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Abstract

Modeling soil water evaporation and soil moisture are valuable for many applications in diverse disciplines.
Ritchie and Snyder, presented different models to estimate soil water evaporation (ES) rate. The former also
simulates the soil water dynamics at different soil depths. The objectives of this study were to evaluate the potential
use of the S2000 model for soils with water content above θDUL in some parts of the profile and to evaluate R2009
ES model and compare its performance with that of S2000. The study was carried out at the University of Florida
Indian River Research and Education Center in Fort Pierce, Florida in 2012 and 2013. Eight Time-Domain
Transmissometry (TDT) probes were installed in a lysimeter filled with sand and measured hourly soil water content
for six months. Three drying cycles (cases) were used for the evaluation of the models. R2009 underestimated the
soil water content near the soil surface for Case 1 and 2. While for Case 3, R2009 estimated the near surface soil
water content well for the first four days and then it tended to underestimate for the rest of the days. S2000 with the
proper parameterization outperformed R2009 which overestimated ES. It was evident that getting the suitable
parameterization for S2000 model was not always guaranteed. These finding may only apply for sandy soils similar
to the one used in this study. Future studies should be done on different soils and diverse environment before
generalization can be made.
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Introduction
Evapotranspiration (ET) is a major component of the energy and

water balances over land. Many studies of long-term averages have
shown that more than half of the net solar energy and two thirds of
precipitation go to ET over land [1-3]. Evaporation of water from soil
surfaces (ES) is a major component in the soil water balance for field
crops with incomplete cover and for bare soil conditions. Most crop,
hydrology, and water quality models require the simulation of
evaporation from the soil surface. Quantification of ES is necessary in
evaluating the water balance of soils for use in environmental and
hydrologic studies and for crop management. Water evaporation from
a soil surface can be divided into two stages: (i) the constant-rate stage
in which ES is limited only by the supply of energy to the surface, and
(ii) the falling-rate stage in which water movement to the evaporation
sites near the surface is controlled by the soil moisture conditions and
soil hydraulic properties [3,4].

Two basic approaches have been used to simulate ES: (i)
mechanistic models of soil water and heat transfer following basic
theory reported by Philip and DeVries [5], and (ii) functional models
similar to that of Ritchie [4]. The mechanistic models have proven to
work well for uniform laboratory soil conditions and have been
demonstrated to work reasonably well for field conditions [6-10].
Functional models have also proven to work well for field conditions
[4,11,12] although some functional models for ES have used crude but
logical approximations for soil water redistribution [13]. ES rate
depends on the initial soil water content, texture and density of the
soil, thermal profile of the soil, potential evaporation demand, and the
depth of the evaporation layer. Some uncertainties of ES estimation

may be caused by heterogeneity and spatial variability of soil hydraulic
properties, tillage, soil temperature, wetting characteristics, layering,
and plant root extraction of water from the evaporation layer [14,15].

Suleiman and Ritchie [12] built a physically-based model for soil
water redistribution during second stage evaporation using a diffusion
based concept. The use of square root of time to estimate ES has been
robust [16]. The initial condition of soil water content of their
procedure was equal to or less than the drained upper limit (θDUL)
throughout the profile. When the soil water content is above θDUL in
any part of the profile, the Suleiman and Ritchie [12] underestimates
ES and thus do not simulate the soil water distribution accurately. An
extension to Suleiman and Ritchie [12] approach, when all or part of
the soil profile is above θDUL such as after rainfall or irrigation or when
a shallow water table exists, was done by Ritchie [1]. There is no need
to adjust the time variable in these models as new precipitation or
irrigation water enters the soil profile because they use the soil water
content as an independent variable, not the time. Also, these models
simulate the soil water dynamics during evaporation. These models
were implemented in the comprehensive Decision Support System for
Agro technology Transfer (DSSAT), which is the most widely used
crop simulation model in the world.

Snyder [2] developed a model that uses the ratio of ES to reference
evapotranspiration ETo rate (ES/ ETo) during first stage soil
evaporation to estimate ES. The model uses ES/ ETo and a soil
hydraulic factor, β, to estimate second stage ES. Generally, the model
provides good estimates of cumulative soil evaporation on both hourly
and daily basis [2]. According to Allen [17], β changes with ET
demand and needs a continuous recalibration. Ventura [18] proposed
a procedure to obtain the Snyder [2] model parameters from soil
moisture following large precipitation or irrigation events, found that
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the maximum measured ES/ ETo often exceeded 1.2, which contrasts
with findings by Snyder [2], who found that maximum ES/ ETo
measurements following soil wetting ranged from 0.8 to 1.0 in
Imperial Valley, California [17]. The Snyder [2] model was
incorporated into the California Simulation of Evapotranspiration of
Applied Water (Cal-SIMETAW) model [19].

