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ABSTRACT

In semi-arid regions, there is a high evaporation, which leads to soil dryness, interfering in the availability of  water in the soil. Usually 
it is difficult to measure and model the evaporation due to the complexity of  the available methods, the low soil water content and 
the low concentration of  water vapor in the air. This can also make it difficult to monitor and simulate the evapotranspiration in these 
regions. Thus, the Portable Chamber method is used to directly measure evaporation and evapotranspiration, because this technique 
allows real time estimation and in short time intervals, giving a more detailed estimation of  those processes. The objective of  this 
study was to evaluate the evaporation through the mass transfer in the soil in an underground dam under different water table depths 
and conditions of  the semi-arid environment of  Pernambuco State in Brazil, through the values predicted by the SiSPAT model and 
measured by the portable chamber method. For the purposing of  modeling and also to better know the soil behavior, soil hydraulic 
properties were determined though the Beerkan method. The portable chamber method was applied for one of  the first times in a 
semi-arid region of  Northeastern Brazil, and it was consistent with the potential evaporation of  bare soil, reaching about 1,800 mm 
per year. The SiSPAT model was quite satisfactory for simulation of  soil evaporation in different conditions of  the water table depth. 
The values found for soil evaporation with the simulation of  the SiSPAT and the Portable Chamber (PC) method differed in 1.43% 
and 4.44% for cases where the water table was at 0.20 and 1.20m of  depth, respectively.

Keywords: Mathematical modeling; Water and heat fluxes; SiSPAT; Beerkan Method; Portable Chamber; Rainwater harvesting.

RESUMO

Nas regiões semi-áridas, as altas taxas de evaporação interferem na disponibilidade de água no solo. Normalmente, é difícil medir e 
modelar a evaporação devido à complexidade dos métodos disponíveis, ao baixo teor de umidade do solo e à baixa concentração de 
vapor de água no ar. Isso também pode dificultar o monitoramento e a simulação da evapotranspiração nessas regiões. Assim, o método 
da Câmara Portátil (CP) é utilizado para medir diretamente a evaporação e a evapotranspiração em tempo real e em curtos intervalos de 
tempo, dando uma estimativa mais detalhada desses processos. O objetivo deste estudo foi avaliar a evaporação através da transferência 
de massa no solo numa barragem subterrânea sob diferentes profundidades e condições do lençol freático do ambiente semiárido 
do Estado de Pernambuco, nordeste do Brasil, através dos valores preditos pelo modelo SiSPAT e medidos pelo método de câmara 
portátil. Para o propósito da modelagem e também para conhecer melhor o comportamento do solo, as propriedades hidráulicas do 
solo foram determinadas pelo método de Beerkan. O método da Câmara Portátil apresentou resultados consistentes com o potencial 
de evaporação do solo nu no semiárido pernambucano/ Nordeste do Brasil, atingindo cerca de 1.800 mm por ano. O  modelo SiSPAT 
foi bastante satisfatório para a simulação da evaporação do solo em diferentes condições da profundidade do lençol freático. Os valores 
encontrados para a evaporação do solo com a simulação do método SiSPAT e da Câmara Portátil (CP) diferiram em 1,43% e 4,44% 
para os casos em que o lençol freático estava em 0,20 e 1,20m de profundidade, respectivamente.

Palavras-chave: Modelagem matemática; Fluxo de água e calor; SisPAT; Método Beerkan; Câmara Portátil; Barragem subterrênea.
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INTRODUCTION

The estimation of  soil evaporation is fundamental for 
planning the irrigation and management of  the agriculture. 
In semi‑arid regions, the evaporation may reach high values such 
as 2000 mm/year, which causes problems of  soil dryness and 
yield loss for some crops. These aspects are usually associated 
with social problems, which are related to water shortage.

Some social technologies may be used in the semiarid 
to storage water, and evaporation may interfere in the storage 
and availability of  water in the soil. Within the technologies 
used, underground dams (UD) are of  fundamental importance 
in subsistence agriculture. The evaporation in these structures 
depends on the meteorological conditions, water table and soil 
hydraulic properties of  the vadose zone. There are few studies 
on evaporation on this type of  infrastructure (UD) also known as 
social technology based on rain water harvesting (QUILIS et al., 
2009; LASAGE  et  al., 2008). Estimation of  evaporation in 
these ecostructures is fundamental for quantifying the water 
balance, and then to help the adequate management aimed to 
water conservation purposes, to achieve higher crop yields and 
to control soil and groundwater and soil salinization processes, 
especially in the semiarid.

