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1 Introduction

Irrigated agriculture accounts for ~90% of anthropogenic freshwater consumption and
contributes 40% of global food production. Extending irrigation to rain-fed cropland will be crucial
to meet future global food demand(Rosa, 2022). Furthermore, the Mediterranean region is among
the "hotspots" in projections of future climate change(Giorgi, 2006) due to a significant positive
trend in air temperature in the past and projected warming above the global average in the future,
as well as a projected decrease in precipitation and an increase in its inter-annual variability(Saadi
et al., 2015). In addition, intensive exploitation of groundwater resources has led to critical declines
in groundwater levels in many areas(Custodio et al., 2016).

Irrigation accounts for between 50% and 90% of the total water demand in the Mediterranean.
Irrigation water needs in the Mediterranean region are expected to increase by 4% to 18% by the
end of the XXI century due to climate change alone. Meeting the growing demand for drinking water
and good quality irrigation water is a complex problem that often generates conflicts between
groundwater users, landowners or countries(Cramer et al.. 2018).

It is, therefore, crucial to understand the spatio-temporal variation in crop water requirements
and water use. In this study, crop water requirements and irrigation water use were estimated
based on the traditional FAO method and remote sensing, which provides important spatial and
temporal support for managing water resources and addressing the need to increase irrigated land
sustainably.

Countries on the southern and eastern shores of the Mediterranean with semi-arid climates are
more exposed to water scarcity and high inter-annual variability of their water resources. The
currently critically low per capita water availability in south-eastern Spain and the southern shore
may fall below 500 m® per capita per year (severe water scarcity situation) in the near future(Gelati
et al.,, 2020).

In Spain, the Requena-Utiel aquifer is a paradigm of rising conflicts concerning the use of
common groundwater resources. The excessive pumping for irrigation resulted in the water
authority in the basin (the Confederacion Hidrografica del Jucar) declaring the aquifer in bad
guantitative status in 2016. The situation has led the basin water authority to establish an annual
water allocation regime for agriculture based on the cumulative rainfall recorded before the start

of the irrigation season (CHJ, 2022). During the meetings held during the project with the main



stakeholders in the region, they expressed doubts regarding the real effect of irrigated agriculture
in the quantitative status of the aquifer (Sanchis et al., 2022), and lack of information and trust
between institutions and farmers were identified as some of the main issues perceived by the
stakeholders.

In Morocco, climate models predict an increase in evapotranspiration (+15 to 36%) combined
with a decrease in precipitation (-16 to -34%) (EM El Khalki et al., 2021) and a decrease in surface
runoff. Finally, a significant reduction in snowfall is also expected related to decreasing precipitation
and increasing temperature(Marchane et al.. 2017). Agricultural activities based on groundwater
use are increasingly facing risks of overexploitation of aquifers. A participatory scenario planning
process was organized with irrigation users to identify a path toward sustainable agricultural
activities in relation to groundwater use and profitability. In addition, the progressive integration of
agricultural development and groundwater use was assessed (Faysse et al., 2018).

Groundwater depletion has also been detected in Portugal. In the coastal aquifers of the
Algarve(Neves et al.. 2020; Ribeiro and da Cunha. 2010) between 74% and 77% of groundwater
abstractions supply irrigation and livestock farming (Gruere 2015; APA. 2015).

The ICT platform associated with smartphone applications for groundwater management in the
eGROUNDWATER project will include services such as predictive assessment of crop water needs.
The framework for estimating irrigation water needs and use is presented here and results are
shown for typical crops in the three case studies in the Mediterranean context: Valencia-Spain
(Requena-Utiel aquifer), Sefrou-Morocco (Ain Timguenai aquifer), and Algarve-Portugal (Campina
do Faro aquifer).

The methodology is based on a common approach using Earth Observation data from the
European Space Agency (ESA) and the United States Geological Survey (USGS), and climate data
from local stations,which offer reproducible and reliable mapped estimations that can be used for
different water managers. All data has been processed with freely available geographic information
tools.

The results show how the combined use of remote sensing, crop modeling, climate data, and
other tools help to understand water needs and use(Garrido-Rubio et al. 2020). These results allow
for adjusting irrigation dosage and improving irrigation efficiency to achievea more sustainable use

of the groundwater resources in areas where technology and data are scarce.
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https://scholar.google.es/citations?user=Qukc6HAAAAAJ&hl=es&oi=sra

2 Methodology

The water balance approach to estimate crop water requirements and water use was based on
remote sensing using vegetation indices (V1) derived from vegetation cover to estimate bare soil
evaporation and vegetation transpiration. VIs were obtained from satellite imagery.

Crop water requirements were estimated using evapotranspiration by the FAO method that
incorporates local precipitation and climate data from agrometeorological stations. The
methodology applied estimates crop cover through VI that operates between multispectral image
bands designed to find an empirical relationship between crop characteristics and sensing
observations.

The relationship between actual crop evapotranspiration and evapotranspiration if the crops
were optimally irrigated makes it possible to estimate human management of water resources.

