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Abstract

:

Reference evapotranspiration (ETo) estimation is essential for water resources management. The present research compares four different ETo estimators based on reanalysis data (ERA5-Land) and in situ observations from three different cultivation sites in Greece. ETo based on FAO56-Penman–Monteith (FAO-PM) is compared to ETo calculated from the empirical methods of Copais, Valiantzas and Hargreaves-Samani using both reanalysis and in situ data. The daily and monthly biases of each method are calculated against the FAO56-PM method. ERA5-Land data are also compared to ground-truth observations. Additionally, a sensitivity analysis is conducted on each site for different cultivation periods. The present research finds that the use of ERA5-Land data underestimates ground-truth-based ETo by 35%, approximately, when using the FAO56-PM method. Additionally, the use of other methodologies also shows underestimation of ETo when calculated with ERA5-Land data. On the contrary, the use of the Valiantzas and Copais methodologies with in situ observations shows overestimation of ETo when compared to FAO56-PM, in the ranges of 32–62% and 24–56%, respectively. The sensitivity analysis concludes that solar radiation and relative humidity are the most sensitive variables of the Copais and Valiantzas methodologies. Overall, the Hargreaves-Samani methodology was found to be the most efficient tool for ETo estimation. Finally, the evaluation of the ERA5-Land data showed that only air temperature inputs can be utilized with high levels of confidence.
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1. Introduction


Sustainable water resources management is one of the great global challenges of the 21st century, as freshwater demand is not likely to be covered sufficiently in the coming decades [1]. Agriculture and especially irrigation constitute the most significant freshwater consumer, absorbing about 70% of total water consumption [2]. The European Mediterranean countries, due to their relative dry climate, show a greater percentage of water consumption for irrigation, approximately 80% [3,4]. Thus, the proper estimation of irrigation water consumption is fundamental for the sustainable allocation of water resources and the efficient design of irrigation systems [5].



Climate change is expected to intensify the quantitative pressures on water resources, particularly in the Mediterranean region [6,7,8,9]. Fluctuations in regional water cycles are anticipated, exerting the vulnerability of agricultural production due to its dependence on and interconnection with irrigation water [10,11,12,13,14,15]. Recently, the EU set the goal of additional investments particularly in irrigation infrastructure along with the use of precise tools for irrigation water accounting [16].



The quantitative assessment of irrigation water use/demand is based on modeling the water balance in cultivation [17,18,19,20]. Evapotranspiration is considered the most significant component of crop water balance, especially in regions where the contributions of precipitation and groundwater are negligible during the irrigation period [21,22]. Evapotranspiration is usually calculated by the FAO-56 Penman–Monteith approach [23] as the product of the crop coefficient and the reference evapotranspiration, where the latter is a hypothetical grass reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s m−1 and an albedo of 0.23 [23]. The FAO-56 PM approach requires the following data as inputs: solar radiation, air temperature, air humidity and wind speed data.



However, consistent meteorological data are sparse from in situ observations; hence, properly maintained and fully equipped in situ meteorological stations are hard to find, even in technologically advanced countries. Often, the timeseries of variables present data gaps, and they are not always subjected to validation and outlier clearing [24]. Moreover, access to these data may be limited, as the public or private services that manage them may supply their data after complex and time-consuming procedures. There are also numerous instances where accessing these data requires significant payment [25].



A regional estimation of ETo may be calculated by a spatial interpolation from the available in situ stations when the latter contain complete timeseries over a reference time period [26,27]. Nevertheless, spatial interpolations are subject to several misleading factors, including measurement bias and errors, uncertainties regarding the structure of the interpolated area as well as the possibility of nonrepresentative positions of the stations [28]. Another approach to estimating ETo more effortlessly is with the application of methodologies requiring fewer variables than the FAO56-PM approach. These methodologies may have empirical elements for specific regional climates.



Coming to the present research’s country of interest, Greece, it is acknowledged that a widespread lack of good-quality in situ meteorological data hinders the proper estimation of daily crop water irrigation needs. Additionally, the lack of specific reference crop cultivations makes the FAO-56 PM method more difficult to apply [29]. A potential solution to the abovementioned drawbacks to properly estimating ETo is considered to be the use of global datasets of satellite or reanalysis origin. Since the beginning of the 2000s, the use of these types of datasets has gained ever-growing attention [30,31].



Climate reanalysis data combine lengthy timeseries from the past with algorithms in order to recreate continuous timeseries of many variables. Reanalysis data are widely utilized in geosciences in order to close the gap caused by insufficient ground measurements, as well as in the management of irrigation water resources. Meteorological organizations supply reanalysis data openly and freely, making them accessible on the Internet, and end users can easily download them for their area of interest [32].



