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Farmers routinely determine irrigation requirements from visual observations and cultivation experience, but this can lead to under- or over-irrigation. To establish precise irrigation technology for strawberry cultivation, the average daily evapotranspiration and water requirements were estimated according to the environmental data: air temperature and humidity from the center of the greenhouses and solar radiation from outside greenhouses. Makkink FAO24 equations (temperature and cloudiness) were used to estimate the evapotranspiration and water requirements. The temperature equation showed higher correlation coefficients in solar radiation (R2 = 0.60), evapotranspiration (R2 = 0.76), and water requirements (R2 = 0.69) than other tested equations. The daily irrigation, calculated from the estimated evapotranspiration, was 3.8 tons/10a. It is possible to develop a precision irrigation system from estimated evapotranspiration during the winter cultivation of “Seolhyang” strawberries in South Korea.
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INTRODUCTION

Agriculture is the biggest global consumer of freshwater, accounting for up to 70% of the total use (FAO, 2016). Freshwater shortages pose a serious threat to sustainable development and food security worldwide. Conservation and efficient use of freshwater in agriculture is necessary to increase crop production while preventing water deficiency (Tsang and Jim, 2016). Rainfall and irrigation are important freshwater sources in agriculture. However, rainfall is unreliable and can cause deleterious effects, both in excess, through surface runoff and erosion, and in deficiency, resulting in drought. In contrast, irrigation is controllable and can be used as required. Thus, if rainfall is not secured and irregular, a well-controlled irrigation system should be used for crop cultivation instead of rainfall.

Irrigation systems are important in agricultural farms. A controlled amount of freshwater required for crop growth and development is artificially provided to the soil (Shibusawa, 2001; Oborkhale et al., 2015). In farms, using conventional irrigation systems, farmers might provide irrigation, without consideration of the exact freshwater needs of individual crops or environmental data. To avoid loss of crop productivity due to water stress (under-irrigation), farmers provide more freshwater than needed (over-irrigation), decreasing productivity, and wasting freshwater and energy. Therefore, conventional irrigation systems may cause undesired water stress on the crops or reduce water-saving capabilities (Kumar et al., 2017; Lakhiar et al., 2018; Say et al., 2018).

Most commercially available irrigation controllers are programmed for predefined intervals to provide an offline irrigation schedule based on soil and plant characteristics and on empirical knowledge of climate variable dynamics (Lozoya et al., 2014). A high level of precision is needed in irrigation systems to optimize the freshwater input and crop productivity and to minimize adverse environmental impacts. Precision irrigation has been conceptualized as the use of efficient irrigation systems or as the variable control of irrigation systems based on sensor feedback or predefined maps (Raine et al., 2007). The advantages of precision irrigation include improved crop yield and quality, higher water use efficiency, and reduction of energy costs and adverse environmental impacts (Shah and Das, 2012). Precision irrigation can improve agricultural sustainability in terms of improved water use efficiency and environmental quality (Pierce, 2010), by using freshwater more efficiently and effectively, avoiding under- and over-irrigation. Furthermore, variability within a farm may be managed, and a high economic benefit achieved by satisfying the specific irrigation needs of individual crops (Smith and Baillie, 2009; Cambra et al., 2018; El Chami et al., 2019).

However, the establishment of a precision irrigation system depends on accurate evapotranspiration forecast (Yang et al., 2016). And accurate meteorological data are needed. Reference evapotranspiration (ET0) is an expression of the effect of meteorological conditions on the water requirements of crops (Wang et al., 2008). The accurate estimation of ET0 is very important, not only for irrigation guidance and freshwater utilization improving, but also for the environmental effect and global climate change research (Zhang et al., 2012; Fan et al., 2016). An ideal model for ET0 estimation is designed based on minimal data, without affecting the accuracy of the estimation (Shih, 1984; Feng et al., 2017). The Makkink FAO (Food and Agriculture Organization) 24 equation is a simplified empirical model that requires less parameters than other empirical models (Makkink, 1957). Valipour et al. (2020), however, reported that ET0 have been evaluated by data from meteorological offices and thus there may be problems in predicting ET0 for crops within specific conditions containing greenhouses. We used data from environmental sensors and data loggers installed in a greenhouse. The objective of this study is to evaluate and predict the daily average evapotranspiration and water requirements of strawberry with data from a meteorological office and a greenhouse using the Makkink FAO24 equation.



