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c Estación Experimental de Zonas Áridas (EEZA-CSIC), 04120 Almerı́a, Spain
a r t i c l e i n f o

Article history:

Received 26 April 2010

Received in revised form

10 January 2011

Accepted 19 March 2011

Keywords:

Actual evapotranspiration

GIS

ArcObjects

Semiarid climate

SE Spain
04/$ - see front matter & 2011 Elsevier Ltd. A

016/j.cageo.2011.03.008

e available from: http://www.iamg.org/CGEd

esponding author. Tel.: þ34 950 014 012; fax

ail address: salvaes@ual.es (S. España).

e cite this article as: España, S., et al
0.1016/j.cageo.2011.03.008
a b s t r a c t

This paper introduces ArcE, a GIS tool for modelling actual evapotranspiration (EA) from an undefined

number of meteorological stations. From daily data of precipitation and temperature, ArcE uses

ArcObjects as the programming language to incorporate equations and hydrological boundary

conditions, in order to calculate EA at monthly and yearly time steps. Because weather data are often

missing, ArcE is programmed to use non-global models such as Hargreaves for potential evapotran-

spiration (EP) and Budyko for EA. In arid regions, where results from global and non-global models are

expected to deviate, ArcE allows for the segregation of low-divergent areas suitable for interpolating EA

from those that should be excluded for mapping the variable. In the semiarid Almanzora River basin, a

heterogeneous region with contrasting climate in SE Spain, divergence in lowlands with a higher aridity

index was about 15% with respect to an accurate estimate of EA from the Penman–Monteith equation.

Evaluating EA is a first step for mapping the non-evaporative fraction of precipitation as the difference

in P and EA.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

After precipitation (P), evapotranspiration (E) is the largest
component in the terrestrial hydrological budget, of decisive
relevance for water resources evaluation and sustainable water
management policies (Dalezios et al., 2002; Arora, 2002). E is a
large uncertainty water balance term, difficult to calculate and
compute, which depends largely on the availability of water and
energy, and thus it is site-specific (Milly and Eagleson, 1987). E

may be yielded at different spatiotemporal scales, from short-term
local estimates for agronomical uses (Allen et al., 1998; Droogers
and Allen, 2002) and ecological purposes (Domingo et al., 2001), to
long-term areal values for groundwater resources evaluation
(Contreras et al., 2008; Alcalá et al., 2011) and climate predictions
(Sobrino et al., 2007; Chenini and Ben Mammou, 2010).

A great number of formulae are available, which use some of the
physical knowledge; the choice depends on what can be observed
and which data are actually measured (Droogers and Allen, 2002;
Dalecios et al., 2002). Non-global models for potential E (EP) are
based on (1) precipitation and temperature data; (2) solar radiation;
(3) direct measurements in evaporimeters; etc. (Allen et al., 1998;
Arora, 2002). Based on precipitation and temperature data,
ll rights reserved.
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Hargreaves (1994)’s is a widely used model when weather data
are missing, although models of everywhere - or global models -
based on energy balance and aerodynamics components such as
Priestley Taylor, Penman–Monteith, etc. are recommended (Allen
et al., 1998). Global models for actual E (EA) should be based on
aerodynamic and canopy resistance parameters supported with soil
moisture field data, direct measures from lysimeters (López-Urrea
et al., 2006), or direct data from Eddy Covariance towers (Alcalá
et al., 2011). Since on occasions, only temperature and precipitation
are available, Turc (1961) and Budyko (1974) continue to be widely
used non-global formulae for preliminary EA. Arora (2002) and
Gerrits et al. (2009) analyse advantages and limitations of some of
these methods in different climates, and they recommend Budyko
(1974)’s model for preliminary EA. Non-global models function
reasonably well if the aridity index is low-to-moderate and there
is no significant snow cover in the catchment. Monthly time steps
are often used for water balance tasks from daily records of
precipitation and temperature (Milly and Eagleson, 1987).

