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Abstract Water retention curves approaching infinitely negative matric potentials at residual water
content are widely employed to model soil moisture dynamics. When used in numerical simulations, these
retention curves fail to satisfactorily describe evaporation from arid soil (moisture-limited regime) because
they do not allow the soil to dry below residual water content. We show that simple modifications can
be introduced to prevent unrealistic water retention at residual water content and predict more
physically sound moisture dynamics. Modified retention models that allow drying below residual predict
a moisture-limited regime characterized by a thin subsurface evaporation zone and produce vapor fluxes
up to 3 times larger than classical retention models. This might reduce the need to introduce empirical
enhancement factors and improve the capability of modeling evaporation into the atmosphere and runoff
in arid regions.

1. Introduction

Water retention and unsaturated hydraulic conductivity curves dictate soil moisture dynamics in field soils
and determine infiltration, runoff, and evaporation into the atmosphere. As accurate measurements of water
retention in dry soils are difficult, information about the water retention across a wide spectrum of water
contents are rarely available.

In most applications, typical values are taken from the literature or obtained by fitting water content and
matric potential data to parametric models [Brooks and Corey, 1964; Brutsaert, 1966; van Genuchten, 1980;
Haverkamp and Parlange, 1986]; then, the unsaturated hydraulic conductivity is calculated from the water
retention curve by means of analytical models [Burdine, 1952; Mualem, 1976; Fuentes et al., 1992]. This tight
relationship between conductivity and matric potential has led to widespread use of water retention curves
that approach an infinitely negative matric potential at residual water content and that are not defined
below this threshold. While this has no substantial implication if only liquid fluxes are considered, it severely
limits the ability to correctly model vapor dynamics.

From a physical viewpoint, a residual water content arises due to the existence of a percolation threshold
below which the liquid phase is not connected and cannot flow according to Darcy-Buckingam equation
[see, e.g., de Gennes, 1983; Wilkinson and Willemsen, 1983]. When liquid connectivity is lost, however, water
vapor is still present in the system and the menisci of the trapped liquid clusters have a finite curvature. A
matric potential that becomes infinitely negative at residual water content contrasts with the microscopic
observation of finite curvature of the menisci and implies zero vapor density.

Establishing the exact behavior of the water retention curves close to (or below) the residual water con-
tent is difficult because measurements are time consuming and data are rare; essentially, only one reliable
data set is available in the literature [Campbell and Shiozawa, 1992]. Few modified water retention models
have been proposed to better describe these data [e.g., Campbell and Shiozawa, 1992; Rossi and Nimmo,
1994; Fayer and Simmons, 1995; Webb, 2000]. However, only few recent studies have employed these mod-
els to simulate soil moisture dynamics [Silva and Grifoll, 2007; Sakai et al., 2009; Smits et al., 2012; Tang and
Riley, 2013], whereas standard water retention curves that approach an infinitely negative matric potential
at residual water content remain widely employed [see, e.g., Assouline et al., 2010; Shokri and Salvucci, 2011;
Smits et al., 2011; Assouline, 2013; Campoy et al., 2013; Mirus and Loague, 2013].
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In this letter, we demonstrate the effects of the water retention behavior close to residual on the evaporative
fluxes from arid soils, and we discuss their implications for soil moisture dynamics.

2. Water Retention Curve and Vapor Density

Although the analysis can be applied to any classical soil water retention model, we focus on the van
Genuchten [1980] model (hereafter VG) which is one of the most popular in soil science. Then, the matric
potential is

𝜓(Seff) =
1
𝛼

(
S
− n

n−1
eff

− 1

)1∕n

, (1)

where 𝛼 > 0 [m−1] and n > 1 [−] are two model parameters related to the inverse of the air entry
potential and to the pore size distribution, respectively; Seff = 𝜃l−𝜃r

𝜃m−𝜃r
[−] is the effective saturation (or nor-

malized water content); 𝜃l [m3 m−3] the liquid water content; 𝜃m [m3 m−3] the maximum water content,
which is, in general, equal to the porosity 𝜙 [m3 m−3]; and 𝜃r [m3 m−3] the residual water content. The VG
model is typically employed together with the Mualem model, which yields the unsaturated conductivity
[Mualem, 1976]:

K(Seff) = KsS1∕2
eff

[
1 −

(
1 − S

n
n−1
eff

)1−1∕n
]2

, (2)

where Ks [m s−1] is the saturated conductivity of the soil.