Actual crop evapotranspiration was available on-demand via USGS EROS Center Science
Processing Architecture (ESPA) for Landsat 7 Enhanced Thematic mapper Plus (ETM+). Landsat 8
Operational Land Imager/Thermal Infrared Sensor (OLI/TIRS) and Landsat 9. The scenes were
acquired over areas successfully processed to a Collection 2 Provisional Surface Temperature
product. ETa Landsat products are generated at the 30-meter spatial resolution. Finally, a Water
Use Index was calculated as the ratio of crop evapotranspiration obtained by the vegetation index

and actual crop evapotranspiration from Landsat product, Fig 1.
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Fig 1. Flow chart of crop water requirements estimation methodology.
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2.1 Crop Water Requirements (CWR)

Crop water requirements (CWR) were quantified based on remote sensing using the Vegetation
Cover derived from the vegetation index in irrigated cropland. Input data such as crop
characteristics, climatic factors and the amount of water stored in the soil have to be taken into
account. CWR were estimated through evaporative demand of the atmosphere called reference
evapotranspiration (ETo), from meteorological parameters and the crop coefficient (Kc), which
indicates the state of development of the vegetation cover; it is based on FAO method and takes
into account short-term water stress (Allen et al., 1998).

The Evapotranspiration of a specific crop is determined through the product between the
reference evapotranspiration (ETo) and the crop characteristics incorporated in Kc.

ET, = ET, = k. (1)

ETo is the amount of water lost from a reference crop through transpiration and evaporation.
High values of ETp indicate that a significant amount of water is lost through these processes, which
can be influenced by factors such as temperature, humidity, wind, and solar radiation.

ETowas provided by agro-climatic stations and its calculation is based on the application of the

FAO Penman-Monteith method(Allen et al., 1998).

_ 0.408AR, — §) +¥ =tz (e — €4) o)
0= A+ y(1+ 0.34uy)

Where,

ET,: reference evapotranspiration.R,,: Net radiation at the crop surface [MJ m-2 day-1]. G: soil
heat flux density [MJ m-2 day-1]. T: air temperature at 2 m height [2C].u,: mean wind speed at 2m
(km/d). eg: saturation vapour pressure [kPa]. e,: actual vapour pressure [kPa]. e; — e,: saturation
vapour pressure deficit [kPa]. A slope vapour pressure curve [kPa 2C-1]. Y psychrometric constant
[kPa 2C-1]. Rainfall: precipitation (mm).

According to the methodology FAO56, the crop coefficient (k.) considers the average effects of

soil evaporation. (k,), and the effects of crop transpiration (k) or basal crop coefficient.

ke = kep +keke = kep + ke (3)

From equation (1),
ET. = k., x ET, + k, x ET, (4)
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Traditionally, the Kc value is obtained from a list of predefined coefficients for different crops
under standard conditions and at different stages of their development(Allen et al., 1998). The
values included in the list reflect the characteristics of the vegetation at different stages of growth
in a homogeneous way but do not reflect the variability of the crop itself.to capture this variability,
there are many local adaptations of Kc for specific crops and locations(FAO56, 1977)

The application of spectral images has the advantage of collecting the vegetation coverage in
each image pixel, resulting in increased variability and more accurate representation. However, the
accuracy of the results will depend on the spatial and temporal resolution of the image. VI derived
from reflectance images have been widely used by the scientific community to map crop
coefficients. The VI used in each case can be selected according to previous studies adapted to the
crop under analysis,(Campos et al., 2010; Jimenez-Bello et al., 2015; Odi-Lara et al., 2016; Pereira et
al., 2020; Pocas et al., 2020; Vanino et al., 2015).

Soil water storage capacity is not easy to obtain spatially with accuracy, as it integrates the
hydraulic characteristics of the soil, the volume explored by the roots, and the water extraction
capacity of the plant, and presents high variability even intra-parcel (Sanz et al., 2016).

Due to soil heterogeneity in the area, the proposed approach does not consider the amount of
water available in the soil, assuming no water stress.

CWR are determined taking into account rainfall. Rainfall provides part of the water needed by
crops to meet their requirements; but it must be adjusted, considering the so-called effective
precipitation (Pe). Pe estimates the amount of water that can potentially be stored in the root zone
and used by plants; the discarded water flows over the soil surface as run-off. In Mediterranean
climates, where dry periods are prolonged over time. irrigation is necessary to compensate for the
evapotranspiration deficit caused by insufficient rainfall(Allen et al., 1998; Julio, 1992).

Therefore, in a simple balance:

CWR = ET. - P, (5)

WhereP, is.
3mm< P, <80mm (6)
P, =B *FE,, (7)

B,is the range of useful rainfall in an arid or semi-arid climate. F,, is the precipitation factor

(0.25 summer time. 0.75 winter time) (IVIA, 2022).



Once the irrigation needs of the crop are known, irrigation scheduling can be established
throughout the crop cycle so that the water needs are covered by irrigation and rainfall without

suffering a water deficit.

2.2 Irrigation Water Use (IWU)

Irrigation water use refers to the amount of water withdrawn from resources to satisfy crop
water needs. Irrigation can affect the amount of water transferred through evapotranspiration (ET).
The process where an amount of water is moved to the atmosphere is called actual
evapotranspiration (ETa). Therefore, ETa is the combination of water transferred through
transpiration by plants and water lost through evaporation from the soil and other surfaces. ETa is
an essential component of the water cycle and can be influenced by factors such as radiation,
temperature, humidity, and vegetation cover. The relation between water use and ETa is important
for manning water resources and assessing the impact of human activities on the environment.

ETa and water use are related because ETa is directly related to the human management of
water resources. In areas where water use is high, the amount of ETa can be reduced. This fact can
lead to reduced water availability for other water users.

Irrigation can increase ETa by providing water to plants and increasing the amount of water
available for evaporation. However, irrigation can also decrease ETa if the water is applied in excess.