The ERA5-Land reanalysis launched in 2019 by the Copernicus Climate Change Service offers a broad range of variables timeseries at a spatial resolution of 9 km. Contemporary research has concluded that the precision of estimating ETo by using the ERA5-Land reanalysis dataset is comparable to the approach of spatial interpolation of ground stations, acknowledging the solar radiation variable as the most prone to bias in the estimation of ETo [32].



The present research aims to assess the accuracy of the ERA5-Land data for estimating ETo in several extensively cultivated regions of Greece: Larissa, Komotini and Marathonas. The assessment is conducted by exploiting the available ground measurements of the information systems and technologies company Neuropublic S.A. Neuropublic S.A. installed company-owned GAIAtron ground stations in these areas during different crops cultivation periods. More specifically, a comparative assessment is conducted between estimating ETo with the FAO56-PM approach with GAIAtron and ERA5-Land data, followed by the assessment of three different approaches (Copais [33], Hargreaves-Samani [34] and Valiantzas [35]). Finally, a sensitivity analysis is also conducted of how the applied meteorological variables affect the estimation of ETo within each approach.



Similar research of comparing different ETo estimates has been previously conducted; these studies relied heavily on in situ measurements from a great number of meteorological stations [36,37,38]. On the contrary, the present research aims to identify the potential of estimating reference ETo by solely utilizing remote sensing reanalysis (ERA5-Land) data, which are then tested against a small number of in situ stations.




2. Materials and Methods


2.1. Study Areas


The three areas on which the present research focuses hosted GAIAtron meteorological stations during specific cultivation periods. Larisa, Komotini and Marathonas present intense agricultural activity with differentiating climate regimes where the estimation of ET is of vital importance for sustainable irrigation water resources management. The abovementioned areas are presented in Figure 1.



Larisa (N 39°38′19″ E 22°24′47″, +70 mamsl) is located in the River Basin District of Thessaly (RBD EL08) in the central plain of Thessaly. The central plain of Thessaly shows a continental climate regime with an average annual air temperature between 16 and 17 °C and a high temperature range (22 °C), while the RBD EL08 records 678 mm of annual precipitation on average [39]. Irrigation water is considered to account for around 95% of the total water demand [40], signifying the importance of irrigation water in the RBD EL08. Many river water bodies have been identified as under quantitative pressures due to the high usage of irrigation water [39]. Thus, the importance of properly estimating ETo is self-evident for the sustainable continuity of agricultural activities and adequacy of water resources.



Komotini (N 41°7′0″ E 25°24′0″, +45 mamsl) is located in the River Basin District of Attica (RBD EL06) in the Komotini river basin. The RBD EL12 shows a mixed climate regime with an average annual air temperature between 14.5 and 16.5 °C and a high temperature range (above 20 °C), and it records 778 mm of annual precipitation on average. The river basin of Komotini is occupied by cultivated land at around 40%, and the irrigation water demand for the RBD EL12 stands for 59% of the total water demand [41].



Marathonas (N 38°9′18″ E 23°57′49″, +28 masl) is located in the River Basin District of Thessaly (RBD EL08) on the eastern coast of the Attica basin. The Attica basin shows mostly a Mediterranean climate regime with an average annual air temperature between 16 and 18 °C and a high temperature range (16 °C) while recording variant ranges of annual precipitation: 350 mm in the central plain of Athens to 1000 mm in the mountainous areas [42]. Irrigation water is considered to account for around 13.2% of the total water demand [42], due to the high urban density of the Attica RBD. The Marathonas plain combines significant agricultural activity with urban development, with arable land accounting for 17 km2. The over-abstraction of groundwater resources for irrigation purposes has caused several water resources management issues in the broader area.




2.2. Data Used


The present research exploited the in situ data offered by Neuropublic S.A.’s GAIAtron agrometeorological stations. These stations were positioned in agricultural fields during specific cultivation periods. These are presented in Table 1. As an effect, the reanalysis ERA5-Land data are downloaded for the same time periods.



2.2.1. GAIAtron Stations


GAIAtrons are agrometeorological stations designed, manufactured and operated by Neuropublic S.A. They incorporate Internet of Things (Iot) sensors and provide continuous monitoring of agrometeorological variables. They are installed inside or right next to croplands of interest. Typically, they comprise several sensors, which measure the following variables: air temperature, relative humidity, barometric pressure, wind direction, rainfall depth, wind speed, leaf binary, incoming solar radiation, soil moisture and salinity/conductivity. GAIAtrons record the above variables at a 10 min time step, which were cured by the present research to 24h average values, minima and maxima, accordingly.