MATERIALS AND METHODS


Environmental Conditions

Seolhyang strawberries, a major cultivar in South Korea, were transplanted in a greenhouse (35°42′N, 128°19′E, double-layer plastic houses, PE film, width: 8 m, length: 10 m, height: 3 m) at a density of 10.3 plants/m2 on September 07, 2019 (Figure 1). Eight thousand and five hundred plants were used for evapotranspiration estimation and water requirement analysis. During the experiment period, old leaves were defoliation once a week according to the conventional strawberry management method, and inflorescence and fruit were not removed. Flowers were pollinated by pollinators (honey bees). Water and nutrient solutions were supplied once a week, respectively. Culture solutions of strawberries were made according to the standard recipe, the EC of the supplied nutrient solution was 0.8 ds·m−1 and pH was maintained in the range 5.8–6.0. Environmental data was collected by installing air temperature and humidity sensors (Eyesne5, Nare Trends Inc., Sejong, South Korea) at the central point inside the greenhouse, and solar radiation sensors (WSS 202, Woosung hitech Co. Ltd., Yangsan, South Korea) outside the greenhouse (actual radiation). All data were recorded by data loggers (Nare Trends Inc., Sejong, South Korea). Data were collected from November 17, 2019 to April 28, 2020. Forecast data that was not collected at the site, such as the maximum and minimum air temperature, average atmospheric pressure, average relative humidity, day length, and elevation, but was obtained from a regional meteorological office.


[image: Figure 1]
FIGURE 1. A photograph of the experiment: 8,500 plants of “Seolhyang” strawberry plants were grown for the experiment in Goryeong commercial greenhouse (A) outside and (B) inside.




Estimation Formulas for Solar Radiation, Evapotranspiration, and Water Requirement

Daily solar radiation was predicted by estimation equations of temperature and cloudiness methods, according to Hargreaves and Samani (1982) (Equation 1) and Allen et al. (1998) (Equation 2), respectively. The average air temperature data from the past 10 years (2009–2019) from a regional meteorological office were used to estimate the solar radiation and to predict the water requirements.
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The modified solar radiation coefficient (Equation 3) and estimated external solar radiation (Equation 4) were calculated from those data, respectively.
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* Tmax, Maximum temperature; Tmin, Minimum temperature; τ, Transmittance of plastic film (polyethylene, PE) for the greenhouse (88.2%); z, Altitude above sea level (20 m); n, Number of days in the year.

The evapotranspiration of the plants was estimated from the solar radiation, transmittance of the plastic material, air temperature, and relative humidity data. De Bruin (1987) introduced the simplified version of the Makkink model (Makkink, 1957), which provides a reliable estimate of ET0 using only daily solar radiation (RS) and t observations. Following this approach, daily ET0 can be computed from the following (Equation 5):
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* ETo, evapotranspiration; b, Adjustment factor (FAO crop water requirement); γ (kPa), Dry and wet constant = r = 0.665 × p×10−3; p(kPa), atmospheric pressure; Δ (kPa/°C), Slope of saturated water vapor pressure curve.

Where ET0 is the reference evapotranspiration (mm/d), RS is solar radiation (MJ m−2 d), λ is the latent heat of vaporization (MJ kg−1) and CMAK is an empirical coefficient depending on climate conditions. De Bruin (1987) suggested a value of 0.65 for the CMAK.

Daily forecasting of crop evapotranspiration (ETc) was determined using the modified FAO56 method (Allen et al., 1998; Equation 6):
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* ETc, Crop water requirement; Kc, Crop coefficient (0.15).

The irrigation requirement was determined from the average daily crop water requirement, as follows (Equation 7):
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Statistical Analysis

The following parameters were calculated (Willmott, 1982): mean bias error (MBE) and mean absolute error, root mean square error (RMSE), relative error (RE), and the ratio between both average values. The correlation analysis and validation were calculated using R version 4.0.2 (RStudio Inc., USA). The ET and ETC values estimated from the predicted values were verified through the ratio of the predicted value to the measured value, R2, RMSE, RE, and MBE. The values calculated in the estimation formula were expressed as graphs using SigmaPlot (Systat, San Jose, CA, USA).