The methodology applied estimated ETa through Landsat using Landsat provisional Actual
Evapotranspiration images. These products are generated by calculating the latent heat flux based
on surface energy balance principles. ETa is scene-based and derived from Landsat Level-2 Surface
temperature products and global weather datasets (Senay, 2018; Senay et al., 2013).Earlier studies
have assessed the potential of estimating ETa with Landsat products (Bawa et al., 2021; Senay et al.,
2016, 2013; Singh et al., 2020, 2013).

To classify how groundwater users use irrigation water, irrigation needs, and water use were

related using an indicator called the Water Use Index (WUI).

cwi = 2k (®)
ETa
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3 Application to different case studies.

3.1 Application on the Requena-Utiel aquifer, Spain.

The groundwater body is located in the central area of the Jucar river basin district. The aquifer
has a total surface area of 987.90 km?2. Of the total surface area of the water body, 982.15 km? is
considered permeable, with the permeability of the water body being mostly medium and, in some
areas, high. The river Magro flows through the water body. Data are available on the flow of the
river Magro at a gauging station in the municipality of Requena and inflows to the Forata reservoir,
located on the river Magro downstream of the district. Data collected in the area shows that, in the
last years, the flow of the river has fallen considerably, mainly as a result of the drop in the
piezometric levels of the Requena Utiel groundwater body.

In the Requena-Utiel aquifer (RqU aquifer), excessive pumping for irrigation has raised concerns
regarding the aquifer’s quantitative status. The situation has motivated the water authority in the
basin to establish a yearly water allocation regime for agriculture based on the accumulated
precipitation recorded before the beginning of the irrigation season.

Accurately estimating crop water use and monitoring it is crucial for assessing and managing the

basin’s limited water resources.

P Climatic station
"Campo Arcis"

{"; ";:2 E mm Urban surface
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L =

221 Jucar basin river
3 Requena Utiel aquifer

Fig 2. Location of RqU aquifer and climatic station of SIAR network.
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3.1.2.1 Climate data

An Agroclimatic Information System for Irrigation (SIAR) was used as data source. The SIAR
network has 468 automatic weather stations, providing daily evapotranspiration reference (ETo) and
precipitation data. Two stations are available for the RqU aquifer (Campo Arcis and Requena
Cerrito), but only the Requena Cerrito station has been taken into account due to its central location
on the aquifer.

The climate in the area is characterized by mild, wet winters and hot, dry summers. The region
receives most of its precipitation during the winter months, with relatively low rainfall during the
summer. The climate is typical of the Mediterranean basin and is influenced by the region’s
proximity to the sea. In 2022, May and April were the rainiest months during the growing season.
The highest volumes of rainfall at specific times occurred during summer storms.

Most precipitation was recorded in the early autumn months (September and October). High
ETo values are also shown during the driest months coinciding with the summer months due to high

temperatures and high solar radiation, Fig 3.
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Fig 3. Weekly precipitation and ETodata during the growth stage of the vineyard in 2022 (collected
from SIAR webpage (https://eportal.mapa.gob.es/websiar/Inicio.aspx).

3.1.2.2 Lland use maps

A public register called Geographical Information System of Agricultural Plots (SIGPAC), with
spatial information on land use at plot scale was used (SIGPAC 2022). The layers contain graphic and

alphanumeric crop information. The graphical information includes the geographical reference of
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each plot, and the alphanumeric information contains surface and land use information, so the
cadastral classification of irrigated or rainfed crops.

RqU aquifer has an agricultural surface area of 36.400 ha. According to cadastral information,
the main crops are vineyards (70%), almond trees (20%) and olive trees (6%). According to the data,
2.978 ha of the total vineyard surface were irrigated grapes. 794 ha are irrigated almond trees, and
none are irrigated olive trees, Fig 4. Irrigation water from boreholes is characterized by modern drip

irrigation systems where water is applied only at the base of the plant.
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Fig 4. A. Distribution of principal crops and,B. Distribution of irrigated area in RqU aquifer.

3.1.2.3 Multiespectral data

Vegetation Index

The European Space Agency (ESA) has satellite data that provides free high-resolution
multispectral products such as Sentinel2 (S2). The spectral bands offered by S2 allow different
vegetation indices to be obtained. The products are available to users on multiple platforms.

The normalized difference vegetation index (NDVI) (Rouse et al.. 1973) was used in this study.
NDVI is calculated by taking the difference between an area's near-infrared and red light reflectance

values and then normalizing this value by dividing it by the sum of the reflectance values.

NDVI = (NIR — Red)/(NIR + Red) 9)
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RED and NIR are the spectral reflectance measured in the near-infrared and red wavebands,
respectively; Red (~¥665nm) and the Near Infra-Red (~¥833nm) band.

The resulting NDVI value ranges from -1 to 1, with positive values indicating the presence of
vegetation, while NDVI values near -1 indicate an absence of vegetation. NDVI values between 0
and 1 indicate varying degrees of vegetation cover.

The wavebands were determined using the Google Earth Engine using bands 5 Red and 8 NIR

(https://code.earthengine.google.com/). The period analysed was summer 2022, May to

September. The resolution of the NDVI images is 10m. Fifteen image series were used after selecting

complete and cloud-free images, corresponding to about one per week during the irrigation period.

Landsat ETa product

ETa product from Landsat provides a per-pixel estimate of daily water transfer from the Earth’s
surface to the atmosphere in units of water depth in millimetres (mm). 3 Landsat scenes cover RqU
aquifer, but only extend along path 199/33, covering the entire aquifer, Fig 5.

