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Abstract

:

The Food and Agriculture Organization (FAO) Penman–Monteith equation, recognized as the standard method for the estimation of reference crop evapotranspiration (ET0 ), requires many meteorological inputs. The Ångström–Prescott (A-P) formula containing parameters (i.e., a and b) is recommended to determine global solar radiation, one of the essential meteorological inputs, but may result in a considerable difference in ET0 estimation. This study explored the effects of A-P coefficients not only on the estimation of ET0, but also on the irrigation water requirement (IWR) and design water requirement (DWR) for paddy rice cultivation, which is the largest consumer of agricultural water in South Korea. We compared and analyzed the estimates of ET0, IWR, and DWR using the recommended (a = 0.25 and b = 0.5) and locally calibrated A-P coefficients in 16 locations of South Korea. The estimation of ET0 using the recommended A-P coefficients produced significant overestimation. The overestimation ranged from 3.8% to 14.0% across the 16 locations as compared to the estimates using the locally calibrated A-P coefficients, and the average overestimation was 10.0%. The overestimation of ET0 corresponded to a variation of 1.7% to 7.2% in the overestimation of the mean annual IWR, and the average overestimation of the IWR was 5.1%. On average, the overestimation was slightly reduced to 4.8% in DWR estimation, since the effect of A-P coefficients on the IWR estimation decreased as the IWR increased. This study demonstrates how the use of A-P coefficients can alter the estimation of ET0, IWR, and DWR in South Korea, which underscores the importance of their proper consideration in agricultural water management.
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1. Introduction


The estimation of agricultural water demand is very important in long-term water resources planning, because agricultural water use accounts for the largest portion of total freshwater use. Globally, about 70% of freshwater is consumed by agricultural production [1], and agriculture will use more water in the future [2]. In order to estimate agricultural water demand, the reference crop evapotranspiration (ET0) needs to be calculated. The Food and Agriculture Organization (FAO) Penman–Monteith (P-M) equation, which combines both energy and mass balances based on physical principles, is recommended as the standard method for estimating ET0 in a variety of climate types [3]. The equation, however, can be restricted in use, since it requires a number of meteorological inputs which may not be available everywhere [4,5].



Global solar radiation is one of the essential inputs of the P-M equation. The Ångström–Prescott (A-P) formula is recommended for the estimation of the global solar radiation if it is not measured [3]. Parameters in the formula (i.e., a and b) vary depending on atmospheric conditions and solar declination [3]. Accordingly, there have been many studies on their estimation in different regions having different climates [6,7,8,9,10,11]. For South Korea, Choi et al. [12] calibrated A-P coefficients by using 25 years (1983–2007) of observed daily global solar radiation and sunshine duration data at 18 meteorological stations. The calibrated coefficients were validated by comparing the estimates of daily solar radiation, using the locally extracted coefficients from the spatially interpolated map of the calibrated coefficients, with the observed solar radiation for a one-year period (September 2008 to August 2009) at eight locations. In the case that no measured solar radiation data are available and no calibration has been carried out for the parameters, the values of 0.25 and 0.50 are recommended for a and b, respectively [3].



Despite the many studies on estimating the A-P coefficients for a specific region, only a few studies have evaluated the effects of A-P coefficients on the estimation of ET0. Moreover, previous studies on the effects have suggested that the recommended A-P coefficients may call into question the accuracy of the P-M equation [7,10]. Sabziparvar et al. [10] showed that daily ET0 estimates in a humid subtropical climate could be improved up to 72.7% when the calibrated A-P coefficients were used instead of the recommended A-P coefficients. For these reasons, Liu et al. [7] argued that there is a need for further exploration into the variation in ET0 caused by the A-P coefficients in different climates.



In addition to the ET0, the estimation of irrigation water requirements (IWRs) and design water requirements (DWRs), which is an essential part of the design and operation of agricultural water resources systems [13], is also affected by the use of A-P coefficients when the estimation uses the P-M equation. The IWR is the net depth of water that is required to be applied to a crop to fully satisfy its specific crop water requirement for achieving full production potential [14]. The estimation of IWR, explained in the following section in detail, generally requires the estimation of ET0 and crop coefficients for a given crop, but also involves other factors such as effective rainfall and deep percolation, which altogether influence the effects of A-P coefficients on the estimation. When it comes to the DWR for a certain return period in paddy irrigation in South Korea, this is determined from the frequency analysis of IWRs for a given location [13]. Considering the proportion of agricultural water in total water use and the frequent use of the P-M equation in the estimation of agricultural water demand, it is necessary to study whether the use of recommended A-P coefficients overestimates or underestimates the IWRs and DWRs; this question has not been comprehensively explored so far.



