
Abstract
The improvement of performance of irrigation systems plays

a fundamental role in increasing their efficiency in order to reach
a sound use of irrigation water. The COPAM (Combined
Optimization and Performance Analysis Model) has proven its
usefulness in performance evaluation of on-demand irrigation sys-
tems; however, in many cases, input data, such as water volumes
delivered by hydrants, is not readily available. To support a wider
application of the COPAM, we tested the possibility of using irri-
gation volumes estimated by means of space-borne remote sens-
ing. The Sentinel-2 (S2) constellation provides high spatial reso-
lution images with a frequency between 2 and 5 days, which is
compatible with COPAM input requirements.

In the present work, an irrigation sector in the Capitanata irri-
gation network (Foggia Province, no. 6 of District 10) in Italy was
chosen to assess its performance by using COPAM with volumes
estimated from Sentinel-2 data. As an input of COPAM, the
upstream discharge was determined after a proper transformation
of the estimated irrigation water requirement volumes and the

recorded volumes into flowrates. The estimation of the irrigation
water requirement volumes was accomplished through the estima-
tion of crop evapotranspiration, Etcrop, and effective precipitation,
Pn, by combining crop parameters (leaf area index - LAI, fraction-
al vegetation cover - fc, and Albedo) derived from S2 images and
the meteorological data from the ERA5 single levels reanalysis
dataset collected for the whole study period, from June 1st to
September 30th, 2019. The study comprised a comparison of the
estimated irrigation water volumes and the corresponding record-
ed volumes. The results showed a good agreement between the
estimated and the registered volumes in a large time scale for 10
days and a one-month period, while a large difference was
observed in a daily time scale. The performance analysis was car-
ried out for the overall system and at hydrant level. The estimated
discharge was lower than the registered discharge, indicating bet-
ter performance. Last but not least, some recommendations were
proposed for improving performance in critical zones.

Introduction
In the 21st century, agriculture continues to be a fundamental

activity for sustainable development, poverty reduction and food
security all over the world. As the world population is set to
increase in future, so will the demand for food. In order to meet
this growing demand, the entire world, and especially arid and
semi-arid regions will require a significant expansion and intensi-
fication of irrigation agriculture (Ozdogan et al., 2010).

However, irrigated agriculture requires the highest amount of
water resources which accounts for 70% of the total water use
(UNWAP, 2016), therefore the increase of water productivity in
agriculture will play a vital role in conserving this scarce source.
Several countries, especially those with a arid and semi-arid cli-
mate, are tackling these problems by adopting pressurized irriga-
tion systems instead of open channels. In order to maintain as
much efficiency as possible, performance analysis of irrigation
systems is required to improve management activities and identify
appropriate modernization or rehabilitation measures
(Lamaddalena and Pereira, 2007).  Recently, many computer sim-
ulations models have been developed to reach this purpose such as
COPAM (Lamaddalena, 1997), EPANET (Rossman, 2000), GES-
TAR (Estrada et al., 2009). These models have been designed by
different researchers and based on their own modelling principles
to fulfil performance analyses of on-demand pressurized irrigation
systems (Kurtulmus et al., 2018). In the current research, the
COPAM (Combined Optimization and Performance Analysis
Model) software will be used as a tool to assess the performance
analysis of pressurized irrigation systems operating on-demand.
This model was chosen because it is reliable and has been already
applied worldwide for the same objective of this study. The use of
its different modules is simple and can perform analyses at net-
work level and at hydrant level thanks to two included models
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(ICARE and AKLA). It also performs a stochastic analysis.
Nevertheless, in many cases, the input data for COPAM such as the
water volumes delivered at hydrants level are not readily available.
For this purpose, using the estimated irrigation volumes by means
of space-borne remote sensing could help and support the perfor-
mance analysis of the irrigation systems. Moreover, remote sens-
ing with varying degree of accuracy has been able to provide infor-
mation on land use, irrigated area, crop type, biomass develop-
ment, crop yield, crop water requirements, crop evapotranspira-
tion, salinity, etc. (Bastiaanssen, 1998).

