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Abstract In spite of recent progresses in evaporation estimate through advanced
models and laboratory experiments, the drying process of bare soils through its
successive stages remains difficult to predict. A study which addresses evaporation
modeling in natural bare soils is presented. It relies upon hydro-meteorological
measurements performed in a plot with a bare silt loam soil maintained in natural
conditions. The following steps are involved: estimate of daily actual evaporation, Ea,
through the hydrological balance, scaling with pan evaporation measurements, Epan,
and analysis of the relation of Ea/Epan with the soil moisture vertical profile. The
results enable us (1) to check the occurrence of the first stage of the evaporation
process, characterized by not limited-soil water supply and high evaporative rates, and
(2) to identify the transition from the first to the second stage, with decreasing soil
water-limited Ea values. The last point requires the introduction of a soil water
content threshold at 5 cm depth, that is associated with the soil field capacity. The
adopted procedure provides insights on the soil water dynamics at depths differently
involved through the successive stages of the evaporative process. Finally, indications
on the use of pan evaporation measurements in evaporative rate estimate at least
during the first stage of the process are also given.
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1 Introduction

Evaporation is one of the most important processes of the global hydrological cycle.
It involves mass and heat exchanges between land and atmosphere and directly affects
the groundwater resources and water management (Banimahd et al. 2016; Balugani
et al. 2016). About 60% of terrestrial precipitation supplies the evaporative process
that takes place through direct evaporation from soil surface (20%) and plant transpi-
ration (40%) (Or et al. 2013). Evaporation from the surface of porous media is driven
by the atmospheric evaporative demand, linked with the radiative transfer and aero-
dynamic transport depending on the combined effects of wind speed, air temperature
and atmospheric humidity (McVicar et al. 2012). Furthermore, the evaporative process
can be limited by a soil water content insufficient to satisfy the phase change from
liquid to vapor required by the actual evaporative demand (Or et al. 2013).

In any case, evaporation is a phenomenon that remains difficult to predict because of the
complex interactions between soil and atmosphere.

In the last 10 years several advanced models based on the standard continuum
approach have been proposed to describe liquid water, vapor and heat movement in
bare soils. Typically, this approach, for the first time represented by a model devel-
oped by Philip and de Vries (1957), involves numerical solutions that describe the
non-isothermal combined transport of liquid water, water vapor, gas and heat in terms
of mass conservation, under the hypothesis of liquid-vapor equilibrium (Grifoll et al.
2005; Bittelli et al. 2008; Novak 2010). In the afore mentioned models, mainly tested
through laboratory trials or highly controlled field experiments (Bittelli et al. 2008;
Grifoll et al. 2005; Novak 2010), the evaporation rate is one of the surface boundary
conditions, that is usually expressed as a function of the boundary layer soil resistance
and of soil water vapor density deficit between the soil surface and a Bscreen height^.
Furthermore, the estimate of a few parameters for liquid water, water vapor and
energy balance is required. These elements make difficult the application of such
formulations in most natural conditions, even though important indications on the
gradual drying process of bare soils have been obtained.

In the scientific literature much attention has been also addressed to the study of the
different stages of evaporation process in bare soils, characterized by vertical profiles both
homogeneous (Bittelli et al. 2008; Lehmann et al. 2008; Shokri et al. 2012; Or et al. 2013) and
layered (Shokri et al. 2010; Assouline et al. 2014). These studies, usually based on laboratory
experiments, suggest that the evaporation process from an initially saturated bare soil under
non-limiting energy conditions involves successive stages. Specifically, for example Lemon
(1956) pointed out the existence of: a first stage with evaporation rate equal to the potential
value until a critical point; a second stage with decreasing evaporation rate while soil dries and
loses the capability to drive water up to the surface and a third stage characterized by very low
evaporation rates influenced by soil physical characteristics.

