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ABSTRACT

Excessive use of irrigated water in the Mediterranean has deteriorated the freshwater
resources by depleting the aquifers, discharging agri-chemicals and accelerating saltwater
intrusion. Several European directives outline that estimating the extent of irrigated areas
in each water basin is a primary step towards sustainable natural resources management.
This paper aims to identify a low cost methodology for mapping irrigated area in Mediter-
ranean basins, using satellite Earth Observation. After evaluating several combinations of
land feature mapping techniques on digitally enhanced satellite images, the one with the
highest accuracy has been identified (thresholding of the second principal component). The
methodology was formulated under the assumption that irrigated land can be identified by
the result of irrigation, i.e. the existence of green vegetation in the semiarid summer, thus
avoiding costly field surveys, and using low cost satellite imagery. The proposed methodol-
ogy has been applied to two Mediterranean basins with conflicting agronomic and ecological
interests, which were of a different scale. The resulting irrigated area map achieved high
accuracy (up to 98.4%) and reliability (lAe up to 0.967) in both basins. The results were also
displayed as irrigation intensity to improve visualisation and help identify areas of high
environmental pressure on nearby wetlands.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Monitoring irrigated crops on a national scale provides a good
estimate of the expected production, allowing policies and

Irrigation is crucial to meet food demand, as it increases
yields of most crops by 100-400%. Over the past 30 years, the
global irrigated area expanded by about 1.6% a year, resulting
in a total increase of 1,000,000km? during 1962-1998. Thus,
global freshwater consumption rose sixfold between 1900 and
1995—more than twice the rate of population growth (FAO and
IFAD, 2006). With irrigation being the primary freshwater con-
sumer (Seckler et al., 1999; Shiklomanov, 2000), it is essential
to have an up-to-date estimate of irrigated area extents, if we
hope to achieve sustainable management of water resources.

strategies to be formulated and avoid food or environmental
crises (Bastiaanssen et al., 2000). Furthermore, mapping the
annual extents of irrigated fields at the local level assists the
collection of water fees and supports equity in water rights
(Bastiaanssen, 1999). Several hydrological models have been
developed to estimate water requirements and water use for
irrigation (Babajimopoulos et al., 1995; Droogers et al., 2000;
Kite, 2000), however they still depend on an external esti-
mate of the spatial distribution of irrigated land to operate
on.
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Statistics from an agricultural census can be biased
towards higher values when they are collected for subsidised
crops, or towards lower values when water fees are area-based
(Droogers, 2002; Biggs et al., 2006). Moreover, information from
ground sources is often based on irrigation system design
data rather than actual measured figures (Bastiaanssen et
al., 2000). Remote sensing has been extensively used in the
last three decades, as it provides objective measurements
of wide coverage at high resolution and specialised wave-
lengths. Early studies used visual interpretation (Heller and
Johnson, 1979; Nageswara Rao and Rao, 1987) of printed colour
composites from Landsat images. Several digital image pro-
cessing algorithms have been tested for mapping irrigated
areas, such as supervised classification of original image
bands (Thiruvengadachari, 1981), vegetation indices (Xiao
et al.,, 2002), multi-stage classification (El-Magd and Tanton,
2003), and other more sophisticated methods such as classi-
fication of image time series (Thenkabail et al., 2005; Biggs et
al., 2006) and fuzzy neural networks optimised with structure
learning and genetic algorithms (Mitrakis et al., 2008). Most
of these studies utilise the spectral characteristics of chloro-
phyll in the red and near-infrared wavelengths, while others
use shortwave-infrared (Nageswara Rao and Mohankumar,
1994; Thenkabail et al., 2005), and thermal infrared (Vidal
and Perrier, 1990). These methods have been applied at
various scales, from the field level (Lourens, 1990; El-Magd
and Tanton, 2003) to large river basins (Thenkabail et al.,
2005; Biggs et al., 2006), demonstrating their wide range of
applicability.