In these regions, the water vapor movement is an important 
part of  the total water flow, where the water close to the soil surface 
is usually scarce (BITTELLI et al., 2008). In these conditions, the 
measurement and modeling of  evaporation have shown difficulties. 
That happens due to the complexity of  the more readily available 
methods, the low soil water content and the low concentration 
of  water vapor in the air. These aspects may turn difficult the 
estimation of  the evapotranspiration in the region.

Portable Chamber (PC) method is used to directly measure 
evaporation and evapotranspiration. This technique allows real 
time measurements and in short time intervals, giving a more 
detailed estimation of  the evaporation and evapotranspiration 
processes. This technique has been used to measure water loss in 
tree tops (PONI et al., 1997), scrub (CENTINARI et al., 2009) 
and herbaceous crops (BALOGH et al., 2007; BURKART et al., 
2007) and in forests in a semi-arid region (RAZ-YASEEF et al., 
2010).There is no standardized form and size of  such equipment, 
with a great variability in the contact area of  ​​those reported 
in the literature, such as 1.5m2 (LUO  et  al., 2018), 0,35m2 
(MCLEOD et  al., 2004), 0.28 m2 (CENTINARI  et  al., 2009), 
0.54m2 (PICKERING  et  al., 1993). Despite this, usually, the 
consistency of  chamber measurements has been confirmed in 
the field by a comparison with other methods.

Mathematical modeling of  water and vapor fluxes in 
soil may be performed through several numerical models. 
The SiSPAT model (Simple Soil-Plant Atmosphere Transfers) is 
an one‑dimensional model (vertical), supplied with climate time 
series of  temperature and air humidity, wind speed, global and 
atmospheric radiation and rainfall.

Since its first presentation in the literature (BRAUD et al., 
1995a), SiSPAT has been continuously validated in different types 
of  vegetation and soil. It has been subject to different climate and 
environmental conditions (MORET; BRAUD; ARRÚE, 2007; 
SOARES et al., 2013). Particularly, the SiSPAT model has been applied 
with good performance in the semiarid of  Brazil (SOARES et al., 

2013; AMAZONAS et al., 2015). As usually, application of  direct 
methods for estimation of  evapotranspiration are difficult to apply 
and do not allow analyses of  different management scenarios, 
validating a mathematical model is very important.

The objective of  this study is to evaluate the evaporation in 
a UD, through the water transfer in the soil considering different 
water table depths and in the climate conditions of  Pernambuco 
State semi-arid region. Both Portable chamber and mathematical 
model are used.

MATERIALS AND METHODS

The study area is located in the physiographic zone of  
“Agreste”, district of  Mutuca, in the city of  Pesqueira, semi-arid 
region of  Pernambuco State, in Brazil.

The Mutuca Valley is located within the semi-arid North 
East Brazil in which local communities rely on the groundwater 
as a resource for irrigation of  crops, the predominant source of  
income.

The climate of  this location is classified according to 
Köeppen as BShw’ hot semi-arid, hyperxerophilic savanna, with 
the annual average temperature around 27 °C, annual average 
relative air humidity of  73% and average wind speed of  2.5  m/s 
(MONTENEGRO; MONTENEGRO, 2006). This area is 
subject to high intensity rains, and occurring mostly during few 
months. These are concentrated in the first semester, with high 
variability in the rainfall regime, which has an annual average 
of  approximately 630 mm. The evaporation in the dry months 
(September - November) corresponds to approximately 49% and 
51% of  the total annual evaporation in the nearby cities of  Caruaru 
and Arcoverde, respectively (ALMEIDA, 2006). Through data 
from Class A pan evaporation of  the surrounding cities, it was 
observed that the annual average evaporation is 2,400 mm in the 
city of  Arcoverde (35 km away from Pesqueira) and 2,111 mm in 
the city of  Caruaru (100 km away from Pesqueira).