The Snyder [2] model was not developed, and therefore not tested,
for soils with water content above θDUL in any part of the profile
during second stage (due to a shallow water table or poor drainage).
The first objective of this study was to evaluate the potential use of
Snyder [2] for soils with water content above θDUL in some parts of the
profile during second stage. The second objective was to evaluate
Ritchie [1] soil evaporation model and compare its performance with
that of Snyder [2]. A lysimeter experiment was carried out to produce
some data for such a study.

Materials and Method
The experiment was carried out at the University of Florida Indian

River Research and Education Center (Lat=27.43, long=-80.4,
elevation=19 m) in Fort Pierce, Florida in 2013. Two lysimeters
constructed from commercially available polyethylene tanks were used
in this study to test and compare the performance of the two soil
evaporation models. The tanks were 2.1 m in diameter at the top and
1.8 m in diameter at the bottom, by 0.76 m deep. A drain sump was
made in the middle of the bottom of the lysimeter by drilling a 20 mm
hole, installing a 200 mesh stainless screen, sealing with silicone, and
bolting a bulkhead adapter through the bottom of the tank. A 20 mm
PE tube was installed into the bulkhead adapter to control the removal
of drainage water. The two lysimeters filled with sand (Bulk
density=1.47 g/cm3, sand content more than 95%, and θDUL=0.11 cm3/
cm3) uniformly without layering in November 2012. Before the sand
was added, a 10 cm layer of gravel placed in the bottom of the tanks to
facilitate drainage.

Eight Time-Domain Transmissometry (TDT) (Model Number:
ACC-SEN-TDT, Acclima Inc., Idaho) probes were installed
horizontally at depths of 3, 6, 9, 12, 15, 25, 35 and 45 cm from the
surface in December 2012. Hourly soil water content was monitored at
these depths for six months after the installation for only one of the
lysimeters because some of the sensors of the other lysismeter did not
work properly. The 8 sensors were connected to a Data Snap (Acclima
data logger, Model Number: ACC-AGR-D01) to control and store the
soil moisture readings. The TDT sensor propagates the
electromagnetic wave from a transmitter directly to a receiver at the
distal end of the transmission line. The soil was saturated twice by
leaving ponding water on the soil surface for 48 hours. The first
saturation of the lysimeter took place on March 11, 2013 while the
second was on April 7, 2013. Drainage of the lysimeter started on
March 13, 2013 at 8:00 am after the excess water above the soil surface
was first drained off. The drainage occurred for two days while the soil
surface was covered. The soil water content measured following March
15 for seven days and was considered as the first drying period (Case
1). On April 1, the two lysimeters were covered to prevent soil water
evaporation during drainage.

Drainage of the lysimeters started on April 9, 2013 at 8:00 am after
the excess water above the soil surface was drained. On April 11 and
12, a suction pump was used to drain as much water as possible of the
lysimeters. On April 16, 2013, the lysimeters were uncovered (Case 2)
and monitored the second drying cycle for six days. After 4 days of

rain (April 19 to 22, 2013), a drying cycle of seven days (Case 3) took
place.

Weather data was obtained from The Florida Automated Weather
Network (FAWN) which provides up-to-date weather information
through a system of automated weather stations distributed across
Florida [20]. Air temperature, relative humidity, solar radiation and
wind speed were downloaded from Fort Pierce weather station. The
water balance approach was used to compute the actual daily soil
evaporation. The measured daily drainage was assumed 0 because the
drainage pipe was closed during evaporation.

Model Description

Snyder et al. (2000) model
The value of the potential soil evaporation, EX, at any given time is

given by

EX=KXETo (1)

where KX is maximum (potential) crop coefficient value for the bare
soil under known ETo conditions.

The cumulative potential soil evaporation, CEX, is given by

CEX = KX CETo (2)

Soil hydraulic factor β (mm0.5) defines the point of change from
Stage 1 to Stage 2 and the evaporation rate during Stage 2.

When √ CEX < β, stage 1 is assumed, the cumulative soil
evaporation, CES, can be obtained as:

CES = CEX (3)

During stage 2, √ CEX ≥ β, CES is as follows:

CES = β√ CEX (4)

The β factor is determined using measured soil evaporation ES by
plotting cumulative soil evaporation CES versus the square root of the
maximum possible (potential) cumulative soil evaporation CEX.

Ritchie et al. (2009) model
Suleiman and Ritchie [12] derived the following equation from the

diffusion theory for soils initially with water content equal or below
θDUL throughout the soil profile.

Δθ=F(θi-θad) (5)

Where θi and θad are initial and air dry soil water content,
respectively and F is the upward flow coefficient and can be obtained
as follows:

FZ=azZb
z (6)

The az and bz are empirical coefficients at depth z.