In Mediterranean semiarid regions, knowledge about EA rates
continues to be poor (Detto et al., 2006; Gavilán et al., 2006; Weiß
and Menzel, 2008) because of the difficulty in evaluating it accu-
rately, since all weather variables range over very large intervals,
and because of the heterogeneity in land-use and vegetation
(Sobrino et al., 2007). Because EA is usually close to P, accurate EA

estimates recorded in well-equipped stations are needed to compute
water balances (Domingo et al., 2001; Alcalá et al., 2011). Never-
theless, weather data are often limited and EA should be estimated
ling actual evapotranspiration. Computers & Geosciences (2011),
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using simple models as a proxy of global models. The divergence can
be only measured when there are well-equipped reference stations
(Arora, 2002; Weiß and Menzel, 2008).

GIS has become a powerful tool for integrating and processing
large amounts of spatial information, such as the environmental
variables needed for evaluating water balance terms (Ludwig and
Mauser, 2000; Portoghese et al., 2005). Experience has been gained
on the development of non-coupled GIS models for evaluating EA

that function as stand-alone applications (Dalezios et al., 2002).
These models work mainly with raster files, and they require a long
computation time and an advanced knowledge of programming
languages, like Visual Basic, Python, Java, Cþ , etc. (ESRI, 2000).
Large data series are manually selected before mapping, principally
using kriging techniques for spatial interpolation. Uncertainty due
to gaps in the series and interpolating errors may remain unno-
ticed in the results.

ArcObjects is a component library that includes all the func-
tions of ArcGISs (ESRI, 2004), which permit any spatially
distributed variable, such as EA, to be manipulated through the
application programming interfaces before interpolation (Chang,
2008). This is in contrast to certain non-coupled models in GIS
that require the information to be processed before it is
Fig. 1. ArcE interface used to

Please cite this article as: España, S., et al., ArcE: A GIS tool for model
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introduced into the software (Cherkauer, 2004; Batelaan and De
Smedt, 2007). The use of ArcObjects as a programming language
allows access to data in their original format and so reduces the
tasks that need to be programmed using other programming
languages (Stevens et al., 2007).

The experience of computer programming to evaluate actual
evapotranspiration over large areas reduces to basic applications,
without the ability for an undefined number of meteorological
stations under variable climate conditions to be managed
spatially. Software programmed in several languages as ENWAT-
BAL.BAS (Evett and Lascano, 1993), TSAR (Chen et al., 2006), and
DAILYET (Hess, 1996), allows combining global and non-global
models depending on available data, with limited possibility
of managing large spatially distributed geodatabase. Using
ArcObjects as the programming language (Chang, 2008), a new
model – ArcE – is created to automate the sequential calculation of
EA from EP from an undefined number of meteorological stations
with variable hydrological boundary conditions. The Hargreaves
(1994) and Budyko (1974) formulae have been programmed for
estimating EP and EA in monthly time steps from daily data of
precipitation and temperature. This research is part of a larger study
designed to evaluate water resources in semiarid basins.
estimate EP, EA, and RT.

ling actual evapotranspiration. Computers & Geosciences (2011),
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Table 2
Input parameters used to compute monthly and yearly EP, EA, and RT in ArcE for

any hydrological year.

Parameter Description

T Table of mean monthly temperature data, in 1C

t Table of t data, in 1C

P Table of mean monthly precipitation data, in mm

A Extraterrestrial radiation, in mm

Scratch

workspace

Place or file where the intermediate results of the model are

stored

Current

workspace

Place or file where the final model results will be stored

X_UTM Latitude of the meteorological station

Y_UTM Longitude of the meteorological station

Spatial

reference

System of reference of coordinates for the fields Y_UTM and

X_UTM. This will be the output layer’s coordinate system (ED

1950 30 N)

EP Table of mean monthly and yearly EP data (in mm) derived

from Eq. (1)
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2. Methods

2.1. Basis for calculating water balance terms

Hargreaves (1994)’s model is used to calculate daily EP as

EP ¼ 0:0023t0:5AðTþ17:8Þ ð1Þ

where t is the daily range of air temperature (1C); T is the average
daily air temperature (1C); A is the daily extraterrestrial radiation
(mm). Data were uploaded from the FAO Corporate Document

Repository website [http://www.fao.org/docrep/X0490E/x0490e0j.
htm#annex_2._meteorological_tables], although they can be
calculated alternatively using the formulation of Duffie and
Beckman (1981) as

A¼ 1440Gp�1d½ðosinjsindÞþðcosjcosdsinoÞ� ð2Þ

where G is the solar constant (1367 W m�2); d is the factor of
relative sun-earth distance; d is the sun declination (radians); j is
the latitude (radians); o is the hour angle (radians).

