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Abstract The resistance to vapor transfer across the soil-air interface, termed surface resistance, plays an
important role in determining the evaporation rate from unsaturated bare soils. A physically based analyti-
cal model is developed to describe the surface resistance under varying liquid water saturation. When the
vaporization plane remains in the topmost soil layer (TSL), the model considers the vapor transport through
the external diffusive layer (EDL), and the hydraulic connection between the capillary water in the TSL and
underneath water source for evaporation. When the vaporization plane develops below the TSL, the model
predicts the surface resistance by taking into account the development of the dry soil layer, the major bar-
rier for vapor transport at the soil-drying stage. With the consideration of the soil pore size distribution, the
model is applicable to different soil types. The model was validated against six sets of laboratory experi-
ments on the drying process of initially water-saturated soil columns under nonisothermal conditions. These
experiments were conducted using different soil types and/or heat intensities above the soil surface. The
model was found to perform well over intermediate and low liquid water saturation ranges while underesti-
mating the surface resistance for the high liquid water saturation range. The results suggest that the model
overall represents reasonably well the processes underlying the vapor transfer across the soil-air interface.
Future model improvement may be gained by considering the hydraulic connection between the capillary
water and film water in the TSL.

1. Introduction

Evaporation is an important process underlying the mass and heat exchange across the soil-air interface.
Understanding the response of evaporation to changes of the liquid water saturation at the evaporating
soil surface is important for quantifying the actual evaporation rate. A large amount of research has been
directed on the drying process from initially water-saturated bare soils with no external water supply [e.g.,
Shimojima et al., 1990; Wilson et al., 1994; Le Bray and Prat, 1999; Yiotis et al., 2007; Lehmann et al., 2008;
Shahraeeni et al., 2012; Ren et al., 2012]. The drying process can generally be divided into four stages, as
shown in Figure 1. During stage I, water is ponded above the soil surface and the evaporation rate
decreases over time. Stage II begins when air starts to invade the pore space. At this stage, the near-surface
soil layer (a soil layer close to the surface, where the liquid water saturation is measured. It is of a thickness
in the centimeter or millimeter range and abbreviated as NSL hereafter) becomes unsaturated, and some
dry soil patches start to emerge at the soil surface due to the disruption of hydraulic connectivity to the
main water cluster (MWC, defined as water source underneath the soil surface where the liquid water is
hydraulically connected, i.e., water-saturated zone and unsaturated zone with liquid water saturation above
the residual). In stage III, owing to the significant reduction of wet soil patches and weakening of the
hydraulic connection between the soil surface and the MWC underneath, the intensity of the evaporation
decreases significantly. Despite the lack of water supply, the vaporization plane where the liquid water is
intensively converted into the vapor phase still remains at the soil surface. Further reduction of wet soil
patches combined with weakening of the hydraulic connection leads to fast water desaturation of the NSL.
The disappearance of wet patches at the soil surface marks the onset of stage IV when the MWC is discon-
nected from the soil surface (this event is defined as the main cluster disconnection and abbreviated as
MCD hereafter) [Shokri and Or, 2011]. At this stage, the vaporization plane develops below the soil surface,
with a dry soil layer left behind (i.e., above the vaporization plane). Evaporation is sustained by vapor
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generated from the vaporization plane
and diffusing through the dry soil layer to
the atmosphere. The evaporation rate at
stage IV is low and declines further with
the thickening of the dry soil layer.

The effect of the liquid water saturation in
the NSL on the evaporation rate has been
quantified by both empirically and physi-
cally based approaches. The empirical
approach involves regression analysis on
the relationship between surface resist-
ance (typically obtained by inverse calcu-
lations from measured evaporation rates)
and liquid water saturation. Affected by
many other parameters including soil
properties (porosity, temperature, and
vapor density) and aerodynamic condi-
tions (wind velocity, air humidity, and
temperature), a consistent relationship
between surface resistance and the liquid
water saturation in the NSL could hardly

be found. Various analyses have resulted in different functional forms of relationship, including linear [Camillo
and Gurney, 1986], exponential [Van de Griend and Owe, 1994], and power [Kondo and Saigusa, 1990; Daamen
and Simmonds, 1996] functions. Moreover, an obtained function often based on one type of soil does not apply
to another soil type [Smits et al., 2012].

The physically based approach mainly focuses on the process of vapor movement across an ‘‘air layer’’ from
the water-air interface (where vapor is sourced) scattered at the soil surface to a plane-parallel to and above
the soil surface. This plane overlaps with an equipotential surface of vapor, i.e., the vapor density on the
plane is constant. Although the vapor transport through this layer is driven by both advection and diffusion,
the contribution of advection to the evaporative flux is negligibly small compared with the contribution of
diffusion [e.g., Brutsaert, 1982; Prat, 2007; Shahraeeni et al., 2012; Haghighi et al., 2013; Or et al., 2013]. There-
fore, this layer is referred to as the external diffusive layer (EDL). The factors that determine the surface
resistance are thus the thickness of the EDL and hydraulic properties of the NSL. The thickness of the EDL is
related to the atmospheric conditions above the evaporating surface, e.g., higher airflow and evaporative
demand in the atmosphere result in thinner EDL [e.g., Bird et al., 2002; Yiotis et al., 2007; Shahraeeni et al.,
2012]. The soil hydraulic properties in the NSL, including matric potential, porosity, liquid saturation, and
pore size distribution, essentially describe the local water distribution. Despite the complex geometry of the
soil matrix, many previous studies conceptualized the NSL as superposition of identical 2-D or 3-D building
blocks. The configuration of each building block is supposed to reflect local soil hydraulic properties so that
superimposed building blocks are capable of representing the behavior of the soil matrix undergoing the
drying process. The vertical configuration of the building block is generally uniform, while the horizontal
configurations vary. The extended version of the Suzuki and Maeda [1968] model [e.g., Shahraeeni et al.,
2012; Haghighi et al., 2013] conceptualized the top most soil layer (TSL, defined as a layer of soil closest to
the free air and of a thickness close to the mean soil particle size) as pinstripes of water-saturated pores and
solid planes without vapor flux. Note that the TSL differs from the NSL in scales: the thickness of the TSL
depends on soil particle size and hence is in the pore scale; while the thickness of NSL depends on how liq-
uid water saturation close to the soil surface is obtained and is usually in the centimeter or millimeter range.
Both the TSL and NSL are illustrated in Figure 2. Under such a configuration, each building block is com-
posed of a stripe of water-saturated pore next to a stripe of solid plane in the transverse cross section, while
uniform in the longitudinal cross section. The width of the water-saturated pore stripe corresponds to the
effective pore size of the soil, and the width of the solid plane relates to the area of both air-invaded pores
and soil grain surface. The area ratio of water-saturated pore to the solid plane equals the volumetric water
content in the NSL. To determine surface resistance via the conductance of vapor from NSL to the upper
boundary of the EDL, the vapor density is assumed to be saturated at the surface of water-saturated pores

Figure 1. Schematic illustration of the normalized evaporation rate from bare
soil without external water supply [e.g., Le Bray and Prat, 1999; Yiotis et al.,
2004]. Four stages are identified: stage I, the initial drying period; stage II, the
constant rate period; stage III, the fast falling rate period; and stage IV, the
thickening of dry soil layer period. The drying curve is also classified by the
two-stage definition [e.g., Lehmann et al., 2008; Shokri and Or, 2011] and
three-stage definition [e.g., Idso et al., 1974; Wilson et al., 1994; Rose et al.,
2005; Smits et al., 2011] for reference.
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and constant at the upper boundary of the EDL, while no vapor flux condition is applied on both the solid
plane and the vertical air boundaries of the EDL. Although such a configuration may be able to describe
how vapor gets transported through the EDL, it neglects the connectivity of water-saturated pore in the TSL
to the MWC underneath, which affects water supply for evaporation. Assuming that both the capillary water
and film water are entirely entrapped within the pores by capillary forces, this model overestimates the
evaporation associated with the capillary water and does not reflect how film water attached around the
soil solid grains by electrical force and van der Waals force contributes to evaporation [Bear and Cheng,
2010]. Moreover, this model does not consider the contribution of vapor generated beneath the TSL to
evaporation, which plays a major role on maintaining the evaporation rate at stage IV [Saravanapavan and
Salvucci, 2000; Shahraeeni et al., 2012]. Due to the above mentioned simplifications, this model cannot pro-
vide realistic, quantitative predictions surface resistance [Van Brakel, 1980; Shokri et al., 2008]. Although the
model proposed by Schl€under [1988a, 1988b] refined the configuration of the building block as a circular
pore located in the middle of rectangular plane, the above mentioned issues remain unaddressed.

