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[1] Accurate estimates of water losses by evaporation from shallow water tables are
important for hydrological, agricultural, and climatic purposes. An experiment was
conducted in a weighing lysimeter to characterize the diurnal dynamics of evaporation
under natural conditions. Sampling revealed a completely dry surface sand layer after 5
days of evaporation. Its thickness was <1 cm early in the morning, increasing to reach 4–5
cm in the evening. This evidence points out fundamental limitations of the approaches that
assume hydraulic connectivity from the water table up to the surface, as well as those that
suppose monotonic drying when unsteady conditions prevail. The computed vapor phase
diffusion rates from the apparent drying front based on Fick’s law failed to reproduce the
measured cumulative evaporation during the sampling day. We propose that two processes
rule natural evaporation resulting from daily fluctuations of climatic variables: (i)
evaporation of water, stored during nighttime due to redistribution and vapor condensation,
directly into the atmosphere from the soil surface during the early morning hours, that could
be simulated using a mass transfer approach and (ii) subsurface evaporation limited by
Fickian diffusion, afterward. For the conditions prevailing during the sampling day, the
amount of water stored at the vicinity of the soil surface was 0.3 mm and was depleted
before 11:00. Combining evaporation from the surface before 11:00 and subsurface
evaporation limited by Fickian diffusion after that time, the agreement between the
estimated and measured cumulative evaporation was significantly improved.

Citation: Assouline, S., S. W. Tyler, J. S. Selker, I. Lunati, C. W. Higgins, and M. B. Parlange (2013), Evaporation from a shallow water
table: Diurnal dynamics of water and heat at the surface of drying sand, Water Resour. Res., 49, 4022–4034, doi :10.1002/wrcr.20293.

1. Introduction

[2] Evaporation from a shallow water table is a process
important to water and salt budgets. The importance of the
presence of a shallow water table on land-atmosphere
fluxes was demonstrated theoretically [Gardner, 1958;
Famiglietti and Wood, 1994; Salvucci and Entekhabi,
1995] and using numerical models [Rihani et al., 2010].
Further, the processes are very similar to those that describe
evaporation from a drained profile where the groundwater
level is far below the surface.

[3] Fundamentally, the process of evaporation involves
the transport of liquid water, water vapor, and heat [de
Vries, 1958; Whitaker, 1998; Milly, 1982; Parlange et al.,
1998; Prat, 2002]. Two main stages characterize basically
the process of evaporation from a bare soil, a liquid-flow
controlled first stage where the soil flux is limited only by
evaporative demand and hydraulic delivery of water to the
surface, and a following stage controlled by vapor diffusion
through the upper now dry medium, during which the evap-
oration rates decrease considerably and a receding vapori-
zation plane can be identified [Van Brakel, 1980; Scherer,
1990; Lehmann et al., 2008].

[4] Insights into the complex process of evaporation
from bare soil in the presence of a shallow water table have
been gained largely from laboratory experiments [Rose et
al., 2005; Gowing et al., 2006; Shokri and Salvucci, 2011].
Laboratory experiments that sought to simulate the diurnal
fluctuations in temperature and humidity experienced by
natural soils are scarce [Deol et al., 2012].

[5] Two mechanisms are relevant in the presence of
shallow water table: evaporation at the land surface sus-
tained by a continuous phase liquid flow from the water ta-
ble; and subsurface evaporation maintained by diffusive
vapor removal through the porous medium. In many sim-
plified descriptions, based on the lack of a significant vapor
pressure gradient when liquid phase water is present, these
two processes are seen as mutually exclusive, which allows
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for the derivation of simple analytical solutions to estimate
evaporation. In the case where surface evaporation is pre-
dominant, for instance, one can use the simple solution for
1-D steady evaporation from a homogeneous soil profile
with a shallow water table that can be derived from Darcy’s
law or Richards’s equation [Gardner, 1958; Brutsaert,
2005]:

z ¼
Z x¼ 

0

dx

1þ E=K xð Þ½ �; ð1Þ

where z is the soil depth taken positive upward, z¼ 0 is the
level of the water table, and z¼L is the level of the soil
surface; x is a dummy variable of integration representing
the soil capillary head,  , which is here considered to be
invariant in time and only dependent on position; K( ) is
the hydraulic conductivity function (HCF); and E is the
constant evaporation rate from the soil surface and also the
flux throughout the profile due to the assumption that the
system is at steady state.

[6] For certain expressions of K( ), analytical solutions
of equation (1) are available [see Gardner, 1958; Gardner
and Fireman, 1958; Warrick, 1988; Brutsaert, 2005]. Per-
haps, the most widely known solution is found taking K( )
to be represented by the exponential function [Gardner,
1958]:

K  ð Þ ¼ Kse
��G ; ð2Þ

where Ks is the saturated hydraulic conductivity and �G is a
fitting parameter related to the pore size distribution of the
medium [Ghezzehei et al., 2007]. The maximum steady-
state rate of evaporation, Emax, can be expressed analyti-
cally as a function of the depth to the water table, L, given
a specific air entry-value,  a, and assuming an infinite
value for  z¼L at the soil surface:

Emax G ¼
Ks

exp �G L�  að Þ½ � � 1
: ð3Þ

[7] Exact solutions were also found for K( ) being rep-
resented by

K  ð Þ ¼ a

bþ j jc ; ð4Þ

where a, b, and c are constants that can be considered as fit-
ting parameters. Gardner [1958] presented solutions for
c¼ 1, 1.5, 2, 3, and 4. Warrick [1988] extended these solu-
tions and proposed a general solution for c> 1. The result-
ing expression of Emax proposed by Warrick [1988] is

