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A B S T R A C T   

As rice production is water intensive, establishing an accurate field–scale water budget is paramount for sus
tainable use of local water resources. This study’s goal was to quantify and characterize half-hourly and seasonal 
evapotranspiration (ET) in two commercial, zero–grade rice fields in the U.S. Mid–South over three growing 
seasons. During each growing season, irrigation regimes for the studied fields differed between alternate wetting 
and drying (AWD) and delayed flooding (DF). The 2015 growing season enabled a direct comparison of the 
effects of AWD and DF on ET, while during the 2016 and 2017 seasons both fields were simultaneously under 
AWD and DF, respectively. The DF method is the region’s most common irrigation practice, and it prescribes a 
continuous flood to be maintained for the majority of the growing season after the plants have reached the 5-leaf 
growth stage (40–50 days after planting). In contrast, after holding this initial flooding for 3 weeks, AWD allows 
for field drying to promote the capture of seasonal rains to reduce irrigation water withdrawal and associated 
water pumping costs. In this study, ET was estimated using gap–filled eddy covariance observations and two 
variations of the Penman–Monteith equation. These methods determined growing season ET values between 560 
mm and 636 mm. This study found that there were no significant differences in cumulative ET or yield when 
comparing AWD to DF practices. Furthermore, AWD elicited no change in ET during periods of drying when 
compared to DF. By this metric, AWD did not induce drought stress within the plants. We conclude that the main 
benefit of the AWD practice is to take advantage of seasonal rainfall to offset pumping costs and pressure on 
irrigation water requirements while maintaining yields comparable to conventional irrigation practices.   

1. Introduction 

Water resources are currently consumed at unsustainable rates 
within the Lower Mississippi River Basin, where a majority of rice is 
grown in the United States (Kresse et al., 2014; Reba et al., 2013). Due to 
this depletion, the region is increasing efforts to conserve water and 
quantify water use, particularly by agricultural irrigation for its sus
tainable future management (Reba et al., 2017). To promote sustainable 
water use in rice production, various methods and technologies are 
being applied, such as field levelling to zero–grade, which can reduce 
irrigation water use by up to 40% (Henry et al., 2016), and multiple inlet 
irrigation, which can reduce water use by up to 24% (Massey et al., 
2014, 2017, 2018). Alternate wetting and drying (AWD) is a practice 
that can potentially reduce irrigation water use by up to 20% by 

capturing rain during the growing season, offsetting pumping costs for 
the producer (Carrijo et al., 2017; Pan et al., 2017; Lampayan et al., 
2015). Prior to the onset of the initial flood in both AWD and delayed 
flood (DF) practices, the rice germinates and establishes in non–flooded 
soils (Moldenhauer et al., 2013). The recommended AWD practice al
lows periodic paddy drying, which lasts approximately 5 days, to occur 
at least 3 weeks after the first flooding. The conventional DF practice 
maintains a constant flood once the first flood is established until the 
fields are drained for harvest. However, the level and timing of drying 
induced in AWD are management decisions based on irrigation infra
structure, precipitation forecasting, soil type, plant variety, growth 
stage, and water supply. While AWD conserves water, there are concerns 
regarding plant health, grain quality, and decreases in yield compared to 
conventional growing practices (Graham-Acquaah et al., 2019; Norton 
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et al., 2017; Sudhir-Yadav et al., 2012); therefore, the timing and 
duration of the dry periods needs careful management. AWD is also 
expanding in use because of its potential to reduce greenhouse gas 
emissions associated with rice production (Linquist et al., 2015a, 2015b, 
2018; Runkle et al., 2019). 

Fields managed with AWD have the potential to reduce evapo
transpiration (ET) when compared to conventionally managed fields due 
to the decline of available water at the soil surface and alteration of land 
surface radiative properties, which may reduce the amount of open 
water or soil water evaporation (Norman et al., 1995; Liu et al., 2019a, 
2019b). However, ET is typically dominated by the plant–mediated 
release of water (transpiration), especially during the later portion of the 
growing season when the rice canopy is fully developed (Wei et al., 
2015, 2017). The water savings for AWD are primarily seen in the 
capturing of rain events during drying periods. Ideally, the amount of 
rainfall captured during these events should offset the amount of pum
ped water required to replace water lost through ET (Kima et al., 2015). 
In rice water budgets and irrigation schedulers, producers use ET to 
estimate the amount of water required to sustain crop production 
without incurring stress (Li and Cui, 1996; Smith, 1992). Understanding 
how ET changes throughout the growing season also provides an indi
cation of canopy health (Moran et al., 1995). ET is tied to primary 
production of plant biomass as water release from the plant is regulated 
by stomatal control, which helps dictate assimilation of carbon dioxide 
within the plant during the daytime (Ikawa et al., 2018; Roel et al., 
1999; Wang et al., 2020). Because AWD has the potential to conserve 
water resources and provide economic benefits to the producer (Nalley 
et al., 2015), uncertainty within the terms of the water balance 
(including ET) must be reduced through careful measurement. 

In agricultural settings, ET is typically estimated using approaches 
such as the Hargreaves or Penman–Monteith equations, which rely on 
meteorological data and basic estimates of phenology (Allen et al., 1998; 
Hargreaves and Allen, 2003; Pereira et al, 2015). However, studies 
conducted in rice have indicated sizeable differences when comparing 
measured ET, using micrometeorological approaches such as the eddy 
covariance method, and ET estimated with variations of the Pen
man–Monteith equation (Ikawa et al., 2017; Wang et al., 2017). These 
approaches include the Penman–Monteith method for actual ET 
(PM–AET) and the Penman–Monteith method as outlined in FAO 
Document 56 (PM–FAO56) (Monteith, 1965; Penman, 1948; Allen et al., 
1998). Methods such as the PM–AET are of interest as their improve
ment would provide a platform for relating associated changes in 
measured ET to physically derived relationships between ET and mul
tiple meteorological and phenological variables contained within the 
PM–AET. Many studies have identified areas of improvement for 
different implementations of the Penman–Monteith equation by 
focusing on different components, including canopy conductance and 
variable crop coefficients (Lecina et al., 2003; Alberto et al., 2014; Yan 
et al., 2018). 

A common application of conductance is the “big leaf” approach that 
treats conductance as a bulk value across all leaves in the canopy, where 
its parameterization can be completed using only observations of local 
meteorological variables, LAI, and ET observations. However, single 

layer conductance models typically underperform in periods of sparse 
(LAI < 2) vegetation (Xu et al., 2018; Lafleur and Rouse, 1990). Dual- 
layer conductance approaches that address canopy and soil as separate 
contributors to ET have been recommended to address the poor per
formance of the PM-AET under sparse vegetation, including rice 
(Shuttleworth and Wallace, 1985; Facchi et al., 2013). Studies utilizing 
both the dual-layer and single layer conductance frameworks in rice 
have shown comparable performance between each approach during 
the growing season (Gharsallah et al., 2013; Liu et al., 2020). 

Here, we quantify ET rates from within two fields in the humid U.S. 
Mid–South and compare AWD and DF irrigation management practices. 
The primary aim of this study is to better characterize half-hourly and 
seasonal ET in this region and identify associated impacts of altering the 
conventional irrigation regime with respect to ET. For this aim, we test 
whether fields with AWD irrigation show reduced ET relative to the DF 
field due to the lack of a free water surface during drying events by 
quantifying ET using different methods across multiple growing seasons. 
We then examine how ET changes during drying events to observe the 
effects drying has on plant activity. We assume that during drying 
events, if the plants undergoing AWD remain unstressed, the differences 
in transpiration should be negligible. Because transpiration makes up a 
large portion of ET during the growing season, we hypothesize that 
canopies with similar transpiration rates will show little differences in 
ET once the canopy is established. The second aim is to evaluate the 
performance of two accepted estimation methods in comparison to eddy 
covariance observations within both DF and AWD fields across the 
2015–17 growing seasons. Finally, we seek to compare crop coefficients 
derived from local estimates of reference ET and eddy covariance to the 
crop coefficients for rice recommended in the FAO 56 document. 

2. Materials and methods 

2.1. Site description 

The study site is composed of two adjacent commercial fields (~24 
ha each) located in eastern Arkansas, USA (34◦ 35′ 8.6′′ N, 91◦ 45′ 05′′

W). The fields have been used to grow rice in continuous rotation since 
2004 and are zero–graded with no slope within the planted area of the 
field. For this study, the fields are identified as North Field (NF) and 
South Field (SF). The soil within the fields is primarily characterized as 
poorly drained Perry silty clay (USDA classification: very-fine, smectitic, 
thermic Chromic Epiaquerts), which represents 100% of NF and 93.2% 
of SF (Runkle et al., 2019; Soil Survey Staff, 2018). The remaining 
portion of SF soil (~2 ha) is a Herbert silt loam (fine-silty, mixed, 
superactive, mesic Udollic Epiaqualfs). The composition of the soil 
varied between NF and SF where NF had greater clay content (62% vs. 
43%). The fields are connected in a series of five similarly-sized fields 
where irrigation water is delivered across each field, moving north to 
south, before arriving at the desired field. 