In Europe, mainly in the Mediterranean, excessive use
of irrigated water has deteriorated the freshwater resources
by depleting the aquifers, discharging agri-chemicals and
accelerating saltwater intrusion. To alleviate these threats,
the European Commission (EC, 2000) has initiated the Water
Framework Directive (WFD), with the general objectives of
improving water quality, guaranteeing provision of sufficient
quantities of good quality water for all purposes, and avoid-
ing any long-term deterioration. Among others, the WFD
demands the identification of pressures from agriculture and
estimation of water abstractions, with the overall aim to
recover the costs of water services, including environmen-
tal and resource costs. A crucial step in this direction is the
knowledge of the area and location of the irrigated agricul-
ture. Following this trend, the recent reform of the Common
Agricultural Policy (CAP) of the EU (EC, 2003) has shifted the
focus from subsidising irrigated crops towards sustainable
agriculture to promote environmental safeguards and ensure
future yields. In this context, the legal framework for mon-
itoring and control of irrigated area in the EU has been set
for various purposes: from subsidies to set-aside (EC, 1999a;
EC, 1999b). The WFD dictates that monitoring should be per-
formed at the basin level. Although scale specifications are
not defined, detailed mapping is required in the fragmented
Mediterranean agricultural environment, thereby increasing
the cost of monitoring (Lianos and Parliarou, 1986).

Thus, the continuously changing character of agricultural
crop pattern at various spatial and temporal scales in response
to management decisions, agricultural policies, prices, irri-
gation water availability and environmental factors, among
others, makes remote sensing technology a necessary tool

for application in this field (Martinez-Casasnovas et al., 2005).
Considering the above, there is a need for a methodology
that can be implemented during the monitoring and control
procedures dictated by the European directives, policies and
regulations, bearing the following features: low costinput data
(satellite images and fieldwork), low cost methods (standard
software and low implementation of highly trained person-
nel), high accuracy, and objectively repeatable (based on solid
assumptions). The aim of this work is to develop a methodol-
ogy that satisfies these needs, and test it in two Greek basins
to demonstrate its applicability at various scales.

2. Materials and methods
2.1. Study areas

2.1.1. Test site: Mygdonia basin

The test site is the Mygdonia basin, which is located in a
tectonic depression in northern Greece (Fig. 1). Its water-
shed covers an area of 2100km?, and includes lakes Koronia
and Volvi, which form an extended wetland. The climate of
the region is Mediterranean, and annual rainfall ranges from
400 to 450 mm, distributed almost entirely during the winter
season, and without any significant precipitation during the
summer season. The surface flow through streams is seasonal
and intermittent, however, a continuous subsurface discharge
feeds the lakes throughout the year. The alluvial plane on the
lower part of the basin favoured the development of a shal-
low (around 40 m depth) and a deeper under pressure aquifer
(lower than 150 m) (Zalidis et al., 2004).

The wetland ecosystem is surrounded by an intensively
cultivated agricultural area. The dominant agricultural crops
are maize, alfalfa, and cereals. Cereals are rain-fed winter
crops, sown in early December and harvested in late May.
Maize and alfalfa are the irrigated summer crops, sown in
April and harvested at the end of the irrigation season (late
September to early October). Maize and alfalfa production are
essential parts of the local economy, supporting the numer-
ous livestock farms that are spread around the slopes of the
basin. There is no exploitation of surface water, and the only
source of fresh water for irrigation is through groundwater
resources. Numerous privately owned pump wells, often
illegal, were installed in the 1980s, which are exploiting the
shallow groundwater aquifer. Since then, water abstraction
has increased drastically because of the expansion of the irri-
gated area and the use of low application efficiency irrigation
systems.

Irrigated agriculture is an important economic activity in
the area, but recent development has resulted in the depletion
of the shallow aquifer, and a subsequent decrease in the lakes’
water level. Lake Koronia in particular, which is shallow (max
depth 5 m before 1980) and has the highest concentrates most
of the irrigated fields, had its water level decreased by 80%
(Alexandridis et al., 2007) since 1980. As a result, the natural
ecosystem has suffered severe degradation, with a significant
loss of volume and habitat heterogeneity. In recognition of its
ecological importance, and to prevent further degradation, the
wetland system of lakes Koronia and Volvi is protected by sev-
eral legal and binding actions: it is a Wetland of International
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Fig. 1 - Location map and main characteristics of the study areas: Mygdonia and Strimonas site.

Importance according to Ramsar Convention (site code 57,
area 163.88km?), a Special Protected Area designated by the
implementation of European Birds Directive (EEC, 1979) (site
code GR1220009, area 156.71km?), and a Site of Community
Importance following the implementation of European Habi-
tat Directive (EEC, 1992) (site code GR1220001, area 269.47 km?).