RESULTS


Environmental Data

The air temperature and relative humidity (Figure 2A) and the accumulated radiation and vapor pressure deficit (Figure 2B) in the greenhouse from September 01, 2019 to May 01, 2020 showed opposing trends; the air temperature and the accumulated radiation decreased and then increased, whereas the relative humidity and the vapor pressure deficit increased and then decreased. The air temperature (Figure 2C) and the accumulated radiation (Figure 2D) in a regional meteorological office during the same period displayed the same trend as the data in the greenhouse but the relative humidity (Figure 2C) and the vapor pressure deficit (Figure 2D) did not reveal a trend due to variations in the data. The average air temperature, relative humidity, accumulated radiation, and vapor pressure deficit data from the greenhouse were 15.07°C, 77.76%, 10055.05 W/m2, and 0.77 kPa, respectively. The environment data from a regional meteorological office were 8.23°C, 62.82%, 10055.05 W/m2, and 0.25 kPa, respectively. The results indicated that the average air temperature, relative humidity, and vapor pressure deficit data from the greenhouse were higher than those from a regional meteorological office except accumulated radiation.


[image: Figure 2]
FIGURE 2. Environmental data collected from the experimental greenhouse between September 2019 and May 2020: Daily average air temperature and relative humidity from a greenhouse (A) and a regional meteorological office (C); Accumulated radiation and vapor pressure deficit from a greenhouse (B) and a regional meteorological office (D).


The actual daily solar radiation was 35.42 MJ m−2d.The estimated daily solar radiation from the temperature and cloudiness equations using the collected data were 35.05 (R2 = 0.60) and 40.06 (R2 = 0.42) MJ/m2d, respectively while the estimated daily solar radiation from the temperature and cloudiness equations using the forecasted data were 33.76 (R2 = 0.41) and 40.06 (R2 = 0.42) MJ/m2d, respectively (Figure 3). The RMSE and RE were lowest in the temperature equation using collected data and highest in the cloudiness equation using collected data.


[image: Figure 3]
FIGURE 3. Comparison of solar radiation among predicted values during the experimental period. (A) collected temperature; (B) collected cloudiness; (C) forecasted temperature; (D) forecasted cloudiness.




Estimation of Daily Evapotranspiration and Water Requirement

The daily evapotranspiration, estimated by the Makkink FAO24 equation and the actual daily solar radiation, was 6.36 mm/d. The estimated daily evapotranspiration from the temperature and cloudiness equations using the collected data were 6.32 (R2 = 0.76) and 7.57 mm/d (R2 = 0.33), respectively while the estimated daily evapotranspiration from the temperature and cloudiness equations using the forecasted data were 5.86 (R2 = 0.22) and 7.44 (R2 = 0.35) MJ/m2d, respectively (Figure 4). The RMSE and RE were lowest in the temperature equation using collected data and highest in the cloudiness equation using collected data.


[image: Figure 4]
FIGURE 4. Comparison of evapotranspiration among predicted values during the experimental period. (A) collected temperature; (B) collected cloudiness; (C) forecasted temperature; (D) forecasted cloudiness.


When the water requirements of strawberry plants provided by the FAO were applied to the actual and estimated solar radiation using temperature and cloudiness equations, the ratio of the estimated water requirement (1.04) in the temperature equation using the collected data was closest to 1.0 compared to the other equations (the cloudiness equations using the collected data: 1.20; the temperature equation using the forecasted data: 0.94; the cloudiness equation using the forecasted data: 1.18) and the correlation coefficient was highest (R2 = 0.69; Figure 5). Furthermore, the estimated water requirements from the temperature equation using collected data displayed lower errors than other water requirements. Thus, daily irrigation was calculated by the temperature equation using collected data. The requirement for daily irrigation was from 3.8 tons/10a (The daily irrigation = cultivation area × daily average estimated water requirement).


[image: Figure 5]
FIGURE 5. Comparison of water requirement among predicted values during the experimental period. (A) collected temperature; (B) collected cloudiness; (C) forecasted temperature; (D) forecasted cloudiness.





DISCUSSION

The air temperature and relative humidity and the accumulated radiation and vapor pressure deficit (Figure 2) in a greenhouse and a regional meteorological office is very common in South Korea. The difference between collected and forecasted values may be due to the difference of average air temperature, relative humidity, and vapor pressure deficit.