The goal of  this article is to study the UD “Cafundó II”, 
which has a maximum depth of  5.5 m, axis extension of  42 m 
and an upstream range of  about 1,300 m (ALMEIDA, 2006). 
The  topography of  the area upstream the underground dam 
where the experiment was located is flat and slightly undulated. 
The underlying geology of  the region is characterised by crystalline 
basement of  low hydraulic conductivity and low infiltration 
capacity. The poor hydraulic properties of  the underlying 
crystalline basement mean groundwater storage and extraction 
is limited to deposits of  alluvium within the base of  the valley. 
Valley sediments are approximately 4-10m deep, extending within 
the valley base approximately 300m in width and 15km in length 
(MACKAY et al., 2005). The high permeabilities of  the alluvial 
sediments provide for rapid groundwater movement under natural 
conditions (UNITED KINGDOM, 2006). However, groundwater 
flow and storage has been controlled in part by natural barriers to 
flow where hard basement rocks are exposed at the surface within 
the valley base and complemented by a series of  underground 
dams installed at roughly even spacing along the valley. Cafundó 
II is one of  these UD.
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Soil physical characterization and experimental 
design

Infiltration tests were performed aiming the estimation 
of  the soil hydraulic properties at the study site. The infiltration 
tests under Beerkan methodology were performed along 9 points. 
In the upstream dam area were located the nine experimental 
points, A1 to A9, for performing the infiltration tests. Four points 
(B1 to B4) were chosen for setting the experimental device for 
the estimation of  the soil evaporation (application of  Portable 
Chamber method) (Figure 1).

The preliminary characterization of  the soils was done 
through sample collection and laboratory analysis. The objective was 
to obtain the granulometry and soil specific mass. The granulometry 
was obtained through acombination of  analysis by sedimentation 
and screening. The clay and silt fractions were determined by 
sedimentation. The coarsest fraction by sieving (EMBRAPA, 1997). 
To obtain the soil specific mass standard volume samples were 
extracted (86.75 cm3) using a cylindrical collector of  UHLAND 
type (SOUZA et al., 2014). As the water table is at shallow depths, 
the soil was excavated so that the groundwater was reached. Then, 
the water table depth was measured using a metallic tape.

Determination of  soil hydrodynamic parameters: 
Beerkan Methodology

For the modeling of  water transportation in the soil, it 
is fundamental to know it´s hydraulic properties, such as water 
retention curvesθ(h) and hydraulic conductivity, K(θ). In this 
study, the hydrodynamic properties were determined by Beerkan 
infiltration method, detailed in Souza et al. (2008). This method 
estimates θ(h) and K(θ) parameters considering the texture and 
structure of  the soil. In this semi-physical method, θ(h) and K(θ) 
are described analytically by five parameters: two related to shape, m 
or n and η, mainly related to the texture, and three normalizations 
θs, Ks and hg, conditioned to the soil structure.

Beerkan method uses a simple circular ring of  copper and 
provides the axisymmetric three - dimensional infiltration as a 
function of  time, I3 (t). The vegetation of  the surface is removed 

while the roots remain in place. Samples of  the soil extracted with 
paddles and aluminum cans are collected to determine initial and 
final soil moisture. The ring is inserted into the soil to a depth of  
1 cm in order to avoid lateral losses. In the beginning of  the test, 
a known volume of  water is added inside the ring and the time 
of  infiltration of  this volume is measured.

When the first volume is completely infiltrated, a second 
water volume is added to the cylinder, and the time necessary for 
infiltration is measured, in a cumulative form until the difference 
between five successive volumes is constant. Shape parameters are 
obtained from the porosity and particles size distribution curve 
while normalization parameters are identified by the infiltration 
curve, using the Best method - Beerkan Estimation of  Soil Transfer 
parameters (LASSABATÈRE et al., 2006).

Portable Chamber Method

With this method, the water vapor flow is measured for small 
areas between the soil surface and the atmosphere (DUGAS et al., 
1997). This is done through the insertion of  a known volume of  
vegetation, soil surface, or both, and the measurement of  an increase 
of  vapor density inside the Portable Chamber (PC). The maximum 
rate of  change in water vapor density with time is proportional 
to the evapotranspiration flow of  the surface delimitated by the 
Portable Chamber (STANNARD, 1988). The evapotranspiration 
rate, ET (mm/day), is calculated using the following equation 1:

.  MxVxCET 86 4
A

= 	 (1)

where:
M: maximum slope of  the water vapor density curve (g.s/ m2); V: 
volume inside of  the Portable Chamber (m3); C: Portable Chamber 
calibration factor; A: surface area covered by the Portable Chamber 
(m2); 86.4: factor that transforms g/m3s in mm/day, using the 
water density as 1g/cm3.