On one hand, improving the performance of these physically based resistance models depends on the con-
sideration of the hydraulic connection between the water-saturated pores in the TSL and the MWC at stages
II and III. The pore bundle concept has been widely applied to investigate the water permeability in unsatu-
rated soil. This concept assumes that the porous medium is equivalent to stacks of thin slabs. A number of
pores parallel with the flow direction were perforated in each slab. The radiuses of the pores follow the

Figure 2. (a) Schematic view of the land-atmosphere interface; (b) cross-section view of the NSL; and (c) cross-section view of the conceptual building blocks representing 3-D EDL and
NSL. Four building blocks are displayed with each centered by a water-saturated pores (dark gray). Three equipotential surfaces are specified: equipotential surfaces at the sphere with
radius r1 where vapor density is assumed to be saturated (light gray), equipotential surfaces with radius r2 that covers the whole surface of the building block, and the equipotential
surfaces located at d above the surface with radius r2, which are also the upper boundary of the EDL. NSL is conceptualized as a series of slabs after the ‘‘cutting and rejoining’’ treatment
(only two layers of NSL are shown in the figure). The TSL is represented by the topmost layer of slab. Under matric potential Wm applied in the NSL, in the TSL, pores 2, 5, 9, and 12 are
water-saturated since their radiuses are greater than rm (the radius corresponding to matric potential Wm by the Young-Laplace equation) and they are connected to the water source
underneath; pores 1, 4, 7, and 11 are air invaded because their radiuses are greater than rm . Although their radiuses are less than rm , pores 3, 6, 8, and 13 are air invaded due to atmos-
pheric demand for evaporation and lack of water supply from the lower layer. In the layer below the TSL, pores 2, 5, and 12 are still water saturated with radius greater than rm , as the
water-air interfaces of their water bodies are in the TSL with radius less than rm ; pores 4, 7, 9, and 11 are air invaded as the radiuses are greater than rm and are connected to the atmos-
phere; water are maintained in pores 1, 3, 6, and 10 owing to their radiuses less than rm .
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pore size distribution of the soil. Early researches applied the effective water permeability of one slab to rep-
resent the water permeability of the soil [e.g., Purcell, 1949; Burdine et al., 1950; Gates and Lietz, 1950]. In this
representation, water was assumed to only flow through the pores with radiuses less than the pore radius
rm (m) corresponding to the matric potential Wm (m) according to the Young-Laplace equation (Table 1).
Childs and Collis-George [1950] proposed a series-parallel model to investigate the hydraulic connectivity of
two adjacent slabs. This model assumes that the soil behaves the same as perforated slabs, but with the
neighboring slab made by ‘‘cutting’’ one perforated slab in two slices and ‘‘rejoining’’ with displacement. As
a result, water can only flow through a path made up of two connecting pores from both slabs and with
radiuses smaller than rm. Mualem [1976] revised the ‘‘cutting and rejoining’’ concept with the permeability
of a path linked to the product of the radiuses of the two connecting pores. A correction function was also
adopted in the model to account for the eccentricity and tortuosity between the two joint pores.

On the other hand, further improvement of the physically based surface resistance models lies on the quan-
tification of vapor diffusion through the dry soil layer, which plays a key role at stage IV. Different from the
description of past physically based resistance models, no water-saturated pore is present in the TSL during
stage IV; instead, the evaporation is maintained by vapor generated from the vaporization plane beneath
the dry soil layer. Therefore, to quantify the surface resistance at stage IV requires the description of not
only vapor transport from all the pores in TSL (completely dried out) to the upper boundary of the EDL, but
also vapor transport through the dry soil layer dominated by diffusion. Shokri and Or [2011] observed an
immediate jump of the vaporization plane from the TSL to a certain depth below the TSL early in stage IV.
They concluded that this jump does not rely on the evaporating intensities but on the bond number (ratio
of gravity to capillary force). The depth of the vaporization plane after the jump determines the initial diffu-
sion length of vapor and the highest evaporation rate at stage IV. As the drying process continues, the dry
soil layer thickens, resulting in further decrease of the evaporation rate.

In this study, we propose a pore-scale model that describes the surface resistance at the soil-air interface
under given matric potential in the NSL. Following the Schl€under’s [1988a] method, this model does not
specify the water-air interface as a concave surface indented into the soil surface, but a convex surface bulg-
ing outward. Also, the model does not specify the upper boundary of EDL as a plane above and parallel to
the soil surface. However, the model deals with the hydraulic connection between water-saturated pores in
the TSL and the MWC underneath. In addition, the model does not apply a fixed effective pore size to the
water-saturated pores, but calculates the surface resistance by integrating the contribution of water-
saturated pores of varying sizes following a distribution. Furthermore, the surface resistance after the MCD
is obtained with consideration of the dry soil layer development. This model was applied to and validated
by the results from six laboratory experiments of evaporation from initially water-saturated soil columns
under nonisothermal conditions. The six laboratory experiments distinguish from each other by the soil
types and heat intensities applied above the soil surface. A sensitivity analysis was conducted to investigate
the responses of surface resistance to the variations of model parameters. This paper is organized as fol-
lows: the mathematical considerations of the pore-scale model are introduced in section 2. The experimen-
tal setup and procedure of evaporation from 1-D soil column is presented in section 3. The comparison
between results from mathematical model and experiments as well as the sensitivity analysis is elaborated
in section 4. Discussion of the model assumption is presented in section 5. A summary of findings and con-
clusions is given in section 6.

Table 1. Constitutive Relationships Applied in the Modela

Parameter Symbol Equation Comment

Vapor diffusivity Dv (m2 s21) Dv52:2931025 T
273:15

� �1:75
Saito et al. [2006]

Saturated vapor density q�v )kg m23) q�v 51023exp 19:8192 4976
T

� �
Fujimaki et al. [2006]

Relative humidity hr hr5exp WgMw
RT

� �
Kelvin equation [e.g., Philip and

De Vries, 1957]
Pore radius r(m) r52 2rcos h

ql gW 5 f
W Young-Laplace equation

[e.g., Lehmann et al., 2008]
Tortuosity of vapor s s5

h7=3
a

h2
p

Millington and Quirk [1961]

aT(K) temperature; Mw (0.018 kg mol21) molecular weight of water; R (8.314 J mol21 K21) ideal gas constant; r (0.072 kg s22) surface
tension; g (9.81 m s22) magnitude of gravitational acceleration; h contact angle (0 arc); f (522r=ql g or 21.469 3 1025 m2) a constant
assuming h equals zero.
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2. Theoretical Development

2.1. Evaporation Formulation
Considering the aerodynamic conditions and water availability in the NSL, the evaporation rate from the
bare soil surface can be expressed as:

E5
qv12qvRef

ql rs1rað Þ ; (1)

where qv (kg m23) is the vapor density; the subscripts l and Ref refer to values at the vaporization plane
and reference point above the soil surface, respectively; ql (1000 kg m23) is the density of the liquid water;
rs (s m21) is the surface resistance; and ra (s m21) is the aerodynamic resistance. To facilitate the investiga-
tion of the vapor transport regime in the soil-air interface, the vapor density at the upper boundary of the
EDL qvb (kg m23) is introduced. Therefore, equation (1) can be rewritten in the form of the following two
equations:

E5

qv12qvb

ql rs
In the EDL; 2að Þ

qvb2qvRef

ql ra
In the dynamic sublayer: 2bð Þ

8>><
>>:

The air layers associated with equation (2) are illustrated in Figure 2a. As the vapor transport is dominated
by diffusion in the EDL, the surface resistance rs in equation (2a) can be expressed as follows:

rs5
1

Kv
5

d
Dv Kvr

; (3)

where Kv (m s21) is the vapor conductance through the soil-air interface; Dv (m2 s21) is the vapor diffusivity
in the air (Table 1); d (m) is the thickness of the EDL; and Kvr (2) is the relative vapor conductance. Kvr equals
unity when the soil surface is fully covered by liquid water and decreases with the desaturation of the
vaporization plane and thickening of the dry soil layer.

For the purpose of convenience, the following subsections focus on the theoretical derivation of Kvr rather
than rs. Noting that Kvr is jointly contributed to by the vaporization of the capillary water in the TSL at stages
II and III, as well as vapor generated from the vaporization plane underneath the dry soil layer at stage IV,
we first consider the contribution of each water component to the relative vapor conductance, i.e., K c

vr (2)
and K v

vr (2) for capillary water and vapor, respectively. Subsequently, these components are assembled to
form an integrated expression of Kvr . The evaporation contributed to by the film water is neglected in this
study.