Maps of biophysical vegetation parameters combined with
agro-meteorological data are used at country or regional level to
derive crop water needs from satellites (D’Urso et al., 2010). 

Crop parameters such as leaf area index (LAI), fractional veg-
etation cover (fc), and Albedo can be estimated using earth obser-
vation (EO) data, which is presently available for free on open-
websites access, and high-spatial resolution data, during the crop
growth cycle. This can be done at time intervals suitable for the
detection of changes in crop phenology in order to determine crop
growth cycle characteristics, improve the identification of each
growth cycle stage, which is often undetectable when lower tem-
poral resolution data are used (Rolim, 2019).

Several satellites are now in earth orbit and are designed to
measure measuring certain terrestrial processes. As each satellite
has its own overpass characteristics in terms of return period, local
overpass time, pixel size and number of spectral bands, satellite
applications vary (Bastiaanssen et al., 2000). Recently, new earth
observation (EO) satellites have been developed, and have the
potential to improve remote sensing such as Sentinel-2.

The Sentinel-2A&B satellites carry on-board the multi-spec-
tral instrument (MSI) for acquisitions in 13 spectral bands span-
ning from the visible and near-infrared (VNIR) to the short-wave
infrared (SWIR), featuring 4 spectral bands at 10 m, 6 bands at 20
m and 3 bands at 60 m spatial resolution (https://sentinels.coperni-
cus.eu/web/sentinel/user-guides/sentinel-2-msi/resolutions/spa-
tial). Using the satellite images, an estimation of crop parameters,
mainly LAI and fractional vegetation cover (fc), will be done tak-
ing into account crop development. The calculation of crop evapo-

transpiration and net precipitation, which is based on the estimated
crop parameters and on daily meteorological data, will be used to
calculate crop irrigation water requirements. By transforming
these volumes into flow rates, performance analysis of pressurized
irrigation system could be conducted. The advantage in this case is
that the irrigation demand is actually linked to crop development
as detected from satellites. The main objective of this study is to
assess the possibility of using satellite images to monitor the per-
formance of irrigation systems and conduct the following: i) esti-
mation of irrigation water requirements using remote sensing; ii)
comparing the estimated irrigation requirements and the corre-
sponding water volumes withdrawn at the sector level; iii)
analysing the hydraulic performance of the irrigation system by
using the discharges calculated using the above-mentioned
methodologies; iv) setting up a number of recommendations for
rehabilitating and managing irrigation systems.

Materials and methods

Study area 
The study area is sector 6 of Irrigation District 10 (Figure 1) in

the ‘Sinistra Ofanto’ irrigation scheme, located in Southern Italy in
the north-eastern part of Apulia region (province of Foggia). The
irrigation scheme is part of the area managed and operated by the
‘Consorzio per la Bonifica della Capitanata (CBC)’, one of largest
irrigation water users’ associations in Italy.

District 10 (41°16’49.2 N 16°03’57.1 E) is divided into 19 sec-
tors, with a topographic area of 2000 ha. Our study focused on
Sector no.6, which covers an area of 139 ha and has an irrigated
area of around 100 ha. The average farm size ranges from 0.4 to
2.5 ha and there is a very high number of small land holdings.

The climate in this area is semiarid to sub-humid and is defined
as ‘Maritime-Mediterranean’, which is the typical climate of the
coastal areas of the Mediterranean region. The average yearly pre-
cipitation rate is about 500 mm and rainfalls are poorly distributed

                             Article

Figure 1. Sector 6 of irrigation in District 10.
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throughout the year. The average minimum temperature ranges
from 3°C in January to 19°C in July and August, while the maxi-
mum average temperature spans from 13°C in January to 33°C in
July and August.

Cropping pattern
The most important species grown in sector 6 are vineyards,

peaches and cereals. Figure 2 shows the cultivated area and its rel-

ative spatial distribution in 2019 (data were obtained from CBC).

