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Abstract

:

Surface energy distribution in paddy fields and the ratio of latent heat flux (LE) to available energy, termed as the evaporative fraction (EF), are essential for an understanding of water and energy processes. They are expected to vary in different ways in response to changes in the soil moisture condition under water-saving irrigation practice. In this study, the diurnal and seasonal variations in energy distribution were examined based on the data measured by the eddy covariance system and corrected with enforcing energy balance closure by the EF method in water-saving irrigated rice paddies in 2015 and 2016. Soil heat flux (G) values were similar in magnitude to sensible heat flux (Hs) values, with both accounting for approximately 5% of the energy input. Both magnitudes of G and Hs were significantly lower than that of LE. Generally, EF in water-saving irrigated rice paddies was larger than that of other ecosystems, and varied within a narrow range from 0.7 to 1.0. Diurnally, EF decreased till noon and then increased slowly in the afternoon till sunset. It was found be less varied between 10:00 and 14:00. Seasonally, the alternative drying-wetting soil water conditions in water-saving irrigated rice paddies resulted in a change in the variation of the EF. The LE flux is the largest component of available energy, with EF being mostly higher than 0.9. EF, increasing consistently till the tillering stage, remaining high from the late tillering to milk stage, and then following a declining trend. The maximum EF (approaching 1.0) was found in the milk stage. The results of EF in water-saving irrigated rice paddies will be helpful for estimating daily or long temporal scale evapotranspiration (ET) by the EF method based on satellite-derived ET.
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1. Introduction


Surface energy budgets and partitioning in different terrestrial ecosystems are essential prerequisites for understanding the regional hydro-thermal cycle and climate change. The energy partition has been shown to be affected by various environmental factors and biological characteristics of underlying vegetation [1,2,3], whereas surface energy partitioning affects the microclimate conditions (such as temperature, humidity) within the plant canopy and eventually, plant growth [4,5].



The surface energy budget has been measured in many different terrestrial ecosystems using the eddy covariance (EC) technique. However, the energy fluxes measured by the EC system are not completely closed due to the systematic and random errors, as indicated in the literature [6,7,8,9,10,11]. For flux data collected following the procedure of quality control, gap filling, and soil heat storage correction, the underestimation of turbulent fluxes was found to be a major contributor to the energy closure problem [12,13,14,15,16,17,18]. Thus, practice for enforcing energy balance closure should be studied and implemented before the energy budget is evaluated.



Evaporative fraction (EF), which is defined as the ratio of latent heat flux to the available energy, plays an important role in interpreting the components of surface available energy, and improving the accuracy of field evapotranspiration (ET) estimation based on an energy balance algorithm [19,20,21,22]. It has been shown to vary in different behaviors and characteristics in response to the vegetation coverage [23], rainfall events [24], successions of wet and dry periods [25], vapor pressure deficit, and vegetation photosynthesis activity [26]. EF has been examined over several different vegetation land surfaces, such as grassland [27], rangeland [21], Vineyard [28], banana crop [29], and wheat and corn land [30]. Energy partitioning has been measured in flooding paddy fields since the 1950s [5,31,32,33,34]. For rainfed rice fields in eastern India, EF was found to be 79–82% in different cultivars and seasons, with a gentle broad peak from the maximum tillering stage to the heading stage [35]. Higuchi et al. [26] found that the value of EF in flooded rice fields was always close to one, due to the fact that soil is flooding in rice fields or the soil moisture is almost saturated. The variations of surface energy balance components and EF in the rice ecosystem are different from those in upland crops due to the flooding or saturated soil moisture conditions [34,36,37]. Moreover, EF, as a water availability factor, can significantly increase the convenience and accuracy in estimating the daily ET at the regional or global scale by the remote sensing method [38,39,40], but whether the method performs well or not in rice areas is still unknown.