Based on the model presented by Stannard (1988), the 
Portable Chamber was assembled by putting heat on an acrylic 
plate, which has a thickness of  4 mm, in a wooden mold. Allowing 
the production of  a piece with a semi-circle shape, with 1 m of  
diameter and 0.02 m of  edge, inside volume of  0.2618 m3, and 
covers an area of  0.7854 m2.

Two fans were placed on opposite sides, inside of  the 
Portable Chamber, to keep the movement of  the air. This was 
needed to produce conditions inside of  the Portable Chamber 
more similar to the naturals ones (HEIJMANS  et  al., 2004). 
A sensor was installed between each fan to measure the relative 
air humidity and temperature. This allows the calculation of  the 
absolute humidity. Those sensors were also placed outside the 
Portable Chamber (Figure 2).

Due to the importance of  keeping the sides of  the Portable 
Chamber sealed, a thermal blanket was used to avoid air flow 
caused by the wind (CENTINARI  et  al., 2009). This thermal 
blanket is composed of  a double thermal insulation plastic with 
aluminum foil in the lower part and a rubberized material with 
a thickness around 1 cm in the top part. This last one is used to 
avoid reflection that could interfere with the Portable Chamber 
application. It would cause, for example, an increase of  soil 

Figure 1. Points located upstream the underground dam (from 
A1 to A9) for soil hydraulic characterization and applications of  
the Portable Chamber Method (B1 to B4). Distance in meters.
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surface temperature. With an internal and external radius of  
1.0 m and 1.25 m, respectively, the purpose of  the blanket is to 
ensure the thermal isolation as well as to avoid vapor pressure 
losses inside the Portable Chamber.

The Portable Chamber was placed above four plain 
areas upstream the underground dam, which are marked here as 
B1, B2, B3 and B4 (Figure 1). A datalogger recorded measurements 
every second at average intervals of  8 min. Between the intervals, 
the Portable Chamber was lifted up for a minimum time of  
1  min, in order to measure and standardize the air humidity and 
temperature.

The fluctuations of  the incoming solar radiation and 
the air vapor pressure can considerably influence the Portable 
Chamber measurements (CENTINARI et al., 2009). Therefore 
the measurements were performed on sunny days. The Portable 
Chamber calibration factor was determined in the laboratory 
using the methods described by Stannard (1988). The procedure 
involved the evaporation of  a known quantity of  water in a glass 
recipient placed inside the PC. Simultaneously, the PC above the 
beaker estimated the evaporation.

This procedure was repeated many times in the laboratory. 
It was performed for each known evaporation rate produced by a 
heater, that was subjected to the following tensions: 50 V, 100 V, 
150 V and 220 V. The measurements of  evaporation by the scale 
and through the PC method were registered at each second and 
plotted one versus the other. The inclination of  the best line that 
passes through the origin is used as a calibration factor.

SISPAT Model (Simple Soil-Plant-Atmosphere 
Transfer Model) and simulation conditions

The model is divided into four modules, which are: soil, 
atmosphere, the interface soil-plant-atmosphere and soil-plant 
(BRAUD et al., 1995a). SiSPAT is a computational code written 
in Fortran language. The detailed description of  all water and 
energy transfer processes, as well as its equations, can be found 
in Soares (2009). The model may consider soil heterogeneity 
represented by homogeneous layers. In the current study, the 
soil was assumed homogeneous. The vegetation, when existent, 
is treated as a layer. Two energy balances are considered, one for 
the bare soil and another one for the vegetation. This study is 
not addressing areas with vegetation. The soil and atmosphere 
system is represented by two nonlinear equations, the soil surface 
energy balance and the continuity of  mass flow through the soil 
surface, where soil matric potential and soil surface temperature 
are unknown (BRAUD et al.,1995b).

The SiSPAT model was used to simulate the soil evaporation 
in the upstream area of  Cafundó II UD, in the same conditions as 
points A1 and A2. The PC method was also applied to compare 
the two methods in the period between October 13th and 19th of  
2011. Two situations were considered for the model application. 
The first one with a 20 cm homogeneous soil layer (A1), water 
table at this depth, measured through groundwater level meter. 
In the second situation, the water table was placed at a 1.20 m 
depth (A2).