Emax W ¼ a
�=cð Þ

sin �=cð Þ

� �c

L�c; c > 1: ð5Þ

[8] The solutions presented in equations (3) and (5)
assume the continuity of water films from the water table to
the soil surface. This assumption stems from the definition
of the HCF to be continuous in pressure head, with no rep-
resentation of vapor flux (i.e., the only modeled pathway
for soil to dry would be through removal of water through

films of flow). It is thus evident that the validity of such an
assumption will depend on the specific combination
between the depth of the water table and the hydraulic
properties of the soil layer between that water table and the
surface. When the hydraulic properties of the soils are
known, balancing between, gravity, capillary, and viscous
forces allows the evaluation of the characteristic length for
which the assumption of water film continuity remains
valid [Lehmann et al., 2008]. Based on that analysis, Shokri
and Salvucci [2011] proposed the simplified definition of
the maximum depth of the water table, Lmax, that would
remain hydraulically connected to the soil surface during a
given evaporation event at rate E :

Lmax ¼
 max �  a

1þ E=K
þ  a; ð6Þ

where  max is the capillary head for which water films are
disrupted. When the depth of the water table exceeds Lmax,
an evaporation front (or vaporization plane) will form
below the soil surface, and the evaporation process will
result from vapor diffusion from that vaporization plane
through the dry layer up to the soil surface [Bristow and
Horton, 1996; Saravanapavan and Salvucci, 2000; Shokri
and Or, 2010]. The range of evaporation rates at the onset
of this stage is relatively narrow, between 0.5 and 3.5 mm
d�1 [Shokri and Or, 2011]. The corresponding thickness of
the dry layer above the vaporization plane also varies
within a relatively narrow range, from 3 to 20 mm [Novak,
2010; Shokri and Or, 2011; Smits et al., 2012; Deol et al.,
2012]. Applying Fick’s law, the diffusive evaporation rate,
Edif, can be estimated following Moldrup et al. [2000] and
Shokri et al. [2009]:

Edif ¼
�2:5

a

’
Do

Csat � Cair

Ld
; ð7Þ

where �a is the volumetric air content in the dry layer above
the vaporization plane, ’ is the soil porosity, Do is the
vapor diffusion coefficient in free air, Csat is the saturated
water vapor density at the vaporization plane, Cair is the
water vapor density in the air above the soil surface, and Ld

is the thickness of the dry soil layer (the distance from the
vaporization plane to the soil surface). The power of 2.5 on
air saturation is included to account for effects of tortuosity
and cross-sectional area available for diffusion. A power of
2.33 could be applied instead if adopting the expression for
tortuosity suggested by Millington and Quirk [1961],
though given the uncertainties in many of the parameters
and dimensions (e.g., where is the drying front) ; this
adjustment would likely be below experimental detection
in practice. An implicit assumption of equation (7) is that
the system is at steady state so that the humidity profile is
linear over Ld, as predicted by Fick’s law. Departure from
steady-state condition would affect the humidity profile
and consequently the evaporation rate relative to the esti-
mate from equation (7) [Rollins et al., 1954].

[9] Experimental evidence suggests that often, equation
(7) tends to underestimate diffusive fluxes from drying po-
rous media [Gurr et al., 1952; Taylor and Cavazza, 1954].
Cahill and Parlange [1998] reported that vapor fluxes

ASSOULINE ET AL.: EVAPORATION UNDER NATURAL CONDITIONS

4023



predicted by equation (7) were lower than the values
derived from the field measurements by 1 order of magni-
tude. The discrepancy between data and predictions has led
to the development of several models that could justify the
introduction of a vapor-flux enhancement factor. A concep-
tual model involving small capillary-held pendular water
bodies and local thermal gradient effects that could
increase vapor flow velocity in the pores was already pro-
posed by Philip and de Vries [1957]. Philip and de Vries
[1957] limited the applicability of the suggested processes
favoring vapor enhancement to a certain limiting water
content that was not explicitly defined. Gardner [1958]
estimated the potential increase of such processes to be
20% of the diffusive flux. Ho and Webb [1998] questioned
the validity of these processes, and Shokri et al. [2009] pro-
vided a critical analysis of the enhancement concept during
stage 2 evaporation. Their conclusion was that ‘‘with
proper account of capillary flow, continuity and pathways,
no enhancement factors are needed’’ [Shokri et al., 2009;
p. 8]. Grifoll et al. [2005] also found that soil-water and
energy transport dynamics can be described without the use
of empirical enhancing transport factors. Using a mechanis-
tic pore-scale model of evaporation and condensation, Shah-
raeeni and Or [2012] showed that isolated liquid phase
bridges reduce the gaseous diffusion path length, thus
enhancing water vapor transport by approximately 10%.

[10] The possible influence of macroscopic temperature
gradients within the drying profile was also raised. A ther-
mal gradient can either assist or oppose diffusive flux,
depending on its direction. Studying the influence of tem-
perature gradients on the drying of pore networks, Huinink
et al. [2002] have shown that the drying rate is enhanced
significantly when the temperature of the evaporating sur-
face is higher than the temperature at the bottom of the net-
work. At the pore scale, Shahraeeni and Or [2012] showed
that a mild local thermal gradient could affect the water
vapor diffusion rate by only several percent when com-
pared to isothermal diffusion. However, when upscaled to a
sample scale, their results indicated that a mild assisting
thermal gradient could double the water vapor diffusion
rate compared to isothermal diffusion of an inert gas.
Finally, thermally driven convective transport mechanisms
could increase the vapor flux from the deeper layers to the
soil surface [Papendick et al., 1973; Pikul and Allmaras,
1984; Whitaker, 1998; Bachmann et al., 2001].