Rice is the main staple food in South and East Asia, especially in the middle and lower reaches of the Yangtze River in China [41]. Meanwhile, China is one of 13 countries with severe water shortages. In 2016, China’s total agricultural water consumption accounted for 62.4% of the total water use in the country [42], and about two thirds of the total water used in agriculture is for rice production. Improving the irrigation water use efficiency for rice is vitally important for China, to cope with water scarcity. In addition, the implementation of water-saving irrigation (WSI) in paddy rice led to alternative drying-wetting conditions and change in phenological characteristics, which is quite different from upland (either irrigated or non-irrigated) crop ecosystems or flooding rice paddies. This results in changes in energy partitioning, soil moisture content, crop growth, and heat and vapor flux transfer between rice paddies and atmosphere [43,44,45].



However, knowledge on the energy balance and partition is rare for WSI rice paddies. The fraction of LE/Rn in WSI paddy fields is considered larger than that in dry crops, but it is not clear whether this fraction is smaller than that of flooded rice fields. The variation of LE and Hs is considered different from that under any other soil moisture condition. The main objectives of this study included: documenting energy balance partitioning and EF variation at hourly, daily, and seasonal scales along rice growth under the WSI condition in east China; and discussing the effect of soil moisture on EF, which is of great theoretical and practical significance in simulating the hydrothermal conversion further and estimating the daily or long temporal scale ET by the remote sensing method.




2. Materials and Methods


2.1. Site Description and Field Management


Field measurements were conducted during the rice seasons of 2015 and 2016 at the Kunshan Irrigation and Drainage Experiment Station of Jiangsu Province (N 31°15′15″, E 120°57′43″). This area has a subtropical monsoon climate, with an annual precipitation of 1,097.1 mm and an annual evaporation (measured by E601 evaporation pan) of 1365.9 mm. The average daily temperature (Ta) and relative humidity (RH) were 24.6 °C and 81.5% during the rice season, respectively. The prevailing wind was south-east trade. The site was flat in terrain, and extended approximately 200 m in all directions. The paddy soil was hydragric anthrosol. In the top 0–20 cm soil, the bulk density was 1.3 g cm−3. The volumetric saturated soil moisture (θs), field capacity (θf), and wilting point (θw) were 0.502, 0.392, and 0.179 m3, respectively. Rice seedlings, at a row spacing of 0.23 m and plant spacing of 0.16 m, were transplanted on 27 June 2015 and 1 July 2016. The rice fields in all directions were irrigated according to local water-saving irrigation (WSI) practice. Thus, it is expected that the source range of measurement chosen in the current research will be sufficiently representative. Therefore, the paddy soil was non-flooded during most of the rice season. The paddy soil was irrigated when the soil moisture approached low thresholds, which are different in various growth stages, as reported by Xu et al. [46]. The detailed records of irrigation events are listed in Table 1. Fertilizers and pesticides were applied to the WSI rice field according to the local farmer’s practice.




2.2. Flux Data Measurement and Data Processing


An open-path EC system was installed at the site to measure the water and heat fluxes over the rice fields, with a fetch of approximately 200 m in all directions. The EC system, which aligned perpendicularly to the prevailing wind direction (southeast direction), was composed of a CSAT3A sonic anemometer (Campbell Scientific Inc., Logan, Utah, USA) and an EC150 open-path infrared gas analyzer (Campbell Scientific Inc., Logan, Utah, USA), operating at a frequency of 10 Hz at 2.5 m above the soil surface. The net radiation (Rn) was measured at 1.5 m above the soil surface with a CNR4 radiometer (Kipp & Zonen, Delft, Holland). The soil heat flux (Gs) was measured at 0.08 m beneath the soil surface using HFP01SC heat flux plates (Campbell Scientific Inc., Logan, Utah, USA). The volumetric soil moisture content (θ) and the soil temperature (Ts) were measured at 0.10, 0.20, and 0.30 m depths by CS616 soil moisture sensors (Campbell Scientific Inc. Logan, Utah, USA.) and 109 TCAV soil thermocouple probes (Campbell Scientific Inc. Logan, Utah, USA). Rn, Gs, θ, and Ts were recorded automatically at 30-min intervals. Simultaneously, Rn, Gs, θ, relative humidity (RH), wind speed (U), precipitation (Pr), Ta, and Ts were also recorded every 30 min by an automatic meteorological station (WS-STD1, DELTA-T, London, UK), to ensure the quality and integrity of data and ensure that the data gaps were filled for EC measurement.