2.1.2. Demonstration site: Strimonas basin

The demonstration site is the Greek part of the Strimonas river
basin (Fig. 1). The total basin of the trans-boundary river cov-
ers an area of 17,250km?, with its upstream areas situated
in Bulgaria (65% of total area). A large reservoir (artificial lake
Kerkini) was constructed in the 1930s immediately upstream
of the Strimonas plain in Greece, to store water for irrigation
and to prevent flood events. With progressive drainage works,
agricultural land has been reclaimed from the wetlands and
temporary lakes that had been dominating the floodplain of
Strimonas. By the 1960s, an extended irrigation system had
been developed in the plain (the largest in Greece), which taps
water from the reservoir and river diversion dams. Water is
distributed mainly by open canals, which are predominantly
lined but often badly maintained, thus with low conveyance
efficiencies. Local groundwater pumping stations provide sup-
plementary water to account for the inefficient operation of
the irrigation system. The large quantities of drainage water
are reused for irrigating downstream regions. The total irri-
gated area is estimated to exceed 800 km?, including the areas
irrigated by privately operated pump wells (upper reaches).
The main agricultural crops are irrigated maize, cotton, rice,
beetroot, alfalfa, and rain-fed winter cereals. Agricultural and
livestock production are the main economic activities in the
site.

Artificial lake Kerkini has been recognised as a wet-
land of international importance (Ramsar site code 58, area
109.9km?). It is also part of a Special Protected Area (site code
GR1260008, area 277.1km?) and a Site of Community Impor-

tance (site code GR1260001, area 783.2km?). Due to the lake’s
operation as an irrigation reservoir, its water level fluctuates
by 5m during the irrigation season (May-September) and its
surface decreases from 75km? in spring to 50km? in early
autumn. As a result, the riparian forest and other key wetland
habitats have decreased drastically. It is a case of upstream
ecosystems receiving the impact of downstream agricultural
activities. Another Site of Community Importance (site code
GR1260002, area 12.9 km?) is the Strimonas estuary, which suf-
fers from low water quality due to agricultural drainage and
low discharge during the irrigation season, which is not suffi-
cient to sustain the coastal ecosystem.

2.2. Datasets

2.2.1. Satellite images

A satellite image acquired on July 16, 2003 by the ASTER
(Advanced Spaceborne Thermal Emission and Reflection
Radiometer) sensor on board the Terra satellite (launched
in December 1999) was used. It covers the entire Mygdonia
basin with a spatial resolution (ground distance sampling)
of 15m in visible and near-infrared wavelengths, and 30m
in shortwave-infrared. A SPOT-4 HRV (Systeme Pour 1’ Obser-
vation de la Terre 4 — Haute Resolution Visible, launched in
March 1998) satellite image was also utilised, acquired during
the same cropping season, on September 23, 2003. The SPOT
image covers the western side of the site only, where most
of the irrigated area is located. The two satellite images are
displayed in Fig. 2 in standard false colour composite (R, G,
B =green, red, near-infrared), where green photosynthesising
vegetation (natural and cultivated) appears in vivid red colour,
and harvested wheat fields and grassland appear in pale green.
Lakes Koronia (west) and Volvi (east) appear in dark blue and
black, respectively. Comparing the two images, less irrigated
fields are evident in September, due to the harvesting of early
maize.



96 COMPUTERS AND ELECTRONICS IN AGRICULTURE 64 (2008) 93-103

e -;
Lake Kerkini

b ﬁ,jv

oL G 0

(114

un 0g

Legend

Main rivers / streams

Agricultural land

Fig. 2 - Satellite images used in Mygdonia site: ASTER/Terra (a), SPOT-4 HRV (b), and in Strimonas site: Landsat 7 ETM+ (c

and d).

Two Landsat 7 ETM+ (Enhanced Thematic Mapper+,
launched in April 1999, substituted by Landsat 5 TM after a
malfunction in 2003) images were used for Strimonas site.
Both were acquired during the same cropping season (June 24
and August 24, 2000), and cover the site with a spatial resolu-
tion of 30m in visible, near-infrared and shortwave-infrared.
Alower spatial resolution was accepted in this site, as the geo-
graphic scale (extents of the study area) is nearly 10 times
larger than the Mygdonia site. The two satellite images are
displayed in Fig. 2 in standard false colour composite. Lake
Kerkini appears in dark blue in the north. Comparing the two
images, more irrigated fields appear in August, as summer
crops are in full development.