[11] In most of the practical cases of evaporation from
shallow water tables, the significant water losses due to
evaporation will occur until the transition between the first
and the second stages of the evaporation process. However,
as the first stage of evaporation is likely to be short lived in
natural conditions, an interesting additional phenomenon
could be relevant: compensation effects due to the increase
of the evaporation rate per unit of evaporating area when
evaporation takes place from small pores filled of water that
are surrounded by larger pores that are already dry [Bange,
1953; Cooke, 1967; Shahraeeni et al., 2012]. This issue was
investigated both experimentally and theoretically in the
context of diffusion from perforated membranes but was
shown to apply also in the case of evaporation from partially
covered water surfaces [Assouline et al., 2010a, 2011].
Suzuki and Maeda [1968] and Schl€under [1988] have
proposed solutions showing how the evaporation rate from

drying porous media varied with the fraction of the wet area
of the drying surface. Due to these compensation effects, the
evaporation rate remains practically constant for a large
range of relative wet surfaces and decreases only after a crit-
ical, limited, relative wet area is reached.

[12] All these processes might lead to the enhancement
of the diffusive rate through the dry soil layer. They pro-
vided the framework for a series of studies suggesting dif-
ferent ways to evaluate empirically that ‘‘enhancement
factor’’ needed to reconcile between estimates based on
equation (7) and observations [Cary, 1964; Jury and Letey,
1979; Cass et al., 1984]. In particular, we focus on the
potential for impacts of cyclic thermal conditions typically
found between day and night as a possible enhancement
factor under natural conditions.

[13] The main objectives of this study are (i) to charac-
terize the dynamics of the water and heat regimes at the vi-
cinity of a naturally drying sand and to analyze its impact
on the diffusion process through a dry layer ; (ii) to com-
pare detailed weighing lysimeter observations of the tem-
poral distribution of evaporation with numerical model and
analytical model predictions; and (iii) to analyze the pro-
cess of drying during diurnal fluctuations in temperature
and humidity experienced by natural soils.

2. Lysimeter Experiment

[14] A lysimeter experiment was carried out at the Ecole
Polytechnique Federale de Lausanne using the Lysimeters
Facility of the Laboratory of Environmental Fluid Mechan-
ics and Hydrology, which is located in a 60 m � 60 m
open-grass yard. Measurements were carried out in summer
2006 during two consecutive periods: from 29 June to 3
July (120 h) and from 10 to 19 July (240 h).

[15] The weighable lysimeter consisted of a polyester re-
inforced fiberglass tank of 2.50 m height and 1.20 m diame-
ter, with a surface area of 1.13 m2. The lysimeter was placed
on three high-accuracy loading cells (Hottinger and Baldwin
Messtechnik GMBH, Germany), with a system resolution of
100 g, enabling measureable changes in lysimeter water con-
tent equivalent to 0.0885 mm. The lysimeter was installed
below ground so that the rim corresponds to the ground
level, and its surface is exposed to climatic forcing at the
level of the surroundings. The bottom of the lysimeter was
filled with a coarse drainage layer consisting of 25 cm of
gravel topped with 25 cm of coarse sand. The remaining 200
cm were filled with local fine sand. Details on the sand me-
chanical composition and granulometry are provided in Ap-
pendix A and Figure A1. To achieve a homogenous
packing, the lysimeter was filled through successive approxi-
mately 5 cm lifts each involving a gentle deposition of sand
followed by a rise of the water table up to saturation.

[16] During the filling, the lysimeter was equipped with
tensiometers and thermocouples providing information on
capillary head and temperature. The capillary head was
measured by means of fast response UMS mini tensiome-
ters T5, with a cup diameter of 0.5 cm (UMS, Munich, Ger-
many). These tensiometers were installed 10, 20, and 40
cm below the sand surface. The soil temperature was moni-
tored based on copper-constantan thermocouples. The ther-
mocouples were installed at 2, 10, 20, 40, and 60 cm below
the sand surface. All the sensors were connected to data
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loggers (Campbell CR5000) and data collected every 15
min to every 30 min.

[17] Tensiometers readings were corrected for tempera-
ture. The volumetric water content was estimated based on
the tensiometer readings and the soil water retention curve
(WRC; Appendix C).

2.1. Experimental Procedure

[18] The bottom part of the lysimeter allows addition or re-
moval of water. During filling this was connected to domestic
water supply. The water table level was monitored by means
of a piezometer. Before each drying period, the lysimeter
was completely saturated from the bottom and let drain to a
zero-pressure water table set at z¼�80 cm. The lysimeter
was covered by an air tight lid and let drain for several days
(until no further drainage was seen which we refer to as
quasi-steady-state conditions), allowing the formation of
essentially hydrostatic initial conditions. At the beginning of
each evaporation experiment, drainage was stopped and a no-
flux condition imposed at the bottom of the lysimeter, and
the lid that covered the lysimeter surface was removed to ex-
pose the sand surface to climatic forcing. The evaporation
rates from the lysimeter were evaluated based on the hourly
recorded changes in weight of the drying lysimeter.

2.2. Meteorological Data

[19] Climatic data from a micrometeorological station sit-
uated 10 m away from the lysimeter provided hourly data on
global radiation, wind speed and direction, air temperature,
and relative humidity at 2 m height. The climatic data corre-
sponding to the first period are presented in Appendix B and
Figure B1. They were used to estimate potential evaporation,
Ep, at the site, following Allen et al. [1998]. This microme-
teorological station failed to provide data for the second pe-
riod. Therefore, corresponding Ep values for that period
were estimated based on relative changes in daily Ep esti-
mated by MeteoSwiss for the station at Pully, 7 km from the
experimental site, that was found to be highly correlated
with the micrometeorological station on-site (R2¼ 0.98).

2.3. Hydraulic Properties

[20] The sand hydraulic properties were estimated in the
laboratory using packed samples of the same media
employed in the lysimeter. The drying WRC was measured
using a sand table (Eijelkamp, Netherlands). The disturbed
samples were packed at a bulk density of 1.675 g cm�3,
which corresponded approximately to the packing density of
the lysimeter (porosity ’¼ 0.376). The expression of van
Genuchten [1980] for the WRC was fitted to the data. The
saturated hydraulic conductivity, Ks, was measured using a
constant head device. These samples were packed at a
higher bulk density of 1.83 g cm�3. The corrected values of
Ks for the lower bulk density of the samples used for the
measure of the WRC (and of the lysimeter) were computed
following the model of Assouline [2006], resulting in an
adjustment upward by a factor of 2.71. The HCF was esti-
mated based on the model of Mualem [1976]. The hydraulic
functions of the sand are presented in Appendix C and
depicted in Figure C1.