For the data quality control of the EC measurement, raw data were processed by EdiRe, and necessary corrections (e.g., coordinate rotation via 2D rotation, sonic virtual temperature conversion for sensible heat flux, density fluctuation correction for latent heat flux, spectral loss correction, and spike detection) were applied following the procedure outlined in the literature [47,48,49,50]. Then, the flux data were averaged every 30 min block [51]. The source area was estimated through the same approach as taken by Kljun et al. [52] and Aubinet et al. [53], and the fluxes were discarded when the calculated footprint was beyond the edge of the region, which originated within a distance of 100–120 m upwind of the EC stations [54]. The flux data were filtered when the friction velocity (u*) was lower than the threshold of 0.1 m s−1 [47]. Finally, the data gaps, accounting for approximately 22% of the entire rice season from 2015 to 2016, were determined by linear interpolation (for gap within 3 h) or by a mean diurnal average method within a 10-day window for long data gaps [55].




2.3. Energy Balance Equation and Heat Storage Calculation


If the energy converted into chemical energy by green plants and the horizontal flow of energy caused by the advection between the soil surface and the level of the eddy covariance instrument are negligible, the surface energy balance Equation in the rice field is simplified as:


LE+Hs=Rn−G−S



(1)




where LE, Hs, Rn, G, and S represent the latent heat flux, sensible heat flux, net radiation, surface soil heat flux, and canopy heat storage in the biomass, respectively (units: W m−2).



Surface soil heat flux (G) is an important component of the surface energy balance closure [2,7,14]. Several methods, including the calorimetric method and those based on analytical solutions of the heat diffusion Equation, were developed and compared by Russell et al. [56] and Gao et al. [17] to estimate the surface soil heat flux. The calorimetric method, the most common approach which combines the soil heat flux plate approach and calorimetry, was followed in the current research. Thus, surface soil heat flux was calculated as G = Gs + Q, with Gs being the soil heat flux measured at 8 cm beneath the soil surface and Q being the change in soil heat storage in 0–8 cm surface soil [57,58].



According to our results, the canopy heat storage S, calculated by the concentration profile method, was low and mostly fell in the range of −10 to 10 W m−2; this range accounted for less than 2% of the available energy during the rice season [7], and it was thus neglected [59].




2.4. Evaluation of Energy Balance Closure


Energy balance closure was evaluated via the energy balance ratio (EBR) method, which was calculated based on the cumulative available energy (Rn – G) and turbulent energy fluxes (LE + Hs) over specific time periods. Both hourly and daily EBR were improved by including the fluxes correction [11] compared with the results for original measurements (Figure 1), with an average increase of 14.5% and 12.8% for the hourly and daily scale, respectively. Yet, the energy fluxes measured by the EC system are not completely closed after the correction due to the energy balance deficit problem, although the mean daily EBR (0.93 and 0.85 in 2015 and 2016 rice seasons, respectively) of the EC measurement in the WSI rice fields was acceptable.



Numerous studies assumed that the underestimation of turbulent fluxes appears to be a major contributor to the closure problem, especially the large eddies [7,18,60,61], for the data which was corrected by considering the energy storage items in the soil and canopy [12,14,62,63].




2.5. Evaporation Fraction and Enforcing Energy Balance Closure


An ideal energy balance closure can only be achieved when the available energy is equal to the turbulent fluxes, and then, EF can be expressed as [64]:


EF=LELE+Hs=LERn−G



(2)







By using Equation (2), EF can be calculated at either an hourly scale based on the average hourly LE and Rn − G, or at a daily scale based on the average daily LE and Rn − G.