At equilibrium, the vapor density, 𝜌v [kg m−3], is related to the matric potential, 𝜓 , through the Kelvin
equation [Edlefsen and Anderson, 1943],

𝜌v = 𝜌∗v exp
(
−
𝜓g
RT

)
, (3)

where 𝜌∗v [kg m−3] is the saturated vapor density of bulk water; T [K] the temperature; R [J kg−1 K−1] the gas
constant of water; and g [m s−2] the gravity acceleration. When the water content approaches the residual
value, the unsaturated conductivity becomes zero and liquid fluxes vanish. At the same time, the matric
potential approaches negative infinity, and equation (3) implies that 𝜌v vanishes, which precludes the soil
from drying below residual saturation due to the absence of vapor fluxes.

3. Modified Water Retention Models

If the retention curve is modified to prevent infinitely negative matric potentials in numerical simulations
of heat, water and vapor transport, the soil can dry below residual saturation as a result of vapor fluxes that
continue to remove soil water after liquid fluxes stop. There are several ways to achieve this. The simplest
one is to replace the effective saturation by the saturation, S = 𝜃l∕𝜙, in equation (1), i.e.,

𝜓MVG(S) =
1
𝛼

(
S−

n∗
n∗−1 − 1

)1∕n∗

, (4)

while the unsaturated conductivity remains a function of Seff. This choice highlights the fact that whereas
the conductivity is related to the connectivity of the liquid phase and must vanish at residual water content,
the matric potential is related to the variation of surface free energy [Lunati, 2007; Ferrari and Lunati, 2013],
which is well defined and nonzero also when the liquid connectivity is lost. In the following, we will refer to
this model as the modified van Genuchten model (henceforth MVG).

Another possibility is to use one of the extensions proposed to fit the Campbell and Shiozawa [1992] data
set. Here we focus on the Webb [2000] model (henceforth WM), which modifies the VG model to account for
the exponential dependency of the matric potential on the water content in the dry region that Campbell
and Shiozawa [1992] have observed for six soil types. In dry soils, Webb [2000] assumes that if 𝜃l > 𝜃

∗
l , the VG

model is valid (i.e., 𝜓w(𝜃) = 𝜓(𝜃)), whereas

𝜓w(𝜃l) = 10[𝛾(𝜃l−𝜃∗l )+log10 𝜓
∗]
, if 𝜃l < 𝜃

∗
l , (5)

where 𝜃∗l is the water content value at matching point for which equation (5) is tangent to the VG retention
curve, equation (1), and 𝜓∗ = 𝜓(𝜃∗l ) = 𝜓w(𝜃∗l ). The matching point is uniquely defined once the intercept
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Figure 1. Water retention curves of (a) loam and (b) sandy-loam, and cumulative evaporations from (c) loam and (d) sandy-loam soil bucket of height 0.25 m. The
blue curves correspond to the standard van Genuchten model (VG); the green curves to the modified van Genuchten model (MVG); and the red curves to the
Webb model (WM).

value at zero saturation is given. The latter is usually defined as 𝜓0 = 𝜓w(0) = 105m, which is the matrix
potential commonly measured in experiments at oven-dry conditions [e.g., Ross et al., 1991; Webb, 2000].

The typical retention curves of loam and sandy-loam soils are plotted in Figure 1 for the three models (VG,
MVG, and WM) and the parameters are listed in Table 1. Notice that the pore size distribution parameter
of the VG curve, n, is different from the value of the MVG curve, n∗ [−]. The latter has been chosen by least
squares minimization of the distance between the two curves under wet conditions (i.e., for 𝜃 > 0.1), for
which experimental data are typically more common and reliable.

4. Isothermal Evaporation From Soil Columns

To demonstrate the effects of the three retention models (VG, MVG, and WM) on evaporation, we numeri-
cally simulate the drying of homogeneously packed soil columns and the evaporation from field soils at low
water content with the three different water retention models. (The complete set of simulations performed
is presented in the supporting information.)

We assume isothermal conditions (25◦C) and equilibrium between the water vapor and liquid water
(equation (3)). Soil moisture dynamics are governed by the mass balance equation [Philip and
de Vries, 1957]

𝜕

𝜕t

[
𝜌l(𝜃l + 𝜃v)

]
+ 𝜕

𝜕z

[
jl(𝜃l) + jv(𝜃l)

]
= 0 (6)

where 𝜃v = (𝜙−𝜃l)𝜌v∕𝜌l is the water vapor content (expressed as volumetric content of the equivalent liquid
water of density 𝜌l [kg m−3]);

jv = −Dv(𝜃l)∇𝜌l (7)

is the Fickian vapor flux, where Dv = (𝜙− 𝜃l)10∕3𝜙−2Dm
v [m2 s−1] is the unsaturated diffusion coefficient in the

porous medium and Dm
v [m2 s−1] the molecular diffusion coefficient of water vapor in air;

jl = 𝜌lK(𝜃l)
(

d𝜓
d𝜃l

𝜕𝜃l

𝜕z
− 1

)
(8)

