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Abstract. This paper examines and evaluates the integrateadtan be used to accurately identify cropped areas and estimate
use of satellite remote sensing and meteorological data fothe needed water quantity for irrigation. If this information
estimating crop water requirements over agricultural areas ofs combined with local climatic data, it is possible to identify
Cyprus. Intended purpose of this project is to estimate evapthe seasonal crop water demand in fields through evapotran-
otranspiration using modeling techniques, satellite and mespiration £T¢ and schedule irrigation, accordingly (Had-
teorological data for monitoring irrigation demari€lTcwas  jimitsis et al., 2008).
calculated with the FAO Penman-Monteith method by using A single Landsat-7 ETM+ image of Cyprus covers almost
satellite images acquired from July to December 2d88c  the entire island, and there is generally little or no cloud cover
estimates obtained in this project were compared to previousver the island, especially during summer and autumn pe-
empirical data found by using in-situ techniquES.cvalues  riod. Therefore, it is possible that the use of satellite remote
have been correlated with the meteorological data to crosssensing technologies can increase the efficiency and effec-
check the significance of the meteorological inputs. tiveness of existing irrigation procedures. The FAO Penman-
Monteith method (FAO, 1998) adapted to satellite remote
sensed data, is widely used as an accurate method to esti-
1 Introduction mate reference evapotranspirati®&ir¢). The climatic data
required for the method are readily available from meteoro-
In Cyprus, 70% of the total water consumption is spent for ir- logical stations and from satellite images. The purpose of
rigation purposes (Hadjimitsis et al., 2008). Currently, the is-this study is to employ the FAO Penman-Monteith method in
land faces a prolonged period of severe drought which has inestimating crop evapotranspiration under standard conditions
evitably revealed a series of irrigation related problems hav{ET¢) for monitoring irrigation demand. The project’s results
ing a detrimental effect on Cyprus’ agriculture. Monitoring Provide a useful tool for a decision-making policy, since it
of irrigated agricultural areas in Cyprus provides importantis possible to determine the irrigation demand and therefore
data for efficient water supply plans and for avoiding un- help to avoid any water losses for agricultural purposes.
necessary water losses due to inefficient irrigation systems.
From this perspective, satellite remote sensing techniques, ia Review and basics
conjunction with meteorological data, are useful as efficient

tools for monitgri.ng i'rrigatio_n der’qapd ip ag_ricultural areas. gyanotranspiration is the combination of two separate pro-
In most of the irrigation projects, irrigation is managed and cesses whereby water is lost, on the one hand, from the

supplied on the basis of historic precedence and existing CONsyil surface by evaporation and, on the other hand, from
ventional data; however, irrigation demand is not adequatel)fhe crop by transpiration (FAO, 1998; Allen et al., 2000).

met since weather conditions are changing dramatically an¢y js often used to describe the total water escaping from
water availability deteriorates. Remotely sensed satellite dat%rop to air. Both evaporation and transpiration processes are

driven by energy from solar radiation, air temperature, rela-
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Evapotranspiration constitutes one of the main compo-
nents of the hydrological cycle and its estimation de-
mands auxiliary meteorological data (Telis and Koutsogian-
nis, 2007). Many formulas have been developed by scientistq
to calculateETc taking into account all the energy sources
which are available to plants (French et al., 2008). In recent
decades, the estimation &fTc by combining conventional
meteorological ground measurements with remotely-senseq
data has been widely studied, while several methods havd
been developed for this purpose (Tsouni and Koutsogiannis
2003). An accurate estimation of act#&lcis necessary for
hydro-resources managemehBilovalues, can be calculated
by measuring weather parameters and typical reference crop,
using specialized instruments, namely, lysimeters.

TO‘?'ay’ severgl researchers re(.:ommend. a breadth of mat,flq—"ig. 1. Landsat-7 ETM image of Cyprus. The study area is marked.
ematical equations and modelling (Bastiaanssen and Ali,

2003; D’'Urso and Menenti, 1995; Menenti et al., 1989).
The methods of estimatingTc are generally classified as: 3 o Study area
a) energy balance methods, b) aerodynamic or mass transfer

methods, ¢) empirical or semi-empirical methods, d) waterthe study area is located near Paphos International Airport

depletion methods, and e) numerical or modeling methodsn, the Paphos District area in Cyprus (Fig. 1). The area of in-

(Metochis, 1997; Eliades et al., 1995). terest is a traditionally agricultural area where annually crops
The analysis of the performance of these models revealedre cultivated through the whole year. The mild microclimate

the need for formulating a standard method for the computaof the area contributes to the healthy production and full time

tion of ETo(Tsouni and Koutsogiannis, 2003; Hoedjes et al., agriculture activity during the year but especially from July

2008). The FAO Penman-Monteith method, which was de-to December in which production is off-season and is very

rived from the Penman-Monteith equation, has recently beewaluable.

recommended as the sole standard method. It is a method

with strong likelihood of correctly predictingToin a wide 3.3 Methodology

range of locations and climates (Aaron et al., 1996; D’ Urso

and Menenti, 1995). The overall methodology consists of the following steps:

— Pre-processing of satellite data (images).

