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ABSTRACT 17 

Quantitative knowledge of the water and energy exchanges in agroecosystems is vital 18 

for irrigation management and modeling crop production. In this study, the seasonal 19 

and annual variabilities of evapotranspiration (ET) and energy exchanges were 20 

investigated under two different crop environments – flooded and aerobic soil 21 

conditions – using three years (June 2014 to May 2017) of eddy covariance 22 

observations over a rice–wheat rotation in eastern China. Across the whole rice-wheat 23 

rotation, the average daily ET rate in the rice paddies and wheat fields was 3.6 mm d–1 24 

and 2.4 mm d–1, respectively. The average seasonal ET was 473 and 387 mm for rice 25 

and wheat fields, indicating a higher water consumption for rice than for wheat. 26 

Averaging for the three cropping seasons, rice paddies had 52% more latent heat flux 27 

than wheat fields, whereas wheat had 73% more sensible heat flux than rice paddies. 28 

This resulted in a lower Bowen ratio in the rice paddies (0.14) than in the wheat fields 29 

(0.4). As eddy covariance observations of turbulent heat fluxes are typically less than 30 

the available energy (Rn − G, i.e., net radiation minus soil heat flux), energy balance 31 

closure (EBC) therefore does not occur. For rice, EBC was greatest at the vegetative 32 

growth stages (mean: 0.90) after considering the water heat storage, whereas wheat had 33 

its best EBC at the ripening stages (mean: 0.86). 34 

1. Introduction 35 

Land–atmosphere exchanges of energy and mass play a crucial role in 36 

hydrological, climatological and biological processes (You et al., 2017). Our 37 
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understanding of these processes largely relies on observations from eddy covariance 38 

(EC) flux measurement towers (Stoy et al., 2013). The EC technique is considered to 39 

be the most direct and trustworthy method to monitor soil–plant–atmosphere carbon, 40 

water, and energy fluxes (Baldocchi, 2003).  41 

Many meteorological and air-quality models are especially sensitive to the 42 

seasonal variations in surface energy partitioning of available energy into sensible heat 43 

flux (H) and latent heat flux (λET) (Bi et al., 2007; Hossen et al., 2012). Based on 44 

successive EC measurements of water and energy fluxes, seasonal and interannual 45 

energy partitioning and evapotranspiration (ET) in agricultural areas have considered 46 

winter wheat (Schmidt et al., 2012; Eshonkulov et al., 2019), winter wheat/summer 47 

maize rotation cropland (Lei and Yang, 2010), cotton (Oncley et al., 2007), and rice 48 

paddies (Gao et al., 2003; Tsai et al., 2007; Alberto et al., 2009; Hossen et al., 2012; 49 

Timm et al., 2014; Masseroni et al., 2015). Previous studies have reported that the 50 

partitioning of the net radiation (Rn) into λET, H and soil heat flux (G) is closely related 51 

to meteorological factors (e.g., solar radiation, temperature, and moisture) and 52 

biological factors (e.g., plant functional type, phenology, and stomatal regulation) 53 

(Ding et al., 2013; Jia et al., 2016). In recent decades, intense human activities and 54 

agronomic measures (e.g., irrigation methods, crop rotation, and changes in soil fertility) 55 

have dramatically affected the ecological and hydrological processes of agricultural 56 

areas, including energy partitioning, aerodynamic characteristics, soil water content, 57 

ET and carbon sequestration (Liu et al., 2019). Despite efforts to investigate the surface 58 
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partitioning of the available energy into H and λET, there is still considerable 59 

uncertainty regarding the magnitude of the energy fluxes from rice–wheat rotation 60 

ecosystems in eastern China. 61 

Rice–wheat rotation, with two crops per year, increases crop yield and land-use 62 

efficiency (Lan et al., 2020). This ubiquitous rotation in East and Southeast Asia (e.g., 63 

India, Nepal, China), covering ~26 million hectares (Timsina and Connor, 2001), 64 

provides a stable food source for more than 20% of the world’s population (Kumari et 65 

al., 2011). Thus, it is significant to regional and global food security (Jin et al., 2020). 66 

Surface–atmosphere exchanges differ between rice paddies and wheat because of the 67 

paddy water regime. The common practice for rice involves flooding the field, 68 

alternating with mid-season aeration, and draining before harvest; whereas for wheat, a 69 

regime of trenching and draining is used to prevent flood damage (Zhao et al., 2009). 70 

The unique water management scheme with several dry–wet cycles causes large 71 

changes in ET and energy partitioning during the two crop seasons.  72 

Hence, exploring these ET and energy partitioning variations is important for a 73 

better understanding of regional climate, irrigation scheduling, and modeling crop 74 

production (Ma et al., 2015; Yan et al., 2015). In the present work, a rice–wheat crop 75 

rotation in eastern China was studied using three years of heat and water EC flux 76 

measurements. The objectives were to: (1) quantify the seasonal and interannual 77 

variations in surface heat fluxes (radiative, turbulent, and ground heat) to characterize 78 

the differences between the rice and wheat growing seasons; and (2) explore the 79 
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dynamics of ET, energy partitioning and energy closure over the rice–wheat rotation 80 

cropland.  81 

2. Methods 82 

a. Study site 83 

A 300 m × 300 m site in Dongtai County, Jiangsu Province, China (Figure 1a; 84 

32.76°N, 120.47°E; 4 m above sea level), situated approximately 45 km west of the 85 

East China Sea, was used in this study. The subtropical monsoon climate has a mean 86 

annual (1984–2013) air temperature of 15.1 ± 0.61°C and precipitation of 1060 ± 268 87 

mm (WMO station: 58251 Dongtai Station; Ge et al., 2018).  88 

The site is relatively flat, with predominantly clay soils. Summer rice paddy and 89 

winter wheat grew in the fetch of the EC instruments (90% probable footprint; Section 90 