Irrigation system
A head unit is mounted at the head of the sector. The network

which distributes the irrigation water to the farms is installed
downstream to the head unit, and consists of buried PVC pipelines
with diameters ranging from 110 to 250 mm. Figure 3 shows a gen-
eral scheme of the irrigation network.

                             Article

Figure 2. Cropping pattern map of Sector 6 in District 10.

Figure 3. Layout of the irrigation network in Sector 6 (year 2019).

                                                              [Journal of Agricultural Engineering 2021; LII:1170]                                           [page 135]

Non
-co

mmerc
ial

 us
e o

nly



Irrigation water is delivered to farms through 36 hydrants with
a 10 l/s nominal discharge. Each one of these hydrants includes a
gate valve, a flow regulator with a flow limiting pilot and a flow
meter. The hydrants also have an electromechanical component
which can distribute water only to the authorized users who use an
electronic card.

Dataset 
The data collection is a mandatory stage which instrumental to

any study. Therefore, in order to initiate this study, which run from
June 1st to September 30th 2019, different kind of qualitative and
quantitative data were acquired from various sources: 
- Sentinel-2A (S2A) and Sentinel-2B (S2B), from the European

Space Agency (ESA; https://sentinel.esa.int/web/sentinel/mis-
sions/sentinel-2), were chosen as satellite image data sources
to analyse the agricultural land and generate the maps based on
crop parameters. 

- The meteorological data for applying Penman Monteith for the

study period were derived from the ERA5 single levels reanal-
ysis dataset (Hersbach et al., 2018; CDS;
https://cds.climate.copernicus.eu/cdsapp#!/home). ERA5 data,
properly converted from the hourly scale to the daily scale,
were considered as a substitute for ground-based meteorologi-
cal data, which include daily average temperature, daily rain-
fall data, daily average relative humidity, daily solar radiation,
daily wind speed (Pelosi et al., 2020). 

- The registered volumes at hydrant level during the whole study
period were collected from the consortium during a visit to the
CBC office.

Methodological framework
The elaborations performed in this study are depicted in the

chart of Figure 4 and can be summarized as follows: i) estimation
of crop parameters for calculation of daily ET and irrigation water
requirements (IWR) from satellite images; ii) estimation of irriga-
tion water flow and peak period corresponding to the IWR deter-

                             Article

Figure 4. Methodological framework.
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mined in the previous step; iii) evaluation of the hydraulic perfor-
mance of the irrigation distribution network.

Data processing to derive earth observation-based crop
parameters

Satellite images 
Earth observation images used to estimate crop parameters

were collected from twin satellites Sentinel-2A and B of the
European Space Agency (ESA). The nominal revisit time for the
Sentinel-2 constellation is 5 days, however due to the overlap
between swaths from adjacent orbits, the revisit frequency over the
study area is increased to 2-3 days with different viewing condi-
tions (The tile number field is T33TWF with two relative orbit
numbers: 079 and 036). The satellite images for each band of
Sentinel-2 (10 bands) of each available day for the whole study
period (from first of June to September 30th 2019) were collected.
The 10 bands have a different spatial resolution, therefore a 10m
resolution images were created by using the command ‘Merge’ of
QGIS for each available date. This resulted into 40 satellite
images, where two of them were eliminated after checking the
cloud masks, which were also collected as a quality check that con-
sisted in assessing the image data integrity and the presence of
scattered clouds (normally images with clouds covering more than
20% of the image were rejected).

Crop parameter maps 
Using the layer stack images for each available date, the crop

parameter maps were generated by using the ‘Raster Calculator’ in
the Raster menu. This menu makes it possible to perform calcula-
tions on the basis of existing raster pixel values and ‘zonal statis-
tics’ in the processing toolbox of QGIS. This allows the calculation
of some statistical values (mean values) for pixels of input raster
inside certain zones defined as polygon layer. The crop parameter
maps were created using the following equations.