3 Resources and methodology — Processing the satellite images in order to retrieve
surface albedo of crops.

3.1 Resources — Apply the FAO Penman-Monteith method along

. ) . ) with crop factors (Kc) to determingTc
For estimatingET¢ multispectral (visible and infrared

bands) Landsat-7 ETM+ satellite images have been used, ~ — Compare the results found using the proposed
along with meteorological data. Air temperature, atmo- method and the semi-empirical “Epan method” that
spheric pressure, wind speed and other data were collected was widely used in Cyprus, by the Agricultural Re-
from an automatic meteorological station (placed at 1.2m search Institute (Metochis, 1997).

height above ground surface), located at Paphos Interna- ~ — Apply statistical analysis for retrieving possible
tional Airport, in the vicinity of our study area. These correlation between the meteorological data and the
data were interpolated to 2.0m height as required by FAO estimatedETc This will assist the users in order to
Penman-Monteith method. Indeed, these interpolated val- assess the significance of each meteorological pa-
ues were in good agreement with those values found from a rameter.

customized mobile meteorological station that we employed

for calibrating and validating reasons. ERDAS IMAGINE 3.3.1 Pre-processing of satellite images

(v.9.3 professional) has been used in the pre-processing and

post-processing of the available multi-series imagery. TheGeometric correction has been applied, using standard tech-
GER 1500 field spectro-radiometer has been used to assisiques with ground control points and a first order poly-
the application of the atmospheric correction of the satellitenomial fit. All satellite images were geo-referenced at the
images. World Geodetic System '84 (WGS 84/UTM).
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For the radiometric correction, the images were convertedhrough the FAO Penman-Monteith method with the crop co-
from digital numbers (DN) to units of radiance using stan- efficient:
dard calibration values (Chander and Markham, 2003). Theg7,. — k¢ x ETo )
next step was to convert the at-satellite radiance values into
at-satellite reflectance using the solar irradiance at the topvhere,
of the atmosphere, sun-earth distance correction and solar ETc  crop evapotranspiration [mn7d],
zenith angle. The removal of atmospheric effects, also a Kc:  crop coefficient [dimensionless],
part of radiometric correction, has been applied: the dark- ETa  reference crop evapotranspiration  [mmH

est pixel (DP) atmospheric correction method, also termed asne crop coefficientkc, is basically the ratio oETcto the
histogram minimum method, was applied to the multi-seriesieferenceETo, and it represents an integration of the effects
satellite images, since it has been found to be the most efof four primary characteristics that distinguish the crop from
fective atmospheric correction algorithm (Hadjimitsis et al., yeference grass. These characteristics are the crop height,
2004). Finally, the albedo was derived from the satellite im-the albedo, the canopy resistance and the evaporation from
ages. Albedo was derived using a standard method as desposed soil. In this research, the was estimated on a
scribed by Liang (2000). Albedo is subsequently used to €Sdaily basis for the entire study period according to the single
timate net radiation at the crop surface, as an input to thgop coefficient method and a series of assumptions for the

FAO model. crops of the study area. The crop coeffici& was esti-
_ mated consecutively, for each image, using remote sensing
3.3.2 The FAO Penman-Monteith method techniques as described by D’Urso and Menenti (1995). Af-

ter estimating=Tc using satellite and meteorological data, a

The FAO Penman-Monteith method has been shown to be gtatistical processing was applied. More specific correlations
suitable method for this study area (Courault et al., 2005).among the different meteorological inputs — ceteris paribus
Indeed, the homogeneity of the area renders the method as where made to justify the relationship betwegfic and
the most appropriate for estimating ET, for the various cropseach input. Finally, a regression analysis was performed to
cultivated in the area. The estimation of ET focuses only oncreate an empirical equation among evapotranspiration and
annual crops cultivated in the area. the meteorological data.