The objective of this study, therefore, is to bridge these gaps by exploring how the A-P coefficients alter the estimation of ET0, IWR, and DWR in South Korea. South Korea provides a good testing ground to further study the effects of A-P coefficients on the estimation, because in South Korea, the P-M equation is used as the standard for calculating evapotranspiration when agricultural water demand is estimated [15] and about 80% of agricultural water is used for the production of one single crop: paddy rice [16]. In this study, therefore, IWRs and DWRs are calculated for paddy rice production.




2. Materials and Methods


This study proceeds as follows. First, we evaluate the accuracy in the estimation of ET0, calculated by the recommended A-P coefficients in 16 study sites by comparing with the estimates of ET0 using the locally calibrated A-P coefficients provided by Choi et al. [12]. Second, we explore the difference between the estimates of IWR using the recommended and calibrated coefficients. Third, we analyze and compare the DWRs from the frequency analysis of the estimated IWRs.



2.1. Study Sites


We selected 16 meteorological stations that had their calibrated A-P coefficients and provided complete and reliable weather data for estimating ET0 as study sites in South Korea (Figure 1). The selected sites are located across South Korea from the coast to inland and they are classified as having humid subtropical and continental climates by the Köppen–Geiger climate classification [17] (Table 1). To estimate ET0, IWR, and DWR, we collected daily meteorological data including precipitation, maximum and minimum temperatures, wind speed, relative humidity, and sunshine hours from 1983 to 2007 from the Korea Meteorological Administration (https://data.kma.go.kr). This time period is the same one used by Choi et al. [12] to derive the calibrated Ångström–Prescott coefficients. Detailed geographical characteristics of the study sites and the calibrated Ångström–Prescott coefficients are given in Table 1.




2.2. FAO Penman–Monteith Equation


The FAO P-M equation used to estimate grass reference crop evapotranspiration (ET0) is given as follows [3]:


ET0=0.408Δ(Rn−G)+γ900T+273u2(es−ea)Δ+γ(1+0.34u2)



(1)




where ET0 is in mm day−1, Rn is the net radiation at the crop surface (MJ m−2 day−1), G is the soil heat flux density (MJ m−2 day−1), T is the mean daily air temperature at 2-m height (℃), u2 is the wind speed at 2-m height (m s−1), es is the saturation vapor pressure (kPa), ea is the actual vapor pressure (kPa), Δ is the slope vapor pressure curve (kPa ℃−1), and γ is the psychrometric constant (kPa ℃−1).



The detailed procedures for calculating all the parameters used in Equation (1) are described in Allen et al. [3].




2.3. Ångström–Prescott Coefficients


The coefficients (i.e., a and b) of the Ångström–Prescott formula given below are required to estimate (global) solar radiation (Rs), which is used for calculating the net radiation (Rn) in Equation (1); the recommended coefficients from Allen et al. [3] and calibrated coefficients from Choi et al. [12] were used in this study.





Rs=(a+bnN)Ra



(2)




where Rs is in MJ m−2 day−1, n is the actual duration of sunshine (h), N is the maximum possible duration of sunshine or daylight (h), nN is the relative sunshine duration, Ra is the extraterrestrial radiation (MJ m−2 day−1), a is the regression constant, expressing the fraction of extraterrestrial radiation reaching the earth on overcast days (n=0), and a+b is the fraction of extraterrestrial radiation reaching the earth on clear days (n=N).




2.4. Irrigation Water Requirement


IWR is the fraction of crop water requirements that is not satisfied by rainfall, soil water storage, and the groundwater condition [14]. The crop water requirements are defined as the depth of water required by a disease-free crop growing in large fields to compensate for water loss through evapotranspiration and to achieve the full production potential for a given growing environment [14]. The IWR for paddy rice in this study is the net irrigation water requirement, which does not take into account the losses that occur in the irrigation process. The IWR was calculated using a simplified water balance equation modified from Jensen et al. [18] as follows, considering that the irrigation water used for leaching and miscellaneous water requirements in ponding paddy fields in South Korea is negligible [13].





