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Abstract

Evapotranspiration (ET) is a cross-platform software component containing routines to estimate daily and hourly values of reference evapotrar
spiration (and related variables) according to alternative approaches. A standardized form of the FAO-56 implementation of the Penman—Monteit
equation is used to estimate daily and hourly evapotranspiration for two reference surfaces (namely clipped grass and alfalfa). Other methods (ir
plementations of Priestley—Taylor and Hargreaves equations) estimate daily evapotranspiration from limited sets of inputs. A multi-layer canopy
similar to a well-developed tomato crop within standard greenhouse conditions, is taken as a reference to estimate hourly evapotranspiration
greenhouse environment (Stanghellini approach). The component is released as .NET (C#) version, allowing the development of clients und
Windows operating systems. The component has an extensive hypertext help file. The component design allows users developing client applicatio
to extend the functionalities by adding further options for estimating reference ET. lllustrative examples of clients developed in C# areprovided a
source code; the component is made available as compiled version. Also, the component was used to activate a web service and a web applicat
based on such a service; the relevant C# code is provided as example.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction agro-ecological models has not caused availability of the units
mentioned, and there is no real example available to be used as
Estimation of reference evapotranspiration 5§ neededto atemplate.
support irrigation design and scheduling, watershed hydrology Component-oriented development is a natural choice for
studies, process-based crop growth models, and other modddgilding scalable, robust, large-scale applications, and to max-
that attempt to simulate the soil water budgetgEdfers to the imize the ease of maintenance (elgowy, 2003. A software
water removed from a unit ground area completely covered witltomponent is an executable unit of independent production, ac-
a reference crop, healthy and unstressed and with ample watguisition and deployment that can be composed into a function-
supply @Allen et al., 1998; Walter et al., 20D perational soft-  ing system $zypersky et al., 2002Modularity and replaceabil-
ware tools in the domains specified above require the estimatey are typical features of these physical pieces of a system being
of ETp, and procedures to do that have been repeatedly impldsuilt, that encapsulate implementation and expose a set of in-
mented in software applications. This is one of the reasons whigerfaces (e.ghttp://www.sparxsystems.com)asince the year
there is an increasing demand for modular approaches in mod2002 ila et al., 2002 software components for use in agron-
development (e.gJones et al., 2001; Donatelli et al., 20D3a omy and agro-meteorology modelling have been developed at
Such a modular approach leads to the concept of encapsulatitige Agriculture Research Council — Reasearch Institute for In-
the solution of a modelling problem in a discrete, replaceable andustrial CropsDonatelli et al., 2003b, 2004a; Fila et al., 2003
interchangeable unifffoya and Vallecillo, 2001; Jifeng et al., as a response both to the demand for modular approaches in
2003; Donatelli et al., 2004bHowever, the demand of modular model development, and to rationalize the internal process of de-
velopment of software tools for modelling. Whether the appro-
priateness of the selection of biophysical modelling approaches
* Corresponding author. Tel.: +39 051 6316843; fax: +39 051 374857. IS Of utmost importance for the development of a component,
E-mail address: m.donatelli@isci.it (M. Donatelli). the desired features of robustness, ease of use, transparency
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and extensibility pose some non-trivial problems in softwarety, wind speed) are unavailable. The aerodynamic term of

design. Penman—Monteith equation is replaced by a dimensionless em-
In this context, the objectives of the paper are: pirical multiplier («: Priestley—Taylor coefficient):
1 Rn—G
¢ to present the features of the cross-platform component evagTy = = - 5 - Co 2)
otranspiration (ET), designed to estimate reference evapotran- A s+vy

spiration ?at_‘"‘ and related variables for 1-h (mmfor 24-h  An implementation ofw from Steiner et al. (1991js given,
(mm day ™) time step, according to alternative approaches; gepending on the value of the vapour pressure deficit for each
* to propose some software design traits to be used for devejyy,
oping components in agro-ecological modelling.
2. Background 2.3. Hargreaves equation
. . . . As an alternative when solar radiation re missin il
ETois calculated from alternative sets of inputs and for differ- ETo cS::n baet:sti?r:ati d useins(t)hae Hz(rjga:fec;vg:l;?qﬁailar;rsea\%ga y

ent canopies, conditions and time steps, using one—dlmensmngllm Samani, 1985; Hargreaves and Allen, 200 adjusted

equations based on aerodynamic theory and energy balan\egrsion of this equation, accordingAdien et al. (1998)s given:

(Table J).
A brief description of the different models follows. Basic 1 Tmax + Tmin
inputs and constituent equations are giverfables 2 and 3 ETo=A+B- e 0.0023- ( + 17-8>

respectively.

vV Tmax— Tmin - Ra (3)
The parameterd (intercept) andB (slope) are calibrated co-

The Penman—Monteith equatiodgnteith, 1977 in the fol- efficients, to be determined on a monthly or yearly basis by

lowing form is used to estimate daily or hourly gETor two regression analysis or visual fitting.
reference surfaces:

2.1. Penman—Monteith equation

VPD.p-Cp 2.4. Stanghellini equation
ra

1 s (Rn—G)+K;- 1
A (1) Stanghellini (1987)evised the Penman—Monteith model to

. s+y-<1+@) \EIO L ; .
Ta represent conditions in greenhouse, where air velocities are typ-

The constank; is a time unit conversion factor (86,400s ddy ically low (<1.0ms™). A multi-layer canopy is considered to
for ETo in mm day L; 3600s L for ETo in mm h-1). estimate hourly Eg, using a well-developed tomato cropy(
According to FAO Irrigation and Drainage Paper no. 5gcopersicon esculentum Mill.), grown in a sm_gle glass, Venlo- N
(Allen et al., 1999, the reference surface is a 0.12-m heighttype greenhouse with hot-water pipe heating. The Stanghellini
(short crop), cool-season extensive grass such as perennial s&aodel includes calculations of the solar radiation heat flux de-
cue Festuca ’arundinacea Schreb.) or ryegrasglium perenne rived from the empirical characteristics of short wave and long
L.). A second reference surface, recommended by the Americaf{2V€ radlatl.on absorption in a multi-layer canopyrtiak and
Society of Civil EngineersWalter et al., 200 is given by a  >hort, 2001; Prenger et al., 2Q0Zhe leaf area index (LA,

2 m—2y i i
crop with an approximate height of 0.50 m (tall crop), similar to™ M) i used to account for energy exchange from multiple
alfalfa (Medicago sativa L.). layers of leaves on greenhouse plants. The form of the equation

IS:
2.2. Priestley—Taylor equation VPD-p-Cp

s-(Rh—G K; -
W= G+ Ki " )

s+y~(1+%)

ETo =2- LAl s
The Priestley—Taylor equatiofPiestley and Taylor, 1932 A
is useful for the calculation of daily EyIfor conditions where
weather inputs for the aerodynamic term (relative humid-The time unit conversion factd, is equal to 3600 stt.

Table 1
Characteristics of alternative evapotranspiration models
Features Evapotranspiration model
Penman—Monteith Priestley—Taylor Hargreaves Stanghellini
Condition Open field Open field Open field Greenhouse
Reference crop Clipped grass, alfalfa - - Tomato
Time step Daily, hourly Daily Daily Hourly
Input Air temperature, solar radiation, Air temperature, solar radiation Air temperature Air temperature, solar radiation,

relative humidity, wind speed relative humidity, wind speed
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The constituent equations are in accordance with the starin either a comprehensive or selective fashion to possibly
dards of the American Society of Heating, Refrigerating andre-implement the models.
Air-Conditioning EngineersASHRAE, 1993 and the Ameri-

can Society of Agricultural EngineerA$AE Standards, 1998

3. Software features and availability

3.1. Documentation

The procedures implemented in the component, the scientifi
background, and principles of usage are illustrated in a fuII)F
documented hypertext help file. Most of the &=fhodels and
supporting equations have been extracted from peer-review

3.2. Sample applications

An interface allows using the component via its public meth-
ods. Sample client—server applications are provided with the
accompanying documentation as examples of possible use of
the component. The examples are meant to illustrate the use

sources in which the most influential and widely adoptedth® ET component use.
concepts concerning the estimate of evapotranspiration on a
reference crop were presented. The relevant information was3. Extending ET models
collected, interlinked and uniformly formatted into a navigable
structure to grant easy access to readers. This outline of the The developer of a software application which uses the

literature review makes it possible to use the same sourcemmponent ET may wish to make available to end users also one

Qf the component in C# (WinForm sample application). The
omponent was also used to activate a sample web service
(http://lwww.sipeaa.it/wsgfor use in a sample web application
e(Bttp://www.sipeaa.it/wfet in order to show further options for