The energy balance can be closed by distributing the energy balance deficit to the sensible and latent heat fluxes according to the EF closure method [8,9], which consists of three steps:



(1) The energy balance deficit (EBD) is determined using a 3-h moving window around the measurements, and the moving window of 3-h is a compromise according to Kessomkiat et al. [8]:


EBD3h=Rn3h−(G3h+LE3h+Hs3h)



(3)







All terms in Equation (3) are the same as those in Equation (2), and the superscript of 3h indicates that it was averaged over a 3-h moving window.



(2) It is assumed that the underestimation of the energy balance closure is entirely related to the underestimation of sensible and latent heat fluxes. The energy balance is closed by redistributing the energy balance deficit (EBD) according to the EF averaged over a certain period (Equation (4)). To reduce the uncertainty in daily EF, it was averaged over a window of seven-days centered around the observation before it was used for energy balance closure. When EF is outside the range 0 < EF < 1, it is adjusted to a minimum of 0 or a maximum of 1, respectively.


EF7d=LE7dLE7d+Hs7d



(4)







(3) The LE and Hs fluxes after the energy balance closing are given by:


LE∗=LE+EBD3h(EF7d)



(5)






Hs∗=Hs+EBD3h(1−EF7d)



(6)




where LE* and Hs* are the latent and sensible heat fluxes after the energy balance closing, respectively.



A potential problem for the nighttime data is that ET is frequently near zero, and the use of an EF does not make sense. Meanwhile, the energy balance at night is greatly affected by the loss of flat flow and the friction wind speed, and the relative random error of the turbulent fluxes is amplified infinitely due to the small absolute value of fluxes [53,65]. Therefore, the night turbulent data are determined by the filter interpolation method [66], which removes the nighttime flux data according to the selected friction wind speed threshold (u*). In this study, u* = 0.3 m s−1 was chosen as the threshold [60], and the nighttime evapotranspiration for u* < 0.3 m s−1 was excluded. Then, a function between evapotranspiration and saturated water vapor pressure deficit (VPD) was established in the different growth stages of rice, which were used to fill the data gaps during the night time. The flux data analyzed below (LE, Hs and G) are all corrected values.





3. Results and Discussion


3.1. Diurnal Variation of Energy Budget Components and Evaporative Fraction


Throughout the rice seasons of 2015 and 2016, the diurnal courses of seasonal average hourly Rn − G, LE, and Hs and the EF follow a unimodal shape (Figure 2). Rn − G varied from –50 W m–2 to 0 W m–2 and varied slightly most of the night. During the daytime, Rn − G varied from 0 W m–2 to 438 W m–2, increasing with the increase of the solar radiation. In the WSI rice field, the mean Rn − G values reached the maximum of 438.3 W m–2 and 417.0 W m–2 at midday in the 2015 and 2016 rice seasons, respectively.



The average peak values of hourly LE and Hs were 383.1 W m–2 and 53.6 W m–2 in 2015, and were 339.8 W m–2 and 56.9 W m–2 in 2016, respectively. The value and diurnal variation amplitude of LE were much greater than those of Hs, due to the humid ambient air and soil conditions in the rice field. Hence, LE flux was the main component of net radiation, and the estimation of LE is the most important process in determining the energy and mass exchanges in a paddy field. Furthermore, LE was positive throughout the day, no matter whether the Rn − G was negative or positive, yet Hs was sometimes negative when the Rn − G was negative. This indicated that Hs was more sensitive to available energy than LE during the diurnal variation.