LAI
LAI is a biophysical surface parameter defined as the total one-

sided area of photosynthetic tissue per unit of ground area (Bréda,
2003). There are several methods to estimate the LAI from satellite
data. In this study we applied the so-called simplified Clevers’ leaf
area index by reflectance (CLAIR) model (Clevers, 1989), based
on the weighted difference vegetation index (WDVI) as shown in
the following relationship:

                                               
(1)

where WDVI is a radiometric index calculated for each pixel of the
image from reflectance rRED and rNIR values respectively, in the red
(0.63-0.69 μm) and near infrared (0.76-0.90 μm) bands using the
following relationship:

                              

(2)

The ratio of near-infrared and red bare soil reflectance 

is also known in the literature as the ‘soil line slope’. Its value for
the study area was 0.95 based on the analysis of reflectance in the
nir and red for bare soil pixels within our study area. WDVI∞ in
Eq. (1) corresponds to the WDVI value for pixels with maximum
vegetation cover and it is usually between 0.5 and 0.75. In this
study, its value is 0.53, as identified from the WDVI histogram for
the considered Sentinel-2 images. 

In Eq.(1) α is an empirical shape parameter, mainly depending
on canopy architecture, which was calibrated by using LAI calcu-
lated based on the inversion of a radiative transfer model by means
of an Artificial Neural Network (Bacour et al., 2006). α is consid-
ered to be 0.5 in this study, which corresponds to the minimum
error between the LAI_ANN and estimated LAI, as shown in
Figure 5.

Fractional vegetation cover (fc)
The fractional vegetation cover fc is derived from the LAI

using a polynomial empirical expression. Its coefficients are deter-
mined from field measurements and are valid for a wide range of
crops (LAI≤5 m2 m−2) (Vuolo et al., 2015), like the case of this
present study. fc was calculated using the expression below:

                       
(3)

Albedo 
The albedo (r) needed for deriving the net radiant flux is an

approximation of the hemispherical and spectrally integrated sur-
face albedo. Considering the limited spectral resolution of EO data
normally available, the albedo is calculated as a weighted sum of
surface spectral reflectance  derived from the atmospheric correc-
tion, with broadband coefficients  representing the corresponding
fraction of the solar irradiance in each sensor band (D’Urso and
Calera Belmonte, 2006): 

                             Article

Figure 5. Calibration of LAI_Clair by means of LAI_ANN.
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Crop height (hc)
Crop height hc was fixed at 1.2 m. The assumption made was

that the influence of crop height hc on the value of Etcrop was small
for different LAI values as proved in study conducted by Vuolo et
al. (2015).

Estimating Etcrop based on derived crop parameters
The procedure was applied by integrating EO techniques and

the meteorological data of the study area. The conceptualization
was developed by D’Urso (2001) and applied to a vineyard in
Apulia region by Vanino et al. (2015). The estimation of Etcrop
under standard conditions - disease-free, adequate fertilization, and
soil water availability - was carried out using the FAO Penman-
Monteith method, which requires standard meteorological data
such as solar radiation, air temperature, air humidity, wind speed,
and crop biophysical parameters, such as albedo, LAI, and crop
height, and using the canopy values for a hypothetical grass refer-
ence crop i.e. hc=0.12 m; r=0.23 and LAI=2.88. The resulting
equation gives the reference crop evapotranspiration ET0.

The procedure is known as one-step approach and is computed
as: 

                           
(5)

where:
- Etcrop is crop evapotranspiration, expressed in mmd–1;
- λ is the latent heat of vaporization of water (J kg−1);
- Δ is the slope of the saturated vapor pressure-temperature curve
es (T) (kPa K−1);
- Rn is the net radiation flux density (W m−2);
- G is the heat flux density into the soil (W m−2);
- ρ is air density (kg m−3);
- cp is air specific heat (J kg−1 K−1);
- (es − ea) is the vapor pressure deficit (kPa) at the given air tem-
perature Ta;
- Ca is the aerodynamic conductance for heat transport (m s−1);
- g is the thermodynamic psychrometric constant (kPa K−1);
- Cs is the surface conductance (m s−1), depending on canopy tran-
spiration and soil evaporation.