The wet soil profile transfer coefficients are computed using az =
0.26 and bz = -0.70 when any soil layer in the top 100 cm has a water
content above θDUL and the top soil layer is wetter than a threshold
value, which is θeq and computed as follows:

θeq =0.275 θDULz + 1.165(θDULz)2+1.2z(θDULz)3.75 (7)

The equilibrium transfer coefficient, FZ = 0.011, is used when the
soil profile is wet, but the top layer is dryer than the threshold value.
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Results
Global The measured four-day average of Ritchie [1] upward flow

coefficient, FZ, at the first four soil depths (3,6,9 and 12 cm) for Case 1
was greater than Case 2 and lower than Case 3 Figure 1. This indicated
that F is somewhat dependent on the initial soil water content which
was higher for these soil depths in Case 3 than Case 1 which was
greater than Case 2. The measured four-day average upward flow
coefficient in Case 1 was close to the estimated FZ using Equation [6]
except for the first soil depth (3 cm) where the measured was about
half of the estimated. For Cases 2 and 3, the measured four-day
average upward flow coefficient was close to the estimated FZ for five
soil depths and different at the other three soil depths, including the
first soil depth. It was evident that the measured four-day average
depended on the soil depth as suggested by Ritchie [1].

Figure 1: The Ritchie [1] transfer coefficient for the three cases.

The measured volumetric soil water content ranged from about 9 to
40% for Case 1, 7 to 38% for Case 2, and 10 to 38% for Case 3 Figures
2-4. Ritchie [1] underestimated the soil water content at 3, 6 and 45 cm
depths for Case 1, while for the other depths it performed relatively
well. For Case 2, Ritchie [1] underestimated the soil water content at
all depths except 25 and 35 cm, where it was close to the measured
values. For the first four days at all the soil depths except 9 and 12 cm,
Ritchie [1] estimated the soil water content relatively well in Case 3,
and then tended to underestimate for the rest of the days. For soil
depths of 9 and 12 cm in Case 3, Ritchie [1] overestimated the soil
water content.

Figure 2: Soil water content for Case 1.

 

Figure 3: Soil water content for Case 2.
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Figure 4: Soil water content for Case 3.

The maximum crop coefficient, KX, value for Cases 1 and 3 were
somewhat similar while for Case 2 it was about one third of that for
Case 1 or Case 3 Table 1. Case 1 and 2 had higher initial soil water
content than Case 2, where a suction pump was used and drained
more water from the lysimeter before the soil was uncovered. The
maximum crop coefficient value for Cases 1 and 3 were lower than
that documented by Snyder [2] because the soil in the lysimeter for
those two cases was allowed to drain for 2 days before uncovering the
soil surface, resulting in lower initial water content than those in the
other studies.

Case DOY Kx β R2+

(mm0.5)

1 74 0.62 2.81 0.98

2 105 0.24 2.64 0.85

3 113 0.66 4.05 0.96

Table 1: Snyder [2] model parameters for the three cases.

+ This R2 is for β

The maximum crop coefficient and soil hydraulic factor for Cases 1
and 3 were used to compute the soil evaporation for the three cases to
find out which combination gave better estimates. The measured ES
(ESm) rate of Cases 1 and 3 for the first three days was higher than
Case 2, which had lower initial soil water content Figure 5. For Cases 1
and 3, Ritchie [1] ES (ESR) rate was close to ESm rate for the first two
days, after which it consistently overestimated ES rate. In Case 2, ESR

rate was greater than ESm rate for all days. The two combinations of
Snyder [2] ES rate (ESS0.66,4.05 and ESS0.62,2.81) were close to each other
in Cases 1 and 2 while ESS0.62,2.81 outperformed ESS0.66,4.05 in Case 3.
For the first three days in Case 1 and the two days in Case 3, ESR rate
surpassed ESS0.66,4.05 and ESS0.62,2.81, while during the later days
ESS0.66,4.05 and ESS0.62,2.81 were closer than ESR rate.

Figure 5: Soil evaporation rate for the three cases.