2d). Three crop years (2014–15, 2015–16, and 2016–17) were studied, each with a 91 

rotation of summer rice and winter wheat cultivated in the field around the EC tower 92 

(Section 2b). 93 

For rice cultivation (Table 1) the field was prepared in early June by flooding, 94 

plowing, and harrowing to incorporate the wheat straw residue from the previous wheat 95 

crop prior to the field being levelled. A local mid-season japonica rice cultivar (Huaidao 96 

5) was sown in the seed bed in mid-May. In mid-June, 30-day-old seedlings were 97 

transplanted using a mechanical transplanter with a spacing of 0.25 m × 0.13 m. 98 

Nitrogen fertilizer (urea) was applied at a rate of 200 kg ha−1 for the rice growing 99 
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season. The ~150-day rice growing season had three stages: vegetative (Figure 1c), 100 

reproductive (Figure 1d), and ripening (Figure 1e) (South Shen Zao Zhen: local 101 

agrotechnical station, personal communication 2018). At the beginning of the 102 

vegetative stage, the rice field was kept saturated but not flooded, to allow the rice 103 

seedlings to recover from transplantation shock. Then, the rice field was kept flooded 104 

with 0.15 ± 0.05 m of standing water until late August. Afterwards, the field was 105 

flooded intermittently (water depth: ~0.05 m) until five weeks before harvest. Finally, 106 

the floodwater was naturally drained from the field until the harvest in mid-November. 107 

The irrigation water was from the surrounding rivers.  108 

The 200-day “Yangmai 16” variety winter wheat growth period extended from 109 

late November sowing to harvest in late May the next year (Table 1). Nitrogen fertilizer 110 

(urea) was applied at a rate of 180 kg ha−1. The three growth stages were related to 111 

wheat phenology: vegetative (Figure 1f), reproductive (Figure 1g), and ripening (Figure 112 

1h). Wheat was directly seeded in well-drained and non-puddled soils, and grew under 113 

unsaturated soil moisture conditions during most crop growth periods. The combine 114 

harvester, used for both crops, left all the rice straw and wheat residues on the field. 115 

b. Instruments and data processing 116 

The EC technique (Figure 1b) allows scalar fluxes to be measured within the 117 

atmospheric surface layer, enabling quasi-continuous long-term measurements with 118 

minimal disturbance to the ecosystem. For this study, a three-dimensional sonic 119 
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anemometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA) and a CO2/H2O 120 

open-path gas analyzer (LI-7500, LI-COR, Biosciences Inc., Lincoln, NE, USA) were 121 

mounted 10 m above ground level (agl) and sampled at 10 Hz.  122 

Other sensors measured air temperature and humidity (HMP45A, Vaisala, 123 

Finland), wind speed and wind direction (034B, Met One Inc., USA), all at 3, 5, 8 and 124 

10 m agl, and a 4-component net radiometer (CNR-4, Kipp & Zonen Inc., Netherlands) 125 

was at 3 m agl. These variables were sampled at 1 Hz using a CR3000 datalogger 126 

(Campbell Scientific, Inc., USA) and averaged to 30 min. The G (using HFP01 heat 127 

flux plates, Hukseflux Thermal Sensors, Delft, Netherlands), soil temperature (PT100, 128 

Campbell Scientific, Inc., USA), and soil water content (CS616, Campbell Scientific, 129 

Inc., USA) were measured at 0.05, 0.1, 0.2 and 0.4 m below the ground surface. 130 

Additionally, surface atmospheric pressure (PTB110, Vaisala, Inc., Finland) and 131 

precipitation (TE525MM, Campbell Scientific, Inc., USA) were observed. More details 132 

about the instruments can be found in Li et al. (2017). 133 

The raw 10 Hz EC data were obtained with the LoggerNet 4.2.1 (Campbell 134 

Scientific, Inc., 2013) software and transformed into 30 min binaries. These were 135 

processed using EddyPro 5.2.1 (LI-COR Inc., 2015) software into half-hourly fluxes. 136 

The data processing included: averaging and statistical tests (Lee et al., 2004); time lag 137 

compensation; double rotation for tilt correction; spectral corrections (Moncrieff et al., 138 

2004); and compensation for density fluctuations (Webb et al., 1980). The EddyPro 139 

quality flags ranged from ‘best’ (0) to ‘suitable for general analysis’ (e.g., annual 140 
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budgets) (1) to ‘discard’ (2). As EC systems are unable to measure in rainy or foggy 141 

conditions, data collected under such conditions were excluded. Other data losses 142 

occurred when switching data storage cards and power outages (e.g., large data gap in 143 

2017).  144 

The 8-day leaf area index (LAI) data from June 2014 to May 2017 were from the 145 

MODIS MOD15A2H with 500-m resolution. This MODIS data can be downloaded 146 

from https://lpdaac.usgs.gov, maintained by the NASA EOSDIS Land Processes 147 

Distributed Active Archive Center (LP DAAC) at the USGS Earth Resources 148 

Observation and Science (EROS) Center. 149 

c. Radiation and surface energy fluxes 150 

When the storage heat flux of the canopy is not explicitly addressed, the surface 151 

energy balance for a crop canopy can be written (Burba et al., 1999): 152 

 𝑅𝑛 = 𝐻 + 𝜆𝐸𝑇 + 𝐺 + 𝜀,   (1) 153 

where 𝑅𝑛 is the net radiation (positive flux towards the surface), 𝐻 and 𝜆𝐸𝑇 are the 154 

turbulent sensible and latent heat fluxes (positive away from the surface), respectively, 155 