A typical GAIAtron station is equipped with the following sensor equipment:




	
SHT31 weatherproof air temperature and humidity sensor;



	
LPS33HW barometric pressure sensor;



	
CYL49E Hall Effect Sensor;



	
Auto-emptying rain collector with 0.2 mm increments;



	
Peripheral leaf wetness sensor;



	
SHT31—remote on-leaf wetness PCB;



	
TEPT5700 ambient light sensor;



	
Sentek EnviroSCAN Type II peripheral soil sensor for soil moisture, salinity and temperature.









2.2.2. ERA5-Land Data


The ERA5-Land dataset is distributed by the European Centre for Medium Range Weather Forecasts (ECMWF). The whole dataset covers climate variables over the world land areas at 2 m above ground level with a temporal analysis of 1 h, starting from the year 1950 until 2–3 months before the present date. The ERA5-Land datasets were downloaded from the CEU Copernicus Climate Change Service online portal at https://cds.climate.copernicus.eu (accessed on 1 February 2023). ERA5-Land datasets are extensively applied in hydrology and remote sensing [43,44]. Therefore, they are considered suitable for the scope of the present research.



Specifically, air temperature timeseries were download at an hourly time step, and daily mean, minimum and maximum temperature records were created. In the same manner, incoming solar radiation, wind speed, dew point temperature and barometric pressure were downloaded, processed and applied to the equations described in the Methodology section.





2.3. Methodology


The present research applied four different approaches to estimate daily reference evapotranspiration (ETo) using the two abovementioned datasets (the agrometeorological GAIAtron ground stations and the ERA5-Land datasets). Following that, a sensitivity analysis was conducted on each ETo estimation approach. All approaches and datasets were compared to the ETo estimation approach of FAO-56 PM, calculated from GAIAtron in situ data.



The FAO-56 PM method calculates the daily ETo using the following Equation (1):


    E T   o   =   0.408 Δ     R   n   − G   + γ   900   T + 273     u   2   (   e   s   −   e   a   )   Δ + γ ( 1 + 0.34   u   2   )    



(1)




where



	
ETo = reference evapotranspiration → (mm/d);



	
Rn = net radiation at surface → (MJ m−2/day−1);



	
G = soil heat flux density → (MJ m−2/day);



	
T = mean daily air temperature at 2 m height → (°C);



	
u2 = wind speed at 2 m height → (m/s);



	
es = saturation vapor pressure → (kPa);



	
ea = actual vapor pressure → (kPa);



	
es − ea = saturation vapor pressure deficit → (kPa);



	
Δ = slope vapor pressure curve → (kPa/°C);



	
γ = psychrometric constant → (kPa/°C).






The Hargreaves-Samani [34] approach was initially developed in 1975 and modified in 1985 for specific grass conditions. The approach is described in Equation (2).


    E T   o   =   0.0023     T   m a x   −   T   m i n       0.5   ( T + 17.8 )   R   α    



(2)




where



	
ETo = reference evapotranspiration → (mm/d);



	
Tmax = maximum daily surface temperature → (°C);



	
Tmin = minimum daily surface temperature → (°C);



	
T = mean daily air temperature at 2 m height → (°C);



	
Ra = extraterrestrial radiation → (mm/d).






The Copais approach [33,45] was developed in order to require only three pertinent meteorological attributes: solar radiation Rs, air temperature T and relative humidity RH. The method, described in Equations (3)–(5), was developed and calibrated with data from the Copais region in Central Greece.


    E T   o   =   m   1   +   m   2     C   2   +   m   3     C   1   +   m   4     C   1     C   2    



(3)






    C   1   = 0.6416 − 0.00784 R H + 0.372   R   S   − 0.00264   R   S   R H  



(4)






    C   2   = − 0.0033 + 0.00812 T + 0.101   R   S   − 0.00584   R   S   T  



(5)




where



	
ETo = reference evapotranspiration → (mm/d);



	
RH = average relative humidity → (%);



	
T = mean daily air temperature at 2 m height → (°C);



	
Rs = average incoming solar radiation → (MJ/m2/day);



	
m1 = 0.057, m2 = 0.277, m3 = 0.124.






The Valiantzas approach [35] was developed as a simplified version of the PM methodology in order to compensate for limited data availability. The method focuses on cases where wind speed and/or relative humidity data are not available. The development of the Valiantzas method was tested on a network of over 120 active automated weather stations in the U.S. state of California. It is described in Equation (6).


    E T   o   ≈ 0.0393   R   S    T + 9.5  − 0.19     R   S     0.6     φ   0.15   + 0.078 ( T + 20 ) ( 1 −   R H   100   )  



(6)




where



	
ETo = reference evapotranspiration → (mm/d);



	
RH = average relative humidity → (%);



	
T = mean daily air temperature at 2 m height → (°C);



	
Rs = average incoming solar radiation → (MJ/m2/day);



	
φ = latitude of the site → (rad).