For the simulations of  the transfer processes, it was considered 
the hypothesis that the soil profile is homogeneous. Prospections 

held on-site did not show heterogeneities on the observed scale. 
Therefore, the retention curve parameters (θr, θs, n, Kg, e Ks) and 
the hydraulic conductivity curve parameters resulting from the 
Beerkan method were considered unique for the whole soil profile.

The atmospheric data (Figure 3) used as upper boundary 
conditions for the simulations in the SiSPAT model (10/13/2011 to 
10/19/2011) were: global solar radiation (RG, W/m2); atmospheric 
radiation (RA, W/m2); air temperature (Ta, K); specific humidity 
(q, kg/kg); wind velocity (U, m/s). The values of  RG, Ta and U 
were provided by ITEP laboratory, from a hydrometeorological 
station located 35 km away from the study area.

The data of  a station 35 km away was used because the 
nearest stations presented did not have time series with continuous 
measurement and with consistent data for the place where 
the experiments were carried out. More precisely, there are no 
meteorological stations/data collection platforms at a distance of  
less than 35km from the study site. However, studies indicate that 
the region is hydrologically homogeneous (KELLER FILHO et al., 
2005). Despite the distance, the station used is within a region of  
same hydrological behavior as that of  the study site.

During the considered simulation period there weren’t any 
rainfall events in the study area.

RA value was obtained in function of  Ta through Equation 2:

( )4aRA Tεσ= 	 (2)

where,
σ: Stefan-Boltzman constant (5.67.10-8W/m2K4)
ε: atmospheric emission, obtained through Brutsaert expression 
(1975) adjusted by Silva et al. (2002)

Figure 2. Portable Chamber application. 1. Data center - Datalogger, 
2. air humidity, and temperature sensors, 3. Fans, 4. Portable 
Chamber, 5. Iron bars, 6. Thermal blanket, 7. Solar panel.

Figure 3. SiSPAT atmospheric input data: (A) atmospheric 
radiation, (B) air temperature, (C) global radiation, (D) specific 
humidity, (E) wind velocity.
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ea is the vapor pressure (Pa) (Equation 3):

, ,

1
7a

a

e1 697 0 58
T

ε
 

  = −   
   

	 (3)

The vapor pressure was estimated through the air temperature.
The atmospheric pressure (Patm) was determined as a 

function of  the temperature. The specific air humidity (q) was 
estimated from this variable through equation (4).

.
.

a

atm a

0 622 eq
P 0 37 e

×
=

− ×
	 (4)

The soil water retention curves, θ(h), and the hydraulic 
conductivity, K(θ), were described, respectively, by Brooks and 
Corey (1964) and van Genuchten (1980) models (equations 5 and 6):

21n n
r

s r g

h1
h

θ θ
θ θ

 − − 
    −  = +      −      

	 (5)

( ) r
s

s r
K K

η
θ θθ
θ θ
 −

=  − 
	 (6)

where θ is the volumetric soil water content, θr and θs the saturated 
and residual volumetric soil water content, respectively; h the 
matrix soil water potential; hg the bubbling pressure, from where 
the water starts to drain the soil; n the shape parameters; Ks the 
soil saturated hydraulic conductivity and η the shape parameter 
for the hydraulic conductivity curve.

Through the measured data, soil temperature and matric 
potential, a linear interpolation was performed in order to obtain 
the values at different depth at soil profile. The soil temperature 

profiles used as input data for the simulation of  the initial conditions 
of  both situations are presented in Table 1.

The SISPAT Model uses as upper boundary condition the 
temperature information, which should be exclusively in the Celsius 
unit. Likewise, for the lower boundary condition, the SISPAT 
model uses the temperature data on the Kelvin unit.

In the simulation for the two situations, a soil potential 
matrix profile in hydrostatic equilibrium conditions was used as 
initial setup (Table 2).

The daily values of  soil temperature used as input data 
for the lower boundary condition are presented in Table  3. 
The soil temperature data was based on values obtained from 
sensors installed at 10 and 20 cm depth, on October 15th 2011, 
represented by the third simulation day. The soil matric potential 
used as the lower boundary condition was assumed on the basis 
of  saturation for the two modeling conditions.

RESULTS AND DISCUSSION

Soil characterization

The soil physic characterization, from the analyses of  
the granulometric curve, shows that in the study area there is a 
prevalence of  sandy material (Table 4).

In table 5 the values of  global density and porosity (ϕ) of  
the points in the study area used for simulation on the SiSPAT 
are presented. The global density was achieved by the volumetric 
ring method.