2.2.2.  Sampling points for training and validation

Sampling areas for algorithm training and results valida-
tion are normally collected by the use of field surveys in
the same cropping season as the satellite image acquisition.
This often constitutes the largest cost of the mapping project,
depending on the sampling design and accessibility of the
sample locations. However, when the mapped features are
evidently identified from the background environment, photo-
interpretation can substitute the costly field surveys, such as
burned forest patches (Koutsias and Karteris, 1998; Koutsias,
2003). The prerequisites that need to be fulfilled to ensure
validity of the results are (Koutsias and Karteris, 1998): (i) the
sampling areas should be accurately determined on the satel-

lite image; (ii) the sampling size of all features should be about
the same to avoid bias using certain algorithms; (iii) a satis-
factory absolute sampling size should be obtained; and (iv) the
sampling areas should represent the variability of all the fea-
tures mapped on the satellite image. Based on the above, the
training and validation datasets for the identification of irri-
gated fields can be sampled directly on the satellite images,
based on the spectral characteristics of vegetation (described
in the following sections).

2.3.  Digital image enhancement

Apart from the original satellite image bands, several spec-
tral enhancements have been tested as input to the mapping
methods, aimed at improving the identification of irrigated
land. Several other enhancement techniques have been pro-
posed in literature (Richards, 1995; Jensen, 2005). However, the
selected ones are among those well established in irrigation
inventories, and can be operated using standard low cost dig-
ital image processing software, even shareware software.

2.3.1. Spectral indices

The Normalised Difference Vegetation Index (NDVI) is the
most widely used vegetation index, and has already been
mentioned in numerous studies related to monitoring the
natural and cultivated vegetation (Silleos et al.,, 2006). It
has been utilised extensively in irrigated system inventories
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(Bastiaanssen, 1998) due to its advantages (strong correla-
tion with vegetation parameters, simplicity in calculation
and interpretation, and minimisation of topographic effects),
although certain drawbacks have been reported, such as scal-
ing problems, high sensitivity to background, and saturation
over high biomass conditions (Huete et al., 2002). This vegeta-
tion index is based on the spectral properties of chlorophyll in
the red and near-infrared wavelengths to highlight the abun-
dant green photosynthesising vegetation, which in this case
was the irrigated vegetation. It was calculated using the fol-
lowing equation:
NIR — RED

NDVI= —— 1)
NIR + RED

where NIR is the reflectance in near-infrared and RED is
the reflectance in red wavelengths. The required bands are
present in all the satellite images used in this work.

The Normalised Difference Wetness Index (NDWI) has also
been suggested in similar studies, as it is sensitive to vegeta-
tion moisture content (Gao, 1996). This spectral index is based
on the increased absorption of shortwave-infrared from leaf
moisture (Hoffer, 1978). It uses the reflectance in the near- and
shortwave-infrared bands of the image (Eq. (2)) to enhance the
visualisation of vegetation with high moisture content, which
in this case comprises the irrigated vegetation. Nageswara Rao
and Mohankumar (1994) concluded that NDWI is superior to
NDVI to identify irrigated land in India, despite its problem of
assigning surface water with equal values to irrigated land.

NIR — SWIR
NDWI = NR + swiR @)
where NIR is the reflectance in near-infrared and SWIR is
the reflectance in the shortwave-infrared wavelengths. The
required bands are only present in the ASTER and Land-
sat images, as SPOT-4 does not record reflectance in the
shortwave-infrared.

2.3.2.  Principal component analysis

Principal component analysis (PCA) is a mathematical trans-
formation of image data that has been applied in irrigated
land inventories (Visser, 1989; Lourens, 1990). It has been
primarily used for compressing the information of multispec-
tral images into the first three principal components (PC1,
PC2 and PC3). Using this transformation, most of the infor-
mation can be simultaneously displayed using the screen’s
colour model (R, G, B=PC1, PC2, PC3). In this case, it has been
used to improve the identification of irrigated land, under
the assumption that since it is one of the major features of
the image’s spatial variability, it would be portrayed in one of
the first three principal components. Comparing the principal
components with the sampling areas, the one that displays
the irrigated land with higher contrast to non-irrigated was
selected.

2.4.  Identification of irrigated area
Among the large collection of methods for automated

land features mapping (information extraction) proposed
(Richards, 1995; Jensen, 2005), those well established in irri-

gation inventories and easily operated with standard low cost
digital image processing software, even shareware software,
have been incorporated in the methodology.