G is the soil heat flux (positive flux into the soil) at the surface, and  is residual energy 156 

involved in other processes, such as canopy heat storage, photosynthesis, respiration 157 

and advection. All terms have units of W m−2. 158 

𝑅𝑛 consists of both incoming (↓) and outgoing (↑) shortwave radiation (𝐾) and 159 

longwave radiation (𝐿): 160 
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 𝑅𝑛 = 𝐾↓ + 𝐿↓ − 𝐾↑ − 𝐿↑.  (2) 161 

H and λET are calculated from the EC observations with (Kaimal and Finnigan, 162 

1994; Burba et al., 2013; Zhang et al., 2016): 163 

 𝐻 = 𝜌𝑐𝑝𝑤′𝑇′,  (3) 164 

𝜆𝐸𝑇 = 𝜆
𝑀𝑤/𝑀𝑎

𝑃̅
 𝜌 ̅ 𝑤′𝑒′̅̅ ̅̅ ̅̅ , (4) 165 

where 𝑤′, 𝑇′ and e’ are the turbulent fluctuations from the mean of the vertical wind 166 

velocity (m s−1), air temperature (K), and water vapor pressure (hPa), respectively, 𝜌 167 

is the air density (kg m−3), 𝑐𝑝 is the specific heat capacity of air at constant pressure (J 168 

kg−1 K−1), 𝜆 is the latent heat of vaporization (J kg−1), Mw and Ma are the water and air 169 

molar mass (g mol−1), P is the air pressure (hPa) and ET is the crop evapotranspiration 170 

(mm s−1). The three-dimensional sonic anemometer original records (10 Hz) were 171 

processed prior to analysis using the methods in Section 2b. 172 

Because of the lack of water temperature measurements, the temperature variation 173 

at a depth of 0.05 m was used to compute the water heat storage (Timm et al., 2014). 174 

Thus, G was estimated through the sum of G at a depth (of the heat flux plate) of 0.05 175 

m (G0.05) and the soil and water heat storage (Gw): 176 

𝐺 = 𝐺0.05 + 𝐶𝑠∆𝑧𝑠 (
∆𝑇0.05

∆𝑡
) + 𝐺𝑤, (5) 177 

𝐺𝑤 = 𝐶𝑤∆𝑧𝑤 (
∆𝑇0.05

∆𝑡
), (6) 178 

where 𝐶𝑠  is the volumetric heat capacity of the soil (J m−3 K−1) and 𝐶𝑤  is the 179 

volumetric heat capacity of water (4.186 × 106 J m−3 K−1). ∆𝑇0.05 is the change in soil 180 

temperature at the depth of 0.05 m during the 30 min measurement period (𝛥𝑡). ∆𝑧𝑠 is 181 
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the thickness of the soil layer to the surface (i.e., 0.05 m), and ∆𝑧𝑤 is the depth of the 182 

water layer (i.e., 0.15 m at the rice vegetative stages and 0.05 m at the rice reproductive 183 

stages; Section 2a). Gw appears during the soil flooding (i.e., rice vegetative and 184 

reproductive stages in Figure 1). 185 

The   term (or size of the lack of energy balance closure (EBC)) was assessed 186 

using two methods. First, across multiple 30 min periods, the ordinary linear regression 187 

slope between the sum of turbulent heat fluxes (𝐻 + 𝜆𝐸𝑇) and the available energy 188 

(𝑅𝑛 − 𝐺) was determined. Here, the slope was forced through 0. Second, the EBC ratio 189 

(hereafter EBR) was calculated from the 30 min data for periods of observation (Cui 190 

and Chui, 2019): 191 

 EBR =
𝐻+𝜆𝐸𝑇

𝑅𝑛−𝐺
 .  (7) 192 

d. Stability and footprint analysis      193 

The Obukhov length L can be derived from (Stull, 1988): 194 

𝐿 =
−𝑢∗3

𝑘(𝑔/𝜃)𝑤′𝜃′
, (8) 195 

where u* is friction velocity (m s−1), 𝜃 is the potential temperature, 𝑘 (= 0.4) is the 196 

von Kármán constant (Paulson, 1970), and g (= 9.8 m s−2) is the acceleration of gravity. 197 

The dimensionless atmospheric stability parameter (𝜁) was calculated according 198 

to Stull (1988), as follows: 199 

𝜁 = 𝑧′/𝐿, (9) 200 
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where 𝑧′ = 𝑧𝑚 − 𝑧𝑑, in which 𝑧𝑚 is the observation height of the sonic anemometer 201 

(10 m) and zd is the zero-plane displacement height estimated using the Martano (2000) 202 

approach (details in Text S1). We used three 𝜁  classes: (1) stable (𝜁 ≥ 0.01), (2) 203 

neutral (|𝜁|<0.01), and (3) unstable (𝜁 ≤ −0.01).  204 

The Kljun et al. (2015) two-dimensional flux footprint tool 205 

(http://geography.swansea.ac.uk/nkljun/ffp/www/, last access: 17 July 2018) is 206 

applicable to conditions when u* > 0.1 m s−1 and 𝜁 ≥ −15.5 . It requires zm, 207 

aerodynamic roughness length (z0; method of Martano (2000) – see Text S1), zd 208 

(Martano, 2000), 30 min mean wind velocity (𝑢 (𝑧𝑚), m s−1), crosswind variance (𝜎𝑣, 209 

m s−1), L and u*. As shown in Figure S1, z0 changed with the growth of the rice and 210 

wheat, with the monthly median of z0 varying between 0.01 and 0.08. 211 

In the three-year study period, the source area that contributed 90% to the fluxes 212 

was smallest (average fetch length: 865 m) under unstable conditions (42% of all 213 

measurements) and largest (average fetch length: 1005 m) under stable conditions (46% 214 

of all measurements) (Table 2). The footprint extent for all measurements was largest 215 

towards the east. This was the dominant wind direction (Figure 2). 216 

Based on these results, we estimated the land-cover fractions retrieved from a 217 

