
Improved water resources 
management for smart farming: a 
case study for Cyprus
Stelios P. Neophytides1,2, Marinos Eliades1,2, Michalis Mavrovouniotis1,2, 
Christiana Papoutsa1,2, George Papadavid3 & Diofantos G. Hadjimitsis1,2

Water-scarce areas are threatened by climate crisis and, thus, there is an urgent need for 
optimizing water resources management. Remote sensing has been widely used for calculating the 
evapotranspiration over large areas, which is an essential variable for calculating the actual irrigation 
needs of crops. The main objective of this work is to design an approach to optimize the irrigation 
needs for specific crops. The island of Cyprus is used as a case study providing first insights for water 
management in the country. The proposed approach is crucial to the agricultural industry of Cyprus 
since it is located in the Mediterranean region which is affected by warm climate and drought events. 
Specifically, the proposed approach calculates daily the crop evapotranspiration over the island for 
three of the most important crops (i.e., citrus, olives, and potatoes) cultivated in Cyprus. The results 
of this study are showing that the three crop types are withdrawing much more water than the total 
annual inflow of reservoirs in 2023. Therefore, better irrigation management needs to be adopted 
by farmers while optimized water resources management practices have to be embraced by local 
authorities and stakeholders.
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The Mediterranean region is heavily affected by the climate crisis and has been suffering due to its dependence 
on irrigated agriculture1. The island of Cyprus, as part of the eastern Mediterranean, has been characterized as 
a climate crisis hot spot, meaning that apart from the profound effects of temperature rise, extreme events like 
droughts are expected to occur more frequently than in the past century2,3. Therefore, it is used as a representative 
case study in this work.

The utilization of agricultural water is essential since irrigated agriculture produces 40% of the world’s food. 
In this way, agricultural productivity and consequently the international food supply are secured. An increase 
of at least 70% in agricultural production needs is estimated by 2050 according to TheWorldBank’s reports. In 
particular, the increasing water scarcity currently threatens crop production in Cyprus, especially the crops 
which rely on irrigation inputs4–6. Therefore, there is an urgent need to implement sustainable irrigation in 
water-scarce regions under the impact of climate crisis through innovative and cost-effective solutions7. Cyprus 
agricultural land is by 20% irrigated according the TheWorldBank’s annual report on 2020 (www.worldbank.
org). Moreover, the Cyprus’ agricultural water resources of freshwater and groundwater volumes are expected to 
be threaded by stresses and pressures based on future climatic scenarios8.

However, the mitigation (e.g., adaptation of decarbonization techniques, soil biochar enhancement, 
carbon sequestration, management of solar and terrestrial radiation, reduction of coal, adaptation of nature-
based solutions in coastal areas and oil burn, etc.) of climate crisis can reduce the additional irrigation water 
requirements by 13–14%9–13.

The use of remote sensing techniques can have a significant contribution in improving current irrigation 
management practices, as they can provide crucial information on variables related to soil moisture and plant 
status at high spatio-temporal resolution14. In other words, remote sensing allows farmers and policymakers to 
improve their existing water management practices resulting in a more sustainable future for the agricultural 
sector in water-scarce regions such as Cyprus15.

To the best of our knowledge, dynamic satellite-based tools or services focusing on the optimization of water 
resources management practices in agriculture tailored for Cyprus do not exist. AgSAT16 which using similar 
techniques to our approach, is using forecasted weather data in contrast to our approach which is using real-time 
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ground-truth data. IrriSAT17 is also based on a similar approach but can be applied only for cotton cultivations 
and is not useful for Cyprus’ agricultural industry. Thus, the aim of this work is to design an approach to support 
farmers on irrigation practices minimizing in this way their cost and at the same time saving water resources. The 
objectives of this research work are: 1) the utilization of up-to-date and near real-time data; 2) optimize water 
resources management according to the crop type; and 3) provide first insights for three of the most important 
crops in Cyprus (i.e., citrus, olives, and potatoes). The proposed approach integrates in-situ meteorological data 
(air temperature, humidity, wind speed), with forecasts of solar radiation derived from Copernicus Atmosphere 
Monitoring Centre (CAMS) for the daily calculations of evapotranspiration (ET), while at the same time it 
combines remote sensing-derived vegetation index used for deriving the coefficients of the three aforementioned 
crops for the daily calculations of crop-specific evapotranspiration.