IWR=ETc+DP−EFR



(3)




where ETc is the actual crop evapotranspiration (mm), DP is the deep percolation (mm), and EFR is the effective rainfall (mm).



The ETc of paddy rice is calculated by multiplying the empirical 10-day crop coefficients given by Yoo et al. [19] and 10-day ET0 values estimated by Equation (1). The deep percolation of paddy fields was assumed to be 5.0 mm day−1, reflecting the monitoring results of previous studies in South Korea [20]. The effective rainfall for paddy fields is calculated using a freeboard model [21] to simulate the ponding water depth as follows:


PDt=PDt−1+IRt+RFt−ETct−DPt−SRt



(4)




where PD is the ponding depth (mm), IR is the irrigated water (mm), RF is the rainfall (mm), SR is the surface runoff (mm), and t is time (day).



We assumed that the outlet height of the paddy field is 80 mm and that irrigation water is supplied for a controlled ponding water depth of 40 mm, except for the period of midseason drainage (i.e., when the ponding water depth is 0 mm) from 25 June to 15 July. Rainfall of less than 5 mm day−1 is considered ineffective rainfall [22].



In the IWR estimation, the water requirement for transplanting was included and assumed to be 140 mm, as suggested by the Ministry of Agriculture and Forestry in South Korea [23]. The transplanting date and irrigation periods were defined as 26 May and from 27 May to 11 September, respectively.




2.5. Design Water Requirement


DWRs to determine a reference year (i.e., drought reference design year (DRDY)), which is used for designing agricultural water facilities (e.g., irrigation canals and agricultural reservoirs) in South Korea, were calculated by following the guidelines suggested by Yoo et al. [13]. DWRs were determined from the frequency analysis of the calculated time-series of the 25 IWRs at each study site, and the reference return period was 10 years. The generalized logistic (GLO) distribution, which was the probability distribution function recommended by Yoo et al. [13] and verified again through the same procedure used in their study (not presented here), was used as the optimal probability density function to determine the DWR of a 10-year return period through Chow’s frequency factor method below [24]. The parameters of the GLO distribution function, which were tested and accepted by goodness-of-fit tests (i.e., Kolmogorov–Smirnov (K-S) and probability plot correlation coefficient (PPCC) methods), were estimated using the probability weighted moments method.





xT=μ(1+KTCv)



(5)




where x is a variate, μ is the mean, K is the frequency factor, Cv is the coefficient of variation (σμ), and T is the return period. For a given return period, the frequency factor can be determined by the K-T relationship for a given probability distribution (GLO distribution in this study).



Once the DWR is determined, the year in which the estimated IWR is closest to the DWR is determined as the DRDY. Detailed information on the IWR of the DRDY (e.g., daily maximum IWR and gross IWR considering irrigation losses) is used to design the agricultural water facilities.





3. Results


3.1. Reference Crop Evapotranspiration


The estimates of ET0 using the recommended A-P coefficients were larger than the estimates using the calibrated A-P coefficients at all study sites (Table 2). Although there have been limited studies conducted to provide locally calibrated A-P coefficients in South Korea [12,25], the recommended coefficients have normally been used for the ET0 estimation. This suggests that the ET0 may have been overestimated so far. The results of this study indicate that the overestimation seems to have reached almost 10%. On a daily and annual basis, the ET0 estimates using the recommended coefficients showed an average overestimation of 9.2%. In seven of the 16 study sites, the ET0 estimates showed more than 10% overestimation. Except for one study site, Mokpo, all other sites presented more than 5% overestimation. The largest overestimation was found in Suwon (13.9%), followed by Seoul (13.0%), Chupungryeong (12.4%), and Jinju (12.4%). The smallest overestimation, 2.9%, was found in Mokpo (Table 2). The t statistics suggested that all study sites showed a significant difference (p<0.01) between ET0 estimations using the different A-P coefficients on a daily basis, while 15 out of 16 sites showed a significant difference (p<0.01) on an annual basis (Table 2).