Google Earth image on 6 February 2016. The compositions in the 70–90% footprints 218 

of the 10 m tower were separated into two categories: impervious (including both 219 

buildings and roads) and cropland (Table 2). From the analysis of the 30 min EC 90% 220 

probable footprint (Kljun et al., 2015; Section 2d) climatology during the three-year 221 
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study period, the area observed included cropland (88–96%) plus a small proportion of 222 

impervious surfaces (6–12%) (Table 2), indicating that the measured fluxes were 223 

primarily contributed by the cropland. 224 

3. Results  225 

a. Climatological conditions 226 

With the subtropical monsoon climate, all the meteorological variables have a 227 

marked seasonal cycle (Figure 3). The mean 10 m wind speed for the three cropping 228 

years (2014–15 to 2016–17) was slightly higher in the winter wheat season (2.6 m s−1) 229 

than the summer rice season (2.4 m s−1) (Figure 3a). The annual mean air temperature 230 

(at 10 m agl) for the three consecutive cropping years was 11.8°C, 13.1°C and 14.3°C, 231 

respectively (Figure 3b), which were lower than the 30-year-average annual mean air 232 

temperature (Section 2a) in the study area. It was much higher in the growing season 233 

of summer rice (22.1°C) than that of winter wheat (11.8°C).  234 

Similar seasonal patterns were evident in the vapor pressure deficit (VPD) (Figure 235 

3c). The average VPD of the site was high in summer (5 hPa) and low in winter (3 hPa). 236 

Surface-level air pressure exhibited an inverse relation with air temperature (Figures 237 

3b, d). The annual precipitation for the 2015–16 and 2016–17 crop years were similar 238 

(1587 and 1640 mm, respectively) and larger than for 2014–15 (1226 mm) (Figure 3e). 239 

The latter was more comparable to the 30-year mean (Section 2a). Most precipitation 240 
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occurred from June to October, with the maximum daily precipitation of 321 mm on 241 

10th August 2015 caused by Super Typhoon Soudelor. 242 

b. Radiation and other surface energy fluxes 243 

All four components of the radiation budget (Eq. 2) and surface albedo were 244 

observed in this study (Figure 4). As expected, seasonal variations in solar radiation 245 

received at the surface depended mainly on solar altitude and cloud conditions. At this 246 

site, the monthly median 𝐾↓ (K↑) ranged from 151 (20) W m−2 in October to 825 (126) 247 

W m−2 in May. The seasonal variations of L↓ and L↑ were similar, with higher values 248 

in the summer rice growing season than in the winter wheat growing period. The July 249 

daily 𝐿↓  peaks were 477, 470 and 485 W m−2 across the three consecutive years, 250 

whereas for L↑ these were 540, 537 and 547 W m−2. 251 

Surface albedo varied with surface conditions, including leaf growth. The seasonal 252 

mean albedo was larger for winter wheat (2014–15: 0.19; 2015–16: 0.20; and 2016–17: 253 

0.18) than summer rice (0.11, 0.10 and 0.09, respectively). Key influences were the 254 

flooded early rice period (June to July, Figure 1c) and the winter (December to February) 255 

extensive bare soil period (Figure 1f). The average bare soil albedo (0.15) was greater 256 

than that for water (0.12). Additionally, the largest daily values occurred with winter 257 

snow. The maximum observed daily mean was 0.53 (29 January 2015). 258 

There were considerable differences in surface radiation balance between years. 259 

The annual mean albedo in 2016–17 was smaller than in the two earlier years (Table 260 

3), with less shortwave radiation reflected into the atmosphere. The slightly smaller soil 261 

temperatures in 2014–15 were associated with the smaller  L↑  (Table 3). Together, 262 

these factors contributed to the greater Rn in 2016–17 (Table 3). 263 
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All of the energy balance fluxes varied seasonally (Figure 5). Over the three years 264 

(1 June 2014 to 31 May 2017), the monthly medians varied from 110 to 592 W m−2 for 265 

Rn, 62 to 361 W m−2 for 𝜆𝐸𝑇, 5 to 101 W m−2 for H, and −3 to 65 W m−2 for G. In 266 

seasonal average terms, the rice paddies had 52% more λET than the wheat field. The 267 

wheat, on the other hand, had significantly more (73%) H than the rice paddies. The 268 

𝜆𝐸 and H seasonal variations observed for the rice–wheat rotation were similar to other 269 

ecosystems (Bi et al., 2007; Wu et al., 2007; Gao et al., 2009). The response to 270 

phenological changes was evident, such as to the emergence of new leaves in February 271 

(June) over the wheat field (rice paddy) and the rapid senescence from May 272 

(September). Other seasonal fluctuations in H and 𝜆𝐸𝑇 were related to agricultural 273 

activities (e.g., choice of crop type, crop rotation, harvest time, and intermittent 274 

irrigation; Section 2a). H also increased as the crop got drier before the harvest (late 275 

May to early June). 276 

c. Evapotranspiration 277 

Seasonal variations in the 8-day leaf area index (LAI) and daily total ET for the 278 

2014–17 cropping periods over the rice–wheat rotation systems are shown in Figure 6. 279 