2.2. Derivation of K c
vr

The configurations of the NSL and adjacent EDL are depicted in Figure 2c. The soil is comprised of a
series of slabs following the ‘‘cutting and rejoining’’ concept [Childs and Collis-George, 1950; Mualem,
1976]. The TSL is represented by the topmost slab with thickness being equivalent to the average soil
particle size d (m). The NSL corresponds to the soil layer where the liquid water saturation is measured
by the topmost moisture sensor and hence includes a stack of slabs up to a thickness of centimeter
scale (Figure 2b). When the matric potential Wm is applied in the NSL, some of the pores in the TSL
with radiuses less than rm are air invaded due to the combined effects of atmospheric demand for evap-
oration and lack of water supply from pores underneath (e.g., pores 3, 6, 8, and 13 in the TSL). However,
in the slab beneath the TSL, some of the pores with radiuses greater than rm can be water saturated if
the water-air interfaces of the water bodies are in the TSL with their radiuses less than rm. As a result,
the effective water content in the TSL hleTSL (2) is less than the effective water content measured in the
NSL hleNSL (2). The effective water content hle (2) describes the volume ratio of the water-saturated
pores to the bulk soil under equilibrium.

Under such configuration, one building block is centered by a water-saturated pore with radius r1, and
bounded by a cylinder with radius r2. The plane surface with radius r2 covers the area of both soil grains
and air-invaded pores (e.g., all the pores with radiuses greater than rm and air-invaded pores with radius
less than rm). In the TSL, a relationship among r1, r2, and hleNSL can be defined as:
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pr2
1 d

pr2
2 d

5
r2

1

r2
2

5hleTSL5G rm; rb; kð ÞhleNSL5G rm; rb; kð ÞhpSleNSL; (4)

where hp (2) is the porosity; Sle5hle=hp (2) is the effective liquid water saturation; and G rm; rb; kð Þ (2) is the
correction function to account for the discrepancy between hleTSL and hleNSL. Note that this equation is dif-
ferent from the equation proposed by Suzuki and Maeda [1968] and Schl€under [1988a, 1988b] where the
volume ratio of water to the whole building block was set equal to the actual volumetric water content hl

(2). The modification made is in accordance with the fact that although water filled in the pores is largely
in the form of capillary water, film water exists around the surface of the soil grains. Maintained by electrical
and van der Waals forces, film water cannot be easily removed unless the local capillary water is dried out
and the atmospheric demand for evaporation is strong. The maximum volume of film water determines the
residual water content hlr (5hpSlr–, with Slr (2) being the residual liquid water saturation). Fayer and Sim-
mons [1995] modified the water retention curve proposed by Brooks and Corey [1964] to relate the matric
potential to the full liquid water saturation. Their work led to the following expression for Sle, which is appli-
cable for describing SleNSL in equation (4):

Sle5
Sl2bSlr

12bSlr
5

Wm

Wb

� �2k

5
rb

rm

� �2k

; (5)

where Sl (2) is the actual volumetric liquid water saturation. b5 ln 2W0ð Þ2ln 2Wmð Þ½ �=ln 2W0ð Þ (2) is a
parameter for defining a linear relation between Sl below residual and ln 2Wmð Þ. The subscript b and 0 after
variables W and r (m) refer to the air-entry values and zero saturation values (W0 5 25 3 104 m), respec-
tively. k (2) is a parameter related to the pore size distribution.

The correction function G in equation (4) equals 1 when all the pores in the TSL are water saturated (i.e.,
rm > rb). With desaturation of the soil, more pores with radiuses less than rm become air invaded, which
results in greater difference between hleTSL and hleNSL, or equivalently smaller G. Once the connection
between the TSL and the MWC is disrupted during the MCD, the liquid water saturation in the NSL drops
below the residual, and no water-saturated pores are present in the TSL, turning G to zero. Following Mua-
lem [1976] who uses a power function of effective liquid water saturation to describe the tortuosity and
eccentricity between pores in the neighboring slabs, we can express G as:

G rm; rb; kð Þ5Sn
le; (6)

where the exponent n (2) is a fitting parameter. In this study, we aim to obtain a unique value for n that
applies to the six experiments examined.

The EDL is located above the soil surface with a thickness of d. Vapor generated at the water-air interface
gets transported by diffusion within the EDL up to its upper boundary where a constant vapor density is
maintained. As described by Schl€under [1988a, 1988b], the vapor movement from the air-water meniscus to
the upper boundary of EDL can be separated into two steps. The first step is featured by vapor diffusing
from vapor-saturated equipotential surface to the equipotential surface that encloses the surface of the
building block (Figure 2c). The second step is vapor diffusion from the large spherical surface with radius r2

upward to the upper boundary of the EDL. Assuming that the meniscus of the soil-air interface in the water-
saturated pore remains at the upper spherical surface that covers the pore with radius r1 (Figure 2c), the vol-
umetric vapor flux Qc

v (m3 s21) induced by capillary water in the first step can be expressed by:

Qc
v5

2pr1r2Dv q�v12qv2

� �
ðr22r1Þql

; (7)

where the superscript * denotes the saturated vapor density value. According to the Kelvin equation (Table 1),
a notable decrease in the relative humidity from unity begins once the matric potential drops below 21 3

102 m. Below this matric potential value, the corresponding liquid water saturation decreases under the resid-
ual liquid water saturation for sand and silt, suggesting a downward shift of the vaporization plane to the soil
layer below the TSL with a relatively high matric potential and the presence of capillary water. Therefore, it is
reasonable to assume that the relative humidity at the vaporization front always equals unity.

Note that this formulation implicitly assumes that the vapor density at the sphere above the meniscus of
the water-air interface can be maintained constant (light gray sphere above the meniscus, Figure 2c). In
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fact, the vapor density only remains saturated at the water-air menisci as a concave surface indented in the
soil surface. Thus, the equipotential surfaces of the vapor density are confocal oblate spheroids in the EDL
[Cooke, 1967]. However, the locations of the menisci do not significantly affect the relative conductance of
vapor. Under the assumption that the surface of saturated vapor density is in a spherical convex shape
bulged above the soil surface, the equipotential surfaces in the EDL become confocal spherical surfaces.
This can significantly simplify the mathematical formulation for describing vapor transport from water-
saturated pores to the top boundary of the EDL. In the second step, the vapor flux from the sphere to the
upper boundary of the EDL can be written as:

Qc
v5

pr2
2 Dv qv22qvbð Þ

dql
: (8)

Inserting equation (7) to equation (8) to remove qv2 yields the volumetric vapor flux from the vaporization
plane in the TSL to the upper boundary of the EDL in the following form:

Qc
v5

pDv q�v12qvb

� �
ql

d
r2

2
1 r22r1

2r2r1

� � : (9)

As a reference, under the same difference of vapor density between the free water surface and the upper
boundary of the EDL, the volumetric vapor flux from a building block with water ponded on its surface
QvRef (m3 s21) is described by:

QvRef5
pr2

2 Dv q�v12qvb

� �
dql

: (10)

Dividing equation (9) by equation (10) yields the relative vapor conductance kc
vr (2) contributed to by a sin-

gle building block with water-saturated pore radius r1:

kc
vr5

Qc
v

QvRef

5
1

11 1
2d

r2
2

r1
2r2

� � : (11)

Equation (11) is similar to equation (6) of Schl€under [1988b] except that the surrounding solid plane is round
in this study rather than being square in the previous work. Inserting equations (4–6) into equation (11) to
replace r2 by r1, one gets:

kc
vr5

1

11 r1
2d

1
e

rb
rm

� �k 11nð Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
e

rb
rm

� �k 11nð Þ
r" # : (12)

Equation (12) only considers the relative conductance of vapor from one building block, of which the
water-saturated pore radius equals r1. To consider the contributions of all the building blocks with different
radiuses of water-saturated pores in the TSL, one needs to obtain the expected value of the relative con-
ductance based on the pore size distribution of the soil. The contribution of water-saturated pores of radii
in the range between r1 and r1 1 dr1 to the relative conductance of vapor is given by:

dK c
vr5kc

vr f r1; rmð Þdr1; (13)

where f r1; rmð Þ is the probability density function (PDF) for the water-saturated pores, when the matric
potential equal Wm. Based on the water retention curve by Brooks and Corey [1964], the PDF and cumulative
density function (CDF) of the pore size distribution for the water-saturated pores can be written as:

F r � r1; rmð Þ5
Sle r1ð Þ
Sle rmð Þ

5
Wm

W1

� �k

5
r1Wm

f

� �k

r1 < rm

1 r1 � rm

;

8><
>: (14a)

f r1; rmð Þ5
@

@r1

Sle r1ð Þ
Sle rmð Þ

	 

5k

Wm

f

� �k

rk21
1 r1 < rm

0 r1 � rm

;

8><
>: (14b)
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where F r � r1; rmð Þ is the CDF for the water-saturated pores. Figure 3 shows the CDF and PDF of water-
saturated pore radius r1 when Wm equals to Wb, Wm1, and Wm2, respectively. When rm is less than rb (or
equivalently Wm is less than Wb), the PDF and CDF of the water-saturated pores are dependent on rm (or
Wm). The relationship between the CDF and Wm resembling the relationship between Sle and Wm

described by equation (5). When rm is greater than or equal to rb (or equivalently Wm is greater than or
equal to Wb), the soil is fully water saturated, and the PDF and CDF of water-saturated pore become inde-
pendent of rm.