We download all the Landsat images of the study area for the 2022irrigation period with less

than 10% cloud cover from Earth Explores site (http://earthexplorer.usgs.gov/). We then selected

images almost free of clouds or with clouds only at the edges (a total 13 images)(Singh et al., 2013).

Fig 5. Coverage of Landsat TM/ETM+ images (path/row) inRqU aquifer.
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3.1.3.1Crop Water Requirements in RqU aquifer

CWR were estimated following the methodology based on an empirical relation between VI and
crop coefficient in vitis vitifera (Campos et al., 2010).This is defined as the ratio of crop
evapotranspiration over the reference evapotranspiration when the soil surface is dry and free of
water stress in the root zone (Allen et al., 1998).

The grape varieties with more surface in the study area are Bobal (66%), Macabeo (13.2%), and
Tempranillo (9.2%). The different types of varieties have varying growth and canopy cover. Table 1
shows the results of Kcb for different grape varieties in the area obtained by the described approach.

Value ranges of the different types of grapes in RqU Aquifer.

Table 1.Different Kcb values of the grape varieties cultivated in the study area (varieties
classification provided by: Consejoc Requlador Requena-Utiel).

Types of grapes Mini Max Area
BOBAL 0.13 030 148454
CABERNET FRANC 0.11 0.34 9.9
CABERNET SAUVIGNON 011 039 179.4
CHARDONNAY 011 035 329.0
GARNACHA TINTA 011 028 631.5
GARNACHA TINTORERA 0.09 0.7 311.7
MACABEO 010 029  2954.7
MERLOT 012 031 174.8
MESSEGUERA (ENCANYAVELLA) 012 0.6 17.1
PARELLADA.MONTONEC. MONTONEGA. MARTORE 0.06  0.24 4.1
PETIT VERDOT 0.09 035 4.2
PINOT NOIR 012 035 36.6
PLANTA NOVA (TARDANA) 012 0.6 161.8
ROYAL 0.15 0.27 21.6
SAUVIGNON BLANC 017 048 37.0
SYRAH 011 037 53.1
TEMPRANILLO/CENCIBEL 012 031 2067.6
VERDEJO BLANCO 0.06 0.8 438.4

A single Kcb was taken for all grape varieties. Fig. 6 shows a time series of Kc estimation based
on NDVI during the growth phase of the vine over the last five years. The minimum Kc values

correspond to the beginning of flowering and increase until pruning (June. day 169). After pruning,
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it remains constant during the ripening phase. When it starts to decrease again due to the loss of

canopy.
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Fig 6. Evolution of crop coefficient based on Normalized Difference Vegetation Index (NDVI)and
the main phenological stages of the grapevines in the RqU aquifer in 2017-2021, adapted
from (Campos et al., 2010).
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Fig 7. Temporal evolution of Kcb ased on NDVI for vineyard in the RqU aquifer in 2022.

The results of the Kcb estimation by remote sensing are in the range of values of published

studies in the same area (Buesa et al., 2017). Fig 7, and Table 1.
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Table 2. Temporal evolution of Kc for vineyard in the RqU aquifer (http://riegos.ivia.es/)
Jun. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Kc 0 0 0 0 0.1 0.14 0.19 0.4 0.32 0.19 0 0

It should be kept in mind that if the farmer’s objective is to maximize production, common
varieties such as Bobal or Tempranillo could have similar irrigation needs (same Kc). However, when
aiming to optimize grape quality, the irrigation input will be more moderate for the Bobal variety

than for Tempranillo (http://riegos.ivia.es/noticias/coeficientes-de-cultivo-en-vina-para-

vinificacion-de-tintos).

The average crop water requirement estimated with the described approach was 104.8 mm
(1048 m3/ha). The distribution of the values depends on the vegetation cover. Values above the
average correspond to crops with higher vegetation cover, and lower values correspond to less
vigorous vegetation, possibly seedlings, Fig 8. The maximum value of CWN was in July and August
(28, 31-32 weeks), and the minimum values were during week 34 due to rainfall and corresponding
to the maximum vegetative growth and berry development period. From this moment, CWN are
lowest by vegetative growth standstill corresponding with the lowest water needs of the vineyard

(35-42 weeks).

[N
S

40000 1 25

Irrigation period

-
N

35000 4

- 20

4

-5
2 I
0 .70

Bl 24 25 26 27 28 29 30 31 32 33 34 35 38 39 42
week

30000 4

[any
o

25000 4

0o
=
w

20000 4

[e)]

Frequency
CWN (mm)
rainfall (mm)

Juny
o

15000 -

10000 -

5000 4

mm

Fig 8. A. Distribution of pixel values vineyard irrigation needs at yearly scale, and B. Distribution of
crop water needs estimations weekly in the RqU aquifer during 2022.

RqU aquifer system has an allocation established by the exploitation plan and included in the
Hydrological Plan of the Basin (RD 1/2016 of 8 January) and established according to the

classification of the hydrological year (wet. dry. and medium) at the start of the irrigation season
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(May) (CHJ. 2022). The volume of water established for irrigation takes into account possible uses.
Crop needs, and the reserve set in the Hydrological Plan. The allocation for the year under review
was 600 m3/ha.

The results of CWR at plot scale are shown graphically, in Fig 9. The graph shows the evolution
of water requirements during the irrigation period. It shows how the needs decrease in September
(35-39 weeks), and during the summer season, the CWR are higher. We can also observe that in
weeks 24 and 25 there is a localised point where CWR are maximum. This fact may correspond to a
crop disease or a problem with the irrigation network.