The ESm rate ranged from 0.9 to 3.6, 0.7 to 1.6 and 1 to 3.8 mm d-1

for Cases 1, 2, and 3, respectively Table 2. It is apparent that the lower
initial soil water content in Case 2 resulted in a smaller maximum ESm
rate. Although the minimum ESR rate was close to the minimum ESm
rate, the minimum ESR rate was more than double the minimum ESm
rate in the other cases. The reason is that in Case 2, the surface soil
water content after a few days researched the threshold value and the
equilibrium transfer coefficient was used. However in Cases 1 and 3,
the surface soil water content did not research this threshold value.
The minimum ESS0.66,4.05 rate was close to the minimum ESm rate for
Case 1 and more than double in Cases 2 and 3. It is interesting that the
minimum ESS0.62,2.81 rate was close to the minimum ESm rate for all
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the cases. The maximum ESR rate was closer to the maximum ESm rate
than that of ESS0.66,4.05 and ESS0.62,2.81 for Cases 1and 3. In all the cases,
the maximum ESS0.66,4.05 and ESS0.62,2.81 were similar. The mean ESR
rate was about 30, 85 and 50% greater than the mean ESm rate for
Cases 1, 2 and 3, respectively. The mean ESS0.66,4.05 rate was about 20%
lower than the mean ESm rate for Case 1, and 100 and 35% greater for
Cases 2 and 3, respectively. The mean ESS0.62,2.81 rate was about 30%
lower than the mean ESm rate for Case 1, 50% greater for Case 2, and
almost identical for Case 3. The root man square error (RMSE) was
close between ESR rate and ESS0.66,4.05 for all the cases, while it was
lower for ESS0.62,2.81 for the three cases, especially for Case 3.

Parameter Case 1 Case 2 Case 3

Minimum rate (mm d-1)

ESm 0.89 0.68 0.97

ESR 2.06 0.96 2.42

ESS0.66,4.05 1.26 2.33 1.99

ESS0.62,2.81 0.63 0.91 0.85

Maximum rate (mm d-1)

ESm 3.61 1.6 3.8

ESR 3.14 2.77 3.19

ESS0.66,4.05 1.96 2.79 2.85

ESS0.62,2.81 1.8 2.97 2.97

Mean rate (mm d-1)

ESm 1.99 1.22 1.86

ESR 2.62 2.28 2.78

ESS0.66,4.05 1.55 2.48 2.53

ESS0.62,2.81 1.36 1.86 1.81

RMSE (mm d-1)

ESR 1.01 1.22 1.16

ESS0.66,4.05 0.99 1.29 1.14

ESS0.62,2.81 0.94 0.91 0.53

Table 2: Summary statistics of soil evaporation

The cumulative ESm at the end of each period in Cases 1 and 3 was
about double that in Case 2 Figure 6. For Cases 1 and 3, the cumulative
ESR was close to that of ESm until the fourth day, after which the
difference between ESR and ESm was increasing. For Case 2, the
difference between ESR and ESm increased from the first day. For Case
1, the cumulative ESS0.66,4.05 and ESS0.62,2.81 were similar and
underestimated the cumulative ESm. The cumulative ESS0.66,4.05 was
close to the cumulative ESR, overestimating for all the days. In
contrast, the cumulative ESS0.62,2.81 was close to the cumulative ESR
only for the 4 days in Case 2, while on the other days the cumulative
ESS0.62,2.81 was higher than the cumulative ESm and lower than the
cumulative ESR. The cumulative ESR and ESS0.66,4.05 were alike for all
the days and they were close to that of ESm for the first four days, after

which they overestimated the cumulative ES in Case 3. The cumulative
ESS0.62,2.81 and ESm were identical throughout Case 3.

Figure 6: Cumulative soil evaporation for the three cases.

Conclusions
An experiment was conducted on a lysimeter filled with a sandy soil

to evaluate Ritchie and Snyder [1,2] to for soils with water content
above θDUL in some parts of the profile. The Ritchie [1] upward flow
coefficient, F, was dependent on soil depth as suggested by Ritchie [1]
and somewhat dependent on the initial soil water. For the soil depths
(3 to 15 cm) that have the most significant impact on soil evaporation,
the estimated four-day average upward flow coefficient for the three
cases was close to the measured F except for the first soil depth (3 cm)
where the estimated was much higher than the measured especially for
case 1 and 2. The results of this study confirmed that Snyder [2] with a
proper parameterization can be successfully used to model ES for wet
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soil profile and it outperformed Ritchie [1] model. The Snyder [2] soil
hydraulic factor, β, was depend on the near surface soil water content
than the deeper ones. Although, the deeper soil water content was
above θDUL in all three cases, the range of soil hydraulic factor was
similar to that reported in Snyder [2]. It was evident that getting the
suitable parameterization of Snyder [2] model is not always
guaranteed. Although, the performance of Ritchie [1] in simulating the
soil water content varied from one case to another, it generally
underestimated the soil water content near the surface. The root man
square error (RMSE) was close between ESR rate and ESS0.66,4.05 for all
the cases, while it was lower for ESS0.62,2.81 for the three cases,
especially for Case 3.These finding may only apply for coarse-textured
soils similar to the one used in this study. Other studies need to be
carried out for different soils and different environment before
generalization can be made.
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