The monthly differences in the ET0 estimates of the study sites located in the coastal or mountainous regions became larger during the paddy rice growing season (May to September), as shown in Table 2. Changes in the difference in the monthly mean estimates of ET0 at the sites are indicative of a bell curve throughout the year (Figure 2). Particularly in Daegwallyeong and Chupungryeong, which are located at the relatively high altitudes (in mountainous regions) of 772.6 m and 243.7 m, respectively, the monthly variation of the difference between the ET0 estimates was much larger than that of the other study sites. On the other hand, in the inland study sites, the monthly changes in the estimation difference showed a relatively flat shape without a large difference during the year, even though the monthly difference from October to January was relatively high as compared to the difference during spring. On average, the differences between the estimates by A-P coefficients of the inland sites were greater than the differences of the study sites located in the coastal regions (Figure 2).



During the growing seasons (May to September) from 1983 to 2007, in nine of the 16 study sites, overestimation in the ET0 estimates caused by the use of the recommended A-P coefficients was more than 10% and the average overestimation across all study sites was 10.0% (Figure 3). The overestimation ranged from 3.8% to 14.0%. Chupungryeong showed the largest overestimation of 14.0% during the season, followed by Suwon (13.9%), Jinju (13.1%), and Seoul (12.9%), while the smallest overestimation was found in Mokpo (3.8%) (Figure 3).




3.2. Irrigation Water Requirement


The effect of A-P coefficients on the estimation of IWR was smaller than that on the ET0 estimation. On average, the use of the recommended A-P coefficients overestimated IWR by about 5.1%, which is about half the percentage (10.0%) of the overestimation of ET0 during the growing season of paddy rice. This is because other important factors such as effective rainfall and deep percolation also influence the estimation of IWR besides the actual evapotranspiration calculated from the ET0, and they can reduce the impact of ET0 on the estimation. The percentage of the overestimation of IWR ranged from 1.7% to 7.2%. The largest overestimation was observed in Chupungryeong and Seoul (7.2%), followed by Suwon (7.1%) and Jinju (6.6%), while the smallest overestimation was observed in Mokpo (1.7%) (Figure 4). However, only one site (Suwon) presented a statistically significant difference (p<0.05) (Table 3).



The difference between the minimum IWRs of the two estimations using the recommended and calibrated A-P coefficients was larger than that between the maximum IWRs (Table 3). The percentage of the difference between the minimum IWRs ranged from 2.3% to 10.7%, while the percentage of the maximum IWRs ranged from 1.5% to 7.1%. This suggests that the effects of A-P coefficients on the estimation of IWR can be reduced during the drought period. Although agricultural drought can be defined in a different way, it is normally associated with either one or both of evapotranspiration and rainfall [26,27]. A year with a large IWR can be evaluated as an agricultural drought period, since IWR is the required irrigation water considering the amount of evapotranspiration and rainfall for the ideal growth of crops.




3.3. Design Water Requirement


DWRs were determined by using a time-series of IWRs during the growing season of paddy rice from 1983 to 2007. The DWRs determined using the recommended A-P coefficients ranged from 693.5 mm to 927.3 mm, with an average of 846.3 mm. In the case of using the calibrated A-P coefficients, the DWRs ranged from 670.2 mm to 905.8 mm, with an average of 805.8 mm. In both cases, the minimum DWR was found in Daegwallyeong, but the maximum DWR was found in Jeju when the recommended A-P coefficient was used and in Mokpo when the corrected A-P coefficient was used (Table 4).



As expected, the effect of A-P coefficients on the estimation of DWR decreased slightly compared to their effects on the estimation of IWR. The DWR, assumed to be for a ten-year return period, should be a value between the maximum and mean IWRs calculated using 25-year IWRs. As discussed above, the effect of the A-P coefficient on the estimation of IWR becomes smaller as the IWR increases. Therefore, the effect of A-P coefficients on the estimation of DWR should be less than that on the IWR estimation. On average, the use of the recommended A-P coefficients resulted in a 4.8% overestimation of DWR. The percentage of overestimation ranged from 1.5% to 6.9%. The largest overestimation was observed in Seoul and Suwon (6.9%), followed by Chupungryeong (6.7%) and Jinju (6.1%), while the smallest overestimation was found in Mokpo (1.5%) (Table 4).



The DRDY, which enables engineers to determine a reference year for designing the size of agricultural facilities and is mainly used in the design of agricultural facilities in South Korea [13], is directly related to the estimate of DWR. The difference in DWR estimates can lead to different results in DRDY estimates, which in turn affect the economics of agricultural facilities. The DRDY was determined differently by the difference in DWR estimates at four (Seoul, Incheon, Jeonju, and Gwangju) out of 16 study sites (Table 4).