Inserting equation (14b) into equation (13) and integrate the equation over the water-saturated pore range
(from 0 to rm). One obtains:

Figure 3. (a) CDF and (b) PDF of water-saturated pore radius at three Wm values (Wb , Wm1, and Wm2) for medium sand applied
in this study. The correlation between pore radius shown on the lower x-axis and negative matric potential shown on the
upper x-axis is established by the Young-Laplace equation. The relation between CDF of all pores (or equivalently, the CDF of
water-saturated pores when Wm equals to Wb) and negative matric potential resembles the relation between the effective liq-
uid water saturation and negative matric potential. Therefore, the cumulative probabilities for r � rm1 and r � rm2 equal, respec-
tively, the effective liquid water saturation corresponding to matric potential Wm1 and Wm2. The CDF of water-saturated pores
at a given matric potential equals 1 at the potential value. The area shaded in dark gray and total area shaded in dark and
light gray (starting from pore radius equal to 0), respectively, represent the cumulative probability of pore radius less than rm1

and rm2.
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(15)

where 2F1 is the hypergeometric function; f522r=ql g (m2) is a constant with r (0.072 kg s22) being the
surface tension. Equation (15) describes the vapor conductance contributed to by all the water-saturated
pores in the TSL, which dominates the evaporation process at stages II and III. A closed-form approximation
to equation (15) is provided in the Appendix A.

2.3. Derivation of K v
vr

The contribution of the vapor generated at the vaporization plane beneath the dry soil layer to evapora-
tion dominates during stage IV when the dry soil layer emerges. The transport of vapor at this stage
comprises three steps: (1) vapor generated at the vaporization plane diffusing through the dry soil layer;
(2) vapor from all the pores in the TSL (TSL at this stage is completely dried) expanding to the spheres
that cover the surfaces of the building blocks; and (3) vapor from the surfaces of the building blocks dif-
fusing through the EDL. The gradient of the vapor density across the dry soil layer in the first step is sig-
nificantly higher than those in the other two steps. Assuming that the liquid water saturation in the dry
soil layer is zero, one can express the volumetric vapor flux through the dry soil layer to the upper
boundary of EDL Qv

v (kg m23) as:

Qv
v5

Dvpr2
2s0hp

ql

q�v12qvb

l
; (16)

where s0 (50.66–) is the tortuosity when the liquid water saturation is zero; and l (m) is the thickness of the
dry soil layer. Determining the volumetric vapor flux through the dry soil layer relies largely on the thickness
of the dry soil layer, usually smaller than the thickness of the NSL (e.g., a dry soil layer with thickness at the
millimeter scale would have notable influence on the evaporation rate, while the thickness of the NSL is
generally at the centimeter scale).

To establish a relationship between the liquid water saturation in the NSL and the thickness of the dry soil
layer, we further assume that once the liquid water saturation in the NSL drops below the residual satura-
tion, the NSL is ideally layered by an upper dry soil layer and a lower unsaturated zone of residual liquid
water saturation. The liquid water saturation in the NSL is the weighted average of the saturations in both
the upper dry soil layer (zero) and the lower unsaturated zone, i.e.,

SlNSL50
l

l0
1Slr

l02l
l0
) l5l0 12

SlNSL

Slr

� �
ðwhen SlNSL < SlrÞ; (17)

where l0 (m) is the thickness of the NSL. Equation (17) is only valid when the liquid water saturation in the
NSL is below the residual liquid water saturation. If the liquid water saturation in the NSL is above the resid-
ual liquid water saturation, evaporation is dominated by the vaporization of the capillary water in the TSL
(or equivalently, l50).

According to Fayer and Simmons [1995], the component of bSlr in equation (5) is used to describe the rela-
tion between matric potential and liquid water saturation below the residual value, which can be conven-
iently adopted in equation (17). In addition, as found by Shokri and Or [2011], the thickening of the dry soil
layer during the soil-drying process may not be gradual. The vaporization plane may jump directly from the
TSL to a certain depth below the TSL during the MCD. This suggests that once the evaporation proceeds
into stage IV, the liquid water saturation in the NSL becomes less than the residual value. With the consider-
ation of the above mentioned factors, we approximate the soil water retention relationship below the resid-
ual liquid water saturation based on the model of Fayer and Simmons [1995] to express SlNSL in equation
(17) as:

Water Resources Research 10.1002/2014WR015490

ZHANG ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1092



SlNSL � Slr
ln 2W0ð Þ2ln 2Wm2Wp

� �
ln 2W0ð Þ ; (18)

where Wp (m) is the matric potential corresponding to the initial liquid water saturation at early stage IV.
When the matric potential in the NSL is high enough to maintain the hydraulic connection between the TSL
and the MWC, SlNSL described by equation (18) remains consistently close to the liquid water saturation cor-
responding to Wp. This avoids the problem of a negative dry soil layer thickness and singular point (occurs
when SlNSL5Slr), which would occur if the original soil water retention curve (equation (5)) is used to
describe SlNSL in equation (17). Combining equations (16–18) leads to:

Qv
v5

Dvpr2
2s0hp

ql

ln 2W0ð Þ q�v12qvb

� �
l0ln 2Wm2Wp

� � : (19)

The ratio of equation (19) to equation (10) yields an expression for the relative conductance of vapor
through the soil-air interface contributed to by vapor generated underneath the dry soil layer,

K v
vr5

ds0hpln 2W0ð Þ
l0ln 2Wm2Wp

� � : (20)

Equation (20) physically captures the trend of decreasing vapor conductance (through the soil-air interface)
with the thickening of the dry soil layer. In addition, it specifies the minimum vapor conductance at a given
thickness of NSL, which occurs when the liquid water saturation in the NSL becomes zero and thus the
entire NSL becomes part of the dry soil layer.

2.4. Assembling of the Kvr Components
Kvr is contributed to by both K c

vr and K v
vr . The K c

vr component dominates at stages II and III but becomes sup-
pressed at stage IV while the K v

vr component takes effect only on stage IV and remains inactivated during
stages II and III. Follow the approach of Brooks and Corey [1964] in combining capillary water and film water
as the compositions of soil water, the expression of Kvr can be formulated as:

Kvr5K c
vr 12K v

vr

� �
1K v

vr : (21)

Inserting equations (15) and (20) into equation (21) yields
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(22)

Equation (22) offers an analytical prediction of the relative vapor conductance through the soil-air interface
as a function of matric potential in the NSL. Combing equation (22) and equation (3), one can determine
the surface resistance as a function of the matric potential in the NSL. Although the function is not in an
explicit form, one can numerically compute the Wm corresponding to the NSL liquid water saturation using
equation (5) for given Wb, k, and W0, and then use it in equation (22).

3. Laboratory Experiments

3.1. Soil Materials
Three different types of sands were used in the laboratory experiments. Based on the grain size, they
were tagged as coarse sand (8/16), medium sand (30/40), and fine sand (30/60). The particle size distribu-
tions provided by manufacturers are shown in Figure 4a. The primary drying retention curves of the sands
were measured as displayed in Figure 4b. The measurement over the range of liquid water saturation cor-
responding to matric potential between 0 and 21 m was conducted using a Tempe cell, while the mea-
surement for liquid water saturation corresponding to matric potential from 21 3 102 to 23 3 104 m
was undertaken in a chill mirror hygrometer (WP4 dew-point potentiometer, Decagon Device, Inc.). The
testing procedure followed the standard of ASTM6836. The properties of the three sands are given in
Table 2.
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3.2. Experimental Apparatus
The experimental setup is shown in Figure 5. A cylindrical column made of acrylic was constructed with hor-
izontal holes perforated on the side for installation of the sensors. The bottom of the column was connected
to a water reservoir, which is used to fill the column with the deionized water up above the soil surface.
Above the soil column, an infrared lamp (Philips BR125 IR 250W E27 230–250V Red 1CT) with a dimmer
switch was installed for supplying heat to the soil surface. During the experiment, the soil column was
placed on a scale (Ohaus NVL20000, capacity 20 kg, resolution 61 g) for recording the water loss due to
evaporation at a 30 s interval. Dielectric soil moisture sensors (ECH2O EC-5, Decagon Devices, Inc.) were
installed at 2 and 8 cm below the soil surface to measure the liquid water saturation. The black handle of
each sensor was also buried within the soil, ensuring a good contact of the whole sensor body with the soil
[Sakaki et al., 2008]. Dielectric water potential sensors (MPS-2, Decagon Devices, Inc.) were installed at 2 and
8 cm below the soil surface to measure the matric potential and temperature. The dielectric soil moisture
sensors were connected to a data logger (DT85G, Thermo Fisher Scientific Australia, Inc.) via analog chan-
nels with a 2610 mV external power supply. The dielectric water potential sensors were also connected to
the same data logger via SDI12 digital channels. The sensors at the similar elevation were installed from
opposing sides to avoid interference. The flat planes of the sensors were placed in parallel to the upward
flow direction for the purpose of minimizing the obstruction to flow. Temperature and relative humidity
close to the soil surface and 12 cm above the soil surface were monitored by relative humidity sensors (EHT
temperature and RH sensor, Decagon Devices, Inc.), which were connected to a second data logger (EM50,
Decagon Devices, Inc.). To avoid the black sensor body being directly exposed to the heating source, the
relative humidity sensors were covered by a patch of thermal insulator with foam 1 cm thick. All the sensors
were set to acquire data at a 15 min interval.