Figure  4 demonstrates that the infiltration in point A1 
occurred in 850 s to an accumulated infiltration volume of  160  mm, 
and in point A2 it took about 960 s for the total infiltration of  the 
accumulated infiltration volume of  185 mm. The points presented 
an average infiltration velocity of  1.8.10-2 cm.s-1, reasonable for 
sandy soil. Point 5 was an exception. It presented an average 

Table1. Soil temperature initial conditions for conditions 1 and 2.
Depth (cm) 0 4 8 12 16 20 30 40 60 70 80 90 100 110 120
T (°C), 
conditions 1

24.2 24.4 24.6 24.8 24.7 24.6 - - - - - - - - -

T (°C), 
conditions 2

23.6 23.8 24.0 24.7 24.9 25.2 26.4 26.1 25.6 25.4 25.4 25.4 25.4 25.3 25.3

Table 2. Soil matric potential profile used as initial condition: Condition 1 (A) (water table a depth of  0.20m); Condition 2 (B) 
(water  table  a depth of   1.20m).
Depth (cm) 0 4 8 12 16 20 30 40 60 70 80 90 100 110 120
h (m), 
Condition 1

-2.06 -1.65 -1.24 -0.82 -0.41 0.0

h (m), 
Condition 2

-12.3 -11.9 -11.5 -11.1 -10.7 -10.3 -9.2 -8.2 -6.2 -5.1 -4.2 -3.1 -2. -1.1 0.0

Table 3. Input data of  the SiSPAT model for lower boundary condition.

T(°K)
Condition 1 297.8 300.6 301 301.2 301.4 301.3 301.1
Condition 2 298.46 298.8 299.2 299.4 299.6 299.4 299.2
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value of  infiltration velocity higher than 5.2.10-2 mm.s-1. This may 
have been due to the occurrence of  stone in the layer adjacent 
to the surface.

In Table 6 are presented the values of  hydraulic characterization 
of  the soil from the infiltration tests applying the Beerkan method. 
The saturated water content was estimated as equivalent to 90% of  
total porosity values, according to Braud et al. (2009). The parameters 
of  the points A1 and A2 were used for the modeling purpose for 
the two different conditions.

Soil evaporation - Portable Chamber Method

Figure 5 presents the measurements made with the PC 
method for the temperature inside the PC and also of  relative 
air humidity inside and outside it for the first measurement of  
point B1 as a function of  time. It exhibits the vapor density 
curve, which, according to Stannard (1988), has a proportional 
behavior as related to evaporation (Figure 5A and 5B). The air 

temperature inside the Portable Chamber (PC) varied from 29.5 °C 
to 30.8  °C, that is, an increase higher than 4% in a time lap of  
10 min. The maximum inclination of  the increase of  vapor density 
with time was 0.0797g/m3s, with R2 equal to 0.9973. The decrease 
of  relative air humidity inside the PC was triggered by its rise for 
about 1 minute, after each application, to obtain and standardize 
air humidity and temperature with the external environment.

The applications from group B1 and others groups are 
presented in Table 7, which shows the initial and final values of  
temperature and relative air humidity inside the PC, the maximum 
slope of  vapor density with time and soil evaporation. The  calibration 
factor found in the laboratory was 1.24. The area and volume 
involved by the PC were 0.785 m2 and 0.262 m3, respectively.

Analyses were performed in a representative period of  the 
meteorological behavior of  the region at the beginning of  the dry 
period. The slopes of  vapor density with time and evaporation of  
the bare soil were higher in the application points of  the group 
B2. This happened because of: i) In the point, the water table 
location is at 0.20m; and ii) Measurements with the PC at point 
B2 were performed at the time of  more influence of  the solar 
radiation (from 00:20pm to 1:10pm).

The highest daily evaporation was measured near to a time 
of  00:39 pm. Between the applications performed, the group B2 
presented the highest average, 5.53mm.d-1. This point was close 
to the temporary rivulet, where the water table was at a depth of  
approximately 0.20m. As the soil was with high moisture content, 
the soil evaporation was specially conducted by the atmospheric 
meteorological conditions, independently of  the soil physic 

Table 5. Global Density (GD) and total porosity of  the soil ϕ of  the 9 points analyzed.
Point A1 A2 A3 A4 A5 A6 A7 A8 A9

Dg (g/cm3) 1.31 1.25 1.29 1.47 1.45 1.38 1.42 1.35 1.40
ϕ 0.52 0.53 0.51 0.48 0.45 0.48 0.46 0.49 0.47

Figure 4. Accumulated infiltration in function of  the time for 
the nine experimental points.

