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Abstract — The present work addresses the development of 
a smart orchard irrigation system (SOIS) that performs the 
estimation of orchard evapotranspiration and the estimation of 
the soil salinization risk. Measurements of heat transfer are 
made to compute tree transpiration rate and soil water 
evaporation. The soil electrical conductivity is measured to 
compute the soil salinization risk. An inferential fuzzy 
algorithm is used to process data. This paper describes the 
physical principles underlining these estimations, the 
architecture of the data acquisition interface, and the 
construction and characterization of the probes used to 
perform the temperature measurements. The preliminary 
results shown here address the experimental evaluation of the 
performance of the probes inserted in the trees. Relative 
measurements with a precision of 0.2 ºC were obtained which 
are in agreement with the minimum required for these 
applications.  

Keywords — evapotranspiration measurements, precision 
agriculture, smart irrigation. 

I. INTRODUCTION 
The issues concerning to the efficient use of water in 

agriculture are at forefront of contemporary societal 
problems. Water scarcity has been detected both in arid and 
susceptible to drought areas, as well as in regions of 
abundant rainfall. In this regard, several studies point out 
solutions to cope with insufficiency of water, investigating 
the ability for an improved quality and reduced quantity use 
of water, while preventing new environmental impacts and 
the reduction of farming productivity [3, 12, 13]. 

It is known that irrigation systems can be controlled after 
evaluation of the biophysical parameters and variables 
related to the hydric and heat transference inside of the 
vadose zone in irrigated crop, among plants, soil and 
atmosphere [1, 2, 11].  

Multifunctional devices designed for mass and heat 
transfer measurements have received increased attention over 
the past few years. In fact, several benefits are achieved by 
combining these measurements. First, by measuring several 
parameters at the same time and place, the coupling of 
related transport properties are determined in concert, 
thereby allowing for examining the nature of their 
interdependency, such as for the coupled transport of water 

and solute, and water and heat. Second, by using the same 
instrument for various measurements within approximately 
the same system volume at about the same time, the need to 
interpolate different measurement types in space and time is 
largely eliminated [10]. 

An efficient watering in agriculture requires that the 
control instruments for water management determine 
qualitatively and quantitatively the plant transpiration, soil 
evaporation rate and the salt content in the aqueous phase of 
the soil. As a result, the quality / quantity ratio factor of the 
irrigation water could relate to the quantity and quality of 
water and salts in the soil, corroborating to the soil and water 
degradation risk control.  

Evapotranspiration (ET) and soil salinization (SS) are not 
easy to evaluate and control. Specific devices and accurate 
measurements of various physical parameters and the soil 
water balance are required to estimate evapotranspiration 
rates. The instruments used in these applications are often 
expensive and demanding in terms of measurement accuracy 
and personnel knowledge and abilities, which make them not 
fully suitable for use in disadvantaged regions. Besides, the 
methods being used are inappropriate for routine 
measurements. However, they remain useful for the 
estimation of ET after indirect methods [2] and for 
monitoring the SS process in water scarcity regions [14]. 
Such estimations can be carried out and evaluated by 
extensive analyses and data processing. However, in order to 
provide for a lower cost, automatic and real-time 
systematized operation, data acquisition devices and 
processing methods specifically designed for this purpose are 
required. A simple approach is using programmable logic 
controllers (PLC) associated with computing and sensor and 
actuator devices to, in real time, automatically and in a 
differentiated way, process and analyse the set of 
measurements required to control the quality and quantity of 
irrigation water, as well as to infer about the risk of 
salinization.  

The work presented herein addresses principles and 
guidelines to validate the data acquisition and measurement 
capabilities of a smart orchard irrigation system (SOIS) to 
estimate ET and SS risk. It is also shown how sap flow 
measurements are implemented. Next section presents the 
SOIS architecture. Section III presents the theoretical 
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principles underlining the ET and SS estim
Section IV shows a short description of 
specific sensing circuits and data acqui
Section V describes the methodology of the 
algorithm being used in the sap flow estimat
presents preliminary experimental results 
laboratory and in the field. Section VII high
conclusions. 

 
Fig.1 – Placement of the SOIS system in 
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Fig.2 – Schematic of the

 

All probes were made w
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T
TTkG Δ

Δ−Δ= max    (1) 

where ∆Tmax [ºC] is the maximum value of ∆T on a daily 
course and which is related to the minimum or null sap flux 
rate for that specific day. The flux is calculated from kG 
using a relationship admitted to be species independent [6] 
and based on empirical calibrations (Eq.2), 

231.161099.118 Gku −×=    (2)  

where u [m3 m-2 s-1] is the sap flux density. The sap flux F 
[m3 s-1] can be calculated from (Eq.3): 

AuF ×=      (3) 

where A [m2] is the area of the conducting xylem section. 

Within the system under development this estimation is 
completely automatable, requiring a time t [s] indexed 
capturing of the temperatures of both probes Tupper [Cº] and 
Tlower [Cº], after switching on and off the heater and then 
performing the data processing and inferential control. 