Related works
ET is the process where water is returned from the earth’s surface to the atmosphere in the form of water vapour. 
The individual components of ET include: a) evaporation from the soil (E); b) transpiration through the stomata 
of plants (T); and c) evaporation of water intercepted by the plant canopy and litter layer18,19. Moreover, ET can 
provide insights for monitoring many ecological activities such as soil moisture, carbon cycle, productivity of 
vegetation and water budget20–23.

The most accurate method to measure ET is using lysimeters24, which are containers filled with soil covered 
with the crop of interest and rely on the differences in mass measurements (weighable)24. However, lysimeters 
are costly and their installation requires lots of effort. In addition, the taken mass measurements can differ from 
actual field conditions (e.g., differences in root architecture, lateral and horizontal root extent).

Another way to measure ET is using the eddy covariance technique, which is based on the high frequency 
measurement of momentum, temperature, and water vapor25. The basic components of the eddy covariance 
system are the sonic anemometer (measures three-dimensional wind speed) and the infrared gas analyzer 
(measures vapor concentration). The main benefit of eddy covariance is that it can provide information on ET 
over a large area26–28. However, several errors may occur with the use of eddy covariance such as the contribution 
of vapor from areas beyond the footprint, inefficient calibrations, and errors during rainfall.

The aforementioned techniques for measuring ET (i.e., eddy covariance and lysimeters) cannot be 
implemented extensively, thus the assessment of water use patterns in irrigated crops still rely on models such 
as the FAO-56, which is a model that computes the actual crop evapotranspiration by multiplying the reference 
evapotranspiration (ETo) with crop and stress coefficients adjusted for site-specific conditions18. The ETo is 
computed from meteorological data with the use of the Penman-Monteith equation19,29.

Furthermore, there are other methodologies such as the Priestley-Taylor30, which is a substitute of 
Penman-Monteith, the Shuttleworth-Wallace31 which is a two-component extension of Penman-Monteith and 
temperature-only models like Hargreaves-Samani32 and Hamon33. Remote sensing has also played a significant 
role in estimating ET by developing models like METRIC34 and SEBAL35,36 or by generating ready for analysis 
or near-analysis products37–39. For example, satellite imagery can be beneficial for making ET estimations at a 
global level because they continuously provide data about relevant biophysical parameters for long time series 
covering large areas40.

Remote sensing can also help with vegetation indices correlations with crop coefficient41, such as Normalized 
Difference Vegetation Index (NDVI) and satellite Leaf Area Index (LAI), which are helpful in monitoring crop 
growth and water requirements, and adjusting them dynamically42. A study in the semi-arid region of Bhiwani, 
India showed a strong relationship between LAI and crop coefficient using a second order polynomial regression 
with R2 of 0.9843. An agreement analysis between NDVI and crop coefficient using ANOVA method for tomato 
crops showed also a great correlation through analysis conducted using Sentinel-2 images with R2 of 0.9844. A 
fourth-degree polynomial with an R2 of 0.71 shows that LAI derived from RapidEye and Landsat 8 images can 
be used to estimate crop coefficient for vineyards45. A comprehensive comparison on correlations between LAI 
and NDVI for estimating crop’s coefficients showed a bigger error on LAI than NDVI46.

There are applications relying on these satellite-based approaches such as AgSAT16 which is using CFSV2 
gridded weather dataset within Google Earth Engine and is using Sentinel-2 NDVI and SAVI for crop coefficient 
estimations for various crop types such as olives, citrus, potatoes, wheat, etc. AgSAT is offered through mobile 
or a web-based application. IrriSAT17 is using Landsat data for calculating Kc of cotton using a generic equation 
and in-situ meteorological data to support the irrigation practices of cotton growers in Australia. Furthermore, 
IRRISAT47 is using Landsat’s LAI and in-situ meteorological data for calculating water needs based on FAO’s 
instructions. FAO’s WaPOR48,49 version 2 and 3 were recently released and they are offering to users annual or 
dekadal maps for actual evapotranspiration over the world with a resolution of 375m using VIIRS satellite. Those 
approaches are based on dynamic Kc using satellite variables.