4. Discussion and Conclusions


The FAO P-M equation is recognized as the standard method for the estimation of ET0 and has been widely used in a variety of climates. The A-P formula is recommended to determine (global) solar radiation, one of the essential meteorological inputs of the P-M equation. However, A-P coefficients used in the equation could have a considerable impact on the estimation of ET0, and thus influence the estimation of IWR and DWR in agricultural water resources planning. In this study, we explored the impact of A-P coefficients on the estimation of ET0, IWR, and DWR by analyzing and comparing their estimates using the recommended and locally calibrated A-P coefficients in 16 locations of South Korea.



Based on our results, considerable overestimation from using the recommend A-P coefficients (i.e., a = 0.25 and b = 0.50) was verified in the estimation of ET0 across all 16 study sites in South Korea. The overestimation ranged from 3.8% to 14.0% as compared to the estimates using the locally calibrated A-P coefficients and the average was 10.0%. All study sites were significantly different (p<0.01) on a daily basis, and 15 out of 16 sites showed a significant difference (p<0.01) on an annual basis. In contrast to other studies [7,10], which presented possibilities of both the over- and underestimation of ET0, the use of the recommended A-P coefficients in this study only resulted in ET0 overestimation. This is presumably because of the climate region. The study sites included in the current study are located in the humid subtropical and continental climate regions, according to the Köppen–Geiger climate classification [17], while the other studies covered more various climate regions such as tundra and tropical and subtropical desert. Nevertheless, the study sites of Liu et al. [7] and Sabziparvar et al. [10], which are located in the same climate region as this study, also presented overestimated results for ET0 estimation. The estimation of ET0 is the basis for predicting the demand for agricultural water use in water resources planning and many other applications, which require water partitioning (e.g., hydrological modeling) or the estimation of crop water consumption (e.g., crop modeling). Given the important role and frequent use of the P-M equation in the ET0 estimation, the accurate estimation of evapotranspiration using the locally calibrated A-P coefficients should be recommended when available.



The 10% overestimation in the ET0 estimation during the growing season of paddy rice resulted in a 5.1% overestimation of the IWR, on average. A variation of 3.8% to 14.0% in the overestimation of the mean annual ET0 estimation during the growing season corresponded to a variation of 1.7% to 7.2% in the overestimation of the mean annual IWR estimation. This suggests that the use of the recommend A-P coefficients can have a level of uncertainty similar to the impact of future climate change in predicting the agricultural water demand for paddy rice production in South Korea. Yoo et al. [28] predicted that climate change could lead to a change of −2.7% to 2.7% in agricultural water demand for paddy rice production in South Korea for this century. Although only one out of 16 study sites presented a significant difference (p<0.05) in the IWR estimation, the possible overestimation for paddy irrigation would reach about 625 million tons (5% of 12.5 billion tons), considering the amount of agricultural water used for paddy rice cultivation [14]. It reaches about 12.5 billion tons a year, which accounts for almost 30% of the industrial water use (2.1 billion tons a year) in South Korea [16]. The effect of the A-P coefficients on the IWR estimation showed a tendency to decrease as the IWR increased. Therefore, the effect of A-P coefficients on the DWR estimation was slightly reduced, and it was about 4.8% on average. The DRDY, which is defined by the DWR, was determined differently by the use of A-P coefficients at four sites out of the 16 study sites. Therefore, it is necessary to examine the impact of the use of A-P coefficients more closely in terms of engineering and economics perspectives, in that the DWR estimates and the resulting DRDY directly affect the design of irrigation facilities.



There can be many uncertainties associated with the use of the P-M equation other than those concerning the A-P coefficients [29,30,31]. However, as shown in the results of this study, the use of A-P coefficients can cause considerable uncertainty in estimating ET0 using the P-M equation and its applications. As such, this study underscores the need for the accurate consideration of the A-P coefficients in agricultural water management. As the FAO recommends [3], if the A-P coefficients can be locally calibrated, then the use of the calibrated coefficients should be considered when using the P-M equation. Estimates of other variables (e.g., the crop coefficient) being used in the process of calculating the actual evapotranspiration from ET0 should be reestablished in order to properly use the calibrated A-P coefficients.