Table 2
Input and output variables
Variable Unit ET modef Output
Input
Ra, extra-terrestrial solar radiation MJthday 1, MIm2h-1 PM, PT,H, S 1,2,3,4
Rs, ground-level solar radiation MJMiday t, MIm2h-1 PM, PT, S 1,2,3,4
7, clear-sky transmissivity - PM, PT 1,2,3,4
z, elevation above see level m PM, S 1,13
h, elevation above ground level m PM, S 1,12
Uy, hourly or daily mean wind speed ms PM, S 1,12
Tmax daily maximum air temperature °C PM, PT,H, S 1,2,3,5,6,7,8,9,10,11, 13
Tmin, daily minimum air temperature °C PM, PT,H, S 1,2,3,5,6,7,8,9,10,11, 13
T, hourly or daily mean air temperature °C PM, S 1,2,3,5/6,7,8,9,10,11, 13
RHmax daily maximum relative air humidify % PM, S 1,5,8,9
RHpmin, daily minimum relative air humidiﬂl % PM, S 1,5,8,9
RH, hourly or daily mean relative air humidity % PM, S 1,5,8,9
Ty, daily dew-point air temperatufe °C PM, S 1,5,8,9
PTc, Priestley—Taylor constant - PT 1
a, aridity factor kPal PT 1,10
LA leaf area index rAim—2 S 1
A, intercept of the Hargreaves equation - H 1
B, slope of the Hargreaves equation - H 1
Output
ETo, daily or hourly reference evapotranspiration mmdgynm bt PM, PT,H, S 1
Rn, daily or hourly net radiation MJIday !, MIm2ht PM, PT, S 2
Rni, daily or hourly net long wave radiation MJthday 1, MIm2h1 PM, PT 3
fe, cloudiness factor - PM, PT 4
fh, air humidity factor - PM, PT 5
A, latent heat of vapourization MJ kg PM, PT,H, S 6
es(T), saturation vapour pressure kPa PM, S 7
ea, actual vapour pressure kPa PM, S 8
VPD, daily or hourly vapour pressure deficit kPa PM, S 9
VPDmax, maximum vapour pressure deficit kPa PT 10
s, slope of the saturation vapour pressure curve *kPa PM, PT, S 11
ra, @erodynamic resistance St PM, S 12
Ch, volumetric heat capaciy MJIm-3°Cc-1 PM, S 13

For each input, the outputs calculated using that specific input are listed as ID outputs. Explanation of the oTajples3in
a8 PM, Penman-Monteith (model); PT, Priestley—Taylor (model); H, Hargreaves (model); S, Stanghellini (model).

b |f relative humidity values are null, daily dew-point temperature is used to estimate vapour pressure values with Penman—Monteith model.
¢ If Ty is null, then (Penman—Monteith modél) = 0.38 - Tryax — 0.018- Tn%ax+ 1.4 Tmin — 5 (Linacre, 1992

4 Ch=p-Cp.
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Table 3

Components of the BgTequations (inputs are specifiedTiable 29

Variable Unit Reference evapotranspiration equation
Penman-Monteith Priestley—Taylor Hargreaves Stanghellini
A, latent heat of vapourizatién MJ kg1 A=2.501-0.002361T A=2.501-0.002361T A=2.501-0.002361T A =2.501-0.002361T
G, soil heat flux MJ A day 1, Daily, G=0
MJIm?h-1 Daytime,G =0.1:Ry, (short), 0.5R,, (tall) G=0 - G=0
Nighttime,G = 0.04Rj, (short), 0.2R,, (tall)
Rn, net radiation MJ rhday 1, Rn=Rns— Rn| Rn=Rns— Rni - Rp=0.07- Rps —
MInm?h-1 252.p- Cp- (T — To)
R S
Rns, Net short wave radiation Mszlafl, Rns=0.77Rs Rns=0.77Rg - Rns=0.77Rg gb
MJ P h~? 2
Rni, netisothermal long wave ra- MJ m? day 1, Rni =fcfn-o-Tk) Rni =fcfn-o-Tk) - - =
diation MIm2h1 N
o, Stefan—Boltzmann constant MJAK 4 day 1, Daily, 0 =4.903x 10~° Ry
MIm2K=4h-t o
Hourly, 0 = 2.043x 10~10 0=4.903x 10 - - S
ATk), function of the absolute air  K* ATk)=(T+273.16} ATk) = (T+273.16} - - :
temperaturd %
Cp, specific heat of the air MJ kg °C~t Cp=0.001013 Cp=0.001013 - Cp=0.001013 3
3
mean atmospheric densit kgm3 = 1000- = 1000- = 7100000 E
P P y X P=101-R-(T +27316) P=101-R-(T +27316) P= R(T +27316) S
S
8 8 S
Tko — 1 - 0 Tko — 1 - 0 ~
P, atmospheric pressure kPa P=Py- (M> n-R P=Py- (M) n-R  _ _ >
Tko Tko ?\
R, specific gas constant JkhK 1 R=287 R=287 - R=287 S
Po, atmospheric pressure at seakPa Pp=103.1 Pp=103.1 - -
level
Tko, reference absolute air tem- K Tko=293.16 Tko=293.16 - -
perature at sea level
n, lapse rate Kmt n=0.0065 n=0.0065 - -
g, gravitational acceleration at ms2 £=9.807 £=9.807 - -
sea level
. R R
fe. cloudiness factor - fe=135-—_-0.35 fe=135-—_-0.35 - -
RSO RSO
Rso, Clear-sky solar radiation MJId day 1, Rso=maxRs,t-Ra) Rso=maxRs,t-Ra) - -
MIm~2h?

