusions on water extraction from background coarse material. In
green �bright gray values� the spatial distribution at the surface of
fine-textured inclusions is shown where fraction of fine inclusion is
fixed at 15% of the surface but the inclusion radius varies from 0.27
�left� to 1.20 �center� and 5.46 m �right�. Water extraction under
mean evaporation rate of 10 mm/day was computed for sandy back-
ground and loamy inclusions �lateral extent of water extraction
shown in blue �dark gray��. The numbers indicate the cross-
sectional fraction of the region with evaporative water extraction.
Despite the fact that small inclusions can extract water from a larger
lateral extent �as indicated by higher fraction�, the extracted volume
is smaller due to high viscous losses in smaller fine-textured inclu-
sions with increasing flux density.
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