We have also identified some directions for future studies. The effects of climate change and calibration method on the estimation of A-P coefficients need to be explored. Climate change is expected to make a significant difference in the various meteorological factors associated with the estimation of ET0. Therefore, it is necessary to see how A-P coefficients will affect changes in future ET0 driven by climate change. In addition, since the A-P coefficients can differ depending on the data and method used in their estimates [7], it is necessary to further examine the effect of the method on ET0 estimation. Last but not least, as argued by Liu et al. [7], in the estimation of ET0, a similar argument can be raised. The effects of A-P coefficients on the estimation of agricultural water demand and the design of agricultural water resources system should be explored in a variety of climates.







Author Contributions


Conceptualization, H.J. and S.H.; Methodology, H.J. and T.J.; Data curation, H.J.; Writing—original draft preparation, H.J., R.B. and T.J.; Writing—review and editing, R.B., S.H. and J.G.S.; Funding acquisition, J.G.S.




Funding


This research was supported by the Korea Institute of Planning and Evaluation for Technology in Food, Agriculture, Forestry and Fisheries (iPET) through the Advanced Production Technology Development Program, funded by the Ministry of Agriculture, Food and Rural Affairs (MAFRA) (grant number 316022031SB010), Republic of Korea.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Döll, P. Vulnerability to the impact of climate change on renewable groundwater resources: A global-scale assessment. Environ. Res. Lett. 2009, 4, 035006. [Google Scholar] [CrossRef]

	



de Fraiture, C.; Wichelns, D. Satisfying future water demands for agriculture. Agric. Water Manag. 2010, 97, 502–511. [Google Scholar] [CrossRef]

	



Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop evapotranspiration: Guidelines for computing crop water requirements. In FAO Irrigation and Drainage Paper No. 56; Food and Agricultural Organization (FAO): Rome, Italy, 1998. [Google Scholar]

	



Chen, D.; Gao, G.; Xu, C.; Guo, J.; Ren, G. Comparison of the Thornthwaite method and pan data with the standard Penman-Monteith estimates of reference evapotranspiration in China. Clim. Res. 2005, 28, 123–132. [Google Scholar] [CrossRef]

	



Cai, J.; Liu, Y.; Lei, T.; Pereira, L.S. Estimating reference evapotranspiration with the FAO Penman–Monteith equation using daily weather forecast messages. Agric. For. Meteorol. 2007, 145, 22–35. [Google Scholar] [CrossRef]

	



Bojanowski, J.S.; Vrieling, A.; Skidmore, A.K. Calibration of solar radiation models for Europe using Meteosat Second Generation and weather station data. Agric. For. Meteorol. 2013, 176, 1–9. [Google Scholar] [CrossRef]

	



Liu, X.; Mei, X.; Li, Y.; Wang, Q.; Zhang, Y.; Porter, J.R. Variation in reference crop evapotranspiration caused by the Ångström–Prescott coefficient: Locally calibrated versus the FAO recommended. Agric. Water Manag. 2009, 96, 1137–1145. [Google Scholar] [CrossRef]

	



Podestá, G.P.; Núñez, L.; Villanueva, C.A.; Skansi, M.A. Estimating daily solar radiation in the Argentine Pampas. Agric. For. Meteorol. 2004, 123, 41–53. [Google Scholar] [CrossRef]

	



Rahimi, I.; Bakhtiari, B.; Qaderi, K.; Aghababaie, M. Calibration of Angstrom Equation for Estimating Solar Radiation using Meta-Heuristic Harmony Search Algorithm (Case study: Mashhad-East of Iran). Energy Procedia 2012, 18, 644–651. [Google Scholar] [CrossRef]

	



Sabziparvar, A.A.; Mousavi, R.; Marofi, S.; Ebrahimipak, N.A.; Heidari, M. An Improved Estimation of the Angstrom–Prescott Radiation Coefficients for the FAO56 Penman–Monteith Evapotranspiration Method. Water Resour. Manag. 2013, 27, 2839–2854. [Google Scholar] [CrossRef]

	



Aladenola, O.O.; Madramootoo, C.A. Evaluation of solar radiation estimation methods for reference evapotranspiration estimation in Canada. Theor. Appl. Climatol. 2014, 118, 377–385. [Google Scholar] [CrossRef]

	



Choi, M.-H.; Yun, J.-I.; Chung, U.-R.; Moon, K.-H. Performance of Angstrom-Prescott Coefficients under Different Time Scales in Estimating Daily Solar Radiation in South Korea. Korean J. Agric. For. Meteorol. 2010, 12, 232–237. [Google Scholar] [CrossRef]