For the comparative analysis between the empirical approaches (Hargreaves-Samani, Copais and Valiantzas) and the reference method of FAO56-PM, as well as their data input sources (GAIAtron or ERA5-Land), the percentage difference, each set’s correlation and the RMSE were calculated. Moreover, the coefficient of determination was calculated for each approach’s two data inputs: ERA5-Land and GAIAtrons.



Additionally, each agrometeorological variable was tested with a sensitivity analysis of its impact on the estimation of ETo by each of the four methodologies. The limited temporal range of the ground-recorded variables was treated by conducting the analysis for two distinct time periods: a dry hydrologic period (July–September) and a spring period (March–May).




2.4. Statistics and Sensitivity Analysis


Besides the direct comparison of the entire cultivation period of the estimated ETo values, the generated timeseries were tested with the root mean square error (RMSE) against the calculated daily ETo of the ground-station-based FAO56-PM method. The RMSE is commonly used for measuring the performance of models and estimators in the fields of meteorology, hydrology and climate research [46]. The RMSE can be defined by the following Equation (7), where n is the size of the sample, Dpre is the predicted variable and Dact is the actual variable:


  R M S E =    1   n   ×   ∑  1   n          D   p r e   −   D   a c t       2       



(7)







Sensitivity analyses test the effect of a change in one variable on another [47]. The change in a meteorological variable to the change in reference evapotranspiration, when it tends to zero, is the partial derivative of this variable to reference evapotranspiration [48]. A dimensionless approach to the different meteorological variables and ETo enables the comparison between them. Dimensionless sensitivity coefficients for meteorological variables can be defined using Equation (8) [49], where p is the examined variable and M is the modeled value:


    K S   p   =   ∂ M   ∂ p   × p / M  



(8)









3. Results


The results are presented per region and per temporal period. The full timeseries calculated for each site are presented in Appendix A.



3.1. Estimation of ET


3.1.1. Larisa, June–December 2019


The Larisa GAIAtron station operated during the cultivation period of June to December 2019. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 2.



Reference evapotranspiration is found to be underestimated when using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 39% during the examined months. All other approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 2 mm/d.



When the examined approaches are tested with the in situ data, only the Hargreaves-Samani methodology shows a cumulative difference greater than 100 mm during the examined months. On the other hand, the Copais and Valiantzas approaches show a small cumulative difference of only a few millimeters. However, their average daily RMSEs are relatively high, greater than 1 mm/d.




3.1.2. Larisa, January–December 2020


The Larisa GAIAtron station operated during the cultivation period of January to December 2020. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 3.



Reference evapotranspiration is found to be underestimated when using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 19% during the examined year, 2020. The Copais and Valiantzas approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 1 mm/d. However, when the Hargreaves-Samani method is applied using ERA5-Land data, the resulting total ETo is estimated with high accuracy. The total difference stands for 2% of the reference ETo with an RMSE of 0.81 mm/d.



When the examined approaches are tested with the in situ data, they show a divergence greater than 20%, overestimating the total ETo. Additionally, all approaches when tested with GAIAtron data present an RMSE of around 1 mm/d.




3.1.3. Larisa, January–December 2021


The Larisa GAIAtron station operated during the cultivation period of January to December 2021. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 4.



Reference evapotranspiration is found to be significantly underestimated using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 30% during the examined year, 2021. The Copais and Valiantzas approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 1.8 mm/d. The Hargreaves-Samani method is found to be the most accurate when using ERA5-Land data, resulting in a total ETo of 1043.17 mm. The total difference stands for 22% of the reference ETo with an RMSE of 1.32 mm/d.



When the Copais and Valiantzas approaches are tested with in situ data, they show a divergence greater than 10%, overestimating the total ETo. However, the Hargreaves-Samani method accurately calculates ETo, with a difference of 0.75% when compared to the reference method of FAO56-PM. The Hargreaves-Samani approach’s daily RMSE accounts for 0.86 mm/d when using in situ data.




3.1.4. Komotini 5.1, July–December 2020


The Komotini 5.1 GAIAtron station operated during the cultivation period of June to December 2020. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 5.



Reference evapotranspiration is found to be significantly underestimated when using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 47% during the examined months. All other approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 3 mm/d.



When the examined approaches are tested with the in situ data, the Hargreaves-Samani methodology fails to show adequate accuracy, estimating a lower ETo by 506.91 mm during the examined months. On the other hand, the Copais and Valiantzas approaches show a smaller cumulative difference, 103.79 mm and 125.71 mm, accordingly. However, their average daily RMSEs are relatively high, greater than 1.5 mm/d.