This model considered the canopy as a big leaf, with a surface
area expressed by the LAI, a crop height hc and a hemispherical
spectrally-integrated albedo r, which was needed to calculate Rn. 

The two conductance terms Ca and Cs were calculated as the
inverse of the resistances defined by Allen et al. (1998):

                                            
(6)

                                            

(7)

where: 
- k is von Karman’s constant (0.41); 

- zU and zT are respectively the measurement heights for wind-
speed and temperature, where zU=10 m and zT=2 m;
- d is the zero-plane displacement height and it is equal to 2 hc /3;
- z0m, z0h represent the roughness lengths for momentum and heat
respectively. They are estimated from canopy height hc (Brutsaert,
1982), where z0m=0.123hc and z0h=0.0123hc.

The calculation of Etcrop for each day was performed in an
Excel sheet taking into account the meteorological data and the
crop parameters of the same day for the whole study period.

Estimation of Pn
In order to describe the amount of intercepted water from the

plant surface, Pn was calculated as a function of actual precipita-
tion (P), LAI, and fractional vegetation cover. The semi-empirical
model of interception (Braden, 1985) is described by the following
relationship: 

                                            

(8)

where a (mm/d) is an empirical parameter representing the crop
saturation per unit of foliage area (2.88 mm/d).

Crop irrigation water requirements 
The standard approach proposed by the Food and Agricultural

Organization (FAO) (Allen et al., 1998) for the calculation of irri-
gation water requirements (IWR) can be adapted to remote sensing
data. IWRs are commonly calculated as follows: 

                                                     (9)

Net irrigation water requirements should be transformed into
gross irrigation water requirements (GIR) by dividing them by irri-
gation efficiency, which was supposed to be 90%, because the
application efficiency of farms was high due to drip irrigation used
predominantly in the area.

Determination of the peak-period and the upstream
discharge of sector 6 

Since the hourly discharges at the upstream end of sector 6 are
not available, it was assumed that the distribution of flow rates at
the head of the sector had a similar pattern to the one at the head
of the district. This assumption was based on the similar approach
to irrigation management of farmers in district 10, considering that
the distribution of crop types and farm sizes is similar. 

On the basis of this assumption, recorded hourly discharges at
the upstream end of district 10 for each day from July 7th to August
30th 2020 were used to transform the estimated and recorded aver-
age volumes of the 10-day peak period into discharges.

Based on the moving average method used for these data, the
peak period identified in 2020 was from 22 July until 31 July. The
average hourly discharges (mh) at the upstream end of district 10
during the 10-day peak period were calculated and are shown in
the hydrograph in Figure 6. As can be seen, there were some spe-
cific hours of the day in which farmers preferred to irrigate,
according to their commitments, habits, social conditions and
availability of pressure at their hydrants.

Then, the average hourly volumes withdrawn from the system
(District 10) were calculated using the following relationship: 
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                                                   (10)

where: 
mh is the average hourly discharge at the upstream end of District
10 in l/s (Figure 6);
∆t = 3600 is the time steps hour used. 

The total average volume withdrawn in the average day of the
peak period was then computed: 

                                                    
(11)

as well as the frequency distribution f of the hourly withdrawals:

                                                   
(12)

Based on the assumption that fh as calculated in Eq.12
expressed also the frequency distribution of hourly volumes at the
upstream end of sector 6, it was possible to derive the average
hourly discharge hydrograph from the daily total volume Vavr by
means of the following equation:

                                                   
(13)

In this calculation Vavr is the average daily estimated volume or
the average daily recorded volume for the 10-day peak period, at
the upstream end of sector 6. Therefore, the resulting hydrograph
is illustrated in Figure 7, and the peak discharge could be deter-
mined as follows:

                                                         
(14)

Performance analysis of the irrigation system using
COPAM

As soon as the upstream discharge of sector 6 was determined,
the performance analysis of the irrigation system could be carried
out using COPAM, as described in details by Lamaddalena and
Sagardoy (2000). The hydraulic performance of the irrigation sys-
tem was calculated at the network level using the indexed charac-
teristic curves model and at the hydrant level using the AKLA
model. 