Table 6. Values of  shape and normalization parameters.
A1 A2 A3 A4 A5 A6 A7 A8 A9

Θs(cm3/cm3) 0.47 0.48 0.46 0.43 0.41 0.43 0.42 0.44 0.43
hg(m) -0.026 -0.035 -0.042 -0.059 -0.065 -0.065 -0.080 -0.051 -0.065

N 2.12 2.12 2.12 2.13 2.13 2.13 2.13 2.12 2.13
Ks (m.s-1) 6.24E-05 1.26E-04 2.92E-05 5.03E-05 8.99E-05 3.59E-05 4.64E-05 4.66E-05 3.29E-05

Η 19.29 19.44 19.4 18.45 18.53 18.83 18.66 19.04 18.75

Table 4. Granulometry and texture classification of  the soil of  the study area.
Diameter 

(mm) <0.002 0.05 0.1 0.25 0.5 1 2>
Classification

Sample clay silt Very Fine 
Sand Fine Sand Medium 

Sand
Coarse 
Sand

Very Coarse 
Sand

A1 % 3.5 7.7 7.3 23.8 20.8 21.4 15.4 Sandy
A2 % 3.5 10.6 4.5 13.0 14.3 23.5 30.6 Sandy
A3 % 5.9 12.1 14.1 40.4 16.5 6.9 4.2 Sandy
A4 % 5.9 11.1 16.2 31.1 16.4 11.4 7.9 Sandy
A5 % 8.2 16.0 8.7 17.2 16.2 18.0 15.7 Sandy Loam
A6 % 4.7 11.7 6.3 15.9 15.6 23.4 22.4 Sandy
A7 % 11.7 32.6 17.3 25.6 7.8 3.1 1.9 Sandy Loam
A8 % 4.7 12.3 8.5 14.7 15.4 22.0 22.4 Sandy
A9 % 2.3 9.3 9.6 27.9 18.3 14.8 17.8 Sandy
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properties. The water flow was in the liquid phase, due to the 
water level table being closer to the surface.

At point B3, the water table was 1.20 m and the average 
evaporation was 1.7 mm.d-1. Then, with a dry surface layer of  the 
soil and the lower water table, the soil evaporation rate was lower 
and the flow occurred in the soil in two different ways: liquid water 
and vapor flow. In the condition of  unsaturated soil or groundwater 
level at a deep depth, the process of  evaporation also depends on 
the soil hydraulic properties, which are function of  the structure 
and texture (SHOKRI; SALVUCCI, 2011). At point B3, close 
the A2, it was found the highest value of  saturated hydraulic 
conductivity (Table 6).

The time of  measurement with this method, between 11:32am 
and 2:42pm, can overestimate the value of  the daily evaporation 
in the bare soil. Almeida (2006) evaluating the daily evaporation 
in four periods had verified that about 70% of  it occurs in the 
second or third period of  the day, that is, from 6am to 6pm, on 
the region. The daily evaporation of  1.6 to 8.3mm/day, with an 
average of  3.6 mm/day, results on about 1800 mm/year. That is 
the average range of  potential annual evaporation of  the bare soil 
of  semi-arid region in Brazil. Silva and Souza (2011) obtained an 
average reference evapotranspiration value of  1,145.1 mm/year 
for the state of  Pernambuco, using Penman-Monteith method. 
Souza et al. (2015) obtained actual evapotranspiration values of  
1,277.5 mm/year for an area with caatinga vegetation. Rebouças 
indicates that the expected evaporation range for Northeast 
Brazil is between 1500 and 3000 mm/year. Krishnan et al. (2012) 
obtained evaporation values varying from 2.80 to 3.60 mm / day 
in the region of  Arizona (1022 to 1314 mm / year).

SISPAT Model

The evolution of  accumulated evaporation as a function 
of  time obtained with the SiSPAT model simulation is presented 
in Figures 6A and 6B. The values of  accumulated evaporation 
for the period of  7 days were 60.79 mm and 22.87 mm for the 
groundwater depth at 0.2 m (point A1) and 1.2 m (point A2), 
respectively. At the condition of  the watertable at 0.20 m from 
the surface, the simulated average evaporation was 8.7 mm.d-1. 
When the water table was at 1.20 m, the daily average evaporation 
simulated was 3.3 mm.d-1.