Mean LAI was slightly higher in the growing season of summer rice (1.3) than that of 280 

winter wheat (1.0). For rice, peak LAI of 3.5, 5.4 and 4.2 m2 m-2 were observed during 281 

the reproductive stages (late August or early September) of 2014, 2015 and 2016, 282 
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respectively. Peak LAI values for wheat were 2.7, 2.6, and 2.2 m2 m-2 in April 2015, 283 

2016 and 2017, respectively.  284 

The daily ET of wheat increased consistently with a concurrent gradual increase 285 

in LAI (Figure 6a). As the wheat reached its peak LAI during the reproductive growth 286 

stages (around April), ET also reached its peak values. After the reproductive stages, 287 

wheat’s LAI started to decrease due to the canopy senescence. For rice, a high ET 288 

occurred during the vegetative stages mainly due to the higher evaporation of flooded 289 

water rather than transpiration since the plants were still small (LAI<1, Alberto et al., 290 

2011). The average daily ET for rice and wheat growing seasons were 3.6 mm d–1 and 291 

2.4 mm d–1, indicating a higher water consumption for rice than for wheat. Generally, 292 

rice paddies had higher ET than wheat fields, probably due to the absence of ponded 293 

water (Figure 1c and 1d) and lower LAI of wheat (Figure 6a) (Alberto et al., 2011). 294 

d. Energy partitioning 295 

The proportion of Rn used in H, 𝜆𝐸𝑇 and G (H/Rn, 𝜆𝐸𝑇/Rn, and G/Rn) varied 296 

seasonally with land surface conditions (Figure 7). Generally, the middle of the day 297 

(10:00–16:00 LST) H/Rn and Bowen ratio (β = H/𝜆𝐸𝑇) had an inverse trend to 𝜆𝐸𝑇/Rn, 298 

while EBR (Eq. 7) had a similar trend to 𝜆𝐸𝑇/Rn. The EBR was larger during the day 299 

(0.67 to 0.99) than during the middle of the night (22:00–04:00 LST, −0.14 to 0.57). 300 

Consistent with Wilson et al. (2002) and Majozi et al. (2017), the nocturnal EBRs were 301 

less than the midday-period EBRs as the calm midnight period suppressed turbulence 302 
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that was essential for the creation of eddies. Annually, the median midday λET was the 303 

largest consumer of the Rn (52%, 60% and 62% of Rn in 2014–15, 2015–16 and 2016–304 

17, respectively), while the annual midday 𝜆𝐸𝑇/Rn was largest in 2016–17 given the 305 

larger precipitation in 2016–17 (Section 3a). The median midday H/Rn (G/Rn) was 18% 306 

(15%), 13% (9%) and 15% (6%) in 2014–15, 2015–16 and 2016–17, respectively. In 307 

the midday period, rice paddies had a higher (70%) 𝜆𝐸𝑇/Rn than the wheat (53%), 308 

because of the extensive presence of water (Figure 1c). Thus, wheat had a larger median 309 

midday β in the three years (0.42, 0.35, 0.42) than rice (0.19, 0.13, 0.10).  310 

G during the mid-night period (20:00–04:00 LST) was the largest component of 311 

energy. The median G/Rn values varied between 97% (2014–15), 83% (2015–16), and 312 

65% (2016–17). The radiative surface cooling was maintained by the G (approximately 313 

−20 W m−2) conducting heat back towards the surface. As expected, the median midday 314 

β was positive (0.04 to 0.66). However, β was negative in the midnight period (−2.18 315 

to −0.08) as small positive 𝜆𝐸𝑇 (10 W m−2) often occurred, with small negative H 316 

(−10 W m-2) values maintained by radiative cooling, conduction, and release of heat 317 

with condensation.  318 

e. Energy balance closure 319 

Here, we consider the effect of crop type and different growth stages on the EBC. 320 

The regression slope (forced through 0) was less than 1 for all growth stages (0.59 to 321 

0.95), with a coefficient of determination (R2) between 0.60 and 0.88 (Table 4). This 322 
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was consistent with the slope reported in Wilson et al. (2002), ranging between 0.53 323 

and 0.99 and obtained from the analysis of 22 FLUXNET sites. The wheat EBC 324 

improved across the three growth stages (vegetative < reproductive < ripening; Table 325 

4). Better EBC occurred at the vegetative stages for rice after considering the Gw (Table 326 

4). When Gw was included in the energy balance closure, the slope improved from 0.75 327 

to 0.91 and 0.76 to 0.88 at the rice vegetative stages in 2015–16 and 2016–17, 328 

respectively.  329 

4. Discussion 330 

a. Comparisons of ET with other sites 331 

To eliminate the uncertainties caused by experimental methods, we only collected 332 

ET data from studies based on EC measurements. As can be seen in Table 5, the 333 

cumulative ET for the whole rice growing season was 473 mm, which was comparable 334 

to that reported in the Taihu Lake region of China (Liu et al., 2018), and lower than that 335 

reported in the Philippines (Alberto et al., 2011; Alberto et al., 2014), but greater than 336 

the water consumption reported in Japan (Ikawa et al., 2017) and Brazil (Timm et al., 337 

2014). The differences in the total seasonal ET observed from the above studies may be 338 

due to the differences in agricultural production activities (such as crop type, growth 339 

periods and irrigation), physiological characteristics (e.g., LAI) and meteorological 340 

conditions (Liu et al., 2018; Qiu et al., 2019). For example, the cumulative ET was 341 

highest at the Laguna site (499 mm, Table 5) in the Philippines, which was located in 342 
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the tropical region with high air temperature (about 27 °C) and high VPD (about 0.8 343 

kPa). Furthermore, rice paddy (473 mm) had a higher mean growing season ET rate 344 

than that for the wheat field (387 mm) at our site (Table 5). For winter wheat, the 345 

cumulative ET at our site was lower than the values reported in northern China (401–346 