The rice was drill seeded and the growers apply the first flood 
approximately 47 days after planting (DAP). Rice grown within the 
fields in each study year was a hybrid variety (Clearfield XL745, Rice
Tec, Inc., Alvin, TX, USA) and followed the typical growing season for 

Table 1 
Seasonal Irrigation and first flooding dates for North Field (NF) and South Field (SF) during the 2015–2017 growing seasons. Irrigation practices presented are delayed 
flood (DF) and alternate wetting and drying (AWD). First flooding is presented with the flooding date and days after planting (DAP).  

Field Year Irrigation Treatment Planting Date First Flooding Harvest Date 

Date DAP 

NF 2015 DF 8-Apr 14-May 40 19-Aug 
2016 AWD 23-Apr 14-Jun 52 13-Sep 
2017 DF 10-Apr 17-May 37 26-Aug 

SF 2015 AWD 8-Apr 15-May 41 19-Aug 
2016 AWD 23-Apr 16-Jun 54 13-Sep 
2017 DF 9-Apr 18-May 38 27-Aug  
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rice in Arkansas from early April to September. The 2015–2017 growing 
seasons for NF and SF ranged 133–143 days from planting to harvest 
(Runkle et al., 2019). Irrigation during the growing season relies pri
marily on surface water, which travels between fields by gravity flow 
through pipes and ditches. Irrigation routes are set up so that water must 
flow through each field as a series running north to south. The irrigation 
treatments were altered between the three growing seasons (Table 1). In 
2016, seeding was delayed due to wet field conditions, and, thus, the 
first flood was established later in the summer compared to 2015 and 
2017 (i.e., 14 Jun vs. 14–17 May). 

Instrumentation consisted of eddy covariance and biometeorological 
sensors (Runkle et al., 2019) and was identically installed in both fields. 
These measurements contribute to the Ameriflux Management Project 
(NF:US–HRC and SF:US–HRA) and its subnetwork Delta–Flux for 
responding to questions on sustainable practices in agriculture (Runkle 
et al., 2017). Due to the homogeneous fetch requirements for the eddy 
covariance technique, the equipment was installed on the northern edge 
of each field at approximately half the distance of the northern border to 
capture the dominant southern winds during the growing season, and 
fluxes north of each field were discarded. Equipment was installed 
approximately 15 m from the north edge of each field after drill–seeding 
and removed immediately prior to harvest. Deployment during the 
growing season normally occurred within 4 days post-planting, and 
removal of equipment occurred 2 days prior to harvest. Fluxes collected 
at the towers using eddy covariance were screened to include only wind 
directions between 95 and 265◦ to ensure measurement footprints were 
limited to their respective fields. Gaps within the observed fluxes for all 
three years were empirically filled using an artificial neural networks 
approach (Knox et al., 2015, 2016). This method used the following 
explanatory variables: days since the start of the study period, leaf area 
index (LAI), plant height, friction velocity (u*), air temperature (T), 
incoming solar radiation (Rg,in), vapor pressure deficit (VPD), water 
depth (WD), and fuzzy transformation sets representing seasonality and 
time of day (see Runkle et al., 2019 for more details). The turbulent 
energy flux models correlated with observations with R2 values >0.90. 

2.2. Measurement of fluxes, microclimate, and plant parameters 

The eddy covariance (EC) system provided measurements of sensible 
heat (H) and latent heat (LE) flux through the net exchange of the sca
lars, temperature and H2O, respectively. The EC system included a 3D 
sonic anemometer (CSAT3, Campbell Scientific, Inc., Logan, UT, USA) 
and an open–path infrared CO2/H2O analyzer (LI–7500A, LI–COR, Inc., 
Lincoln, NE, USA). The EC system was mounted on a tripod, with the 
sensor height measuring 2.2 m above the surface of the rice field. Sep
aration for the EC sensors was approximately 0.1 m and was accounted 
for with frequency correction factors and signal lagging, including flow 
distortion by transducer shadowing (Horst et al., 2015), described in 
Runkle et al. (2019) and Suvočarev et al. (2019). The EC components 
used a designated analyzer interface unit (LI–7550, LI–COR, Inc., 
Lincoln, NE, USA) with outputs recorded at 20 Hz and half-hourly fluxes 
calculated with EddyPro v. 6.2 software with the output including 
calculated flux, quality flags, and an analysis of the flux footprint 
throughout the growing season. Fluxes were screened based on multiple 
factors, including turbulence, dominant wind direction (southern 
winds), footprint size, and availability based on power failures. The flux 
footprint was used to only include periods where 90% of the data was 
measured within 350 m of the tower to remove the effects of measure
ment drift across adjacent fields (Runkle et al., 2019). The resulting data 
coverage for half-hourly sensible and latent heat fluxes after filtering 
ranged between 23% and 34% across the growing periods. 

The four components of net radiation (RN) were measured (CNR4, 
Kipp & Zonen, Inc., Delft, NL) at a height of 2.0 m. Incoming and out
going photosynthetically active radiation (PAR) was also measured 
using quantum sensors (LI–190SB, LI–COR, Inc., Lincoln, NE, USA) at 
1.85 m. Air temperature (T) and relative humidity (RH) were measured 

using a shielded probe (HMP155A, Vaisala, Helsinki, FI). In addition to 
the sonic anemometer, wind speed and direction were also measured 
using a 2-D anemometer mounted at 3.2 m (05103–5 propeller wind 
monitor, R.M. Young, Traverse City, MI, USA). Soil heat flux (G) mea
surements were collected using two soil heat flux plates (HFP01, Huk
seflux, Delft, NL) placed at different depths in each year: 8 cm, 5 cm, and 
4 cm below the soil surface for the 2015, 2016, and 2017 growing 
seasons, respectively. Soil heat flux plate measurements were corrected 
for the stored energy in both soil and water column, using soil surface 
temperature and water temperature thermistor measurements (CS–107 
(BetaTherm 100K6A1IA), Campbell Scientific, Inc., Logan, UT, USA). 
Thermistors were placed directly at the soil surface, 2 cm above each soil 
heat flux plate, and on a flotation device to capture the temperature of 
the changing flood level. The energy balance closure (EBC), as reported 
in Runkle et al. (2019), was calculated using sensible and latent heat flux 
from the EC towers, RN, and storage-corrected G at the half-hourly time 
step. For the 2015–2017 growing seasons, the EBC for NF was 0.73, 
0.75, and 0.69, respectively, and 0.89, 0.69, and 0.82 for SF, 
respectively. 

Volumetric water content measurements were collected using soil 
moisture Time Domain Transmissometer probes (SDI–12, Acclima, 
Sydney, AU) at 8 cm and 15 cm for all fields during all growing seasons. 
Measurements of WD were collected continuously using a piezometric 
sensor (Series 46x, Keller USA Inc., Fort Mill, SC, USA), vented for 
automatic compensation for barometric pressure changes, installed 30 
cm from the tower in a perforated tube reaching approximately 30 cm 
below the soil surface. Other field parameters including plant density 
and soil bulk density were collected manually at different times during 
the growing season (Runkle et al., 2019). Bulk density and soil tem
perature above the soil heat flux plate were used in conjunction with WD 
measurements to correct for changes in heat storage in the water and 
saturated soil matrix above the plate during flooded and dry conditions 
(Fuchs and Tanner, 1968; Runkle et al., 2019). 

2.3. Leaf area index (LAI) and canopy height model 

To characterize changing canopy conditions and provide necessary 
inputs for the Penman–Monteith approach and EC processing, canopy 
height measurements were collected throughout the growing season and 
averaged across 10–measurements during each field excursion (approx. 
twice monthly, but less frequently in 2016; see below). Because of high 
crop uniformity, canopy height measurements were taken only within 
30 m of the EC station, and represented the height from the soil surface 
to the height of the canopy top at eye level, ignoring flag leaves. LAI was 
measured at similar intervals using a plant canopy analyzer (LAI–2200C, 
LI–COR, Inc., Lincoln, NE, USA), averaging three samples taken within 
30 m of the EC tower, per measurement period. Typically, sampling for 
LAI did not begin until the canopy achieved a measurable level of 
growth, usually 50–60 DAP when the canopy height was approximately 
0.5 m. We estimated LAI and canopy height throughout the growing 
season with a growing–degree–day (GDD) model (Yang et al., 1995). 
This approach uses GDD as the cumulative sum of the differences be
tween the mean daily temperature (Tmean,daily) and a base temperature 
(Tbase). In this setting, Tbase was set as 10 ◦C to represent the minimum 
temperature for growth and development in rice (Keisling et al., 1984). 