Therefore, on the dryer soil surface condition, the evaporation 
rate is, partly, controlled by the soil, in function of  its capability to 
conduct water from the deeper layers to the surface. The greater 
is the thickness of  the layer and deeper is the water table, more 
water is retained, that happens because it suffers influence of  
solar radiation.

Thus, it happened a contribution of  water vapor flow 
when the water table was at a higher depth, giving priority to 
the process of  heat transfer by conduction on evaporation 
quantification, according to Boulet et al. (1997). In dry soils, the 
evaporation of  water in the soil occurs at acertain depth under 
the surface (SHOKRI; SALVUCCI, 2011). The surface is then 
deeply regulated by the depth of  the evaporation zone and not 
by the surface water content.

It should be considered that the hydrodynamic characterization 
of  the soil was performed only on the surface, what could have 
interfered on the results. For the water table nearest to the surface 
a higher evaporation was found, reaching 10.29mm at the sixty 

Figure 5. relative air humidity, air temperature (A) and vapor density, both measured in B1 at 11:32 am and 11:42 am (B), respectively.

Table 7. Minimum and maximum temperature and relative humidity inside the PC (UR PC (%)), as well as the respectively mean slope 
of  vapor density and evaporation (ET).

Group
Temperature Portable Chamber 

(oC)
UR Portable Chamber  

(%)
Maximum Slope 
of  Vapor Density 

(g/m3s)
ET (mm/h)

Minimum Maximum Minimum Maximum
B1 29.47 43.29 28.93 84.8 8.75 0.16
B2 37.52 44.55 21.95 63.3 0.15 0.23
B3 38.25 46.24 18.96 38.77 0.05 0.07
B4 32.58 41.23 23.33 55.7 0.09 0.13
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simulation day (Figure 6A). The evaporation increased rapidly from 
10 am onwards, in all days simulated due to the solar radiation.

This simulation has verified that 79% of  the evaporation 
occurred in the time interval of  6 am to 6 pm. This value matches 
with the evaporation percentage founded by Almeida (2006), who 
has identified a value of  70%. For the water table at 1.20m it was 
found a lower evaporation, with a maximum of  5.1mm at the last 
simulation day. The sharp increase in evaporation occurred from 
10 am onwards, in all days of  simulation, representing 81% of  the 
bare soil simulation between 6 am and 6 pm (Figures 7A and 7B).

Evaporation in the upstream area of  the 
underground dam

The first simulated condition with the water table at 0.2m, 
used the soil hydraulic properties of  point A1 (Table 6), similar 
to the conditions applied to the Portable Chamber of  group B2. 
The values found for evaporation with both methods differ at 
1.43%, which indicates that the estimation of  evaporation by both 
methods are equivalent. The evaporation simulated on October 
15th 2011 was 5.61mm.d-1, and the measured value through the 
application of  the PC, of  group B2, was 5.53mm.d-1.

The simulation that was performed when the watertable 
was at 1.20m matches with the hydraulic soil conditions of  point 
A2 (Table  5). At this point, the conditions are similar to the 
point B3, where the PC method was applied. The evaporation 
stimulated by the simulation in the SiSPAT on October 15th 
2011 was 1.80mm.d-1. The evaporation by the Portable Chamber 

method of  group B3 was 1.72mm.d-1, with a difference of  4.44%, 
meaning that there is an equivalence between the used methods.

The results may have suffered interference from the 
following conditions: dry period on the measurement with the 
Portable Chamber, acritical time of  application of  the Portable 
Chamber, the absence of  continuous monitoring of  the water table 
depth, atmospheric data used was located far from the study area 
(35 Km). But the used methodologies considered important in a 
different area, although with similar condition sand intervening 
factors on the evaporation process, especially in semiarid regions, 
which are in general neglected by others simulation methods.

CONCLUSIONS

The SiSPAT model and the Portable Chamber (PC) method 
can be used to simulate different scenarios of  management for 
the underground dam area, considering for example cultivation 
of  crops.

The SiSPAT model produced results in consonance with 
the region and situations analyzed. There was equivalence in the 
application of  the two methods, the simulation with SiSPAT and 
PC method, even for cases where the water table was in different 
depths.
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