3.1.5. Komotini 6.1, July–December 2020


The Komotini 6.1 GAIAtron station operated during the cultivation period of July to December 2020. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 6.



Reference evapotranspiration is found to be significantly underestimated when using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 52% during the examined months. All other approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 3.2 mm/d.



When the examined approaches are tested with the in situ data, only the Hargreaves-Samani methodology shows a cumulative difference of 402.62 mm during the examined months. On the other hand, the Copais and Valiantzas approaches show a smaller but still important cumulative difference of 168.70–181.53 mm. Also, their average daily RMSEs are relatively high, greater than 1.7 mm/d.




3.1.6. Marathonas, February–May 2021


The Marathonas GAIAtron station operated during the cultivation period of February to May 2021. The daily ETo estimations were accumulated, resulting in the total ETo of the abovementioned time period, as shown in Table 7.



Reference evapotranspiration is found to be underestimated when using ERA5-L data when compared to the in situ data. The reference methodology of FAO56-PM underestimates ETo by 25% during the examined months. All other approaches show a similarly high discrepancy when using ERA5-L data, with an average daily RMSE higher than 1.3 mm/d.



When the examined approaches are tested with the in situ data, all three approaches, Copais, Hargreaves-Samani and Valiantzas, show a cumulative difference greater than 58 mm during the examined months, greater than 10% of the reference ETo. Their daily RMSEs are greater than or equal to 0.7 mm/d.





3.2. Agrometeorological Variables Testing


3.2.1. Larisa, June–December 2019


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Larisa during the period of June–December 2019 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 8 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate performance when it comes to minimum temperature and relative humidity. Solar radiation is found to have low accuracy when it is measured by the ERA5-L and compared to ground-truth data.




3.2.2. Larisa, January–December 2020


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Larisa during 2020 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 9 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate performance when it comes to minimum temperature and relative humidity. Solar radiation is found to have low accuracy when it is measured by the ERA5-L and compared to ground-truth data.




3.2.3. Larisa, January–December 2021


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Larisa during 2021 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 10 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate performance when it comes to minimum temperature. Solar radiation and relative humidity are found to have low accuracy when measured by the ERA5-L and compared to ground-truth data.



The total measurements of Larisa during 2019, 2020 and 2021 regarding Tavg, RH and Rs are presented also in the scatter plots of Figure 2. The plots reaffirm the above period-specific findings of slight overestimation of air temperature, slight underestimation of relative humidity and significant underestimation of solar radiation.




3.2.4. Komotini 5.1, July–December 2020


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Komotini during July–December 2020 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 11 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate to high performance when it comes to minimum temperature and relative humidity. Solar radiation is found to have low accuracy when measured by the ERA5-L and compared to ground-truth data.




3.2.5. Komotini 6.1, July–December 2020


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Komotini during July–December 2020 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 12 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate performance when it comes to minimum temperature. The variables of relative humidity and solar radiation are found to have low accuracy when measured by the ERA5-L and compared to ground-truth data.



The total measurements of Komotini 5.1 and 6.1 during 2020 regarding Tavg, RH and Rs are presented also in the scatter plots of Figure 3. The plots reaffirm the above period-specific findings of small differences in air temperature, slight to negligible differences in relative humidity and significant underestimation of solar radiation.




3.2.6. Marathonas, February–May 2021


The measurements of agrometeorological variables from the in situ station and ERA5-L that were utilized to estimate the above values of ETo in Marathonas during February–May 2021 are tested for ERA5-Land accuracy in the manners of slope α of linear regression and of their coefficient of determination. Table 13 depicts the high accuracy of ERA5-L data in monitoring the maximum and average temperatures and moderate performance when it comes to minimum temperature. Relative humidity and solar radiation are found to have low accuracy when measured by the ERA5-L and compared to ground-truth data.



The measurements of Marathonas during 2020 regarding Tavg, RH and Rs are presented also in the scatter plots of Figure 4. The plots reaffirm the above period-specific findings of small differences in air temperature, small underestimation of relative humidity and significant underestimation of solar radiation.





3.3. Sensitivity Analysis


As mentioned in Section 2.3, Methodology, a sensitivity analysis is conducted covering two distinct time periods; this is due to the specific temporal coverage of GAIAtron data. The first period examined spans the months of July to September (dry period). The other examined period comprises the spring months, March to May.