The first stage, also defined the Bconstant rate period^ because the evaporation rate
is expected to remain constant if the external demand is time-invariant, is character-
ized by non-limiting soil water supply with soil hydraulic continuity supported by
capillarity, which is maintained also for decreasing surface soil water content. In the
successive stages, also called Bfalling rate period^, firstly the transport of both liquid
and vaporized water occurs while the hydraulic continuity is still partially maintained,
then the moisture transport is only due to the gaseous phase (Lehmann et al. 2008).
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The passage through different stages is linked with the dynamics of the drying front,
identified as the interface between completely and partially liquid-filled pores, and
considered as the top of capillarity fringe in Lehmann et al. (2008). As far as a film
region between the drying front and the soil surface is maintained, evaporation rate
assumes the potential value; when the liquid connections decrease also the capability
of soil to supply water to the surface decreases causing a falling evaporation rate,
until the liquid connections are disrupted. Then, the evaporative surface drops below
the soil surface with formation of an air-filled layer, where moisture transport occurs
only through water vapor, producing very low evaporation rates. The dynamics of the
drying front can be related to the evaporation characteristic length defined as the
maximum height of liquid continuity through the unsaturated zone. The characteristic
length is a soil property linked with the width of pore size distribution and can be
derived from the retention curve (Lehmann et al. 2008; Or et al. 2013).

A few studies indicate that in most arid regions evaporation from bare soils mainly
involves the first two stages that could be accurately represented (Idso et al. 1974).

The main objective of this paper is to propose an experimental methodology useful
to improve the evaporation modeling in natural bare soils. Specifically, examining the
soil depth involved in each stage of the evaporation process, a procedure to identify
the first two stages of the evaporation process on the basis of the soil water content
observed at a significant depth is proposed. In this context the soil field capacity,
estimated by a functional form of the soil retention curve, is considered as an
indicator of the onset of the second evaporation stage. In our analysis the actual
evaporation was obtained by the hydrological balance equation applied in a plot with
a bare silt loam soil where measurements of rainfall, soil water content, surface-,
intermediate- and deep- flows were available; pan evaporation was used as a surrogate
of potential evaporation.

2 Monitoring System

The investigation here presented relies upon measurements performed in a plot close
to the University of Perugia (Central Italy) during the hot seasons of years 2010, 2013
and 2014. The experimental system consists of:

& a hydro-meteorological station including a Class A evaporation pan, subjected to a
proper maintenance (Allen et al. 1998), and a rain gauge operative 2 m above the
soil surface, with time resolution of 5 min;

& 9 × 9 m natural plot with slight slope, equipped with sensors for continuous
measurements of the soil moisture vertical profile and surface-, intermediate- and
deep- flows (Fig. 1).

The plot was artificially made by a granulometric selection of different natural soils
properly meshed in order to obtain a vertically homogeneous soil, with a depth of
70 cm, and an underlying drainage layer with thickness of 10 cm. It was also laterally
bounded in order to avoid lateral fluxes. The study soil, which belongs to the silt
loam textural class (Linsley et al. 1992), is kept with a bare surface. The main
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hydraulic properties are shown in Table 1. The values of the involved quantities are
substantially similar to those earlier indicated by Morbidelli et al. (2011), with small
adjustments made on saturated and residual soil water contents that have been updated
to the maximum and minimum values, respectively, observed in the measurement
points during the period from 2010 to 2014.

Four vertical profiles of soil moisture are monitored using the time-domain reflec-
tometry (TDR) method (TRASE-BE, Soil Moisture Equipment Corp., Goleta, CA),
with four three-rod waveguides of length 20 cm for horizontal insertion at 5, 15, 25
and 35 cm below the soil surface (Fig. 1a). The system as a whole can be used to
monitor the water flow during infiltration, redistribution and re-infiltration. Data from
the probes are recorded at 30 min intervals. The sensors were calibrated to convert the
TDR signal into soil moisture.

Surface-, intermediate- (at about 40 cm depth) and deep- (at 70 cm depth) flows
are continuously measured by 3 tipping bucket systems (Fig. 1b).