The indexed characteristic curves model provides global anal-
ysis of the network, it offers an overview of performance and oper-
ation efficiency of the whole network, and represents the unsatis-
fied or the satisfied configurations in term of minimum pressure
required. On the contrary, the AKLA model can be used to analyse
performance at the level of each hydrant in the network, thus giv-
ing a measurement of the hydraulic performance of each hydrant.

Results and discussion
After calculating LAI, fc and Albedo for each irrigation unit for

each day, the Etcrop and consequently also Pn were calculated, then
the crop irrigation water requirements were estimated. An example
of the spatial distribution of the satellite-based CWR map for July
2nd 2019 is shown in Figure 8.

Daily and monthly irrigation volumes at sector level
Figure 9 reports the daily comparison between estimated and

registered irrigation volumes from June 4th until September 30th

2019. As can be noticed, there is a slight variation of estimated vol-
umes day by day compared to registered volumes which display
much more significant variations. This difference occurs because
the estimation of the irrigation volumes is entirely based on satel-
lite images and meteorological data, and does not take into account
the operation of the distribution network. 

Table 1 shows a good agreement between the monthly regis-
tered volumes and the estimated volumes during irrigation season.
The estimated volumes based on satellite images indicate some
over-estimation in June, July and September, and a slight under-
estimation in August.

The slight differences between recorded and estimated irriga-

                             Article

Table 1. Monthly estimated versus registered irrigation volumes
during the 2019 at the upstream end of sector 6.

Month      Estimated volumes (m³)      Registered volumes (m³)

June                                  69,009                                                   58,964
July                                    83,030                                                   76,186
August                               65,396                                                   66,718
September                      30,524                                                   25,967

Figure 7. Hydrograph at the upstream end of sector 6 during the
10-day peak period.

Figure 6. Hydrograph at the upstream end of District 10 during
the 10-day peak period.
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tion volumes during June and July may be explained by the shut-
off for maintenance operations during the irrigation season.
Conversely, in September the differences might be due to the
reduction of irrigation by farmers at the end of the ripening stage
of grapes wine in order to improve their sugar content and increase
production quality.

Irrigation volumes during the 10-day peak period
The moving average method was applied to the daily regis-

tered irrigation volumes withdrawn by the farmers and to the daily
estimated volumes. The 10-day peak period identified from regis-
tration differs from that derived from satellite estimates by 1 day
only (27 June to 6 July in the first, 28 June to 7 July in the latter). 

Table 2 shows that the difference in the total irrigation volume
during the 10-day peak period between the two sets is less than
9%. However, the comparison of the daily estimated and registered
irrigation volumes revealed a greater difference. The main reason
for such difference is related to the operation of the distribution
network, which envisaged more water withdrawals on days 3,4 and
5. Conversely, the satellite-based estimation would suggest a more
uniform distribution which would be preferable from the agronom-
ic point of view.

Performance analysis of the irrigation system of sector 6
Average hourly volumes and the total volume were calculated

on the basis of Eq.10 and 11. As shown in Figure 7, the peak esti-

                             Article

Figure 8. Map of crop water requirements (CWR) for sector 6 (July 2nd, 2019).

Figure 9. Daily estimated versus registered volumes at the upstream end of the sector.
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mated discharge was 71 l/s. This value and the piezometric eleva-
tion of 100 m. a.s.l. were used in the performance analysis of the
irrigation system and would be achieved using COPAM through
the two conceptual models: the indexed characteristic curve and
AKLA model. 

Indexed characteristic curves model 
The indexed characteristic curves are represented in Figures 10

and 11. They were drawn using 200 random configurations of
hydrants corresponding to upstream discharges Q0 between 10 and
160 l s–1. 

Figure 10 shows that the set-point P01 (71,100) falls on the
indexed curve of 91%. This means that the head at the hydrants is
higher than the minimum required (Hmin=20 m) in 91% of all the
examined discharge configurations, whereas in Figure 11 the set-
point P02 (78, 100) falls on the indexed curve of 85% which means
that 85% of the investigated configurations are fully satisfied
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Figure 10. Indexed characteristic curve using 200 random configurations, Q0=71 l/s and Z0=100 m a.s.l. 