3.3.1. Dry Period: Larisa and Komotini


During the dry period of July to September, data were available for the study sites of Larisa and Komotini. A sensitivity analysis was conducted of the parameters of average temperature, relative humidity and solar radiation with a range of ±30% of their average value, originating from GAIAtron data, and is presented in Figure 5.



The average daily temperature sensitivity analysis showed that the Hargreaves-Samani and Valiantzas approaches are the most sensitive to temperature changes. A temperature change of 30% may alter the estimated daily ETo value by almost 1 mm. On the other hand, the FAO56-PM method is weakly affected by temperature changes.



The relative humidity sensitivity analysis showed that the Copais method is the most sensitive to relative humidity changes, followed by the Valiantzas approach. A relative humidity change of 30% may alter the estimated daily ETo value by 1 mm when calculated with the Copais method. On the contrary, the Hargraves-Samani and FAO56-PM methods show negligible impacts caused by relative humidity changes.



The solar radiation sensitivity analysis showed the strongest impact on the daily ETo estimation when it was calculated by the Copais and Valiantzas approaches. A 30% alteration of the solar radiation value results in 2 mm of ETo difference when calculated by the Copais approach. The Hargreaves-Samani approach is not affected by solar radiation, while the FAO-56 PM approach shows moderate sensitivity.




3.3.2. Spring Period: Larisa and Marathonas


During the spring period of March to May, data were available for the study sites of Larisa and Marathonas. The sensitivity analysis conducted on the parameters of average temperature, relative humidity and solar radiation with a range of ±30% of their average value, originating from GAIAtron data, is presented in Figure 6.



The average daily temperature sensitivity analysis showed that the Hargreaves-Samani and Valiantzas approaches are the most sensitive to temperature changes. A temperature change of 30% may alter the estimated daily ETo value by about 0.5 mm. On the other hand, the Copais and FAO56-PM methods are weakly affected by temperature changes.



The relative humidity sensitivity analysis showed that the Copais method is the most sensitive to relative humidity changes, followed by the Valiantzas approach. A relative humidity change of 30% may alter the estimated daily ETo value by 1 mm, when calculated with the Copais method. On the contrary, the Hargraves-Samani and FAO56-PM methods show negligible impacts caused by relative humidity changes.



The solar radiation sensitivity analysis showed the strongest impact on the daily ETo estimation when it was calculated by the Copais and Valiantzas approaches. A 30% alteration of the solar radiation value results in more than 1 mm of ETo difference when calculated by the Copais approach. The Hargreaves-Samani approach is not affected by solar radiation, while the FAO-56 PM approach shows moderate sensitivity.






4. Discussion


The present research attempted to evaluate the use of different methodologies and data sources towards estimating reference evapotranspiration, ETo. Specifically, the investigation assessed the Hargreaves-Samani, Copais and Valiantzas methods of estimating the reference ETo by comparing them to the FAO56-PM method. Moreover, the utilized timeseries of ERA5-Land agrometeorological variables were compared to data from the in situ GAIAtron stations. Finally, a sensitivity analysis was conducted of the four methodologies’ behavior regarding changes in the average daily air temperature, relative humidity and solar radiation.



Remote sensing and reanalysis were tested in the calculation of daily and cumulative ETo at three cultivation sites in Greece with different climatic conditions. The comparison with the available GAIAtron ground stations highlighted the potential and the limitations of ERA5-Land data usage to estimate ETo with various methodologies. An ERA5-Land fine-resolution grid of 9 km is considered the most capable of the different remote sensing datasets and capable of covering relatively small homogenous morphological areas, such as the sites examined [50,51,52].



Out of six cultivation periods, there was only one occasion where one methodology, Hargreaves-Samani, properly estimated the cumulative ETo. On the other five occasions, all approaches when fed with ERA5-Land data showed significant underestimation in comparison to ETo calculated by FAO56-PM and GAIAtron data. The above finding is in agreement with similar research conducted in northern Ethiopia, where remote sensing data resulted in underestimation of ETo compared to ground stations [53]. However, another example of estimating ETo with remote sensing products in the state of Indiana, U.S.A., showed different results, with remote sensing products estimating greater values of ETo than ground-based estimations [54].



The difference ranged from 19 to 62% of the reference value. Additionally, the daily RMSE stood higher than 1 mm/d in all five non-accurate cases, greater than 10% of the maximum daily FAO56-PM ETo corresponding values. Thus, it is evident that the direct use of reanalysis data cannot provide precise estimates of ETo [25], and some bias correction procedures remain necessary. However, ERA5-Land may provide critical insights on ETo, especially in data-scarce areas, due to its consistent data production rate [51].