The adopted experimental conditions are expected to be well representative of the
soil evaporation process under natural conditions because the tipping bucket sensor for
the intermediate flow (see Fig. 1b) never detected the presence of appreciable dis-
charges and this indicates that water flow along the direction parallel to the soil
surface was of minor interest. On this basis, the distortion of the water flow could
have affected only a narrow part of the plot very close to the downstream wall.

(a) (b) 

 2 m

9 m  5 m

 2 m

                  9 m 

2 m            5 m            2 m 

runoff 

intermediate flow 

geotextile 
layer 

drainage 
layer 

deep flow 

rainfall 

tipping bucket 
sensors

Fig. 1 Experimental plot: (a) layout with the four locations of the soil moisture measurements; (b) vertical
section with the collectors of surface-, intermediate- and deep- flows

Table 1 Main characteristics of the study soil: θr and θs are the residual and saturated soil water contents,
respectively, Ks is the saturated hydraulic conductivity, Ψb is the air entry head, λ is the Brooks–Corey pore size
distribution index, c and d are empirical coefficients

Soil components Clay Silt Sand USDA soil textural class

(%) 28 57 15 silt loam
Hydraulic properties θr θs Ks (mm/h) Ψb (mm) λ c d (mm)

0.07 0.36 2 −500 0.2 5 0
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3 Methods

3.1 Hydrological Balance

The first step was the estimation of the daily actual evaporation, Ea, during the observation
periods May–September 2010, June–July 2013, and May–October 2014. To this aim, the daily
hydrological balance equation for the upper 70 cm of the soil depth was established as:

Ea ¼ R−Qs−Qi−Qd−S ð1Þ
where R is the measured rainfall depth, Qs, Qi, and Qd were, respectively, the observed

surface-, intermediate-, and deep- flows, and S the variation of the soil water depth computed
from the measured water content profile. In particular, the last quantity was estimated through
the following steps:

& first a time-varying horizontally averaged soil moisture content, θ, was determined at each
soil depth z = 5, 15, 25 and 35 cm;

& then, the average soil moisture at different depths was interpolated through a step function
to reproduce the entire wetting front at the beginning and the end of each day (Fig. 2);

& finally, the overall amount of soil water daily stored or released was derived using the
wetting fronts available as a function of time (Fig. 2).

Figure 2 highlights that the soil water content observed at 35 cm depth was assumed to be
representative of the lower soil layer. The decrease of soil water content with time in this layer
was produced by soil water redistribution as a result of the existence of a small deep flow.
Furthermore, the choice of a vertical profile constant with depth in the lower layer was
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Fig. 2 Soil moisture observed at different depths in two successive days within a sample dry period (June 20–24,
2014) and vertical profile interpolated through a step function. The water loss due to evaporation and deep
drainage is also shown
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supported through the results obtained by an infiltration-redistribution model (Melone et al.
2006) earlier applied to the same plot (Morbidelli et al. 2011).

3.2 Scaled Actual Evaporation through Dry Periods

Since the purpose of this work is the analysis of soil evaporation processes, the considered
time period was restricted to inter-storm events, when the cumulative actual evaporation
approximately equals the water lost by soil. Rainfall records were used to characterize the
dry period length (minimum duration 24 h) through a statistical analysis (Berretta et al. 2014)
performed in the summer seasons of years 2009–2014. A Lognormal probability distribution
function was fitted to the dry period lengths (χ2 test - level of significance α = 0.10), providing
for 85% of cases expected dry period lengths up to 11 days. This value approximately matches
the expected length of the first two evaporation stages in most arid regions (Bittelli et al. 2008).