These results show how RS techniques allow better adjustment of crop water requirements and

allow adjusting the irrigation application more efficiently.
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Fig 9. Crop water requirements of RqU aquifer at plot scale in 2022.

3.1.3.2Water Use in RqU aquifer

As we have seen in previous paragraphs, estimating water use is helpful to map how the crop
uses water. We have applied WUI for the RqU aquifer, and the results are shown in Fig 10.
Out of a total irrigated area of 2.963 ha, 23% irrigate within the good range, 39% irrigate less

than the crop needs, and 38% irrigate more than the crop needs.
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Fig 10. Water use for vineyard in RqU aquifer during dry period of 2022
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Fig 11. Weekly water use time series in RqU aquifer.

Fig 11 shows the weekly water use during this period. Values ranges of 0.8-1.2 mean well
irrigated crops, below 0.8 are under irrigated, and above these values are over irrigated.

The week 30 (end of July), there is higher water consumption, and it is estimated that the crops
were over-irrigated. The highest overwatering occurs in May (week 19), when the crop receives
more water than it needs. The same occurs in week 39 (end of September), which corresponds to

the harvest month, and the vineyard no longer needs water.
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3.2 Application on Ain Timguenai aquifer, Morocco.
3.2.1 Case study area

The groundwater body is located in the mountains, in Sefrou Province, Northeast of Morocco.

The Ain Timguenai aquifer (AinT aquifer) has a total area of 68.12 km? (exact limits are still under

study).
N
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Fig 12. Location of AinT aquifer and climatic station (sources: Faysse et al., 2017; Boubekri. 2022).

3.2.2 Dataset
3.2.2.1Climate data

There is an automatic weather station located within the area, Fig 12.

Table 3. Rainfall 2018-2022.

2018
2019
2020
2021

2022

Average
Max

Min

Jan

96.8

54.6

45.4

138.0

6.0

68.2

138.0

6.0

Feb

80.4

45.8

0.2

48.0

41.1

80.4

0.2

PRIMA
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March

204.6

38.6

54.0

96.6

103.2

99.4

204.6

38.6
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April
150.2
79.6
59.8
57.4

324

75.9
150.2

32.4

May
42.4
0.4
20.0
34.2

17.0

22.8
42.4

0.4

June

1.6

6.8

9.4

1.8

2.6

4.4

9.4

1.6

July
0.0
0.2
3.8
0.0

6.0

2.0
6.0

0.0

August
4.2
0.0
0.2
0.0

1.6

1.2
4.2

0.0

Sept
69.4
18.6
5.8
5.8

11.8

223
69.4

5.8

European Union’s Horizon 2020 research and innovation programme

Oct

164.6

22.0

24.8

0.4

16.2

45.6

164.6

0.4
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Nov

80.2

99.4

28.2

59.4

9.0

55.2

99.4

9.0

Dec

26.6

59.8

83.6

74.6

63.2

83.6

26.6

Tot

921.0

425.8

335.2

516.2

300.2

499.7
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Fig 13. Weekly precipitation data during the growth stage of apple crop of 2022 in AinT aquifer

Table 4.Weekly ETodata during the growth stage of apple crop of 2022 in AinT aquifer

Jan Feb March April May June July August Sept Oct Nov Dec Tot
2022 191 239 219 313 49 541 625 5.47 382 338 235 155 4281
7
6
5
€
E4
23
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N X X X X X
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\’&‘ <(Q~9 S © <@ I 3 cz,&
S ° 9
Fig 14. Evolution of evapotranspiration in 2022 in AinT aquifer
3.2.2.2 land use maps

The largest part of the aquifer is now cropped and irrigated, Fig 15. Ten years ago, apple
production was the most extended crop. In 2020, this fact decreased mainly due to a decrease in

cold days. The largest crop is now plum trees, Table 5.
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Fig 15. Distribution of irrigated area in AinT aquifer (fruits a pépin: mostly apple trees/ fruits a
noyau : mostly plum trees. source: Boubekri, 2022)

Table 5.Main irrigated crops in AinT aquifer (source: Boubekri, 2022)

Crop Type Area in 2022 (ha)
Prune 733
Mixed crops: trees + irrigated
market crops 300
Apple 292
Onion 146
Cherry tree 97
Potato 97
Nectarine 93
Peach 34

The crop chosen for analysis is the apple, which is generally irrigated between March and

October inclusive. The apples are harvested in September and October.
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3.2.2.3 Multiespectral data

Vegetation Index

The vegetation index was obtained from Landsat Soil Adjusted Vegetation Index (SAVI). SAVI is
an index used to correct the influence of soil brightness in areas where vegetative cover is low. SAVI
provides more accurate vegetation greenness than other indices as NDVI by considering both the
reflectance of the vegetation and the reflectance of the soil.

SAVI is calculated as

(NIR — RED) * (1 + L) (10)
(NIT + RED +1L)

SAVI =

Where NIR is the near-infrared reflectance, RED is the red reflectance, and L is a correction
factor that accounts for the effect of soil brightness. The value of L ranges from 0 to 1, with higher
values indicating a stronger correction for the soil background.

SAVI is delivered as a single band product and ranges from -1 to 1, which positive values

indicating the presence of vegetation.

Landsat ETa product

ETa product from Landsat provides a per-pixel estimate of daily water transfer from the Earth’s
surface to the atmosphere in units of water depth in millimetres (mm). AinT aquifer is covered by 1
Landsat scene. The extend along path 200/37 cover the entire aquifer, Fig 16.