Budyko (1974)’s model is used to calculate daily EA as

EA ¼ ½ð1�coshðfÞþsinhðfÞÞðEPP tanhðf�1
ÞÞ�0:5 ð3Þ

where P is the daily precipitation (mm); f¼EPP�1, and EP is
derived from Eq. (1).
Table 1
Format for monthly P (mm), T (1C), and t (1C) input data used in ArcE (The UTM coord

OID ID Station Coordinates P

X_UTM Y_UTM P_OCT P_NOV P_DEC

1 1 Albox 575,758 4,138,224 9 54 21
2 2 Huercal Overa 597,029 4,138,445 16 71 9
3 3 Cuevas del Almanzora 599,610 4,128,304 32 67 11
4 4 Puerto Lumbreras 599,140 4,147,100 21 49 7
5 5 Purchena 556,731 4,140,847 19 78 19
6 6 Águilas 625,291 4,140,054 12 54 10
7 7 Lubrı́n 583,205 4,118,878 33 93 22
8 8 Uleila del Campo 570,342 4,115,525 17 76 2
9 9 Vera 601,158 4,122,466 47 67 15

10 10 Benizalón 567,472 4,118,920 114 142 3
11 11 Macael 562,125 4,131,976 20 50 23
12 12 Rambla Honda 555,096 4,109,443 18 89 6

T

T_OCT T_NOV T_DEC

1 1 Albox 575,758 4,138,224 15.5 12.6 11.9
2 2 Huercal Overa 597,029 4,138,445 17.5 13.9 10.4
3 3 Cuevas del Almanzora 599,610 4,128,304 19.1 15.6 13
4 4 Puerto Lumbreras 599,140 4,147,100 19.2 13.2 9.7
5 5 Purchena 556,731 4,140,847 15.8 14.1 9.9
6 6 Águilas 625,291 4,140,054 19.6 16.1 15.5
7 7 Lubrı́n 583,205 4,118,878 17.4 14.5 11
8 8 Uleila del Campo 570,342 4,115,525 17.8 13.6 12.3
9 9 Vera 601,158 4,122,466 18.8 15.7 12.4

10 10 Benizalón 567,472 4,118,920 15.9 14 4.9
11 11 Macael 562,125 4,131,976 17.6 16.4 13.6
12 12 Rambla Honda 555,096 4,109,443 15.5 13 9.3

t

t_OCT t_NOV t_DEC

1 1 Albox 575,758 4,138,224 11.9 11.6 8.1
2 2 Huercal Overa 597,029 4,138,445 13 11.4 10.1
3 3 Cuevas del Almanzora 599,610 4,128,304 11 10.6 9.3
4 4 Puerto Lumbreras 599,140 4,147,100 12.6 9.1 12.7
5 5 Purchena 556,731 4,140,847 12.2 11.8 8.8
6 6 Águilas 625,291 4,140,054 6.9 7.8 6.7
7 7 Lubrı́n 583,205 4,118,878 17.4 14.5 11
8 8 Uleila del Campo 570,342 4,115,525 11.1 10.7 7.6
9 9 Vera 601,158 4,122,466 10.6 11 9.1

10 10 Benizalón 567,472 4,118,920 10.4 10.2 4
11 11 Macael 562,125 4,131,976 24.1 19.3 18.4
12 12 Rambla Honda 555,096 4,109,443 16 11.2 11.2

Please cite this article as: España, S., et al., ArcE: A GIS tool for model
doi:10.1016/j.cageo.2011.03.008
RT¼P�EA is a proxy of the non-evaporative fraction of pre-
cipitation (mm) (Sobrino et al., 2007). For a sufficiently long
period, such as one hydrological year, RT means the potential
availability of surface water and groundwater resources (Budyko,
1974; Arora, 2002).
inates system is ED 1950 30 N).