Dry periods characterized by a length close to the aforementioned value were
investigated, but our analysis is also representative for shorter dry periods which
involve only partially the first two stages. The daily actual evaporation was expressed
in a form independent of the atmospheric evaporative demand, that changes in
function of external climatic conditions. Specifically, on a daily basis, Ea was nor-
malized by simultaneous pan measurements, Epan, available with time resolution of
30 min, adopted here as a surrogate of the potential evaporation rate, Ep. The use of
the pan evaporation in this work was suggested by the need to establish an external
reference not directly related to the soil itself since the first stage of evaporation is
controlled by the atmospheric conditions. In addition, pan evaporation was considered
to provide a good estimate of the external evaporative demand (Aminzadeh et al.
2016), was commonly adopted for agricultural and hydrological purposes (Rotsatyn
et al. 2006) and was found to be linearly dependent on potential evaporation (Kahler
and Brutsaert 2006).

The time evolution of the evaporative rate was investigated also through the method
suggested by Brutsaert and Chen (1995) based on the assumption that the soil moisture-
limited stage of evaporation can be treated as a desorption process with negligible gravity
effects.

4 Analysis of Results

4.1 Investigation of the First two Stages of Evaporation Process

Because the characteristic length of a silt loam soil is expected to be in the range of 35–40 cm
(Jalota and Prihar 1986; Lehmann et al. 2008), the monitored soil depth enables us to
appropriately investigate the soil water dynamics in both the first and second stage.

Values of actual daily, Ea, and cumulative, Ea,c, evaporation are compared in Fig. 3 with the
respective values of pan evaporation, Epan, and Epan,c, for two representative dry periods (4–12
May 2014 and 6–12 June 2014). These periods represent a typical evolution of the drying
process in a natural bare plot starting from a condition of Bwell wet soil^. In fact, they are
characterized by high initial soil water contents averaged along 35 cm soil depth, equal to 0.33
in May 4, 2014 and 0.32 in June 6, 2014, which are close to the saturation value, observed at
35 cm. Figure 3 displays the first stage of evaporation with coherent behavior of Ea and Epan
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values (clearer in Fig. 3a) and a second stage characterized by different trends. The second
stage onset is clearly identified by a significant slope reduction exhibited by Ea,c. For the same
dry periods the behavior of the ratio Ea/Epan is also shown in Fig. 4, where it can be observed:

& a first stage of duration 3–4 days with Ea/Epan characterized by a slight decrease in May
which becomes more significant in June;

& a second stage with a gradual reduction of the evaporative flux towards an asymptotic
threshold.

The behavior of Ea/Epan observed in Fig. 4 matches the laboratory results obtained in
columns filled with different porous media (Lehmann et al. 2008; Or et al. 2013;
Assouline et al. 2014). Specifically, measured drying rates in an initially saturated soil
exhibit first a climate-controlled stage with approximately constant or decreasing Ea equal
to Ep and a posterior, second stage characterized by a significant evaporation reduction
caused by the limiting soil water transport. The end of the first stage, and the onset of the
second one, is clearly identified in Fig. 5 through the method suggested by Brutsaert and
Chen (1995). In this figure the inverse of (Ea/Epan)

2 is represented as a function of time
and the intercept between the line of linear regression and the ideal line joining those data
points indicates the beginning of the second stage. The different behavior of Ea/Epan
observed in the first stage of the two dry periods, nearly time-invariant in May and
decreasing in June, can be due to the higher atmospheric evaporative demand in the last
period (see also Lehmann et al. 2008).

A further drying process observed in September 2014 reinforces our results. In this case
(Fig. 6), the initial soil moisture averaged over 35 cm soil depth is lightly smaller (0.31) than in
the previous two cases. The quantity Ea/Epan exhibits again a decreasing trend with a transition
stage (occurring after three days) but its evolution in time is fairly irregular.
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Fig. 3 Comparison of (1) the observed daily pan evaporation with the actual evaporation and (2) the corre-
sponding cumulative quantities, during two drying periods: (a) May 4–12, 2014 and (b) June 6–12, 2014
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4.2 Evidences on the Transition from the First to the Second Evaporation Stage