Given that Rn − G is near zero during the nighttime, the estimated EF fluctuated greatly and has no practical significance. Thus, only the estimated EF during the daytime from 7:00 to 16:00 was included in the following analysis. EF generally decreased till noon and then increased slowly in the afternoon till sunset, within a narrow range from 0.7 to 1.0. Furthermore, EF was found to be less varied during the time from 10:00 to 14:00. Compared with other ecosystems, the EF value in the current study was larger than the result by Li et al. [28], who reported that EF fluctuated slightly around the mean value of 0.34 in a vineyard in an arid area. It was also larger than the results for wheat (0.45–0.8), corn (0.35–0.55), and bare soil (0.2–0.35) in arid and semi-arid regions [67]. The higher EF in the WSI rice field might be ascribed to the high soil moisture and high VPD, which resulted in high ET. Figure 2 also indicates that the EF at noon is smaller than that at other times because the solar radiation is large at noon during the day, and the VPD is relatively low with high temperature. The value of EF fluctuates greatly before sunset among observation days, as seen from the error bar in Figure 2. This was ascribed to the large temperature variation, unstable atmospheric turbulence, and advection exchange at sunset, and the inaccurate instantaneous fluxes measurement by the EC system [11]. In addition, the EF was occasionally greater than 1 during the transition periods in the morning or evening (at 7:00–8:00 and 15:00–16:00). This indicates that Hs is negative and the atmosphere releases heat during that time, similar to the oasis effect in the irrigated cotton field [18,61].




3.2. Characteristics of Energy Budget Distribution during Each Growth Period


The energy partitioning in different rice growth stages under the water-saving irrigation practice is similar in 2015 and 2016 (Table 1). The LE flux is the largest component of available energy, accounting for 88.2% and 89.8% of the net radiation in the 2015 and 2016 rice seasons, respectively. The ratio of LE/Rn was greater than that for cotton (approximately 0.7) in arid regions [68,69], and for paddy rice (0.67) in the Sanjiang plain of China [70]. Seasonally, LE/Rn increased consistently till the tillering stage, remained high from the late tillering to milk stage, and then followed a declining trend. In 2015, the maximum LE/Rn was 0.965, which occurred in the jointing stage as a result of high crop transpiration and soil evaporation. In 2016, the maximum ratio was 0.966, which occurred in the milk maturity stage, later than that in 2015. The difference suggests that the proportion of net radiation converted to latent heat was affected by the crop growth and meteorological conditions, and varied among different years.



Table 1 also shows that the ratios of Hs/Rn and G/Rn were both less than 0.1, except in the regreening period, and exhibited no obvious trend in each growth period. The average values of Hs/Rn and G/Rn in the 2015 rice season were 0.059 and 0.058, respectively, and were 0.058 and 0.044 in 2016, respectively.




3.3. Seasonal Variation of Daily EF


The seasonal variation of EF and the precipitation, irrigation, and soil water condition in 2015 and 2016 are shown in Figure 3. The figure shows that the daily EF varied between 0.7 and 1.0 in the water-saving irrigated rice field, indicating that LE accounts for a large proportion of the turbulent flux.



Seasonally, EF varied in a similar way to that of LE/Rn, with the average value of 0.926 and 0.939 during the 2015 and 2016 rice season, respectively. In the re-greening and early tillering stage, EF was relatively low, varying between 0.8 and 0.9, and then EF increased and was mostly higher than 0.9. The maximum EF at the beginning of jointing in 2015 was approaching 1.0. During the jointing and booting stage, the EF was mostly higher than 0.9, and reached another peak in the milk stage. At the end of the rice season, EF decreased rapidly due to decreases in soil water content and rice transpiration, and finally fell below 0.8, with minimum values of 0.790 and 0.713 in 2015 and 2016, respectively.



Notably, irrigation and precipitation affect EF significantly (as shown in Figure 3), which is consistent with the results from the vineyard in an arid region [28] and from the meadow in a semi-arid area [23]. In current research, the soil moisture is unsaturated in WSI rice fields, and the energy partition thus tends to increase the LE after the increase of soil water content or flooding following irrigation or precipitation. The effect of soil moisture on EF was more obvious in the late growth stage in the WSI rice field. Specifically, EF decreased sharply during the milk and yellow ripening stages in 2015, when the rice paddies were free from irrigation and precipitation. After heavy rain in the milk and yellow ripening stages in 2016, the EF value increased up to 1, and then dropped sharply along with the decrease of soil moisture. Therefore, the soil moisture condition has an obvious effect on EF in the WSI rice field.