We download all the Landsat images of the study area for the 2022 irrigation period with less

than 10% cloud cover from Earth Explores site (http://earthexplorer.usgs.gov/). We then selected

images almost free of clouds or with clouds only at the edges (a total 20 images) (Singh et al., 2013).

Fig 16. Coverage of Landsat TM/ETM+ images (path/row) in AinT aquifer.
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3.2.3 Results

3.2.3.1Crop Water Requirements in AinT aquifer

CWR were estimated following the methodology based on an empirical relation between VI and
crop coefficient and based on the basal crop coefficient Kcb of apple orchard using remote sensing.
The SAVI-Kcb linear relationship obtained the Kcb during the irrigation period, (Odi-Lara et al.,
2016). The average maximum Kcb was 0.57. The dates that achieved these requirements were

weeks 16 and 18, which corresponds to late April/early March, Fig 17.

0,6 q

Kcb

15 16 17 18 20 22 23 24 25 26 28 29 30 31 32 34 36 38
Weeks

Fig 17. Temporal evolution of Kc based on SAVI for apple orchard in the AinT aquifer in 2022

Recently, studies on crop coefficients have provided us with data observed for apples in
Morocco (Boubekri. FZ. 2022), Table 6. These values are close to the values provided by FAO, based
on a reference crop and standard conditions, and differ from the estimate obtained by RS. Other
contrasted studies showed very close values to estimations obtained by remote sensing (Odi-Lara
et al.,, 2016)and are in line with the reference irrigation advisory services in Spain, such as the
Agricultural Information System of Murcia (SIAM)and Valencian Institute for Agricultural Research

(IVIA), Table 6y 7.

Table 6. Temporal evolution of Kc for apple in AinT aquifer (Boubekri. FZ. 2022)

March May July-August September
0.4t00.5 0.6 0.9 0.7

Table 7. Temporal evolution of Kc for apple in AinT aquifer of SIAM (Golden Delicious)
(http://siam.imida.es/)
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Phenological phase Start End Days Kc

Swollen bud 10/03 23/04 44 0.45
Flowering 24/04 31/05 37 0.50
Start fattening 01/06 15/08 75 0.55
Fattening end 16/08 30/09 45 0.50
Post-harvest 01/10 16/11 167 0.60

Table 8. Temporal evolution of Kc for apple in AinT aquifer 2022 of IVIA
(http://riegos.ivia.es/necesidades-de-rieqo)

Jun. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Kc 0 0 022 039 054 066 067 067 066 0.57 0 0

Water needs range for the whole period between 200 to 650 mm. The maximum mean CWN
value was 21.74 mm per week when it started flattering in July. On the other hand, the minimum
value of CWN was 10.28, corresponding to September, when the fruit is ready to be harvested.
During the swollen bud stage, moderate water requirements are required, as shown during
Apr/May (15-18 weeks).

It has also been shown that CWR have been minimal in plots planted recently (after 2020) with

apple tree seedlings.
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Fig 18. A. Distribution of pixel values apple irrigation needs at yearly scale and B. Distribution of
CWR estimations weekly in the AinT aquifer during 2022.
The results of CWR at plot scale are shown graphically in Fig 19. The graph shows the evolution
of water requirements during the irrigation period. It shows how the needs decrease in late August
and September (32-38 week), and during the summer season, the CWR are higher. We can also

observe localised plots where CWR are higher than other plots.
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Fig 19. Crop water requirements of AinT aquifer at plot scale in 2022.
3.2.3.2 Water Use in AinT aquifer.

We have estimated the WUI for AinT aquifer, and the results are shown in Fig 20. Out of a total
irrigated area of 292 ha, 19.12 % irrigate within the good range, 6.2 % irrigate less than the crop
needs and 68.6 % irrigate more than the crop needs, and 6.02 % null (plots that could not be

measured because their area was smaller than the pixel of the multispectral images).

6.0% 6.2%

Under H Good m Over H Null

Fig 20. Water use for apple in AinT aquifer during dry period of 2022.
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Water Use
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Fig 21. Weekly water use time series in AinT aquifer.

Fig 21 shows the weekly water use during this period. Ranges of values of 0.8-1.2 mean well

irrigated crops, below 0.8 are under irrigated, and above these values are over irrigated.

The week 18 and week 32 (May and August), there is higher water consumption, and it is

estimated that the crops were over-irrigated. The highest overwatering occurs at the end of

September (week 38) when the crop receives more water than it needs.

3.3 Application on the Campina do Faro aquifer, Portugal.

The Campina de Faro aquifer system (CdF aquifer) located in Algarve, has an area of around

86.4 km?. The aquifer is limited to the North by the less permeable deposits of Cretaceous, to the

East by Quelfes aquifer system and to the West by the Quarteira aquifer, Fig 22.
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Fig 22. Location of CdF aquifer (Stigter et al. 2009).
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Rainfall in the area is 550 mm, and recharge rates vary between 15 — 20%, which results in a
natural recharge of approximately7.9 hm3/year (APA. 2022).Main flow direction is from North to
South, and the main discharge from aquifer occurs at protected habitat coastal lagoon Ria Formosa.