On the other hand, there are other applications using conventional methodologies of water resources 
management. AgroClimatic Evolution50 offers hourly ET calculations based on a selected meteorological station 
by user, information about weather conditions and time series graphs regarding ET and meteorological factors 
that are affecting the ET. Also, it offers other products such as evaporation, transpiration, interception, relative 
soil moisture, relative root zone soil moisture and net primary production. FAO’s CropWat 8.051,52 offers a suite 
of different tools for ET calculations, climatic data estimations, crop water requirements estimations for paddy 
& upland rice, daily soil water balance among others. Those calculations are made after user inputs the relevant 
and needed information. One other application, ETWatch53 enables users to establish API calls for acquiring ET 
for their region of interest. EVAPO54 is using meteorological data from NASA-POWER and calculates ET using 
FAO56 equation steps. A comparison between their calculations and ET calculated from surface stations showed 
a root mean square error ranging from 0.60 to 0.8554.
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Methods
Study area
Cyprus is an island situated in the eastern Mediterranean Sea (35◦N, 33◦W) as shown in Fig. 1, and is part of 
the wider area of the Eastern Mediterranean, Middle East, and North Africa region55. The island covers a total 
area of 9254 km2 and the climate is characterized as semi-arid with frequently occurring droughts. Moreover, 
it is observed that the climate in Cyprus has a spatio-temporal behaviour because of the different topographic 
characteristics arising from the mountainous terrain.

In general, Cyprus experiences hot dry summers and mild rainy winters which are typical characteristics of 
the Mediterranean region56,57. Between years 1991 to 2020, the average mean surface temperature in Cyprus 
was 11.2 degrees Celsius for the winter season, 16.82 degrees Celsius for the spring season, 26.69 degrees 
Celsius for the summer season, and 21.03 degrees Celsius for the autumn season, according to the reports of the 
climate crisis in the Knowledge Portal of World Bank for 2021[https://climateknowledgeportal.worldbank.org/]. 
Regarding precipitation amounts, the winter season had 281.06mm, spring had 90.9mm, summer had 10.3mm, 
and autumn had 87.81mm.

Finally, the agricultural sector of Cyprus can be divided into irrigated crops which are cultivated during 
the year and rain-fed cereals grown throughout the winter period. Additionally, irrigated crops in Cyprus can 
be separated into annual and permanent. In this study, two permanent irrigated crops (i.e., citrus and olives 
orchards) and one annual irrigated crop (i.e., potatoes) are considered. These crops are selected due to their high 
demand in water needs and their contribution in Cyprus economy.

Meteorological variables
Meteorological data for the study area were available from mid-June 2023 to the end of March 2024. The 
meteorological variables for the tools are collected from two different sources. At first, the meteorological 
variables described in Table  1 are acquired from the meteorological network [https://www.dom.org.cy/] of 
Cyprus. The network is maintained by Cyprus Department of Meteorology (DoM) and consists of 42 different 
automatic weather stations distributed as shown in Fig. 2. The map was created using QGIS58 of version 3.28.3 
“Firenze” [https:​​​//bl​og.q​gis​.org​/2​02​2/10​/​25​/qgis-​3​-2​8-firenze-is-released/].

The stations provides measurements every 10 minutes for air temperature, wind speed, wind direction, relative 
humidity, and accumulated rainfall. All the collected data are automatically transmitted to the department’s 
database system and are validated in order to be available through an Application Programming Interface (API). 
Meteorological in-situ observations from the distributed weather stations shown in Fig. 2 are collected daily. 
The observations include the minimum temperature, maximum temperature, minimum relative humidity, 
maximum relative humidity and daily average wind speed.

Moreover, the solar radiation and albedo forecasted values as described in Table 1 are collected from 
Copernicus Atmospheric Monitoring Service (CAMS). CAMS via the Global Atmospheric Composition 
Forecasts services are producing forecasts twice a day consisting of more than 50 chemical species (e.g., ozone, 
nitrogen, dioxide, carbon monoxide), seven different types of aerosol and various meteorological variables. A 

Fig. 1.  Cyprus topographical map. (Source: Ikonact).
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process called data assimilation is taking place where initial conditions of a forecast are generated by fusing 
previous forecasts with space-based observations. Forecasts represent the next five days, and they are adapted 
to the laws of physics and chemistry to find out how much the concentrations of all species have changed over 
a time window.

Similar to DoM, CAMS offers an API for the collected data to be accessible. The obtained forecasted values 
from CAMS in combination with the aforementioned meteorological variables obtained from DoM are utilized 
to calculate ETo (more details in the following subsections).

Crop labeling
The ground-truth information for the three main crop categories (i.e., citrus, olives, and potatoes) supported 
in this work, is gathered from the Land Parcel Identification System (LPIS) of Cyprus Agricultural Payments 
Organization (CAPO).

CAPO and the respective organisations of other countries maintain a geodatabase (i.e., LPIS) which contains 
information such as the agricultural parcel id, owner id and cultivated crop’s unique code to adapt the strategies 
of Common Agricultural Policy related to farmers’ annual subsidies. Further exploration, in future work can 
be considered, with an automatic crop classification using advanced Artificial Intelligence technologies. The 
employment of such techniques will ensure the truthiness of the crop type that is cultivated at each parcel.