	



Yoo, S.-H.; Choi, J.-Y.; Jang, M.-W. Estimation of design water requirement using FAO Penman–Monteith and optimal probability distribution function in South Korea. Agric. Water Manag. 2008, 95, 845–853. [Google Scholar] [CrossRef]

	



Pereira, L.S.; Alves, I. Crop Water Requirements. Encycl. Soils Environ. 2005, 322–334. [Google Scholar] [CrossRef]

	



Bae, S.; Lee, S.-H.; Yoo, S.-H.; Kim, T. Analysis of Drought Intensity and Trends Using the Modified SPEI in South Korea from 1981 to 2010. Water 2018, 10, 327. [Google Scholar] [CrossRef]

	



Ministry of Land, Transport and Maritime Affairs (MLTM). Long-Term Plans for Water Resources (2011–2020); MLTM: Gwacheon, Korea, 2010.

	



Rubel, F.; Brugger, K.; Haslinger, K.; Auer, I. The climate of the European Alps: Shift of very high resolution Köppen-Geiger climate zones 1800–2100. Meteorol. Zeitschrift 2017, 26, 115–125. [Google Scholar] [CrossRef]

	



Jensen, M.E.; Burman, R.D.; Allen, R.G. Evapotranspiration and Irrigation Water Requirements; ASCE Manual, No.70; American Society of Civil Engineers: New York, NY, USA, 1990. [Google Scholar]

	



Yoo, S.H.; Choi, J.Y.; Jang, M.W. Estimation of paddy rice crop coefficient for FAO Penman–Monteith and modified Penman method. J. Korean Soc. Agric. Eng. 2006, 48, 13–23. [Google Scholar] [CrossRef]

	



Lee, N.H. Simulating Daily Operation of Water Management System of Irrigation Districts. Ph.D. Thesis, Seoul National University, Seoul, Korea, 1989. [Google Scholar]

	



International Rice Research Institute (IRRI). Annual Report for 1997; IRRI: Los Banos, Philippines, 1978. [Google Scholar]

	



Dastane, N.G. Effective Rainfall in Irrigated Agriculture; Food and Agriculture Organization of the United Nations: Rome, Italy, 1978. [Google Scholar]

	



Ministry of Agriculture and Forestry (MAF). Design Criteria of Land and Water Development Plan for Agriculture (Irrigation); MAF: Gwacheon, Korea, 1998.

	



Chow, V.T. A general formula for hydrologic frequency analysis. Trans. Am. Geophys. Union 1951, 32, 231–237. [Google Scholar] [CrossRef]

	



Lee, K.-H. Constructing a non-linear relationship between the incoming solar radiation and bright sunshine duration. Int. J. Climatol. 2010, 30, 1884–1892. [Google Scholar] [CrossRef]

	



Palmer, W. Meteorological Droughts; Research paper, No. 45; US Department of Commerce Weather Bureau: Washington, DC, USA, 1965.

	



Vicente-Serrano, S.M.; Beguería, S.; López-Moreno, J.I.; Vicente-Serrano, S.M.; Beguería, S.; López-Moreno, J.I. A Multiscalar Drought Index Sensitive to Global Warming: The Standardized Precipitation Evapotranspiration Index. J. Clim. 2010, 23, 1696–1718. [Google Scholar] [CrossRef]

	



Yoo, S.-H.; Choi, J.-Y.; Nam, W.-H.; Hong, E. Analysis of design water requirement of paddy rice using frequency analysis affected by climate change in South Korea. Agric. Water Manag. 2012, 112, 33–42. [Google Scholar] [CrossRef]

	



Hao, X.; Zhang, S.; Li, W.; Duan, W.; Fang, G.; Zhang, Y.; Guo, B. The Uncertainty of Penman-Monteith Method and the Energy Balance Closure Problem. J. Geophys. Res. Atmos. 2018, 123, 7433–7443. [Google Scholar] [CrossRef]

	



Mokhtari, A.; Noory, H.; Vazifedoust, M. Performance of Different Surface Incoming Solar Radiation Models and Their Impacts on Reference Evapotranspiration. Water Resour. Manag. 2018, 32, 3053–3070. [Google Scholar] [CrossRef]

	