417 mm, Lei and Yang, 2010; Zhang et al., 2013). The growth period of winter wheat 347 

in our area was shorter than that in northern China, which had an inhibited effect on 348 

crop growth and canopy coverage (Qiu et al., 2019). 349 

The average daily ET rate for rice over the growing season was 3.6 mm d–1, which 350 

was close to the values in the similar temperate climate zone (e.g., China, Japan and 351 

Brazil), and higher than that in boreal zone (2.8 mm d–1), but lower than that in tropical 352 

zone (4–4.2 mm d–1, Table 5). Also, the daily ET rate occurred in our wheat fields was 353 

2.4 mm d–1, which was higher than the arid regions in northern China. Generally, the 354 

daily ET rate gradually decreased from tropical to temperate and boreal zones, which 355 

was comparable to the findings reported in Kang and Cho (2021). 356 

b. The effect of crop type and growth stages on EBC 357 

Generally, EBC had a marked seasonal variation in the rice paddies and wheat 358 

fields. For wheat, EBC improved as the growth stages progressed. During the ripening 359 

stages, wheat leaves gradually turned yellow (LAI <2, Figure 6) and photosynthetic 360 

rates became weaker. The energy fluxes for photosynthesis showed a lower contribution 361 

to EBC (within 2%) during the ripening phase of winter wheat (Eshonkulov et al., 362 
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2019). Furthermore, in the maturity phase of winter wheat, canopy heat storage (1% to 363 

available energy, Eshonkulov et al., 2019) also distinctly decreased due to lower plant 364 

water content (Meyers and Hollinger, 2004). Our research demonstrated that u* played 365 

a key role in improving EBC at the ripening stages. The canopy height of wheat was 366 

higher and wheat fields became more homogeneous during later crop development 367 

stages (Figure 1f-h, Stoy et al., 2013). Higher mean u* (> 0.28 m s-1) occurred during 368 

the wheat ripening stages, resulting in a stronger development of turbulence over wheat 369 

fields (Barr et al., 2006; Tanaka et al., 2008; Franssen et al., 2010). For rice, better EBC 370 

occurred at the vegetative stages. According to Timm et al. (2014), we also estimated 371 

the storage energy in water using the temperature variation at a depth of 0.05 m below 372 

the ground surface. The EBC improved by 19% during this period by adding Gw. This 373 

result indicated that Gw makes a non-negligible contribution to the surface energy 374 

balance (Hossen et al., 2012). Ikawa et al. (2017), also in a rice paddy study, reported 375 

that EBC improved by 12% after accounting for the 3 cm depth water storage. As 376 

expected, the effect was greater at our site than the values reported in Ikawa et al. (2017) 377 

because the 15 cm of standing water at our site was deeper. 378 

Because the EC flux was measured at a relatively high height (10 m, Figure 1), 379 

there might also have been a possibility that the effect of large-scale transports 380 

differentiated the energy balance between summer and winter. In the presence of such 381 

large-scale organized structures, single-tower measurements must be biased, because 382 

the associated vertical energy transport is inherently not captured (Etling and Brown, 383 
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1993; Mauder et al., 2020). Thus, multi-tower experiments and scale-crossing, spatially 384 

resolving lidar and airborne measurements with high-resolution large-eddy simulations 385 

will be considered in our future work. 386 

5. Summary and conclusions 387 

From the analysis of the seasonal and interannual variability of meteorological 388 

conditions including radiation and turbulent fluxes, ET, energy partitioning and EBC 389 

over a rice–wheat rotation system in East China (1 June 2014 to 31 May 2017) were 390 

studied. The key findings are as follows: 391 

As expected, given wheat was grown in the winter, the summer rice growing 392 

season was warmer but also more humid and received more precipitation. For our study 393 

site, rice paddies (473 mm) had higher ET than the wheat fields (387 mm), probably 394 

due to the absence of ponded water and lower LAI of wheat. Across the whole rice-395 

wheat rotation, the average daily ET rate in the rice paddies and wheat fields was 3.6 396 

mm d–1 and 2.4 mm d–1, respectively. Considering the seasonal distribution of 397 

precipitation and agricultural production activities (such as crop type and irrigation), 398 

the rice paddies had 52% more λET than the wheat fields given the extensive water 399 

availability. Consequently, the wheat fields had a significantly higher Bowen ratio (0.4) 400 

than the rice paddies (0.14). During the observation period, the annual precipitation 401 

fluctuated between 1226 mm (2014–15) and 1640 mm (2016–17), causing large annual 402 

variations in 𝜆𝐸𝑇/Rn (annual midday (10:00–16:00) values between 52% (2014–15) 403 

and 62% (2016–17)). On an annual basis, for the entire rice–wheat rotation, the 404 
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dominant ratio for the midday period was 𝜆𝐸𝑇/Rn, whereas nocturnally (22:00–04:00 405 

LST) it was G/Rn. EBC was greatest at the rice vegetative growth stages after 406 

considering the water heat storage, whereas for wheat it was greatest at the ripening 407 

stages. Overall, EBC was greater for rice (0.85) than for wheat (0.76). 408 

These new data on intra- and interannual variations of fluxes provide a new 409 

understanding of the differences between rice and wheat growing seasons. These data 410 

will be beneficial for improving models to simulate surface energy exchanges for the 411 

extensive area of rice–wheat agroecosystems in Asian countries. 412 
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TABLES 651 

Table 1: Main crop growth stages and corresponding mean canopy height (zH) during 652 

2014–17 (from in situ measurements). 653 

Year Crop 

cover 

Growth 

status 

Vegetative Reproductive Ripening 

2014–15 

 