Satellite variables
Satellite-based remote sensing is gathering information, using different sensors in a near-real-time basis, for 
multiple aspects of the environment such as vegetation, water, natural hazards and topography among others.

Fig. 2.  Meteorological network of Cyprus. Each meteorological station is symbolized by a cyan diamond. Map 
created using the Free and Open Source QGIS.

 

Weather variable Unit Range Source

Air temperature ◦C − 35/55 DoM

Relative humidity % 0/100 DoM

Wind speed m · s−1 0/75 DoM

Accumulated rainfall mm 0/50 DoM

Solar radiation W · m−2 − 1/1400 CAMS

Albedo % 0/100 CAMS

Table 1.  Description of the physical limits of the meteorological variables.
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One of the most important variables required for the calculation of evapotranspiration is the atmospheric 
pressure. When it is not available as an in-situ observation from the meteorological stations, it can be calculated 
as a proxy of altitude. Digital Elevation Models (DEMs), produced from satellite data, are responsible to provide 
the information regarding the altitude. In this study the NASA’s Shuttle Radar Topography Mission DEM is 
used which has a spatial resolution of 30m. The atmospheric pressure Pa using satellite variables is calculated 
as follows:

	
Pa = 101.3

(293 − 0.0065H

293

)5.26
,� (1)

where H is the altitude of each meteorological station.

Another satellite variable utilized in this study is the NDVI which is a widely used and well-known spectral index 
calculated using the reflectance values of a target (i.e., pixel) at red and near-infrared wavelength as follows59:

	
pi = B8i − B4i

B8i + B4i
,� (2)

where B8i and B4i represent the spectral reflectance at 842nm and at 665nm, respectively, for pixel i. In this 
work, the spectral reflectance from Sentinel-2 images is considered in which they are collected via Sentinel Hub 
through an API that occasionally checks for the most recent observations. Cloud and cloud shadow masking are 
applied to the Sentinel 2 optical images.

Specifically, the NDVI describes the vegetation greenness for an area under study as presented in Fig. 3. NDVI 
is useful in monitoring the phenology of a crop as well as the crop’s health. The values visualized in Fig. 3 range 
from 0 to 1, whereas values near 0 indicate the appearance of bare soil and all the values above 0.1 characterize 
vegetation. Values closer to 1 correspond to dense vegetated areas. It is worth mentioning that values below 0 
indicate water (e.g., oceans, lakes, and rivers) and clouds.

The mean NDV Ik  value for each parcel k is utilized to calculate the crops’ coefficient and they are both 
stored in the application’s database. NDV Ik  is calculated as follows:

	
NDV Ik = 1

Nk

Nk∑
i=0

pi,� (3)

where Nk  is the number of pixels within the boundaries of each agricultural parcel k and pi are the NDVI values 
at the ith pixel as defined in equation (2).

Fig. 3.  NDVI layer above the area of Akamas peninsula, Paphos [URL: agrinexushub.eratosthenes.org.cy].
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Reference evapotranspiration
According to FAO60, the ETo is the evaporation power of atmosphere applied to soil and vegetation surfaces18,19. 
The FAO Penman-Monteith method is developed by defining the reference crop as a hypothetical crop with 
an assumed height of 0.12m, a surface resistance of 70 s m-1, and an albedo of 0.23, closely resembling the 
evaporation from an extensive surface of green grass of uniform height, actively growing and adequately watered.

The FAO Penman-Monteith calculates the reference evapotranspiration (mm day−1) as follows:

	
ETo =

0.408∆(Rn − G) + γ 900
T +273 u2(es − ea)

∆ + γ(1 + 0.34u2) ,� (4)

where ∆ is the slope vapour pressure curve (kP a ◦C−1), Rn is the net radiation at the crop surface 
(MJ m−2day−1), G is the soil heat flux density (MJ m−2day−1), γ is the psychrometric constant (kP a ◦C−1

), T is the average daily air temperature at 2m height (◦C), u2 is the wind speed at 2m height (ms−1), es is the 
saturation vapour pressure (kPa), and ea is the actual vapour pressure (kPa).

The slope vapour pressure ∆ is calculated as follows:

	
∆ =

4098 ×
(

0.6108 × e
17.27·Tavg

Tavg+237.3

)

(Tavg + 237.3)2 ,
� (5)

where T is the average air temperature at 2m.

The net radiation at the crop surface Rn is calculated as follows:

	 Rn = Rns − Rnl,� (6)

where Rns is the net shortwave radiation and Rnl is the outgoing net longwave radiation.