P_JAN P_FEB P_MAR P_APR P_MAY P_JUN P_JUL P_AUG P_SEP

14 121 38 69 63 10 0 0 0
7 166 38 20 31 38 28 4 122

12 112 39 24 42 1 0 0 0
98 26 4 5 72 0 0 14 21
18 152 27 8 64 20 0 0 0

2 69 19 6 56 0 0 3 2
3 239 28 10 82 0 0 0 2
3 98 33 8 46 0 0 9 0
6 169 31 46 31 2 0 0 1

96 118 151 17 21 1 0 0 62
25 222 39 4 83 13 0 0 0

3 115 115 8 38 0 0 0 0

T_JAN T_FEB T_MAR T_APR T_MAY T_JUN T_JUL T_AUG T_SEP

10.5 10.3 14.5 16.4 19.4 23.6 26.5 27.7 23.2
7.1 9.6 15.3 16.2 19 23.7 25.9 27.1 21.3
10.5 10.6 13.1 15.8 19.9 22.3 24.6 28.8 21.9
8.3 7.8 13.6 15.6 16.6 20.9 23.2 24.3 19.4
9 7.9 11.9 14.4 17 22 24 25.1 21
12 12 14.9 16.8 20.8 23.9 26.9 28 22.8
8.6 8 11 13.7 16.5 21.1 25.6 26.7 20.4
10.4 10.9 7.1 15.9 18.4 22.8 26.4 31.2 21.1
9.9 9.4 12.1 14.8 18.2 21.9 24.7 26.1 21.9
8.4 8.4 12.3 14.9 17.5 22.7 26.6 25.6 22.3
9.4 9.4 14.2 16.5 18.2 22.1 22.6 23.5 19.9
7.3 7.3 10.2 13 16 21.3 23.8 24.6 19.8

t_JAN t_FEB t_MAR t_APR t_MAY t_JUN t_JUL t_AUG t_SEP

12.5 8.8 11.8 13.2 13.2 13.2 12.5 13.3 13.3
11.5 10 13 12.2 12.7 12.4 12.4 13.8 11.1
11.8 6.9 10.2 11.9 10.8 11.6 10 13.7 10.4
12.7 9.3 12.1 13.8 9.7 9.6 10.7 10.5 8.4
13 10.1 13.7 13.6 13.7 14.6 13.5 14.1 15.5
9.3 7.1 8.8 8.4 7.3 7.4 5.9 6 7.7
8.6 8 11 13.7 16.5 21.1 25.6 26.7 20.4
4.4 7.3 3.8 6.1 7.9 10 9.7 9.5 8.2
10.8 9.1 10.7 11.4 10.5 10.8 10 9.8 10.7
14.5 9.3 12.2 13.4 11.8 13.5 12.7 11 14
18.1 17 20.7 24 19.3 20.1 19.3 21 20.1
10.3 9.6 13.2 13 10.8 12.2 13.1 16.5 12.8
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Fig. 2. Toolboxes, Toolsets, and Tools used in ArcE.

Fig. 3. Design of the ArcE structure for calculating EP, EA, and RT.
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2.2. ArcE-tools implementation and operation

ArcE is a modelling tool programmed using ArcObjects that
uses tables of P, T, and t as input data. Adding and calculating new
attributes, copying tables and records, creating relationships
between tables and reports, etc., are tedious tasks avoided by
ArcE to deliver a layer of points with attributes of source data that
contain the spatial position of each station and their values of EP,
EA, and RT.

When P and T values are absent from the time series data, RT

calculation from EP and EA must be adjusted by programming two
reasonable boundary conditions: (1) if annual EP¼null, then
EP¼0; (2) if EA¼null, then EA¼0. Two other boundary conditions
were programmed to respect hydrological premises: (1) if EA4P,
then EA¼P; (2) if RT¼null or RTo0, then RT¼0.

The operation of the ArcE interface includes three steps
(Fig. 1): (1) The routes to the input data for P, T, and t (Table 1),
and other parameters (Table 2) are introduced to compute EP, EA,
and RT for each station; (2) The model is run; (3) The results are
saved as a table and as a point feature class in a geodatabase.