Yoder, R.E.; Odhiambo, L.O.; Wright, W.C. Effects of Vapor-Pressure Deficit and Net-Irradiance Calculation Methods on Accuracy of Standardized Penman-Monteith Equation in a Humid Climate. J. Irrig. Drain. Eng. 2005, 131, 228–237. [Google Scholar] [CrossRef]








[image: Water 10 01851 g001 550]





Figure 1. Location of the study sites. 
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Figure 2. The difference in monthly mean estimates of reference crop evapotranspiration (ET0). The series of solid brown lines indicate the inland study sites, and the series of blue dotted lines represent the study sites on the coast. The series of solid red lines are the study sites in the mountainous regions. 
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Figure 3. Estimates of the reference crop evapotranspiration (ET0) during the growing season of paddy rice (May to September) using the recommended (black solid line) and calibrated A-P coefficients (red solid line) for the period 1983–2007. The average difference between the two estimates of ET0 for the study period is presented as a percentage in sky blue (e.g., 8.1% for Daegwallyeong). 
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Figure 4. Estimates of the irrigation water requirement (IWR) for paddy rice using the recommended (black solid line) and calibrated A-P coefficients (red solid line) for the period 1983–2007. The average difference between the two estimates of IWR for the study period is presented as a percentage in sky blue (e.g., 3.5% for Daegwallyeong). 
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Table 1. Geographic characteristics of the meteorological stations and the Ångström–Prescott coefficients used in this study.
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Station ID

	
Station Name

	
Latitude (°N)

	
Longitude (°E)

	
Elevation (m)

	
Location

	
Climate Classification 1

	
Ångström–Prescott Coefficients 2




	
a

	
b

	
a + b






	
100

	
Daegwallyeong

	
37.68

	
128.72

	
772.6

	
Inland

	
Dfb

	
0.175

	
0.559

	
0.734




	
105

	
Gangneung

	
37.75

	
128.89

	
26.0

	
Coast

	
Cfa

	
0.217

	
0.482

	
0.699




	
108

	
Seoul

	
37.57

	
126.97

	
85.7

	
Inland

	
Cwa

	
0.197

	
0.452

	
0.648




	
112

	
Incheon

	
37.48

	
126.62

	
69.0

	
Coast

	
Cwa

	
0.192

	
0.476

	
0.661




	
119

	
Suwon

	
37.27

	
126.99

	
34.8

	
Inland

	
Cwa

	
0.199

	
0.459

	
0.658




	
129

	
Seosan

	
36.78

	
126.49

	
28.9

	
Inland

	
Cwa

	
0.222

	
0.484

	
0.706




	
131

	
Cheongju

	
36.64

	
127.44

	
58.7

	
Inland

	
Cwa

	
0.198

	
0.491

	
0.689




	
135

	
Chupungryeong

	
36.22

	
127.99

	
243.7

	
Inland

	
Cwa

	
0.181

	
0.485

	
0.666




	
138

	
Pohang

	
36.03

	
129.38

	
3.9

	
Coast

	
Cfa

	
0.201

	
0.493

	
0.694




	
143

	
Daegu

	
35.88

	
128.65

	
53.5

	
Inland

	
Cwa

	
0.204

	
0.463

	
0.667




	
146

	
Jeonju

	
35.84

	
127.12

	
61.4

	
Inland

	
Cfa

	
0.206

	
0.470

	
0.676




	
156

	
Gwangju

	
35.17

	
126.89

	
72.4

	
Inland

	
Cfa

	
0.211

	
0.495

	
0.706




	
159

	
Busan

	
35.10

	
129.03

	
69.6

	
Coast

	
Cwa

	
0.200

	
0.471

	
0.671




	
165

	
Mokpo

	
34.82

	
126.38

	
38.0

	
Coast

	
Cfa

	
0.230

	
0.500

	
0.729




	
184

	
Jeju

	
33.51

	
126.53

	
20.5

	
Coast

	
Cfa

	
0.197

	
0.506

	
0.703




	
192

	
Jinju

	
35.16

	
128.04

	
30.2

	
Inland

	
Cwa

	
0.194

	
0.477

	
0.743








1 Climate classification is determined by the reanalyzed Köppen–Geiger map (retrieved from http://koeppen-geiger.vu-wien.ac.at/present.htm) using 25 years (1986–2010) of recent climate data from Rubel et al. [17]. 2 Coefficients are adopted from the results of Choi et al. [12] and they were derived from 25 years (1983–2007) of observed global solar radiation and sunshine duration data across South Korea.
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