The soil heat flux density G is assumed to be equal to 0. In many practical applications, particularly in daily or 
long-term calculations, G is considered negligible in comparison to other components of the energy balance. 
This is because the changes in soil heat storage over a 24-hour period are minimal. Assuming G = 0 simplifies 
the calculations without significantly affecting the accuracy of the calculations.

The psychometric constant γ is defined as follows:

	
γ = Cp · Pa

ϵ · λ
,� (7)

where Cp is the specific heat at constant pressure which is constant at 0.001013, Pa is the atmospheric pressure 
as calculated in equation 1, ϵ is the ratio molecular weight of water vapour/dry air which is constant at 0.622 and 
λ is the latent heat of vaporization which is constant at 2.45.

The average daily temperature T is defined as follows:

	
T = Tmin + Tmax

2 ,� (8)

where Tmin and Tmax is the minimum and maximum temperature calculated at each meteorological station in 
a day, respectively.

The saturation vapour pressure es is calculated as follows:

	
es =

e◦
Tmin + e◦

Tmax

2 ,� (9)

where e◦
T min and e◦

Tmax
 is the minimum and maximum saturation vapour pressure at the air temperature 

(minimum and maximum), respectively.

The actual vapour pressure ea is calculated as follows:

	
ea =

e◦
T min

RHmax
100 + e◦

T max
RHmin

100
2 ,� (10)
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where e◦
T min and e◦

Tmax
 are the minimum and maximum saturation vapour pressure at the air temperature 

(minimum and maximum), respectively. RHmin and RHmax are the minimum and maximum relative 
humidity calculated at each meteorological station in a day.

The computation steps for the ETo are made according to the FAO-56 procedures as follows. The daily ETo for 
Cyprus is calculated on a meteorological station level and then an interpolation process is executed using the 
Inverse Distance Weight (IDW) method to produce a daily ETo raster over the island’s territory in a resolution 
of 500m.

In this study, the IDW power is set to 3. The power is the parameter that let us control the influence of the 
known points to the interpolated values. The power is set to 2 by default. When interpolating meteorological 
variables using IDW, the default power value let unknown points influenced by values that are not similar to 
the values of the known points. On the other hand when higher power values (i.e., 4 and 5) were tested, we 
noticed that in mountainous areas with higher altitudes (where meteorological stations are yet not installed) the 
interpolated values were not representative.

Crop evapotranspiration
Understanding and addressing the dynamic water needs of crops throughout their growth stages is made 
possible in large part by the concept of the single crop coefficient Kc, which is essential to agricultural research 
and water resource management61. The Kc values linked to each stage of a crop’s development from germination 
through vegetative growth, mid-season, and late-season phases offer vital information about the proportion of 
water needed at various stages of the crop’s life cycle.

Due to this temporal differentiation, irrigation techniques can be precisely calibrated to provide crops with 
adequate quantity of water at the ideal moment for development. This relationship reflects the dynamic water 
requirements of crops, which is influenced by the changes in crops’ canopy density throughout different growth 
stages. The crop coefficient of citrus, potatoes and olives are, respectively, computed with the use of the following 
linear equations62:

	

Kc =




0.10 × NDV Ik + 0.77, if citrus ,

0.21 × NDV Ik + 0.64, if potatoes ,

−0.04 × NDV Ik + 0.73, if olives ,

� (11)

where NDV Ik  is defined in equation (3).

The concept of evapotranspiration with reference to the crop coefficient was firstly introduced by Jensen63, 
known as crop evapotranspiration ETc. It can determine the evapotranspiration of healthy and well-fertilized 
crops that are growing in large agricultural parcels, and they are receiving optimal irrigation amounts. The crop 
evapotranspiration (ETc) is calculated as follows:

	 ETc = ETo × Kc,� (12)

where Kc is the single crop coefficient defined in equation (11) and ETo is the reference evapotranspiration 
which is defined in equation (4).

The crop coefficient Kc of the crops studied in this work is calculated every 5 days at a parcel level, which is 
equivalent of the minimum revisiting time of Sentinel-2 whereas ETc is calculated daily at a parcel level. In case 
of cloudy pixels, crop coefficient remains the same until new value occurs. Crop coefficient is calculated in 10m 
resolution, the same as NDVI.

Overall processing chain
The processing chain to calculate ETc for the three investigated crops in this study (i.e., citrus, potatoes, olives) 
is presented in Fig. 6. First, the data collection through API calls from Cyprus DoM and CAMS service to obtain 
the meteorological variables, as described previously, is performed. These variables are then used by FAO56 
Penman-Monteith in equation 4 to calculate ETo at each meteorological station. Then, an interpolation using 
the inverse distance weight is performed to generate daily ETo rasters.