After preprocessing, the satellite data are ready for extract-
ing the necessary inputs for the irrigation demand model for4 Results
the area of interest. According to FAO Penman-Monteith

method (FAO, 1998)ETo can be calculated from the fol- The processing of meteorological data along with the satel-
lowing equation: lite data and the FAO Penman-Monteith method have given

an estimation ofETc for the area of interest. The results

900 are shown in Table 1 and are contrasted to those of previ-
. 0.408A (R, —G) +7/W5U2(6,\‘ —eq)

Eto— 1) ous research that made use of the empirical Epan method
A+y(140.34u2) (Metochis, 1997). It is obvious that both methods give com-
parable results, their difference being less than one mm/day,
where, for all cases. The results represent the crop water require-
ETa reference evapotranspiration [mm d&y, ment for healthy vegetation for the specific place and crop.
R,: net radiation at the crop surface  [MJ#day 1], The;e data can be used for. irr_ig_atio_n scheduling in_ order to
. . . 5 1 avoid excessive water use in irrigation. The data is useful
G: soil heat flux density [MJ m? day 1], . ) ~ >
_ i th dail . also in the hands of policy makers, not only for irrigation
T Is the mean daily temperature  °, planning purposes, but also for macroeconomic scheduling
u: wind speed at 2m height (s, in agriculture by excluding crops which have high water re-
ey saturation vapour pressure [kPa], quirements.
e actual vapour pressure [kPal, Having examined the relationship between the meteoro-
es—e,:  saturation vapour pressure deficit  [kPa], logical parameters (namely, pressure, wind speed, relative
A slope vapour pressure curve [Ker Y, humidity gnd tempe_rature) arlt‘_dl’cwnhm the framework of _
) . 1 a regression analysis model, it became apparent that there is
y: psychrometric constant [kPE~].

a strong relationship betwedfil'c, on the other hand, and
The FAO Penman-Monteith method determifgs from relative humidity and wind speed, on the other hand, at the
a hypothetical grass reference surface and provides a staconfidence level of 95% and 99%, respectively. The corre-
dard to whichETcin different periods of the year or in other lation results and the fitted equations are given in Table 2.
regions can be compared and to whi€fofrom other crops  The statistical F test was employed to verify the significance
can be related. According to Allen (1996), for estimating of each fitted model. The correlations found are acceptable
ETcone should multiply the reference ETo which was found since the corresponding value Bfis greater than the given
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Table 1. Meteorological data from Paphos International Airport station and calculated valigcofThe results found by applying the
FAO 56 method are contrasted to those found by using the Epan method.

Date Sunshine  Mean Mean Mean Mamixum Minimum ETo ETc ETdound
duration  wind  relative station  temperature temperature using Epan

speed humidity pressure method

h m/s % hPa °C °C mm/day mm/day mm/day
19 Dec 2008 9.1 5.15 53.0 1016.4 23.0 9.1 4.40 2.89 2.10
17 Nov 2008 9.2 2.06 62.0 1016.5 235 15.5 2.30 1.50 141
1 Nov 2008 9.6 2.06 64.0 1019.6 25.8 17.0 2.20 1.43 1.33
16 Oct 2008 8.9 2.57 83.0 1018.5 26.6 20.4 1.80 1.18 1.98
30 Sep 2008 6.6 7.21 55.0 1016.0 26.2 211 4.90 3.19 3.30
14 Sep 2008 11.7 6.18 66.0 1012.8 29.9 23.0 4.20 2.73 3.00
29 Aug 2008 11.6 4.12 76.0 1019.0 314 235 2.70 1.75 2.10
28 Jul 2008 13.3 4.12 71.0 1017.0 30.3 21.7 2.90 1.89 2.20

Table 2. Regression analyses betwdghcand relative humidity and betwe&Tcand wind speedK is the correlation coefficient anki?

is the coefficient of variation).

ETccorrelated to:  Equation R R? Fopserved Fastatistical  Confidence
level
Relative humidity Y=5.6-0.5X 0.716 0.513 6.324 5.99 0.95
Wind speed Y=2.37X-0.72 0.938 0.879 43.677 13.75 0.99
35 8
3 2 7 = RG2S >
08 y =-0,0534x +5,6091 IS o R=-08792 o
T 4 R =0, = -
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Fig. 2. Relation betweefa) ETcand relative humidity, an¢tb) ETcand wind speed. The solid line is the fitted regression line.

statistical value oF (Fopserved™> Fstatistical WN€reéFobservedS

The results of the separate correlation&dtto Relative

the value ofF which is derived from the results of the statis- Humidity have shown that they are related by an apparent

tical analysis andFsiagisticalis the value forF from statistical
tables). The strongest correlation was found betwg€n
and wind speed with the coefficient of variatigR?, reach-
ing almost 88%. Figure 2 shows separately the relation
each of the two variables aiftlTc
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inverse proportionalityETc decreases with increasing rela-
tive humidity. As expected, relative humidity has a negative
effect on evapotranspiration, since it decreases the stomatal

offlux of water vapour to air through the leaves, due to high
level of water vapour concentration in the atmosphere. Con-
trary to relative humidity, wind speed has the opposite effect
on the water vapour flux to the air, and thus a positive effect
onETc
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