Table 1. Hydraulic Parameters for the Different Soil Types and Atmospheric Forcinga

Hydraulic Propertiesb Atmospheric Parameters

Ks 𝛼 n 𝜃r 𝜙 𝜃∗
l

n∗ Hair
r 𝜌a

v Uair Emax T
[m/s] [1/m] [−] [−] [−] [−] [−] [%] [kg∕m3] [m/s] [mm/d] [◦C]

Sandy-loamb 1.23 10−5 7.5 1.89 0.065 0.41 0.074 1.65 60 0.0138 1.0 1.8 25
Loamb 2.89 10−6 3.6 1.56 0.078 0.43 0.101 1.40 30 0.0069 1.33 4.0 25

aThe temperature T is constant both in the air and the soil.
bCarsel and Parrish [1988] (except n∗ and 𝜃∗

l
).
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(a) (b) (c)

Figure 2. Spatiotemporal evolution of the water content, 𝜃l , for a column of height 0.25 m filled with loam: (a) VG, (b) WM, and (c) MVG. Depth is represented on
the y axis, time on the x axis.

is the liquid flux that includes matric potential and gravity components; and K is the unsaturated hydraulic
conductivity described by the Mualem-van Genuchten model (equation (2)). (Further details on the
numerical methods and on the constitutive relationships employed can be found in Lunati et al. [2012].)

At the solid surface, an evaporative forcing is assigned by means of an aerodynamic diffusion relationship
[Anderson, 1976]

E =
k2Uair𝛾

𝜌l[ln(za∕z0)]2
(𝜌s

v − 𝜌
a
v ) , (9)

where k = 0.4 [−] is the von Karman’s constant; 𝛾 = 1 [−] the stability factor; z0 = 0.001 m the surface
roughness length; 𝜌s

v [kg m−3] is the vapor density at the soil surface; za = 2 m the screen height in the
atmosphere at which the wind speed, Uair [m s−1], and the air moisture density (or absolute humidity),
𝜌a

v [kg m−3], are assigned. Values for Uair and 𝜌a
v are listed in Table 1 together with the corresponding air

relative humidity, Hair
r [%], and the potential evaporation rates, Emax, [mm d−1].

When the drying of soil columns is simulated, the bottom is assumed to be impermeable to water flux and
the soil is initially saturated (𝜃0 = 𝜙). To model evaporation from arid field soils, instead, a fixed water
content is prescribed at the bottom which is at a depth of 1 m.

5. Results and Discussion

Evaporation can be classified into two characteristic regimes: an energy-limited regime, representative
of wet soils, and a moisture-limited regime, typical of dry conditions [see, e.g., Brutsaert, 1982]. In the
energy-limited regime, the evaporation occurs at the soil surface and at potential evaporation rate, Emax,
which depends on the atmospheric demand and not on the soil moisture.

Initially, the columns dry following the energy-limited regime, and the cumulative evaporation increases
linearly with time (Figures 1c and 1d). This regime lasts about 10 days in the loam and 33 days in the
sandy-loam columns, respectively. During this period, the three retention models predict the same
evaporation because the retention curves are very similar in wet soils.

At drier conditions, water fluxes become unable to sustain the potential evaporation, Emax, and moisture loss
is not limited by atmospheric demand but by moisture availability and removal from deeper soil. During
the moisture-limited regime the differences between the three retention models are substantial (Figures 1c
and 1d). The VG model predicts a lower evaporation, which stops after about 370 days when the entire soil
column is at residual water content (see also Figure 2). MVG and WM simulations exhibit a stronger evap-
oration that continues after the average soil moisture has reached the residual value. Drying stops only
when the soil vapor density is equal to the air vapor density (i.e., exp[−𝜓(𝜃l)g∕RT] = Hair

r ). The spatiotem-
poral evolution of the soil moisture in the loam column is shown in Figure 2 and is characterized by lower
water contents close to the surface for the MVG model and WM, whereas the soil is wetter at deeper layers,
compared to the VG model.

A detailed analysis of the fluxes supplying water to the surface of the loam column shows that liquid flux
is the dominant mechanism that sustains the potential evaporation rate in the energy-limited regime

CIOCCA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3113
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Figure 3. (a) Liquid, jl , and vapor fluxes, jv , to the soil surface of a loam column of height 0.25 m as a function of time; the inset (a1) shows the end of
liquid-dominated period and the onset of vapor-dominated regime in detail. (b) Vertical profile of vapor, jv , and liquid fluxes, jl , after 370 days, which corresponds
to the moment at which evaporation stops (legend of the curves as in Figure 3a). All fluxes are normalized by the potential evaporation rate Emax.