An API call to Sentinel-Hub is executed every 5 days to acquire the recent NDVI raster. Sentinel-Hub offers 
access to s2cloudless software for creating cloud and cloud shadow masks64. Subsequently, zonal statistics 
are deployed to derive mean values of NDVI and ETo, calculated by equations (3) and (4), respectively, for each 
parcel that grows a particular crop in interest. NDVI is utilized to calculate dynamic crop coefficients and then 
ETc is calculated. Meteorological data, NDVI values, ETo and ETc are stored as records in a database system. 
The tool is generating new data, while obtaining the required data for the different calculations from July 2023 
to March of 2024.

The proposed approach in this work is enclosed as an application which is hosted in AgriNexusHub[URL: 
agrinexushub.eratosthenes.org.cy]. The launch page is mainly to inform users about what is offered through 
this web-application and agroclimatic observation tool is where all the features of the platform are concentrated 
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and accessible. The agroclimatic observation tool offers various features such as daily ETo, parcel based ETc 
calculations, NDVI raster and time series graphs. Figures 3, 4 and 5 are descriptive for the designed application.

Results
The collected data consists of the area average monthly ETo, average monthly ETc for the three crop types, and 
area total monthly precipitation (P). Also, the data regarding the total inflow in Cyprus water reservoirs with 
the information about their accumulated water capacity are gathered from Water Development Department of 
Cyprus.

The ratio of precipitation P to ETo, that is P
ETo

, shows the aridity of an area during a certain season. The 
monthly ratio values for Cyprus from July 2023 to March 2024 are plotted in Fig. 7. In general, the characteristics 
of Cyprus, as a Mediterranean country, are reflected in the monthly ratios. For example, during the warmer 
months (i.e., July, August and September) the ratio has lower values indicating the aridity of those months 

Fig. 5.  Parcel-level crop evapotranspiration layer [URL: agrinexushub.eratosthenes.org.cy].

 

Fig. 4.  Evapotranspiration layer above the area of Akrotiri, Limassol [URL: agrinexushub.eratosthenes.org.cy].

 

Scientific Reports |        (2024) 14:31751 8| https://doi.org/10.1038/s41598-024-82797-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


whereas during the coldest months (i.e., November, December and January) the ratio has higher values indicating 
the humidity of the winter season.

From October 2023 to January of 2024 a gradient increase of the ratio value is noticed from approximately 
20 to approximately 70, while from January to February 2024 the ratio sharply sloped from approximately 70 to 
approximately 15. The lowest ratio is observed for July 2023 which is approximately 0 and the highest on January 
2024 which is approximately 70.

Estimation of citrus, olives, and potatoes crop evapotranspiration
The crop evapotranspiration for potatoes, olives and citrus from July 2023 to March 2024 are plotted in Fig. 8 
representing their evolution in time. The results for the period of July 2023 to December 2023 show a gradual 
decrease of the average ETc from approximately 12 mm/day to approximately 5 mm/day for citrus. The 
maximum value of ETc for citrus orchards is decreasing from 15 mm/day to 8 mm/day, while the minimum 
value remains stable at approximately 6.3 mm/day except in mid-October 2023 which is decreasing to 4 mm/day. 
From December 2023 to February 2024, the average ETc remains stable at lower values with fluctuations from 4 
mm/day to 6 mm/day. The highest maximum ETc during this period is 8 mm/day and the lowest minimum ETc 
is approximately 3.5 mm/day. As the weather is getting warmer at the beginning of February 2024, the average 
ETc is increasing from 6 mm/day to 7 mm/day and until the end of March 2024 is reaching approximately the 
9 mm/day.

The average ETc for olives during the period of July 2023 to December 2023 is gradually decreasing from 
approximately 11 mm/day to 5 mm/day. The maximum ETc over this period is decreasing from approximately 

Fig. 7.  P/ETo ratio for the whole Cyprus from July 2023 to March 2024.

 

Fig. 6.  Workflow diagram of the proposed tool. Double-line arrows shows the pipeline,single-line arrows 
shows the data storage and dashed line shows the API call to sentinelhub.
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13 mm/day to 8 mm/day. During the winter period (i.e., December 2023 to February 2024) the average ETc 
shows a stability around 5 mm/day with some decremented picks to approximately 4 mm/day. From February 
to March 2024, the average ETc is gradually increasing from approximately 5 to approximately 7 mm/day. 
The maximum ETc of potatoes during the warmer period (i.e., July to September 2023) is increasing from 
approximately 8 mm/day to 9 mm/day, while the minimum ETc is between approximately 2 mm/day to 6.5 
mm/day.