Data Management Toolbox and Conversion Toolbox are tool-
boxes used to add new fields to the source tables and calculate
variables needed to estimate EP, EA, and RT (Fig. 2). In addition,
Fields Toolset, Joins Toolset, Layers and Tables Views Toolset, and
To Geodatabase Toolset are used to develop the ArcE, according to
Fig. 4. ArcE application. Yearly results for the average hydrological year 1992–93 in th

relative to P dimensionless ratio.

Please cite this article as: España, S., et al., ArcE: A GIS tool for model
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the flow diagrams shown in Fig. 3. The intermediate calculations
and final results are stored in geodatabases previously defined by
the user. The position of each meteorological station and its
coordinates must be specified in the input table, as shown in
Table 1.

2.3. Study site

ArcE was implemented for the Almanzora River basin, a
2651 km2 semiarid basin in southeastern Spain surrounded by
ranges (peak elevation 2168 masl. at Calar Alto), that flow to the
Mediterranean Sea (Fig. 4). This basin typifies the large geological,
topographic, and climatic heterogeneity of SE Spain, one of the
most arid regions of southern Europe.

Yearly precipitation ranges from 200 mm along the coast to
500 mm in the highlands, with a surface-elevation-weighted
value of 298 mm and a coefficient of variation of 0.41 for the
period 1975–1995. Rainfall generation is mainly controlled by
entering western Atlantic weather fronts favoured by the west–
east orientation of the basin. Most of the rainfall occurs during the
autumn (108 mm) and spring (84 mm), and derives from Medi-
terranean convective storms of short duration and high intensity.
In winter, cold northern and wet westerly winds predominate,
whilst in summer and autumn a maritime wind blows mainly
from the S and SE (Summer et al., 2000). The annual temperature
e Almanzora River basin (SE Spain). (a) P; (b) EP; (c) EA; (d) RT (mm year�1); (e) RT
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ranges from 15 1C in the highlands to 19 1C on the coastal fringe,
with the minimum in January and maximum in August. Insolation
is high, with more than 3300 h per year in low-lying places.
Annual potential evapotranspiration is 800–1200 mm. The aver-
age climate index is 0.36 (Arora, 2002).

Referring to land-use, rain-fed crops occupy 34% of the basin,
1% are irrigated crops, 49% is sparsely vegetated areas (steppes
and badlands), 5% is covered by woodland and shrublands, 10% is
forest, and less than 0.1% is occupied by wetlands and ground-
water-fed ecosystems (EEA, 2002; Salinas and Casas, 2007).

The varied geology and land-use of the Almanzora River basin
was classified by España et al. (2008) into four groups according
to their different hydrological behaviour: (1) Triassic carbonate
formations over impervious metapelitic rocks form moderately to
highly permeable aquifers, with large bare and fissured bedrock
areas, regosols, and lithosols. (2) Metapelitic formations represent
low permeability areas with lithosols, regosols, and cambisols.
(3) Tortonian to Upper Miocene sedimentary basins include large
impervious areas (badlands) and local aquifers of moderate
productivity with regosols and xerosols. (4) Plio-quaternary and
Quaternary alluvial and colluvials form water-table aquifers over
impervious bedrocks with fluvisols and xerosols.
g
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3. Data management and results

Meteorological data from the Spanish Agency for Meteorology
[http://www.aemet.es] were used to develop ArcE. Twelve meteor-
ological stations (Fig. 4), each having 20 years of daily records of
P and T from 1975 to 1995, were selected to compute monthly EP,
EA, and RT. Monthly values are summed to get annual values
(Table 3). The average hydrological year 1992–1993 (October
through to September) was selected to show EP, EA, and RT results.
Additional information is also shown for the wet 1988–1989 and
the unusually dry 1978–1979 hydrological years, in order to
evaluate the influence of climatic aridity on estimates.