The Easternmost system of the aquifer (Faro sub-system) is an area of significant agricultural
pressures which lead to high input of nitrates in the aquifer during the last 50 years. On the other
hand, the Western system of the aquifer (Vale de Lobo sub-system) is a highly touristic area, famous
for its golf courses, and has shown decreasing trends in groundwater levels over the last 20 years,
and consequently, seawater intrusion. According to the last river basin management plan, the CdF
aquifer system is classified as poor groundwater quality in the East and poor quantity status in the

West, Fig 23.

Quantitative Status Chemical Status
(] Good pu— () Good
) Poor Vale do Lobo @ Poor

Faro sub-system PTM19

Fig 23. CdF aquifer sub-systems quantitative and chemical status.

The following pollution sources are identified: International Faro Airport, several waste water
treatment plants, one landfill (point sources); several roads and highways, train lines, and a
commercial port (mobile sources); agriculture, and septic tanks (diffuse); saltwater intrusion. The
role of groundwater discharge as a vector for nutrient transport to the protected coastal lagoon Ria
Formosa has been well established. Initial estimates of the contribution of groundwater nitrogen
(N), based on regional water balance and N loads for the entire catchment of the lagoon, is in the
order of 700 ton/year.

The agricultural sector, in the eastern part, is responsible for an estimated abstraction of 7.74
hm?3/year of water for the irrigation of crops, while in the western part of the aquifer, the golf
courses together with some agriculture abstract 5.25 hm?3/year of water. From these values emerge
that the total water which is abstracted from these two sectors overpasses the mean annual

recharge, Table 9.
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Table 9.Water use and hydric balance of the CdF aquifer.

Vale do Lobo Faro Campina de Faro
sub-system Sub-system aquifer system
(PTM18) (PTM19)
Area (km?) 32.41 53.99 86.40
Natural recharge (hm?/year) 2.94 4.96 7.90
Available water resources
(80% of recharge) 2.36 3.97 6.33
Abstractions (hm3/year)
Agriculture 2.00 7.74 9.74
Industry 0 0.027 0.027
Urban 0.0057 0.0M1 0.0167
Golf 3.25 0 3.25
Others 0.51 0.117 0.627
TOTAL Abstractions 5.77 7.90 13.67
BALANCE (hm?ano) [ -3.41 -3.93 -7.34 ]

3.3.2.1 Climate data

Meteorological data such as precipitation and evapotranspiration timeseries, which were
necessary to develop the calculation, were collected on the website of the Diregdo Regional de
Agricultura e Pescas do Algarve DRAP), the regional agriculture management public entity. The
DRAP provides open access to meteorological data, which are measured daily in different areas of
the region by automatic weather stations. The meteorological station is located within the aquifer
limits in Patacdo area, at an altitude of 13m a.s.l.; coordinate (WGS84)Nord 372 02' 48.8""; West 072
56'49.8 ". The station is protected by a 2 m high metallic fence, occupying an area of 25 m?. It is
composed by seven different sensors, installed about 1.60 m from the ground, except wind velocity
and direction sensors that are at 2 m, according to the World Meteorological Organization (WMO)
recommendations.

Figure 24 show the precipitation and evapotranspiration data between April and September of

2022 used in this work.
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Fig 24. Weekly precipitation data during the growth stage of citrus crop from April to September
2022, (collected from DRAP Algarve webpage (drapalgarve.gov.pt/ema/pat.htm).
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Fig 25. Weekly evapotranspiration data during the growth stage of citrus crop from April to
September 2022 (collected from DRAP Algarve webpage (drapalgarve.gov.pt/ema/pat.htm).

3.3.2.2 Land use maps

The irrigated area and land use in the aquifer for the year 2022 were delimited and defined with
the analysis of satellite images from the European Space Agency, such as the high-resolution

multispectral products Sentinel 2. The land use maps are shown in Fig 26.
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Fig 26. A. Distribution of main crops in CdF aquifer.

Globally, remote sensing and field verification improved the pre-existing land coverage in CdF
aquifer. Based on this analysis it was possible to determine that agriculture is the main land use with
an area of 13.5 km?, representing 15% of the study area. Within agriculture, citrus is the main crop

chosen for the analysis (11.2 km?; 15%), followed by vegetables (0.85 km?; 1.0%) and avocado (0.68
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km?; 0.6%). Tourism, including golf courses and hotels and resort gardens, occupied of 4.0 km?,

representing 4.6% of the study area.

3.3.2.3 Multiespectral data.
Vegetation index

To identify land use and occupation, Sentinel 2 satellite images with 10 m of resolution were used
Fig 27. The Normalized Difference Vegetation Index (NDVI) (equation 9), was calculated in the same

way as for the RqU aquifer and explained in section 3.1.2.3. Fig 27 to check areas that were not

initially mapped.
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Fig 27. Sentinel Image 2 NVDI 10 meters before changing properties
(https://sentinel.esa.int/web/sentinel/missions/sentinel-2).
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Fig 28. Sentinel Image 2 NVDI 10 meters after changing properties
(https://sentinel.esa.int/web/sentinel/missions/sentinel-2).
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A twenty two image series were used after selecting complete and cloud-free images,
corresponding to about one per week during the irrigation period.

To better approximate the colors to reality, the option of rendering type was applied in the
image properties section, the simple band false-color. If there is too much green, such as a set of
trees or a watered golf course. The image tends to be closer to the blue color, and if it is the other
way around, the region is closer to the red Fig 28. Bing ®maps 2021 satellite images were used using

the Quantum GIS software plugin to check areas that were not initially mapped.

Landsat ETa product

ETa product from Landsat provides a per-pixel estimate of daily water transfer from the Earth’s
surface to the atmosphere in units of water depth in millimeters (mm). The CdF aquifer system is
covered by 1 Landsat scenes, Fig29.