Potatoes average ETc at July 2023 is at approximately 11 mm/day and is steadily decreasing to about 4 mm/
day on December 2023. The maximum value for potatoes is observed during June 2023 and is approximately 
13.7 mm/day, while on December 2023 is decreasing to nearly 8 mm/day. Throughout the more humid period 
of the year (December 2023 to February 2024), the ETc is varying from around 4 mm/day to 6 mm/day. From 
February 2024, where the calculated average ETc is about 7 mm/day, it is reaching 9 mm/day by the end of 
March 2024, as the weather is getting hotter.

Overall, the highest average ETc from the results is observed for citrus orchards during the whole study 
period, due to their high water demands. From July 2023 to mid-Jan 2024, it can be observed that olive groves 
has higher average ETc value than potatoes, while higher values are observed for potatoes in the following 
months. In general, citrus maximum ETc is always higher than the other two crops, while the minimum ETc 
of citrus is always relatively higher. During the period of July 2023 to November 2023 it can be observed that the 
minimum ETc values of potatoes are slightly lower than the olives minimum ETc values. From December 2023 
to March 2024, the minimum ETc values are more or less similar. Similarly, from mid-January 2024, the average 
ETc values of olives and potatoes are almost equal.

In summary, the highest observed ETc values for citrus is approximately 15 mm/day, for potatoes is around 
13.7 mm/day and about 12.7 mm/day for olives. The lowest ETc for citrus is about 3 mm/day, around 2 mm/
day for potatoes, and the lowest ever observed during the period is for olives, with approximately 1 mm/day.

Crop water demands
Table 2 shows the total water needs under well-watered scenarios in million cubic meters (mcm) for all parcels 
as calculated by ETc classified by crop type. The total water required for the three crop categories for the period 
of July 2023 to end of March 2024 amounted to approximately 153.65 million cubic meters (mcm). According 
to the national data repository (https://www.data.gov.cy/) and the Water Development Department (WDD), 
Cyprus’ dams collectively have an accumulated storage capacity of about 330 mcm. Over the past 35 years, the 
average annual inflow into these reservoirs has been around 83.63 mcm.

In context, the demanded water for three of the most economical valuable crops of Cyprus, during the study 
period is almost half of the total reservoir capacity and specifically is accounting for 46.5% of the available 

Crop type Number of parcels Total water needs (mcm)

Citrus 8358 38.83

Olives 34561 85.93

Potatoes 5431 28.89

Table 2.  Total water needs under well-watered scenarios for different crops.

 

Fig. 8.  Monthly ETc comparisons for citrus, olives and potatoes. The average, minimum and maximum ETc 
values are measured in millimeters per day.
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accumulated dams’ capacity. This substantial water requirement places a significant strain on available resources, 
emphasizing the intensive nature of agricultural water use.

Moreover, the water needs of the three crops is notably higher than the average annual inflow. More 
specifically, citrus, olives and potatoes required 84% more water than the average yearly inflow into the water 
reservoirs. To be more precise, the actual inflow during the period was 21.59 mcm, as Cyprus suffered from a 
dry winter. In comparison, the crops needed approximately 612% more water than the accumulated inflow. This 
discrepancy underlines the high pressure of agricultural water needs to Cyprus’ water resources, and highlights 
the urgent need for optimized management in different practices like irrigation scheduling, irrigation appliance, 
groundwater sustainability and aquifer recharge.

It is noted that the tool is calculating crop evapotranspiration which corresponds to water needs assuming 
well-watered scenarios in the agricultural industry and the farming environments. Furthermore, it is expected 
that the calculations of the actual evapotranspiration will be lower and so on, the total water requirements.

Discussion
Future climatic projection shows an overall increase in water scarcity over the Easter Mediterranean region, 
including the island of Cyprus8,65. Thus, there is an urgent need to implement smart farming in water scarce 
regions, especially in the context of climate crisis. Our approach relies on the use of Kc based on the FAO56 
principles. FAO’s Aquastat relies on standard Kc values, which are assigned for each crop growth stage (i.e., 
initial stage, mid-season and at harvesting or end season). The advantage of these segmented Kc values is that it 
requires the knowledge of only three values. However, these Kc values can deviate from the tabulated values due 
to different planting densities and agronomic practices6,66. In our calculations a dynamic crop coefficient based 
on the satellite NDVI is considered which gives a different perspective than other approaches.