 

rice duration Jun 21–Aug 4 Aug 5–Sep 30 Oct 1–Nov 9 

zH (m) 0.37 0.62 0.93 

wheat duration Dec 15–Feb 28 Mar 1–Apr 15 Apr 16–May 31 

zH (m) 0.15 0.58 0.86 

2015–16 

 

 

rice duration Jun 20–Aug 9 Aug 10–Oct 1 Oct 2–Nov 7 

zH (m) 0.38 0.63 0.93 

wheat duration Dec 10–Feb 29 Mar 1–Apr 16 Apr 17–May 25 

zH (m) 0.15 0.60 0.87 

2016–17 

 

 

rice duration Jun 16–Aug 5 Aug 6–Sep 30 Oct 1–Nov 5 

zH (m) 0.39 0.64 0.93 

wheat duration Dec 14–Feb 28 Mar 1–Apr 14 Apr 15–May 31 

zH (m) 0.16 0.55 0.88 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 
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Table 2: Land-cover fractions within the footprints at flux contribution intervals of 70%, 663 

80% and 90% at the 10 m flux tower site. N is the number of 30 min data points. 664 

Stability is defined in Section 2d. 665 

 666 

 
 

Unstable 

(N = 14884) 

Neutral 

(N = 4329) 

Stable 

(N = 16293) 

Source 

Area (%) 

Average fetch length (m) 

246 259 300 70 

389 412 476 80 

865 871 1005 90 

Land-cover 

Fraction 

Impervious 0.00 0.00 0.00 70 

Crops 1.00 1.00 1.00 70 

Impervious 0.02 0.03 0.04 80 

Crops 0.98 0.97 0.96 80 

Impervious 0.06 0.09 0.12 90 

Crops 0.94 0.91 0.88 90 

667 
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Table 3: Monthly median midday radiation components (K↓, K↑, 𝐿↓, L↑) in W m−2, 668 

net radiation (Rn) in W m−2, albedo, 0.05 m soil temperature (T0.05) in K, and energy 669 

partitioning (H/Rn, 𝜆𝐸/Rn and G/Rn) from June 2014 to May 2017. 670 

Year Month Surface K↓ K↑ 𝐿↓ L↑ Rn Albedo T0.05 H/Rn 𝜆𝐸/Rn G/Rn 

  Rice Wheat           

2014–15 

 

6   524 69 422 485 392 0.135 299 0.34 – 0.26 

7   549 67 447 487 429 0.126 300 0.10 – 0.30 

8   455 57 435 480 345 0.120 299 0.06 – 0.08 

9   396 50 418 461 306 0.125 296 – – 0.07 

10   483 77 363 444 328 0.158 292 0.12 0.62 0.17 

11   263 39 353 403 169 0.149 286 0.22 0.45 0.17 

12   339 52 268 354 204 0.148 278 0.24 0.36 0.13 

1   233 36 300 355 143 0.138 278 0.24 0.42 0.11 

2   286 44 300 364 183 0.140 279 0.23 0.43 0.13 

3   398 68 331 385 267 0.166 283 0.19 0.50 0.14 

4   554 100 359 413 381 0.182 289 0.11 0.70 0.20 

5   529 80 392 444 390 0.144 294 0.15 0.66 0.16 

2015–16 

6   345 46 425 463 258 0.124 296 0.20 0.58 0.13 

7   462 59 440 486 363 0.121 299 0.07 0.70 0.32 

8   482 69 440 485 374 0.135 299 0.03 0.76 0.10 

9   454 70 421 466 333 0.154 296 0.06 0.76 0.07 

10   472 81 370 440 321 0.172 292 0.11 0.71 0.07 

11   162 24 365 392 112 0.151 287 0.14 0.59 0.03 

12   234 31 290 362 136 0.141 280 0.17 0.47 0.05 

1   245 35 292 343 152 0.144 277 0.19 0.40 0.01 

2   415 59 292 369 267 0.138 279 0.21 0.39 0.09 

3   473 76 324 395 330 0.154 283 0.22 0.48 0.10 

4   490 80 370 425 341 0.161 289 0.08 0.69 0.08 

5   380 44 391 448 287 0.119 292 0.11 0.72 0.08 

2016–17 

6   378 42 427 466 299 0.105 297 0.16 0.59 0.14 

7   544 70 452 494 425 0.123 300 0.07 0.67 0.26 

8   660 94 455 503 510 0.142 302 0.05 0.73 0.06 

9   439 65 417 464 319 0.144 297 0.03 0.74 0.02 

10   154 20 397 422 113 0.130 293 0.05 0.85 0.00 

11   206 28 338 394 135 0.133 287 0.23 0.54 0.01 

12   247 37 300 367 156 0.147 282 0.23 0.49 0.01 

1   211 31 300 355 133 0.147 279 0.28 0.51 0.01 

2   391 66 302 362 250 0.155 279 0.28 0.46 0.03 

3   575 96 301 392 384 0.166 282 0.28 0.47 0.06 

4   – – – – – – – – – – 

5   567 79 401 472 426 0.136 292 0.11 0.70 0.08 

671 
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Table 4: Energy balance closure at different growth stages over rice–wheat rotation 672 

during 2014–17. N is the number of 30 min data points. Note that there are large data 673 

gaps in the 2014 rice vegetative and reproductive growth stages due to instrument 674 