First, we download all the Landsat images of the study area for irrigation period of 2022 with

less than 10% cloud cover from Earth Explores site (http://earthexplorer.usgs.gov/). We then

selected images that were nearly cloud free or had cloud only along the edges (total 23 images),

(Singh et al., 2013).

Fig 29. Coverage of Landsat TM/ETM+ images (path/row) in the CdeF aquifer system.

ETa was available on-demand via USGS EROS Center Science Processing Architecture (ESPA) for
Landsat 7 Enhanced Thematic mapper Plus (ETM+). Landsat 8 operational Land Imager/Thermal

Infrared Sensor (OLI/TIRS). ETa is generated at the 30- meter spatial resolution.
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3.3.3.1Crop Water Requirements in CdF aquifer

CWR were estimated following the methodology based on an empirical relation between
Ground Cover from Vegetation index and crop coefficient in citrus (Freire, 2019), which is defined
as the ratio of the crop evapotranspiration over the reference evapotranspiration when the soil
surface is dry and free of water stress in the root zone (Allen et al.. 1998).

Although the average varies according to climate, soil type, and weather, it is normally irrigated
from April to September. The sweet orange tree (Citrus sinensis) has been cultivated in the Algarve
for over five centuries and is today considered the second most produced and exported fruit in
Portugal. The main phenological phases of citrus growth are high flowering and fruit development,
which are the phases when the crop needs more water.

Fig 30 shows the evolution of the crop coefficient calculated using the vegetation index NDVI
and the main phenological stages. Contrasted studies showed are in line with the reference

irrigation advisory services in Spain, such as the Valencian Institute for Agricultural Research (IVIA),

Table 10.
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Fig 30. Temporal evolution of Kcb based on NDVI for citrus in the CdF aquifer in 2022

Table 10. Temporal evolution of Kc for citrus in 2022 from IVIA (http://rieqos.ivia.es/necesidades-de-
riego)

Jun. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Kc 0536 0.528 0.536 0.503 0.447 0.503 0.552 0.641 0.601 0.682 0.593 0.511
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The average crop water requirement estimated with the described approach was 617.9 mm
and a maximum value of 1153 mm. Fig 31. The distribution of the values depends on the vegetation
cover. Values above the average correspond to crops with higher vegetation cover, and lower values

correspond to less vigorous vegetation.
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Fig 31. Distribution of pixel values citrus irrigation needs at yearly scale
Fig 32 show mean values by week during the growing stage. The results showed that citrus

water needs for the considered hydrological year were about 9.311 hm3/year. Abstraction values
estimations provided by the Portuguese water public authority (Agéncia Portuguesa do Ambiente,
APA) (Table 9) for the entire agricultural sector in CdF aquifer, are about 9.74 hm3/year. Although
citrus crops do not represent the whole agricultural sector in this area, it corresponds to more than

80% of the agriculture area.
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Fig 32. Distribution of CRW estimations weekly in the CdF aquifer during 2022.

The results at the plot scale are shown graphically in Fig 33. These results show how RS

techniques allow better adjustment of crop water requirements and allow adjusting the irrigation
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application more efficiently. With graphical representations such as those shown in the figure, the
evolution of irrigation needs can be checked. In this case, the peaks that occur during the summer
are clearly visible. It is also possible to detect anomalies about a foreseeable evolution, both spatially

and temporally.
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Fig 33. Crop water requirements for citrus in CdF aquifer at plot scale in 2022.
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3.3.3.2 Water Use in CdF aquifer.

The WUI estimation by remote sensing is helpful in mapping how the crop uses water. We have
estimated the WUI for CdF aquifer, and the results are shown in Fig. 34. Out of a total irrigated citrus
area of 1117.6 ha, 38.3 % irrigated successfully, 44.38 % irrigate less than the crop needs and 7.31%
irrigated more than the crop needs, and 9.9 % null (plots that could not be measured because their

area was smaller than the pixel of the multispectral images).

9.9%

44.38% 38.3%
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Fig 34. Water use for apple in AinT aquifer during the dry period of 2022
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Fig 35. Weekly water use time series in CdF aquifer during dry irrigation of 2022.

Fig 35 shows the weekly water use during dry period. Values ranges of 0.8-1.2 mean well
irrigated crops, below 0.8 are under irrigated, and above these values are over irrigated.

The week 32 and 35 (August), there is higher water consumption, and it is estimated that the
crops were over-irrigated. The rest of the period analysed falls within the range of a well irrigated

and under irrigated crop, as can be seen in weeks 16 and 33.
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4 Final remarks

This report summarises a methodology for estimating irrigation needs from remote sensing
which is applicable in areas where there is no in situ data and possible technology gaps exists.

The methodology has a high potential for practical use and is replicable in regions with similar
climate and data availability conditions. The calculation basis consists of previously developed
research on specific crops.

The results are based on the growth phase of the crop and the dry period during the year 2022.
To strengthen the methodology, it is necessary to extend the sample of years and to cross-check
with field data such as moisture probes or evapotranspiration sensors. Nevertheless, the
methodology is robust enough to support irrigation scheduling.

The size of the plot must be considered. For example, in Morocco and Portugal some plots were
left out of the analysis because the spectral image used had a wider resolution than the total plot
area. The use of higher resolution images could achieve a complete diagnosis of CWR in these cases.
Finally, another aspect to consider is that the methodology is conditioned by the frequency of the

images acquired.
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