2.4.1. Supervised classification

Supervised spectral classification was used to automatically
group pixels of multispectral images into groups of pre-
defined classes, based on the variation of reflectance among
the spectral bands. Spectral signatures for land cover classes
of interest were described with the use of training sam-
pling areas, which were: irrigated crops, non-irrigated crops,
natural vegetation, bare land, settlements or infrastructure,
and water. It is noted that more classes than those of inter-
est (irrigated and non-irrigated crops) were defined to keep
the within-class variability low, and thus minimise errors of
misclassification. Next, the pixels of each input image were
assigned to classes using a probabilistic maximum likelihood
algorithm. Finally, the individual classes that formed the “non-
irrigated” class were grouped together to produce the map of
irrigated and non-irrigated areas.

2.4.2. Unsupervised classification

Unsupervised classification was also used to automatically
group pixels of multispectral images into clusters of sim-
ilar reflectance, through the use of standard statistical
approaches, without relying on pre-defined classes. The ISO-
DATA (Iterative Self-Organising Data Analysis Technique) (Tou
and Gonzalez, 1974), clustering method was utilised, which
uses spectral distances in an iterative process of assigning
the pixels into classes, until spectral distance patterns on
the image gradually emerge. It is noted that more classes
than those of interest were requested by the classifier to
achieve a detailed identification of spectral variation. Finally,
the spectral classes were assigned to land cover classes using
photo-interpretation of the training sampling areas, and after
grouping into the classes of interest, the map of irrigated and
non-irrigated areas was produced.

2.4.3. Thresholding

Information extraction using thresholdingis applied to single-
layered images, usually after their enhancement. It is based
on selecting a threshold value on the histogram of the input
image, and then using this value for slicing the histogram into
two parts, each assigned to a class of interest. The respective
pixels belonging to either side of the threshold value on the
histogram are assigned to one of the two classes, formulating
the resulting thematic map.

The selection of the threshold value was performed sepa-
rately for each input image. Using the training sampling areas,
the data values on the input image were displayed in a sin-
gle graph as two histograms, one for irrigated and one for
non-irrigated area. It is noted that the non-irrigated area com-
prised several land cover classes (non-irrigated winter crops,
natural vegetation, bare land, settlements or infrastructure,
and water). The threshold value that was selected was the
point of equal probability to belong in each histogram based
on their distribution, which was often in the area between
the two histograms, or the median between their main vol-
umes. Visual inspection of the irrigated area map, mainly on
the fringe of irrigated land and the agricultural road network,
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Fig. 3 - View of irrigated vs. non-irrigated fields on a satellite image (standard false colour composite) (a) and on the field (b).

indicated minor changes of the threshold value, which helped
to improve the final result.

2.4.4. Accuracy assessment

Methods for automated land features mapping are concluded
with an accuracy assessment of their result (Congalton, 1991).
The validation sampling points were used on this account. For
each validation point, the class that was indicated on the irri-
gated area map was compared with the class that had been
assigned on the point by the photo-interpreter. The compar-
ison was facilitated with an error matrix, which compares
on a tabular form the relationship between reference data
(validation dataset) and the corresponding results from an
automated mapping method (irrigated area map) (Richards,
1995). From the error matrix, the overall accuracy of the map
and the kappa hat statistic (fe) were calculated. The overall
accuracy is defined as the percentage of validation points
that are correctly classified and describes the accuracy of the
contents of the map, while the k statistic represents the prob-
ability that the classification accuracy is due to chance, and
reflects the reliability of the map. It can be calculated from the
following equation:

o DX = DX X o)

N2 - Zl‘rzl(xﬂ “Xyi)
where r is the number of rows in the error matrix, x;; is the
number of observations in row i and column i, x;, and x,; are
the marginal totals of row i and column i, respectively, and N
is the total number of observations (Cohen, 1960; Congalton,
1991).

3. Results and discussion

3.1.  Formulation of the methodology for mapping
irrigated area in the test site

The basic assumption for mapping irrigated areas using vis-
ible and infrared satellite images in a Mediterranean basin
with a semiarid summer, is that the irrigated land would hold
the only concentration of green photosynthesising vegetation
in the agricultural area. Indeed, as irrigated crops reach full

growth in late summer (taking advantage of high incoming
solar radiation) that is almost arid, and farmers take every
effort to use the scarce water resources efficiently, there is a
vivid contrast to the dried-up background (Fig. 3). Therefore,
the irrigated area is identified from non-irrigated based on the
spectral behaviour of the result of irrigating the land, which is
the green vegetation.