2.4. Destructive Sample

[21] At the end of the first period, on 3 July, a destructive
sampling of the upper layer of the dry sand surface of the

lysimeter was carried out. Syringe bodies of 2.5 cm diame-
ter were gently pushed vertically into the sand surface at
two different locations to a depth of just over 12 cm. As the
samples were ejected from the syringes they were sectioned
into segments of 2 cm length, and the gravimetric water
content was estimated by weighing and oven-drying of the
samples. The sampled midpoint depths were 1.1, 3.1, 4.9,
6.7, 8.5, 10.3, and 12.1 cm. The samples corresponding to
the upper few centimeters were very dry, and their water
content was estimated using a WP4 dew point potentiome-
ter (Decagon Devices, Pullman, WA, USA). This destruc-
tive sampling was carried out at 2 to 3 h intervals, from
7:00 to 18:00, at 7:20, 10:00, 12:00, 14.45, and 18:00 h.
A similar destructive sampling was carried out also at the
end of the second period (19 July), but samples were taken
only at 16:00 and at 6:00 the day after. The evolution of
global radiation and air temperature and relative humidity
during that day are shown in Figure B1 of Appendix B.
Measurements were carried out in duplicates.

2.5. Numerical Simulations

[22] The ability of the standard approach to model coupled
heat and moisture transfer to reproduce evaporation dynam-
ics in the presence of a shallow water table was investigated
by performing numerical simulations that mimic experimen-
tal conditions. Simulations were performed employing two
widely used numerical codes: HYDRUS-1D [Simunek et al.,
2005] and its modified version that accounts for heat trans-
port [Saito et al., 2006]. The estimated hydraulic properties
of the sand (Appendix C) were used. Estimated hourly Ep

rates provided the upper boundary condition. A soil profile
of 100 cm depth, with a space discretization of 1.0 cm, repre-
sented the flow domain. A no-flux condition at z¼�100 cm
was used for the lower boundary. For the first period, initial
condition corresponding to hydrostatic profile of  above the
water table set at z¼�80.0 cm was implemented. For the
second period, the initial condition corresponded to the pro-
file developing after 6 days of draining with no evaporation
from an initially saturated profile to a water table fixed at
z¼�80.0 cm. For the simulations accounting for tempera-
ture effects, the default thermal properties for a loam soil
were used as they better reproduced the measured tempera-
ture dynamics at the different depths. A uniform temperature
profile was employed as the initial condition; measured soil
surface temperatures were applied as upper boundary condi-
tion, and constant temperature of T¼ 23�C at z¼ 0 was
assumed as a lower boundary condition. Time discretization
was as follows: initial time step, 0.1 min; minimum time
step, 0.01 min; and maximum time step, 1 min.

3. Results and Discussion

3.1. Evaporation Rates

[23] The cumulative measured evaporation during the
two periods is depicted in Figure 1, along with the esti-
mated cumulative potential evaporation, Ep. More water
evaporated from the lysimeter during the first 5 days of the
second period by comparison to the first period in spite of
the lower cumulative Ep. This may have resulted from the
fact that the atmospheric demand was weaker in the first
days of the second period, allowing accommodation of the
lower soil layers to changes at the surface, and leading to a

ASSOULINE ET AL.: EVAPORATION UNDER NATURAL CONDITIONS

4025



better and more efficient continuity of the liquid films from
the wet deeper layers to the evaporating surface. A second
reason is that the soil profile was wetter at the beginning of
the second period, if 6 days of draining were not sufficient
to generate essentially hydrostatic conditions.

[24] Simulated results for the two periods based on
HYDRUS-1D neglecting temperature effects on soil-water
relationships [Gardner, 1955; Philip and de Vries, 1957;
Nimmo and Miller, 1986; Hopmans and Dane, 1986;
Grant and Bachman, 2002] slightly overestimate cumula-
tive evaporation over the whole period (Figure 2). Saito et
al. [2006] developed a version of HYDRUS where temper-
ature effects on soil-water surface tension and on the WRC
were accounted for following Nimmo and Miller [1986].
Using that version improved the agreement between simu-
lated and measured data, although a small discrepancy can
still be observed at the end of the period.

[25] For the second period, the simulated results fail to
reproduce the convex curvature of the measured cumula-

tive evaporation and underestimated the water losses for
practically the whole period and a more linear behavior is
simulated, even though the predicted cumulative evapora-
tion after 10 days concurred with the observed total. Notice
that meteorological data for this period were less precise
due to the lack of local measurements, replaced by data
from the closest available (MeteoSwiss station of Pully,
located about 7 km from the lysimeter site).

[26] To check the validity of the simulations, the dynam-
ics of the measured temperature and water content at differ-
ent depths within the soil profile are compared with the
simulated ones (Figure 3). While the temperature values
are measured directly, the water content values resulted
from transforming tensiometer readings at the specific
depths into volumetric water content, �, based on the soil
WRC (Appendix C). The computed temperatures agree
well in terms of both amplitude and phase with the meas-
ured values, indicating that heat is properly transported by
the model, and that the initial and boundary thermal condi-
tions and soil thermal properties applied are representative
of the experimental setup. The overall agreement between
simulated and measured water content values can be con-
sidered satisfactory, and this agreement improves as depth
increases (Figure 3). When no effect of temperature is
accounted for in the model, only slight daily variations are

Figure 1. Measured cumulative evaporation during the
two periods (symbols) and corresponding estimated cumu-
lative potential evaporation (lines) estimated following
Allen et al. [1998].