Careful calibrations were conducted on all the sensors before the installation in the column. Dielectric soil
moisture sensors were calibrated by inserting the sensors into containers filled by prepared soil samples of

Figure 4. (a) Particle size distribution and (b) water retention curve of the coarse, medium, and fine sands used in the experiments.

Table 2. Properties of the Testing Sands

Sand Type
Average Particle

Size d (m)
Dry Bulk

Density (kg m23) Porosity hp

Intrinsic
Permeability (m2)

Brooks-Corey and Fayer
Water Retention Model

Wb(m) k Slr

Coarse (8/16) 1.4 3 1023 2590 0.40 1.00 3 1029 0.06 5.0 0.06
Medium (30/40) 0.7 3 1023 2604 0.39 5.67 3 10211 0.2 8.0 0.09
Fine (30/60) 0.4 3 1023 2630 0.36 1.15 3 10211 0.27 5.5 0.1
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which the liquid water saturation and porosity were known. The two-point method proposed by Sakaki
et al. [2008] was applied and found to fit well with the correlations between the liquid water saturation and
output voltage from dielectric soil moisture sensors responding to all the sands. Tests on the sensitivity of
output voltage to soil temperature were also conducted. Higher soil temperature was found to result in
only slightly lower output voltage for the same liquid water saturation, causing relatively small errors (<2%)
over the temperature range from 20�C to 60�C. Intercalibration tests were conducted among the dielectric
water potential sensors and relative humidity sensors by comparing the readings after placing them in the
same environment.

The dielectric moisture sensor near the surface was placed as close to the surface as possible so that the
thickness of NSL corresponding to the sensor readings can be thin. However, if the sensor is too close to
the surface, the obtained liquid water saturation can be affected by the ponding water above the soil sur-
face during stage I. Although Sakaki et al. [2008] suggested an effective sensor measurement distance of
2 cm, our tests showed that if placed 1 cm below the soil surface, the sensor would give readings affected
little by the ponding water, with measured liquid water saturation equal to 1. According to the dielectric
moisture sensor reading, the thickness of the NSL is 5 cm: 1 cm above, 2 cm below the sensor body, and
2 cm for the width of the sensor face.

3.3. Experimental Procedure
The experiment was conducted in an environmentally controlled laboratory with temperature 22�C and
relative humidity 50%. Gravels were first packed over a 5 cm thickness at the bottom of the column to
enhance the hydraulic connectivity between the bottom of the testing sand and reservoir. A circular
metal wire mesh with 0.3 mm openings wrapped by geotextile was placed between the gravel and sand
above to prevent sand from mixing with gravels without losing the hydraulic connection. Sensors were
then installed from the side of the column prior to sand packing. Following Smits et al. [2011], sand

Figure 5. (a) Schematic views of setup of the soil column experiment and (b) enlarged view of the soil-air interface. Note that the sensors in Figure 5b only show the elevations at the
centerline of the sensors. The figure is not drawn to scale.

Water Resources Research 10.1002/2014WR015490

ZHANG ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1095



packing was done by iteratively pouring 2 cm thick dry sand and then tapping the column wall to
achieve uniform bulk density across the column while ensuring the integrity of sensor networks. The
packed sand in the end was 50 cm in depth with a 20 cm distance from the soil surface to the opening
top of the column where the infrared lamp locates. The 20 cm tunnel above the soil surface ensures that
the vapor flow regime in the air is 1-D and not disturbed significantly by the ambient airflow in the
laboratory.

After switching on the valve between the column and water reservoir, water gradually filled the column
from the bottom up above the soil surface. Through this method, the problem with entrapped air bubbles
in the pore space could be avoided or minimized. The column was then placed still for 1 day to reach an
equilibrium condition. The experiment started with the valve to the reservoir closed and the infrared lamp
switched on. The experiment continued until the evaporation rate became very low. The experiment was
then repeated with different heat intensities and/or soil types. Six cases were conducted using three soil
samples (Table 3). They are tagged as C9, C4, M14, M7, F10, and F6. The capital letters refers to soil type (C
for coarse sand, M for medium sand, and F for find sand) and the number refers to the maximum evapora-
tion rate in mm d21.

3.4. Data Processing
The cumulative evaporation was obtained by deducting the scale reading at the measurement time from
the initial reading at the beginning of the experiment. The evaporation rate was then obtained by calculat-
ing the derivative of the cumulative evaporation with respect to time using a finite difference method
(FDM). To reduce the noise in the calculated evaporation rate, a cubic spline interpolation (CSI) of the cumu-
lative evaporation data was carried out before applying the FDM.

Using data measured in the NSL and at the reference point as well as the evaporation rate obtained from
the scale, we can calculate the surface resistance rs (s m21) [Van de Griend and Owe, 1994]:

rs5
q�vNSL2qv Ref

ql E
2ra: (23)

The reference point was chosen at 12 cm above the soil surface where the topmost relative humidity sensor
is located. Obtaining the surface resistance using equation (23) requires the aerodynamic resistance ra (s
m21), which represents the resistance of vapor through the air up to the reference point. This resistance is
obtained by inverse calculation based on equation (23) using data collected at the beginning of each
experiment when the surface resistance equals to zero under the water ponding condition, i.e.,

ra5
q�Int

v1 2qInt
vRef

ql EInt
: (24)

The superscript int refers to the initial values for each experimental case. Since the aerodynamic regime
remains undisturbed and constant during the experiment, the aerodynamic resistance obtained by equa-
tion (24) is assumed to remain constant throughout each experiment [Van de Griend and Owe, 1994]. The
obtained aerodynamic resistance for each case is listed in Table 3.

It is also noted that calculating the surface resistance at a particular time by equation (23) requires the tem-
perature, liquid water saturation in the NSL, and the evaporation rate at the same time. However, these
properties were measured by different equipment acquiring data at different time intervals. This problem
can be resolved by interpolating the measured properties for the desired time.

Table 3. Evaporation Rate and Parameters Applied in Each Experimental Case

Cases
Maximum Evaporation

Rate (mm d21)
Constant Evaporation

Rate at Stage II (mm d21)
Evaporation Rate at
Stage IV (mm d21)

Aerodynamic
Resistance (s m21) n d (mm) Wp (m)

C9 9.42 5–8 0.9–1.1 140.16 0.5 1.0 210
C4 4.41 3.5–4.0 0.7–1.1 180.80 0.5 3.5 210
M14 14.11 10–11 1–1.2 96.19 0.5 1.5 25
M7 6.73 5.5–6.0 0.4–2 129.03 0.5 1.4 25
F10 10.14 4.5–6.5 1–0.8 129.60 0.5 4.0 210
F6 5.57 3.5–4.5 1.5–2 132.59 0.5 6.0 210
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4. Results Analysis

Figure 6 displays the data collected for case M14. At stage I when water was ponding above the soil surface,
the relative humidity above the soil surface remained relatively constant with a downward gradient. The
temperature in the soil and air above the soil surface rose immediately after the experiment started and
then remained relatively constant during stages I and II. The evaporation rate dropped steadily from the ini-
tial, maximum value measured at the beginning of the experiment. At stage II, the evaporation rate
remained comparably constant, while the liquid water saturation in the NSL decreased considerably. At later
stage II, the liquid water saturation at 8 cm below the surface began to fall. During stage III, the evaporation
rate started to decline quickly. In the same time, the relative humidity measured above the soil surface also
decreased significantly. Slight increase of the temperature above the soil surface was also observed during
stage III. At stage IV, the evaporation rate was low and decreased gradually over time. The temperature and
humidity also remained relatively unchanged.

The fitted cumulative evaporation by the CSI method only filters out the noise in the raw data, which gets
magnified when the time derivative is calculated. In other words, the fitting does not alter the information
in the data (Figure 6d), including the first-order derivative with respect to time (evaporation rate; Figure 6e).