LAI and canopy height data were collected through field measure
ments during the 2015–2017 growing seasons in both the NF and SF. LAI 
observations were complemented with MODIS Terra (AM) satellite LAI 
(MOD15A2H; Myneni et al., 2015) to remedy gaps in field measure
ments and improve model timing regarding canopy development. The 
MODIS data provided information about rice canopy dynamics, most 
notably the transition to a phase of rapid growth (approximately 45 
DAP) as the rice canopy transitioned from the vegetative to reproductive 
stages. The 1–km MODIS pixel encompassed vegetation from both 
studied fields (Fig. 1). The area surrounding the experimental fields are 
also rice paddies with similar phenological development. 
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For the 2015 and 2017 growing seasons, field observations collected 
with the LAI-2200C (n = 8 and n = 13, respectively) were necessary to 
model LAI as a linear and quadratic function of GDD during the early 
and rapid growth stages, respectively. In contrast, only two field ob
servations (n = 2) of LAI were collected during the 2016 growing season 
in the early growth period. To compensate for lack of data in 2016, in 
that year the MODI5AH2 LAI product was used to estimate LAI (Myneni 
et al., 2015). To correct for the MODIS LAI product’s consistent under
–estimation bias (up to 20%) determined in 2015 and 2017, the MODIS 
data points used to model LAI during the 2016 growing season were 
adjusted using a scaling factor. This factor was estimated using a 
regression slope between measured data points and the MODIS data at 
the same time period for each field across the 2015–2017 growing 
seasons. The scaling factors (slopes) for each field were then applied to 
their respective MODIS data to generate a sufficient (n > 5) set of LAI 
data that could be used to identify linear and quadratic growth periods 
with respect to GDD during the 2016 growing season. A similar 
approach was applied to canopy height, where field data were collected 
and modeled based on the period of the growing season. Canopy height 
measurements were collected during the 2015–2017 growing seasons 
for each field within the study (NF and SF). The same approach used to 
model LAI before and after the transition from vegetative to reproduc
tive stages was applied to canopy height, where the growth patterns 
before and after this transition were considered to be linear and 
quadratic, respectively, in relation to GDD. 

2.4. Methods for modeling ET 

The PM–AET is based on meteorological data and information about 
plant development. The combination Eq. (1) is based on the latent en
ergy requirement for evaporating water and the deficit of vapor pressure 
necessary for removing water. It also accounts for the resistances for 
transpiring the water from plant tissue and transporting it away from the 
crop canopy. It was used to evaluate data collected in real time from 
both fields at the 30–min time step. 

λET =
Δ(RN −G) + cpρaVPD/ra

Δ + γ(1 + rs/ra)
(1)  

where λ is the latent heat of vaporization (2.45 MJ kg−1), ET is evapo
transpiration (mm day−1), cp is specific heat of air (J kg−1 ◦C-1), ρa is 
mean air density (kg m−3), rs is bulk surface resistance (s m−1), ra is 
aerodynamic resistance (s m−1) derived from wind speed, canopy 
height, and measurement height of wind speed (see Appendix A), Δ is 
the slope of vapor pressure–temperature relationship (kPa ◦C-1), and γ is 

the psychrometric constant (kPa ◦C-1) determined as 6.65*10–3 Patm 
(Atm). The PM–AET can be used to estimate stomatal conductance using 
EC data through inversion and is also one of the few methods that can 
generate an ET estimate at the half–hourly time scale using only mete
orological data. 

The PM–FAO56 method (Eq. (2)) generates daily estimates of 
reference ET (ETo, mm day−1) from a reference crop, a short, well- 
watered grass, and the crop ET (mm day−1) is calculated using dimen
sionless crop coefficients: 

ETc = ET0*Kc =

0.408Δ(Rn −G) + γ
(

Cn
T+273

)

(VPD)u2m

Δ + γ(1 + Cdu2m)
*Kc (2)  

where ETc is crop evapotranspiration (mm day−1), ET0 is reference 
evapotranspiration (mm day−1), T is mean daily air temperature at 2.0 
m height (◦C), u2m is wind speed at 2.0 m height (m s−1), Cd and Cn are 
coefficients based on canopy development for a theoretical crop at 0.12 
m in height, and Kc is the crop coefficient for converting ET0 to rice 
canopy ET. 

Each rice development stage has a corresponding crop coefficient. 
According to tabulated FAO56 values the crop coefficients for rice 
grown in a humid environment with moderately high wind speed (>2 m 
s−1) are equal to 1.05, 1.20, and 0.9 for the initial, mid–season, and 
late–season periods of the growing season, respectively. The lengths of 
time used to define the initial, developmental, mid–season, and late 
season stages of rice crop growth are 30, 30, 80, and 40 days, respec
tively. The tabulated rice crop coefficients given were also derived from 
the water-seeded rice practice, where rice was deposited directly into 
pre-flooded paddies, based on the identical recommended values (1.05) 
for coefficient Kc,ini and open water surfaces. For this method, several 
assumptions were made in relation to the reference evapotranspiration 
and G. Reference evapotranspiration requires measurements taken from 
a representative plot that adheres to FAO 56 standards so that all other 
assumptions inherent to the model hold for representativeness of the 
evaporative demand of the atmosphere. The local USDA weather station 
in Stuttgart, AR (~20 km to east of site surrounded by similar agricul
tural fields) provided measurements of T, RH, u3m, and Rg,in. The wind 
speed measurements from the weather station were corrected to u2m 
using the logarithmic wind speed profile approach outlined in FAO56. 
Additional components of RN were estimated using “missing climate 
data methods” outlined in FAO 56 based on the location of the site as 
well as the day of year. Daily ground heat flux G is assumed by FAO 56 to 
average to zero at the daily time step. The crop coefficient was also 
adjusted using modeled canopy height and relative humidity as outlined 
in FAO 56, Chapter 6 to account for differences between the field site 
and the sites used to derive the recommended crop coefficients (Allen 
et al., 1998). Both the recommended and adjusted crop coefficients were 
compared to the observed crop coefficients at our field site. 

2.5. Estimating and modeling canopy conductance 

Canopy conductance, gc, is a key term within the PM–AET model that 
reflects biological mediation of the exchange of gases between the rice 
canopy and the surrounding atmosphere. To estimate gc within each 
experimental field site, the PM–AET model was inverted (Eq. (3)) to 
solve for gc using observed (non–gap–filled) EC measurements of ET 
(ETEC) for the evapotranspiration term: 

gc =
λETEC*γ*ga

Δ(Rn −G) + cppa(es −ea)ga −λETEC(Δ + γ)
(3) 

Values of estimated gc were limited to periods with positive ETEC. 
The estimated gc in these half–hour intervals was used to parameterize a 
model (Eqs. (4)–(8)), which utilized both meteorological and biological 
inputs to predict estimates of gc in a Jarvis–style approach (Jarvis, et al., 
1976; Xu et al., 2017; Ershadi et al., 2015; Gardiol et al., 2003). Surface 

Fig. 1. MODIS pixel (1–km) in red used for both NF and SF fields also known as 
US–HRC and US–HRA, respectively, in the Ameriflux Management Project. 
Pixel taken from ORNL MODIS Web Interface (Myneni et al., 2015; ORNL, 
2018); Background image from Google Earth (imagery date, 14 October 2015). 
Towers include eddy covariance equipment. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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conductance, gs, was determined through gs = gc LAIactive
–1 where LAIac

tive, determined with Eq. (8), represents the active fraction of LAI (m2 

m−2) available for transpiration. 

gc = gs,max*f
(
Rg,in

)
*f(VPD)*f(T)*LAIactive (4)  

f
(
Rg,in

)
= 1 −e

(
−Rg,in

a1

)

(5)  

f(VPD) = 1 −a2*VPD (6)  

f(T) = 1 −a3*(25 −T)
2 (7)  

LAIactive =

⎧
⎪⎪⎨

⎪⎪⎩

1
LAI

2
0.5LAI

LAI < 1
1 ≤ LAI < 2
2 ≤ LAI < 4

4 ≤ LAI

(8)  

where a1, a2, a3 are fitted parameters and gs,max is the maximum surface 
conductance. The LAIactive scales from gs to gc, to incorporate the effects 
of canopy development and associated driving forces on surface 
conductance across the rice canopy (Collatz et al., 1991; Leuning et al., 
1995). The use of LAIactive follows the “big leaf” approach for modeling 
conductance across landscapes (Zhang et al., 2008; Li et al., 2016; Xu 
et al., 2017). To prevent uneven weighting of LAI and contributing plant 
transpiration, the LAIactive parameter was assigned to have a value of 
unity during the early growing season when surface evaporation would 
be most pronounced in ET. Maximum surface conductance (gs,max) was 
determined as the maximum gs observation in a 7–day moving window 
across the entire growing season. Negative and pseudo–infinite values 
(gs > 104 mm s−1) were removed as well as values when incoming Rg,in 

radiation was <30 W m−2. 
For calibration and validation of the model, we conducted a random 

selection of the data across all six site years for each step. The calibration 
dataset represented 70% of the total dataset while the model and pa
rameters were validated using the remaining 30%. The parameters for 
the conductance model were optimized using nonlinear regression of 
measured and modeled ET, and assessed by the slope, R2, and RMSE of 
the regression. The parameters were calculated using nonlinear least 
squares regression between measured ET and modeled ET while fitting 
gc with parameters a1, a2, and a3; thus, any uncertainty in the biome
teorological inputs (in addition to measured ET) was also transmitted to 
the conductance term. The conductance parameterization only utilized 
data taken from 40 DAP and during the daytime period (8 AM to 6 PM, 
local time) to ensure that conductance terms were not estimated with 
influence from periods when the rice canopy was less likely to impact 
ET. 