The training sampling areas were identified in 50 key
locations on the ASTER image, to cover the spectral vari-
ability of irrigated fields, as well as the other land cover
types of the agricultural area of the test site. Thus, the
training sample size consisted of 3320 pixels for irrigated
and 3639 for non-irrigated. An independent dataset was
used for validation of the results. This was identified
on the image using random sampling, to eliminate the
analyst’s preference to the centre of homogeneous areas,
thus avoiding the difficult fringes. Based on the previ-
ous assumption and using careful photo-interpretation of
the satellite image, each point in the validation dataset
was assigned to either irrigated or non-irrigated class. In
total, 250 validation points were identified on the ASTER
image.

3.1.1. Comparison of methods

Since the information layers (image bands and their enhance-
ments) and mapping methods described here have been
reported as advantageous in irrigated land inventories, all
possible combinations of automated land features mapping
methods were applied on the original and spectrally enhanced
images in order to identify the optimum. Not all combina-
tions were possible, due to the design of spectral classification
methods to be applied on multispectral images, and the design
of thresholding to be applied on single-layer images. Each
combination that was tested has produced an irrigated area
map, and its accuracy was assessed using the validation
dataset. The irrigated area, overall accuracy, and k statistic are
displayed in Table 1 for the possible combinations. Supervised
and unsupervised classification of the PCA image was per-
formed using the first three principal components (first three
bands), while thresholding was performed on the second prin-
cipal component (second band), which was identified visually
as the one that displays the highest contrast of irrigated area
to the background.
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Table 1 - Irrigated area acreage (km?), overall accuracy (%), and the k statistic (no units) for every combination of mapping

methods on the information layers

Information layers Mapping methods
Supervised classification @Unsupervised classification Thresholding?
83.40km? 94.08 km?
Image bands 93.6% 90.1% =
k=0.872 k =0.801
78.28km?
NDVI - - 96.4%
k =0.928
83.08 km?
NDWI - - 94.4%
k =0.887
79.80km? 82.60km? 74.14km?
CA? 95.2% 94.8% 98.4%
k =0.904 k=0.89 k =0.967

A dash indicates an impossible combination.
@ Thresholding on PCA was performed on PC2.

The differences among the irrigated area estimates are
generally low (standard deviation of 6.19km?), indicating that
all combinations of mapping methods on information lay-
ers have produced very good results, exceeding 90% accuracy
(Table 1). The resulting maps are also very reliable, since all k
values are high. Thresholding the PC2 has provided the highest
accuracy, reaching 98.4% (Fig. 4). Several other combinations
have reached 95% accuracy, mostly using thresholding, or the
PCA, which is an indication that these could be the optimum
techniques for mapping the irrigated area in the test site.
Unsupervised classification has produced the lowest accura-
cies and had a tendency to overestimate the irrigated area,
probably due to the mixture of spectral classes of interest
within the clusters provided by the algorithm. Thresholding
the NDWI has also resulted in an overestimation of the irri-
gated area, probably due to the lower spatial resolution of
shortwave-infrared band (30m as opposed to 15m for the
others). The general trend was for most combinations to over-
estimate the irrigated area, possibly due to mixed pixels, or
weeds growing around the fringe of irrigated fields, taking
advantage of the low spatial precision in irrigation appli-

cations. This was confirmed with visual assessment of the
irrigated area maps.

3.1.2. Improvement and visualisation of results

Although a single image has been sufficient for mapping irri-
gated areas in south India when it is acquired in the period
of crop maturity (Thiruvengadachari, 1981), it has been noted
that a second image of the same cropping season is essen-
tial to detect irrigated crops of variable cropping calendars
(Martinez-Casasnovas et al., 2005). Alfalfa is a common crop
in the test site, which has a monthly harvesting cycle. Thus,
there is a possibility that several alfalfa fields would not be
detected if the image were acquired immediately after one
of their harvests. Therefore, a second image of the same
cropping season (SPOT, acquired on September 23, 2003) was
incorporated to minimise this possibility. Since both satel-
lite images have similar spatial and spectral characteristics,
the optimum combination of mapping method on image
enhancement was applied, based on the previous results.
Using a subset of the training and validation datasets that
covered the spatial extents of the SPOT image, the irrigated

Legend
B irrigated area

[ ] Non-irrigated area
= Agricultural land

Laké \ll-olvi
ST

Fig. 4 - Irrigated area map in Mygdonia basin using thresholding of PC2 of the ASTER image.
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Fig. 5 - Irrigation intensity map in Mygdonia basin for 2003.

map for September was produced (overall accuracy of 97.9%,
k = 0.957).