Additionally, the present research compared the unique agrometeorological variables commonly used to estimate ETo by their data source. ERA5-Land derived incoming solar radiation and relative humidity with moderate accuracy compared to GAIAtron data, affecting the estimated values of ETo. Similar research conducted in Italy with a significantly larger number of study sites and lengthier available timeseries showed better performance of Rs estimation by ERA5-Land compared to the Greek sites examined, while the performance of estimating RH was found to be similar [52]. On the contrary, temperature records presented high accuracy levels in every site and cultivation period. This finding is in agreement with similar research where temperature was also found to be consistent and capable of being used to derive significant agricultural insights [52,55]. It should be noted that the limited available timeseries of the study sites may pose a limitation to the complete assessment of the performance of ERA5-Land estimations of the meteorological variables and consequently of ETo.



Finally, the sensitivity analysis conducted reaffirmed the complexity of the FAO56-PM. The latter showed little sensitivity to the examined variables due to the greater number of variables included in its calculation. The Copais and Valiantzas approaches showed significant sensitivity to incoming solar radiation and relative humidity. The abovementioned finding explains the inconsistent estimation of ETo by these approaches due to the significant difference in ERA5-Land and GAIAtron timeseries of the two variables. Lastly, the Hargreaves-Samani method was found, as expected, to be sensitive to the temperature variable. This explains the better performance of the Hargreaves-Samani approach with ERA5-Land data in the estimation of ETo when compared to the Copais or Valiantzas approaches.




5. Conclusions


The main findings of this research are summarized below:




	
When estimating cumulative daily ETo for three Greek cultivation sites using ERA5-Land data, four different methodologies, FAO56-PM, Hargreaves-Samani, Copais and Valiantzas, underestimated total ETo on average by 38% when compared to FAO56-PM with in situ observed calculations.



	
In comparing the different approaches, Hargreaves-Samani emerges as the least bias-prone in estimating ETo with ERA5-Land data, showing an average underestimation of 26%.



	
When applying the in situ agrometeorological variables record, the Valiantzas approach is proved the most accurate, with an average difference of 12.2% when compared to the FAO56-PM reference ETo.



	
Comparisons of the individual variables recorded by in situ GAIAtron stations and ERA5-Land depicted moderate performance of the reanalysis data regarding relative humidity and solar radiation. On the other hand, temperature was proved to be well-recorded by ERA5-Land.








The present research highlights the potential and current limitations of using open access ERA5-Land reanalysis data towards the estimation of ETo. Additionally, the proper choice of ETo approach is essential when there is not sufficient data for applying the FAO56-PM method, as shown by the significant differences observed. The results presented, as well as the discussion that followed, highlight the need for additional procedures, such as downscaling of the reanalysis data, in order to achieve independent-of-ground-data usage. However, the use of ERA5-Land data may provide critical insights in data-scarce areas. Additionally, future research approaches should investigate the optimization of the number and setting of in situ agrometeorological stations, which will provide the necessary observations to properly assess and utilize reanalysis data. Furthermore, the identification of ERA5-Land’s high accuracy in recording temperature data allows a more confident approach in various climate-related studies, such as in recording frost days or very high heat days, as well as in assessing long-term trends and persistence.
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Figure A1. June–December 2019 ETo estimated daily timeseries, data source: GAIAtron station. 
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Figure A2. June–December 2019 ETo estimated daily timeseries, data source: ERA5-Land. 
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Figure A3. ETo estimated daily timeseries for 2020, data source: GAIAtron station. 
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Figure A4. ETo estimated daily timeseries for 2020, data source: ERA5-Land. 






Figure A4. ETo estimated daily timeseries for 2020, data source: ERA5-Land.



[image: Geographies 03 00026 g0a4]







[image: Geographies 03 00026 g0a5 550] 





Figure A5. ETo estimated daily timeseries for 2021, data source: GAIAtron station. 
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Figure A6. ETo estimated daily timeseries for 2021, data source: ERA5-Land. 
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Figure A7. July–December 2020 ETo estimated daily timeseries, data source: GAIAtron station. 
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Figure A8. July–December 2020 ETo estimated daily timeseries, data source: ERA5-Land. 
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Figure A9. July–December 2020 ETo estimated daily timeseries, data source: GAIAtron station. 






Figure A9. July–December 2020 ETo estimated daily timeseries, data source: GAIAtron station.
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Figure A10. July–December 2020 ETo estimated daily timeseries, data source: ERA5-Land. 