4.1. Comparison Between Experimental and Model Results
Figure 7 displays the comparison of surface resistances obtained by the experiment and model for all cases.
According to the experimental results, the variations of surface resistances with respect to the liquid water
saturation in the NSL follow a similar trend; specifically, the resistance value equals zero at the full liquid
water saturation, then slightly goes up to around 100 m s21 over the high liquid water saturation range
(0.5–1), after that remains relatively constant for the intermediate liquid water saturation range (0.2–0.5),
and lastly rises drastically to a high value when the liquid water saturation is low. For cases using the same
soil type, the results show that in the high liquid water saturation range, the cases with lower potential
evaporation resulted in greater surface resistance. In the low liquid water saturation range, the variations in
the potential evaporation rate led to little difference in the surface resistance.

The proposed model (combining equations (3) and (22)) used the measured liquid water saturation and
temperature in the TSL as inputs to produce the predictions. Following the study of Shokri and Or [2011] in
which the jumping length of the dry soil layer was found to depend on the soil grain sizes, the value of Wp

was assumed to vary only with soil types. For the cases with the same soil type, the variations of the poten-
tial evaporation rate were achieved by changing the d values. With the same liquid water saturation, higher
potential evaporation rate results in lower d, which leads to lower surface resistance. This is consistent with
the results of Shahraeeni et al. [2012] who found greater potential evaporation rate induced by stronger
wind above the evaporating soil surface leading to lower d. However, no consistent d relation could be
found among different soil types.

The model predictions agree well with experimental results in the medium and low ranges of liquid water
saturation (Figure 7). However, notable deviations occur in the high liquid water saturation range (0.8–1); in
particular, the surface resistance predicted by the model starts from a nonzero value at the full liquid water
saturation followed by relatively constant values in the medium and high liquid water saturation ranges
(0.2–1). The overestimation of the resistance at the full liquid water saturation is due to the fact that the
model does not describe the connectivity between capillary water in the pore and film water adjacent to it.
At the full liquid water saturation, the film water around the soil grains facing the air remains thick and
hence maintains a good hydraulic connection with capillary water in the pore. As a result, vaporization may
occur not only from the capillary water surface, but also from the film water surface with abundant capillary
water supply from pores. Therefore, evaporation from soil in high liquid water saturation behaves similarly
to that from free water surface. In contrast, with no vapor flux applied perpendicular to the soil grain surface
in the model, vapor generated from all the pores has to diffuse from pore surface to the entire soil surface
described by equation (7). This results in the prediction of a nonnegligible resistance, unrealistically present
at the full liquid water saturation.

The increase of resistance at the early desaturation stage during the experiment might be caused by both
the air invasion to the pores and the weakening of hydraulic connection between the capillary water and
film water. Given that the model considers only the former and hence failed to predict the rise of resistance,
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Figure 6. Data collected for case M14, including (a) relative humidity, (b) temperature, (c) liquid water saturation, (d) cumulative evapora-
tion, and (e) evaporation rate. The four evaporation stages are identified by gray lines. The elevation specified in the legend is the distance
from the soil surface to the centerline of the sensor (positive upward). The liquid water saturation at 22 cm represents the saturation con-
dition in the NSL (5 cm thickness).
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it is speculated that the vaporization of capillary water from film water surface plays an important role in
the high liquid water saturation range. The soil particle size may also affect the hydraulic connection
between capillary water and film water as the film water in the finer soil may have better chance of gaining
capillary water supply from neighboring pores, which would lead to a larger vaporization surface. The com-
parison of resistances estimated from the experimental results and predicted by the model confirms the
relationship between the hydraulic connection and soil particle size. Finer soil tends to obtain consistency
between the experimental and model results at relatively lower liquid water saturation (coarse sand cases
occurred at 0.9 in Figure 7a, medium sand cases occurred at 0.6 in Figure 7b, and fine sand cases occurred
at 0.5 in Figure 7c).

Although the surface resistance predicted by equation (3) is dependent on the temperature in the TSL,
the results do not show significant fluctuations due to minor oscillations of the measured temperature in
the TSL.

Figure 8 displays the comparison of the evaporation rate as a function of the liquid water saturation in the
NSL. Except for the underestimation over the high liquid water saturation range, the evaporation rates

Figure 7. Comparisons of surface resistance as a function of liquid water saturation obtained by reverse calculation from experiments
(shapes) and proposed model (lines). The time interval between two neighboring data points is 6.67 h.
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calculated using the surface resistance predicted by model generally agree well with those measured dur-
ing the experiments. The underestimation of the evaporation rate is directly linked to the overestimation of
the surface resistance in the high liquid water saturation range (Figure 7). Although notable discrepancies
in surface resistance can be identified for both medium and fine sand cases in the high liquid water satura-
tion range (Figures 7b and 7c), the difference between the evaporation rate predicted by the model and
that from the experiment is small for the medium sand cases (Figure 8b) but relatively large for the fine
sand cases (Figure 8c). This is due to the fact that the surface resistance in the high liquid water saturation
range is lower (less than 100 s m21; Figure 7b) in the medium soil cases than that in the fine soil cases
(greater than 100 s m21; Figure 7c).

Different from the surface resistance, the evaporation rate obtained through the model shows notable fluc-
tuations owing to the oscillations in the measured temperature in the NSL. This implies that although sur-
face resistance is not sensitive to the change of temperature in the TSL, good estimations of the
evaporation rate still require accurate temperature measurements in the NSL. For example, the overestima-
tion of the evaporation rate in case F10 near the residual saturation (Figure 8c) is not attributed to the dis-
crepancies in the surface resistance (Figure 7c), but to the relatively high temperature measured during that
period (probably produced by measurement errors). Similarly in case C4, the slight rise of the evaporation
rate before a sharp fall (Figure 8a) is not induced by the decrease of the surface resistance but by the rise of
the temperature.

The comparison of the evaporation rate over time between the experimental results and model predictions
is illustrated in Figure 9. The initial time (50) is set when water is ponded above the soil surface. As it is

Figure 8. Evaporation rates versus the liquid water saturation in the NSL. Results obtained by experiments are indicated by symbols and
model predictions plotted by lines. The time interval between two neighboring data points is 6.67 h.
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incapable of describing the water level receding until soil grains emerged in stage II, the model starts to
make predictions from the commencement of stage II as indicated by the desaturation of the NSL and the
decrease of the relative humidity above the soil surface. Despite the deviation of the resistance in the high
liquid water saturation range, the resultant underestimation of the evaporation rate at early stage II is not
apparent in the coarse and medium sand cases, but evident in the fine sand cases. This is because under
the same matric potential, fine sand can maintain higher liquid water saturation than medium and coarse
sand (Figure 4b), which leads to longer duration of high liquid water saturation in the NSL and hence more
pronounced difference between the experimental and modeling results.

To illustrate the overall performance of the model, Figure 10 displays the evaporation rate varying with the
cumulative evaporation. To start from the same time point as the model, water evaporated during stage I in
the experiment is deducted from its cumulative evaporation. For the same soil type, stage IV starts after the
same amount of water loss by the evaporation rate (20 mm for coarse sand, 33 mm for medium sand, and
45 mm for find sand). Although slight underestimation (case C4) and overestimation (cases M14 and M7)
occur at the end of the experiment, the maximum discrepancy is around 10% (for case M14). For the fine
sand cases, a balance appears to exist between the underestimation at early stage II and slight overestima-
tion for the rest of stages; thus, the cumulative evaporation prediction matches well the experimental result
at the end of the experiment/simulation.

4.2. Sensitivity Analysis and Model Comparisons
Besides requiring the parameters describing the soil hydraulic properties in the NSL (e.g., hp, W0, k, Wb, and
Wm), which is needed by other surface resistance models, the proposed model also requires the inputs of
the other parameters describing the thickness of the EDL d and the NSL l0, correction function G (specifically
the exponent parameter n), and the threshold matric potential in the NSL where MCD occurs Wp. This

Figure 9. Evaporation rate versus time: results obtained from experiments (symbols) and model (lines). The time interval between two
neighboring data points is 6.67 h.
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section focuses on the sensitivity analysis of the parameters not associated with soil hydraulic properties. In
addition, the surface resistance and evaporation rate predicted by other surface resistance models are
presented.

As discussed in section 4.1, the effect of d on the surface resistance and the evaporation rate can be distin-
guished between different cases using the same soil type. Although larger d results in greater surface resist-
ance at the same liquid water saturation, the difference becomes small in the low liquid water saturation
range (Figures 7 and 9).