Figure 2. Measured cumulative evaporation during the
two periods (symbols, E-1st and E-2nd periods) and corre-
sponding simulated cumulative evaporation using HYDRUS-
1D without accounting for temperature effect (black lines;
Esim_NT) and with accounting for temperature effects fol-
lowing Saito et al. [2006] (gray line; Esim_T-1st).

Figure 3. (upper) Measured and simulated soil tempera-
ture and (lower) volumetric water content at different
depths within the lysimeter during the first period. Gray
lines represent simulation results based on the HYDRUS-
1D model of coupled water and heat transport.
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simulated, and when this effect is considered, these varia-
tions increased in amplitude. However, scrutiny of the
results reveals that the phase of the diurnal variations is op-
posite to those measured close to the soil surface. This is
due to the fact that the simulated evaporative flux around
noon was zero, when the simulated water content at the soil
surface reached the model constraint of �r. This illustrates
the limit of the methods assuming water continuity in the
solution domain under the conditions of the experiment.

[27] The numerical solution seems to indicate that hydrau-
lic continuity in the lysimeter could be sustained from the
water table at z¼�80 cm to the soil surface. According to
equation (6), the maximum depth of a water table that could
sustain hydraulic continuity to the soil surface is 31 cm, sig-
nificantly shallower than the water table depth in the experi-
ment. Assuming that equation (6) is accurate, hydraulic
continuity is lost very near to the soil-atmosphere interface,
and the water content there is lower than the residual value.
Under such condition, the model solved numerically by
HYDRUS is not applicable because it is unable to describe
water fluxes once the simulated water content reaches the
soil residual water content value.

[28] The steady-state solutions of Gardner [1958] (equa-
tion (3) above) and Warrick [1988] (equation (5) above)
assume hydraulic connectivity between the water table and
the evaporating surface to estimate the maximum evapora-
tion rate. Figure 4 depicts the relationships between maxi-
mal daily evaporation rate and water table depth for these
two solutions, along with the daily evaporation rates meas-
ured during both periods in this experiment (for water table
depth of 80 cm). A striking difference, in terms of both
trend and absolute values, can be observed between these
two solutions, which agree for the single point correspond-
ing to L¼ 72 cm. The two relationships differ only in the
expressions used to describe the HCF, namely, equation (2)
versus equation (4), which were both fitted with a relatively
similar agreement to the K( ) corresponding to the packed
sand in the lysimeter (Appendix C). The large difference
between the two solutions illustrates the importance of the
hydraulic conductivity in quantitative estimates of evapora-
tion rates. The measured values are below the curve

corresponding to equation (5) [Warrick, 1988] and above
the curve corresponding to equation (3) [Gardner, 1958]
during both experiment periods. This suggests that equation
(3) is less realistic than equation (5) because measured
evaporation rates are above the predicted maximum limit
during the whole period.

[29] From the above, it is clear that there is an apparent
contradiction between actual and expected behavior of
the system under interest : on one hand, cumulative evapo-
ration rates close to the measured ones could be simulated
(Figure 2), indicating that the assumption of hydraulic con-
tinuity could still be valid; on the other hand, the depth of
the water table is higher than the estimated maximal depth
sustaining such a continuity, and the measured evaporation
rates are below the maximal steady rate predicted by equa-
tion (5). We propose to analyze in the following the
detailed information gathered during the destructive sam-
plings to shed some light on this important issue.

3.2. Destructive Sampling Data

[30] The dynamics of the gravimetric water content with
depth at the vicinity of the drying surface (upper 12 cm)
measured during the destructive sampling carried out at the
end of the first period (3 July) is depicted in Figure 5 (upper
plot), which was produced using Kriging based on 35 data
points (five discrete times and seven discrete depths). Two
interesting features can be identified:

[31] (1) A completely dry sand layer exists at the surface
after 5 days of evaporation. Its thickness was smaller early
in the morning, but it gradually increased during the day up
to 4–5 cm late in the evening. The location of a vaporiza-
tion plane that has migrated into the soil profile during the
day can be illustrated by the sharp yellow zone that repre-
sents approximately the residual water content value. This
evidence points out fundamental limitations of the
approaches that intrinsically assume hydraulic connectivity
from the water table up to the surface. The analytical
steady-state solutions of Gardner [1958] and Warrick
[1988] (equations (3) and (5); Figure 4) as well as the nu-
merical solution of the Richards equation via HYDRUS-1D
(Figures 2 and 3) are not applicable to the near-surface con-
ditions in the experiment. Since hydraulic continuity is
inherently imposed on the system, simulated water contents
are higher or equal to �r, yielding a wetter soil profile with
mild gradients (Figure 5, lower left plot). However, in the
case where the dried layer is so thin that vapor diffusion
across the dry soil depth is greater than potential film flow,
the continuum approach may still be predictive.

[32] (2) A clear process of wetting of the soil profile
abruptly halts at 9:00 in the morning at the 4 cm depth and
deepens gradually to reach the 10 cm depth around noon
(Figure 5; upper plot). This phenomenon was reported in
several experimental studies [Jackson, 1973; Cahill and
Parlange, 1998] and was related to the effect of temperature
on the soil hydraulic properties and of temperature-gradient
dynamics on liquid fluxes within the soil profile [Assouline
et al., 2010b].