The time evolution of the normalized daily evaporation, Ea/Epan, is plotted in Figs. 4 and 6b
together with that of the average soil water content at the depth of 5 cm to highlight the
coherent behavior between the two quantities. The depth of 5 cm has been selected following
Wythers et al. (1999) who showed, for example, that at 14 days from the beginning of the dry
period the evaporation from a bare soil had the greater influence on the upper 7.8 cm of a silt
loam. From the analysis of Figs. 4 and 6b, we remark that:

& the average soil water content observed at 5 cm depth, starting from initial values of 0.29,
0.28 and 0.27 for the three dry periods, decreases slightly with a mean daily reduction tax
of 5.8, 7.6 and 4.6 ‰, respectively, being affected to some degree by the external demand
of evaporation rate;

& independently of the initial soil moisture, the transition from the first to the second
evaporation stage occurs when the soil water content at 5 cm depth assumes values in a
narrow range around 0.26, which could represent a critical threshold.

In order to support these deductions, two additional 10 days dry periods, occurred
in June 2013 and October 2014, are considered in Fig. 7. These two periods are
characterized by an initial soil water content averaged on 35 cm soil depth equal to
0.30 and 0.29, respectively, and soil moisture values at 5 cm very close to the above-
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mentioned critical threshold. As it can be appreciated in Fig. 7 the first stage of the
evaporation process has not been detected. Since the beginning of the dry periods, the
actual daily evaporation Ea is significantly lower than the pan value Epan while the
respective cumulative values Ea,c and Epan,c diverge. Furthermore, the ratio Ea/Epan

remains almost invariable at very low values (around 0.23). On these bases, the
hypothesis to express the break point between the first and the second stage of the
evaporation process through a critical value of soil water content at a well-defined
soil depth seems to be reasonable.
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water content observed at 5 cm depth are also shown

Experimental Analyses of the Evaporation Dynamics in Bare Soils under... 1161



4.3 Determination of the Onset of the Second Evaporation Stage

In our experiments the first evaporation stage appears whenever the last rainfall event leaves a soil
water content at 5 cm depth greater than a critical value (about 0.26 in our soil). The duration of
this stage is typically in the range 3–4 days. The second evaporation stage starts next, when the
soil water content at 5 cm depth drops below that critical threshold. Therefore, the average
moisture at 5 cm depth in the study silt loam soil can be considered as an indicator of the transition
between the first and second evaporation stage.We formulate the hypothesis that the critical value
can be estimated through the soil field capacity (the soil water content at the capillary pressure of
−0.33 bar), which represents the lower threshold for the soil drainage capability and has a role in
the liquid hydraulic continuity conservation. Along this line, we described the soil retention curve
through the following functional form (Morbidelli et al. 2012):

ψ θð Þ ¼ ψb
θ−θr
θs−θr

� �− c
λ

−1

" #1
c

þ d ð2Þ

where θr and θs are the residual and saturated soil water contents, respectively, Ks is the saturated
hydraulic conductivity, Ψb is the air entry head, λ is the Brooks–Corey pore size distribution
index, c and d are empirical coefficients. Then, adopting for the involved hydraulic parameters the
values of Table 1, we found a field capacity equal to 0.27, which is very close to the critical value
deduced from the experiments.

As a further support to the above procedure based on the use of soil water content at 5 cm
depth, for the dry period of May 2014 (Fig. 3a), we analyze in Fig. 8a the time evolution of the
average soil water content at 5, 15, 25 and 35 cm soil depths and of the daily deep flow
observed at 70 cm depth. The results can be summarized in three main points:

& the soil water content at 35 cm depth, which starts from the saturation value, is initially
reduced due to the downward water movement caused by the gravitational component of
the soil water potential. When the drainage rate vanishes, the less pronounced decreasing
trend is due to the water supply upward;

& the soil water contents at 25 cm and 15 cm depths, to a lesser extent, show a behavior
similar to that at the deepest level, 35 cm. Moisture values at the end of the dry period
seem to asymptotically converge;

& the moisture content at 5 cm depth in a first stage exhibits almost a parallel decreasing
tendency with respect to those of the greater depths, but with lower values, while after
May 8, 2014, when the second stage starts (Fig. 4a), it experiences a more pronounced
decrease.