2.6. Comparison and analysis of ET observations 

To better understand impacts related to differences in irrigation 
treatment, we directly compared simultaneous ET observations (non
–gap–filled) to other biometeorological factors. The variables tested 
included meteorological drivers in the Penman–Monteith equation, such 
as available energy and VPD, and variables tied to the soil conditions in 
each field, including volumetric water content (VWC) and WD. Modeled 
canopy height and LAI were included in this analysis to account for 
canopy differences. Ratios of H to RN were analyzed over the growing 
season to better understand how shifts in ET and canopy development 
affect the partitioning of available energy within the field energy bal
ance. Cumulative estimates of ET were compared across growing sea
sons and irrigation treatments. The number of days missed due to the 
instrument deployment and pre-harvest removal averaged 6, 5, and 2 
days across both fields for the 2015, 2016, and 2017 growing seasons, 
respectively. The estimates of cumulative ET were also normalized by 
DAP to calculate a seasonal ET rate absent of bias incurred by differences 

in growing season length. 
The 2015 growing season was the only growing season where the 

effects of drying could be compared using simultaneous observations 
between both fields throughout the entire growing season. In 2016 and 
2017, both fields were kept under the same irrigation management, 
making it impossible to directly compare simultaneous ET observations 
during drying events occurring in a single field. Instead, comparisons for 
the 2016 and 2017 growing season provided an opportunity to observe 
the effects of drying by comparing periods where both fields were either 
wet or dry to determine the relative impacts of drying events during 
each month of the growing season. To assess the impacts of drying 
events on ET, analysis of covariance (ANCOVA) was used to determine if 
ET was significantly different between fields when one was wet and the 
other was dry using WD measured in both fields. The comparison was 
conducted on a monthly basis where “Wet” (WDDF > 0 & WDAWD > 0) 
and “Dry” (WDDF > 0 & WDAWD < 0) categories served as the groupings 
for ET, where the subscripts indicate the respective field irrigation 
treatment. To remain consistent with other comparisons between fields, 
this analysis was limited to measurements taken during the daytime (8 
AM–6 PM, local time). For the purposes of this paper, we define a drying 
event as any period after initial flooding where WD in a field falls below 
the soil surface for at least 24 h. The analysis was also limited to AWD 
drying periods, meaning any data prior to initial flooding and after the 
beginning of final drainage was not included. 

Comparisons between the modeled and observed ET were used to 
evaluate model performance using residuals analysis. Residuals from 
regressions between modeled and observed ET were compared to both 
meteorological and phenological variables within the respective fields to 
identify periods of higher and lower model performance. The approach 
would also determine what input variables are critical in determining ET 
in the U.S. Mid–South production setting as well as identifying variables 
that could be associated with differences between observed and modeled 
ET. Moreover, comparing performance across both PM methods allows a 
test of which methods are better suited for estimating ET and under
standing dynamics of ET with respect to the local biometeorology. For 
the PM–FAO56 method, comparisons between modeled and observed 
values were limited to days where <40% of the original EC data between 
8 AM and 6 PM were missing before gap filling using the ANN proced
ure. This measure was taken to limit the impact of completely gap–filled 
days while preventing uneven weighting within the non–gap–filled data 
set due to quality control based on turbulence and instrumentation 
limits. 

3. Results 

3.1. Meteorological observations 

Across all growing seasons, the NF and SF sites maintained a mean 
daily temperature of 24.5 ◦C with values ranging between 10 ◦C (early 
April) and 36 ◦C (mid–July). Mean daily relative humidity was 80% with 
values ranging 22–100% during the early growing season (April and 
May) and 40–100% during the mid–late growing season (June–August) 
after the flood was applied. The mean daily VPD ranged between 0.5 and 
1.7 kPa with maximum values exceeding 2.5 kPa during the daytime 
period (8 AM–6 PM, local time) with peak values typically occurring 
between 4 PM and 6 PM. Wind speed averaged 2.06 m s−1 with 
maximum speeds exceeding 10 m s−1. Mean incoming solar radiation 
was 248 W m−2 across all growing seasons with maximum measured 
values >1000 W m−2 occurring between mid-June and early July, and 
maximum values typically occurred between 12 h and 14 h. Compari
sons to the 30-year (1981–2010) average showed that monthly mean 
temperatures were always within 2 ◦C of normal (Runkle et al., 2019). 
Comparison of precipitation during the growing season months of April 
to August showed that all three growing seasons were wetter than the 
30–year normal of 492 mm, with 505 mm in 2015, 627 mm in 2016, and 
868 mm in 2017. For all three measurement seasons, 40–60% of the 
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growing season precipitation occurred in April and May. 

3.2. Canopy height and LAI 

By comparing MODIS data to collected LAI data, we were able to 
determine a shift from slow to rapid canopy growth, after emergence 
and the initial vegetative growth stages (Fig. 2). Due to different 
planting dates, this transition date varied among growing seasons, 
occurring between 40 and 50 DAP. Maximum LAI was achieved in the SF 
at 103, 89, and 99 DAP and 103, 89, and 94 DAP in the NF during the 
2015–2017 growing seasons, respectively. Maximum LAI for the three 
respective growing seasons was 5.4, 6.5, and 5.6 for the SF and 4.5, 5.5, 
and 4.5 for the NF, respectively. Relative to other years, MODIS data for 
2016 indicated a more rapid early growth and higher peak in LAI; while 
we do not have LAI-2200C measurements in this year, the canopy height 
measurements also show higher values. 

For the 2015–2017 growing seasons, maximum canopy height was 
reached between 111 and 124 DAP for SF and between 109 and 130 days 
for NF (Fig. 3). Maximum canopy height for NF and SF ranged between 
0.95 and 1.32 m and 0.93–1.24 m, respectively. Similar to observed LAI, 
the 2016 growing season had a taller canopy during the latter portion of 
the growing season when the canopy was fully developed. The timing of 
peak canopy height varied as well, occurring between 105 and 118 DAP 
across NF and SF, respectively. Based on our estimates of phenological 
development, both peak LAI and peak canopy height occurred near the 
end of the R4 reproductive growth stage and the beginning of grain 
filling. 

3.3. Growing season ET estimates and dynamics in 2015–2017 

The observed and gap–filled growing season ET ranged from 560 to 
636 mm across the three growing seasons in both fields (Table 2). The 
2015 growing season showed the lowest cumulative ET across both 
fields. From planting to harvest, the lengths of the growing season were 
comparable between the fields (i.e., from 0 to 2 days difference). WD 
varied throughout each growing season, especially in the 2015 and 2016 
growing seasons where AWD was applied to at least one field (Fig. 4). 

For the 2015 and 2016 growing seasons, drying events lasted be
tween 2 and 7 days when irrigation was interrupted, and the flood water 

was evaporated. The minimum WD during drying events ranged be
tween 2 and 30 cm below the soil surface prior to re–flooding. The soil 
moisture sensors at 15 cm below the soil surface indicated up to a 33 
percentage-point reduction (saturation to minimum VWC) in VWC 
during drying events. Volumetric water content measured during drying 
events in both fields during the 2015 and 2016 growing seasons did not 
fall below 20% compared to 58% soil moisture at saturation during 
inundation. The producers reestablished the flood based on presumed 
soil dryness and observed decline in the water depth, corresponding to a 
WD of between 25 and 30 cm below the soil surface measured at the EC 
tower. 

Using the gap–filled eddy covariance observations, cumulative 
growing season ET was calculated for NF and SF for the 2015–2017 
growing seasons (Table 2). There were no clear relationships between 
irrigation treatment and estimated daily ET rate, as AWD and DF fields 
produced overlapping ranges of estimated daily ET rates during the 
2015–2017 growing seasons. There were also no distinguishing patterns 
when only looking at the daytime ET, therefore irrigation regime did not 
seem to play a major factor in determining growing season ET for NF and 
SF during the 2015–2017 growing seasons. Fields under AWD man
agement averaged 609 mm while fields under DF management averaged 
595 mm, which were not significantly different. In relation to cumula
tive seasonal precipitation across both fields during the growing season, 
ET exceeded growing season precipitation in 2015 and 2016 by as much 
as 20% while only accounting for up to 78% of growing season precip
itation in 2017, when precipitation events were unusually frequent. 
However, the precipitation event dynamics did not match the crop water 
requirements and some irrigation applications were necessary to regu
late the flood levels. 