(Figure 3a). After 10 days, transition to the moisture-limited regime occurs by an abrupt drop of liquid fluxes
followed by a quick raise of the vapor-flux contribution which reaches its maximum within approximately
0.5 days and then starts decreasing (Figure 3c). In the moisture-limited regime, vapor fluxes are higher and
more persistent with the modified models (and in particular with the MVG).

The use of the VG model causes a strong decrease in vapor fluxes after 370 days when evaporation stops.
Liquid and vapor fluxes along the column profile just before the vapor flux drop in the VG model are shown
in Figure 3b. In WM and MVG model a relatively thin subsurface evaporation region can be detected. The
MVG model predicts the thinnest vaporization region with a thickness of less than 1 cm. The region of vapor-
ization is located at an approximate depth of 17 cm (Figure 3b), right above the depth of residual water
content (Figure 2), and it is partially fed by liquid flux from deeper soil. This is in qualitative agreement with
laboratory experiments that have observed thin subsurface evaporation regions [Lehmann et al., 2008;
Shokri and Or, 2011].

Figure 4. Vertical profiles of (a) water content and (b) water flux at quasi-steady conditions in a loam soil with constant
water content 𝜃 = 0.1 assigned at 1 m depth. All fluxes are normalized by the potential evaporation rate Emax.

CIOCCA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3114
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Additional numerical experiments in columns of height 0.5 m filled with the loam soil have shown simi-
lar behaviors but after a longer evaporation time due to the larger amount of water and the longer time
needed to achieve sufficiently dry conditions to distinguish among the three models (see test case 3 in the
supporting information).

Differences among the water retention models are amplified in the case of evaporation from arid field soils.
Figure 4 shows the water content profile and the profile of liquid and vapor fluxes at quasi-steady conditions
in a loam soil with a constant water content 𝜃 = 0.1 prescribed at a depth of 1 m. (More details about the
results of this numerical test as well as the results of a simulation with 𝜃 = 0.15 prescribed at one meter
depth are found in the supporting information.) The evaporation is almost 2.5 times larger with the MVG
model than with the VG model (Figure 4b) and suggests that when the latter is used, it might systematically
underestimate the vapor flux into the atmosphere in arid regions. Also, the use of different models results
in a very different water content at the soil surface (Figure 4a), which is much drier with the MVG model and
might result in a very different repartition between runoff and infiltration in the case of precipitation.

6. Conclusions

The VG model, when used in numerical simulations of drying soils, is unable to correctly predict evapora-
tion in the moisture-limited regime because vapor density becomes zero at residual liquid water content,
and vapor fluxes are suppressed together with liquid fluxes. This prevents the VG retention model from
describing soil moisture dynamics in case of vapor-dominated moisture transport.

The MVG model overcomes this difficulty by simply postulating that water retention is a function of the
saturation, rather than of the effective saturation; the WM assumes that below a threshold value the water
retention deviates from the VG model and is an exponential function of the water content. Both models
yield a more physically sound description of the moisture-limited regime: vapor fluxes allow drying below
residual and stop only when the vapor density is in thermodynamical equilibrium with the atmosphere;
evaporation occurs in a thin subsurface region (less than 1 cm with the MVG model); and vapor fluxes are
large (2 to 3 times larger than predicted by the VG retention curve for the cases investigated here), which
might reduce the need for empirical enhancement factors introduced to match experimental evaporation
rates [see, e.g., Philips and de Vries, 1957; Cass et al., 1984], and recently criticized [see, e.g., Shokri et al., 2009].

The simple examples presented demonstrate the importance of the water retention curve to describe the
moisture-limited regime. When modeling moisture dynamics in semiarid regions, the modified models
would lead to substantially higher vapor fluxes into the atmosphere and to larger runoff component due
to dryer soil surface. Implications go beyond field soil dynamics and might also affect global-scale predic-
tions, where the mismatch between in situ water content data and modeled values at the grid scale is still a
challenge [see, e.g., Campoy et al., 2013].

Our results suggest the importance of a more careful experimental characterization of water retention close
to and below the residual water content. Although further studies are required to assess the performance
of modified retention models in presence of solar radiation, diurnal fluctuations of air temperature and
humidity, and hysteretic effects, their use to model moisture-limited evaporation regimes is recommended.
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