To explore the effect of the correction function G, the model was applied case C9 with different values of
the exponent parameter n (involved in the G function as expressed by equation (6)). The results (Figure 11)
show that varying the value of n does not affect the results of surface resistance or evaporation rate in the
low liquid water saturation range (0 to residual saturation). However, a greater n value produces higher sur-
face resistance in the medium and high liquid water saturation range (from residual saturation to 1), which
in turn leads to lower evaporation rates during stages II and III. Figure 11 also reveals that without consider-
ing the correction function G (n 5 0), the surface resistance by the model is significantly underestimated,
leading to overestimation of the evaporation rate.

Figure 11 also presents the results by the Schl€under’s [1988a] model and an empirical-based model by Van
de Griend and Owe [1994]. The surface resistance used in the Schl€under’s [1988a] model is given by:

rs5
d

Dv
11

2ravg

pd

ffiffiffiffiffiffiffiffiffiffiffiffi
1

4hlNSL

r ffiffiffiffiffiffiffiffiffiffiffiffi
p

4hlNSL

r
21

� �	 

; (25)

where ravg5
Ð rb

0 rf r; rbð Þdr (m) is the average pore radius. The empirical-based model by Van de Griend and
Owe [1994] is as follows:

Figure 10. Evaporation rate versus the cumulative evaporation: results obtained from experiments (symbols) and model (lines). The time
interval between two neighboring data points is 6.67 h.
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rs510exp 35:63 0:152hlNSLð Þ½ �: (26)

The Schl€under’s [1988a] model underestimates the surface resistance at the low liquid water saturation,
which results in significant overestimation of the evaporation rate at stages II, III, and IV. This discrepancy, as
described in section 1, is due to both the neglect of the connectivity between water-saturated pore in the
TSL and the MWC underneath, and the misrepresentation of evaporation contributed to by film water. The
Van de Griend and Owe’s [1994] model underestimates the surface resistance during stages II and IV, which
leads to the overestimation of the evaporation rate in these two stages. The underestimation of surface
resistance during the stage IV may be attributed to the thickness of the NSL used in their study. Specifically,
the NSL in their study, set to 0.5 cm in thickness and corresponding to a maximum surface resistance of
2000 s m21 (when the entire NSL is dried), is thinner than the NSL used in this study (4 cm in thickness and
corresponding to 7000 s m21 maximum surface resistance). One may not be able to adjust the thickness of
the NSL using Van de Griend and Owe’s [1994] model due to lack of the physical basis.

The effect of Wp on model results for case M7 is shown displayed in Figure 12. Varying Wp does not affect
the maximum surface resistance and hence the evaporation rate at stage IV. Smaller Wp leads to a wider
transition section between the residual saturation and the liquid water saturation corresponding to Wp.
The surface resistance in the transition section is relatively constant, which is consistent with the jump-
ing length of the vaporization plane during the MCD. Such a transition section is evident in the experi-
mental cases (e.g., case C4, M14, and M7 shown in Figure 7). Above the residual liquid water saturation
(0.09 for medium sand), the resistance is predominantly associated with the vaporization of capillary
water in the TSL. Below the liquid water saturation corresponding to Wp, the resistance is linked with
diffusion of vapor generated from the vaporization plane below the TSL. Apart from lengthening the

Figure 11. Comparisons of (a) the surface resistance and (b) the evaporation rate obtained by the model using different n values for case
C9. The experimental results are also displayed by symbols.
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transition section, smaller Wp also results in the thicker jumping length of the vaporization plane, which
leads to a greater surface resistance at the transition section and lower evaporation rate during stage III
and MCD.

In the model, the thickness of NSL l0 is also a key parameter. Figure 13 displays the variations of surface
resistance and evaporation rate predicted for case F10 using different l0 values. l0 does not change the
increasing trend of surface resistance with the soil desaturation at stage IV. Larger l0 leads to higher surface
resistance at the beginning of stage IV and increases the maximum surface resistance as the liquid water
saturation in the NSL approaches zero. Note that the jumping length does not depend on the evaporation
intensity or the thickness of NSL where the liquid water saturation is measured, but is intrinsic to the soil
types [Shokri and Or, 2011]. This suggests that if l0 is varied due to, for example, the change of equipment
that measures the liquid water saturation in the NSL, one should adjust the value of Wp so that the same
jumping length is maintained for a particular soil.

Figure 12. Comparisons of the (a) surface resistance and (b) evaporation rate obtained by the model using different Wp values for case C9.
The experimental results are also displayed by the symbols.
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5. Discussion on the Model Assumptions

5.1. Correction Function
The introduction of the correction function G, as discussed in section 2, is due to the discrepancy of the vol-
umetric water content in the NSL and that in TSL (referred to as factor (1)). There are other factors that need
to be considered by the correction function in the model: (2) the roughness of the soil surface; (3) the inter-
action of neighboring water-saturated pores resulting from the multiplicity of pore shapes and spacing
[e.g., Cooke, 1967; Parlange and Waggoner, 1970]; (4) the nonequilibrium condition between the matric
potential and the saturated vapor pressure (equilibrium assumed by the Kelvin equation) [Smits et al., 2011];
and (5) the permeability of liquid water through the water-saturated pores in the TSL. It appears that the
factors (1), (4), and (5) may become more significant with the decrease of water saturation, while factors (2)
and (3) may be less important once the soil becomes dry [e.g., Cooke, 1967; Parlange and Waggoner, 1970].
Although it is not clear which factors outweigh others as model does not physically describe these effects, a
power function of effective liquid water saturation in the NSL appears to describe the lumped effects of
these factors, according to the model validation results. This correction function happened to resemble the
correction function used by Mualem [1976] for describing the effects of tortuosity and eccentricity on liquid
water permeability.

5.2. Vapor Transport Through the Air-Invaded Pores in the TSL
During stages II and III, the model assumes that evaporation is only contributed to by the vaporization of
capillary water from the water-saturated pores in the TSL, with the possible contribution of vapor from the

Figure 13. Comparisons of the (a) surface resistance and (b) evaporation rate obtained by the model using different l0 values for case F10.
The experimental results are also displayed by symbols.
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air-invaded pores neglected. How-
ever, as shown in Figure 2c, if the air-
invaded pores in the TSL is con-
nected to a water-saturated pore at
the soil layer underneath the TSL
(e.g., 1@1 in Figure 2c), vapor may be
transported through that air-invaded
pores, thus contributing to evapora-
tion. The validation of such assump-
tion will be discussed at both
macroscopic and microscopic scales.

Over the soil column, the matric
potentials at a certain elevation are
the same at the macroscopic scale.
Under the assumption of equilibrium
between liquid water and vapor, the
vapor densities of the air-invaded
pores at a certain elevation are also
the same as specified by the Kelvin
equation (Table 1). Since the vapor
transport in the soil is dominated by

diffusion [Smits et al., 2011], the vertical vapor flux (positive upward) qv (m s21) can be expressed by:

qv52Dvsha
@q�v hr

@z
52Dvsha ghr

@q�v
@z

1q�v
@hr

@z

� �
; (27)

where z (m) is the vertical coordinate (positive upward) and g (2) is the enhancement factor of vapor pro-
posed by Philip and De Vries [1957] for describing the intensified vapor flow under thermal gradients. It is
known that based on the Kelvin equation, the relative humidity remains nearly unity when the matric
potential is greater than 21 3 102 m. However, if the matric potential equals 21 3 102 m, the correspond-
ing liquid water saturation of the soils applied in this study has fallen below the residual liquid water satura-
tion. This suggests that in the unsaturated zone, the vapor transport is not driven by the gradient of the
relative humidity (the second term on the rightmost hand side of equation (27) approaches 0), but depend-
ent on the gradient of q�v . Given that q�v is a monotonically increasing function of temperature (Table 1) and
the gradient of temperature in the soil is upward, the direction of the vapor flow is actually downward.
Along with the upward liquid water flow driven by evaporation, there is a water circulation taking place in
the unsaturated zone below the vaporization plane: liquid water converts into vapor phase at the vaporiza-
tion plane, then transports downward driven by temperature gradients, condensates into the liquid phase
in the unsaturated zone below the vaporization plane, and then flows upward due to the gradient of matric
potential. However, the vapor moving downward does not disrupt evaporation as the upward liquid water
transport dominates.