For the average hydrological year 1992–93, annual EP ranges
from 620 mm on the coast to 980 mm in the highlands (Table 3;
Fig. 4b). The EP/P ratio ranges from 2.7 on the coastline to 1.1 in
the mid-slope; these figures highlight the semiarid condition of
the basin (Arora, 2002). Annual EA ranges from 102 to 244 mm
(Table 3; Fig. 4c). The EA/P ratio ranges from 0.22 in the highlands
to 0.55 in coastal areas. EP and EA data for wet and dry hydro-
logical years, respectively, are also included in Table 3. The RT/P
ratio varies from less than 0.5 at lowlands sparsely vegetated
areas with thin soils over low permeability geological formations
to about 0.8 in fissured carbonated landscapes with bare and
fissured bedrock areas, thin soils, and shrublands. Rain-fed crops
areas are characterised by RT/P ratios from 0.55 to 0.65 (Table 3;
Fig. 4e).
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4. Applications and limitations

Management of a large meteorological database of hundreds to
thousands data is a tedious preliminary task for water budget
evaluation, and one that is not error-free as a result of gaps in the
series, data simplifications, etc.; this makes it difficult to distin-
guish errors due to inaccuracy of data management from those
derived from spatial interpolation once mapping variables from
simple data points. Since most of non-coupled GIS models
performed to estimate EA are Grid-Based Spatial Surface Water
Balance Models, they generate a spatially distributed estimation
of the variable as a raster file from single data points (Ludwig and
Mauser, 2000; Portoghese et al., 2005). Interpolation uses com-
monly geostatistical tools as co-kriging, block kriging, etc. with
Please cite this article as: España, S., et al., ArcE: A GIS tool for modelling actual evapotranspiration. Computers & Geosciences (2011),
doi:10.1016/j.cageo.2011.03.008

http://www.aemet.es
dx.doi.org/10.1016/j.cageo.2011.03.008


S. España et al. / Computers & Geosciences ] (]]]]) ]]]–]]] 7
external covariates based on geographical items, which introduce
a new source of uncertainty.

The role of models has always been to extrapolate data in both
time and space. This role becomes more explicit when extra-
polating from sites where data are available, compared to the
frequent case of sites lacking data and whose characteristics are
poorly known. Learning about places and taking account of the
inherent uncertainty in doing so will become more important
than when using particular model structures (Beven, 2007). Data
trends should be considered by themselves to delimit the area for
non-global models application. ArcE can be used to resolve the
task of assessing the spatial limits to use non-global models for EP

and EA in heterogeneous territories with contrasting climate and
limited data. The use of ArcObjects allows advanced users in this
programming language to modify the most sensitive terms in
equations as new experiments are performed, or to introduce
new, complex formulations for more accurate results.

The quality of the EA estimates depends on the accuracy of the
method used to calculate EP and EA. This means that EA cannot be
directly used as an estimator until it has been calibrated using
accurate estimates from global models developed in well-
equipped stations (López-Urrea et al., 2006; Weiß and Menzel,
2008). To provide some guide about the degree of correction that
might be required, accurate daily EA estimates by Domingo et al.
(2001) using Penman–Monteith equation were compiled for
Rambla Honda (3710704700 N; 212201700 W; 630 m asl), a well-
equipped station (Table 3; Fig. 4) providing daily records of P, T,
and other meteorological variables and aerodynamics compo-
nents, soil moisture field data, vegetation cover, etc., from 1989 to
2004. Estimates of EA were cross-validated from Budyko
(B) through Hargreaves, and Domingo et al. (D), for the average
hydrological year 1992–1993. The B/D ratio is 1.15. This means
that non-global models overestimate EA by 15% in those most
restrictive areas with EP/P ratio above 2.5. Similar conditions are
found in other meteorological stations in the Almanzora River
basin (Table 3), as well as in other semiarid areas of southern
Spain (Gavilán et al., 2006), southern Italy (Detto et al., 2006),
Greece (Dalezios et al., 2002), and Israel (Weiß and Menzel, 2008).
5. Conclusions

ArcE calculates EP and EA sequentially from monthly P, T, and t

data using an undefined number of meteorological stations
submitted to variable hydrological boundary conditions. The
programming of non-global models for calculating EA requires
that these results are calibrated before using them. In the
semiarid Almanzora River basin, EA is overestimated by 15% in
lowlands with EP/P ratio above 2.5. This error gives a rough idea of
the correction needed before EA, which can be mapped using
geostatistical or deterministic methods. ArcE allows for the
segregation of low-divergent areas suitable to map EA, as a step
to evaluate the non-evaporative fraction of precipitation as the
difference in P and EA in regions with significant changes in
climate, lithology, relief, and land-use.
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