B. Soil evaporation estimation 
The estimation of soil water evaporation can be based on 

the sensible heat balance of a soil layer [6].  A sensible heat 
balance is used to determine the amount of latent heat 
involved with vaporization of soil water following (Eq.4) 
[5]: 

LESGG lowup =−−    (4) 

where Gup [W m-2] and Glow [W m-2]  are soil sensible heat 
fluxes at upper and lower depths (separated by a distance 
Δz), respectively; S [W m-2] is the change in soil sensible 
heat storage between upper and lower depths; L [J m-3] is 
the latent heat of vaporization and E[m s-1] is evaporation. 
Using measurements of the soil thermal conductivity k [W 
m-1 °C-1] and the temperature gradient ΔT/Δz [°C m-1], 
values for G can be determined from Fourier’s law (Eq. 5)  
by  determining S from measured temperature T [°C] and 
soil volumetric heat capacity Cv [J m-3 °C-1] (Eq.6) [7]. 

z
TkG Δ

Δ−=  (5)  ( )z
t
TCvS Δ⎟
⎠

⎞
⎜
⎝

⎛
Δ
Δ=   (6) 

The residual from the sensible heat balance provided by the 
left-hand side of equation (4) is attributed to LE, which 
cannot be measured directly. Values for L can be calculated 
from [4]  

mTL 69 10247.21049463.2 ×−×=   (7) 

where Tm [°C] corresponds to the mean temperature for a 
given depth layer and time step. Having values for G, S, and 
L it is possible to calculate E from Eq. (4).  

C. Warning of soil degradation risk 
The evaluation of the soil degradation risk is inferred 

from the soil apparent electrical conductivity ECa [dS m-1] 
and soil moisture θ [m3 m-3] measurements in the temporal 

domain. The linear function given by Eq. (8) is used to 
monitor the salinity indicator βθ [m3 m-3]. 

tECt ECa×−= αθβθ    (8) 

WPFC

WPFCEC
ECaECa −

−= θθα     (9) 

where αEC  [m dS -1] is the evaporation coefficient,  θFC  is 
the soil field capacity, θPM is the soil wilting point,  ECaFC 
and ECaWP are the soil apparent electric conductivity while 
the soil is in the field capacity and wilting point, 
respectively.  

The αEC value (Eq.9) is a constant and is related to the 
soil properties. However, βθ fluctuates linearly according to 
the water and salts quantities in the soil. The parameter βθref 
(Eq.10) is a reference determined in the initial time of the 
scheduled irrigation,  

00 tECtref ECa×−= αθβθ   (10) 

where θt0 and ECat0 are, respectively, the soil moisture and 
the soil apparent electrical conductivity measurements in the 
initial time. 

The processing data works with the βθref constant, 
computed in the onset of the scheduled irrigation and the θt 
variable, supplied via inputs per time interval. Eq. (8) is 
computed by insertion of the βθ values and the evaluation of 
the soil degradation risk by an automatic fuzzy reasoning 
(AFR). 

 AFR is based on a fuzzification procedure, whose input 
values are converted to labelled values associated to a 
degree of membership. The fuzzification technique 
comprises the universe of discourse (UD) of the variable βθ 
in the interval [high lixiviation risk; high salinization risk]. The UD 
is divided in nfr fuzzy regions, which are overlapped sets 
and quantified by nfr = 2N+1, where N is an adequate 
numerical choice that ensures an odd number for nfr, with a 
central region, i.e, βθref. The accuracy of the algorithm can 
be regulated through an adequate choice of N, since larger 
values generally imply higher accuracy levels. However, it 
increases the computational effort.  

As the relation between ECa and θt values is a linear 
function in that UD [14], the simple triangular membership 
function (FS) is adopted and easily computed as:  
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where aj and cj are defined by a lower limit of membership 
with aj < cj, bj  is defined by an upper limit of membership, 
and xi is the fuzzification input value, e.g., θt values. The 
parameters aj, bj and cj of a triangular membership function 
for the jth fuzzy set (FSj) can be calculated by: 

b1 = 2βθref /(nfr -1), … , bnfr = bnfr-1 + 2βθref /(nfr-1) 



ai = bi – 2βθref /(nfr -1) 

ci = bi + 2βθref /(nfr -1) 

with the domain interval of UD [0; 2βθref] d
equal regions. Such information and the N 
included in the knowledge base.  

Fig.3 : Fuzzy set of soil degradation risk

For example, inserting the values N = 2
10] in the system creates 7 fuzzy sets (Fig. 
will classify the βθ computed values and c
the value 

refθβ  obtained in onset of the sched
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Fig.4 – Schematic of the a) th
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V. DATA PROCESSING - T
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A. Laboratory experiments 
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Fig.5  – Evolution of the temperatures provided by

 

Figure 7 shows the Tupper and Tlow
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B. Field experiments  
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