Figure A10. July–December 2020 ETo estimated daily timeseries, data source: ERA5-Land.
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Figure A11. February–May 2021 ETo estimated daily timeseries, data source: GAIAtron station. 
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Figure A12. February–May 2021 ETo estimated daily timeseries, data source: ERA5-Land. 
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Figure 1. Study areas: Larisa, Komotini (5.1 and 6.1) and Marathonas. 
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Figure 2. Larisa, 2019, 2020 and 2021: scatter plots of Tavg, RH and Rs. Solid black line; y = x line, Dotted line; linear trendline, Blue dots; Daily measurements. 
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Figure 3. Komotini 5.1 and 6.1: scatter plots of Tavg, RH and Rs. Solid black line; y = x line, Dotted line; linear trendline, Blue dots; Daily measurements. 
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Figure 4. Marathonas: scatter plots of Tavg, RH and Rs. Solid black line; y = x line, Dotted line; linear trendline, Blue dots; Daily measurements. 
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Figure 5. Dry period: Larisa and Komotini sensitivity analysis results. 
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Figure 6. Spring period: Larisa and Marathonas sensitivity analysis results. 
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Table 1. Cultivation time periods with GAIAtron meteorological records.






Table 1. Cultivation time periods with GAIAtron meteorological records.





	GAIAtron Station
	Time Period (dd/mm/yyyy)





	Larisa
	30/05/2019–31/12/2021



	Komotini 5.1
	01/07/2020–31/12/2020



	Komotini 6.1
	26/06/2020–31/12/2020



	Marathonas
	26/01/2021–04/06/2021
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Table 2. June–December 2019 ETo total estimates.






Table 2. June–December 2019 ETo total estimates.





	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	987.30
	598.82



	Hargraves-Samani
	870.56
	718.91



	Copais
	982.63
	503.79



	Valiantzas
	989.88
	592.94
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Table 3. January–December 2020 ETo total estimates.






Table 3. January–December 2020 ETo total estimates.





	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	1111.67
	898.50



	Hargraves-Samani
	1338.63
	1086.54



	Copais
	1394.65
	753.65



	Valiantzas
	1351.07
	847.8
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Table 4. January–December 2021 ETo total estimates.
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	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	1344.43
	937.52



	Hargraves-Samani
	1354.47
	1043.17



	Copais
	1558.60
	729.77



	Valiantzas
	1479.59
	819.61
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Table 5. Komotini 5.1; July–December 2020 ETo total estimates.






Table 5. Komotini 5.1; July–December 2020 ETo total estimates.





	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	1034.44
	544.68



	Hargraves-Samani
	527.53
	566.06



	Copais
	930.65
	391.87



	Valiantzas
	908.73
	454.38
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Table 6. Komotini 6.1; July–December 2020 ETo total estimates.






Table 6. Komotini 6.1; July–December 2020 ETo total estimates.





	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	1038.94
	497.35



	Hargraves-Samani
	636.32
	576.29



	Copais
	870.24
	396.89



	Valiantzas
	857.41
	474.20
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Table 7. February–May 2021 ETo total estimates.






Table 7. February–May 2021 ETo total estimates.





	Method
	GAIAtron Station
	ERA5-Land





	FAO56-PM
	488.23
	366.91



	Hargraves-Samani
	423.66
	397.27



	Copais
	586.20
	299.17



	Valiantzas
	546.34
	308.71
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Table 8. June–December 2019 agrometeorological variables source testing.






Table 8. June–December 2019 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.95
	1.23
	1.07
	0.90
	0.46



	R2
	0.95
	0.74
	0.96
	0.73
	0.77
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Table 9. January–December 2020 agrometeorological variables source testing.






Table 9. January–December 2020 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.93
	1.28
	1.09
	0.91
	0.48



	R2
	0.97
	0.71
	0.95
	0.61
	0.66
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Table 10. January–December 2021 agrometeorological variables source testing.






Table 10. January–December 2021 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.94
	1.28
	1.08
	0.91
	0.50



	R2
	0.87
	0.81
	0.97
	0.51
	0.67










[image: Table] 





Table 11. Komotini 5.1; July–December 2020 agrometeorological variables source testing.






Table 11. Komotini 5.1; July–December 2020 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.99
	0.89
	0.96
	1.01
	0.42



	R2
	0.94
	0.90
	0.95
	0.85
	0.83
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Table 12. Komotini 6.1; July–December 2020 agrometeorological variables source testing.






Table 12. Komotini 6.1; July–December 2020 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.97
	1.11
	1.04
	1.02
	0.46



	R2
	0.93
	0.73
	0.92
	0.39
	0.78
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Table 13. February–May 2021 agrometeorological variables source testing.






Table 13. February–May 2021 agrometeorological variables source testing.





	Test
	Tair,max
	Tair,min
	Tair,avg
	RH
	Rs





	α (y = a × x)
	0.96
	1.04
	1.00
	0.93
	0.48



	R2
	0.91
	0.87
	0.94
	0.55
	0.71
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