Using overlay geographic analysis, the irrigated area maps
of July (ASTER) and September (SPOT) were compared, based
on their area of overlap (58% of agricultural land). An addi-
tional irrigated area of 4.46km? (13.4% of the equivalent
irrigated area for July) was identified from the Septem-
ber image, revealing that a significant portion of irrigated
area would not have been depicted using a single satellite
image.

Finally, the irrigated area map was displayed as irrigation
intensity, which improves the visualisation of the pressure
acting on the natural resources of the basin. Irrigation inten-
sity was defined as the percentage of agricultural land that
is being irrigated, and was estimated using the agricultural
blocks as spatial units. These are continuous portions of
homogeneous land use, delimited by geographic irregulari-
ties, roads, or other elements of discontinuity. They have been
identified on 1:5,000 scale photomaps (Masson, 2002) and their
mean area is 0.12km? in the test site. In the area around Lake
Volvi that was not covered by the SPOT image, an additional
13.4% of irrigated land was added, making the assumption

that the agricultural pattern is uniform in the basin. The over-
all estimate of irrigated land for Mygdonia site is 84.07 km?.
The highest intensities in Mygdonia basin were observed
around the streams feeding the lakes (Fig. 5), where ground-
water levels are shallower, and thus abstractions require less
energy. However, these were resulting in the highest envi-
ronmental impact to the wetland-lakes ecosystem, as they
contributed to the depletion of the main aquifers that feed
Lake Koronia (Zalidis et al., 2004; Alexandridis et al., 2007).

3.2.
site

Operation of methodology at the demonstration

Thresholding the second PC of the Landsat images was used
to produce the irrigated area map of the Strimonas site. The
threshold was selected using 50 training areas identified on
the images, and the accuracy of the result was assessed using
250 validation points. An additional irrigated area of 62.27 km?
(9.5% of the common area of overlap) was identified on the
June map, which was missed in the August map. This is mainly
due to freshly harvested alfalfa, and to a lesser extent to early
maize. Overlay analysis of the individual maps of June and

Irrigation intensity
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Il 76-100

Fig. 6 — Irrigation intensity map in Strimonas basin for 2000.
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August has provided the irrigated area map for year 2000,
revealing a total of 833.46km? with an overall accuracy of
97.1% (k = 0.942). Combining the irrigated area map with the
agricultural lots of the site, the irrigation intensity map was
created (Fig. 6). The lowest values of irrigation intensity (less
than 50%) appear at the upper zones of the basin, where the
collective irrigation networks do not reach and irrigation water
is pumped from private wells. In these areas water costs are
higher than those supplied by a collective irrigation network,
thus providing a counterincentive for irrigating. The highest
intensities (more than 90%) appear in areas where rice or
cotton is cultivated. Indeed, rice paddies are grouped in con-
tiguous large plots because secondary salinisation in adjacent
fields prevents the installation of any other crop but rice. A
reason for very high intensities in the non-rice regions is the
water fees charging system. Farms owned within the canal
command of collective irrigation systems are charged by the
irrigable area, even if they do not wish to use any water, which
promotes the intensification of agriculture.

The high water demands of areas irrigated from artificial
lake Kerkini puts pressure on water managers to keep the
lake’s level extremely high in spring, thus flooding the ripar-
ian forest of the lake’s wetland for long periods. As a result of
the prolonged inundation, this important habitat for wildlife
has decreased in size in the last decades (Keramitsoglou et al.,
2006). Another environmental implication in areas of high irri-
gation intensity is the discharge of drained water, decreasing
the quality of surface and groundwater systems.

3.3.  Evaluation of methodology and limitations

The basic assumption, that irrigated land can be identified by
the result of irrigation, i.e. the existence of green photosynthe-
sising vegetation in the semiarid summer, has been confirmed
in previous work (Heller and Johnson, 1979; Lourens, 1990). In
these studies it has been justified that since most irrigated
land occurs in arid to semiarid areas of the world, the con-
trast between irrigated cropland and surrounding dry land is
high. However, there are potential limitations. The vicinity of
agricultural land to a wetland could be a source of confusion,
as the shallow groundwater level and numerous streams may
support green natural vegetation through the semiarid sum-
mer. Indeed, in the Mygdonia site, wetland vegetation had
already been identified and excluded from the analyses using
photo-interpretation (Alexandridis et al., 2007), as it could not
have been discerned from irrigated vegetation. On the other
hand, it was assumed that irrigated vegetation would be green
and photosynthesising enough to provide a strong infrared
reflection. Even during attacks from pests or insects, or on low
fertility soils, farmers would take every precaution to guar-
antee a high yield, thus verifying the assumption. For the
same reasons, a farmer growing summer crops in an area
with developed water resources, would fully irrigate (Selby,
1949).