Figure 11. Indexed characteristic curve using 200 random configurations, Q0=78 l/s and Z0=100 m a.s.l.

Table 2. Estimated versus registered irrigation volumes at the
upstream end of sector 6 during the 10-day peak periods.

Days         Estimated volumes (m³)        Registered volumes (m³)

1                                           4617                                                         484
2                                           4381                                                        3137
3                                           4411                                                        9644
4                                           4766                                                        8836
5                                           4222                                                        9044
6                                           4792                                                        6291
7                                           3473                                                        3681
8                                           2895                                                        4778
9                                           3906                                                         181
10                                         5152                                                         353
Total                                  42,615                                                     46,429
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AKLA model 

Relative pressure deficit

Using 200 random configurations, the relative pressure deficit
was tested using both discharges: the estimated discharge using
satellite images of 71 l/s and the registered discharge of 78 l/s.

i) Relative pressure deficit using the estimated upstream dis-
charge: Figure 12 describes the relative pressure deficit using the
estimated upstream discharge of 71 l/s. Figure 12A shows that for

the whole set of investigated configurations it can be observed that
the zones which are potentially subject to failure correspond to
hydrants 16, 18,19, 21 and 22. These hydrants are the ones in less
favourable elevations. 

The 100% pressure deficit envelope curve indicated the varia-
tion of the relative pressure deficit at each hydrant in each dis-
charge configuration, as is shown in Figure 12B with a relative
pressure deficit of –0.3 for hydrant 19, –0.2 for hydrants 16 and 18
and –0.1 for hydrants 21 and 22. 

                             Article

Figure 12. Relative pressure deficit results using Q0=71 l/s and Z0=100 m a.s.l. A) Relative pressure deficit of each hydrant at each con-
figuration; B) 100% pressure deficit curve; C) 90% pressure deficit curve.
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The 90% pressure deficit curve (Figure 12C) is obtained by
eliminating 10% of the most unfavourable points, and reveals that
the most critical zones of the network are those of hydrants 16, 18
and 19 with a relative pressure deficit equal to –0.1.

ii) Relative pressure deficit using the registered upstream dis-
charge: Figure 13 shows the relative pressure deficit using the reg-
istered upstream discharge of 78 l/s. As can be seen Figure 13A,
for the whole set of investigated configurations, the zones which
are potentially subject to failure correspond to hydrants 16, 18, 19,

21, 22, 27, 29 and 47.
The 100% pressure deficit envelope curve indicated the varia-

tion of the relative pressure deficit at each hydrant in each dis-
charge configuration, as shown in Figure 13B with a relative pres-
sure deficit of –0.6 for hydrants 19 and 21, –0.5 for hydrants 18
and 22, –0.4 for hydrant 47, –0.2 for hydrants 16 and 29 and –0.1
for hydrant 27. 

By eliminating 10% of the most unfavourable points, the 90%
pressure deficit curve (Figure 13C) shows that the most critical
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Figure 13. Relative pressure deficit results using Q0=78 l/s and Z0=100 m a.s.l. A) Relative pressure deficit of each hydrant at each con-
figuration; B) 100% pressure deficit curve; C) 90% pressure deficit curve.
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zones in the network are those of hydrants 16, 18, 19, 21 and 47
with a relative pressure deficit below –0.2. 

Compared to Figure 12, the deficit increased for the hydrants
which already had a pressure deficit, whereas other hydrants (27,
29 and 47) with an upstream discharge of 71 l/s were subject of
pressure deficit. 