[33] The simulated diurnal evolution of the temperature
regime in the upper drying soil layer is presented in Figure 6.
The heating of the soil surface and the heat propagation pat-
tern with depth are clearly illustrated. The interesting feature
is the inversion of temperature gradients with depth around

Figure 4. Relationships between maximal daily evapora-
tion rate and water table depth based on steady-state solu-
tions of Gardner [1958] (equation (3)) and Warrick [1988]
(equation (5)) along with the daily evaporation rates meas-
ured during the two periods (symbols).
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9:00: early in the morning, the soil surface is cooler than the
deeper soil layer, and a temperature gradient opposing
upward flux prevails. As the soil surface warms up, this trend
is reversed and the soil surface became hotter than the deeper
layers, inducing a temperature gradient that assists upward
flux. Assouline et al. [2010b] suggested that this temperature
gradient contributes to the wetting phenomenon depicted in
Figure 5 (upper plot). A similar effect of temperature gradi-
ent on flow rates was demonstrated using simulation of dry-
ing at the pore scale [Shahraeeni and Or, 2012] and in pore
network models [Huinink et al., 2002]. Accounting for the
dynamics of the temperature regime in the solution of the
flow equations [Saito et al., 2006] affects the water content
regime only slightly (Figure 5; lower right plot), because liq-
uid water is forced to remain hydraulically connected and
may be also because of the nature of the temperature correc-

tions. A slightly dryer upper layer that deepens during the
day is indeed simulated, and one could also recognize the
wetting pattern that occurs at the 10 cm depth around noon.
However, the predicted intensity of these processes is far
from reproducing the data depicted in Figure 5 (upper plot).

[34] The gravimetric water content profiles measured
during the two destructive samplings are shown in Figures
7a and 7b. In Figure 7a, the deepening of the dry layer dur-
ing the day can be clearly seen. A similar trend was
observed by Deol et al. [2012] and simulated by Novak
[2010]. Also, the wetting phenomenon of the whole profile
occurring during the night and early in the morning is well
represented by the data. These profiles were used to esti-
mate the thickness, Ld, of the dry layer, which is crucial in
evaluating the diffusive rate of evaporation (equation (7)).
It is evident that this could be a source of inaccuracy in

Figure 5. (upper) Dynamics of the distribution with depth of the gravimetric water content at the vicin-
ity of the soil surface as measured during the destructive sampling at the end of the first period (3 July).
The sampled midpoint depths were �1.1, �3.1, �4.9, �6.7, �8.5, �10.3, and �12.1 cm. The sampling
times were at 7:20, 10:00, 12:00, 14.45, and 18:00 h. (lower left) Simulated dynamics of the distribu-
tion with depth of the gravimetric water content at the vicinity of the soil surface during the last day of
the first period (3 July) using HYDRUS-1D without accounting for temperature effects. (lower right)
Simulated dynamics of the distribution with depth of the gravimetric water content at the vicinity of the
soil surface during the last day of the first period (3 July) using the HYDRUS-1D version that solve the
coupled water and heat transport equations.
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practical cases as it is difficult to determine Ld very accu-
rately based on soil sampling and also because of its fractal
nature [Shaw, 1987; Prat, 2002]. The destructive sampling
at the end of the second period (Figure 7b) illustrates the
further growth of the dry layer at the vicinity of the soil sur-
face, and consequently, the increase in Ld which reduces
the water vapor pressure gradient and, eventually, the diffu-
sive evaporation rate.

[35] Continuous monitoring of lysimeter weight allows
calculating the evaporation rates which corresponded to de-
structive sampling measurements. The destructive sampling
data clearly indicate that the upper soil layer of the lysime-
ter was relatively humid (relative humidity of 100% at
1 cm depth) early in the morning (Figure 7a) and that it sig-

nificantly dried out during that day (Figure 5; upper plot).
Consequently, the measured evaporation rates were at least
in part constrained by the diffusion of water vapor through
that dry layer, which could be estimated based on Fick’s
law (equation (7)). The climatic data of the micrometeoro-
logical station on-site provided the diurnal evolution of air
temperature and relative humidity allowing the determina-
tion of the water vapor density above the soil surface, Cair.
The data from the water vapor activity measurements using
the WP4 allow determining the spatial and temporal distri-
bution of relative humidity within the drying top soil. The
simulations from the HYDRUS-1D version solving for
water and heat movement enable the estimation of the spa-
tial and temporal distribution of the soil temperature in the
upper soil layer and allowed to account for soil temperature
in the estimate of the diffusion coefficient. The diffusion
coefficient, Do, in equation (7) was corrected for tempera-
ture (Do¼ 0.22(T/273)1.75 with T being the absolute mean
temperature of the dry layer in kelvin during the day [Lide,
2006]). Based on information on soil relative humidity and
temperature, the saturated water vapor density at the vapor-
ization plane, Csat, can be computed. Consequently, all the
elements required to estimate diffusive rates based on
Fick’s law (equation (7)) are defined and evaluated, and the
corresponding diffusive rates could be computed. The
resulting estimated cumulative evaporation during the de-
structive sampling day is compared with the measured one
using the lysimeter data in Figure 8a. The computed results
underestimate the measured data approximately by a factor
of three. In equation (7), the power of 2.5 on �a accounts
for the effect of tortuosity. Neglecting such effects, namely,
assuming tortuosity � ¼1, leads to a power of 2. The dotted
curve depicts the cumulative evaporation computed follow-
ing equation (7) with �a

2 replacing �a
2.5. The resulting val-

ues are higher but still underestimate the measured data.
The prescribed thickness of the dried layer, Ld, is uncertain

Figure 6. Simulated thermal regime with depth and time
in the first 12 cm of soil during the last day of the first pe-
riod (3 July) using the HYDRUS-1D representing coupled
water and heat transport.

Figure 7. The gravimetric water content profiles measured during the (a) first and (b) second destruc-
tive samplings, at the end of the two drying periods.
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and can also be a source of error. The sensitivity of equa-
tion (7) to Ld is illustrated by the dashed curve in Figure 8a
that corresponds to equation (7) with (Ld/2). Here also, the
computed values underestimate the measured ones for most
of the day. Based on the results in Figure 8a, one can con-
clude that the vapor diffusion from a subsurface vaporiza-
tion plane alone cannot sustain the observed evaporation
rate, unlike that reported by Shokri et al. [2009]. Unlike the
present study, where large diurnal variations in both tem-
perature and temperature gradient occurred, Shokri et al.
[2009] considered evaporation under constant temperature
and constant gradients, and the vaporization plane has a
dominant control on the process in that case.