/h, @ir humidity factor

fh=034-0.14. /ea

fh=034-0.14. /ea

68T



ea, actual vapour presstfre kPa From relative air humidity
Daily, ea =
RH RHpi
0.5- |:es(Tmin) : ﬁ( + es(Tmax) - 10%'”}
Hourl = RH from dew-point air = RH
Y, ea = es 100 p €a=¢és 100
172774
temperatureg; = 0.6108 erg+2733
es, saturation vapour presstre kPa Daily,es = 0.5 - [es(Tmin) + es(Tmax)]
17.27.T
Hourly, es = 0.6108 &7+2733 - - es = 6.894757 ()
—10440
S(R), function of air temperature - - - - f(R) = T —1129—
R
0.02702- Tg + 1.289- 107° -
T2 —2.478-107°. T3 +
6.546 In(TR)
Tr, air temperature °R - - - Tr=491.67+1.8I
To, leaf temperature °C - — — Daytime, 7o = T + 1.67- Rs —
VPD
0.25. —
Nighttime, 7o =T — 0.1 -
VPD
Y
0.6108 &2573 0.6108 & 2473
5, slope of the saturation vapour ~ kPa°C~! 5 =4098 ————— 5 =4098 ————— - 5=0.04145 060887
pressure cunfe (T +2373) (T +2373)
VPD, vapour pressure deficit kPa VPR&- e, VPD =0.475VPDmax - VPD =¢5—ea
T; — es(Tq
VPDpax, daily maximum vapour  kPa - VPDhax = © s maXT) es( maxT) - -
pressure deficit —a- (es(Tmax) — es(Tmax))
. Cp- P Cp- P Cp- P
y, psychrometric constant kpg-1 y = - y = LR - y = -
g A e A e A
&, water to dry molecular weight — £=0.622 £=0.622 - £=0.622
ratio
aerodynamic resistance st 208 __ 665
T Fa= — - - Fa=
a y a= 7 T 14054 0,
r¢, canopy resistance sth Daily, rc =70 (short), 45 (tall)
Daytime,rc =50 (short), 30 (tall) Daytime, =70
Nighttime, . =200 - - Nighttimerc =200
. . -C
R, radiative resistance STh - - - R = P
4.0 (T +27315)°
U», wind speed at 2-m height ms Up=U 487 Up=U. 4871
2 P 9 2= Y2 0678 h —542) 2= Y2 0678 h — 542)
a, Priestley—Taylor coefficient - - a=1+(PT.—1)-VPD - -

a T (air temperature) and RH (air relative humidity) identify hourly or daily mean values, depending on the time step used; daily means are giverage ibfedaiy maximum and minimum input values.

06T
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or more further approaches for estimatingyEThis can be done components to develop an application. The documentation sup-
easily taking advantage of the ET component architecture. Difplied, beyond its specific use in this component, has a value per
ferent ETy models can be implemented using the design patterse and can be considered as a way to share knowledge. Regard-
“strategy” Mesketer, 200% This software design allows encap- less the specific implementation presented, the software design
sulating new models in the application using the ET componentidopted here contains what we consider key features (lack of
without recompiling the component. A sample application isdependencies, use of design patterns and implementation of the
provided to show how to extend the ET component capabilitiesdesign-by-contract approach) for developing reliable software
“Design patterns” is a draft of a book chapter published onlinecomponents encapsulating agro-ecological models.
(http://lwww.sipeaa.it/tools/biophysical-components-chapter7
.pdf), available both as an introduction to the design pattern
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