Next, we compared treatments at the half hourly time step to test the 
effects of AWD and DF on ET across both fields for the 2015–2017 
growing seasons using ANN gap–filled half–hourly ET. The period of 
observation was limited to daytime values between 8 AM and 6 PM to 
prevent uneven weighting from nighttime periods. This comparison also 
confirms, despite having different irrigation regimes, there were no 
significant differences in ET during the 2015 growing season (Fig. 5). 
Comparisons of ET measured in 2016 and 2017, when both fields were 
in the same irrigation treatment, showed similar results as well. In 
addition, these results did not change significantly when only observed 
values (i.e., not gap–filled data) were used for comparison. 

NF showed consistently similar LE compared to SF. In 2016, NF had 
slightly higher ET based on a linear regression slope of 0.96. The slopes 
of each regression were significant with the slope standard error across 
all three comparisons, never exceeding 0.00042. For comparisons be
tween NF and SF across 2015–2017, RMSE ranged between 1.02 and 
1.68 mm day−1 with a majority of the divergence occurring earlier in the 
growing season. The divergence in ET during the early growing season, 
when the soil water or water evaporation components dominate the ET 

Fig. 2. Comparison between measured, GDD–modeled, and remote sensing LAI 
throughout the 2015–2017 growing seasons at: (A) the North Field (NF) and (B) 
South Field (SF), including the model in 2016 where LAI was directly scaled 
from MODIS without using direct measurements. Points displayed represent 
field observations made by the LAI-2200C; (C) smoothed (n = 5) and 8–day 
unscaled MODIS LAI time series from 2015 through 2017 with measured LAI 
points from the LAI-2200C for comparison, where black points represent 
MODIS data points, and dashed lines mark the planting and harvest dates for 
each year. The standard deviation of individual points ranged between 0.24 and 
0.73 m2 m−2 throughout the growing season. 

Fig. 3. Comparison between measured and GDD–modeled daily canopy height 
for the 2015, 2016, and 2017 growing seasons for NF (a) and SF (b) using DAP 
for inter-year comparison. Solid lines are the GDD–derived modeled values, 
while the dots represent measured values. 
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process, was due to different planting and flooding schedules for each 
field. Events where one field was flooded first before the other indicate 
higher ET, and these events are especially common during the early 
growing season (e.g., the cluster of points in Fig. 5c extending to 16 mm 
day−1 in NF and 8 mm day−1 in SF). Typically, once the canopy was 
established, the fields converged in terms of ET and continued to do so 
through closure until they were drained for harvest. Based on our ob
servations, development and closure of the rice canopy clearly reduced 
the impact of factors of change in ET between both fields, including 

factors related to their respective irrigation treatments such as water 
level or soil moisture. 

There were no significant differences in the measured RN between 
NF and SF across all three growing seasons. The majority of ET was 
driven by RN with the ratio of LE to RN throughout the growing seasons 
ranging between 0.71 and 0.85. For individual months, particularly July 
and August, LE measured between 55 and 75% of RN while in early 
periods of the growing season (April and May), LE ranged between 24 
and 51% of RN. The ratio of H to RN consistently decreased from the 

Table 2 
Estimated growing season (GS) ET from gap–filled EC observations, seasonal Daily ET rate, and Daytime ET for NF and SF during the 2015–2017 growing seasons.  

Field Year Irrigation Treatment Growing Season ET [mm] Growing Season Length [days] Avg. Daily ET Rate [mm day−1] Growing Season Precipitation [mm] 

NF 2015 DF  551 ± 7.1 133  4.14 500 
2016 AWD  601 ± 10.5 143  4.20 556 
2017 DF  628 ± 6.9 138  4.55 795 

SF 2015 AWD  598 ± 14.0 134  4.46 500 
2016 AWD  604 ± 9.7 143  4.22 556 
2017 DF  579 ± 13.4 140  4.13 795  

Fig. 4. Half-hourly ANN gap–filled eddy covariance ET and water depth (WD) time series for the 2015–2017 growing seasons for NF (blue) and SF (red). Dashed lines 
mark planting and harvest for NF (blue) and SF (red) (NOTE: The planting date was the same in 2016 for both fields, and harvest dates were the same in 2015 and 
2016 for both fields). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Comparison of half-hourly ANN gap–filled eddy covariance evapotranspiration (ET) between the South Field (SF) and North Field (NF) during the 2015–2017 
growing seasons, where the irrigation treatments are indicated (Alternate wetting and drying, AWD; Delayed Flood, DF). Points are colored by days after planting 
(DAP) (Note: In 2017, SF was planted a day earlier than NF, but the coloring represents DAP for SF only). 
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beginning of the growing season until pre–harvest draining, when the 
ratio of H to RN increased in most cases. Given that the variation of RN 
was minimal during the growing season, this decrease in the ratio of H to 
RN was most likely due to the increase in LE associated with flooding, 
canopy development, and greater amounts of transpiration. 

3.4. Effects of AWD on ET in eddy covariance observations 

In order to test the effect of AWD on ET variation due to changing 
flood water availability for evaporation, parts of the 2015 growing 
season with drying events in SF and inundation in NF field were used to 
compare the simultaneous ET values. The length of drying events was 
consistently around 1 week. Our results indicate that prior to canopy 
development and closure, specifically in May 2015 when dry and wet 
conditions were being compared directly, there is a significant differ
ence (p < 0.05) in measured ET (Table 3). While there were significant 
differences in ET, these drying events were not carried out as part of an 
AWD treatment as the first permanent flood had yet to be established. 

In May 2015, the slope of 0.91 indicates that drying period ET was 
9% greater in the inundated NF compared to the non-flooded conditions 
in SF. During this period, both fields did not have a developed canopy, 
and only one drying event had occurred. While we do not consider the 
significant differences in ET to be a direct result of the AWD treatment in 
NF, analysis between the residuals taken from the initial field–to–field 
regression and the declining WD in SF indicated that the drying signif
icantly explained only up to 5% of ET residual variance. All other 
months during the 2015 growing season indicated no significant dif
ference in observed ET across all hydrological conditions, and declining 
WD in the drying field was unable to explain any significant differences 
observed in ET between NF and SF. We suspect that differences occur
ring early in the growing season are substantially influenced by pre
cipitation as well in altering the plant canopy response with respect to 
ET. Additionally, in this farm setting, precipitation can be managed in a 
way that water is actively drained between fields along a designated 

flow path (NF to SF) to prevent unsuitable growth conditions for the 
crop during early growth stages. 

The canopy development stages explain the convergence of ET be
tween the two fields and the inability of changes in WD to explain sig
nificant differences in ET during the latter portion of the growing season. 
Because both canopies were similar in structure and showed no de
creases in yield associated with drying events in 2015, we can conclude 
that plant–mediated transpiration was likely similar in both fields. As 
the canopy continued to develop, the contributing portion of transpi
ration to ET increased, resulting in similar ET rates across both fields 
when the canopy was fully closed and developed. Canopy cover also 
likely exercised control over open water surface evaporation through 
shading, meaning the contributing portion of evaporation to ET likely 
decreased as well. This would result in insensitivity to ET and differences 
between fields with respect to water level. 

In 2016 and 2017, there were no periods where only one field was 
dry since both fields were treated in AWD and DF, respectively. The 
columns in Table 3 for these years are therefore during periods when 
both are dry. During the 2016, slopes from the “All Wet” case did not 
significantly differ from slopes in the “All Dry” case across the growing 
season. Under both conditions, NF appeared to always have greater ET 
compared to SF despite both fields undergoing the same treatment. 
Measured ET between both fields seemed to agree more during dry pe
riods, but these slopes were not significantly different from their wet 
counterpart during each individual month. In 2017, when both fields 
were managed with DF throughout the entire growing season, the 
comparison indicated no significant differences in slopes from the 
comparison between wet and dry periods. Flooded conditions made it 
impossible to perform dry period analysis in June and July of 2017 as 
well. Based on the observations in 2016–2017, we can infer wetting and 
drying did not play a significant role in influencing differences in ET 
across both fields, meaning the field effect based on changing WD does 
not play a consistent, significant role in our ET comparisons. This finding 
supports our observation of similar ET between fields regardless of WD 
management across all growing seasons. The change in slope between 
NF and SF ET rates also indicated that the fields continued to converge 
on similar ET as the canopy developed during the growing season as the 
slope drew nearer to a value of 1 with each successive month. Given that 
both fields were treated using the same irrigation method in 2016 and 
2017, this similarity was expected and supports the concept of 
decreasing impacts of changing WD and associated soil water evapora
tion throughout the growing season as canopy transpiration dominates 
the ET flux. 