Reliability indicator
The reliability of the system was evaluated applying 200 ran-

dom configurations, and testing the estimated discharge and the
registered discharge.

i) Reliability using the estimated upstream discharge: Figure 14
reports the reliability of each hydrant calculated using an estimated

discharge of 71 l/s as upstream discharge. Reliability between 0.7
and 0.8 was observed for hydrants 16, 18, 19, whereas hydrants 15,
21, 22 and 43 had reliability values between 0.9 and 1. 

ii) Reliability using the registered upstream discharge: Figure
15 reports the reliability of each hydrant calculated using a regis-
tered discharge of 78 l/s as upstream discharge. A reliability
between 0.6 and 0.7 was observed for hydrants 16 and 19.
Conversely, hydrants 18 and 47 ha a reliability between 0.8 and
0.9, whereas hydrants 15, 21, 22, 27, 28 and 29 had a reliability
between 0.9 and 1. It was also observed that the reliability value
decreased compared with the reliability values calculated using the
estimated discharge as shown in Figure 14.

                             Article

Figure 14. Reliability results using 200 random configurations, Q0=71 l/s and Z0=100 m a.s.l.

Figure 15. Reliability results using 200 random configurations, Q0=78 l/s and Z0=100 m a.s.l.
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Conclusions and recommendations
The performance analysis of the on-demand pressurized irriga-

tion system of sector 6 of district 10 in ‘Sinistra Ofanto’ irrigation
scheme was carried out. 

The performance analysis was conducted using COPAM,
which proved useful for the evaluation of performance of the on-
demand irrigation systems, as it identified and quantified the oper-
ation deficiencies in the system through two conceptual models:
the indexed characteristic curves model and AKLA model. 

However, in many cases, some input data, such as the water
volumes delivered at hydrants, are not readily available. To support
a wider application of COPAM, the possibility of using irrigation
volumes estimated by means of space-borne remote sensing was
tested in this study. The Sentinel-2 constellation provides high spa-
tial resolution images with a frequency between 2 and 5 days,
which is compatible with the input requirements of COPAM. 

In a first step, the available Sentinel-2 images were collected
for the study period from June 1st to September 30th 2019 and then
processed. Using QGIS, the crop parameters maps were created
and generated. By combining the results derived from the maps
and the meteorological data from the ERA5 single level reanalysis
dataset, the crop evapotranspiration (Etcrop) and effective precipi-
tation (Pn) were estimated. Subsequently, the estimation of the irri-
gation water requirement volumes was completed. 

In a second step, since the registered volumes were available at
hydrant level, the estimated and registered irrigation volumes
required by each crop were summed up for the entire sector and
followed by a comparison of the volumes. The results showed a
good agreement between the estimated and the registered volumes
in a large time scale for 10 days and a one-month period. On the
contrary, a large difference was observed on a daily time scale,
because the estimation was entirely based on satellite images and
meteorological data, and did not take into account the operation of
the distribution network. 

In a third step, the performance analysis of the studied irriga-
tion system was assessed. The results from the indexed character-
istic curves model revealed that 90% of the investigated configu-
rations were fully satisfied using the estimated upstream discharge,
while only 85% of the investigated configurations were fully satis-
fied using the registered upstream discharge. As to the AKLA
model results, the relative pressure deficit indicator showed that,
using the estimated upstream discharge, 14% of the hydrants were
subject to an insufficient pressure head compared to 22% obtained
with the registered upstream discharge. The reliability indicator
also was considered, and better results were observed with the esti-
mated upstream discharge. 

Finally, the studied irrigation system showed good perfor-
mance overall, except for hydrants in critical zones, which could
still have insufficient pressure. In order to solve this problem, it is
possible to: i) increase the pipe diameter upstream to the critical
zone, so the head losses will be less and more pressure could be
available at hydrant level; ii) install additional lifting units (booster
pumps) downstream to the critical hydrants; iii) place upstream to
the sector some special devices which can stop irrigation during
the peak demand hours; iv) suggest that the farmers in critical areas
avoid irrigating during peak hours.

The case study of sector 6 demonstrated that the estimation of
the irrigation water requirement, and then the input discharge in
COPAM, using Sentinel-2 images combined with the meteorolog-
ical data, can describe the performance of the irrigation system.
This information could be useful to irrigation managers to take the
appropriate management decisions
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