In Table 3 below the differences between the aforementioned existing applications (i.e., AgroClimatic 
Evolution50 (ACE), FAO’s WaPOR48,49 (WPR), FAO’s CropWat51,52 (FCW), ETWatch53 (ETW), EVAPO54 (EVP), 
AgSAT16 (AGS), IrriSAT17 (IST), and IRRISAT47 (IRT)) in comparison to ours are described. All the applications 
are compared for their spatial resolution which corresponds to products with resolution lower than 500m, 
temporal resolution which describes products that offer at least daily calculations. It is also important to compare 
applications in terms of calculating water needs. This comparison implies also if applications are integrating or 
using in-situ data, if the water needs calculations are crop specific which shows the inflexibility of an approach to 
adapt in other crops, supporting multiple crops and if they are user-friendly from farmer’s side.

ACE and FCW lacks in terms of spatial resolution which means that significant information is lost in 
their calculations. WPR, AGS and IRT do not offer information on a daily basis. Thus, these applications are 
not practical for irrigation management. The provided calculations from ACE, ETW and EVP do not meet 
the requirements for water needs calculations. WPR, ETW, EVP and AGS are not using in-situ data from 
meteorological stations meaning that the accuracy of the evapotranspiration calculations is not sufficient. From 
the compared application, only IRT is flexible to calculate evapotranspiration for multiple crops. ETW and IST 
are crop specific which shows their rigidity to adapt in calculations for other crop types. Finally, FCW and ETW 
are not user friendly and, thus, cannot be easily used from farmers (users) for their daily practices.

The proposed system offers daily water need calculations for different crop types, specific to their growth 
stages combining satellite and in-situ data. Furthermore, offers its product in a spatial resolution of 500m. Finally, 
it worth mentioning that the proposed system does not consider the topographical details of the areas because 
the IDW interpolation method is used. However, since the Cyprus has a dense meteorological network the ETo 
estimates are reliable. In fact, since our approach is based on ETc estimations, which assumes unlimited water 
availability, any deviations between a dry and wet year is not expected for the estimated parameters. However, 
it should be highlighted that the Mediterranean region often experiences extended dry periods contrary to the 
assumption made above. Due to limited available data the current study is not considering estimations of crop 
evapotranspiration on extended dry periods.

Conclusions
The ratio of P and ETo calculations were as expected, indicating arid summer season and humid winter season. 
The aridity of the summer period rises the optimization of water resources management in Cyprus especially 
for the agricultural sector. Moreover, the evolution of ETc in the study period, indicates the high crop water 
demands, especially the intense water needs of citrus.

Feature ACE WPR FCW ETW EVP AGS IST IRT Ours

Spatial resolution ✓ ✓ ✓ ✓ ✓ ✓ ✓
Temporal resolution ✓ ✓ ✓ ✓ ✓ ✓
Water needs calculations ✓ ✓ ✓ ✓ ✓ ✓
In-situ data ✓ ✓ ✓ ✓ ✓
Multiple crops ✓ ✓
Crop specific ✓ ✓
User experience ✓ ✓ ✓ ✓ ✓ ✓ ✓

Table 3.  Comparison of different agricultural and irrigation management tools.  The symbol ✓ indicates if a 
feature is contained in each application.
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According to the results of our proposed approach, during the period of July 2023 to end of March 2024, 612% 
more water is required, based on ETc which assumes well-watered scenario, from three of the most economic 
valuable crops of Cyprus, underscoring a critical imbalance between available water supply and demand. This 
study highlights the critical water resource challenges that the Cyprus agricultural industry is currently facing. 
Our approach enclosed in an application, is the first step to fill the gap of a water resources observatory in 
Cyprus.

The main limitation of this study is the lack of data over an extended period. Therefore, in our study the 
estimations of crop evapotranspiration are based on a short period.

In the future, calculations of the actual evapotranspiration and the combination with in-situ soil moisture 
sensors and the use of novel technologies will fill more of this gap and help agricultural industry to reach the 
sustainability upon climate crisis. Moreover, our future studies will consider longer periods to further validate 
our estimations. Through the described application, there is a high potential for the development of an irrigation 
management application, in order to help farmers produce more yield with less water and potentially vanish the 
future threats of the agricultural industry in the Mediterranean region and the neighbour countries. Another 
future direction is to use the approach to the rest of the Eastern Mediterranean, Middle East, and North Africa 
region.

Data availability
Data are provided upon reasonable request. Contact corresponding author at stelios.neophytides@eratosthenes.
org.cy.
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