3.5. Modeling canopy conductance for the 2015–2017 growing seasons. 

Canopy conductance estimated using eddy covariance measurements 
for LE and the inverted Penman–Monteith equation was estimated using 
the full 2015–2017 dataset (including both NF and SF). Maximum 
applied surface conductance from the 7–day moving window ranged 
between 8 and 70 mm s−1 across both fields for the 2015–2017 growing 
seasons with peak values occurring during periods characterized by 
increased canopy height and LAI. Parameterization was performed for 
individual site seasons and across all six site-years combined. The pa
rameters and standard error were estimated for each growing season as 
well as the combined period of all growing seasons (Table 4). 

3.6. Modeling ET for the 2015–2017 growing seasons using PM–AET 

After parameterization with 70% of the data during calibration with 
data from across all six field–seasons, the calibrated model performed 
well against the remaining data as a validation set. The parameterized 
PM equation estimated half–hourly ET with high correlation (R2 = 0.84; 
m = 1 ± 0.0015 mm day−1; RMSE = 2.12 mm day−1) during daytime 
periods of the growing season across all six site–years. Within each in
dividual growing season, model performance was varied across each 

Table 3 
ANCOVA analysis of NF vs. SF ET observations across different hydrological 
scenarios throughout the growing season. Values are slopes between a number, 
n, of simultaneous 30–min ET estimates in each field. “Wet Condition” refers to 
periods when both fields are wet, defined as having a water level above the soil 
surface in both fields. “Drying Condition” refers to periods where drying 
occurred in one or both fields with drying considered as a decline in the WD 
below the soil surface for given field(s).  

Year Month Number 
of AWD 
drying 
events 

Total 
duration 
of drying 
events, 
days1 

Wet Condition 
slope (n) 

Drying Condition 
slope (n) 

NF SF NF SF 

2015 May 0 1 0 5 1.05 (110) 0.91 (34)*  
June 0 2 0 10 1.01 (124) 1.06 (152)  
July 0 2 0 8 0.96 (286) 0.96 (22)  
August 0 1 0 1 0.91 (18)  

2016 May 0 0 0 0 0.75 (18)   
June 1 3 4 7 0.85 (63) 0.99 (31)†

July 0 1 0 3 0.93 (262)   
August 0 0 0 0 0.93 (161)  

2017 May 1 0 2 0 0.77 (36)   
June 2 0 4 0 0.99 (170)   
July 0 0 0 0 1.01 (293)   
August 0 0 0 0 1.04 (15)   

* Denotes significantly different “Drying Condition” slope compared to “Wet 
Condition” slope. 

† Marks comparisons of drying condition where both fields were dry (i.e., not 
2015). 

1 Total duration of drying event does not include period prior to first flooding 
or drainage period in late growing season, rounded to the nearest day based on 
half–hourly WD data. 
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irrigation comparison scenario, but was still able to explain similar 
amounts of variance (Fig. 6). 

Analysis of model performance across the growing season indicated 
that the largest portion of variance between model and observation was 
during the early portion of the growing season (<40 DAP) when the 
active fraction of LAI was the lowest. General performance across all 
three growing seasons was inconsistent as the model both overestimates 
ET by 2% in 2015 and 2016 and underestimates ET by 12% in 2017. 
During the 2017 growing season, there was greater precipitation than 
2015 and 2016, which could explain the model’s inability to accurately 
reflect changes in canopy ET in response to rain events and an elevated 
moisture status. A two–sample t–test indicated that mean gs,max esti
mated across 2017 was significantly (p < 0.05) lower than mean gs,max in 
2015 and 2016 by as much as 60%. 

3.7. Modeling ET for the 2015–2017 growing seasons using PM–FAO56 

The PM–FAO56 method was applied to the 2015–2017 growing 
season measurements at the daily time scale and compared to daily ET 
measured using EC. Because we did not observe noticeable differences in 
ET between NF and SF for all three growing seasons (the average daily 
difference was only 0.027 mm), an average ET representing both fields 
was used when comparing to the FAO56 estimates at the daily time step. 
Estimates from the PM–FAO56 approach were consistently higher than 
EC estimates with cumulative seasonal ET amounts at 607, 709, and 660 
mm for the 2015–2017 growing seasons, respectively. These values were 
8, 105, and 81 mm greater than the seasonal ET as directly measured by 

the EC. Adjusted estimates of ET from the FAO56 method for the 
2015–2017 growing seasons were 611, 698, and 651 mm, which are 13, 
94, and 72 mm higher from the observed seasonal values, respectively. 
The estimated crop coefficient curve was shown to vary greatly 
throughout the growing season when compared to the FAO56 recom
mended values, including cases where the coefficient was adjusted for 
nonstandard conditions (Fig. 7). 

The agreement between estimated and recommended Kc values was 
poor throughout the growing season. When comparing values of Kc 
derived from gap–filled EC data to recommended values, daily values 
could vary as much as 80% higher or lower than the recommended 
values. Compared to data points from days containing less gap filling, 
variance is reduced by 40% in estimated Kc across the growing season, 
but individual Kc values are still underestimated up to 79% and over
estimated up to 80% across both the recommended and adjusted Kc 
values. Using only the non–gap–filled EC derived Kc (red points in Fig. 7) 
across 2015–2017, we estimate the Kc, ini, Kc,mid, and Kc,end to be 0.94 ±
0.03, 1.16 ± 0.02, and 0.95 ± 0.11, respectively. Variability between the 
recommended and observed crop coefficients was noticeable in the early 
growing season due to the difference in irrigation practices between the 
FAO recommendation and our field site as mentioned in the methods, 
but values were within an acceptable margin of error for the mid and 
late growing seasons. When comparing ET rates between the PM-FAO56 
method and the EC towers using data, we excluded data points from the 
initial 60 days to remove the variance introduced from Kc, ini. We also 
limited observation to only include periods where >60% of the 
measured daytime (8 AM to 6 PM, local time) ET was present to reduce 
the amount of uncertainty introduced by ANN gap-filling (Fig. 8). 

Our results indicated no clear seasonal pattern to increased perfor
mance of the PM-FAO56 method when considering only the mid and late 
growing season. Across all growing seasons, we observed a consisted 
overestimation of ET during the late season period (DAP > 115) in 2015 
and 2016, but mid-season performance varied from year to year. The 
adjusted crop coefficients (not shown) provided no improvement when 
compared to the same EC observations. Similar to the PM-AET approach, 
we suspect that increased precipitation and regional differences in 
growth conditions between our site and the reference site could have 
resulted in an irregular canopy response and altered ET from both fields 
during the growing season. We observed the best performance of the 
PM-FAO56 method when both fields were under AWD treatment and the 
amount of precipitation was noticeably less than in 2017 (Table 2). 

4. Discussion 

4.1. Comparing ET across irrigation regimes 

Mean growing season ET was estimated to be between 4.14 and 4.55 
mm day−1 for DF and between 4.20 and 4.46 mm day−1 for AWD using 
gap–filled eddy covariance estimates. Thus, this is additional evidence 

Table 4 
Fitted parameters for the individual and combined growing seasons across NF 
and SF for 2015–2017. Standard error estimates in parentheses were derived 
from the MSE for each parameter associated with the regression; RMSE is pre
sented in terms of the LE flux (where 28 W m−2 is approx. equivalent to 1 mm 
ET).  

Field Year a1 [W 
m−2] 

a2 

[kPa−1] 
a3 [◦C−2] Mean gs, 

max [mm 
s−1] 

RMSE 
[W 
m−2] 

NF 2015 2445 
(85) 

0.14 
(0.02) 

0.005 
(0.0003) 

30  23.50 

2016 2522 
(189) 

0.04 
(0.06) 

0.007 
(0.0004) 

24  34.48 

2017 1367 
(80) 

0.26 
(0.02) 

0.005 
(0.0008) 

22  32.11 

SF 2015 1542 
(63) 

0.26 
(0.02) 

0.006 
(0.0005) 

32  30.16 

2016 2169 
(130) 

0.33 
(0.00) 

0.000 
(0.0012) 

20  40.26 

2017 826 
(85) 

0.31 
(0.04) 

0.006 
(0.0009) 

19  27.77 

NF +
SF 

2015–2017 1659 
(30) 

0.31 
(0.00) 

0.003 
(0.0003) 

28  34.88  

Fig. 6. Comparison of half-hourly PM model to non–gap–filled EC observations during the daytime period (8 AM to 6 PM, local time) across the 2015–2017 growing 
seasons and observations from both fields are plotted together. 
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Fig. 7. Comparison of FAO56 recommended 
and adjusted crop coefficient (black and pink 
lines, respectively) and estimated crop coef
ficient (Kc) using eddy covariance ET (black 
data points) for SF and NF during the 
2015–2017 growing seasons (note change of 
scale for 2017). Red data points represent Kc 
values where >60% of the daytime (8 AM to 
6 PM, local time) non–gap–filled EC ET data 
was available to help interpret the impacts of 
using only gap–filled data (Note y-axis scale 
change on C). (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   

Fig. 8. Comparison of PM-FAO56 to EC-derived, gap-filled daily ET during the mid to late growing season across the 2015–2017 growing seasons. Points are colored 
by DAP. 