Most research on the impact of climate change on agriculture has focused on crop productivity (Cammarano et al., 2020, Schmidhubber and Tubiello, 2007, Tubiello et al., 2007). Improving resource efficiency in agricultural systems is crucial for sufficient food production. Remote sensing techniques, data collection, and information technology are key strategies for efficient agricultural water management (Ferrández-Pastor et al., 2018). For example, the efficient use of water, energy, and fertilizers through the Internet of Things improves yield while reducing production costs (Harun et al., 2019). However, climate-induced fluctuations in temperature, solar radiation, and precipitation not only affect crop productivity but also impact water use. The effect of changing weather patterns on the temporal and spatial variation of water requirements, consumption, and deficit has been investigated; however, most studies on strawberry irrigation have been conducted in California and Florida, where open-field cultivation is standard (Clark et al., 1996, Grattan et al., 1998, Hanson and Bendixen, 2004, Trout and Gartung, 2004). In Europe, strawberries are grown in greenhouses (Gavilán et al., 2015), similar to the experimental environment in this study; therefore, an equation was used that did not consider precipitation as a factor.

There are a number of equations that compute evapotranspiration using environmental factors, such as the Penman-Monteith, Priestley-Taylor, Turc, Hargreaves, Makkink, Blaney-Criddle, Abtew, and EnkuTemperature methods. The Makkink FAO24 equation uses solar radiation and air temperature, without precipitation; thus, it is suitable for experiments conducted in greenhouses that are not affected by precipitation. Gavilán et al. (2015) used the Makkink FAO24 equation to estimate the solar radiation and evapotranspiration of strawberries in greenhouses. The collected and forecasted values using the temperature and cloudiness equations had high correlation (R2 > 0.8); however, in this study, high correlations were not obtained due to high errors, although the ratio was ~1. The initial values of predicted solar radiation, evapotranspiration, and water requirements were high, which may increase RMSE and RE, and decrease R2 (Figures 3–5). Irrigation scheduling, based on the crop coefficient (Kc), is simple because sophisticated instruments are not required. Precise Kc values are often difficult to establish due to regional and site-specific crop physiology, soil characteristics, and cultural practices. Recommended Kc values for a regional irrigation scheduling program must be high enough to avoid water stress, yet low enough for efficient water management (Yuan et al., 2004). The Kc for the water requirement is applied differently to the equation depending on the growth stage (initial stage, 0.30; middle stage, 0.80; end stage, 0.70). However, these values correspond to strawberry cultivation in open fields and must be applied differently to greenhouse-cultivated crops. Bhantana et al. (2019) reported Kc values of 0.15, 1.18, and 0.25 in early, middle, and end stage strawberries in greenhouses of Denmark from March to June, respectively. The criterion for classifying growth stage is ambiguous. Therefore, a Kc of 0.15 was applied to the equation in this study regardless of the growth stage considering the lower air temperature than the study of Bhantana et al. (2019).

The correlation coefficients of the water requirements, estimated values from temperature and cloudiness equations using the forecasted data, were <0.50. This was presumed to be due to the microclimate and differences between the sensors. Meteorological agency data is convenient for determining the water requirements of agricultural areas at a regional or global level; therefore, strategies to improve this need to be established. For example, an analysis of differences in data according to sensor manufacturer, correction of the equation considering the microclimate, and setting the irrigation schedule considering soil moisture content.



CONCLUSION

The temperature equation using collected data gave a water requirement estimation of as much as the actual data. When the amount of irrigation is calculated using the estimated water requirement, 3.8 tons/10a strawberry farms is needed; this is similar to the actual water requirements. These results indicate that the evapotranspiration and water requirement values, determined using the Makkink FAO24 equation, will be suitable for developing a precise irrigation system during the cultivation of “Seolhyang” strawberries. This system should be updated to improve the coefficient for more accurate prediction of crop water requirements. Moreover, if environmental sensors and data loggers are not installed in a greenhouse, data from a regional meteorological office should be used for water requirement estimation. However, the results indicated that data from a regional meteorological office are less predictive than those from a greenhouse. To use forecasted data, new equations using data from a regional meteorological office should be designed.
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