malfunction. 675 

Crop Year Parameter Vegetative Reproductive Ripening 

Rice 

2014 

Slope – – 0.86 

R2 – – 0.88 

N – – 1079 

2015 

Slope 0.91 (0.75*) 0.90 (0.86*)  0.82 

R2 0.60 (0.65*)  0.83 (0.83*)  0.85 

N 1638 1009 1303 

2016 

Slope 0.88 (0.76*)  0.79 (0.77*) 0.82 

R2 0.76 (0.79*)  0.84 (0.84*)  0.71 

N 1645 2010 1152 

Wheat 

2014–15 

Slope 0.67 0.79 0.95 

R2 0.73 0.85 0.89 

N 2051 1571 1671 

2015–16 

Slope 0.59 0.76 0.81 

R2 0.72 0.88 0.86 

N 2746 1644 1375 

2016–17 

Slope 0.68 0.72 0.83 

R2 0.68 0.82 0.88 

N 2659 614 1249 

*Rice EBC without considering the water storage heat. 676 
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Table 5. Review of the eddy covariance-based total seasonal evapotranspiration (ET) (ETtotal, mm), average seasonal daily ET (ETave, mm d–1), 677 

mean growing season temperature (Tave, °C), mean growing season vapor pressure deficit (VPD, kPa), mean growing season precipitation (Pave, 678 

mm) and the maximum leaf area index (LAImax, m
2 m–2) in different regions for rice and wheat fields. 679 

Crop Location Period Climate ETtotal ETave Tave VPD Pave LAImax Reference 

Rice 

Jiangsu, China 

(32°45’N, 120°28’E) 
Jun–Nov, 2014–2017 

Temperate 

 
473 3.6 22 0.5 1025 5.4 This study 

Jiangsu, China 

(31°15’N, 120°57’E) 
Jun–Oct, 2014 

Temperate 

 
470 3.1 16 – 1097 – Liu et al. (2018) 

Kanto plain, Japan 

(36°03′N, 140°01′E) 
May–Aug, 2002–2014 

Temperate 

 
419 3.5 22 0.6 1477 – Ikawa et al. (2017) 

Rio Grande do Sul, Brazil 

(29°44’S, 53°08’W) 
Nov–Apr, 2003–2004 

 

Temperate 

 

429 3.3 27 0.6 477 4.6 Timm et al. (2014) 

Heilongjiang, China 

(47°35’N, 133°31’E) 
May–Oct, 2005–2006 

Boreal 

 
488 2.8 12 0.8 464 5.8 Zhao et al. (2008) 

Laguna, Philippines 

(14°8’N, 121°15’E) 
May–Sep, 2008–2009 

Tropical 

 
496 4.0 28 0.8 1198 6.7 Alberto et al. (2011) 

Laguna, Philippines 

(14°08’N, 121°15’E; 

(14°18’N, 120°15’E) 

Jan–May, 2011–2012 
Tropical 

 
499 4.2 27 – 409 4.1 Alberto et al. (2014) 

Wheat 
Jiangsu, China 

(32°45’N, 120°28’E) 
Dec–May, 2014–2017 

Temperate 

 
387 2.4 12 0.3 298 2.7 This study 
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Beijing, China 

(39°37’N, 116°26’E) 
Oct–Jun, 2007–2009 

Arid 

 
417 1.7 12 – 540 – Zhang et al. (2013) 

Shandong, China 

(36°39’N, 116°03’E) 
Oct–May, 2005–2008 

Arid 

 
401 – 11 0.6 131 4.9 Lei and Yang (2010) 

Gansu, China 

(42°02′N, 116°16′E) 
Apr–Sep, 2009–2011 

Arid 

 
213 1.5 15 0.8 254 – Yang et al. (2019) 

680 
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FIGURES 681 

 682 

Figure 1. (a) Map showing the location of the Dongtai County study site (pink star) 683 

within eastern China, with the inset map showing the rice–wheat rotation area in China. 684 

(b) The 10 m observation tower (6 March 2016) with wheat (N = north). (c–h) The main 685 

growth stages (Table 1; vegetative, reproductive and ripening) of the (c–e) rice paddies 686 

and (f–h) wheat fields. 687 
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 688 

Figure 2. Climatology (2014–17) based on 10 m observations (red star): (a) eddy 689 

covariance 90% footprint with stability; and (b) wind rose. The background in (a) is 690 

from Google Earth on 6 February 2016. 691 
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692 

Figure 3. (a) Daily mean wind speed (WS), (b) daily mean and maximum air 693 

temperature (Ta), (c) daily mean and maximum vapor pressure deficit (VPD), (d) daily 694 

mean station pressure (Prs), and (e) daily cumulative precipitation (P) for 2014–17. 695 

 696 
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 697 

Figure 4. Observed 30 min (yellow dots), midday (10:00–16:00 LST; red circles) and 698 

monthly (blue diamonds) median fluxes of (a) incoming shortwave radiation (K↓), (b) 699 

outgoing shortwave radiation (K↑ ), (c) incoming longwave radiation (𝐿↓ ), and (d) 700 

outgoing longwave radiation (L↑). (e) Boxplots (25th, 50th and 75th percentiles), with 701 

10th and 90th percentile whiskers, for monthly surface albedo.  702 
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 703 

Figure 5. As in Figure 4, but for (a) net radiation (Rn), (b) turbulent latent heat flux 704 

(𝜆𝐸𝑇), (c) turbulent sensible heat flux (H), and (d) soil heat flux (G). 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 
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 713 

Figure 6. Seasonal variations in 8-day leaf area index (LAI) and daily total 714 

evapotranspiration (ET) for the 2014–17 cropping periods over the rice–wheat rotation. 715 
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 716 

Figure 7. Variations of the monthly median (line) and interquartile range (shaded; 717 

between 1 June 2014 and 31 May 2017) ratios of sensible heat flux, latent heat flux and 718 

soil heat flux to net radiation, and the Bowen ratio (sensible to latent heat fluxes) during 719 

part of the (a) midday period (10:00–16:00 LST) and (b) midnight period (22:00–04:00 720 

LST). 721 
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