Table 5 
Cumulative ET estimates and estimated daily ET rate during the growing season for different studies estimating ET in rice agriculture; EC is eddy covariance, PM is 
Penman–Monteith AET, PM–FAO56 is PM as defined in FAO56).  

Seasonal ET 
(mm) 

Growing Season Length 
(Days) 

Equivalent Rate (mm 
day−1) 

Location Transplanted Method Study 

813 122 6.66 CA–Water Seeded No Energy balance 
residual 

Linquist et al., 2015a, 
2015b 889 113 7.87 No 

856 115 7.44 No 
873 134 6.51 CA–Dry Seeded No 
865 112 7.72 No 
875 116 7.54 No 
670 116 5.76 Namibia Yes Penman Monteith Kotani et al., 2017 
548 100 5.48 Hyderabad, India Yes Pan evaporation Mote et al., 2018 
499 117 4.25 IRRI No EC, PM Alberto et al., 2014 
562 132 4.26 Brazil No EC Timm et al., 2014 
593 132 4.49 Brazil No PM 
596 132 4.52 Brazil No PM–FAO56 
411 124 3.31 Japan Yes Lysimeter Shimono et al., 2013 
485 113 4.29 IRRI–Flooded Yes EC, PM Alberto et al., 2011 
506 133 3.8 IRRI–AWD Yes 
568 122 4.66 Italy-DF No PM Facchi et al., 2013 
678 122 5.56 Italy-DF No 
691 120 5.76 Italy-AWD No 
419–534 120 3.5–4.4 Japan Yes EC Ikawa et al., 2017 
595 147 4.05 Brazil No EC Diaz et al., 2019 
762 164 4.65 No 
677 164 4.13 No 
733 162 4.52 No 
716 154 4.65 No 
693 168 4.13 No 
551 133 4.14 Arkansas (this 

study) 
No EC NF, 2015 

601 143 4.20 No NF, 2016 
628 138 4.55 No NF, 2017 
598 134 4.46 No SF, 2015 
604 143 4.22 No SF, 2016 
579 140 4.13 No SF, 2017  
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that ET rates do not significantly differ between the different treatments. 
Other studies have indicated a similar range of mean growing season ET 
when compared to other conventional systems involving continuous 
flooding and AWD both domestically and internationally (Table 5). 
Based on this literature synthesis across methods, climate conditions, 
and production settings, estimated growing season ET ranged between 
411 and 889 mm with daily ET rates ranging from 3.31 to 7.87 mm 
day−1 (Table 5). When EC was used to measure ET directly, the range 
narrowed to 485 mm to 636 mm with measured daily ET between 3.50 
and 4.65 mm day−1. When only comparing studies reporting DAP, the 
median growing season ET was 653 mm with an equivalent ET rate of 
4.87 mm day−1. Other methods, including the PM model, showed a 
much larger range of ET from 499 mm to 762 mm with estimated daily 
ET ranging between 4.05 and 4.65 mm day−1. Variation in estimated 
rates was likely linked to differences in climate conditions, method, and 
possibly production practices such as transplanting, which changes the 
scope or range of observation compared to direct seeding (Naklang et al., 
1996; Tuong and Bhuiyan, 1999). With respect to metrics such as 
derived daily ET rate, the number of days after transplanting or direct 
seeding indicate different growth phases that can potentially differ in 
productivity (Dingkuhn et al., 1991). 

4.2. The effects of AWD on ET during the 2015 growing season 

In our study, ET rates measured using eddy covariance showed no 
significant differences across the entire growing season and no signifi
cant differences during drying events when ET was expected to change 
due to the decline in WD. Regarding the drying events, neither field 
experienced major declines in volumetric water content (<20% VWC) 
that significantly influenced differences in ET between NF and SF. 
Studies conducted on field plots containing poorly drained clay soils 
have also reported similar results. Significant levels of drying relative to 
the study soils still yielded no significant differences in AWD and control 
yields (Carrijo et al., 2018; Norton et al., 2017). Because we observed no 
significant differences in yield quality or quantity between the treat
ments (Runkle et al., 2019), we assume with confidence that the plants 
were not significantly inhibited by water stress in grain production and 
associated transpiration. Thus, a large portion of ET remained unaf
fected by the AWD treatment. Additionally, the rice grown in both fields 
(XL745) was a hybrid variety associated with high nutrient efficiency 
and water–use efficiency to produce comparable yields in water–limited 
conditions (López-López et al., 2018). The combination of limited drying 
and the rice variety likely explained the lack of response in ET to drying 
events in both fields. 

4.3. Modeling conductance using inverted PM 

Across the daytime period, the estimated canopy conductance values 
from the inversion of the Penman–Monteith equation showed values 
ranging roughly between 3 and 33 mm s−1, which are similar to other 
studies estimating canopy conductance in rice across a number of studies 
(Table 6). 

Canopy conductance estimates from various studies (Table 6) show 
comparable ranges to the current study, between 0 and 21 mm s−1 

during the growing season. Daily maximum conductance estimated from 
half hourly data throughout growing seasons ranged between 24 mm s−1 

(2016) and 28 mm s−1 (2015) for NF and 20 mm s−1 (2016) and 33 mm 
s−1 (2017) for SF with peak values occurring between 1 PM and 5 PM for 
both fields when the canopy is most active. However, based on com
parisons between the model and the initial estimates of conductance, the 
model was not able to accurately estimate conductance at any given 
time. A comparison of initial conductance estimates from the inverted 
PM–AET and known drivers of ET, such as net radiation and VPD, 
showed no apparent relationships during the daytime period throughout 
the growing season. While the parameterized model provided some 
definition to the relationships between environmental drivers and 

conductance across each growing season, our results indicated that the 
rice canopy faced no apparent limitation based on VPD, available en
ergy, or temperature with respect to conductance. However, the 
parameterized conductance was still able to generate more consistently 
accurate estimates of LE when compared to using a static monthly value 
for canopy conductance in the Penman–Monteith equation. 

4.4. Improving PM–AET and PM–FAO56 

In this study, the PM–AET approach estimated ET effectively across 
the growing season at the half–hourly time step. Because the model was 
constrained based on time of day due to the conductance modeling, ET 
estimates generated outside of the primary period are considered less 
reliable and less valuable when describing mechanistic relationships 
between drivers and associated ET. During the growing season, the 
canopy consistently experienced elevated levels of humidity (>80%) 
during the daytime period, reducing the overall atmospheric demand of 
water. We were also unable to detect significant responses in modeled 
stomatal conductance to changes in temperature and VPD, meaning the 
plants were not stressed despite the elevated temperatures and increased 
VPD. Available energy was the primary driver of ET throughout the 
growing season as evidenced through both direct observations and the 
use of the PM–AET, where measured available energy explained a 

Table 6 
Comparisons of estimated rice canopy conductance ranges under different pro
duction practices reported in studies.  

Conductance 
range (mm 
s−1) 

Irrigation 
Style 

Location Method Author(s) 

6–26 Controlled 
irrigation 

Japan Inverted PM & 
EC 
(daily mean 
over 5–day 
period in late 
season) 

Miyata et al., 
2000 

0–20 Flooded Japan (Saito) Dual–Source 
Heat transfer 
model 
(based on 
seasonal 
observations) 

Maruyama 
and 
Kuwagata, 
2010 

0–20 Flooded Japan (Saga) 
0-30 Flooded Japan (Aso) 

16.55 ± 8.99 Flooded Philippines 
(2008, Dry 
Season) 

Inverted PM & 
EC 
(seasonal 
mean) 

Alberto 
et al., 2011 

8.85 ± 4.51 Aerobic 
(AWD) 

Philippines 
(2008, Dry 
Season) 

12.47 ± 6.39 Flooded Philippines 
(2008, Wet 
Season) 

9.82 ± 4.34 Aerobic 
(AWD) 

Philippines 
(2008, Wet 
Season) 

14.86 ± 7.12 Flooded Philippines 
(2009, Dry 
Season) 

8.91 ± 3.35 Aerobic 
(AWD) 

Philippines 
(2009, Dry 
Season) 

18.24 ± 7.98 Flooded Philippines 
(2009, Wet 
Season) 

9.44 ± 3.59 Aerobic 
(AWD) 

Philippines 
(2009, Wet 
Season) 

0–16.86 DF NF (2015) Inverted PM & 
EC 
(seasonal 
mean) 

This study 
1.5–20.5 AWD SF (2015) 
0–15.56 AWD NF (2016) 
0–14.09 AWD SF (2016) 
0–13.53 DF NF (2017) 
0–15.94 DF SF (2017)  
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significant amount of the variance in ET residuals between both fields. 
Regarding our hypotheses, we did not see any significant amount of 
variance between modeled and observed ET explained using soil mois
ture or water level across a variety of conditions in each growing season. 
As mentioned previously when addressing the effects of AWD, the can
opy did not experience significant levels of drying below 40% VWC. 
Thus while we did not see a significant response, low soil moisture is 
known to impact canopy health (Carrijo et al., 2018). Additionally, the 
PM–AET method generated acceptable estimates of ET during the 
growing season regardless of irrigation regime. 