In order to better clarify these aspects, Fig. 8b exhibits the daily relative decrease, RD, of
soil moisture at different depths, z, with respect to the previous day, expressed as:

RDz; j ¼ θz; j−θz; j−1
θz; j−1

ð3Þ

where j > 1 indicates the j-th day after the rainfall stops. At the end of the drainage process,
relative decreases of the deeper levels, from 15 to 35 cm, tend to a limit, while the
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near surface values exhibit an irregular behavior possibly due to fluctuations of
atmospheric conditions. The different behavior becomes significant after May 8,
2014 when the soil water content at 5 cm depth approaches the field capacity value
as a result of a decrease of the liquid hydraulic continuity in the upper soil layer. The
overall analysis of Fig. 8 confirms that in the study silt loam soil the measurement of
water content at 5 cm depth is a good indicator of the progress of the evaporation
process, at least in the first two stages.

We note that the results above synthetized allow us to describe the evaporation
process for dry period lengths shorter than the maximum considered value (11 days)
that involve only the first stage or both the first and the second stage, while for
greater lengths the third stage with very low evaporation rates has to be represented.

4.4 Relationship among Pan Evaporation, Potential Evaporation and Actual
Evaporation

An overview of the results presented in Figs. 3 and 6 suggests that pan evaporation
can be an effective estimator of actual evaporation, at least during the first stage of
the process, when the potential evaporation rate occurs. This fact is supported by the
coherent trends of actual and pan evaporation in May 4–8, 2014, June 6–8, 2014 and
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Fig. 8 Time evolution of (a) the average soil water content at different soil depths together with the deep flow
observed at 70 cm depth and (b) the daily relative decrease, RD, in soil water content with respect to the previous
day at different depths z, during the dry period of May 4–12, 2014 (see also Figs. 2a-3a)
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September 14–17, 2014. The normalized actual daily evaporation, Ea/Epan, is plotted
against the average soil water content at 5 cm depth in Fig. 9 for all the dry days of
the observation period (May–September 2010, June–July 2013 and May–October
2014). By using the threshold of field capacity (0.27) for the end of the first stage
of soil water evaporation, we selected (Fig. 9) the dry days with average soil water
content at 5 cm depth greater than 0.27 and therefore characterized by evaporation
rate approaching the potential value. Then, by averaging the corresponding Ea/Epan

values we derived a proportionality coefficient between pan and potential evaporation
equal to 1.04. This result substantially agrees with that obtained through in mixed
natural vegetated soils (Kahler and Brutsaert 2006). On the other hand, Fig. 9 shows
how Ea/Epan has a well-defined non-linear trend for values of soil moisture smaller
than the field capacity. This indicates that accurate pan evaporation measurements
combined with appropriate soil moisture observations can provide helpful insights on
the representation of evaporation process from natural bare soils through the different
stages.

5 Conclusions

Actual daily evaporation rates, Ea, derived by the application of the hydrological
balance equation in a plot with a bare silt loam soil have been scaled with pan
evaporation measurements, Epan, that have been considered representative of the
atmospheric evaporative demand. The evolution in time of Ea/Epan in dry summer
periods has been analyzed as a function of the soil moisture profile. The results
suggest that the soil moisture observed at an appropriate depth, 5 cm for a silt loam
soil, can be considered an effective indicator of the first two evaporation stages. In
this context the field capacity plays a fundamental role. The initial soil moisture
affects the conservation or loss of the liquid hydraulic continuity at different depths
during the drying process.
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Accurate pan evaporation measurements give good estimates of Ea in the first stage of the
process and exhibit, through the soil water content observed at a proper depth, a clear
correlation with Ea even in the successive phases.

Our results provide insights on the crucial quantities to be measured in field to pursue a
reliable representation of the evaporation process in bare silt loam soils.

This study limited to silt loams should be extended to a variety of natural bare soils.
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