[36] These results also illustrate why additional proc-
esses that could enhance the diffusion intensity were sug-
gested in the past [Philip and de Vries, 1957; Cary, 1964;
Jury and Letey, 1979; Cass et al., 1984] and are still inves-
tigated [Lu et al., 2011; Shahraeeni and Or, 2012]. In our
case, and during most of the day, a very dry layer was
observed at the vicinity of the soil surface (Figures 5 and
7a). Therefore, pendular water bodies suggested by Philip
and de Vries [1957] could not be present and play any role.

Similarly, the compensation effect suggested by Suzuki and
Maeda [1968] and by Schl€under [1988] was not applicable
in this case. Consequently, based on the destructive sam-
pling data, none of the suggested processes capable of
enhancing diffusion could be appropriately applied. Most
importantly, the diffusion equation (with or without tortu-
osity), with its inherent assumption of a linear profile in rel-
ative humidity (equation (7)), cannot accurately represent
the unsteady conditions resulting from the diurnal fluctua-
tions in temperature and humidity experienced by natural
soils during drying, particularly at the transition between
day and night.

[37] We suggest here that the observed drying process
can be explained by three distinct phases that cycle daily.
For the purposes of explanation, we start in late afternoon,
when the atmospheric evaporative demand decreases dras-
tically and redistribution of the water content within the
upper soil layer takes place, humidifying the very dry soil
layer at the soil surface at the end of the day. In addition, at
nighttime, the upper soil is cooled by upward long-wave
radiation, and convective exchange with the relatively cool
air. Through the course of the night, the air temperature
drops, increasing relative humidity significantly, while the
soil continues to be cooled to temperatures well below that
of the air due to loss of long-wave radiation. This provides
conditions for condensation of the water vapor saturated
pores of the upper layer, and under certain climatic condi-
tions, condensation at the surface as well.

[38] The second phase of the process is dominated by the
evaporation of the water accumulated over nighttime. This
water, being close to the surface, is readily available to sat-
isfy the atmospheric evaporative demand. Based on the
data from the destructive samplings, we can see that at sun-
rise, the upper soil layer is saturated with water vapor, and
the upper 2 cm of the soil profile are at their wettest condi-
tion (Figure 7a). We postulate that this water accumulated
during the night evaporates directly into the atmosphere
during the morning hours, when the soil surface is heated,
the air gets warmer and drier, and windier conditions de-
velop (Figure C1). Even if this process is dominated by dif-
fusion, it can sustain relatively high rates since the length
of the diffusive path is still quite small.

[39] The third phase of the soil-water cycle starts when
the water stored during the night is completely depleted
and water for evaporation is provided by the vaporization
plane below the subsurface. This water must be removed
from the long-term drying front by diffusion through the
now dry upper soil layer. Here the water loss is largely lim-
ited by liquid water supply to the vaporization plane by
upward flow and by the vapor flux that can be generated
due to Fickian gas diffusion through the dry layer. The be-
ginning of the new cycle can be seen in the data corre-
sponding to time 18:00 in Figure 7a, which reveal the
beginning of a new rewetting process.

[40] Following Brutsaert [2005], we express the mass
transfer process depleting the stored water during nighttime
early in the morning by the equation:

Emt ¼ Ce � u Csat � Cairð Þ; ð8Þ

where Emt is the mass transfer evaporation rate, � is the
density of air ; u is the mean wind velocity at a reference

Figure 8. (a) Measured cumulative evaporation (sym-
bols) during the last day of the first period (3 July), esti-
mated cumulative evaporation based on equation (7) (solid
line), assuming no tortuosity (dotted line), or accounting
for half the thickness of the dry layer used in equation (7)
(dashed line). (b) Measured cumulative evaporation (sym-
bols) during the last day of the first period (3 July), esti-
mated cumulative evaporation based on mass transfer
(equation (8); dashed line), and estimated cumulative evap-
oration based on Fickian diffusion (equation (7); solid
line).
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height, Csat is the saturated water vapor density at the soil
surface, Cair is the water vapor density in the air above the
soil surface, and Ce is the water vapor transfer coefficient
that can be determined theoretically or empirically [Brut-
saert, 2005]. Based on the available data from the destruc-
tive samplings, the empirical value of Ce¼ 4.75 � 10�3

(corresponding to cumulative Emt expressed in mm) led to
a good agreement between the estimated values resulting
from equation (8) and measured data corresponding to the
morning hours (Figure 8b). The convex trend reflects the
increase in wind speed that characterized that morning (last
day shown in Figure C1), which affects Emt (equation (8)).

[41] Once the stored water originating from nighttime
redistribution and condensation is depleted, evaporation
becomes a diffusion process that can be described by equa-
tion (7). The cumulative Edif values resulting from equation
(7), translated vertically by a total amount of nighttime
water equal to 0.3 mm, are depicted in Figure 8b. The
agreement with the measured data is quite good. Graphi-
cally, from the intersection between the curves representing
the two processes, we can estimate a total amount of
nighttime-accumulated water of approximately 0.25–0.3
mm, which was depleted around 11:00.

[42] Further investigation is needed to establish in a
more rigorous way the proposed solution and to derive the-
oretical expressions for estimating Ce under daily cycles of
drying.

4. Summary and Conclusion

[43] Evaporation from a shallow water table under natu-
ral conditions was studied by means of a lysimeter experi-
ment where the water table was set 80 cm below the soil
surface. The well-established methods applied to describe
the process and to quantify water losses via evaporation,
namely, the analytical steady-state solutions of Gardner
[1958] and Warrick [1988] or the standard numerical solu-
tion assume hydraulic continuity between the water table
and the soil surface. A series of destructive sampling car-
ried out 5 days after the onset of evaporation revealed the
presence of a dry layer at the vicinity of the soil surface
during most of the day, thus questioning the validity of
these methods relatively early in the drying process.