The methodology is also based on the identification of
training and validation datasets directly on the satellite image
using photo-interpretation. This technique has already been
used successfully in mapping burned forest (Koutsias and
Karteris, 1998; Koutsias, 2003). However, to prove its reliability
in mapping irrigated area, the technique was validated using

reference data acquired during field surveys. The validation
process used a subset (149 points in Mygdonia site surveyed on
August 2003) of a regular survey that identifies land cover on
a national level using systematic sampling for the Integrated
Administration and Control System, supervised in Greece by
the Ministry of Agriculture (Tsiligirides, 1998). The surveyed
locations were assigned to a class of interest (irrigated or
non-irrigated) with photo-interpretation of the ASTER image.
Comparison of the photo-interpretation class with the field
surveyed class revealed a match of 98.6% (IE = 0.973), which
supports the validity of the method.

The number of images required per irrigation season is a
subject that affects the results and the cost of the project. In
this work, crops that deviate from the usual cropping calendar
(early maize) or that may be harvested regularly (alfalfa) have
necessitated the use of a second image in the same irrigation
season. Similar problems have been reported with sunflower
crops in Spain (Martinez-Casasnovas et al., 2005) and double
cropped land in India (Thiruvengadachari, 1981; Nageswara
Rao and Mohankumar, 1994). However, it remains to be inves-
tigated whether a third image in the irrigation season would
contribute to the improvement of the results. The variable
atmospheric conditions among the dates of acquisition did
not necessitate atmospheric or radiometric correction, as the
images were processed independently (Song et al., 2001).

Costs associated with this work were on the lower side
of the already reported as low-cost remote sensing mapping
applications (Mumby et al., 1999; Wright et al., 2003). This was
due to that fact that no field surveys were necessary, and to the
selection of low cost satellite imagery (to cover Mygdonia site,
ASTER and SPOT cost was 0.65 and 1.81€ perkm? of agricul-
tural area, respectively, and to cover Strimonas site, Landsat
scene cost was 0.75€ perkm? of agricultural area). In addi-
tion, the digital image processing techniques selected had low
requirements in software (for instance, Idrisi Andes=850€,
GRASS is shareware) and specialised personnel (total of 3
person-weeks for development and 1 person-week for appli-
cation).

The methodology can be applied to other basins of the
Mediterranean, where the assumptions hold true. In addi-
tion, it can be applied to previous years when using archived
satellite images, even when field surveys had not been con-
ducted. It has been proven successful in larger scale basins
(Strimonas), using lower spatial resolution satellite images.
However, more sophisticated methodologies may be required
for monitoring irrigated area of large basins expanding in sev-
eral agro-climatic zones, due to difficulties that arise, such as
scattered cloud cover and inconsistent crop cycles (Droogers,
2002; Thenkabail et al., 2005).

4, Conclusions

A methodology was developed to cover the needs for irrigated
area monitoring of the recent EU directives and policies. The
desired features of the methodology were: to be objectively
repeatable with low cost data and methods, providing high
accuracy results. The methodology was formulated under the
assumption that irrigated land can be identified by the result
of irrigation, i.e. the existence of green photosynthesising veg-
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etation in the semiarid summer, thus avoiding costly field
surveys, and using low cost satellite imagery.

The proposed methodology was successful in estimating
the irrigated area in two basins in the Mediterranean with
conflicting agronomic and ecological interests. The method-
ology was performed in two basins of different scales, using
various satellite images as input, and achieving results of
high accuracy (up to 98.4%) and reliability (IE up to 0.967).
However, a single image acquired at full growth of the irri-
gated crops may not be sufficient to map the total of the
irrigated area, mainly due to crops of uncommon cropping
calendar. In both sites, a second image in the irrigated
season has revealed an additional irrigated area, as much
as 13.4%.

The implementation of the developed methodology and
consequently the regular update of irrigated area maps
in Mediterranean basins provides information essential to
understanding the complex issues between agriculture and
the environment. Moreover, it constitutes the basis of an effi-
cient tool in management and protection of the scarce water
resources, and can provide guidance for setting priorities in
water policy and influence land use planning.
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