4. Conclusions


Energy balance components were examined based on the data collected by the eddy covariance system in WSI rice paddies in 2015 and 2016.The underestimation of LE and Hs can be corrected using the EF closure method. The energy partitioning and EF variation after enforcing energy balance closure was analyzed in this study. The estimation of LE is the most important process in determining the energy and mass exchanges in a paddy field, accounting for 88.2% and 89.8% of the net radiation in the 2015 and 2016 rice seasons, respectively. The G and Hs were similar in magnitude, with both accounting for approximately 5% of Rn. Hs was more sensitive to available energy than LE. Hourly EF varied in a narrow range from 0.7 to 1.0, it was less varied from 10:00 to 14:00, and it was occasionally greater than 1 during the transition periods in the morning or evening. Seasonally, the EF was mostly higher than 0.9 during the jointing and booting stage, with the second peak (approaching 1.0) occuring in the milk stage. The effect of the soil moisture condition on EF was found to be obvious in the WSI rice field, especially in the late growth stage.



The current results indicate that the proportions of net radiation converted to other energy components were affected by the alternative drying-wetting soil water conditions and phenological characteristics. The knowledge of EF will be helpful for estimating daily or long temporal scale ET by the EF method based on satellite-derived ET.
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Figure 1. Relationships between available energy (Rn–G) and turbulent energy fluxes (LE+Hs) for original measurements at hourly (a,c) and daily scales (e,g) and for energy imbalance correction at hourly (b,d) and daily scales (f,h) in the 2015 and 2016 rice season, respectively. 
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Figure 2. Mean diurnal variation of available energy (Rn − G), latent heat flux (LE), sensible heat flux (Hs), and evaporative fraction (EF) in the rice season of (a) 2015 and (b) 2016. 
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Figure 3. Behavior of the daily evaporative fraction (EF) during the rice season and the corresponding precipitation (P), irrigation (I), and soil water condition under water-saving irrigation in (a) 2015 and (b) 2016 (θr and Δd represent relative soil moisture content and water depth, respectively). 
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Table 1. Partition of energy budget in different growth stages of water-saving irrigated rice fields in 2015 and 2016.
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Year

	
Growth Stages

	
Period

	
Days

	
Partition Ratio




	
LE/Rn

	
Hs/Rn

	
G/Rn






	
2015

	
Re-greening

	
6.27–7.4

	
8

	
0.810

	
0.077

	
0.113




	
Early tillering

	
7.5–7.13

	
9

	
0.807

	
0.096

	
0.097




	
Middle tillering

	
7.14–7.28

	
15

	
0.870

	
0.055

	
0.075




	
Later tillering

	
7.29–8.7

	
10

	
0.965

	
0.020

	
0.015




	
Jointing and booting

	
8.8–9.4

	
28

	
0.895

	
0.066

	
0.039




	
Heading to flowering

	
9.5–9.12

	
8

	
0.908

	
0.050

	
0.042




	
Milk

	
9.13–10.14

	
32

	
0.917

	
0.054

	
0.029




	
Yellow ripening

	
10.15–10.25

	
11

	
0.823

	
0.166

	
0.011




	
Whole growth stage

	
6.27–10.25

	
121

	
0.882

	
0.059

	
0.058




	
2016

	
Re-greening

	
7.2–7.9

	
8

	
0.790

	
0.104

	
0.106




	
Early tillering

	
7.10–7.19

	
10

	
0.818

	
0.096

	
0.086




	
Middle tillering

	
7.20–8.2

	
14

	
0.866

	
0.050

	
0.084




	
Later tillering

	
8.3–8.12

	
10

	
0.871

	
0.052

	
0.077




	
Jointing and booting

	
8.13–9.9

	
28

	
0.881

	
0.050

	
0.069




	
Heading to flowering

	
9.10–9.19

	
10

	
0.916

	
0.032

	
0.052




	
Milk

	
9.20–10.19

	
30

	
0.966

	
0.019

	
0.015




	
Yellow ripening

	
10.20–11.3

	
15

	
0.815

	
0.096

	
0.089




	
Whole growth stage

	
7.1–11.3

	
125

	
0.898

	
0.058

	
0.044
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