[44] The thickness of the dry layer presented a significant
variation during the day, being less than 1 cm thick early in
the morning and increasing up to a 5 cm thickness late in
the evening. This diurnal variation was related to the spatial
and temporal distribution of the temperature gradient
within the dry layer which presented a transition from posi-
tive and opposing temperature gradient at night to negative
and assisting temperature gradient in the morning when the
soil surface warmed up quicker than deeper soil layers.

[45] Because of the presence of that dry soil layer at the
surface, the main physical process that could contribute to
water losses from the lysimeter is diffusion of water vapor
through the dry layer. Diffusion rates estimated based on
Fick’s law tend to underestimate the measured rates by a
factor of three. Inherent to Fick’s law is the assumption that
the system is at steady state so that the humidity profile is
linear over the dry layer.

[46] We have proposed, instead, that two rather than one
single process rule natural evaporation resulting from daily

fluctuations of climatic variables : evaporation from the soil
surface directly into the atmosphere during the early morn-
ing hours that could be simulated using a mass transfer
approach, and subsurface evaporation limited by Fickian
diffusion afterward, until the late afternoon. The first pro-
cess depletes the water accumulated at the vicinity of the
soil surface during nighttime redistribution and condensa-
tion. Once this amount of water, which will depend on the
prevailing conditions in the soil-atmosphere system, is
depleted, Fickian diffusion becomes the main process and
the daily buildup of the dry layer takes place until late
afternoon. Such an approach was successfully applied for
the lysimeter experiment data. Invoking these two observed
mechanisms of evaporation eliminates the need for artifi-
cial enhancement factors to achieve a good agreement
between estimates and measured data. Our measurements
suggest that traditional soil physics processes are able to
explain the observed dynamics. However, widely employed
models lack a sufficiently accurate description of vapor dy-
namics that would allow for night condensation and early
morning evaporation near the surface, which have been
conjectured in this paper.

Appendix A: Mechanical Analysis of Sand

[47] The sand used in the lysimeter contained 98% sand,
1% silt, and 1% clay. The grain size distribution was deter-
mined using a series of sieves. The distribution correspond-
ing to grain size <2 mm is depicted in Figure A1. The
remaining fraction completing the distribution to 100%
was characterized by a maximal grain size <10 mm.

Appendix B: Climatic Data at the Experimental
Site During the First Period

[48] A micrometeorological station on-site provided
standard climatic data for the first period of the experiment.
These data are depicted in Figure B1.

Appendix C: Hydraulic Properties of Sand

[49] The WRC of the sand was measured under laboratory
conditions using a sand table (Eijelkamp, Netherlands).

Figure A1. Cumulative grain size distribution of the sand
used in the lysimeter.
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Disturbed soil samples were prepared at a bulk density of
1.675 6 0.05 g cm�3 and installed on the clothing of the
sand table. Thirty-two samples were prepared and two sam-
ples were taken and weighted at each suction step to avoid
replacing the samples after weighing, which could alter the
good connectivity between the sample and the clothing. The
samples were saturated, and the drying curve was measured
by weighing the samples and estimating the water content
after steady-state conditions were reached at different suc-
tions achieved by successive lowering of the height of the
free water level connected to the sand table. The expression
of van Genuchten [1980] for the WRC was fitted to the
measured data:

�  ð Þ ¼ �s � �rð Þ 1

1þ �j jð Þn½ � 1�1=nð Þ

 !
þ �r; ðC1Þ

where � is the water content,  is the corresponding capil-
lary head, �s and �r are the saturated and residual water
contents, respectively, and � and n are fitting parameters.

The corresponding values are presented in Table C1.
[50] The WRC of the sand packed in the lysimeter was

estimated to be represented by equation (C1) as its packing
bulk density after consolidation resulting from several satu-
ration and drainage cycles was approximately equal to that
of the disturbed samples used in the laboratory.

[51] The saturated hydraulic conductivity, Ks, of dis-
turbed samples at a bulk density of 1.83 6 0.04 g cm�3 was
measured in the laboratory in four replicates using a con-
stant head device. The result was Ks¼ 29.2 6 3.0 cm h�1.
To account for the effect of differences in packing soil bulk
density, the measured values of Ks were corrected rela-
tively to the bulk density of WRC measurement according
to the model proposed by Assouline [2006]:

KsWRC ¼ Ks
’WRC

’

� �3 �WRC

�

� ��3

; ðC2Þ

where ’ is the porosity taken equal to �s, � is the soil bulk
density, and the index WRC correspond to the experimental
conditions when the WRC was measured. The resulting
corrected value is thus KsWRC¼ 79.1 6 8.1 cm h�1.

Figure B1. Climatic data characterizing the first period.

Table C1. Parameters Corresponding to the Estimated Hydraulic
Functions of the Sand in the Lysimeter According to Equations
(C1)–(C3)

�s (cm�3 cm�3) �r (cm�3 cm�3) � (cm�1) n KsWRC (cm h�1)

Sand 0.376 0.02 0.086 2.14 79.1

Figure C1. Measured WRC of the sand (symbols) and
the fitted curve based on van Genuchten [1980] expression,
and the corresponding HCF based on Mualem [1976]
model.
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[52] The HCF of the sand in the lysimeter was estimated
based on the application of the model of Mualem [1976] to
the van Genuchten [1980] expression of the WRC:

K Seð Þ ¼ KsWRCS0:5
e 1� 1� S 1=mð Þ

e

� �mh i2
; ðC3Þ

where Se¼ (�� �r)/(�s� �r) is the effective saturation
degree and m¼ 1� 1/n.

[53] The resulting hydraulic functions of the sand are
depicted in Figure C1.
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