One may also argue that under the microscopic scale such as that based on the pore bundle concept
sketched in Figure 2c, using the Kelvin equation to describe the vapor density at the air-invaded pore in the
TSL may not be valid. Rather than a constant vapor density, downward gradient of vapor density exists in
the air-invaded pores as water only present at the bottom of the TSL (e.g., 1@1 in Figure 2c). To reconcile
this issue, one may compare the radius of the sphere that cover the surface of building block r2 and the
thickness of the TSL d to determine the preferential path for vapor transport up to the sphere that covers
the whole building block (Figure 2c). The expected value of r2=d at a given matric potential Wm can be cal-
culated by combining equations (4), (5), and (14b):

E
r2

d

h i
5

ðrm

0

r2

d
f r1ð Þdr15

kf
k11ð ÞdWm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wm

k 11nð Þ

hpWb
k 11nð Þ

s
: (28)

As shown in Figure 14, the ratio of r2 to d rises up to 1 when the liquid water saturation in the NSL is
approximately 0.2. This implies that liquid water is preferably vaporized from the water-saturated pores in

Figure 14. Expected value of ratio of r2 to d as a function of the liquid water satura-
tion in the NSL.
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the TSL rather than that underneath the TSL. Although d becomes larger than r2 at a lower liquid water sat-
uration, the MWC may have already receded down further to the deeper soil layers rather than the layer
beneath the TSL. It is worthwhile to point out that the ratio of r2 to d would increase if the water permeabil-
ity through the water-saturated pores is considered; however, the effect of water permeability on the ratio
of r2 to d may be minimal for sand in the large liquid water range as large particle size results in large pore
size, which leads to high water permeability in the water-saturated pores. Therefore, it is reasonable to
assume that unless the hydraulic connection between the TSL and the MWC is disrupted, vaporization pref-
erentially takes place at the water-air interface of the capillary water in the TSL.

6. Concluding Remarks

An analytical model for predicting the surface resistance to vapor transport through the soil-air interface
during the soil-drying process has been developed. This model incorporates the description of the water
transport in liquid water and vapor phases through both the NSL and the EDL above the soil surface. Specif-
ically, when the vaporization plane remains in the TSL, the model describes the surface resistance with con-
sideration of the vapor transport through the EDL as well as the hydraulic connection between the capillary
water in the TSL and MWC underneath the TSL. When the vaporization plane develops below the TSL, the
model estimates the thickness of the dry soil layer in the NSL and incorporates it in the determination of
the surface resistance.

The model is validated through applications to estimate the surface resistance and evaporation rate for six
experimental cases focusing on the drying process of initially water-saturated soil columns. These experi-
mental cases differ from each other by varying soil types and/or the heat intensities from the soil surface.
The model performs well in the intermediate and low liquid water saturation range, while overestimating
the surface resistance for high liquid water saturation and before the soil desaturation. The theoretical con-
siderations of the model together with its performances in estimating the surface resistance for the labora-
tory experiments indicate that (1) water is preferentially evaporated from capillary water in the TSL rather
than from water in the soil layers underneath the TSL when the vaporization plane is in the TSL; (2) the
hydraulic connection between the capillary water in the TSL and the MWC underneath plays an important
role in determining the active pores in the TSL that supply capillary water for evaporation; (3) the considera-
tions of the soil pore size distribution facilitate the model applications to different soil types; and (4) deter-
mining the thickness of the dry soil layer is essential for properly estimating the evaporation rate at stage IV.

Further research work should be focusing on incorporating the effects of water level recession, soil grains
emergence before soil desaturation, the inclusion of salt, clay or organic matters in soils, and the connectiv-
ity between capillary water and neighboring film water in the TSL for high liquid water saturation on the
surface resistance to improve the performance of the model at the early stage of the soil-drying process.

Appendix A: Closed-Form Approximation of K c
vr

In section 2.2, K c
vr is obtained by calculating the expected value of kc

vr according to the PDF of water-
saturated pores at a given matric potential Wm (this approach is called the original approach hereafter). This
original approach can be approximated by replacing r1 in equation (12) with the expected value of the
water-saturated pore size E r1½ � at a given matric potential Wm (called as the approximated solution here-
after). Based on the soil water retention curve by Brooks and Corey [1964], E r1½ � can be calculated as:

E r1½ �5
ðrm

0
r1f r1; rmð Þdr15

ðrm

0
r1k

Wm

f

� �k

rk21
1 dr15

krm

k11ð Þ : (A1)

Replacing rm in equation (12) with E r1½ � leads to an approximate formulation of K c
vr :

K c
vr �

1

11 fk
2dWm k11ð Þ

Wk 11nð Þ
m

hpWk 11nð Þ
b

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wk 11nð Þ

m

hpWk 11nð Þ
b

r	 
 : (A2)

A closed-form expression of surface resistance can be obtained by combining equations (3), (20), (21), and
(A2). Figure A1 shows the comparison of surface resistance based on the original solution and
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approximated solution for all the cases considered in this study. Results show that the approximate solution
matches the original solution very closely. This suggests that if equation (13) cannot be solved analytically
due to the complexity of the soil water retention function used, one can try to work out E r1½ � by equation
(A1) and replace r1 in equation (12) with E r1½ � to obtain an approximate solution. For example, if the water
retention curve is expressed by the Van Genuchten [1980] model:

Sle5 11 avWmð Þnv½ �
12nv

nv ; (A3)

where av (m21) and nv (2) are fitting parameters, then E r1½ � can be calculated by:

E r1½ �5
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nv 2 avWmð Þnv 21
n o

:

(A4)

Combining equation (3), (12) (20), (21), and (A4), one gets the approximate solution of the surface resistance
based on the soil water retention curve proposed by Van Genuchten [1980].

Notation

W0 matric potential that corresponds to zero liquid water saturation (250,000 m).
Wm matric potential (m).
Wb air entry potential (m).
Wp matric potential in the near-surface soil layer corresponding to the initial liquid water saturation at

early stage IV (m).
av fitting parameter for the van Genuchten soil water retention curve.
b parameter to establish a linear relation between Sl below residual and ln 2Wmð Þ

(5 ln 2W0ð Þ2ln 2Wmð Þ½ �= ln 2W0ð Þ½ �, –).
d thickness of the external diffusive layer (m).
f constant under the assumption that the contact angle is zero (522r=ql g or 21.469 3 1025 m2).

Figure A1. Surface resistances of the six experimental cases predicted by the original solution (equation (22)) and the approximate solu-
tion (by combining equations (3), (12), (20), (21), and (A2)). The two solutions are found to largely overlap.

Water Resources Research 10.1002/2014WR015490

ZHANG ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1108



g enhancement factor of vapor (2).
h contact angle (rad).
hl volumetric liquid water content (2).
hle effective liquid water content (2).
hleTSL effective liquid water content in the TSL (2).
hlr residual liquid water content (2).
hp porosity (2).
k parameter related to the pore size distribution (2).
ql density of liquid water (1000 kg m23).
qv actual density of vapor (kg m23).
qv1 actual density of vapor at the vaporization plane (kg m23).
qv2 actual density of vapor at the sphere that cover the surface of the building block (kg m23).
qvRef actual density of vapor at the reference point (kg m23).
qvb actual density of vapor at the upper boundary of the EDL (kg m23).
q�v saturated density of vapor (kg m23).
r surface tension (0.072 kg s22).
s tortuosity of vapor in soils (2).
s0 tortuosity of liquid water in soils when the liquid water saturation is zero (0.66–).

Roman Symbols

Dv diffusivity of vapor (m2 s21).
FðÞ cumulative density of water-saturated pores (2).
G rm; rb; kð Þ correction function (2).
Kvr relative conductance of vapor through the soil-air interface (2).
K c

vr relative conductance of vapor through the soil-air interface contributed to by the vaporization
of the capillary water in the topmost soil layer (2).

K v
vr relative conductance of vapor through the soil-air interface contributed to by vapor generated

from the vaporization plane beneath the dry soil layer (2).
Mw molecular weight of water (0.018 kg mol21).
Qc

v volumetric vapor flux through the soil-air interface contributed to by the vaporization of the
capillary water in the topmost soil layer (m3 s21).

R ideal gas constant (8.314 J mol21 K21).
Sl volumetric liquid water saturation (2).
Sle effective liquid water saturation (2).
Slr residual liquid water saturation (2).
T temperature (K).
d average soil particle size (m).
f ðÞ probability density function (PDF) of the water-saturated pores.
g magnitude of gravitational acceleration (9.81 m s22).
hr relative humidity (2).
kc

vr relative vapor conductance from one building block with the radius of water-saturated pore
as r1 contributed to by the vaporization of the capillary water (2).

l thickness of the dry soil layer (m).
l0 thickness of the near-surface soil layer (m).
n exponent parameter in the correction function (2).
nv fitting parameter in the van Genuchten water retention curve (2).
qv vertical vapor flux, positive upward (m s21).
r radius of pore in soil (m).
ravg average pore radius (m).
r1 radius of water-saturated pores (m).
r2 radius of cylinder building block (m).
ra aerodynamic resistance (s m21).
rb radius corresponding to Wb according to the Young-Laplace equation (m).
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rs surface resistance (s m21).
rm radius that corresponds to Wm according to the Young-Laplace equation (m).
z vertical coordinate, positive upward (m).
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