Regarding the PM–FAO56 approach, it was clear that the current 
methodology produced comparable estimates of ET in 2015, but the 
model performance was inconsistent across the 2016 and 2017 growing 
seasons based on the comparison of cumulative ET amounts between the 
PM-FAO56 approach and the EC measurements. When observing the 
PM-FAO56 daily ET rates during the mid to late growing season, we saw 
the best performance in 2016, when both NF and SF were under AWD. 
Contrastingly, the model performance was poorest in years the precip
itation was greater (2017) or the fields were kept under different man
agement strategies (2015). Across the growing season, the estimated Kc 
and recommended Kc were more similar in the mid to late growing 
season. The dissimilarity between the estimated and recommended Kc,ini 
was likely due to the difference in production settings over which the 
coefficients were estimated. Water seeded rice production applies a 
substantially greater amount of water to the field during the early 
growing season compared to the drill seeding approach used in our 
experiments. Under flooded conditions at planting, the resulting ET 
would be higher compared to dry soil present in drill seeded rice, 
meaning the ratio of crop ET to reference ET would also be greater in the 
flooded field. This effect was reduced as the canopy developed in the 
later portion (DAP > 60) of the growing season, where variance was 
almost 50% less in the regression between EC derived values for Kc,mind 
and Kc,end and the recommended FAO56 values. 

However, the early growing season does not represent a period of 
time where producers are actively concerned with irrigation applica
tions as the first flood has not been applied yet. Producer interest in 
using ET to schedule irrigation events would likely be tied to the mid and 
late growing season, when plant water availability is critical to main
taining profitable yields (Henry et al., 2013). Local climate likely played 
a role in differences in crop coefficient as the recommended crop co
efficients were generated under climates that are less humid (Doorenbos 
and Pruitt, 1977; Doorenbos and Kassam, 1979). Considering our find
ings, we recommend that improvements to the method should include 
regional or site–specific crop coefficient development to better account 
for differences in production practices, such as water seeding vs. drill 
seeding. For practical applications, the PM-FAO56 method could still be 
a viable option for producers to estimate ET and schedule irrigation 
events. 

The PM–AET model performed well as a method for gap filling LE 
fluxes at the half hourly time step. Based on our results with the 
PM–AET, capturing the amount of available energy as the difference 
between the net radiation and G is a critical component of estimating ET 
as demonstrated in our experiment. Because available energy represents 
such a large portion of ET in our production settings, less complex ET 
estimation methods such as the Priestley–Taylor (also a PM derivative) 
and the Hargreaves equation could prove to be valuable. Other studies 
based in rice across varying production systems have also identified 
available energy as the driving factor of ET in rice paddy systems with 
the ratio of LE to RN ranging from 71 to 74% during the typical growing 
period under flooded conditions (Hossen et al., 2012; Liu et al., 2019a,b; 
Timm et al., 2014). While establishing robust methodology and 

application of tools is complex and multifaceted, development of 
methods for estimating ET at the canopy scale provides valuable infor
mation to better inform producers. Exploration and improved knowl
edge of modeling limitations and controls at the field scale can serve as a 
point of comparison for larger scale applications of ET modeling using 
remote sensing (Jiang and Ryu, 2016; Fisher et al., 2020). 

5. Conclusions 

Based on this experiment’s findings, the use of AWD as an irrigation 
treatment showed no significant effect on ET when compared to the 
conventional DF practice. The treatments showed no significant differ
ences in yields, meaning that there was not significant water stress 
associated with drying events. If taken as a plant health indicator, ET 
was not affected and leads us to conclude that the plants did not expe
rience drought stress and could still access sufficient water within the 
soil as VWC did not fall below 20% during drying events. We were able 
to use the PM–AET approach and conductance model to estimate half- 
hourly ET across the growing season. The model has potential to 
continue to provide mechanistic insight on driving environmental var
iables during different portions of the growing season with respect to ET. 
As seen in the comparison of field and recommended Kc, the PM–FAO56 
method did not yield strong results. We conclude that site-specific crop 
coefficient values are necessary to generate accurate crop coefficient 
values, especially during the early growing season. However, we also 
recognize that in practical application, ET during the mid-to-late 
growing season is more valuable for planning irrigation based on field 
ET estimates. 
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Appendix A 

Aerodynamic resistance (ra) 

Aerodynamic resistance was calculated using the following equation presented as a part of FAO 56 document with regards to the Penman–Monteith 
equation: 

ra =

ln
(

zm−d
zom

)

*ln
(

zh−d
zoh

)

k2*uz  

d =
2
3

*h  

zom = 0.123*h  

zoh = 0.1*zom  

where ra is aerodynamic resistance, s m−1, zm is height of wind measurements in meters (2.2 m), zh is height of humidity measurements in meters (2.2 
m), d is zero plane displacement height in meters, zom is roughness length governing momentum transfer in meters, zoh is roughness length governing 
transfer of heat and vapor in meters, k is von Karman’s constant, 0.41, uz is wind speed at height z, m s−1. 

Crop coefficient adjustments 

For the initial crop coefficient, Kc,ini, FAO56 recommends a value of 1.05 for rice. The document also provides adjustments based on wind speed 
and humidity. Our site was classified as very humid with moderate to strong winds, meaning the initial value could be between 1.05 and 1.10 based on 
Table 14 in Chapter 6 of FAO 56. For this study, we used 1.05 as Kc,ini. 

For the mid–season crop coefficient and end crop coefficient, Kc,mid and Kc,end, similar adjustments were made based on relative humidity, wind 
speed, and canopy height using the equation: 

Kc,mid(end) = Kc,mid(end),rec + [0.4*(u2 −2) −0.004(RHmin −45) ]

(
h
3

)0.3  

where Kc,mid (end),rec is the recommended value for the middle or end of the growing season taken from Table 12 of FAO56 (1.2 and 1.0, respectively), 
u2 is the daily wind speed at 2 m during the mid–season or end growth stage, RHmin is the daily minimum during the mid–season or end growth stage, 
respectively, %, and h is mean plant height during the mid–season or end growth stage, respectively, m. 
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Kima, A.S., Chung, W.G., Wang, Y.-M., Traoré, S., 2015. Evaluating water depths for high 
water productivity in irrigated lowland rice field by employing alternate wetting and 
drying technique under tropical climate conditions, Southern Taiwan. Paddy Water 
Environ. 13 (4), 379–389. https://doi.org/10.1007/s10333-014-0458-7. 

Knox, S.H., Matthes, J.H., Sturtevant, C., Oikawa, P.Y., Verfaillie, J., Baldocchi, D., 2016. 
Biophysical controls on interannual variability in ecosystem–scale CO2 and CH4 
exchange in a California rice paddy. J. Geophys. Res.: Biogeosci. 121 (3), 978–1001. 
https://doi.org/10.1002/2015JG003247. 

Knox, S.H., Sturtevant, C., Matthes, J.H., Koteen, L., Verfaillie, J., Baldocchi, D., 2015. 
Agricultural peatland restoration: effects of land–use change on greenhouse gas 
(CO2 and CH4) fluxes in the Sacramento-San Joaquin Delta. Global Change Biolo. 21 
(2), 750–765. https://doi.org/10.1111/gcb.12745. 

Kotani, A., Hiyama, T., Ohta, T., Hanamura, M., Kambatuku, J.R., Awala, S.K., Iijima, M., 
2017. Impact of rice cultivation on evapotranspiration in small seasonal wetlands of 
north-central Namibia. Hydrol. Res. Lett. 11, 134–140. https://doi.org/10.3178/ 
hrl.11.134. 

Kresse, T.M., Hays, P.D., Merriman, K.R., Gillip, J.A., Fugitt, D.T., Spellman, J.L., 
Nottmeier, A.M., Westerman, D.A., Blackstock, J.M., Battreal, J.L., 2014. Aquifers of 
Arkansas: protection, management, and hydrologic and geochemical characteristics 
of groundwater resources in Arkansas (USGS Numbered Series No. 2014–5149), 
Aquifers of Arkansas: protection, management, and hydrologic and geochemical 
characteristics of groundwater resources in Arkansas, Scientific Investigations 
Report. U.S. Geological Survey, Reston, VA. https://doi.org/10.3133/sir20145149.  

Lafleur, P.M., Rouse, W.R., 1990. Application of an energy combination model for 
evaporation from sparse canopies. Agric. For. Meteorol. 49 (2), 135–153. 

Lampayan, R.M., Rejesus, R.M., Singleton, G.R., Bouman, B.A.M., 2015. Adoption and 
economics of alternate wetting and drying water management for irrigated lowland 
rice. Field Crops Res. 170, 95–108. https://doi.org/10.1016/j.fcr.2014.10.013. 
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